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$
Abstract$
!
The!work!presented!in!this!thesis!represents!my!‘adventures’!in!the!field!of!cancer!

pharmacology!and!drug!development.!The!work!has!been!segregated!into!six!major!themes!

that!represent!my!interests!over!a!career!spanning!30!years.!These!themes!are;!(i)!the!

preclinical!and!clinical!development!of!EO9!(Apaziquone)!as!a!locoTregional!therapy!for!nonT

muscle!invasive!bladder!cancer!(ii)!the!microenvironment!of!cancer,!cancer!metabolism!and!

the!pharmacological!evaluation!of!enzyme!activated!bioreductive!drugs$(iii)!individualising!

chemotherapy!and!personalized!medicine!(iv)!the!pharmacological!evaluation!of!synthetic!

organic!compounds!and!natural!products!(v)!the!pharmacological!evaluation!of!inorganic!

complexes!and!(vi)!drug!delivery!and!in#silico!modelling!studies.!A!total!of!109!peer!reviewed!

research!publications!are!presented!together!with!12!review!articles,!the!majority!of!which!

have!also!been!peer!reviewed.!Also!included!is!an!impact!case!study!report!for!the!Research!

Excellence!Framework!2014!submission!which!highlights!one!area!of!my!research!that!has!

had!direct!impact!upon!the!health!and!wellTbeing!of!cancer!patients,!namely!the!

development!of!Apaziquone!(EO9)!as!an!intravesical!therapy!for!superficial!bladder!cancer.!

Working!in!the!field!of!antiTcancer!drug!development!is!inherently!multidisciplinary!and!I!

hereby!wish!to!acknowledge!and!thank!the!contributions!of!colleagues!and!students!

without!whom,!this!thesis!would!not!have!been!possible.!!!

![!

!
!
!!!
!
!
!
!
!
!
!
!
!
!
!
$
$
$
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$
Career$overview$
!
Following!the!completion!of!my!BSc!studies!at!the!University!of!Bangor,!I!studied!for!my!PhD!

at!the!University!of!Bradford!under!the!supervision!of!Professor!John!Double!and!Professor!

Mike!Bibby.!I!was!awarded!my!PhD!in!1988!and!then!embarked!on!postTdoctoral!research!at!

the!University!of!Bradford!and!the!University!of!Southern!California,!Los!Angeles.!My!first!

academic!post!was!at!the!University!of!Bradford!in!1996!and!I!remained!in!Bradford!until!

November!2014!where!upon!I!took!up!my!Chair!in!Cancer!Pharmacology!at!the!University!of!

Huddersfield.!I!was!subsequently!appointed!Associate!Dean!(Research)!in!the!School!of!

Applied!Sciences!in!July!2017!and!this!is!my!current!post!within!the!University.!!

!
I!am!a!cancer!pharmacologist!specialising!in!the!preclinical!development!of!novel!anticancer!

drugs!leading!to!their!progression!into!early!clinical!trials.!My!research!is!focused!on!two!

main!areas!(i)!development!of!approaches!to!target!tumour!hypoxia!and/or!tumour!

enzymology!and!(ii)!the!preclinical!evaluation!of!novel!compounds!with!selective!

cytotoxicity!towards!cancer!cells!using!either!target!orientated!or!phenotypic!approaches!to!

drug!discovery.!The!principle!aim!of!my!research!is!to!generate!the!preclinical!proof!of!

principle!required!to!support!the!development!of!early!phase!I!clinical!trials.!Of!the!

compounds!I!have!worked!on,!several!have!progressed!to!clinical!trial!(Flavone!Acetic!Acid,!

AQ4N!and!RH1)!but!my!main!achievement!is!providing!the!scientific!rationale!for!and!the!

design!of!early!clinical!trials!for!Apaziquone!(EO9)!against!superficial!human!bladder!cancer.!

EO9!has!progressed!into!phase!III!clinical!trials!across!Europe!and!North!America!and!these!

trials!are!ongoing.!In!REF2014,!the!development!of!EO9!as!an!intravesical!therapy!for!nonT

muscle!invasive!bladder!cancer!was!submitted!as!an!impact!case!study!and!this!was!cited!as!

‘outstanding’!in!REF2014!feedback.!Thus,!my!research!has!had!significant!impact!upon!the!

health!and!welfare!of!patients.!!

!

With!regards!to!the!early!development!of!novel!compounds,!I!work!closely!with!chemists!

where!the!aim!is!to!evaluate!novel!complexes!against!a!range!of!experimental!models.!This!

includes!a!number!of!synthetic!organic!compounds!and!natural!products!but!more!recently,!

the!focus!has!been!on!inorganic!complexes!and!these!studies!have!led!to!high!profile!

publications!in!journals!such!Nature!Chemistry!(2014)!and!Angewandte!Chemie!(2018).!This!
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work!follows!a!phenotype!based!strategy!towards!drug!discovery!where!compounds!with!

‘interesting’!pharmacology!are!identified!first!followed!by!target!deconvolution!studies!

designed!to!understand!the!mechanism(s)!of!action.!More!target!orientated!approaches!

focus!on!the!tumour!microenvironment,!the!development!of!experimental!models!and!

cancer!cell!metabolism!with!a!specific!focus!on!tumour!hypoxia!and!inhibitors!of!the!

Warburg!effect.!!

!

I!have!published!over!120!articles!which!include!research!papers!and!review!articles.!The!

majority!of!these!are!multiTauthor!outputs!which!reflects!the!multiTdisciplinary!nature!of!

preclinical!and!clinical!antiTcancer!drug!development.!My!role!in!these!multiTauthor!

publications!can!be!broadly!attributed!to!the!design,!conduct!and!interpretation!of!any!

aspect!of!the!paper!that!focuses!on!the!pharmacological!evaluation!of!compounds!as!

potential!antiTcancer!drugs.!The!extent!of!my!contribution!to!each!paper!ranges!from!simple!

chemosensitivity!testing!to!an!in!depth!understanding!of!mechanism(s)!of!action!of!

compounds.!!

!

In!summary,!research!has!been!the!major!focus!of!my!career!and!I!have!been!fortunate!

enough!to!be!able!to!work!in!the!field!of!preclinical!and!clinical!antiTcancer!drug!

development!within!academia!throughout.!Academia!provides!a!unique!opportunity!to!

address!issues!that!may!not!have!commercial!value!in!the!first!instance!but!can!have!

significant!impact!upon!the!health!and!wellTbeing!of!patients.!The!development!of!

apaziquone!as!an!intravesical!therapy!for!noTmuscle!invasive!bladder!cancer!exemplifies!this!

and!to!date,!this!represents!the!most!significant!achievement!of!my!career.!!!

!

!

!
!
!
!
!
!
!
!
!
!
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!
Declaration.$$$
!
The!work!presented!in!this!thesis!represents!my!complete!publication!record!from!my!PhD!

studies!through!to!the!date!of!submission.!The!search!for!new!antiTcancer!drugs!is!

inherently!multidisciplinary!and!the!majority!of!my!publications!represent!collaborations!

with!other!academics,!clinicians!and!students!in!various!institutions!in!the!UK!and!across!the!

globe.!In!general!terms,!my!contributions!to!these!outputs!reflects!my!expertise!in!cancer!

pharmacology!and!this!includes!the!design,!conduct,!analysis!and!interpretation!of!

pharmacological!studies.!Specific!details!of!my!contribution!to!each!individual!paper!are!

provided!within!the!thesis.!!

!

The!work!presented!in!this!thesis!has!not!been!submitted!elsewhere!in!support!of!a!

successful!or!pending!application!for!any!other!degree!or!qualification!of!this!or!any!other!

University!or!of!any!professional!or!learned!body.!

!!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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$
Copyright$statement$
!
The!author!of!this!thesis!owns!any!copyright!in!it!(the!“Copyright”)!and!he!has!given!The!

University!of!Huddersfield!the!right!to!use!such!Copyright!for!any!administrative,!

promotional,!educational!and/or!teaching!purposes.!

!

Copies!of!this!thesis,!either!in!full!or!in!extracts,!may!be!made!only!in!accordance!with!the!

regulations!of!the!University!Library.!Details!of!these!regulations!may!be!obtained!from!the!

Librarian.!Details!of!these!regulations!may!be!obtained!from!the!Librarian.!This!page!must!

form!part!of!any!such!copies!made.!

!

The!ownership!of!any!patents,!designs,!trademarks!and!any!and!all!other!intellectual!

property!rights!except!for!the!Copyright!(the!“Intellectual!Property!Rights”)!and!any!

reproductions!of!copyright!works,!for!example!graphs!and!tables!(“Reproductions”),!which!

may!be!described!in!this!thesis,!may!not!be!owned!by!the!author!and!may!be!owned!by!

third!parties.!Such!Intellectual!Property!Rights!and!Reproductions!cannot!and!must!not!be!

made!available!for!use!without!permission!of!the!owner(s)!of!the!relevant!Intellectual!

Property!Rights!and/or!Reproductions.!

!
!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
$
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Statement$

My!academic!qualifications!include!a!BSc!(Joint!Honours)!in!Biochemistry!and!Marine!

Biology!from!the!University!College!of!North!Wales,!Bangor!in!1984.!My!PhD!was!awarded!in!

1988!from!the!University!of!Bradford!for!a!thesis!entitled!‘The!predictive!value!of!in#vitro!

chemosensitivity!tests!of!antiTcancer!drugs’.!!Other!qualifications!include!Senior!Fellowship!

of!the!Higher!Education!Academy!(2016)!and!Fellow!of!the!Chartered!Management!Institute!

(2018).!I!am!also!an!Honorary!Fellow!of!the!Royal!College!of!Radiology!(2018).!!

!

The!research!presented!in!this!thesis!focuses!on!the!preclinical!and!clinical!development!of!a!

wide!range!of!experimental!antiTcancer!drugs.!Within!this!overarching!theme,!there!are!

several!specific!themes!that!reflect!the!authors!interests!over!a!career!spanning!nearly!30!

years.!These!themes!are!(i)!the!preclinical!and!clinical!development!of!EO9!(Apaziquone)!as!

a!locoTregional!therapy!for!nonTmuscle!invasive!bladder!cancer!(ii)!the!microenvironment!of!

cancer,!cancer!metabolism!and!the!pharmacological!evaluation!of!enzyme!activated!

bioreductive!drugs!(iii)!individualising!chemotherapy!and!personalized!medicine!(iv)!the!

pharmacological!evaluation!of!synthetic!organic!compounds!and!natural!products!(v)!the!

pharmacological!evaluation!of!inorganic!complexes!and!(vi)!drug!delivery!and!in#silico!

modelling!studies.!Each!of!these!themes!are!summarised!below!with!the!aim!of!providing!

the!reader!with!an!personal!assessment!of!the!significance!of!the!work!published.!

!

Theme#1:#The#preclinical#and#clinical#development#of#EO9#(Apaziquone)#as#a#loco>regional#

therapy#for#non>muscle#invasive#bladder#cancer.!During!my!career,!I!have!worked!on!

several!compounds!that!have!entered!clinical!trial!(AQ4N!and!flavone!acetic!acid!for!

example)!but!my!main!achievement!has!been!the!development!of!apaziquone!(EO9)!as!a!

therapy!for!nonTmuscle!invasive!bladder!cancer!(theme!1).!Briefly,!EO9!entered!clinical!trials!

in!the!early!1990s!but!its!lack!of!efficacy!following!intravenous!administration!led!to!its!

clinical!development!being!discontinued.!There!are!several!reasons!why!EO9!failed!in!the!

clinic!but!its!poor!pharmacokinetic!properties!coupled!with!an!inherently!low!ability!to!

penetrate!through!multicell!layers!implied!that!drug!delivery!to!tumours!was!impaired.!

Whilst!these!properties!are!clearly!a!major!problem!for!the!systemic!delivery!of!EO9,!they!

are!paradoxically!beneficial!in!the!locoTregional!setting!where!the!aim!is!to!treat!cancers!

locally!without!causing!systemic!side!effects.!In!the!case!of!bladder!cancer,!therapeutic!
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agents!are!typically!administered!directly!into!the!bladder!via!a!catheter!(intravesical!

administration)!immediately!after!surgical!resection!of!tumours!and!are!typically!retained!

within!the!bladder!for!up!to!one!hour.!In!the!case!of!EO9,!this!would!effectively!circumvent!

the!drug!delivery!problem!that!led!to!its!failure!in!previous!clinical!trials!but!additionally,!any!

drug!that!leached!out!of!the!bladder!into!the!blood!stream!would!be!rapidly!removed!

thereby!reducing!the!risk!of!systemic!toxicity.!In!essence,!we!could!use!EO9’s!bad!properties!

to!our!advantage!to!achieve!a!locoTregional!effect!on!nonTmuscle!invasive!bladder!cancer.!

Following!studies!demonstrating!that!nonTmuscle!invasive!bladder!cancers!possess!the!right!

‘biochemical!machinery’!for!activating!EO9,!a!phase!I!clinical!pilot!study!was!conducted!and!

a!total!of!8!out!of!12!complete!responses!were!recorded!at!doses!that!were!well!tolerated.!

These!results!were!replicated!in!phase!II!studies!in!The!Netherlands!and!EO9!progressed!

into!phase!III!clinical!trials!in!the!USA,!Canada!and!Europe.!Phase!III!clinical!trials!remain!in!

progress!today!and!a!total!of!over!1700!patients!have!been!treated!with!EO9!to!date.!By!

using!EO9’s!bad!properties!to!our!advantage,!a!previously!‘dead’!compound!has!been!shown!

to!have!antiTtumour!activity!in!the!clinic!and!the!impact!of!this!work!was!recognised!in!the!

impact!case!study!submitted!to!REF2014.!Whilst!this!research!has!focused!on!EO9,!these!

results!have!wider!implications!for!drug!development.!Provided!a!good!clinical!case!for!locoT

regional!therapy!exists,!the!established!pharmacological!‘rules’!of!good!pharmacokinetics!do!

not!necessarily!apply!in!that!compounds!with!good!pharmacodynamic!effects!but!poor!

pharmacokinetics!may!have!better!effects!in!a!locoTregional!setting.!!

#

Theme#2:#The#microenvironment#of#cancer,#cancer#metabolism#and#the#pharmacological#

evaluation#of#enzyme#activated#bioreductive#drugs.!Alongside!the!development!of!EO9!as!a!

locoTregional!therapy,!several!studies!were!conducted!to!develop!analogues!that!retained!

the!good!properties!of!EO9!but!had!better!properties!in!terms!of!pharmacokinetics!and!drug!

delivery!(theme!2).!Together!with!medicinal!chemists,!a!series!of!analogues!of!

indolequinones,!naphthoquinones!and!benzoquinones!were!evaluated!in!a!range!of!

experimental!models!in#vitro!and!in#vivo.!Many!of!these!studies!focused!on!trying!to!develop!

analogues!of!EO9!that!preferentially!targeted!the!hypoxic!fraction!of!tumours!and!key!

structure!activity!relationships!were!identified.!Unfortunately,!a!lack!of!funding!

opportunities!linked!to!a!general!lack!of!support!for!quinone!based!bioreductive!drug!

development!led!to!a!cessation!in!this!avenue!of!research.!Nevertheless,!research!within!the!
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broader!field!remained!high!with!the!focus!shifting!towards!(i)!the!development!of!

experimental!models!for!evaluating!compounds!designed!to!target!the!hypoxic!

microenvironment!of!tumours!(ii)!the!influence!of!the!microenvironment!on!the!expression!

of!genes!and!proteins!and!the!relationship!of!key!hypoxia!regulated!proteins!(GlutT1!and!

HIF1)!with!therapeutic!outcome!(iii)!the!impact!of!hypoxia!on!‘targeted’!therapeutics!

(including!the!clinical!evaluation!of!AQ4N)!and!(iv)!methionine!metabolism!and!glycolysis!as!

potential!targets!for!novel!therapeutics!(theme!2).!!

#

Theme#3:#Individualising#chemotherapy#and#personalized#medicine.!My!PhD!studies!

focused!on!the!question!of!tailoring!chemotherapy!to!individuals!and!this!theme!has!

remained!throughout!my!career.!Since!the!pioneering!work!of!Hamburger!and!Salmon!in!

the!1970’s,!cell!based!chemosensitivity!assays!and!the!clonogenic!assay!in!particular!have!

been!evaluated!as!potential!tools!for!individualising!chemotherapy.!Results!!were!however!

mixed!with!predictions!of!resistance!typically!being!greater!than!predictions!of!sensitivity!in!

the!clinic.!Clinical!evaluation!of!the!predictive!value!of!the!clonogenic!assay!is!complex!and!

potentially!compromised!by!wide!interpatient!variations!in!pharmacokinetic!drug!exposure!

parameters.!To!address!this!issue,!the!predictive!value!of!the!clonogenic!assay!was!

determined!within!the!comparatively!controlled!environment!of!an!experimental!model!but!

even!here,!the!prediction!of!resistance!was!much!higher!than!the!prediction!of!sensitivity!

(theme!3).!These!studies!demonstrated!that!the!inherent!sensitivity!of!cells!in#vitro!does!not!

translate!into!activity!in#vivo!and!that!multiple!factors!associated!with!the!biology!of!

tumours!have!a!profound!influence!on!cellular!response.!These!studies!led!to!a!major!

publication!in!the!Journal!of!the!National!Cancer!Institute!in!1990!and!stimulated!my!

interest!in!the!tumour!microenvironment!as!a!key!factor!that!impacts!upon!the!final!

outcome!of!chemotherapy.!Within!the!field!of!enzyme!directed!bioreductive!drug!

development,!the!ability!to!predict!tumour!response!based!on!the!enzymology!of!tumours!

was!a!key!component!of!this!concept.!In!the!case!of!Mitomycin!C!(which!is!the!only!clinically!

approved!‘bioreductive’!drug)!the!enzyme!DTTdiaphorase!or!NAD(P)H:Quinone!

oxidoreductase!1!(NQO1)!is!known!to!activate!Mitomycin!C!but!the!relationship!between!

NQO1!activity!and!response!was!contentious!with!conflicting!evidence!presented!in!the!

literature.!Using!the!relatively!controlled!environment!of!an!experimental!model,!no!

correlation!between!the!activity!of!NQO1!and!in#vivo!response!to!Mitomycin!C!was!
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observed.!In!addition,!the!presence!of!the!C609T!polymorphic!variant!of!NQO1!(which!lacks!

NQO1!activity)!also!did!not!correlate!with!response!to!Mitomycin!C.!Furthermore,!similar!

results!were!obtained!in!patients!with!nonTmuscle!invasive!bladder!cancer!treated!with!

Mitomycin!C!administered!intravesically.!These!studies!demonstrated!that!the!cellular!and!

tumour!responses!to!Mitomycin!C!could!not!be!predicted!on!the!basis!of!the!NQO1!

genotype!or!phenotype!implying!that!other!enzymes!and/or!cellular!response!to!DNA!

damage!play!a!prominent!role!in!determining!therapeutic!outcome.!Improved!correlations!

between!response!and!the!metabolism!of!Mitomycin!C!by!tumour!homogenates!and!the!

induction!of!DNA!interstrand!cross!links!was!observed!suggesting!that!drug!activation!by!a!

‘cocktail’!of!oxidoreductases!is!more!relevant!than!analysis!of!individual!enzymes.!The!issue!

of!personalised!medicine!remains!a!major!objective!today!and!many!of!the!lessons!learnt!

from!these!studies!have!relevance!to!the!more!modern!‘targeted’!generation!of!anticancer!

drugs.!!

#

Theme#4:#The#pharmacological#evaluation#of#synthetic#organic#compounds#and#natural#

products.!My!interest!in!the!pharmacological!evaluation!of!novel!compounds!stems!from!

my!PhD!studies!where!my!supervisors!played!a!major!role!within!the!Screening!and!

Pharmacology!Group!of!the!European!Organisation!for!the!Research!and!Treatment!of!

Cancer.!Compounds!with!novel!structures!and!interesting!chemistries!were!regularly!sent!to!

our!laboratory!for!evaluation!and!numerous!compounds!of!interest!were!identified!in!this!

manner!(flavone!acetic!acid!for!example).!The!search!for!novel!chemistries!with!antiTcancer!

activity!and!the!application!of!experimental!models!used!in!preclinical!drug!evaluation!has!

remained!a!major!interest!throughout!my!career.!In!general!terms,!studies!varied!in!

complexity!ranging!from!simple!chemosensitivity!testing!and!structure!activity!relationships!

through!to!detailed!pharmacological!studies!designed!to!unravel!complex!mechanism(s)!of!

action.!Within!theme!4,!two!major!topics!include!the!pharmacological!evaluation!of!flavone!

acetic!acid!(and!analogues!thereof)!and!imidazotetrazine!derivatives!of!temozolomide.!In!

both!cases,!detailed!pharmacological!studies!focusing!on!pharmacokinetic!and!

pharmacodynamic!properties!in!a!range!of!experimental!models!were!performed.!Of!

particular!significance!was!the!identification!of!novel!analogues!designed!to!overcome!the!

problem!of!resistance!to!temozolomide!and!these!are!promising!candidates!for!further!

development.!Other!topics!covered!in!theme!4!include!tubulin!binding!agents,!nitro!
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derivatives!of!chlorambucil,!anthraquinone!derivatives!of!AQ4N!(alchemix),!shikimate!

analogues,!imatinib!and!other!experimental!drugs.!On!the!understanding!that!both!

serendipity!and!natural!products!are!important!sources!of!new!medicines,!a!series!of!papers!

focusing!on!the!pharmacological!evaluation!of!natural!products!is!also!included!in!theme!4.!

These!compounds!were!derived!from!plants!where!‘folklore!evidence’!of!medicinal!

properties!exist!and!many!of!these!compounds!have!interesting!properties!with!applications!

to!diseases!other!than!cancer!(ie!malaria).!!

!

Theme#5:#The#pharmacological#evaluation#of#inorganic#complexes.!There!has!been!a!

resurgence!of!interest!in!inorganic!complexes!as!potential!anticancer!drugs!following!the!

demonstration!that!their!pharmacological!effects!are!not!just!caused!by!DNA!damage!but!by!

interactions!with!key!biochemical!pathways,!many!of!which!are!‘drivers’!of!cancer!biology.!

In!addition,!they!exhibit!polyTpharmacological!properties!targeting!multiple!pathways!which!

is!now!viewed!as!a!desirable!characteristic!for!drugs!in!order!to!tackle!both!the!plasticity!

and!cellular!heterogeneity!typically!found!in!solid!tumours.!Using!a!phenotypic!screening!

approach!based!not!only!on!potency!but!selectivity!for!cancer!as!opposed!to!nonTcancer!

cells!in#vitro,!a!number!of!compounds!with!exciting!properties!have!been!identified!leading!

to!major!publications!in!front!line!journals!including!Nature!Chemistry,!Angewante!Chemie!

and!Chemical!Sciences.!Once!lead!compounds!have!been!identified,!a!target!deconvolution!

based!strategy!is!initiated,!the!aim!of!which!is!to!unravel!the!compounds!mechanism(s)!of!

action.!In!the!case!of!the!silver!NTheterocyclic!carbene!(NHC)!compound!Ag8!for!example,!its!

mechanism!of!action!includes!the!inhibition!of!thioredoxin!reductase,!topoisomerase!I!and!

II,!PARP!and!glycolysis,!all!of!which!play!prominent!roles!in!cancer!biology.!There!are!

challenges!in!terms!of!translating!in#vitro!effects!into!in#vivo!efficacy!but!as!demonstrated!by!

the!case!of!EO9,!compounds!with!good!pharmacodynamics!but!poor!pharmacokinetics!

could!still!be!beneficial!in!a!locoTregional!setting.!The!development!of!selected!compounds!

emerging!from!phenotypic!screening!and!target!deconvolution!approaches!as!systemic!or!

locoTregional!therapies!could!generate!entirely!novel!classes!of!antiTcancer!therapies.!!

!

Theme#6:#Drug#delivery#and#in#silico#modelling#studies.!Two!key!pharmacological!

parameters!that!determine!therapeutic!responses!are!(i)!concentration!(C)!and!(ii)!duration!

of!drug!exposure!(T).!From!a!pharmacological!standpoint!therefore,!the!amount!of!drug!
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delivered!to!the!target!site!and!duration!of!exposure!to!therapeutically!active!

concentrations!of!drug!are!therefore!highly!significant!factors!that!determine!response.!The!

issue!of!drug!delivery!and!the!influence!of!C!and!T!on!cellular!response!in!two!and!three!

dimensional!models!features!in!several!other!outputs!described!in!the!previous!themes!and!

additional!outputs!are!presented!here.!Most!prominent!amongst!these!is!the!work!on!the!

hollow!fibre!model!demonstrating!that!angiogenesis!can!occur!in!this!model!and!this!affects!

the!delivery!of!drugs!to!tumours!and!consequently!their!response.!In!a!collaboration!with!

mathematicians,!physicists,!clinicians!and!other!pharmacologists,!in#silico!models!have!been!

developed!that!focus!on!the!issue!of!drug!delivery!to!tumours!and!hypoxic!regions!therein.!

Based!on!key!pharmacological!properties!such!systemic!pharmacokinetic!parameters!and!

the!kinetics!of!drug!penetration!through!multicell!layers,!key!questions!such!as!how!far!a!

drug!will!penetrate!from!a!blood!vessel!within!its!pharmacokinetic!lifespan!can!be!

determined.!The!main!advantage!of!an!in#silico!model!is!that!parameters!such!as!

pharmacokinetic!profiles!can!be!changed!(to!reflect!changes!in!drug!administration!such!as!

infusion!as!opposed!to!bolus!injection)!and!its!potential!impact!on!drug!delivery!evaluated!

without!the!immediate!need!for!conducting!in#vivo!experiments.!Once!optimised!in#silico,!

experimental!in#vivo!studies!would!be!conducted!thereby!reducing!animal!experimentation!

consistent!with!3R!goals!(reduction!refinement!and!replacement!of!animals!for!

experimentation).!Additional!questions!related!to!other!aspects!of!modelling!tumour!

biology!and!drug!delivery!to!hypoxic!regions!of!spheroids!are!also!presented!within!this!

section!of!the!thesis.!

!

To!conclude,!the!work!presented!here!represents!a!sustained!contribution!to!the!

enhancement!of!knowledge!and!the!application!of!this!knowledge!to!the!development!of!

antiTcancer!drugs.!The!works!represent!an!original!and!significant!contribution!to!the!field!of!

antiTcancer!drug!development!that!has!impacted!on!the!health!and!welfare!of!patients,!

particularly!those!with!nonTmuscle!invasive!bladder!cancer.!This!body!of!work,!together!

with!the!fact!that!I!have!been!in!my!current!post!at!the!University!of!Huddersfield!for!over!

three!years,!meets!the!Universities!requirements!for!eligibility!and!permits!me!to!submit!

this!work!to!my!peers!for!their!assessment!of!whether!it!merits!the!award!of!Doctor!of!

Science.!

!
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Evaluation of a novel in vitro assay for assessing drug
penetration into avascular regions of tumours
RM Phillips, PM Loadman and BP Cronin
Clinical Oncology Unit, University of Bradford, Bradford BD7 1 DP, UK

Summary The poor blood supply to solid tumours introduces many factors that affect the outcome of chemotherapy, one of which is the
problem of drug delivery to poorly vascularized regions of tumours. Whereas poor drug penetration has been recognized as a contributing
factor to the poor response of many solid tumours, the question of drug penetration through multicell layers has not been thoroughly
addressed, largely because of restrictions imposed upon these studies by the requirement for either radiolabelled or naturally fluorescent
compounds. The aim of this study is to describe modifications made to a recently published assay that broadens the scope for assessing drug
penetration during the early stages of drug development and to characterize the ability of various drugs to penetrate multicell layers. DLD-1
human colon carcinoma cells were cultured on Transwell-COL plastic inserts placed into 24-well culture plates so that a top and bottom
chamber were established, the two chambers being separated by a microporous membrane. Drugs were added to the top chamber at doses
equivalent to peak plasma concentrations in vivo and the rate of appearance of drugs in the bottom chamber determined by high-performance
liquid chromatography (HPLC). Both 3-amino-1,2,4-benzotriazine 1,4-dioxide (tirapazamine) and 7-[4'-(2-nitroimidazol-1-yl)-butyl]-
theophylline (NITP) rapidly penetrated DLD-1 multicell layers (50.9 ± 12.1 gm thick) with t1,2 values of 1.36 and 2.38 h respectively, whereas
the rate of penetration of 5-aziridino-3-hydroxymethyl-1-methyl-2-[1H-indole-4,7-dione] prop-,-en-a-ol (EO9) and doxorubicin through
multicell layers was significantly slower (t1,2 = 4.62 and 13.1 h respectively). Inclusion of dicoumarol increases the rate of E09 penetration,
whereas reducing the oxygen tension to 5% causes a reduction in tirapazamine penetration through multicell layers, suggesting that the
extent of drug metabolism is one factor that determines the rate at which drugs penetrate multicell layers. The fact that E09 does not readily
penetrate a multicell layer, in conjunction with its rapid elimination in vivo (tl,2 < 10 min), suggests that E09 is unlikely to penetrate more than
a few ,um from a blood vessel within its pharmacokinetic lifespan. These results suggest that the failure of E09 in the clinic is due to a
combination of poor drug penetration and rapid elimination in vivo.

Keywords: drug penetration; bioreductive drug; E09; tirapazamine

The ultimate objective of any systemic therapy for cancer is to
eradicate all tumour cells whether it is by direct cytotoxicity or by
modifying the malignant phenotype (Schipper et al, 1996). In
order to achieve this objective, it is essential that anti-cancer
agents reach all clonogenic cells within the tumour at the concen-
trations that are required for a therapeutic effect. The blood supply
to many solid tumours is known to be both inadequate and inter-
mittent, resulting in regions of tumours that are chronically and
transiently hypoxic (Coleman, 1988; Vaupel et al, 1989). Hypoxia
by itself, or in conjunction with other features of the tumour
microenvironment such as low extracellular pH and reduced cell
proliferation rates, etc., can adversely affect the efficacy of both
radiotherapy and chemotherapy (Thomlinson and Gray, 1955;
Denekamp, 1986). In terms of chemotherapy, cytotoxic drugs have
to diffuse from the vascular compartment and penetrate through
several layers of cells in order to reach cells that reside some
distance away from a blood vessel. Drug penetration barriers exist
for a number of clinically used anti-cancer drugs, and the failure of
drugs to penetrate throughout the tumour within their pharmaco-
kinetic lifespan has been recognized as a contributing factor
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towards the poor response of many solid tumours to chemotherapy
(Goldacre and Sylvdn, 1962; Kerr and Kaye, 1987; Durand, 1989;
Simpson-Herren and Noker, 1991). Multicellular spheroids
(Sutherland and Durand, 1976; Sutherland, 1988) have been
instrumental in the study of drug diffusion through multicell
layers, and drug penetration barriers have been identified for drugs
such as doxorubicin, methotrexate, m-AMSA, ara-C, vinblastine
and vincristine (Sutherland et al, 1979; West et al, 1980; Wilson et
al, 1981; Nederman and Carlsson, 1984; Erlanson et al, 1992).
Whereas the ability to penetrate several layers of cells is a desir-

able property of all systemic-based anti-cancer therapies, it is
particularly relevant to a class of compounds known as bioreduc-
tive drugs. These compounds are designed to kill cells preferen-
tially within the hypoxic tumour microenvironment (Sartorelli,
1988; Workman and Stratford, 1993) and the ideal bioreductive
drug should be administered as an inactive prodrug that is only
activated under low-oxygen conditions by one or two electron
reductases. An essential prerequisite characteristic for an effective
bioreductive drug is that the parent compound must diffuse
through the aerobic fraction of cells in order to reach the target.
With the exception of early studies using nitroimadazole-based
radiosensitizers (Chapman et al, 1981, 1983; Garrecht and
Chapman, 1983; Franko, 1985; Rasey et al, 1985), relatively few
studies have focused on the ability of bioreductive drugs to pene-
trate through several layers of cells. This is due largely to the fact
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Bottom chamber

Transwell

Top chamber

Stirrer

bioreductive indoloquinone compound 5-aziridino-3-hydroxy-
methyl-i -methyl-2-[ 1 H-indole-4,7-dione]prop-4-en-ox-ol (EO9),
which, despite promising activity in preclinical models (Hendriks
et al, 1993), has proved disappointing in the clinic (Pavlidis et al,
1996). Studies demonstrating that spheroids are more resistant
than monolayers to E09 suggest that drug penetration barriers
may exist (Bibby et al, 1993) and this study provides experimental
evidence to support the hypothesis that the failure of E09 in the
clinic is due to poor penetration into tumours, in conjunction with
rapid elimination kinetics in vivo.

MATERIALS AND METHODS
Test compounds
3-Amino- 1 ,2,4-benzotriazine 1,4-dioxide (tirapazamine) and 7-[4'-
(2-nitroimidazol-1-yl)butyl]-theophylline (NITP) were gifts from
Sanofi Winthrop (USA) and Dr Richard Hodgkiss (Gray
Laboratories, UK) respectively. E09 was supplied by the New
Drug Development Office of the EORTC (European Organization
for the Research and Treatment of Cancer). Doxorubicin was
purchased from Sigma (Sigma Aldrich, Poole, UK). Tirapazamine,
NITP and E09 were dissolved in DMSO and stored at - 20° C.
Doxorubicin was dissolved in sterile water and stored at - 200C.
All chemicals used were of analytical grade (Sigma) and all
solvents were HPLC grade (Fisher Scientific, Loughborough, UK).

Microporous membrane

24-Well plate

Figure 1 Schematic representation of the Transwell apparatus for
assessing drug penetration

Cell culture conditions
DLD-1 human colon carcinoma cells (Dexter et al, 1979) were
routinely maintained at 37° C as monolayer cultures in RPMI- 1640
culture medium containing 25 mM HEPES buffer (Life
Technologies, Paisley, UK) supplemented with 10% fetal calf
serum (Life Technologies), sodium pyruvate (1 mm, Life
Technologies,), penicillin-streptomycin (100 IU ml-':100,g ml-',
Life Technologies), L-glutamine (1 mm, Life Technologies).

that compounds have had to be either naturally fluorescent (such
as doxorubicin) or radioactively labelled in order to detect penetra-
tion into cellular masses. In the early stages of drug development,
however, radioactively labelled or fluorescent compounds are
rarely available and, consequently, the question of drug penetra-
tion has not been thoroughly addressed for the majority of
compounds.

Recently, an assay has been developed that has broadened the
scope for studying drug penetration during the early stages of
preclinical drug development (Cowan et al, 1996). The assay is
based upon the ability of drugs to cross a microporous membrane
that supports a multicell layer. Routine analytical techniques [e.g.
high-performance liquid chromatography (HPLC)] can be used to
measure drug (and/or metabolite) concentrations, making the
study of drug penetration a feasible proposition for most laborato-
ries involved in preclinical drug development. The principal
objective of this study is to describe and characterize a modified
version of the assay published by Cowan et al (1996) and to illus-
trate the potential significance of this assay by evaluating the
ability of selected bioreductive and standard anti-cancer drugs to
penetrate multicell layers. Particular attention has been paid to the

Growth characteristics of DLD-1 cells in Transwell
culture vessels
A total of 2.5 x 105 cells in 200 ,ul of RPMI- 1640 culture medium
was added to the top chamber of Transwell-COL plastic insert
(Figure 1, Corning Costar, High Wycombe, UK). The top and
bottom chambers were separated by a collagen-coated, micro-
porous membrane (pore size 0.4 gm, diameter 6.5 mm, surface
area 0.33 cm2). Transwell vessels were incubated at 37° C for 3 h
to allow cells to attach to the membrane before the addition of 2 ml
of RPMI-1640 to the bottom chamber. Cells were incubated at
37° C in an atmosphere containing 5% CO2 for up to 8 days with
daily changes of medium in both upper and lower chambers. At
various time points, Transwell inserts were removed, fixed in
Bouin's fluid for 1 h and washed in 70% ethanol overnight. The
membrane was detached from the plastic insert, embedded in
paraffin wax and sectioned (5 ,um) using a Leitz rotary microtome
(Leica UK, Milton Keynes, UK). Sections were stained with
haematoxylin and eosin according to standard protocols, and the
average thickness of the multicell layer determined by a Seescan
image analyser (Seescan, Cambridge, UK). Three separate
Transwells per time point were sectioned and the thickness of each
multicell layer was determined on five sections from each
Transwell (20 measurements per section).

British Journal of Cancer (1998) 77(12), 2112-2119. Cancer Research Campaign 1998
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Figure 2 Growth of DLD-1 multicell layers on Transwell inserts. Each point
represents the mean + standard deviations for > 100 measurements on a
total of five histological sections (three Transwells per time point)

Drug penetration assay

Medium was removed from the top chamber of the Transwell and
replaced with 100 pl of medium (phenol red-free RPMI- 1640
medium supplemented with 10% fetal calf serum) containing
drugs at doses that represent peak plasma drug concentrations in
vivo (EO9 10 gM, tirapazamine 120 gM, NITP 100 gM and
doxorubicin 10 ,UM; van der Vijgh et al, 1990; Bibby et al, 1993;
Walton and Workman, 1993; Hodgkiss et al, 1995). In all cases,
the final DMSO concentration was < 0.2%. The Transwell was
then inserted into one well of a 24-well plate containing 600 gt of
medium and incubated at 37° C. At various time intervals there-
after, 500,l of medium was removed from the bottom chamber
and added to I ml of acetonitrile, mixed and stored at - 20° C until
required for analysis. The insert was then transferred to a different
well on the culture plate containing 600,l of fresh medium. This
procedure was repeated throughout the duration of the experiment.
At all stages of the process, medium in the bottom chamber was
agitated using a small magnetic stirrer. In the case of E09, drug
penetration was assessed on days 1, 4 and 8 of the growth curve in
order to determine the relationship between the thickness of the
multicell layer and the rate of penetration. In the case of tirapaza-
mine, NITP and doxorubicin, drug penetration was determined on
day 4 of the growth curve. All experiments were repeated indepen-
dently on three occasions. The stability of test compounds under
the experimental conditions used (i.e. tissue culture medium at
37° C for 3 h) was determined according to the procedures
described above.

Sample analysis
Samples were evaporated down to 500 tl under vacuum using a
RC10. 10 centrifugal evaporator (Jouan, Ilkeston, UK). A further

Figure 3 Histological sections through DLD-1 multicell layers on days
1 (A), 2 (B), 4 (C), 6 (D) and 8 (E) of the growth curve

100 ,ul of acetonitrile was added to each sample to make it more
compatible with the mobile phases used. Following centrifugation
(7000 g x O min), E09 and doxorubicin concentrations in the
supernatant were determined by HPLC according to previously
published protocols (Scounides et al, 1984; Kotake et al, 1985;
Phillips et al, 1992). In the case of tirapazamine, a modified
version of the assay described by Robin et al (1995) was

employed, brief details of which are described below. Samples
were separated using a JBondapak (10 gm) phenyl column in a
RCM 8 x 10 radial compression module (Waters, Watford, UK).
The mobile phase was acetonitrile-water (11:89) pumped at a flow
rate of 2.0 ml min-' and tirapazamine was detected at 266 nm.
NITP was analysed using the same methodology as for tirapaza-
mine except that the mobile phase was 30% acetonitrile-water and

British Journal of Cancer (1998) 77(12), 2112-2119
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detection was at 272 nm. In all cases, the HPLC apparatus
consisted of a model 510 pump (Waters), 717 autosampler
(Waters), and detection systems were either a model 996 photo-
diode array detector with Millennium software (Waters) or a
Merck/Hitachi F 1050 HPLC fluorescence detector (Merck,
Lutterworth, UK).

Data analysis
Drug concentrations in each sample were summated such that a
graph of total drug penetration against time could be plotted. For
example, drug concentrations at time point 1 were added to drug
concentrations at time point 2 in order to obtain the total drug
concentration in the lower chamber at time point 2. Drug concen-
trations in the lower chamber were calculated from the ratio of
peak areas for samples divided by the peak area of drug in the top
chamber at t = 0. Drug penetration through the multicellular layer
was assumed to be a first-order process. Half-lives and penetration
rate constants were calculated by standard pharmacokinetic proce-
dures (Rowland and Tozer, 1989), normally used for the absorp-
tion of drug into the plasma from an extravascular site with Ae-Kp
representing the movement of drug through the multicell layer.
Therefore the equation to describe the drug appearing in the
bottom chamber as a function of time is the monoexponential
equation:

C = Ae-K'

where Cl = concentration of drug in lower chamber, A = 100%
penetration and Kp = penetration rate conbtant.

Kp is calculated from the per cent penetration vs time data using
the method of residuals and is equivalent to the absorption rate
constant. Penetration half-lives (t,12p) are calculated from the equa-
tion t1,2p = 0.693/Kp. Percent penetration was calculated as the drug
concentration measured in lower chamber/drug concentration
expected if all the administered drug penetrated through the
membrane.

Influence of dicumarol on the penetration of E09
DLD-1 cells were cultured in Transwell-COL inserts for 4 days
(thickness of the multicell layer was 45 ± 5.2 ,um). E09 was added
to the top chamber at a final concentration of 10 gM as described
above in the presence or absence of dicoumarol (200 gM). In
studies using dicoumarol, medium in the bottom chamber also
contained dicoumarol (200 gM). The change in E09 concentration
in the lower chamber was determined as described above.

Influence of oxygen tension on the rate of penetration
of tirapazamine
DLD-1 cells were cultured in Transwell-COL inserts as described
above (thickness of multicell layer was 50 ± 5.6 im). Culture
plates were then transfered to an incubator supplied with 5%
oxygen, 5% CO2 and 90% nitrogen (BOC, Manchester, UK) for
3 h before the addition of tirapazamine (55 gM, which represents
peak plasma levels in humans, Graham et al, 1997) to the top
chamber. The appearance of tirapazamine in the lower chamber
was determined as a function of time as described above. For the
purpose of comparison, the penetration of tirapazamine through
DLD-1 multicell layers cultured in an atmosphere containing 5%
CO2/95% air was also determined.
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Figure 4 Penetration of doxorubicin (A) and tirapazamine (B) through the
membrane alone (2) and through DLD-1 multicell layers (O, 50.9,m thick).
Each point represents the mean ± standard deviation for three independent
experiments
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RESULTS
Growth characteristics of DLD-1 cells on Transwells
Growth curves for DLD-1 cells are presented in Figure 2. The
thickness of the cell layers increased from 15.2 ± 4.6 gm on day 1
to 78.3 + 10.1 ,Im on day 8 (Figure 2). There was a rapid increase
in the thickness of cell layers between days 1 and 4, after which the
rate of growth of the multicell layer slows down. As multicell
layers increased in thickness, cells growing on or near the
membrane became elongated and polarized, whereas cells further
away from the membrane adopted a flattened appearance (Figure
3). No visible regions of necrosis existed (Figure 3) and no binding
of NITP could be detected by antibodies to theophylline
throughout the section, indicating the absence of hypoxic cells
(data not shown).

Penetration of drugs through multicell layers
The penetration of tirapazamine and doxorubicin across Transwell
membranes in the presence and absence of DLD- 1 cells (50.9 ±
12.1 ,um thick) is presented in Figure 4. In the absence of cells,
both tirapazamine and doxorubicin rapidly crossed the membrane
with half-lives of 0.092 and 0.178 h respectively (Table 1). In the
presence of DLD- 1 multicell layers, the penetration of tirapaza-
mine through the cell layer was significantly greater than that of
doxorubicin with t12 values of 1.36 and 13.1 h respectively (Table
1). Only the parent compounds were visible on HPLC traces and
no metabolites were detected. Both compounds were stable (< 5%
breakdown) for the duration of this experiment. The penetration of
tirapazamine, NITP, E09 and doxorubicin through multicell layers
is presented in Figure 5. Each drug evaluated penetrated through
DLD-1 multicell layers (50 jim thick) at different rates (Figure 5
and Table 1). Half-lives were 1.36, 2.38, 4.62 and 13.1 h for tira-
pazamine, NITP, E09 and doxorubicin respectively (Table 1). No
metabolites were detected. E09 was relatively stable at 37° C in
tissue culture medium at pH 7.5 with a t12 value of 6.5 h (Phillips
et al, 1992).

Influence of the thickness of the multicell layer on the
rate of E09 penetration
Figure 6 describes the penetration of E09 through transwell
membranes in the absence of cells and in the presence of DLD-1
multicell layers of 15.2 jm, 50.9 jim and 78.3 jim thickness. Rates
of drug penetration (Table 2) were inversely proportional to the
thickness of the multicell layer with Kp values (h-') ranging from
1.12 (15.2 jim thick) to 0.030 (78.3 jim thick).

Influence of oxygen tension and dicoumarol on the
penetration of tirapazamine and E09
Reducing the oxygen tension to 5% oxygen causes a significant
reduction in the rate of tirapazamine penetration (Kp = 0.26 h-',
t,,2 = 2.66 h, Table 3) compared with the rate of penetration in an
atmosphere containing 20% oxygen (Kp = 0.489 h-', t12 = 1.42 h,
Table 3). In the case of E09 (Table 3), the inclusion of dicoumarol
in both the upper and lower chambers of the Transwell apparatus
results in a modest increase in the rate of drug penetration (t12 =
2.7 ± 0.63 h) compared with the rate of E09 penetration in the
absence of dicoumarol (t12 = 3.6 ± 0.41 h).

Table 1 Summary of drug penetration data for doxorubicin (DOX), E09,
NITP and tirapazamine (TP) through DLD-1 multicell layers (50.9 gm thick)

No cells Day 4

Kp 'h-1' t1,2(h) Kp 'h-t' tl,2 (h)
DOX 3.90 0.178 0.035 ± 0.025 13.1
E09 3.63 0.191 0.15 ± 0.05 4.62
NITP 13.4 0.052 0.29 ± 0.09 2.38
TP 7.56 0.092 0.51 ± 0.19 1.36

t,12' the time taken for half the initial drug concentration in the top chamber to
cross into the lower chamber; Kp, penetration rate constant.
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Figure 5 Penetration of tirapazamine (O), NITP (O), E09 (0) and
doxorubicin (A) through DLD-1 multicell layers (50.9 gm thick). Each point
represents the mean ± standard deviation for three independent experiments

DISCUSSION
The problem of poor drug delivery to viable cells in avascular
regions of solid tumours has been recognized as a contributing
factor to the lack of activity of currently available anti-cancer
drugs against the majority of solid tumours (Keyes et al, 1985;
Sartorelli, 1988). Although this fact is generally accepted, the
question of drug penetration into cellular masses has not received
the intense investigation it merits, largely because of practical and
technical difficulties inherent in the methods used to evaluate drug
penetration. The question of drug penetration is vital for
compounds such as bioreductive drugs but good diffusion
throughout tumours would be a highly desirable characteristic
for any systemic-based therapy of cancer. The assay initially
described by Cowan et al (1996) and modified in this paper is tech-
nically simple and versatile, thereby broadening the scope for
conducting drug penetration studies early on in drug development.
The methodology described in this paper differs from that of

Cowan et al (1996) in several key areas, details of which are outlined
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Figure 6 Penetration of E09 through Transwell membranes in the absence
of cells (A) and in the presence of cell layers that were 15.2 ,um (K), 50.9 gm
(0) and 78.3 ,im (O) thick. Each point represents the mean ± standard
deviation for three independent experiments

below. First, the assay has been miniaturized so that valuable drug
stocks can be conserved. Second, the model described by Cowan et
al (1996) does not mimic the aerobic fraction of cells as the multicell
layer used contains a central necrotic core. Drugs would have to
diffuse through an aerobic fraction into the necrotic core and then out
the other side of the necrotic core and through another aerobic
fraction of cells before crossing the microporous membrane. The
complexity of this model introduces several problems, particularly
as bioreductive drugs, for example, would be activated within the
hypoxic region, leading to an underestimation of drug penetration. In
our opinion, the key question is whether or not the drug actually
penetrates through the aerobic fraction of cells as the original, inac-
tive prodrug, and therefore this assay uses multicell layers that
mimic the aerobic fraction. Third, no soft agar has been included in
the upper chamber as described by Cowan et al (1996). Soft agar was
initially added to the upper chamber to prevent convection currents
but its inclusion significantly reduces the rate of drug penetration
through microporous membranes that have no cells attached.

Finally, standard pharmacokinetic parameters have been applied
to the analysis of drug penetration data as opposed to Fick's
second law of diffusion. In our opinion, the use of pharmaco-
kinetic parameters is more relevant, as diffusion is not the only
mechanism by which drugs cross multicellular layers (Kerr and
Kaye, 1987). In addition, as the rate of penetration into a tumour
will depend upon the concentration of drug in the blood and the
rate of elimination from the body, it may be possible to predict the
extent of drug penetration into tumours based upon knowledge of
the drug's pharmacokinetics in vivo and the rate of penetration
through multicell layers in vitro. The results of this study demon-
strate that penetration across multicell layers is a first-order
process and the pharmacokinetic parameters generated in vitro

Table 2 Relationship between the rate of E09 penetration and the
thickness of multicell layer

No cells Day 1 Day 4 Day 8

Kp (h-1) 3.63 1.12 ± 0.08 0.150 ± 0.05 0.030 ± 0.025

t12(h) 0.190 0.618 4.62 23.1

tl,2 (min) 11.4 38.4 258.0 1428.0

Distance (,um) 0 15.2 ± 4.6 50.9 ± 12.1 78.3 ± 10.1

t1,2' the time taken for half the initial drug concentration in the top chamber to
cross into the lower chamber; Kp, penetration rate constant.

Table 3 Influence of dicoumarol and oxygen tension on the rate of
penetration of E09 and tirapazamine through DLD-1 multicell layers

E09 Tirapazamine

- dicoumarol + dicoumarol 20% 02 5% 02

t,,2 (h) 3.60 ± 0.41 2.70 ± 0.63 1.42 2.66

Kp(h-1) 0.19 + 0.02 0.25 ± 0.05 0.489 0.26

Thickness of 45.0 ± 4.20 45.0 ± 4.20 50.0 ± 5.60 50.0 ± 5.60
multicell layer
(gm)

could be directly compared with pharmacokinetic parameters in
vivo to obtain an indication of whether a drug will reach the
tumour microenvironment within its pharmacokinetic lifespan.

In the case of bioreductive drugs, the question of drug penetra-
tion is paramount as failure of the parent compound to penetrate
through the aerobic fraction of tumour cells into hypoxic regions of
tumours (within the pharmacokinetic lifespan of the drug in vivo)
will severely limit the efficacy of the drug. Estimates of the aerobic
fraction vary and are difficult to define precisely as gradients of
oxygen tension exist within tumours, the extent of which varies as a
function of distance from a supporting blood vessel (Helminger et
al, 1997). Gradients of oxygen tension have been demonstrated
within the viable rim of multicellular spheroids (Sutherland et al,
1986) and drugs have to penetrate approximately 200-300,m
(depending on the cell line) in order to reach the central necrotic
region. It is reasonable to assume therefore that drugs would have
to penetrate at least 50 ,um from a blood vessel or into a spheroid in
order to reach the target. Using a multicell layer of 50,m thick-
ness, the assay was validated using drugs whose penetration prop-
erties are known. In the case of tirapazamine, for example,
preferential DNA damage to cells in hypoxic regions of squamous
cell carcinoma (SCCVII) tumours was observed using a combina-
tion of cell sorting and comet assays (Olive, 1995). NITP is
detectable in tissues using antibodies raised against theophylline,
and good evidence exists to show that NITP binds preferentially to
cells that reside close to the necrotic regions of mammary CaNT
tumours (Hodgkiss et al, 1995). Both compounds readily penetrate
DLD-1 multicell layers, although penetration of tirapazamine is
more rapid than NITP under standard cell culture conditions
(Figure 5). In contrast to tirapazamine and NITP, significant drug
penetration barriers are known to exist for doxorubicin (Sutherland
et al, 1979) and this is reflected in the poor rate of penetration
through DLD- 1 multicell layers presented in Figure 4.
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A number of factors will influence both the delivery of drugs to
tumours and transcellular drug transport, details of which have been
reviewed elsewhere (Kerr and Kaye, 1987). Preliminary studies in
this paper demonstrate that cellular metabolism is one factor that
influences the penetration of drugs accross multicell layers (Table
3). In the presence of dicoumarol, which is a potent inhibitor of
DT-diaphorase, the rate at which E09 penetrates a multicell layer
increases compared with E09 alone. These results suggest that the
penetration of E09 into tumours with high DT-diaphorase activity
may be impaired as a result of increased drug metabolism. It should
be stressed that the activity of DT-diaphorase in DLD- 1 cells
(546 ± 75 nmol min-' mg-'; Collard et al, 1995) is significantly
higher than the activity of DT-diaphorase activity in human tumours
(Malkinson et al, 1992), and further studies are warranted to deter-
mine the effect of drug metabolism in cell lines that have a broader
range of DT-diaphorase activity. In the case of tirapazamine, the rate
of drug penetration is dependent upon the oxygen status of cultures.
As oxygen tension is reduced, the rate of drug penetration decreases,
presumably because of increased tirapazamine metabolism (Koch,
1993). It is not known whether drug metabolism is the rate-limiting
step as other factors such as the morphology of cells (i.e. the
presence of tight junctions between cells), pH gradients, physico-
chemical properties of drugs such as lipid solubility, etc. could also
play a role. These questions are beyond the scope of this paper and
are currently under investigation.

Although the identification of the rate-limiting process that
determines drug penetration will give useful information to guide
future drug development, the principal objective of this paper is to
determine not how currently available drugs get there but whether
they do get to the target. As the rate of drug penetration through
cell layers will be both concentration and time dependent, pharma-
cokinetic parameters are likely to play a major role in determining
the extent of drug penetration from the vasculature in vivo. In
mice, both tirapazamine and NITP have plasma t,2P of 26.5 min
and between 20 and 30 min (depending on vehicle and route of
administration) respectively (Workman and Walton, 1993;
Hodgkiss et al, 1995). As both drugs have been shown to either
damage DNA or bind to cells within the hypoxic tumour micro-
environment, the combination of these pharmacokinetic parame-
ters together with the inherent ability to penetrate rapidly through
multicell layers suggests that these characteristics form a good
guideline for predicting whether other drugs will reach the tumour
microenvironment. Other drugs that have similar pharmacokinetic
parameters and drug penetration rates through DLD-1 multicell
layers would be expected to penetrate through several layers of
cells in vivo. In humans the plasma t1/2 value of tirapazamine is
longer (46.6 ± 9.53 min; Graham et al, 1997) than in experimental
models, suggesting that penetration into the hypoxic micro-
environment of solid tumours is likely.
The significance of both pharmacokinetic parameters and drug

penetration properties is illustrated in the case of E09. E09 is a
bioreductive indoloquinone compound that is activated by the
enzyme DT-diaphorase [NAD(P)H:quinone acceptor oxidoreduc-
tase, EC 1.6.99.21 to a DNA-damaging species and is preferen-
tially cytotoxic towards DT-diaphorase-rich cells in vitro under
aerobic conditions (Walton et al, 1991; Robertson et al, 1994;
Smitkamp-Wilms et al, 1996). The compound was selected for
clinical evaluation under the auspices of the EORTC, although no
activity against non-small-cell lung cancer (NSCLC), breast,
colorectal, pancreatic and gastric cancers was reported in phase II
clinical trials (Dirix et al, 1996; Pavlidis et al, 1996). A possible

explanation for the lack of clinical activity stems from the fact that
E09 does not penetrate multicell layers as efficiently as tirapaza-
mine or NITP (Figure 5). This result, in conjunction with the fact
that E09 is rapidly eliminated from the body in both rodents and
humans, with plasma half-lives of 3 and 10 min respectively
(Workman et al, 1992; Schellens et al, 1994), suggests that thera-
peutic levels of E09 are unlikely to penetrate more than a few
microns from a blood vessel within its pharmacokinetic life span.
Poor drug delivery to tumours may therefore be the major factor in
explaining the disappointing clinical outcome of E09 as opposed
to pharmacodynamic problems. In mice, direct intratumoral injec-
tion of E09 resulted in preferential anti-tumour activity against
DT-diaphorase-rich tumours, suggesting that, if E09 can be effi-
ciently delivered to tumours, it may be possible to exploit the
differences that exist in DT-diaphorase activity in human tumours
(Malkinson et al, 1992; Matthew et al, 1996). In terms of future
drug development, either improving the delivery of E09 or devel-
oping analogues of E09 that retain the desirable properties of E09
(i.e. bioactivation by DT-diaphorase) but have better pharmacolog-
ical properties in terms of drug penetration and pharmacokinetics
are two ways of addressing the problem (Phillips, 1996).

In conclusion, this study has described and validated an assay
that addresses the critical question of whether or not cytotoxic
drugs are able to penetrate into avascular regions of solid tumours.
Based upon knowledge of the rate of penetration through multicell
layers and pharmacokinetic parameters in vivo for drugs whose
penetration properties are known (i.e. tirapazamine, NITP and
doxorubicin), it may be possible to predict whether or not novel
compounds are able to penetrate into the tumour microenviron-
ment. It should be stressed, however, that penetration into avas-
cular regions of tumours will not guarantee efficacy, as cells in this
environment are likely to have different pharmacodynamic charac-
teristics from cells that reside close to blood vessels. Nevertheless,
the question of penetration into poorly perfused regions of tumours
is important for all systemic-based therapeutic approaches directed
against the cancer itself. With minor modifications to the assay, the
question of whether or not therapeutic approaches such as anti-
sense, gene therapy, monoclonal antibodies or inhibitors of cell
signalling pathways can penetrate into the microenvironment of a
tumour within their pharmacokinetic lifespans can be determined.
The assay described by Cowan et al (1996), together with the
modifications made to the assay described in this paper, therefore
provide a quantitative method for assessing drug penetration
during preclinical anti-cancer of drug development.

ABBREVIATIONS
NITP, 7-[4'-(2-nitroimidazol- 1 -yl)-butyl]-theophylline; tirapaza-
mine, 3-amino- 1, 2,4-benzotriazine 1,4-dioxide; E09, 5-aziridino-3-
hydroxymethyl- I -methyl-2-[ I H-indole-4,7-dione] prop-p-en-wc-ol.
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Bladder cancer accounts for approximately 2% of all malignant
cancers and is the fifth and tenth most common cancer in men and
women respectively. The American Cancer Society estimated that
54 500 new cases and 11 700 deaths would have occurred in 1997.
Superficial bladder cancer (pTa, pT1 and CIS) accounts for
70–80% of cancers at first presentation. Management of superfi-
cial bladder cancer is typically by endoscopic surgical resection
often followed by a course of adjuvant intravesical chemotherapy
or immunotherapy with the aim of both eradicating remaining
tumour cells and preventing tumour recurrence (Herr, 1987). Both
antineoplastics (Mitomycin C [MMC], epirubicin and thioTEPA)
and immunotherapy (BCG) administered intravesically are effec-
tive at reducing tumour recurrence rates although it is unclear
whether disease progression to muscle invasive tumours is
prevented (Newling, 1990; Oosterlink et al, 1993). This observ-
ation in conjunction with the fact that mortality from bladder
cancer is still high underscores the need to develop more effective
therapeutic agents (Oosterlink et al, 1993). 

MMC belongs to a class of compounds known as bioreductive
drugs (Workman, 1994) and represents one of the antineoplastic
agents used to treat superficial bladder cancers (Maffezzini et al,
1996; Tolley et al, 1996). MMC is activated to a cytotoxic species

by cellular reductases although the role of specific reductase
enzymes involved in bioreductive activation remains poorly
defined and controversial (Cummings et al, 1998a). This is particu-
larly true for the enzyme NQO1 (NAD(P)H:Quinone oxidoreduc-
tase, EC 1.6.99.2) which is a cytosolic flavoprotein which
catalyses the two electron reduction of various quinone based
compounds using either NADH or NADPH as electron donors
(Schlager and Powis, 1988; Siegel et al, 1990). The structurally
related compound EO9 (5-aziridinyl-3-hydroxymethyl-l-methyl-
2-[1H-indole-4,7-dione]prop-β-en-α-ol), is however a much better
substrate for NQO1 than MMC (Walton et al, 1991) and a good
correlation exists between NQO1 activity and chemosensitivity in
vitro under aerobic conditions (Robertson et al, 1994; Smitkamp-
Wilms et al, 1994; Fitzsimmons et al, 1996). Under hypoxic condi-
tions however, EO9’s properties are markedly different with little
or no potentiation of EO9 toxicity observed in NQO1 rich cells
(Plumb and Workman, 1994). In NQO1-deficient cell lines
however, large hypoxic cytotoxicity ratios have been reported
(Workman, 1994). EO9 therefore has the potential to exploit the
aerobic fraction of NQO1-rich tumours or the hypoxic fraction of
NQO1-deficient tumours (Workman, 1994). 

EO9 has been clinically evaluated but despite reports of three
partial remissions in phase I clinical trials, no activity was seen
against NSCLC, gastric, breast, pancreatic and colon cancers in
subsequent phase II trials (Schellens et al, 1994; Dirix et al, 1996).
These findings are particularly disappointing in view of the
preclinical studies (Hendriks et al, 1993) together with reports that
several tumour types have elevated NQO1 levels (Malkinson et al,

A novel strategy for NQO1 (NAD(P)H:quinone
oxidoreductase, EC 1.6.99.2) mediated therapy 
of bladder cancer based on the pharmacological
properties of EO9 

GA Choudry1,2,3, PA Hamilton Stewart3, JA Double1, MRL Krul5, B Naylor4, GM Flannigan3, TK Shah3, 
JE Brown2 and RM Phillips1

1Cancer Research Unit and 2Department of Pharmaceutical Chemistry, University of Bradford, Bradford BD7 1DP; 3Departments of Urology and
4Histopathology, Bradford NHS Trust, Bradford BD9 6RJ; 5Department of Medical & Scientific Affairs, NDDO Oncology, Amsterdam

Summary The indolequinone EO9 demonstrated good preclinical activity but failed to show clinical efficacy against a range of tumours
following intravenous drug administration. A significant factor in EO9’s failure in the clinic has been attributed to its rapid pharmacokinetic
elimination resulting in poor drug delivery to tumours. Intravesical administration of EO9 would circumvent the problem of drug delivery to
tumours and the principal objective of this study is to determine whether or not bladder tumours have elevated levels of the enzyme NQO1
(NAD(P)H:quinone oxidoreductase) which plays a key role in activating EO9 under aerobic conditions. Elevated NQO1 levels in human
bladder tumour tissue exist in a subset of patients as measured by both immunohistochemical and enzymatic assays. In a panel of human
tumour cell lines, EO9 is selectively toxic towards NQO1 rich cell lines under aerobic conditions and potency can be enhanced by reducing
extracellular pH. These studies suggest that a subset of bladder cancer patients exist whose tumours possess the appropriate biochemical
machinery required to activate EO9. Administration of EO9 in an acidic vehicle could be employed to reduce possible systemic toxicity as
any drug absorbed into the blood stream would become relatively inactive due to an increase in pH. © 2001 Cancer Research Campaign
http://www.bjcancer.com
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1992; Smitkamp-Wilms et al, 1995; Siegel et al, 1998). Several
possible explanations have been proposed to explain EO9’s lack of
clinical efficacy (Connors, 1996; Phillips et al, 1998). Recent
studies have demonstrated that the failure of EO9 in the clinic may
not be due to poor pharmacodynamic interactions but may be the
result of poor drug delivery to tumours (Phillips et al, 1998). The
rapid plasma elimination of EO9 (t1/2 < 10 min in humans) in
conjunction with poor penetration through multicell layers
suggests that EO9 will not penetrate more than a few microns from
a blood vessel within its pharmacokinetic lifespan (Schellens et al,
1994; Phillips et al, 1998). Intratumoural administration of EO9 to
NQO1-rich and -deficient tumours produced significant growth
delays (although a distinction between damage to the aerobic or
hypoxic fraction was not determined) suggesting that if EO9 can
be delivered to tumours, therapeutic effects may be achieved
(Cummings et al, 1998b). Whilst these undesirable characteristics
are a serious setback for the treatment of systemic disease, para-
doxically they may be advantageous for treating cancers which
arise in a third compartment such as superficial bladder cancer. In
this scenario, drug delivery is not problematical via the intraves-
ical route and the penetration of EO9 into avascular tissue can be
increased by maintenance of therapeutically relevant drug concen-
trations within the bladder (using a one hour instillation period for
example). NQO1 activity in tumour tissue will be the principal
determinant of selectivity of EO9 whether it is targeting the aerobic
fraction (where high levels of NQO1 are desirable) or the hypoxic
fraction of tumours (where low NQO1 and the presence of hypoxia
are essential). The principal aim of this study therefore was to
determine the activity of NQO1 in a series of human bladder
tumours and normal bladder tissue by both enzymatic and immuno-
histochemical techniques. A secondary aim of this study was to
evaluate a possible strategy for reducing possible systemic toxicity
arising from intravesical therapy based upon the fact that the
aerobic activity of EO9 against cell lines is enhanced under mild
acidic conditions (Phillips et al, 1992). Administration of EO9 in
an acidic vehicle would result in greater activity within the
bladder and any drug absorbed into the blood stream would
become relatively inactive due to the rise in extracellular pH.
Selectivity for bladder tumours would still depend on tumour
enzymology and therefore the second objective of this study was
to determine the role of NQO1 in the activation of EO9 under
acidic conditions.

MATERIALS AND METHODS 

Collection of tumour and normal bladder specimens 

Ethical approval for tissue collection was obtained from the Local
Research Ethical Committee (Bradford NHS Trust) and samples
taken from patients following informed consent. A total of 17
paired cold pinch biopsies were taken from bladder tumours and
macroscopically normal-looking bladder mucosa at cystoscopy,
immediately prior to formal transurethral resection of the tumour.
Three specimens were taken from patients undergoing cystectomy
and tumour and normal samples dissected by pathologists within 1
hour of surgical removal. Specimens were flash frozen in liquid
nitrogen and transported for NQO1 enzyme analysis. Further biop-
sies were taken of the normal bladder mucosa immediately adja-
cent to the previous biopsy site and sent at the end of the
procedure, along with the resected tumour, in formalin for routine
histological analysis. In this way bladder tumour and normal bladder

urothelium enzymology could be directly correlated with the appro-
priate tissue histology in each patient. Immunohistochemistry was
performed from the subsequently archived wax blocks prepared
for histology. 

Biochemical determination of NQO1 activity 

Cell cultures in exponential growth were trypsinised, washed
twice with Hanks balanced salt solution (HBSS) and sonicated
on ice (3 × 30 s bursts at 40% duty cycle and output setting 4 on
a Semat 250 cell sonicator). NQO1 activity and protein con-
centration was determined as described below. Tissues were
homogenised (10% w/v homogenate) in sucrose (0.25 M) using a
1 ml tissue homogeniser (Fisher Scientific). Cytosolic fractions
were prepared by centrifugation of the homogenate at 18 000 g for
4 min followed by further centrifugation of the supernatant at 110
000 g for 1 h at 4˚C in a Beckman Optima™ TL ultracentrifuge.
Activity of NQO1 in the supernatant was determined spectropho-
tometrically (Beckman DU650 spectrophotometer) by measuring
the dicumarol sensitive reduction of dichlorophenolindophenol
(DCPIP, Sigma Aldrich, UK) at 600 nm (Traver et al, 1992). This
assay has been extensively validated for use in measuring NQO1
activity in both tissue and cell homogenates and has been shown to
be preferable to other assays for NQO1 activity (Hodnick and
Sartorelli, 1997). Each reaction contained NADH (200 µM),
DCPIP (40 µM, Sigma Aldrich, UK), Dicumarol (20 µM, when
required, Sigma Aldrich, UK), cytosolic fraction of tissues (50 µl
per assay) in a final volume of 1 ml Tris HCl buffer (50 mM, pH
7.4) containing bovine serum albumin (0.7 mg ml–1, Sigma
Aldrich, UK). Rates of DCPIP reduction were calculated from the
initial linear part of the reaction curve (30 s) and results were
expressed in terms of nmol DCPIP reduced min–1 mg–1 protein
using a molar extinction coefficient of 21 mM–1 cm–1 for DCPIP.
Protein concentration was determined using the Bradford assay
(Bradford, 1976). 

Immunohistochemistry 

Polyclonal antibodies (raised in rabbits) to purified rat NQO1 were a
gift from Professor Richard Knox (Enact Pharma Plc). Validation of
the antibody for use in immunohistochemistry studies was
performed by Western blot analysis using both purified human
recombinant NQO1 and cell extracts derived from a panel of cell
lines of human origin. These cell lines included H460 (human
NSCLC), RT112 (human bladder carcinoma). HT-29 (human colon
carcinoma). BE (human colon carcinoma). MT1 (human breast) and
DLD-1 (human colon carcinoma). The BE cell line has been geno-
typed for the C609T polymorphic variant of NQO1 and is a
homozygous mutant (and therefore devoid of NQO1 enzyme
activity) with respect to this polymorphism (Traver et al, 1992).
Cells were washed in ice-cold phosphate-buffered saline and lysed
by sonication (30 s on ice) in Tris HCl (50 mM, pH 7.5) containing
2 mM EGTA, 2 mM PMSF and 25 µg ml–1 leupeptin. Protein
concentration was estimated using the Bradford assay (Bradford,
1976) and a total of 12.5 µg of protein (in Lamelli sample loading
buffer) applied to a 12% SDS-PAGE gel. Following electrophoretic
transfer to nitrocellulose paper, membranes were blocked in
TBS/Tween 20 (0.1%) containing 5% non-fat dry milk for 1 h at
room temperature. Membranes were washed in TBS/Tween 20
(0.1%) prior to the addition of rabbit anti-rat NQO1 antibody
(1:100 dilution) and incubated at room temperature for 1 h.
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Membranes were extensively washed in TBS/Tween 20 (0.1%)
followed by the addition of anti-rabbit IgG horseradish peroxidase
conjugated secondary antibody (1:5000 dilution in TBS/Tween
20). Proteins were visualised by ECL-based chemiluminescence as
described by the manufacturer (Amersham Pharmacia Biotech,
Bucks, UK). 

For immunohistochemical studies, all tissues (both tumour and
normal bladder mucosa) were fixed in 10% formalin, processed
routinely and embedded in paraffin wax. Two sections of each
tissue block were placed on one slide, one section served as the test
and the other as a negative control (no primary antibody). A total
of 5 sections from each sample were stained for NQO1 (plus nega-
tive controls) and tumour and normal samples from a total of 17
patients were analysed. Sections (5 µm) were dewaxed, rehydrated
and incubated with primary antibody (1:400 dilution) for 4 hours.
Sections were then washed and incubated with biotinylated mouse
anti-rabbit IgG for 30 min prior to immunoperoxidase staining
using VECTASTAIN ABC reagents and DAB (Vector Laborato-
ries Ltd, Peterborough, UK). Sections were counterstained with
haematoxylin according to standard procedures. 

Cell culture and chemosensitivity studies 

EO9 was a gift from NDDO Oncology, Amsterdam and MMC was
obtained from the Department of Pharmacy, St Lukes Hospital,
Bradford. H460 (human NSCLC) cell line was obtained from the
American Type Culture Collection (ATCC). HT-29 (human colon
carcinoma), RT112/83 (human bladder carcinoma epithelial),
EJ138 (human bladder carcinoma) and T24/83 (human bladder
transitional cell carcinoma) cell lines were obtained from the
European Collection of Animal Cell Cultures (ECACC). A2780
(human ovarian carcinoma) and BE (human colon carcinoma)
cells were gifts from Dr T Ward (Paterson Institute, Manchester,
UK). All cell lines were maintained as monolayer cultures in
RPMI 1640 culture medium supplemented with fetal calf serum
(10%), sodium pyruvate (2 mM), L-glutamine (2 mM), peni-
cillin/streptomycin (50 IU ml–1 50 µg ml–1) and buffered with
HEPES (25 mM). All cell culture materials were purchased from
Gibco BRL (Paisley, UK). Cells were exposed to MMC or EO9 at
a range of doses for 1 h and chemosensitivity was assessed
following a 5 day recovery period using the MTT assay, details of
which have been described elsewhere (Phillips et al, 1992). The
pH of the medium used during drug exposure was adjusted using
small aliquots of concentrated HCl (40 µl conc HCl (10.5 M) to 20
ml medium gives a pH of 6.0). Calibration curves were conducted
over a broad range of pH values in culture medium (pH 3.5 to 11)
and the stability of the pH conditions monitored over a 1 h incuba-
tion period at 37˚C. At all pH values, no significant changes in the
pH of the medium was observed over the 1 h drug exposure period
(data not presented). 

HT-29 multicell spheroids were prepared by seeding 5 × 105

cells into T25 flasks which had been based coated with agar (1%
w/v) and incubated for 24 h at 37˚C. Immature spheroids were
then transferred to a spinner flask (Techne) containing 250 ml of
RPMI 1640 growth medium and spheroids were kept in suspen-
sion by stirring at 50 rpm. When spheroids reached a diameter of
approximately 500 µm, they were harvested for chemosensitivity
studies. Multicell spheroids were exposed to a range of EO9
concentrations at pHe 6.0 and 7.4 for 1 h at 37˚C. Following drug
incubation, spheroids were washed twice in HBSS prior to disag-
gregation into single cells using trypsin EDTA. Disaggregated

spheroids were then washed in HBSS and then plated into 96 well
plates (1 × 103 cells per well) and incubated at 37˚C for 4 days.
Chemosensitivity was assessed using the MTT assay as described
elsewhere (Phillips et al, 1992). 

The role of NQO1 in the activation of EO9 at pHe values of 7.4
and 6.0 was evaluated using the NQO1 inhibitor Flavone Acetic
Acid (FAA), details of which are described elsewhere (Phillips,
1999). FAA is a competitive inhibitor of NQO1 with respect to
NADH and at a final concentration of 2 mM, inhibition of NQO1
is >95% whereas the activity of cytochrome P450 reductase and
cytochrome b5 reductase is not substantially altered (< 5% inhibi-
tion). Briefly, H460 cells (NQO1 rich) were plated into 96 well
plates at a density of 2 × 103 cells per well. Following an overnight
incubation at 37˚C, medium was replaced with fresh medium
(pH 7.4) containing a non-toxic concentration of FAA (2 mM) and
incubated for 1 h at 37˚C. Medium was then replaced with fresh
medium containing EO9 (range of drug concentrations) and FAA
(2 mM) at either pHe 7.4 or 6.0. Following a further 1 h incubation
at 37˚C, cells were washed twice with HBSS and incubated at
37˚C in growth medium for 5 days. Chemosensitivity was deter-
mined by the MTT assay as described above and results were
expressed in terms of IC50 values, selectivity ratios (IC50 at pHe
7.4/IC50 at pHe 6.0) and protection ratios (IC50 FAA/EO9 combin-
ations/IC50 for EO9 alone). 

Substrate specificity 

The influence of acidic pHe on substrate specificity for purified
human NQO1 was determined as described previously (Walton
et al, 1991; Phillips 1996). NQO1-mediated reduction of the
quinone to the hydroquinone species is difficult to detect by
conventional assays thereby necessitating the use of a reporter
signal generating step. In this assay, the hydroquinone acts as an
intermediate electron acceptor which subsequently reduces
cytochrome c which can readily be detected spectrophotometri-
cally. Recombinant human NQO1 was derived from E. coli trans-
formed with the pKK233-2 expression plasmid containing the full
length cDNA sequence for human NQO1 (Beall et al, 1994).
Following IPTG induction, NQO1 was purified by cybacron blue
affinity chromatography, details of which are described elsewhere
(Phillips, 1996). The purified protein had a molecular weight of
approximately 31 kDa and a specific activity of 139 µmol DCPIP
reduced min–1 mg–1 protein (Phillips, 1996). Reduction of EO9 by
recombinant human NQO1 was determined at pH 6.0 and 7.4 by
measuring the rate of reduction of cytochrome c at 550 nm on a
Beckman DU 650 spectrophotometer according to previously
published methods (Phillips, 1996). Results were expressed in
terms of µmol cytochrome c reduced min–1 mg–1 protein using a
molar extinction coefficient of 21.1 mM–1 cm–1 for cytochrome c. 

Measurement of intracellular pH 

Intracellular pH was determined using the fluorescent pH indicator
BCECF (2,7-bis-(2-carboxy-ethyl)-5-(and-6) ) carboxyfluorescein
(Molecular Probes, Eugene, USA) according to the manufacturer’s
instructions. Confluent flasks of cells were washed with HBSS to
remove any traces of serum containing RPMI medium and then
incubated with the esterified form of BCECF (BCECF-AM) at a
concentration of 2 µM in HBSS for 1 h at 37˚C. The non-denaturing
detergent Pluronic was added to the probe to aid dispersion. Cells
were then washed to remove all traces of BCECF-AM and then
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trypsinized before being suspended in serum-free/phenol red-free
RPMI medium (Gibco BRL, Paisley, UK) at a concentration of
106 cells ml–1 at pH 6 for 1 h. Flourescence measurement was
determined in a Perkin–Elmer fluorescence spectrophotometer in
UV grade disposable 4 ml cuvettes (Fischer Scientific) with exci-
tation wavelengths 500 nm and 450 nm (excitation bandpass slit of
10 nm) and emission wavelength fixed at 530 nm (emission band-
pass slit of 2.5 nm). These were determined to be optimal settings
for the machine and system under study. An in-situ calibration was
performed for every pHi determination with a range of 6 pHs from
4 to 9 using the ionophore nigericin at a concentration of 22.8 µM
to equilibrate pHe with pHi. Calculation of the ratio of fluores-
cence at 500 nm/450 nm was calculated after subtraction of back-
ground fluorescence from blanks at each pH (serum free, phenol
red free RPMI without cells). 

RESULTS 

Activity of NQO1 in tumour and normal bladder
specimens 

The biochemical activity of NQO1 in paired samples of tumour
(grade/stage ranging from G2 pTa to G2/G3 T4) and normal
bladder mucosa (with 3 cystectomy specimens) taken from a series
of 20 patients is presented in Table 1. Within the tumour speci-
mens, a broad range of NQO1 activity existed ranging from 571.4
nmol min–1 mg–1 to undetectable (<0.1 nmol min–1 mg–1). In histo-
logically normal bladder mucosa specimens, NQO1 activity
ranged from 190.9 to < 0.1 nmol min–1 mg–1. In the majority of
patients NQO1 activity in the tumour was greater than in the
normal bladder mucosa. Tumour grade and stage did not correlate
with NQO1 activity (Table 1). 

Validation of NQO1 antibody and immunohistochemical
localisation of NQO1 

Western blot analysis demonstrates that polyclonal anti-rat NQO1
antibody cross reacts with human NQO1 (Figure 1) with a single
band at approximately 31 kDa observed for both cell extracts and
purified human NQO1. Titration of purified NQO1 results in a
decrease in band intensity (Figure 1B) and in cell extracts, band
intensity was qualitatively consistent with NQO1 enzyme activity
(Figure 1A). In addition, the antibody does not detect NQO1 in the
BE cell line which is devoid of NQO1 activity as a result of the
C609T polymorphism (Figure 1C). No non-specific bands were
observed on Western blots. Immunoperoxidase staining of NQO1
protein in tumour tissue, bladder wall, ureter and urethra are
presented in Figure 2. Superficial and invasive tumours (pTa –
(A); G3 pT2 – (B); G3pT4 – (C) ) with high to intermediate levels
of NQO1 as determined by biochemical assays (patient numbers 1,
4 and 5 in Table 1) clearly stained positive for NQO1. Staining
was confined to the cytoplasm of tumour cells with little or no
staining of stromal cells (panels B and C). In other tumours with
intermediate or low levels of NQO1 activity, staining was hetero-
geneous with pockets of cells containing high levels of NQO1
protein (data not shown). Normal bladder wall sections were
obtained from a patient who underwent cystectomy (G3pT4
bladder tumour), ureter and urethra were obtained from another
patient who underwent cystectomy (G3 pT3a bladder tumour). In
the bladder wall, no NQO1 staining was observed in the urothe-
lium (D) although slight staining was present in smooth muscle

layers. The urethra (E) was negative although cells on the luminal
surface of the ureter were positively stained (F). The basal layers
of the ureter lining were however negatively stained (F). No
evidence of invasive malignancy or in-situ carcinoma were
observed in the ureter and urethra or in the section of bladder wall
presented (D). In 16 other normal bladder biopsy and cystectomy
specimens, no positive staining of the urothelium was observed
(data not shown). 

Influence of pH on substrate specificity and
chemosensitivity 

The ability of EO9 to serve as a substrate for NQO1 was not influ-
enced by pH with specific activities of 21.10 ± 2.3 and 21.30 ± 1.5
µmol cytochrome c reduced min–1 mg–1 protein at pH 7.4 and 6.0
respectively. The response of a panel of cell lines with a range of
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Figure 1 Validation of the polyclonal anti-rat NQO1 antibody for use in
immunohistochemical analysis of human NQO1. (A) Western blot analysis
of cell extracts (12.5 µg protein loaded per lane) for NQO1. Lanes 1–5
represent extracts from DLD-1 (794 ± 121 nmol min–1 mg–1), HT-29 
(688 ± 52 nmol min–1 mg–1), H460 (1652 ± 142 nmol min–1 mg–1), MT1 
(287 ± 53 nmol min–1 mg–1), and RT112 (30 ± 3 nmol min–1 mg–1) respectively
where the values in parenthesis represent NQO1 activity. Lane 6 represents
molecular weight markers (ECL protein molecular weight markers,
Amersham Pharmacia Biotech, UK). (B) Western blot analysis using purified
human recombinant NQO1. Lanes 1–5 represent protein amounts of 0.25,
0.125, 0.0625, 0.0312 and 0.0156 pmol respectively. (C) Western blot
analysis of cell extracts (25 µg protein loaded per lane) derived from H460
cells (lanes 1–2) and BE cells (lanes 3–4) 
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A D

B E
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Figure 2 Immunohistochemical localisation of NQO1 in human bladder tumours, normal bladder, urethra and ureter. Tumours (A, B and C) were classified as
G2 pTa (A, [× 200]) and G3 pT2 (B [× 100]) and G3 pT4 (C [× 200]) which had high to intermediate levels of NQO1 activity as determined by biochemical
methods. (D) (× 100) represents a histological section through a macroscopically normal-looking section of bladder from a patient who underwent cystectomy
for a G3 pT4 tumour; no tumour was identified in these sections but some inflammatory change was evident. (E) and (F) (× 200) represent urethra and ureter
with no evidence of invasive or in situ carcinoma in these sections. All sections have been stained with NQO1 antibody. Negative staining (without primary
antibody) were clear (data not shown) 



1142 GA Choudry et al 

British Journal of Cancer (2001) 85(8), 1137–1146 © 2001 Cancer Research Campaign

NQO1 activity (<1.0 to 1898 ± 276 nmol min–1 mg–1) to EO9 and
MMC at pHe values of 7.4 and 6.0 is presented in Table 2 and
Figure 2. At pHe = 7.4, a good correlation existed between NQO1
activity and chemosensitivity to EO9 (Figure 3). In the case of
MMC (Table 2, Figure 3), a relationship between NQO1 and
chemosensitivity was apparent (at pHe 7.4) although this relation-
ship was not as prominent as shown by EO9 with a narrow range
of IC50 values (range 0.9 to 7.0 µM) observed in cell lines which
cover a broad range of NQO1 activity (ranging from <1.0 to 1652

nmol min–1 mg–1). Both MMC and EO9 are preferentially more
toxic to cells at pHe values of 6.0 although much greater potentia-
tion of EO9 activity is seen with SR values (SR = selectivity ratio
defined as IC50 pHe 7.4/IC50 pHe 6.0) ranging from 3.92 to 17.21
for EO9 compared with 1.02 to 4.50 for MMC (Table 2). The
activity of EO9 was enhanced in both NQO1 rich and deficient
cell lines when pHe was reduced to 6.0 and the relationship
between NQO1 and chemosensitivity remained good when cells
were exposed to EO9 under acidic conditions (Figure 3). No cell

Table 1 Tumour histology reports and NQO1 activity in paired samples of bladder tumour and normal bladder
mucosa 

NQO1 Activity NQO1 Activity Ratio of NQO1 
Patient Tumour Tumour Normal levels in tumour to no. histology (nmol min–1 mg–1) (nmol min–1 mg–1) normal tissue 

1f,s,i,p G2 pTa 571.4 < 0.1 571.40 
2m,s,r G3 pT2 273.3 < 0.1 273.30 
3f,s,i G1 pTa 107.80 < 0.1 107.80 
4m,e,i G3 pT2/3 73.36 < 0.1 73.36 
5m,s,i G3 pT4 (C) 81.30 4.10 19.83 
6h G2 pT1 309.50 25.20 12.10 
7m,n,r,o G3 pT2 10.00 < 0.1 10.00 
8f,n,i G3 pT2 9.80 < 0.1 9.80 
9m,n,i G2 pT2 4.40 < 0.1 4.40 

10m,s,c G3 pT2 34.01 8.50 4.00 
11m,s G1 pTa 69.76 22.20 3.14 
12m,n G1 pTa 42.16 15.30 2.73 
13m,n,i G3 pT2 179.6 72.12 2.49 
14m,e,i G2/G3 T4 (C) 89.70 63.30 1.41 
15m,n,r G3 pT2 0.40 < 0.1 0.40 
16m,e,c,o G3 pT3 (C) 21.60 61.70 0.35 
17f,n,i G2 pT1 58.40 190.90 0.30 
18m,e,o G2 pT1 < 0.1 < 0.1 0 
19f,n,i G2 pT1 < 0.1 < 0.1 0 
20m,e,c,r G2 pT0 < 0.1 < 0.1 0 

mMale, fFemale, sSmoker, nNon-smoker, eEx-smoker, cIntravesical chemotherapy prior to specimen collection,
rRadiotherapy prior to specimen collection, iFirst presentation, pPrevious malignancy other than bladder, hNo medical
history available, oPossible occupational carcinogen exposure (ie dye industry worker). (C) denotes cystectomy
specimens. In all cases, protein levels following preparation of the cytosolic fraction were greater than 0.1 mg ml–1. 

Table 2 The relationship between NQO1 activity and chemosensitivity to EO9 and MMC under
physiological and acidic pHe conditions 

Cell line Drug NQO1 IC50pHe 7.4 IC50 pHe 6.0 SR* 
(nmol min–1 mg–1) (nM) (nM)

H460 EO9 1652 ± 142 60 ± 10 9.5 ± 2 6.31 
HT-29 EO9 688 ± 52 120 ± 53 29 ± 10 4.13 
T24/83 EO9 285 ± 28 290 ± 65 60 ± 18 4.83 
A2780 EO9 159 ± 33 200 ± 50 51 ± 14 3.92 
EJ138 EO9 83 ± 14 310 ± 95 39 ± 7 7.94 
RT112 EO9 30 ± 3 1050 ± 75 61 ± 13 17.21 
BE EO9 < 0.1 5300 ± 169 1300 ± 75 4.07 
H460 MMC 1652 ± 142 900 ± 200 220 ± 130 4.50 
HT-29 MMC 688 ± 52 1050 ± 210 500 ± 240 2.10 
T24/83 MMC 285 ± 28 2150 ± 93 2100 ± 800 1.02 
A2780 MMC 159 ± 33 2400 ± 340 1400 ± 130 1.71 
EJ138 MMC 83 ± 14 1600 ± 200 1400 ± 250 1.14 
RT112 MMC 30 ± 3 3350 ± 250 2000 ± 500 1.67 
BE MMC < 0.1 7000 ± 192 4400 ± 215 1.59 

All results presented are the mean of 3 independent experiments (SD values omitted in the interests of
presentation). *SR (selectivity ratio) = IC50 at pH 7.4/IC50 at pH 6.0. 
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kill was observed in control cultures when the pHe was decreased
to 6.0 (in the absence of drug) as determined by the MTT assay.
The response of H460 cells to EO9 at pHe values of 7.4 and 6.0 in

the presence and absence of FAA (2 mM) is presented in Table 3.
At both pHe values, the response of H460 cells to EO9 was
reduced in the presence of FAA. Protection ratios defined as the
IC50 for EO9 plus FAA divided by the IC50 value for EO9 alone
were similar for cells under acidic and physiological pHe values
(14.63 and 13.95 respectively, Table 3). Selectivity ratios defined
as the IC50 at pHe 7.4 divided by the IC50 at pHe 6.0 in the presence
and absence of FAA were also similar with SR values of 6.31 and
6.02 for EO9 alone and EO9 plus FAA respectively (Table 3). The
response of HT-29 multicell spheroids to EO9 is presented in
Figure 4. Spheroids exposed to EO9 at pHe 6.0 were significantly
more responsive than at pHe 7.4 with IC50 values of 9.89 ± 0.89
and 24.24 ± 3.29 µM respectively. Spheroids were significantly

Table 3 Response of H460 cells to EO9 in the presence or absence of FAA
(2 mM) at pHe values of 7.4 and 6.0 

Drug pHe IC50 (nM) SR* PR** 

EO9 7.4 60.0 ± 8.1 – – 
EO9 6.0 9.5 ± 2.6 6.31 – 
EO9/FAA 7.4 837 ± 45 – 13.95 
EO9/FAA 6.0 139 ± 27 6.02 14.63 

*SR = Selectivity ratio defined as the ratio of IC50 values at pHe = 7.4 divided
by the IC50 at pHe = 6.0. **PR = Protection ratio defined as the ratio of IC50
values for EO9 plus FAA divided by the IC50 values for EO9 alone. All values
represent the mean ± standard deviation for three independent experiments. 
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Figure 3 The relationship between NQO1 activity and the response of a
panel of cell lines to EO9 (A) or MMC (B) under normal physiological pHe 
of 7.4 (●●) or acidic pHe values of 6.0 (■■). Regression analysis data (as
determined by Sigma Plot graphics) for EO9 at pH 7.4 were r = 0.886, 
slope = –0.52 and at pH 6.0, regression analysis data for EO9 was r = 0.804
and slope = –0.51. For MMC, regression analysis at pH 7.4 was r = 0.849,
slope = –0.19 and at pH 6.0, r = 0.609, slope = –0.23 
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Figure 4 Response of HT-29 multicell spheroids following a one hour
exposure to EO9 under acidic (pHe = 6.0, ∇) and physiological (pHe = 7.4,
O) extracellular pH conditions. Values presented are the means of 3
independent experiments ± standard deviation 
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less responsive to EO9 than the same cells exposed to EO9 as
monolayers at both pHe values with ratios of IC50 values for
spheroids to monolayers of 202 and 341 at pHe values of 7.4
and 6.0, respectively. 

Influence of acidic pHe conditions on pHi 

PHi values following a 1 h incubation at pHe 6.0 were 6.44 ± 0.04,
6.51 ± 0.02 and 6.42 ± 0.05 in A549, RT112/83 and A2780 cells,
respectively. Addition of the ionophore nigericin (after a 1 h incu-
bation at pHe 6.0) resulted in the equilibration of pHe and pHi. 

DISCUSSION 

In terms of bioreductive drug development, two of the critical
factors which will ultimately determine selectivity are the enzy-
mology of tumours and the presence of hypoxia (Workman, 1994).
As outlined in the introduction, the presence or absence of NQO1
is central to the design of appropriate EO9-based therapeutic
strategies aimed at targeting either the aerobic (NQO1-rich cells)
or hypoxic (NQO1-deficient tumours) fraction of tumours.
Workman (1994) has outlined a proposed mechanism for the
different properties of EO9 under aerobic and hypoxic conditions
based on the hypothesis that it is the semiquinone (product of one
electron reduction) rather than the hydroquinone which is respon-
sible for toxicity. In NQO1-deficient cells, the semiquinone
produced as a result of one electron reductases would be relatively
non-toxic as it would rapidly redox cycle back to the parent
compound. Free radical species generated as a result of redox
cycling would be detoxified by superoxide dismutase or catalase
but under hypoxic conditions, the semiquinone would be relatively
stable. If this were the major toxic species, then the activity of EO9
against cells with low NQO1 would be potentiated. In NQO1-rich
cells however, the major product formed would be the hydro-
quinone. Aerobic toxicity could be generated as a result of the
back oxidation of the hydroquinone to the semiquinone species or
the parent quinone (Butler et al, 1996) resulting in free radical
generation. Under hypoxic conditions however the hydroquinone
will be more stable and if this is relatively non-toxic, then the
activity of EO9 against NQO1 cells under hypoxia would not be
potentiated. Whilst the mechanism of action of EO9 under aerobic
and hypoxic conditions is complex, the biological data suggest that
EO9 should target the aerobic fraction of NQO1-rich tumours or
the hypoxic fraction of NQO1-deficient tumours (Workman,
1994). 

Analysis of NQO1 activity in tumour and normal bladder
tissues has clearly identified patients whose tumours are either
NQO1-rich or NQO1-deficient (Table 1). Within the subset of
NQO1-rich tumours, enzyme activity is elevated relative to the
normal bladder urothelium. Immunohistochemical studies confirm
these biochemical measurements with staining confined to tumour
cells as opposed to normal stromal cells (Figure 2A, B and C).
Within normal bladder tissues, NQO1 staining was absent from
the urothelial lining of the bladder (Figure 2D) and the urethra
(Figure 2E). Faint staining of the superficial layers of the ureter
(Figure 2F) was observed although the underlying basal layers of
the ureter were negatively stained. Similarly, faint staining of the
smooth muscle layers of the bladder, ureter and urethra were also
observed (data not shown). These studies suggest that a proportion
of patients with bladder tumours (at various grades and stages of the
disease) exhibit a significant differential in terms of NQO1 activity

which could potentially be exploited by EO9-based therapies
directed against the aerobic fraction of tumour cells. With regards
to the ability of EO9 to selectively kill hypoxic NQO1-deficient
cells, a subset of patients also exist whose tumours are devoid of
NQO1 activity (Table 1). It is not known whether or not bladder
tumours contain regions of low oxygen tension and further studies
are required using hypoxia markers such as pimonidazole
(Kennedy et al, 1997) to address this issue and to establish the
relationship between NQO1 activity and hypoxia in tumours. 

Whilst biochemical and immunohistochemical studies demon-
strate that a subset of patients exist which have the appropriate
tumour enzymology to activate EO9 (under aerobic conditions),
intravesical chemotherapy can result in systemic toxicity due to
the drug entering the blood supply. This study has also evaluated a
potential strategy for minimising any risk of systemic toxicity
based upon the hypothesis that administration of EO9 in an acidic
vehicle would enhance the potency of EO9 (Phillips et al, 1992)
within the bladder and that any drug reaching the blood stream
would become relatively inactive due to a rise in pHe. Selectivity
for aerobic cells would still be determined by NQO1 activity and
therefore it is essential to determine the role that NQO1 plays in
the activation of EO9 under acidic pHe conditions. In a panel of
cell lines with a broad spectrum of NQO1 activity, reducing the
pHe to 6.0 enhances the potency of EO9 under aerobic conditions
in all cases (with SR values ranging from 3.92–17.21, Table 2). In
the case of MMC, potency is also enhanced at low pHe values
although the magnitude of the pH-dependent increase in toxicity is
reduced (SR values ranging from 1.02–4.50, Table 2) compared
with EO9. With respect to MMC, one explanation for increased
activity under acidic conditions has been attributed to the fact that
MMC becomes a substrate for NQO1 under acidic conditions (Pan
et al, 1993; Siegel et al, 1993). This is not the case with EO9 as
rates of reduction of EO9 by purified human NQO1 are not influ-
enced by pH (21.10 ± 2.30 and 21.30 ± 1.50 µmol cytochrome c
reduced min–1 mg–1 protein at pH 7.4 and 6.0, respectively).
Recent studies have demonstrated that the activity of EO9 is
enhanced under acidic conditions (pHe = 6.5) but only when the
intracellular pH is reduced (pHi = 6.5) by co-incubation with
nigericin (Kuin et al, 1999). The results of this study are in agree-
ment with this finding as pHi becomes acidic (pHi values range
from 6.42 ± 0.05 to 6.51 ± 0.02 depending on the cell line) when
cells are cultured under pHe 6.0 conditions. 

In the panel of cell lines used in this study, a good correlation
exists between NQO1 activity and chemosensitivity at both pHe
values of 7.4 and 6.0 (Figure 3). A strong relationship between
NQO1 activity and response under aerobic conditions (at pHe 7.4)
has been established previously by several groups (Robertson et al,
1994; Smitkamp-Wilms et al, 1994; Fitzsimmons et al, 1996) and
there is clear evidence that NQO1 plays a central role in the mech-
anism of action of EO9 under aerobic conditions (Workman,
1994). The good correlation between NQO1 activity and response
at pHe 6.0, in conjunction with the fact that EO9 is still a good
substrate for NQO1 at pH 6.0, suggests that NQO1 plays a signifi-
cant role in EO9’s mechanism of action at acidic pHe values under
aerobic conditions. It is of interest to note however that the activity
of EO9 against BE cells (which are devoid of NQO1 activity as a
result of the C609T polymorphism; Traver et al, 1992) is also
enhanced under acidic pHe conditions (Table 2). This suggests that
there is a NQO1-independent mechanism for the increased activity
of EO9 under acidic conditions. This is confirmed by the use of the
NQO1 inhibitor FAA where the ‘protection ratios’ (defined as the
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ratio of IC50 values for EO9 plus FAA divided by the IC50 values
for EO9) are similar at both pHe 7.4 and 6.0 (13.95 and 14.63,
respectively, Table 3). If NQO1 played a central role in the activa-
tion of EO9 at pHe 6.0, then the protection ratio at pHe 6.0 would
be significantly greater than the protection ratio at pHe 7.4. The
mechanism behind the NQO1-independent activation of EO9 is
unclear although it is a well known fact that the reactivity of aziri-
dine ring structures is enhanced by protonation resulting in ring
opening to the aziridinium ion which is a potent alkylating species
(Mossoba et al, 1985; Gutierrez, 1989). Alternatively, EO9 is a
substrate for other one electron reductases (Maliepaard et al, 1995;
Saunders et al, 2000) and further studies designed to evaluate
whether EO9’s metabolism by these enzymes is pH dependent
needs to be determined. The potency of EO9 can be enhanced
further by reducing pHe below 6.0 (Phillips et al, 1992) but these
conditions are unlikely to provide significant clinical benefits as
EO9 becomes progressively more unstable when pH is reduced to
5.5 (t1/2 = 37 min). From a pharmacological standpoint, adminis-
tration of EO9 in a vehicle at pH 6.0 would appear desirable. Not
only would this result in significant enhancement of EO9 activity
but also the stability of EO9 would be sufficient (t1/2 = 2.5 h) to
maintain drug exposure parameters at a therapeutic level. 

With regards to the activity of EO9 against three-dimensional
culture models in vitro, this study has demonstrated that reducing
the pHe to 6.0 enhances the potency of EO9 against multicell
spheroids although the magnitude of this effect is reduced
compared with monolayer cultures (Figure 4). It is not known
whether or not reduction in pHe results in greater cell kill
throughout the spheroid or if it is confined to the surface of the
spheroid exposed to medium. In comparison with MMC, previous
studies using histocultures exposed to MMC demonstrated that no
difference in toxicity exists between physiological and acidic pHe
conditions (Yen et al, 1996). The pH-dependent increase in EO9
toxicity against spheroids suggests that manipulation of pHe may
not only be of use in treating a multilayered solid bladder tumour
but may offer an advantage over MMC. It should however be
stated that multicell spheroids are significantly less responsive to
EO9 than monolayers, presumably because of the poor penetration
properties of EO9 through avascular tissue (Phillips et al, 1998).
EO9 can nevertheless kill >90% of cells in spheroids (Figure 4)
suggesting that at higher doses at least, the penetration of EO9 is
sufficient to eradicate cells which reside some distance away from
the surface of the spheroid. 

In conclusion, the results of this study have demonstrated that
within a population of patients with bladder tumours at various
stages and grades of the disease, there exists a great heterogeneity
regarding the expression of NQO1. The majority of patients have
tumours possessing elevated levels of NQO1 while a small subset
of patients appear to be devoid of NQO1 activity. The heteroge-
neous nature of NQO1 activity described here is consistent with
several other studies in various tumour types (Malkinson et al,
1992; Smitkamp-Wilms et al, 1995; Siegel et al, 1998). These
findings reinforce the view that ‘enzyme profiling’ of individual
patients could be valuable prior to therapeutic intervention with
bioreductive drugs (Workman, 1994). This is to our knowledge the
first study to characterise NQO1 activity and cellular localisation
in bladder tumours and provide strong evidence to support the
evaluation of EO9 against superficial and locally invasive bladder
tumours. This study has clearly demonstrated that under aerobic
conditions, EO9 is much more potent under acid conditions (pH
6.0) than at physiological pH (pH 7.4). The mechanism for this

increased EO9 potency appears to be NQO1 independent and
whilst this will not improve (or reduce) selectivity, it may prove
beneficial in terms of reducing the therapeutically effective dose
of EO9. Dose reduction in conjunction with the fact that a reduc-
tion in the potency of EO9 due to the increased pHe in the blood
stream suggests that systemic toxicity arising from the intravesical
administration of EO9 would be low. In addition, this study shows
that under physiological conditions the activity of EO9 is much
lower in tissues with ‘normal’ expression of NQO1 compared to
‘high’ NQO1-expressing tissues (i.e. the tumours). The results of
this study provide strong evidence in support of the proposal that
intravesical administration of EO9 may have activity against
bladder tumours. 
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Phase I/II Pilot Study of Intravesical
Apaziquone (EO9) for Superficial Bladder Cancer
Rajiv Puri, Victor Palit, Paul M. Loadman, Michael Flannigan, Tariq Shah, Guzanfar A. Choudry,
Saurajyoti Basu, John A. Double, Gino Lenaz, Shanta Chawla, Mario Beer, Coen Van Kalken,
Richard de Boer, Jos H. Beijnen, Christopher J. Twelves and Roger M. Phillips*
From the Department of Urology, Bradford Royal Infirmary (RP, VP, MF, TS, GAC, SB) and Institute of Cancer Therapeutics, University
of Bradford (JAD, CJT, RMP), Bradford, United Kingdom, Spectrum Pharmaceuticals, Inc. (GL, SC, MB), Irvine, California, and NDDO
Oncology B. V. (CVK, RdB) and Slotervaart Hospital (JHB), Amsterdam, The Netherlands

Purpose: The quinone based bioreductive drug apaziquone (EO9) failed to demonstrate efficacy in previous phase II studies
following intravenous administration. We determined the dose of apaziquone that can be safely administered intravesically
and explored its activity for superficial bladder transitional cell carcinoma.
Materials and Methods: Six patients with multifocal, Ta/T1 and G1/G2 transitional cell carcinoma of the bladder received
escalating doses of apaziquone formulated as EOquin™ (0.5 mg/40 ml up to 16 mg/40 ml) weekly for 6 weeks. A further 6
patients received weekly apaziquone at the highest nontoxic dose established. Pharmacokinetic parameters were determined
in urine and blood, and the pharmacodynamic markers NQO1 (reduced nicotinamide adenine dinucleotide phosphate:
quinone oxidoreductase-1) and glucose transporter 1 were also characterized. Efficacy was determined against a marker
lesion.
Results: Local toxicity (grades 2 and 3 dysuria, and hematuria) was observed at doses of 8 mg/40 ml and above but 4 mg/40
ml was well tolerated with no systemic or local side effects. Apaziquone in urine increased linearly with the dose but no
apaziquone was detected in plasma. In 8 of 12 patients complete macroscopic and histological disappearance of the marker
lesion occurred. A correlation between response and NQO1 and/or glucose transporter 1 expression could not be established.
Conclusions: Intravesical administration of 4 mg/40 ml apaziquone was well tolerated and had ablative activity against
superficial bladder cancer marker lesions.

Key Words: EO9; bladder; bladder neoplasms; carcinoma, transitional cell

Apaziquone (United States Abbreviated Names) (EO9
or 3-hydroxy-5-aziridinyl-1-methyl-2[indole-4,7-di-
one]–prop-!-en-"-ol) belongs to a class of anticancer

agents known as bioreductive drugs, which in general terms
are inactive prodrugs that require metabolic activation to
generate cytotoxic species.1 EO9 is structurally related to
MMC but it has quite a different mechanism of action and
activity profile.1 The enzyme NQO1 has a prominent role in
the activation of EO9 under aerobic conditions and good
correlations between NQO1 activity and chemosensitivity
have been reported.2,3 Under hypoxic conditions the rela-
tionship between NQO1 activity and chemosensitivity is
complicated by the fact that hypoxia selectivity is only ob-
served in cells with low NQO1 activity.4 While the mecha-
nistic basis for these characteristics is not fully under-
stood, preclinical data suggest that EO9 eradicates the
aerobic and hypoxic fraction of NQO1 rich tumors or the
hypoxic fraction of NQO1 deficient tumors.1 Based on its

novel mechanism of action together with encouraging pre-
clinical properties in a range of tumor models5 EO9 was
selected for clinical evaluation in the early 1990s. Protein-
uria was the dose limiting toxicity observed following
intravenous administration but despite reports of 3 par-
tial responses in phase I studies6 no partial or CRs were
observed in phase II clinical trials.7,8

The lack of clinical efficacy following intravenous admin-
istration was clearly a disappointing outcome for a com-
pound with promising preclinical activity. Subsequent
groups focused on understanding the reasons why EO9
failed to elicit a tumor response. The most likely explanation
is that rapid pharmacokinetic elimination in conjunction
with relatively poor penetration through avascular tissue
effectively compromised drug delivery to tumors.9,10 If this
explanation is correct, it raises the intriguing possibility
that the negative properties of EO9 could be advantageous
for treating cancers that arise in a readily accessible third
compartment.

In the case of superficial TCC of the bladder intravesical
administration would effectively circumvent the problem of
drug delivery and retention of drug in the bladder for 1 hour
would improve drug penetration into avascular tissue. Fur-
thermore, any drug reaching the systemic circulation would
be rapidly cleared, thereby decreasing the risk of systemic
toxicity.
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Following studies confirming that superficial bladder
cancers have increased NQO111 and contain regions of hyp-
oxia,12 this phase I/II clinical pilot study of intravesical EO9
formulated as EOquin™ was designed. Our principal objec-
tives were to determine the safe dose of EO9 that could be
administered intravesically and obtain sufficient evidence of
therapeutic activity to warrant further clinical evaluation.
In this context we used the marker lesion concept13 and
included analysis of pharmacokinetic and pharmacodynamic
end points.

PATIENTS AND METHODS

Eligibility and Study Design
Following Local Research and Ethical Committee approval
all patients were fully informed of the investigational nature
of this study and written signed informed consent was ob-
tained before any study specific investigations were done.
Eligible patients had recurrent, multiple, histologically con-
firmed Ta/T1, G1/G2 TCC of the bladder (at least 2 but fewer
than 10 lesions) with no palpable thickening of the bladder
wall and no evidence of carcinoma in situ. Patients were
older than 18 years and had normal upper urinary tract
function on excretory urography, computerized tomography
or retrograde urogram, and serum creatinine within normal
limits. All visible lesions were completely removed by trans-
urethral resection at study entry except 1 untouched lesion
between 0.5 and 1 cm in diameter, which served as the
marker lesion for determining efficacy. The marker lesion
was photographed in situ and its position was mapped. EO9
was administered intravesically 14 days after transurethral
resection. All patients enrolled had been previously treated
with MMC, bacillus Calmette-Guerin or epirubicin. Table 1
shows patient characteristics.

The study was done in 2 patient cohorts. Cohort 1
comprised 6 patients, of whom each received escalating
doses of EO9 administered intravesically, that is 1 incre-
ment weekly for 6 weeks. The starting dose in each pa-
tient was 0.5 mg/40 ml. Doses were doubled weekly for the
next 5 weeks provided that treatment was tolerated. The
maximum proposed dose of 16 mg/40 ml was based on previous
in vitro chemosensitivity assays suggesting that therapeuti-

cally effective concentrations would be achieved between 2 and
4 mg/40 ml.11 If patients experienced significant toxicity,
they received the next lower dose of EOquin™ until the
6-week course was completed. Cohort 2 comprised 6 pa-
tients, of whom each received a 6-week course of weekly
EOquin™ administered intravesically at the highest safe
dose established in cohort 1.

Formulation, Dose and Treatment Procedures
EO9 was provided as a freeze-dried pink-red cake in vials
containing 8 mg EOquin™ and 50 mg mannitol. EOquin™
was reconstituted in sodium bicarbonate (2% weight per
volume) and sodium edetate (0.02% weight per volume) in
a 60:40 mixture of propylene glycol and water, further
diluted with water to a total instillate volume of 40 ml.

The bladder was emptied before treatment. EO9 was
instilled intravesically with a urinary catheter for 1 minute
and the catheter was clamped. The drug was retained in the
bladder for 1 hour. Patients were advised to change position
every 15 minutes, adopting the supine, left lateral, prone
and right lateral positions. At the end of instillation the
bladder was drained. The volume and pH of collected fluid
was determined.

Activity and Toxicity Evaluation
Patients were examined and interviewed each treatment
day for subjective and objective evidence of developing tox-
icity, which was recorded according to National Cancer In-
stitute Common Terminology Criteria for adverse events,
version 2.0. Treatment was delayed by 1 week if toxicity
became grade 2 for white blood count, platelet count, dys-
uria, cystitis or systemic allergy, or grade 3 for dermatitis or
gastrointestinal symptoms. In the event of local side effects
at a particular dose (grade 1 dysuria/hematuria) the remain-
ing instillations were completed at the previous lower dose
schedule.

Clinical response was assessed 2 weeks after the last
instillation of EOquin™ by cystoscopic inspection of the
marker lesion and microscopic examination of biopsies taken
at the marker lesion site. Response criteria were similar to
those in previously reported marker lesion studies.13 CR was
defined as the complete disappearance of the marker lesion, as
confirmed by negative cytology and histology at the marker
lesion site, and no appearance of new lesions. NR was defined
as a persistent marker lesion or disappearance of the marker
lesion with positive cytology (grade 1 to 3). Partial response
and stable disease end points were not considered.

Pharmacokinetic Analysis
EO9 analysis was performed in blood and urine collected
after all drug instillation doses were administered to pa-
tients in cohort 1. Patients in cohort 2 had blood and urine
collected during the first and last instillations only. Blood
samples (3 ml) were collected in heparinized tubes before
EO9 instillation started, 30 minutes after instillation and 5
minutes before the end of instillation. Blood samples were
immediately placed on ice, centrifuged at 4,000 ! gravity for
5 minutes and plasma was stored at "20C. For urine collec-
tion the bladder was drained at the end of instillation. Sam-
ples (5 ml) were placed into a Universal tube containing 5 ml
buffer (5 mM tris buffer, pH 9.0). EO9 was extracted from
plasma and urine using Isolute® SPE C18 cartridges and

TABLE 1. Patient characteristics

Cohort 1 Cohort 2

Age:
Mean 68.5 68.7
Median 71 72.5
Range 41–82 54–80

No. M 2 3
No. F 4 3
No. study entry histology:

Ta 5 5
T1 1 1
G1 2 1
G2 4 5

No. previous intravesical prophylaxis:
MMC only 4 3
MMC # bacillus Calmette-Guerin 2 2
MMC # epirubicin 0 1

No. recurrences before study entry:
Mean 3.0 4.8
Median 3.5 5.0
Range 2–5 1–7

Six eligible patients per group.
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acetonitrile precipitation procedures, respectively, as pre-
viously described.10,14 Chromatographic analysis of EO9
has been previously described.14 The limit of detection
was 69 nM.

NQO1 and Glut-1 Protein Expression
Immunohistochemical analysis of the protein expression of
NQO1 and Glut-1, an endogenous marker of hypoxia, was
performed on formalin fixed samples obtained at transure-
thral resection but not from the marker lesion. Mouse mono-
clonal antibodies for NQO1 and rabbit polyclonal antibodies
for Glut-1 were used. Sections were stained according to
previously published protocols.15,16

RESULTS

Dose Escalation and Toxicity
A total of 13 patients were entered into the study, including
7 in dose escalation cohort 1 and 6 in fixed dose cohort 2. One
patient in cohort 1 received only part of the first instillation,
which was interrupted when it became known that he was
ineligible due to positive urine cytology. The remaining 12
patients received the planned 6 instillations of EO9. Table 2
shows drug related toxicities. In cohort 1 all patients toler-
ated a dose of 4 mg/40 ml with no local symptomatic toxicity.
Bladder spasm was reported in 2 patients at the 0.5 and 1
mg/40 ml doses and slight dysuria was noted in 3 patients at
0.5, 1 and 2 mg/40 ml. At the 8 mg/40 ml dose 2 patients
experienced local toxicity (grades 2 and 3 hematuria, and
dysuria, respectively). In these individuals a dose decrease
to 4 mg/40 ml for the final instillation was well tolerated.
Four patients received the maximum dose of 16 mg/40 ml, of
whom 2 experienced dysuria, hematuria and burning at
micturition, which were grade 1. The remaining 2 patients
tolerated 16 mg/40 ml EOquin™ with no adverse effects. A
dose of 4 mg/40 ml administered once weekly for 6 weeks
was selected for cohort 2. Treatment was well tolerated.
Only 1 patient experienced grade 1 bladder discomfort after
instillation 3. No systemic side effects were observed in any
treated patients.

Tumor Response
Table 3 shows EOquin™ activity against TCC marker le-
sions. Eight CRs were achieved, including 4 each in the dose
escalation and the recommended fixed dose cohorts.

Pharmacokinetic Analysis
EO9 was not detected in the plasma of patients in either
cohort. In cohort 1 EO9 was detected in urine voided at the
end of the 1-hour instillation and the concentration in-
creased linearly with the dose (table 4). The volume of urine/
instillate collected at the end of each instillation varied
considerably (mean range ! SD 112.5 ! 40.6 to 240.0 ! 112.2
ml) (table 4). Urine pH was relatively consistent (6.80 ! 0.84 to
7.66 ! 0.59) and the percent drug recovery was similar for
all doses administered (range 57.1% ! 27.6% to 72.0% !
3.67%) (table 4). In cohort 2 mean EO9 in urine at the end of
the instillation was 72.2 ! 11.8 !M (range 57.6 to 97.2),
which was comparable to values achieved at 4 mg/40 ml in
study cohort 1 (table 4). Urine pH remained slightly alkaline
in all patients (7.39 ! 0.24). Similarly the percent of drug
recovered was 68.0% ! 17.1 % (table 4). This was consistent
with values observed in cohort 1.

Immunohistochemical Analysis of NQO1 and Glut-1
The figure shows the expression of NQO1 and Glut-1 pro-
teins in select cases in which a CR or NR to EO9 was
achieved. A broad spectrum of NQO1 protein expression
existed, ranging from intense staining (parts C and G of
figure) to no detectable protein expression (parts A and E of
figure). Similarly a broad spectrum of Glut-1 expression
existed, ranging from extensive regions of positive staining
(part H of figure) to no detectable Glut-1 expression (parts B,
D and F of figure). In terms of the relationship between
NQO1/Glut-1 expression and the clinical response, results
suggest that no clear relationship exists. In nonresponding
tumors high levels of NQO1 and/or Glut-1 were present
(parts G and H of figure). In addition, some tumors with low
or no detectable NQO1 and/or Glut-1 responded well to EO9
(parts A and B of figure).

DISCUSSION

The results of this study demonstrate that intravesically
administered EO9 is well tolerated locally and systemically,
and it has ablative activity for superficial bladder cancer
marker lesions. To our knowledge this is the first docu-
mented report of CRs to EOquin™ of a quality comparable to
that in marker lesion studies of intravesical instillation of
other cytostatics.13

These results contrast sharply with results in previous
clinical studies of intravenously administered EO9. Several
possible reasons exist for this disparity in antitumor activ-

TABLE 2. Adverse events observed with intravesical EO9
in cohort 1

Adverse Event*
Dose

(mg/40 ml)

No. Instillations
at Adverse

Event

Bladder spasm 0.5 1
Dysuria 0.5, 1, 2, 8, 16 1, 1, 1, 3,* 2
Hematuria 8, 16 1, 2
Hypertonic bladder 0.5 1
Lower abdominal pain 0.5, 1 1, 1
Nausea 0.5 1
Tongue discoloration 4 1
Fatigue 2 1
Hot flush 0.5 1

In cohort 2, 1 adverse event (pollakiuria) occurred at 4 mg/40 ml after the
first instillation.
* All were grade 1–2 except grade 3 dysuria in 1 patient in cohort 1

receiving 8 mg/40 ml.

TABLE 3. Tumor stage, grade and response

Pt No. Tumor Stage " Grade Response

Cohort 1:
1 pTaG2 CR
2 pTaG1 CR
3 pTaG2 CR
4 pT1G2 CR
5 pTaG2 NR
6 pTaG1 NR

Cohort 2:
7 pTaG1 CR
8 pTaG2 CR
9 pTaG2 CR

10 pTaG2 CR
11 pTaG2 NR
12 pT1G2 NR
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ity. While differences may exist in the inherent sensitivity
between superficial bladder TCC and the advanced cancers
in previous clinical studies, a more plausible explanation is
the dramatic difference in drug delivery achieved when EO9
is given intravesically rather than intravenously. Following
intravenous administration at the maximum tolerated dose

of 27 mg/m2 reported, mean area under the curve, maximum
concentration and halflife were 0.47 ! 0.24 !M hour, 4.92 !
3.16 !M and 7.8 ! 5.6 minutes, respectively.6 In addition,
EO9 was barely detectable 1 hour after intravenous admin-
istration.6 Following intravesical administration EO9 was
readily detectable at the end of the 1-hour instillation at a
mean concentration of 72.2 ! 11.8 !M at 4 mg/40 ml. Based
on experimental data in vitro the concentrations of EO9
achieved in the bladder significantly exceeded typical IC50
values achieved in monolayers (nM range) and in multicell
spheroids (IC50 for HT-29 spheroids was 24.2 ! 3.2 !M)
following 1-hour exposure.2,3,11 Therapeutically relevant
drug exposure parameters in terms of concentration and
time are achieved in the bladder. This is the most likely
reason why EO9 has antitumor activity in this clinical
model.

Another question raised is whether it is possible to pre-
dict EO9 activity based on our understanding of its mecha-
nism of action. As stated, preclinical evidence suggests that
NQO1 and hypoxia are 2 key parameters that determine
chemosensitivity in vitro.1,4 Our results suggest that no
clear relationship exists between NQO1 and Glut-1 expres-
sion, and the clinical response (see figure). There are several
possible explanations, including the fact that NQO1 and
Glut-1 expression was determined in companion lesions and
not in the marker lesion. Furthermore, in tumors that re-
sponded well to EO9 in the apparent absence of NQO1 and
Glut-1, reductases other than NQO1 may be involved in
bioreductive activation process, such as cytochrome P450
reductase.17 In tumors that did not respond despite the
presence of NQO1 and/or Glut-1 post-drug activation pro-
cesses, such as antioxidant defense mechanisms18 or DNA
repair, may also have a prominent role in determining the
final outcome of chemotherapy. These mechanisms are spec-
ulative and further studies are required to identify factors
that influence the response of bladder tumors to EO9.

CONCLUSIONS

This study demonstrates that intravesical administration of
EOquin™ at 4 mg/40 ml instilled weekly for 6 weeks is well
tolerated with little or no adverse effects. EO9 has ablative
activity for superficial bladder cancer marker lesions and
further phase II evaluation is warranted.

NQO1 Glut-1
A

HG

FE

DC

B

Select immunohistochemical images of bladder tumors show lack of
correlation between NQO1/Glut-1 protein expression and clinical
response. Patients 1 (A and B) and 2 (C and D) achieved CR to EO9,
and patients 3 (E and F) and 4 (G and H) showed NR to EO9. A, C,
E and G, NQO1. B, D, F and H, GLUT-1. Reduced from "10.

TABLE 4. Pharmacokinetic analysis of EO9 in urine

Dose (mg/40 ml) Mean Urine pH ! SD

Mean Urine
Vol ! SD

(ml) Mean EO9 ! SD (!M)
Mean %

Recovery ! SD

Cohort 1:
0.5 7.22 ! 1.09 112.5 ! 40.6 8.7 ! 2.8 57.1 ! 27.6
1.0 7.66 ! 0.59 182.5 ! 56.8 14.2 ! 8.0 63.5 ! 15.7
2.0 6.80 ! 0.84 164.2 ! 80.2 30.9 ! 18.1 58.5 ! 21.6
4.0 7.18 ! 0.35 165.0 ! 74.6 62.5 ! 17.1 68.3 ! 20.6
8.0 7.10 ! 0.34 199.2 ! 94.2 106.3 ! 56.4 61.3 ! 9.7

16.0 6.95 ! 0.38 240.0 ! 112.2 235.0 ! 157.1 72.0 ! 3.7
Cohort 2:

Instillation 1 7.39 ! 0.27 150.0 ! 30.5 69.6 ! 10.2 75.1 ! 17.3
Instillation 6 7.36 ! 0.22 110.0 ! 16.7 75.3 ! 11.6 59.4 ! 9.5
Mean 7.37 ! 0.25 131.8 ! 32.1 72.2 ! 11.8 68.0 ! 17.1

In cohort 1 all measurements were made at the end of the 1-hour instillation.
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Oncology

Response of Multiple Recurrent TaT1
Bladder Cancer to Intravesical Apaziquone
(EO9): Comparative Analysis of Tumor
Recurrence Rates
Arun Jain, Roger M. Phillips, Andrew J. Scally, Gino Lenaz, Mario Beer, and Rajiv Puri

OBJECTIVES Previous studies have demonstrated that intravesical administration of apaziquone (EOquin) has
ablative activity against superficial bladder cancer marker lesions with 8 out of 12 complete
responses recorded. We present a comparison between the rates of tumor recurrence before and
after treatment with apaziquone.

METHODS The rate of tumor recurrence after treatment with apaziquone was compared with each patient’s
historical record of recurrences obtained from a retrospective analysis of the patients’ case notes.
The time to each recurrence event before apaziquone treatment and the time to the first
recurrence after apaziquone treatment were recorded, and the data were analyzed using a
population-averaged linear regression model using Stata Release, version 9.2, software.

RESULTS Of the eight complete responses obtained in the Phase I study, tumor recurrence occurred in 4
patients and the remaining 4 patients remained disease free after a median follow-up of 31
months. The time to the first recurrence after apaziquone treatment was significantly longer
(P !0.001) compared with the historical pattern and recurrence interval before apaziquone.
Before apaziquone instillation, the mean " SE recurrence rate and tumor rate per year was 1.5 "
0.2 and 4.8 " 1.2, respectively, and these decreased to 0.6 " 0.25 and 1.5 " 0.8, respectively,
after apaziquone treatment (P !0.05).

CONCLUSIONS The results of this study indicate that early recurrences after treatment with apaziquone are
infrequent and the interval to recurrence is significantly greater compared with the historical
recurrence times for these patients. Larger prospective randomised trials are warranted to confirm
these results. UROLOGY 73: 1083–1086, 2009. © 2009 Elsevier Inc.

Aapaziquone (EOquin, USAN, E09, 3-hydroxy-5-
aziridinyl-1-methyl-2[indole-4,7-dione]–prop-!-
en-"-ol) belongs to a class of anticancer agents

known as bioreductive drugs that require metabolism by
cellular reductases to generate a cytotoxic species.1 Al-
though it is chemically related to mitomycin C, apazi-
quone has a distinctly different mechanism of action and
preclinical activity profile.1,2 The initial optimism gen-
erated by its preclinical activity profile rapidly evaporated
after the demonstration that intravenously administered

apaziquone was clinically inactive against a range of solid
tumors in Phase II clinical trials.3,4 Several possible ex-
planations were considered for its lack of efficacy, but
poor drug delivery to the tumor because of the rapid
pharmacokinetic elimination of apaziquone in conjunc-
tion with relatively poor penetration through avascular
tissue was considered to be the principal reason.5 On the
basis of the rationale that intravesical administration
would circumvent the problem of drug delivery and any
apaziquone absorbed into the blood stream would be
rapidly cleared,6 a Phase I-II clinical pilot study of intra-
vesical administration of apaziquone to superficial blad-
der tumors was established.7 The results of that trial
demonstrated that intravesically administered apaziquone
has ablative activity against superficial bladder transi-
tional cell carcinoma (TCC) marker lesions.7 These re-
sults were confirmed and extended in a Phase II clinical
trial of 47 patients with superficial bladder TCC, in
which complete responses were obtained in 67% of pa-
tients.8 Because all the enrolled patients in the original
trial7 had had multiple recurrences after previous intra-
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vesical chemotherapy and/or immunotherapy, the pur-
pose of the present study was, first, to report the recur-
rences that occurred after apaziquone treatment and,
second, to study the effect of apaziquone instillation on
the recurrence rate by statistically comparing these re-
sults with the historical pattern of recurrences for each
patient before treatment with apaziquone.

MATERIAL AND METHODS
The details of the recruitment process have been previously
described.7 In brief, 12 patients were enrolled, each of whom
had a history of multiple recurrences after surgery and intraves-
ical treatment using conventional chemotherapeutic agents
and/or bacille Calmette-Guérin. The first cohort of 6 patients
enrolled received escalating doses of apaziquone (administered
once a week for 6 weeks) to establish a safe dose, and the
remaining cohort of 6 patients received a course of apaziquone
at this dose (4 mg/40 mL administered once a week for 6
weeks). Four complete responses, as defined by the ablation of
a single marker lesion, were obtained in the first cohort of
patients and an additional four complete responses were ob-
tained in the second cohort of patients. For each patient, the
history of treatment and recurrences before enrollment in the
apaziquone trial was recorded by retrospective case note review.
The interval between each recurrence event was recorded in
conjunction with the total number of tumor recurrences and
the treatment received at each event. After treatment with
apaziquone, all patients were followed up by check cystoscopy at
2, 5, 8, 12, 18, and 24 months after the first instillation of
apaziquone. If a recurrence was observed at any point, the next
follow-up cystoscopy was performed after 3 months, and addi-
tional treatment was instituted depending on the nature of the
recurrent TCC. For the purposes of this analysis, the interval to
the first recurrence after apaziquone was recorded in each pa-
tient, and the patient was censored when any additional treat-
ment was started. For patients who remained disease free at
their last follow-up cystoscopy, the interval between the start of
apaziquone treatment and the last cystoscopy was considered to
be the time to the first recurrence (ie, for the purposes of
statistical analysis, it was recorded as a recurrence event). The
data were analyzed using a population-averaged linear regres-
sion model that accounted for the within-subject correlation of
the time to the next recurrence. The primary focus of the study
was to evaluate the effect of the administration of apaziquone
on the mean time to the first recurrence after apaziquone
administration. The cumulative follow-up time was also in-
cluded in the model, because it was thought that this might
affect the average time between recurrences in the preapazi-
quone administration period. The analysis was performed using
a population averaged linear regression model using Stata, re-
lease 9.2.

RESULTS
The tumor grade and stage at the start of apaziquone
instillation for each patient is given in Table 1. Figure 1
is a graphic representation of the treatment history and
recurrence episodes for each patient in the form of a

timeline. Before treatment with apaziquone, most pa-
tients had had a long history of recurrences after surgery
alone or surgery plus intravesical chemotherapy and/or ba-
cille Calmette-Guérin. Of the 8 patients with a complete
response to apaziquone in the clinical pilot study, 4
patients developed recurrences. These recurrences were
all Stage Ta and grade 1-2 tumors with no evidence of
stage or grade progression. The remaining 4 patients
remained disease free after a median follow-up of 31
months without requiring any additional treatment. Ad-
ditionally, 1 of the 4 patients classified as a nonresponder
in the pilot study remained recurrence free after resection
of the marker lesion. The median time to the first recur-
rence after apaziquone treatment was 21.5 months com-
pared with the median time to recurrence (after the last
transurethral resection [TUR]) before apaziquone instil-
lation of 8.4 months. Statistical analysis using a popula-
tion-averaged linear regression model demonstrated that
the interval to the first recurrence after treatment with
apaziquone was significantly increased by an average of 15
weeks (P !0.001) compared with the patterns and fre-
quency of recurrences before apaziquone treatment. This
was likely a conservative estimate because the 4 patients

Table 1. Tumor stage and grade at start of apaziquone
treatment

Pt. No. Tumor Stage and Grade

1 pTa G2
2 pTa G1
3 pTa G2
4 pT1 G2
5 pTa G2
6 pTa G1
7 pTa G1
8 pTa G2
9 pTa G2

10 pTa G2
11 pTa G2
12 pT1 G2

Patients 1 to 6 represent first (dose escalation) cohort, and
patients 7 to 12, second (fixed dose) cohort.

Figure 1. Treatment and response history before and after
treatment with apaziquone for 12 patients enrolled in initial
Phase I-II pilot study. Results of each patient expressed
separately on timeline normalized to start of apaziquone
treatment (t " 0).
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(33%)who had no recurrence after apaziquone were also
considered to have had a recurrence at their last fol-
low-up visit for the purposes of this analysis, as indicated
previously. Furthermore, the mean ! SE recurrence rate
per year and tumor rate per year also decreased signifi-
cantly from 1.5 ! 0.2 and 4.8 ! 1.2, respectively, before
apaziquone treatment to 0.6 ! 0.25 and 1.5 ! 0.8,
respectively, after apaziquone treatment. The details of
all the adverse events noted in the early postinstillation
period have been previously published.7 No long-term
toxicity was noted.

COMMENT
Superficial TCC of the bladder is a highly prevalent
urologic malignancy with low mortality but a high recur-
rence rate. Intravesical chemotherapy and immunother-
apy have been conclusively shown to decreases the inci-
dence of tumor recurrence after primary resection,9,10 but
marked heterogeneity in the recurrence rates exist, with
some patients developing recurrence early and others
with histologically identical tumors remaining disease
free for several years. Following the demonstration that
apaziquone has ablative activity against superficial TCC
marker lesions, the present study has provided the first
indication that recurrences during short-term follow-up
after treatment with apaziquone are infrequent and that
the time to the first recurrence is significantly greater
compared with each patient’s history of recurrence after
other treatment regimens.

The comparisons between these results and the results
of previous trials are difficult to interpret because of
differences in study design and patient numbers. Never-
theless, in a Phase II study11 involving 9 patients with
superficial TCC treated with intravesical gemcitabine
2000 mg weekly for 4 weeks, only 2 patients (22%) were
recurrence free after 2 years of follow-up. In a randomized
control trial comparing TUR plus intravesical mitomycin
C versus TUR alone, a recurrence rate of 41% was
obtained in the TUR plus mitomycin C treatment arm.12

In another study by Oosterlinck et al.,13 comparing epi-
rubicin with the instillation of water, the overall recur-
rence rate decreased by a factor of 1.9 and the tumor rate
by a ratio of 1.8 in the treatment group after a mean
follow-up of 25 months. However, in the subgroup of
patients with recurrent TCCs, the recurrence rate did not
improve significantly.

Our results compare favorably with the results of these
studies, and several pieces of additional evidence exist to
suggest that these findings are significant. Because the
statistical test required an interval to the first recurrence
value for all patients, the last cystoscopy for the 4 pa-
tients who had no recurrences was entered into the
database as a “recurrence event.” The statistical analysis
conducted resulted therefore in an overestimate of the
true recurrence rate. Also, the tumor loads and timing of
intravesical treatment relative to surgery would have

been very different before and after apaziquone. Thus,
before apaziquone, all tumors were removed and intra-
vesical treatments were administered generally within 24
hours. In contrast, treatment with apaziquone involved
the retention of a marker lesion plus a delay in drug
administration of 2 weeks after surgery. Furthermore,
most patients enrolled had received previous chemother-
apy and/or bacille Calmette-Guérin, suggesting a high-
risk cohort was enrolled in the study. Additional studies
are required to assess the recurrence rates in treatment-
naive patients.

CONCLUSIONS
The results of this study have provided the first indication
that early recurrences after intravesical apaziquone are
infrequent and provided statistically significant evidence
to suggest that the interval to recurrence after apaziquone
treatment is longer compared with the patient’s previous
history of recurrences after other treatments. Although
caution should be exercised in the interpretation of these
findings because of the low number of patients involved
in this study, the results are encouraging and strongly
support the continued development of apaziquone for the
treatment of Stage Ta-T1 bladder cancer.
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EO9 (Apaziquone) is a bioreductive drug that has a chequered history. It underwent clinical trial but failed to show activity in
phase II clinical trials when administered i.v. Poor drug delivery to tumours caused by a combination of rapid pharmacokinetic
elimination and poor penetration through avascular tissue were the major factors responsible for EO9’s poor efficacy. Based
upon an understanding of why EO9 failed, a further clinical trial against patients with superficial transitional cell carcinoma
of the bladder was conducted. The rationale for this was that intravesical administration directly into the bladder would
circumvent the drug delivery problem, and any drug reaching the blood supply would be rapidly cleared thereby reducing
the risk of systemic exposure. EO9 was well tolerated, and clinical activity against marker lesions was recorded in both phase I
and II clinical trials. This article charts the pharmacological history of EO9 and discusses the potential implications that ‘the
EO9 story’ has for the development of other loco-regional therapies.

Abbreviations
AUC, area under the curve; EORTC, European Organisation for the Research and Treatment of Cancer; ICL, interstrand
cross-link; NQO1, NAD(P)H:quinone oxidoreductase-1; NSCLC, non–small cell lung cancer; TCC, transitional cell
carcinoma of the bladder; TUR, trans-urethral resection

Introduction
EO9 (3-hydroxy-5-aziridinyl-1-methyl-2 (1H-indole-4,7-
dione)prop-b-en-a-ol) is a prodrug that belongs to a class of
anti-cancer agents known as bioreductive drugs. Various
chemical classes of bioreductive drugs have been developed
(Denny, 2004; Hay et al., 2007a; 2008; 2007b; Milbank et al.,
2009; Tercel et al., 2009), and all require enzymatic reduction
by various oxidoreductases in order to generate cytotoxic
metabolites. This activation process is reversed in the pres-
ence of oxygen, and these agents have preferential activity
against hypoxic tumour cells (Stratford and Workman, 1998;
McKeown et al., 2007). Selectivity is determined by the pres-
ence of elevated levels of reductases in tumours and the
absence of oxygen (Figure 1). At the time EO9 was developed,
these compounds represented a shift away from the classical
way anticancer drugs were developed (identifying active com-
pounds first and then identifying mechanisms of action)

towards targeted therapeutic agents that selectively exploited
aspects of tumour biochemistry and physiology.

EO9 was originally developed at the University of Amster-
dam in the mid-1980s (Oostveen and Speckamp, 1987). The
project was initially sponsored by the Dutch Cancer Society,
and a series of 90 indolequinone (given the name EO) deriva-
tives of mitomycin C (MMC) were developed, the ninth of
which was EO9 (Figure 1). Preclinical and clinical evaluation
was co-ordinated by the New Drug Development Office of the
European Organisation for the Research and Treatment of
Cancer (EORTC), and a number of laboratories belonging to
the Screening and Pharmacology (SPG) and Pharmacology
and Molecular Mechanism (PAMM) groups across Europe
played key roles in the pharmacological evaluation of these
compounds. Clinical evaluation of EO9 was halted by lack of
efficacy in phase II trials (Dirix et al., 1996; Pavlidis et al.,
1996). Based upon an understanding of why EO9 failed, a
further phase I/II clinical trial against superficial bladder
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cancer using intravesical administration was commissioned
in 2001 and sponsored by Spectrum Pharmaceuticals (Irvine,
California). Significant anti-tumour activity was reported in
the phase I/II study (Puri et al., 2006), and this was subse-
quently confirmed in phase II studies (van der Heijden et al.,
2006). Phase III trials are currently under way, and the results
are expected in the first quarter of 2012. The purpose of this
article is to review the pharmacology of EO9, its preclinical
and clinical history, and to discuss the potential implications
that this story has for the development of other loco-regional
therapies.

Pharmacology of EO9

EO9 is activated by several enzymes, the most widely studied
of these is NAD(P)H:quinone oxidoreductase 1 (NQO1 or
DT-diaphorase). NQO1 is a cytosolic flavoprotein that cataly-
ses the two electron reduction of a wide range of substrates
(Ernster, 1987), and its physiological function is detoxifica-
tion of quinones (Cadenas, 1995). The chemistry of the side
chains attached to the quinone nucleus dictates the reactivity
of the reduced form (Cadenas, 1995), and in the case of EO9,
it is reduced to a DNA-damaging species. In cell-free systems,
reduction of EO9 by NQO1 results in the generation of DNA
damage in the form of single-strand breaks (Walton et al.,
1991). Catalase inhibits this process (Phillips et al., 1999),
suggesting that hydrogen peroxide is formed during the redox

cycling of the EO9 hydroquinone in oxygen (Butler et al.,
1996; Bailey et al., 1998). Alkylation of DNA is possible via the
release of hydroxyl groups at C2 and C3 as well as protonation
and opening of the aziridine ring (Hargreaves et al., 2000).
DNA interstrand cross-links (ICL) following the reduction of
EO9 by purified rat NQO1 under hypoxic conditions have
been reported (Maliepaard et al., 1995), although other groups
have not observed ICLs following reduction by purified
human NQO1 under aerobic conditions (Phillips, 1996).
Limited information exists about the formation of mono-
adducts. Other purified enzymes have been shown to reduce
EO9 and induce either single-strand breaks or DNA cross-
links, including xanthine oxidase (Maliepaard et al., 1995)
and NADPH cytochrome P450 reductase (Bailey et al., 2001).

In cell-based assays, EO9 does not behave as a classical
hypoxia-targeted bioreductive drug as it also has activity
against aerobic cells (Roed et al., 1989; Phillips et al., 1992;
Hendriks et al., 1993; Smitskamp-Wilms et al., 1994; Plumb
et al., 1994a; Collard et al., 1995). Activation of EO9 still
conforms to the concept of ‘enzyme directed bioreductive
therapy’ (Workman and Walton, 1990) as therapy could still
be targeted at tumours that expressed high levels of NQO1.
The role of NQO1 in activating EO9 to DNA-damaging
species in cell-free assays is clear, but its role in determining
cellular response is more complex. Under aerobic conditions,
good correlations between NQO1 activity and chemosensi-
tivity in vitro have been reported (Robertson et al., 1992;
1994; Plumb et al., 1994b; Plumb and Workman, 1994;
Smitskamp-Wilms et al., 1994; Collard et al., 1995; Fitzsim-
mons et al., 1996). In hypoxia, however, significant potentia-
tion of EO9’s activity was only seen in cell lines that lack
NQO1 activity (Plumb et al., 1994b; Plumb and Workman,
1994; Robertson et al., 1994). In cell lines where NQO1 was
high, EO9 was as effective against aerobic and hypoxic cells.
Mechanistically, it is likely that one electron reductases play
a prominent role in the hypoxia selectivity, whereas reduc-
tion of EO9 by NQO1 is an oxygen-independent process
(Workman, 1994). EO9 can therefore be used to target the
hypoxic regions of NQO1-deficient tumours, whereas in
NQO1-rich tumours, EO9 will target both the aerobic and
hypoxic fraction. This feature of EO9’s pharmacology was
seen as a unique and attractive feature as it suggested that
EO9 had the capacity to exhibit single-agent activity against
solid tumours (Hendriks et al., 1993). These preclinical
studies also suggested that EO9 might find its optimal use in
combination with radiation or other drugs.

In animal tumour models, EO9 was inactive against the
P388 murine leukaemia but exhibited anti-tumour activity
against human tumour xenografts and the generally chemo-
resistant murine adenocarcinomas of the colon (MAC)
tumours (Roed et al., 1989; Hendriks et al., 1993; Collard
et al., 1995). Initial evidence that in vivo response correlated
with NQO1 activity (Walton et al., 1992) was not substanti-
ated in subsequent studies where poor relationships between
NQO1 activity and in vivo activity were reported (Collard
et al., 1995; Cummings et al., 1998). EO9 was selected for
clinical evaluation based upon its novel mechanism of action
(which was distinct from MMC), its preferential activity
against cells derived from solid tumours in vitro and in vivo, its
ability to target both aerobic and hypoxic cells and the lack of
myelosuppression in mice and rats (Hendriks et al., 1993).

Figure 1
Chemical structure of EO9 (A) and scheme for possible activation of
EO9 leading to DNA damage (B). 2e and 1e in panel B represent
two-electron reduction (via enzymes such as NQO1) and one-
electron reduction (via enzymes such as cytochrome P450 reductase)
respectively. Q, SQ and HQ denote quinone (parent compound),
semi-quinone (one-electron reduction product) and hydroquinone
(two-electron reduction product) respectively.
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Clinical evaluation
Two phase I trials started in 1992 under the auspices of the
EORTC. In the first study, the maximum tolerated dose fol-
lowing a 3 week schedule (q3wk) of 5 min i.v. infusion was
27 mg·m-2 (Schellens et al., 1994). Bone marrow suppression
was not observed, and the dose limiting toxicity was revers-
ible proteinuria. In a second phase I trial using a weekly bolus
i.v. schedule (q1wk), a maximum tolerated dose of 14 mg·m-2

was reported, and the dose limiting toxicity was again revers-
ible proteinuria (McLeod et al., 1996; Aamdal et al., 2000).
Damage to glomeruli was observed in the clinical trial, and
this correlated with high levels of NQO1 in the kidney
(Segura-Aguilar et al., 1994; Zappa et al., 2003). A total of
three partial responses were recorded in the phase I studies:
two in patients with adenocarcinoma of unknown primary
site and one in a patient with bile duct cancer. Phase II
clinical trials commenced in the summer of 1994, and two
studies were conducted. In the first, a total of 92 patients with
advanced breast, gastric, pancreatic and colorectal cancer
were treated with a 5 min i.v. infusion of EO9 at a weekly
dose of 12 mg·m-2 (Dirix et al., 1996). No anti-tumour activity
was seen. A second study involved the treatment of 38
chemotherapy naïve patients with advanced non–small cell
lung cancer (NSCLC). Two treatment schedules were evalu-
ated; a single bolus i.v. injection at 12 mg·m-2 administered
weekly and i.v. bolus injection at 22 mg·m-2 administered
every 3 weeks. Dose-limiting toxicity was reversible proteinu-
ria; and whilst stable disease was reported in thirteen
patients, these studies concluded that EO9 at these doses, and
schedules had no clinical activity against NSCLC (Dirix et al.,
1996; Pavlidis et al., 1996).

Reasons for EO9’s failure
In a critique of the design of the clinical studies conducted,
Connors (1996) highlighted certain key deficiencies in clini-
cal trial design. These included the fact that NQO1and/or
hypoxia were not measured in patient tumour samples, a fact
that can be partially explained by an incomplete understand-
ing of EO9s mechanism of action in the 1990s when the trials
were designed. Both these parameters are key determinants of
EO9’s activity, and it is conceivable that tumours lacked the
appropriate biochemistry required for drug activation. This is
however unlikely as high NQO1 expression and hypoxia is
typically found in many solid tumours (Siegel et al., 1998;
Siegel and Ross, 2000; Vaupel et al., 2001; Vaupel and Mayer,
2007). On the other hand, EO9 should have been evaluated
in hypoxic tumours that lack NQO1 in combination with
other modalities (such as radiotherapy) that target the aerobic
fraction. Post-irradiation treatment of tumours in vivo with
EO9 indicated that radiosensitization was obtained in various
preclinical tumour models (Adams et al., 1992; Burd et al.,
2005), but no clinical trials of this nature were conducted. In
any future trials of apaziquone or other bioreductive drugs, it
is therefore advised that levels of hypoxia and enzymology
(particularly NQO1 in the case of apaziquone) should be
measured so that they can be used as potential biomarkers to
further stratify patient outcomes.

In addition to concerns about the design of the clinical
trials, attention also focused on whether or not drug delivery
to tumours was impaired. The factors that determine how
much drug is delivered to tumours can be broadly grouped

into supply (extent of tumour vasculature and pharmacoki-
netics), flux (the drug’s ability to penetrate through multiple
layers of cells) and metabolism/sequestration of the drug
within cells or the extracellular matrix (Minchinton and
Tannock, 2006). In mice, the half-life was 1.9 ! 0.1 min, and
the AUC was 4.8 mg min·mL-1 following i.v. administration of
EO9 at 12 mg·kg-1; and in male Sprague–Dawley rats, the
half-life was 3.0 ! 0.2 min with an AUC of 6.2 mg min·mL-1

following an i.v. dose of 3 mg·kg-1 (Workman et al., 1992).
The rapid clearance and extremely short half-life of EO9 in
rodents was replicated in man, with half-lives ranging from
0.8 to 19 min at the maximum tolerated dose of 27 mg·m-2

administered i.v. (Schellens et al., 1994). Similar preclinical
and clinical data were reported by other groups (Bibby et al.,
1993b; McLeod et al., 1996).

Given these data, it was clear that the supply of EO9 to
tumours is likely to be impaired by its poor pharmacokinetics.
To some extent, poor pharmacokinetics can be offset if the
‘flux’ of drugs through avascular tissue is good, but early
studies using three-dimensional multilayered post-confluent
cultures and multi-cell spheroids suggested that drug penetra-
tion barriers may exist (Bibby et al., 1993a; Pizao et al., 1993).
Resistance in these models could be due to a multitude of
reasons, including low cell proliferation rates, reduced extra-
cellular pH, reduced nutrient status, etc. EO9 is however
preferentially active against cells in acidic extracellular pH
(Phillips et al., 1992), is able to kill confluent monolayer cul-
tures (Phillips and Clayton, 1997) and is active against
hypoxic cells. In 1996, Cowan et al. (1996) described an assay
that could quantify the rate at which drugs crossed multi-cell
layers in vitro. EO9 is able to cross DLD-1 human colorectal
cancer multi-cell layers, but in comparison with tirapazamine
(a nitroimidazole based bioreductive drug), its penetration
rate is slow (Phillips et al., 1998). This study concluded that
when EO9’s rapid pharmacokinetic elimination is taken into
consideration, EO9 would only penetrate a few microns from
a blood vessel within its pharmacokinetic life span, and this
is the probable reason for its failure to demonstrate efficacy in
the clinic (Phillips et al., 1998).

Whilst inadequate drug delivery to tumours appears to be
a plausible explanation, the question remains as to why EO9
is active against preclinical tumour models (Hendriks et al.,
1993) but inactive in clinical trials, although its pharmacoki-
netics are similar in rodents and humans. A critical review of
the preclinical studies however reveals that the magnitude of
anti-tumour response observed was low with specific growth
delays of only a few days reported. This level of activity would
be acceptable if EO9 functioned purely as a hypoxia-targeted
agent as cytotoxic effects against hypoxic cells would be
masked by the continued growth of the aerobic fraction of
cells. In NQO1-rich tumours, however, EO9 would target the
aerobic fraction of cells as well, and in this case, a much
greater level of activity would be expected. EO9 does induce
some responses in preclinical tumours, and partial responses
and stable disease were seen in phase I and II studies (Schel-
lens et al., 1994; Pavlidis et al., 1996), so some EO9 was reach-
ing the tumour. Direct intra-tumoural injection of EO9
resulted in improved anti-tumour activity (Loadman et al.,
2002), supporting the fact that sub-optimal concentrations
of EO9 were reaching the tumours following systemic
administration.

BJPPreclinical and clinical history of EO9
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Clinical evaluation of EO9 against superficial
bladder cancer
Based upon this understanding of why EO9 failed, investiga-
tors were presented with two options: to develop analogues of
EO9 that retained its good pharmacodynamics but had
improved pharmacokinetics (Phillips, 1996; Phillips et al.,
1999; 2004; Loadman et al., 2002) or utilize EO9’s bad phar-
macokinetics to gain therapeutic advantage. In this latter
case, loco-regional administration of drug would circumvent
the problems of drug delivery, and if the drug could be
retained at this site for long periods, improved penetration
into the tumour would occur. Furthermore, any drug that
reached the systemic circulation would be rapidly cleared,
thereby reducing the risk of systemic toxicity. Superficial
transitional cell carcinoma (TCC) of the bladder provided a
suitable clinical model to test this hypothesis as intravesical
administration of chemotherapy or immunotherapy follow-
ing transurethral resection (TUR) is an established mode of

treatment (Hall et al., 2007). Following studies that demon-
strated that TCC of the bladder expressed the key biochemi-
cal machinery required to activate EO9 (Figure 2) (Choudry
et al., 2001; Basu et al., 2004), a phase I/II pilot study com-
menced in 2004.

The purpose of this trial was to establish the dose of EO9
(now renamed EOquin by the sponsor Spectrum Pharmaceu-
ticals, which was later changed to apaziquone) that could be
safely administered intravesically and obtain evidence of effi-
cacy against a marker lesion left in situ at TUR (Puri et al.,
2006; Gofrit et al., 2010). Six patients with multi-focal super-
ficial TCC of the bladder received increasing doses of EO9
(0.5–16 mg/40 mL) administered intravesically, which was
retained within the bladder for 1 h. EO9 was well tolerated at
doses up to 4 mg/40 mL, with grade 2 and 3 dysuria and
haematuria being observed at doses at or above 8 mg/40 mL.
No EO9 could be detected in plasma (Puri et al., 2006). A
further six patients received EO9 at 4 mg/40 mL once a week
for 6 weeks, which was well tolerated in all cases. Analysis of

Figure 2
Representative immunohistochemical analysis of superficial human TCC of bladder expressing high levels of NQO1 (A), the glucose transporter
GLUT1 (B) and pimonidazole-treated tumour (C). GLUT1 and pimonidazole have been used as endogenous and exogenous markers of hypoxia
respectively (Rademakers et al., 2011). The brown staining in panels A to C represents areas of positive staining. Appearance of marker lesion (ML)
in situ before (D) and after (E) a 6 week course of EO9 administered intravesically once a week at a dose of 4 mg/40 mL.
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EO9 in the urine at the end of the instillation demonstrated
that the concentration increased linearly with dose and that
therapeutically effective concentrations were being achieved
(Puri et al., 2006). At 4 mg/40 mL (100 mg·mL-1), the concen-
tration of EO9 in the urine at the end of the1 h instillation
was 72. 2 ! 11.8 mM (20.79 mg·mL-1), which represents a
significant increase in drug exposure parameters compared to
those reported following i.v. administration (Table 1). A total
of 8 out of 12 patients had complete remission as defined by
complete loss of the marker lesion, negative cytology and
histology at the site of the lesion (Puri et al., 2006). Repre-
sentative images of the marker lesion in situ before and after
EO9 are presented in Figure 2.

Phase II studies were conducted using an identical study
design to the phase I/II pilot study, and each patient received
six weekly intravesical instillations of EO9 at 4 mg/40 mL,
with the first instillation starting 2 weeks after TUR (van der
Heijden et al., 2006). EO9 was well tolerated, with no sys-
temic side effects and grades 1 to 3 dysuria and haematuria
being the most common local side effects. Of a total of 45
patients with superficial TCC of the bladder, 30 (67%)
patients had complete response as defined by complete
macro- and microscopic elimination of a marker lesion (van
der Heijden et al., 2006). Recurrence-free rates were good in
comparison with the results of other ablative studies (Hen-
dricksen et al., 2009; Jain et al., 2009). EO9 was reformulated
in 2007 (van der Schoot et al., 2007a; 2008; van der Schoot
et al., 2007b), and it is currently undergoing phase III clinical
evaluation in several centres across North America and
Europe. Additionally, studies where EO9 was administered
within 24 h of TUR, which is the standard recommended
treatment for superficial TCC of the bladder (Sylvester et al.,
2004), demonstrated that EO9 was well tolerated and has a
good safety profile (Hendricksen et al., 2008).

Conclusions and future prospects

EO9 has had a chequered history, but by understanding the
reasons why it failed, EO9 has been transformed from a
clinically inactive drug to one that has efficacy against super-
ficial bladder cancer. The outcome of the phase III clinical
trials is eagerly anticipated, but even so, the ‘EO9 story’ dem-
onstrates that compounds with poor systemic pharmacoki-

netics can be effectively used in a loco-regional setting. In the
case of EO9, direct intravesical administration circumvented
the drug delivery problems encountered following i.v. admin-
istration and resulted in high concentrations of drug that are
confined within the bladder. In this setting, EO9’s poor sys-
temic pharmacokinetics were advantageous as any drug that
reached the bloodstream was rapidly cleared. Whilst this
review has focused specifically on EO9, our experience with
EO9 has potentially significant implications for the develop-
ment of loco-regional therapies in general. We suggest that
compounds with good pharmacodynamics, but poor sys-
temic pharmacokinetics could be valuable therapeutic agents
for treating cancers in a loco-regional setting.

Loco-regional chemotherapy is emerging as an important
adjunct to surgery and systemic chemotherapy in selected
patients with certain types of cancer (Ceelen and Flessner,
2010; Lu et al., 2010). In addition, as early detection strategies
for cancer become more effective, there is a case for using
loco-regional chemotherapy as an adjunct to surgical exci-
sion. Therapeutic agents used for loco-regional therapies
are typically conventional chemotherapeutic drugs that are
widely used to treat systemic disease. These can be effective
but the success of this approach has been restricted by local
toxicity, inadequate drug penetration and systemic toxicity
caused by drugs leaking out from the site of administration
into the systemic circulation (Masters et al., 1990; 1996; Lu
et al., 2010). In terms of selecting drugs for use in a loco-
regional setting, experience with EO9 has shown that com-
pounds with poor systemic pharmacokinetics can be locally
efficacious without the systemic toxic side effects observed
when administered i.v. In the context of the majority of drug
discovery programs, compounds with poor systemic pharma-
cokinetics are typically rejected during the process of lead
compound optimisation and currently reside at the back of
the shelves of medicinal chemists. Based upon our experience
with EO9, we suggest that many of these compounds should
be revisited and re-evaluated as potential loco-regional
therapies.
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ABSTRACT
Introduction: Apaziquone (also known as EO9 and QapzolaTM) is a prodrug that is activated to DNA
damaging species by oxidoreductases (particularly NQO1) and has the ability to kill aerobic and/or
hypoxic cancer cells.
Areas covered: Whilst its poor pharmacokinetic properties contributed to its failure in phase II clinical
trials when administered intravenously, these properties were ideal for loco-regional therapies.
Apaziquone demonstrated good anti-cancer activity against non-muscle invasive bladder cancer
(NMIBC) when administered intravesically to marker lesions and was well tolerated with no systemic
side effects. However, phase III clinical trials did not reach statistical significance for the primary
endpoint of 2-year recurrence in apaziquone over placebo although improvements were observed.
Post-hoc analysis of the combined study data did indicate a significant benefit for patients treated with
apaziquone, especially when the instillation of apaziquone was given 30 min or more after surgery. A
further phase III study is ongoing to test the hypotheses generated in the unsuccessful phase III studies
conducted to date.
Expert opinion: Because of its specific pharmacological properties, Apaziquone is excellently suited for
local therapy such as NMIBC. Future studies should include proper biomarkers.
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1. Introduction

Apaziquone, originally known as EO9 (3-hydroxy-5-aziridinyl-1-
methyl-2-(1H-indole-4,7-dione)prop-β-en-α-ol), was first
synthesized at the University of Amsterdam in 1987 [1]. It
was developed as one of a series of derivatives of mitomycin
C in a program of work sponsored by the Dutch Cancer
Society. Its preclinical evaluation was coordinated by the
New Drug Development Office of the European Organisation
for the Research and Treatment of Cancer (EORTC) in
Amsterdam and involved a number of laboratories belonging
to the Screening and Pharmacology Group and Pharmacology
and Molecular Mechanism groups across Europe [2].
Apaziquone belongs to a class of anticancer drugs known as
bioreductive drugs which are prodrugs designed to be acti-
vated by enzymes (oxidoreductases) present within the tumor
[3]. Depending on the enzymology of individual tumors, it also
has the ability to target hypoxic cells and in this context, it
also functions as a hypoxia-activated prodrug [3,4].
Apaziquone has had a chequered history in that it failed to
show antitumor activity in the clinic following intravenous
administration. One key reason for its failure was poor drug
delivery to tumors caused by its poor systemic pharmacoki-
netic properties in conjunction with poor penetration through
avascular tissue [5]. Paradoxically, these poor pharmacological
properties are beneficial for locoregional therapy and the
rationale for testing apaziquone against non-muscle invasive

bladder cancer (NMIBC) was generated. The pharmacology of
apaziquone has been extensively reviewed elsewhere [6] and
the purpose of this article is to (i) to summarize the clinical
studies where apaziquone was administered intravenously
with the aim of putting its history into an appropriate context
and (ii) to focus on the pharmacology, toxicity, and clinical
activity of apaziquone against NMIBC.

2. Overview of NMIBC and available therapies

Bladder cancer is the ninth most common cancer worldwide
with 429,800 new cases diagnosed in 2012 [7,8]. In the USA, it
is the fourth most common cancer in males with an estimated
76,960 new cases of bladder cancer (both sexes) diagnosed in
2016 and 16,390 deaths [9]. Similarly, it is the fourth most
common cancer in Europe with an estimated 151,252 cases in
2012 (both sexes) and 52,411 deaths [10]. The majority of
these cases (70–75%) present as NMIBC that are defined as
papillary tumors (low and high grade) confined to the mucosa
and invading the lamina propria (stage Ta and T1 respectively)
and includes high grade, flat tumors confined to the mucosa
(carcinoma in situ [CIS] or Tis) [11]. Treatment of NMIBC
(including high-risk G3 and CIS) typically involves surgical
removal by transurethral resection of bladder tumors
(TURBT), but NMIBC has a tendency to recur after TURBT
alone. Adjuvant intravesical instillation of chemotherapy or
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immunotherapy has been shown to reduce tumor recurrence
rates and prevent disease progression [12]. Commonly used
chemotherapeutic drugs for G1/G2 and Ta/T1 tumors include
mitomycin C, valrubicin, epirubicin, cisplatin, and doxorubicin
and European Association of Urology (EAU) and American
Urological Association guidelines recommend single, immedi-
ate post-TURBT intravesical instillation for low- and intermedi-
ate-risk NMIBC [13,14]. Meta-analysis data have shown that
this treatment reduces recurrence rates by 11.7–13.0% com-
pared to TURBT alone [15–17]. In the USA, four agents have
been approved by the FDA for use in NMIBC; ThioTEPA in
1959, Bacillus Calmette-Guérin (BCG) Tice in 1989, BCG
Connaught in1990, and valrubicin in 1998 [18]. ThioTEPA is
no longer widely used because of toxicity issues and mitomy-
cin C is commonly used off-label as an intravesical treatment
for NMIBC. The use of mitomycin C is also associated with rare
but severe toxicities [19–22]. Intravesical immunotherapy with
BCG has been widely used since the 1970s and is frontline
treatment for patients presenting with high-risk lesions (G3
and CIS) and is not administered immediately after surgery
[23,24]. Apaziquone has been evaluated against low-risk (G1/
G2 and Ta/T1) tumors.

Despite adjuvant intravesical therapy, recurrence rates
remain high (30–70%) and EAU and AUA guidelines recom-
mend frequent cystoscopic and cytologic surveillance that
continues for the lifetime of the patient. Recurrence of the
disease together with the cost of intensive surveillance strate-
gies contributes to the high cost of treating this disease [25].
Some authors have stated that bladder cancer has the highest
lifetime treatment costs per patient of all cancers due to the
high recurrence rate and sustained invasive monitoring
requirements [26]. There is therefore a strong pharmacoeco-
nomic need for new therapies that can delay recurrence rates
in NMIBC. In addition, the relative lack of approved treatment
options for NMIBC and the fact that no new therapies have
been approved for NMIBC in the twenty-first century

graphically illustrates the need to develop new drugs for the
management of NMIBC [18]. Finally, NMIBC is a nonlethal
disease and as most patients are old with other comorbid
conditions such as cardiovascular and pulmonary diseases
[27,28], the safety of drugs used after TURBT is also of para-
mount importance. The toxicity profile of novel therapeutics is
also therefore an important consideration in the management
of these patients.

3. Introduction to apaziquone

Apaziquone was originally developed at the University of
Amsterdam in a research project sponsored by the Dutch
Cancer Society (Box 1). The original patent was published in
1987 (WO87/06227) and maintained by the University of
Amsterdam until Kyowa Hakko licensed the compound in
1994 [29]. Kyowa Hakko released the license in 1997/98 and
the patent was maintained by the NDDO Oncology BV and INC
Research. Spectrum Pharmaceuticals (Irvine, California) in-
licensed exclusive worldwide rights to EO9 (currently branded
as Qapzola) from INC Research in 2001. Formulations designed
specifically for the intravesical administration of apaziquone
were developed [30,31] and patented in 2007
(WO2007092964). These formulations led to greater stability
of apaziquone in human urine [32]. In 2008, Spectrum
Pharmaceuticals and Allergan signed an exclusive collabora-
tion for the development and commercialization of EO9 (apa-
ziquone) but Spectrum Pharmaceuticals subsequently
regained exclusive rights to apaziquone in 2013.

3.1. Chemistry

The original synthesis of apaziquone (EO9) was reported in
1987 [1] and since then various methodologies have been
described [33–35] including large-scale synthesis methods
[36,37]. Whilst apaziquone is structurally related to mitomycin
C, its mechanism of action is very different particularly with
respect to NQO1 activation (see below in Section 3.2). The
chemical structure of EO9 is presented in Figure 1. It is an
indolequinone that has three active centers (i) an aziridinyl
group at C5, (ii) a vinylic group at C2, and (iii) the hydroxy-
methyl group at C3. The mechanism(s) of action are presented
in Figures 1 and 2 and these include the generation of reactive
oxygen species via redox cycling [38] (Figure 1) and alkylation
reactions via (i) enzymatic reduction and (ii) proton assisted
aziridine ring opening (Figure 2).

3.2. Mechanism of action and pharmacodynamics

The mechanism of action of apaziquone is complex and has
been extensively reviewed elsewhere [6]. Briefly, the pharma-
codynamics properties of apaziquone can be segregated into
(i) factors that influence the bioreductive activation process
and (ii) how cells respond to the type and extent of DNA
damage induced following bioreductive activation. Several
factors influence the bioreductive activation process and cell
kill is determined by a complex interaction between the
expression of one and two electron oxidoreductases in cells,
the presence or absence of oxygen, and extracellular pH (pHe).

Box 1. Drug summary box: apaziquone

Drug names:
Apaziquone: Apaziquonum; NSC-382459; NOR-701; EOquin; EO 9
(pharmaceutical)

Drug description:
Apaziquone is an indolequinone bioreductive prodrug which is
activated by oxidoreductases (NQO1) to DNA damaging
species which can kill cancer cells6

Formula: C15H16N2O4
Chemical structure:
3-hydroxymethyl-5-aziridinyl-1-methyl-2-(1H-indole-4,7-dione) prop-beta-
en-alpha-ol

IUPAC name:
5-(aziridin-1-yl)-3-(hydroxymethyl)-2-[(E)-3-hydroxyprop-1-enyl]-1-
methylindole-4,7-dione

Molecular weight: 288.303 g/mol
PubChem CID: 5813717

784 R. M. PHILLIPS ET AL.



Several oxidoreductases are capable of reducing apaziquone
but the major ones are the two-electron reductase NAD(P)H:
quinone oxidoreductase 1 (NQO1, also known as DT-diaphor-
ase) and a series of one-electron reductases including cyto-
chrome P450 reductase [6]. Reduction of apaziquone by
purified NQO1 and cytochrome P450 reductase leads to free
radical generation and DNA-damaging species in cell-free
assays [38–40] (Figures 1 and 2). The types of DNA damage
observed in cell-free assays include interstrand cross-links,
mono-adducts, and strand breaks [39,41–43]. With regards to
the induction of DNA cross-links, there are some discrepancies
in the literature with some studies reporting cross-linking
[41,42], whereas others report no cross-link induction follow-
ing reduction of apaziquone by NQO1 in cell-free assays [43].
Species-dependent differences (rat vs. human NQO1) may
account for these differences but similar conflicting results
were reported following the analysis of DNA interstrand
cross-link induction in human cancer cells using alkaline elu-
tion or comet assay techniques [41,44]. Whilst the extent of
DNA interstrand cross-link induction maybe uncertain, it is
clear that apaziquone is reduced by one- and/or two-electron
reductases to species that are capable of damaging DNA by
free radical generation and alkylation.

In addition to the presence of oxidoreductases, the oxyge-
nation state of cells has a significant bearing on the pharma-
codynamic response. In the presence of oxygen, apaziquone is
reduced predominantly by the two-electron reductase NQO1
and several studies have demonstrated that IC50 values are
typically inversely proportional to NQO1 activity [45–48]. In
the absence of oxygen however, significant potentiation of

apaziquone activity is only seen in cells that have low or no
NQO1 activity [47,49], particularly those that harbor the C609T
polymorphic variant of NQO1 [49,50]. In cells with low or no
NQO1, one-electron reductases assume a prominent role
under these conditions, reduction of apaziquone is oxygen
sensitive with the semiquinone rapidly redox cycling back to
the parent compound resulting in the production of reactive
oxygen species (Figure 1). When oxygen is low or absent, the
half-life of the semiquinone increases providing more time to
either alkylate DNA directly or be reduced further to produce
the hydroquinone [51]. The experimental evidence in vitro
clearly indicates that the activity of apaziquone is strongly
dependent upon NQO1 activity and cause cell death in an
oxygen independent manner but in cells that are devoid of
NQO1 activity, apaziquone is able to selectively target hypoxic
cells. The response of tumors in vivo could however not be
predicted based on NQO1 activity [52], but it is likely that poor
systemic pharmacokinetics and penetration through avascular
tissue compromised drug delivery resulting in suboptimal
levels of apaziquone in tumors [5]. This suboptimal accumula-
tion of apaziquone in tumors is possibly sufficient to exert a
radiosensitizing effect. The ability to target hypoxic cells sug-
gests that combination therapy with radiotherapy could be
effective and this was indeed demonstrated in three syngeneic
rat lung cancer models and a rhabdomyosarcoma in vivo
(Table 1) [53], but this strategy was never considered as a
clinical strategy.

The activity of apaziquone is strongly influenced by pHe.
Under mild acidic extracellular conditions (pH 6.0), the cyto-
toxic potency of indolequinones containing aziridine ring

Apaziquone

Semiquinone

Superoxide

Hydroxyl Radical

Hydrogen
peroxide

Figure 1. Redox reactions and generation of reactive oxygen species following the reduction of apaziquone by one electron oxidoreductases. The
quinone nucleus of apaziquone is reduced by NAD(P)H dependent one electron oxidoreductases such as cytochrome P450 reductase to a semiquinone radical which
redox cycles back to the parent quinone in the presence of oxygen generating superoxide anions. Hydrogen peroxide is generated via superoxide dismutase (SOP)
mediated reactions and this in the presence of trace metals can lead to the formation of hydroxyl radicals and subsequent damage to cellular macromolecules.
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functionality (including apaziquone) is significantly enhanced
in vitro [44,54]. The activity of apaziquone remains inversely
proportional to NQO1 activity under acidic pHe conditions,
but potency is significantly enhanced [55]. In contrast to

mitomycin C where reducing the pH increases substrate spe-
cificity and reduction by NQO1 [56], the substrate specificity of
apaziquone for NQO1 is not affected by pH [55]. Whilst the
cytotoxic potency of apaziquone is enhanced under acidic

Figure 2. Mechanisms for DNA alkylation by apaziquone: (i) Pathways involving one- and two-electron reduction. Proton-coupled single-electron reduction
of apaziquione generates stablised radical A, which can be further reduced (via B) to key intermediate C; C can be alkylated via cation D, formed by acid-catalysed
dehydration, to give DNA monoadduct E. can undergo a second dehydration, giving dienyl cation F, which can be trapped in a second DNA alkyation event, giving
interstrand cross-linked species G. (ii) Proton-accelerated mechanism. The conjugation of the aziridinyl lone-pair (acting as a vinylogous amide) into the quinone
ring allows for an addition proton-accelerated DNA alkylation mechanism. Thus, protonation leads to cation A, which is in resonance with B; ring-opening of the
reactive aziridinium moiety of B by DNA leads to aza-quinone species C, which can then undergo reduction to D. Acid-catalysed dehydration of D gives methylene
indolium cation E, which can function as an active alkylating agent.
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conditions, its chemical stability is decreased resulting in
enhanced formation of EO5A in the absence of cells [54].
These apparently paradoxical properties can be explained by
proton-assisted aziridine ring opening and enhanced nucleo-
philic attack (Figure 2), the outcome of which would vary
depending on the type of nucleophile (e.g. water or DNA)
present in the system.

In summary, the pharmacodynamic properties of apazi-
quone are determined by a complex ‘cocktail’ of parameters
including (i) the presence or absence of NQO1, (ii) the pre-
sence of one-electron reductases such as cytochrome P450
reductase, (iii) the presence or absence of oxygen, (iv) acidic
pHe, and (v) repair of DNA damage. The preclinical data
suggests that apaziquone should (i) target the aerobic and
hypoxic fraction of NQO1 rich tumors equally efficiently, (ii)
target the hypoxic fraction of tumors that have low NQO1
activity, particularly those that harbor the inactivating NQO1
single nucleotide polymorphic variant, and (iii) target cells that
reside in an environment where pHe is mildly acidic. Most of
these parameters are related to the bioreductive activation
process but as stated above, the second important parameter
that determines response is how the cell responds to the
damage induced in terms of detoxification and repair. As
apaziquone can induce strand breaks via the induction of
ROS, antioxidant defense mechanisms could modulate activity
and antioxidants such as catalase and Tempol have been
shown to reduce DNA damage and apaziquone cytotoxicity
[57,58]. Despite the fact that apaziquone has been studied for
30 years, comparatively little is known about the role DNA
repair plays in determining response and further studies are
required to address this issue.

3.3. Pharmacokinetics and metabolism

Full details of preclinical and clinical pharmacokinetics follow-
ing intravenous administration have been reviewed in detail
elsewhere [6]. The suboptimal pharmacokinetic profile of apa-
ziquone is illustrated by the results of phase I studies where
apaziquone is rapidly cleared from the systemic circulation
with half-lives ranging from 0.8 to 19 min [59]. Furthermore,
the predominant metabolite found in blood and urine follow-
ing intravenous administration was the inactive, aziridine ring

open metabolite EO5A [54,59]. Following intravesical adminis-
tration, two clinical studies have investigated the pharmaco-
kinetic and safety of apaziquone [60,61]. In the first of these
studies [61], apaziquone was administered 2 weeks after
TURBT and for the first six patients entered into the trial,
each received an escalating dose of apaziquone with one
dose per week (for a total of 6 weeks). At all doses adminis-
tered, no detectable levels of apaziquone or EO5A were found
in the blood. At the end of the 1-h intravesical instillation, over
60% of the administered dose of apaziquone (but not EO5A)
was recovered from urine, the concentration being propor-
tional to the dose administered [61]. Overall exposure para-
meters within the bladder considerably exceeded plasma AUC
values following intravenous administration indicating that
therapeutically relevant concentrations of drug were delivered
to tumors in the bladder [6,61]. The second study was con-
ducted in a total of 20 patients with NMIBC and a single 4 mg/
40 ml dose of apaziquone was administered intravesically
within 6 h of TURBT [60]. No apaziquone or EO5A were
detected in the blood of patients during and after the instilla-
tion. In acidified urine, a degradation product known as EO-9-
Cl has been reported [31], but the presence of this product
was not observed in clinical studies. Pharmacokinetic studies
following the intravesical administration of apaziquone to
NMIBC patients are therefore limited but in both studies,
high levels of apaziquone (4 mg/40 ml) were delivered into
the bladder but no detectable levels of drug or known meta-
bolites reached the systemic circulation.

3.4. Clinical efficacy

A number of clinical trials were conducted following the intra-
venous administration of apaziquone and details of these are
reviewed elsewhere [6]. This review will focus only on the
clinical trials conducted to date following the intravesical
administration of apaziquone to NMIBC patients. In a phase
I/II pilot study, 12 patients with low-risk NMIBC were adminis-
tered apaziquone intravesically (once a week for 6 weeks; 0.5–
16 mg/40 ml) and antitumor effects were determined against
marker lesions left in the bladder at TURBT [61]. A total of
eight complete responses as defined by both visual loss of the
marker lesion (Figure 3) and pathological confirmation of no
tumor at the marker lesion site was reported. Biomarker stu-
dies were conducted in the phase I/II study using immunohis-
tochemical analysis of NQO1 and Glut-1, the latter being an

Table 1. In vivo antitumor activity of apaziquone (EO9) in combination
with radiation in experimental rat tumors. The tumors were two squamous
cell lung carcinomas (L17 and L42), a lung adenocarcinoma (L27), and a
rhabdomyosarcoma (BA1112). All tumors were grown subcutaneously and EO9
was administered intraperitoneally (daily × 5 at 0.4 mg/kg). When EO9 was
combined with 5 daily doses of 4Gy, additive or synergistic effects were
observed. This data were originally reported by Kal et al [53].

Specific growth delay

Regimen L17 L42 L27 BA1112

EO9 0.1 1.9 1.5 (3.3) 0
EO9 + Enflurane 0.1 2.2 2.6 Not done
5 × 4Gy 1.5 4.4 19.7a (7.4) 5.6
EO9 + 4Gy 2.2 4.6 18a (11.0)b Not done
4Gy + EO9 1.8 3.9 31a (14.5) 7.2

aCure rates: 2/6, 2/3, and 4/5, respectively; bcure rate 1/5; between brackets
results of 5 × 2Gy. Enflurane was used as an inhalational anesthesia for
irradiation of the rats.

Figure 3. The presence of a marker lesion prior to (A) and after (B) a
6 week course of apaziquone. The results were first presented in the review
article by Phillips et al, reproduced with permission [6].
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endogenous marker of hypoxia [61]. Whilst a broad range of
NQO1 and Glut-1 protein expression was detected in tumors,
there was no correlation between the response of the marker
lesion and biomarker expression. These studies were only
conducted on 12 patients and no further biomarker studies
were performed in subsequent clinical trials. Because of the
low number of patients, it is advised to include extensive
biomarker studies (focusing on NQO1 and other hypoxia bio-
markers) in future studies. Specific PET imaging probes might
also help to determine rate of hypoxia in tumors.

Using an identical marker lesion study design, 31 out of a
total of 46 patients with multiple pTa or pT1 tumors achieved
a complete response in phase II trials at a dose of 4 mg/40 ml
[62]. Marker lesion studies have been conducted for many
other cytotoxic and immune response modifiers, but the com-
plete response rate achieved by apaziquone (67%) was the
highest reported complete response rate [63]. Two-year fol-
low-up studies demonstrated that long-term results were
good in comparison to other ablative studies with a recur-
rence-free rate of 49.5% at 2 years [64]. Similar results were
reported using patients enrolled on the phase I/II clinical pilot
study [65]. Phase II studies of intravesically administered apa-
ziquone to high-risk NMIBC have also reported encouraging
results [66]. These results were promising, but it is however
acknowledged that the number of phase II studies is limited
and randomized phase III studies are required [67].

Two phase III trials (SPI-611 and 612) were completed and
the results were presented at the American Urological
Association annual meeting in 2016 [68,69]. Both studies had
similar designs and a single dose of apaziquone (4 mg/40 ml)
was administered intravesically to patients with low-risk
NMIBC (TaT1 and G1/G2 lesions) within 6 h of TURBT and
retained for 1 h. The control arm consisted of the administra-
tion of the placebo in both studies. The primary endpoint was
the 2-year recurrence rate and the secondary endpoint was
time to recurrence. Taking both studies together, 1614
patients were enrolled across 152 centers in the USA, Poland,
and Canada (study 612 only). The studies were analyzed indi-
vidually and both did not meet their primary endpoint of a
statistically significant difference in the 2-year recurrence rate
between treatment and placebo arms. When the results of the
two trials were pooled, however, statistically significant differ-
ences were obtained in both the 2-year recurrence rate (apa-
ziquone 38.8% vs. placebo 45.5%; p = 0.0218) and time to
recurrence (apaziquone 18.2 months vs. placebo 16.8 months;
P = 0.0096; Hazard ratio 0.79) [68]. Furthermore, post hoc
analysis of data from both studies demonstrated that a sig-
nificant difference in time to recurrence (Hazard ratio 0.48;
p = 0.0096) was observed in the 117 patients who received
apaziquone >30 min post-TURBT compared to placebo (100
patients). Patients in the apaziquone 31–90 min subgroup also
showed a significant absolute decrease in the 2-year recur-
rence rate (apaziquone 28.2% vs. placebo 50%; p = 0.001)
resulting in a 43.6% relative reduction in 2-year recurrence
rates [69], but no improvements were found in the other 2
subgroups (<30 min, later than 90 min). The result in the
<30 min could be explained by the fact that blood released
during surgery could inactivate apaziquone [70]. Loadman
et al. [70] indeed demonstrated that EO9 is rapidly degraded

by blood in vitro. However, the FDA’s Oncologic Drugs
Advisory Committee recently determined that apaziquone
did not show sufficient statistical evidence of treatment effect
of apaziquone over placebo based on the primary endpoint
results of individual studies and that the post hoc analysis
conducted by Spectrum Pharmaceuticals was hypothesis gen-
erating. The FDA have granted an SPA agreement for a new
phase III study to address the issues arising from SPI-611 and
612, particularly with regards to the timing of apaziquone
administration post-TURBT. Spectrum plans to initiate enrol-
ment in this study.

Preclinical toxicology studies in mice were reported in 1993
and the most obvious finding was a lack of myelosuppression,
a result that was considered unique for what was essentially
an alkylating agent [2]. No myelosuppression was also
reported in the phase I and II studies when EO9 was adminis-
tered intravenously [59,71]. Dose-limiting toxicity in these stu-
dies was reversible proteinuria that was attributed to high
levels of NQO1 found within the kidney. In the phase I/II
study following intravesical administration to patients with
NMIBC, 6 patients received escalating doses of apaziquone
(0.5–16 mg/40 ml) weekly for 6 weeks. A further 6 patients
received weekly apaziquone for 6 weeks at the highest non-
toxic dose (4 mg/40 ml). Grade 2 and 3 dysuria and hematuria
were observed at doses above 8 mg/40 ml, but 4 mg/40 ml
was well tolerated [61]. Apaziquone was also well tolerated in
phase II studies when administered either as 6 weekly infu-
sions at 4 mg/40 ml [62] and as a single dose administered
within 6 h of TURBT [60]. In phase III studies (single dose of
4 mg/40 ml administered within 6 h of TURBT), apaziquone
was well tolerated with a safety profile that was indistinguish-
able from placebo, with a similar incidence of adverse events
(80.0% vs. 78.5%, respectively) with dysuria as the most com-
mon treatment-related adverse event in both the apaziquone
and placebo group 4.6 versus 4.1%, respectively) [68]. Hence,
the safety profile of apaziquone is very good and at 4 mg/
40 ml, apaziquone was well tolerated following both single
and multiple instillations. This compares favorably with other
agents such as the structurally related (but mechanistically
very different) anticancer drug mitomycin C used to treat
NMIBC where rare but severe side effects have been reported
[19–22]. Of course, the occurrence of rare adverse events
caused by apaziquone cannot be ruled out until larger num-
bers of patients have been treated, but the early signs are that
apaziquone has a favorable toxicity profile. In the context of
managing elderly NMIBC patients with comorbidities, the
excellent safety profile of apaziquone is very encouraging.

4. Conclusion

There is a clear need for new therapeutic approaches to
treating NMIBC [18]. From both a pharmacoeconomic and
patient perspective, the development of new therapies that
can delay the recurrence of NMIBC and are well tolerated
would have a significant financial impact on health-care pro-
viders. Apaziquone demonstrated excellent activity against
NMIBC in marker lesion studies, but the clinical improvement
in phase III studies required for drug approval is yet to be
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demonstrated. It is important to state that the design of the
phase III studies was significantly different from the phase I/II
studies. With hindsight, the presence of blood in the bladder
shortly after TURBT should have been considered as inactivat-
ing metabolism of apaziquone by blood [70] and this could
have had a significant bearing on the outcome of these trials.
A further phase III study has been designed and the results of
this trial will be definitive.

5. Expert opinion

Apaziquone was initially developed as a bioreductive drug
designed to target NQO1 rich and/or hypoxic tumors. Initial
clinical studies following intravenous administration failed to
show ant-tumor activity at doses that caused toxicity and it
was not developed further. These early clinical trials did not
include potential biomarkers (e.g. hypoxia, NQO1) or test the
drug in combination with other modalities and it is feasible
that the lack of target expression in the patient’s tumors could
account for its poor efficacy in clinical trials [72]. Moreover, the
drug showed a very unfavorable pharmacokinetic profile lead-
ing to poor drug delivery to tumors and development was
halted, until it was recognized that such a profile would be
ideal for local administration. Any leakage to the systemic
circulation would immediately be taken care of by a rapid
degradation and elimination. Early clinical studies by bladder
instillation showed very promising data with limited local and
no systemic toxicity. Significant activity against marker lesions
in phase I and II studies clearly demonstrates that apaziquone
has anticancer activity, but this failed to translate into positive
results in phase III trials. Whilst the two, randomized phase III
studies failed to reach statistical significance, there was some
evidence from post hoc analysis of pooled results of significant
activity. The FDAs Oncologic Drugs Advisory Committee were
not convinced of the validity of the statistical analysis and a
further phase III trial is required to test the hypotheses gener-
ated from the completed studies. Despite these disappointing
results, it is our opinion that the development of apaziquone
should continue and future studies should take several aspects
into account such as the instability at acidic conditions and
protein binding, as well as timing of the instillation (between
31 and 90 min) after surgery. The stability issue of apaziquone
is taken care off by using a buffered formulation (pH 9.2) for
the drug, which prolonged stability of apaziquone during
instillation, even when mixed with acid urine [31]. Other future
applications of apaziquone would be regional treatment for
other malignancies, even in the prevention setting. Moreover,
apaziquone is an excellent radiosensitizer, which offers possi-
bilities for combinations with radiotherapy, including bladder
cancer, but also other types of localized tumors would be
eligible. From a wider perspective, the developmental history
of this drug shows that compounds with poor pharmacologi-
cal profile are not necessarily precluded from further develop-
ment as loco-regional therapies.
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Institution:  University of Bradford 
 
Unit of Assessment:  A3  
 
Title of case study:  Apaziquone (EO9) as a new therapy for treating non-muscle invasive bladder 
cancer. 
 
1. Summary of the impact  
 
Bladder cancer is the fifth most common form of cancer, with over 70% of cases presenting as 
non-muscle invasive bladder carcinomas (NMIBC). Research in the Institute of Cancer 
Therapeutics at the University of Bradford led to the evaluation of Apaziquone (EO9) in phase II 
clinical trials against high risk NMIBC in The Netherlands, and two multi-centre phase III clinical 
trials involving 106 centres across the USA, Canada and Europe. A total of 1,746 patients with low 
or high risk NMIBC received EO9 and significant reductions in the rates of recurrence at two years 
have been reported. Our research has impacted upon the health and welfare of patients with 
NMIBC. 
 
2. Underpinning research  
 
The underpinning research was conducted at the Institute of Cancer Therapeutics (ICT) at the 
University of Bradford by a team of over 20 researchers. The research was led by Dr Roger Phillips 
(Lecturer 1996-2000, Senior Lecturer 2000-2003, Reader 2003-present) with notable contributions 
from John Double (Professor 1979-2003), Dr Paul Loadman (Lecturer 1996-2002, Senior Lecturer 
2002-present), and a Consultant Urologist at Bradford Royal Infirmary.  
 
In the mid 1990’s Apaziquone (EO9) underwent clinical evaluation. The drug was administered 
intravenously but despite reports of three partial responses in the phase I study by Schellens et al. 
(Journal of the National Cancer Institute, 1994), neither partial nor complete responses were 
observed in phase II studies involving 130 patients with advanced breast, gastric, pancreatic, 
colorectal cancer and non-small cell lung cancer (Dirix et al., European Journal of Cancer, 1996; 
Pavlidis et al., Annals of Oncology, 1996). The lack of efficacy led investigators to conclude that 
EO9 was clinically inactive and it was abandoned. 
 
Research conducted at the ICT identified the reason why intravenously administered Apaziquone 
failed and championed further research which resulted in substantial investment in clinical studies. 
Rapid pharmacokinetic elimination in conjunction with poor penetration through avascular tumour 
tissue suggested that delivery of Apaziquone to tumours was impaired (1). This result was 
fundamental as it demonstrated that the failure of Apaziquone was due to poor drug delivery (1,2). 
Direct intra-tumoural injection of Apaziquone into human tumour xenografts confirmed that 
significant tumour shrinkage occurred when Apaziquone was delivered directly to the tumour (3). 
The challenge therefore was to find a way to deliver Apaziquone.    
 
The Bradford team reasoned that in bladder cancer, the ‘negative properties’ of Apaziquone could 
paradoxically be advantageous. Bladder cancer is a common disease and 70% of patients present 
with non-muscle invasive bladder carcinomas (NMIBC). Treatment is by surgery followed by a 
dose of chemotherapy administered directly into the bladder (intravesical administration). 
Intravesical administration of Apaziquone would circumvent the drug delivery problem and if any 
drug reached the blood supply, it would be rapidly eliminated (4). Apaziquone is enzymatically 
converted to cytotoxic metabolites and following the demonstration that human bladder cancers 
possess these enzymes (4), a phase I/II clinical pilot study was designed and conducted in 
Bradford, (2001 to 2006). Twelve patients with low grade NMIBC were treated with 6 doses of 
Apaziquone administered intravesically once per week. A total of 8 patients had complete 
histological responses to Apaziquone at doses that were well tolerated (5). A further phase II study 
using a multiple dose regimen was conducted independently in The Netherlands and 30 of the 46 
patients treated had complete responses (van der Heijden et al., Journal of Urology, 2006).  
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Our research therefore provided the scientific rationale for conducting a further trial against NMIBC 
and demonstrated for the first time that Apaziquone was clinically active against NMIBC in humans 
at doses that were well tolerated. This underpinning research directly led to the impacts described 
in section 4.  
 
3. References to the research  
 
1. Phillips RM, Loadman PM, Cronin B. (1998) Evaluation of a novel in vitro assay for assessing 

drug penetration into avascular regions of tumours. British Journal of Cancer 77(12): 2112-
2119.  
 

2. Phillips RM. (1998) Prospects for Bioreductive Drug Development. Expert Opinion on 
Investigational Drugs 7(6): 905-928.  

 
3. Choudry GA, Hamilton Stewart P, Brown JE, Double JA, Krul MRL, Naylor B, Phillips RM. 

(2001) A novel strategy for NQO1 (NAD(P)H:Quinone oxidoreductase, EC 1.6.99.2) mediated 
therapy of bladder cancer based on the pharmacological properties of EO9. British Journal of 
Cancer 85(8): 1137-1146.  

 
4. Loadman PM, Bibby MC, Phillips RM. (2002) Pharmacological approach towards the 

development of indolequinone bioreductive drugs based on the clinically inactive agent EO9. 
British Journal of Pharmacology 137(5): 701-709.  

 
5. Puri R, Palit V, Loadman PM, Flannigan M, Shah T, Choudry GA, Basu S, Double JA, Lenaz G, 

Chawla S, Beer M, van Kalken C, de Boer R, Beijnen JH, Twelves CJ, Phillips RM. (2006) 
Phase I/II pilot study of intravesical Eoquin (EO9) against superficial bladder cancer. Journal of 
Urology 176(4): 1344-1348.  

 

Evidence of quality: 
The papers are published in either multidisciplinary journals (two publications in British Journal of 
Cancer Impact factor 5.082, ranked 35 out of 196 in the Oncology category, one in British Journal 
of Pharmacology Impact factor 5.067, ranked 21 out of 260 in the Pharmacology and Pharmacy 
category and one in Expert Opinion on Investigative Drugs, Impact factor 4.744, ranked 25 out of 
260 in the Pharmacology and Pharmacy category) or a specialist Urology journal (Journal of 
Urology Impact factor 3.69, ranked 10 out of 75 in the Urology category). Indices of quality were 
obtained from the Journal Citation Reports database.   
 
Sources of funding: 
All the pre-clinical studies were funded by core support from the charity Bradford’s War on Cancer 
and Cancer Research UK (Program grant C459/A2579) awarded to Double, 2000 to 2005, £1.9m.  
 
The phase I/II clinical pilot study was funded by Spectrum Pharmaceuticals (Irvine, California, 
http://www.sppirx.com). The grant (£81,850) funded the phase I/II clinical trial work conducted 
between 2001 and 2006 and the lead investigators were Puri (Bradford Royal Infirmary) and 
Phillips (Bradford University).   
 
4. Details of the impact  
 
Bladder cancer is a common disease with an estimated 12 cases per 100,000 people in the UK. 
Despite surgery and chemotherapy, 80% of patients with NMIBC will have recurrent disease within 
5 years. This high rate of recurrence illustrates the need to develop novel treatments for NMIBC. 
Our underpinning research led to investment in further phase II trials in high risk NMIBC, safety 
studies of Apaziquone administered directly after surgery and Phase III clinical trials in low risk 
NMIBC where recurrence rate was the primary endpoint.  
 
Recurrence rates from follow-up of patients in the pilot phase I/II and phase II studies were 
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published in 2009 (a,b). Both studies reported that early recurrence was rare (a,b) and that 
recurrence rates after two years of follow up was 49.5% (b). In a systematic review of 23 studies of 
treatment of low grade NMIBC involving 6 different cytotoxics and 6 immune response modifiers, 
the highest complete response rate was obtained with Apaziquone (c). Furthermore, 49.5% of 
complete responders were recurrence free two years after the start of treatment (b,c). Only 
ThioTEPA gave a higher recurrence free period but this was achieved at the expense of significant 
systemic toxicity (leukopenia, (c)). In summary, phase I/II studies using a multiple dosing regimen 
demonstrated that Apaziquone is clinically active against low risk NMIBC, had a favourable toxicity 
profile and in those patients that experienced a complete response, the disease free interval 
increased (a,b,c). In July 2009, Apaziquone was awarded ‘fast track’ status by the Food and Drug 
Administration (FDA) in the USA, a process designed to facilitate the development and approval of 
drugs used to treat serious diseases and fill an unmet medical need (d).  
 
Two additional phase II clinical studies were conducted in The Netherlands (e,f). In the first of 
these studies (NCT00141531, started in August 2005 and completed in December 2009 (e)), 53 
patients with high risk NMIBC were treated with multiple doses of Apaziquone administered 
intravesically. The recurrence rate after 12 months was 34.7% and these results were considered 
encouraging compared to the 61% probability of recurrence calculated by the EORTC for high risk 
NMIBC (e). In the second study (NCT01475266, started November 2011 and completed in 2012), 
a single dose of Apaziquone was administered within 6 hours of surgery (f), a protocol that is 
widely used in the treatment of low risk NMIBC. Twenty patients were treated using this protocol 
and the results demonstrated that Apaziquone was again well tolerated with minimal local side 
effects and no systemic side effects, a result that is consistent with the absence of detectable 
levels of Apaziquone in the peripheral blood of patients (f).      
 
The successful phase I and II studies paved the way for two large, multi-centre phase III trials (g). 
The first, NCT00598806 (started in September 2007 and completed in December 2009) was 
conducted across 77 clinical centres in the USA, Canada and Poland with 813 patients and the 
second, NCT00461591 (started in April 2007 and completed in December 2009) across 74 medical 
centres across the USA with 802 patients enrolled. Both trials were sponsored by Spectrum 
Pharmaceuticals in partnership with Allergan Inc (Irvine California), an investment of more than 
$41.5m (h), and involved a single dose of Apaziquone administered intravesically within 6 hours of 
surgery. The results were recently reported on public domain websites (i) and the combined results 
of both studies reached significance at both the primary (recurrence rate at 2 years) and secondary 
(time to first recurrence) outcome measures (i). Following a meeting with the FDA (January 2013), 
Spectrum Pharmaceuticals announced that they expect to file for a New Drug Application and have 
also committed to conduct a further phase III trial (NCT01410565, (j)) using the multiple dosing 
schedule that was efficacious in phase II clinical trials.  
 
To summarise, the original research from Bradford led to investment in clinical trials of Apaziquone 
that demonstrated clinical benefit in patients with low risk NMIBC, a disease for which no new 
therapies have been approved for the past twenty years. 1,746 patients have been treated with 
Apaziquone in medical centres across the UK, USA, Canada and Europe and patients who 
responded well typically experienced longer periods of remission compared to standard therapies 
for NMIBC. Furthermore, Apaziquone was well tolerated with low levels of drug-induced toxicity to 
the bladder and no systemic side effects reported. Further clinical trials are underway and a New 
Drug Application to the FDA is expected. 
 
5. Sources to corroborate the impact  

a. Jain A, Phillips RM, Scally AJ, Lenaz G, Beer M and Puri R. (2009) Response of multiple 
recurrent TaT1 bladder cancer to intravesical Apaziquone (EO9): Comparative analysis of 
tumour recurrence rates, Urology 73: 1083-1086. 

b. Hendricksen K, van der Heijden AG, Cornel EB, Vergunst H, de Reijke TM, van Boven E, 
Smits GAHJ, Puri R, Gruijs S and Witjes JA. (2009) Two year follow up of the phase II marker 
lesion study of intravesical apaziquone for patients with non-muscle invasive bladder cancer. 
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World Journal of Urology, 27: 337-342.  

c. Gofrit ON, Zorn KC, Shikanov S and Steinberg GD. (2010) Marker lesion experiments in 
bladder cancer – what have we learned? Journal of Urology 183: 1678-1685.  

d. Details of the meeting between Spectrum and the FDA together with information about the new 
phase III clinical trial can be found at these public domain websites 
http://investor.spectrumpharm.com/releasedetail.cfm?ReleaseID=737020 and 
http://clinicaltrials.gov/show/NCT01410565  

e. Hendricksen K, Cornel EB, de Reike TM, Arentsen HC, Chawla C and Witjes JA.  (2012) 
Phase 2 study of adjuvant intravesical instillations of Apaziquone for high risk non-muscle 
invasive bladder cancer. Journal of Urology 187: 1195-1199. The following website provides 
details of the clinical trial that are linked to this publication:  
http://clinicaltrials.gov/ct2/show/NCT00141531?term=NCT00141531&rank=1  

f. Hendricksen K, Gleason D, Young JM, Saltzstein D, Gershman A, Lerner S and Witjes JA. 
(2008) Safety and side effects of immediate instillation of Apaziquone following transurethral 
resection in patients with non-muscle invasive bladder cancer. Journal of Urology, 180: 116-
120 The following website provides details of the clinical trial that are linked to this publication: 
http://clinicaltrials.gov/ct2/show/NCT01475266?term=NCT01475266&rank=1  

g. Phase III clinical trial documentation provided by ClinicalTrials.gov, a service of the US 
National Institute of Health. Details of both clinical trials can be found at: 
http://clinicaltrials.gov/show/NCT00461591 and 
http://clinicaltrials.gov/ct2/show/NCT00598806?term=apaziquone&rank=4  

h. This public domain website provides some details of the agreement between Spectrum and 
Allergan in relation to their plans to progress the clinical development of Apaziquone: 
http://investor.spectrumpharm.com/releasedetail.cfm?ReleaseID=395363  

i. No formal publications of the single dose phase III clinical trials have been published in peer 
reviewed journals but the following public domain websites provide details: 

http://www.businesswire.com/news/home/20120405005360/en/Spectrum-Pharmaceuticals-
Announces-Results-Apaziquone-Phase-3 

http://www.ukmi.nhs.uk/applications/ndo/record_view_open.asp?newDrugID=4825 

http://www.streetinsider.com/Corporate+News/Spectrum+(SPPI)+Pops+Higher+Following+Rea
cquisition+of+Apaziquone+Rights/8047788.html 
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In vitro activity of the novel indoloquinone EO-9 and the influence of pH
on cytotoxicity

R.M. Phillips', P.B. Hulbert, M.C. Bibby', N.R. Sleigh' & J.A. Double'

'Clinical Oncologv Unit and 2Pharmaceutical ChemistrY, School of PharmacY, UniversitY of Bradford, Bradford, West Yorkshire
BD7 JDP, 'K.

San The novel indoloquinone compound EO-9 is shortly to undergo phase I clinical evaluation as a

potential bioreductive drug. Preclinical studies have shown that EO-9 has greater activity against cells derived
from human solid tumours than leukaemias in vitro. The results of this study extend the preclinical data
available on EO-9 by demonstrating that EO-9 induces a broad spectrum of activity (IC5, values range from 8
to 590 ng ml -') against a panel of human and munrne tumour cell lines. Some evidence exists of selectivity
towards leukaemia and human colon cell lines as opposed to murine colon cells. The response of cells to
Mitomycin C were not comparable to EO-9 suggesting that the mechanism of action of these compounds is
different. The cytotoxic properties of EO-9 under aerobic conditions are significantly influenced by extracel-
lular pH. Reduction of pH from 7.4 to 5.8 increases cell kill from 400. to 95g. in DLD-l cells. In addition.
EO-9 is unstable at acidic pH (T, = 37 min at pH 5.5) compared to neutral pH T, = 6.3 h). The major
breakdown product in vitro was identified as EO-5A which proved relatively inactive compared to EO-9
(IC, = 50 and 0.6 ug ml-' respectively). These studies suggest that if EO-9 can be delivered to regions of low
pH within solid tumours. a therapeutic advantage may be obtained.

In the search for new anti cancer drugs a series of novel
indoloquinone compounds, based on the prototype bioreduc-
tive alkylating agent Mitomycin C (MMC), have been syn-
thesised (Oostveen & Speckamp, 1987). The lead compound
in this series. EO-9 [3-hydroxy-5-aziridinyl-l-methyl-2-(lH-
indole-4, 7-dione)prop-fren-a-ol] (Figure 1) has recently been
selected for phase I clinical evaluation on the basis of good
activity against human solid tumours over murine leukaemias
in vitro and activity against several munrne tumour models
and human tumour xenografts in vivo (Winograd et al..
1989). Bioreductive alkylation is considered to play an
important role in the mechanism of action of EO-9 with the
enzyme DT-diaphorase (NAD(P)H:(quinone acceptor)
oxidoreductase (EC 1.6.99.2)) occupying a central role (Wal-
ton & Workman. 1990). It is believed that the two electron
reduction of EO-9 via DT-diaphorase generates a reactive
intermediate which can then undergo nucleophilic addition
within biologically important molecules.
The concept of bioreductive activation stems from observa-

tions that hypoxic cells within a solid tumour mass exist in
an environment that is more conducive to reductive reactions
than their well oxygenated counterparts (Lin et al.. 1972). In
addition to regions of hypoxia, solid tumours are known to
possess several other properties which may influence the final
outcome of chemotherapy. In particular. solid tumours are
known to contain regions of low pH (Wike-Hooley et al..
1984) generated as a result of a combination of poor blood
supply. the production of lactic acid and the hydrolysis of
ATP (Tannock & Rotin. 1989). The potential relevance of
this established feature of solid tumour biology to determin-
ing anti-tumour responses is highlighted by several studies
which demonstate that compounds containing the aziridine
ring structure (e.g. ThioTEPA and several aziridinyl benzo-
quinones) are more potent in acidic rather than neutral pH
conditions (Ahktar et al., 1975; King et al.. 1984; Groos et
al., 1986; Phillips et al., 1988). Similar studies have demon-
strated that a reduction in extracellular pH potentiates MMC
induced DNA cross links in EMT6 cells (Kennedy et al..
1985). The aim of this study is 2-fold; firstly. to extend the
preclinical data on EO-9 by comparing the response of a
panel of human and murine tumour cell lines following
exposure to EO-9 and MMC and secondly. to assess the
influence of extracellular pH on the cytotoxic potency of
EO-9 in vitro.

Correspondence: M.C. Bibby. Clinical Oncology Unit. University of
Bradford. Bradford BD7 I DP. UK.
Received 19 August 1991: and in revised form 6 November 1991.

Materials and methods

Cell lines and culture conditions
A panel of human and murine tumour cell lines was employ-
ed. details of which are presented in Table I. All tumour cell
lines, with the exception of K562 and WEHI-3B cells, were
maintained as monolayer cultures in RPMI 1640 culture
medium supplemented with 10% foetal calf serum, sodium
pyruvate (1 mM). penicillin streptomycin (50 IU ml-' 50 tg
ml-') and buffered by HEPES (25 mm). K562 and WEHI-3B
cells were maintained as suspension cultures in RPMI 1640
as described above.

Drugs
Formulated EO-9 was kindly provided by the New Drug
Development Office of the EORTC. EO-9 was reconstituted
in RPMI 1640 culture medium and stored at - 20C until
required (no loss of cytotoxic activity was observed over a 2
month period despite repeated thawing and freezing). MMC
was provided by the National Cancer Institute.

Chemosensitivitv studies
Cells were harvested from stock cultures in exponential
growth and between 0.5 and 1 x I04 viable cells in 180 gl of
RPMI 1640 were plated into 96 well culture plates. Following
an overnight incubation at 37'C. 20 gl of drug solution at an
appropriate concentration were added to each well (8 wells
per drug exposure) to yield a range of final EO-9 and MMC
concentrations of 1 ng ml-' to 1 gLg ml-'. Following a 4 day
incubation at 37° C in an atmosphere contaiing 5% CO, and

A 0

LN

Fiure 1 The chemical structure of EO-9.
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Table I The response of a panel of human and munrne tumour cells
following continuous exposure (% h) to EO-9 and MMC

EO-9 MMC
ICQ±s.d. ICu>±s.d.

Cell line Cell line characteristics (ng ml- ') (ng ml-'
MAC 15A Murine ascitic tumour derived 430±50 46±17

from a solid adenocarcinoma
colon (Phillips et al.. 1990)

MAC 16 Slow growing. cachectic munrne 21±9 NA
adenocarcinoma colon
(Phillips et al.. 1990)

MAC 26 Well differentiated munne 590 ± 50 50± 15
adenocarcinoma colon
(Phillips et al., 1990)

WEHI-3B Murine myelomonocvtic 95 ± 50 75 ± 23
leukaemia
(Warner et al.. 1969)

K562 Human chronic myelogenous 15±4 76 ± 11
leukaemia
(Lozzio & Lozzio. 1975)

HCLO Human adenocarcinoma of the 8 ± 3 55 ±4
colon

HCT-18 Human adenocarcinoma of the 13±3 183±31
colon

HRT-18 Human adenocarcinoma of the 8±3 87±48
rectum
(Tompkins et al.. 1974)

HT-29 Human adenocarcinoma of the 18± 10 64 ±21I
colon
(Fogh & Trempe. 1975)

DLD-1 Human adenocarcinoma of the 28 ±20 133 ± 47
colon
(Dexter et al.. 1979)

MCF-7 Derived from a pleural effusion 17±8 150± 32
of a human breast carcinoma
(Soule et al.. 1973)

All results presented are the means (±s.d.) of three independent
expenments. NA = data not available.

95%0 air. chemosensitivity was assessed using the MTT assav
(Jabbar et al.. 1989). Verv briefly. 150 gl of old medium was
removed and replaced with 150 gil of fresh medium immedi-
ately prior to the addition of 20 gIl of MTT solution (5 mg
ml-'). Following a 4 h incubation at 37° C. 180 gil of medium
plus MTT was removed from each well and the formazan
crystals dissolved in 150 gil of DMSO. The absorbance of the
resulting solution was read at 550 nm using an ELISA spec-
trophotometer. All results were expressed in terms of per cent
survival taking the control absorbance values to represent
100% survival. Cytotoxic effects were expressed as IC_%
values (concentration required to reduce cell surVival by
50%). All control cultures were in exponential growth at the
time chemosensitivity was assessed.

The influence ofpH on the c}vtotoxic potency of EO-9
MCF-7 and DLD-1 cell lines were considered to be the most
appropriate cells to investigate the effect of pH on the cyto-
toxic properties of EO-9 principally because of their ability to
form multicellular spheroids. As the response of spheroids
and monolayers to EO-9 is the subject of future studies. an
assessment of the influence of pH on EO-9 induced cell kill
would have a bearing on the interpretation of these studies.
MCF-7 and DLD-1 cell lines were harvested from stock
cultures and I x 104 cells transferred to flat bottomed 96 well
plates containing 200 gil of RPMI 1640 and incubated over-
night at 37C. Extracellular pH was altered by removing
195 gil of medium and replacing it with 180 gil of media at
various pH values (pH was altered by adding small aliquots
of 0.1 N NaOH or 0.1 N HCI to 10 ml of RPMI 1640). EO-9
(20 gIl at the IC50 value of 0.625 gig ml-') was added to each
well and incubated at 37C for 1 h. Following drug exposure
cells were washed twice in Hanks balanced salt solution and
chemosensitivity was assessed by the MTT assay described
above. Control cultures at various pH were employed through-
out. As an additional control experiment, the influence of pH

on the cytotoxic properties of the novel nitrosourea. E10
(N-fN'-(2 chloroethyl)-N'-nitroso-carbamoyl]-L-alanine, Ehres-
mann et al., 1984) were assessed using a 1 h exposure to
5 gig ml-1. E10 is currently being evualated in this laboratory
and was a gift from Prof. G. Eisenbrand. Kaiserslautern.
Germany.

Stability of EO-9 in RPVI 1640

As the stability of MMC in vitro is strongly dependent upon
pH (Verweji et al.. 1990) similar studies were conducted with
EO-9. These studies in conjunction with the characterisation
of the cytotoxic properties of the breakdown products in
vitro would help to determine whether or not any increase in
cy-totoxic potency of EO-9 at low pH was due to increased
reactivity of the compound itself or to the generation of a
more cytotoxic breakdown product. Stability studies were
conducted in RPMI 1640 culture medium at 37° C and at
various pH values.

Chromatographic analysis of EO-9 in medium was based
upon procedures published elsewhere (Kooistra & Workman.
1989). EO-9 was extracted from RPMI 1640 using C18 Bond
Elut cartridge that had been primed with methanol (1 ml)
and washed with distilled water (1 ml) prior to the addition
of the sample (1 ml). Following a further washing step (I ml
distilled water). EO-9 was eluted in 200 gl methanol. The
internal standard used was WV14 (Orlemans et al.. 1989).
The extraction efficiency of EO-9 (1 gig ml') and WV 14 was
72 and 83% respectively. Extracted samples were injected
into the HPLC and compounds were separated on a RP 18
column using an isocratic mobile phase of methanol H2O
phosphate buffer (0.5 _M) (45 54 1 00 v v) at a flow rate of
1.2 ml min-'. Compounds were detected at 280 nm (Waters
spectrophotometer) and peak areas integrated using a Waters
740 data module. Drug concentrations were plotted against
time. First order kinetics were assumed and log linear regres-
sion analysis used to determine the line of best fit. The half
life was defined as the time taken for the drug concentration
to decrease by 50%.

Identification of breakdown products in vitro
Breakdown products in vitro were generated by the addition
of distilled water (2 ml) and a catalytic amount of acetic acid
(50 gil of 5 M solution) to a solution of EO-9 (5.8 mg in 2 ml
of acetonitrile). The reaction was allowed to proceed at 25'C
for 3 h during which time aliquots (20 gil) were removed for
spectroscopic monitoring of the reaction. The reaction solu-
tion, kept in a water bath at 40-45'C was evaporated to
dryness under a stream of nitrogen gas. and the resulting
solid freed from residual acetic acid by placing in a vacuum
oven. Analysis of the product by mass spectrometry. UV
spectroscopy and HPLC were conducted.

Results

Chemosensitivitv in vitro
The responses of a panel of human and munrne tumour cell
lines following continuous exposure to EO-9 are presented in
Table I. A broad spectrum of activity exists ranging from the
relatively resistant cell lines. MAC 15A and 26 (ICO values of
430 and 590 ng ml-' respectively) to sensitive cell lines partic-
ularly HCLO and HRT-18 (IC0= 8 ng ml-'). Human colon
cell lines (plus MCF-7) and the leukaemia cell lines tested
were generally more responsive than the MAC cell lines with
the exception of MAC 16 which is sensitive to EO-9 (IC_%
= 21 ng ml-'). Furthermore, the spectrum of activity induced
by EO-9 and MMC are not comparable (e.g. the cell line
HCT-18 is very responsive to EO-9 whereas it is the most
resistant line to MMC; Table I).
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The influence ofpH on the cytotoxic potency of EO-9
The pH of RPMI 1640 was adjusted using aliquots of 0.1 N
HCI determined from the calibration curve presented in
Figure 2. Once adjusted, the pH of the medium remained
stable over a 1 h period at 37C (Figure 2). The responses of
MCF-7 and DLD-1 cells exposed to EO-9 (1 h exposure to
0.625 ig ml-') in medium at different pH values are present-
ed in Figure 3. Decreasing the extracellular pH below 7.5
significantly increases the cytotoxic potency of EO-9. Survival
values at pH 7.4 and 5.8 were 60 and 5% respectively (Figure
3) in the case of DLD-1 cells and 55% and 7% for MCF-7
cells respectively. Increasing the pH above 7.5 had little or no
effect on chemosensitivity. In the case of DLD-1 cells expos-
ed to EIO, decreasing the extracellular pH had no significant
effect on cell survival with a 1 h exposure to 5 gg ml- 1 induc-
ing cell kills of between 25 and 15% over a range of pH
values (pH 5.5 to 8.0).

The stablilitv of EO-9 in vitro

The breakdown of EO-9 in RPMI 1640 medium at 37° C and
at various pH values is presented in Figures 4 to 6. EO-9 is
unstable under cell culture conditions with a half life of 6.3 h

7.5

(Figure 4). One major breakdown product was observed
which increased rapidly over the first 24 h before gradually
plateauing (Figure 4). The breakdown of EO-9 significantly
increased as the pH of the medium was reduced from 9.0 to
5.5 (Figure 5). The half life of EO-9 in RPMI 1640 medium
at pH 9.0, 7.5, 6.0 and 5.5 was 12 h, 6.3 h, 2.5 h and 37 min
respectively (Figure 5).

The identification of the breakdown product of EO-9 and its
cytotoxic properties in vitro
Chromatograms of EO-9 and its major breakdown product
generated under acidic conditions are presented in Figures 6a
and b respectively. Analysis of the breakdown product by
HPLC showed that the product was a single compound
(retention time 4.2 min) with less than 0.1% residual EO-9
remaining (retention time 5.3 min). Mass spectral data of
EO-9 (Figure 7a) showed a molecular ion at 288.112 (100%)
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Figue 2 The volume of acid (0.1 N HC1) required to reduce the
pH of RPMI 1640 medium (10 ml) at room temperature (0 0)
and the pH of medium following a 1 h incubation at 3TC
(O~O).
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Figure 4 The stability of EO-9 (0 0) in RPMI 1640 medium
at 37° C (pH 7.4) and the generation of a major breakdown
product (U-U). Concentration of the breakdown product is
expressed in terms of EO-9 equivalents.
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Figue 3 The influence of pH on the cytotoxic potency of EO-9
(1 h exposure to 0.625JLgml-') against MCF-7 (0 0) and
DLD-1 (* *) cells in vitro. The broken lines A, B and C
denote the lowest recorded tumour pH, the mean tumour pH and
the mean normal tissue pH respectively as observed by Wike-
Hooley et al. (1984).
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Figure 6 HPLC chromatograms of a. EO-9 in phosphate buffer
at pH 7.5. b. EO-9 following a 3 h incubation in phosphate buffer
(pH 4.5) at room temperature. Three breakdown products were
detected. BPI (the major breakdown product) and BP 2 and BP3
(minor break down products).
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8a). Figure 8b shows the UV spectral changes in phosphatebuffer at pH 4.6 that accompany the hydrolysis of EO-9 and
the subsequent formation of the major breakdown product.EO-9 has a UV maximum at 271 nm (molar absorbance =
19.220) which shifts with increasing absorbance to 278 nm
(24,020) (breakdown product). Similarly the peak at 312 nm
(12,010 (EO-9)) shifts to 324 nm (11,860) (breakdown pro-duct). The breakdown product showed a new peak at 211 nm
(17,770). Isobestic points are observed at 320 nm, 305 nm,
263 nm and 237 nm. These data are consistent with those of
EO-5A (3-hydroxymethyl-5-(2-hydroxylethylamino)-l-methyl-2-(1H-indole47-dione)-prop--en--ol) as described by Bingerand Workman (1990).

In order to determine the relative cytotoxic properties of
EO-9 and its major breakdown product, MAC 15A cells
were continuously exposed to a range of drug and break-
down product concentrations and chemosensitivity assessed
using the MTT assay. The results presented in Figure 9
demonstrate that the breakdown product is significantly less
cytotoxic than EO-9 in vitro (ICO = 50 and 0.6 ftg ml-'respectively).

Discuio

The results presented in Table I clearly demonstrate that
EO-9 is not only cytotoxic under standard cell culture condi-
tions (5% CO. 95% air) but that it is capable of inducing a
broad spectrum of activity in the panel of cell lines tested
(IC_v range = 8 to 590 ng ml-'). The spectrum of activity
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Figre 7 Mass spectral data on a. EO-9 and b. its major break-
down product in vitro.

mass units by high resolution dynamic scanning (C15H,6N204requires 288.111) and fragments at 270 (16%), 257 (33%),
241 (51%), 229 (27%), 227 (28%), 213 (25%). The break-
down product generated following acid hydrolysis (5.1 mg,16.7 JLmoles, 83% yield) had a melting point of 176° C. Its
mass spectrum (Figure 7b) showed a molecular ion at
306.126 (100%) mass units by high resolution dynamic scan-
ning (C15H18N,05 requires 306.122) and fragments at 290
(23%), 275 (50%), 257 (63%), 227 (41%).

Figure 8 shows the UV spectra of EO-9 in phosphate
buffer at pH 7.5 and pH 4.6. The UV spectra of EO-9 at pH
7.5 remain stable over 30 min at room temperature (Figure
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Figue 8 a, LV spectra of EO-9 (20 jig ml-') in phosphate bufferat room temperature over a period of 30 mins (6 runs at 5 min
intervals). b, The change in UV spectra of EO-9 (20 iLg ml -') in
phosphate buffer (pH 4.6) at room temperature over a period of
I h (7 runs at time 0. 5. 10, 15. 20. 40 and 60min).
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Figue 9 The response of MAC 15A cells to EO-9 (0-0) andthe isolated breakdown product (0-0) in vitro (continuousexposure).
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presented in this study is similar to that reported by Roed et
al. (1989) although it differs from previous reports (Winograd
et al.. 1989) in that no evidence of selectivity towards cells
derived from human solid tumours over leukaemias exists in
this study. Some evidence of selectivity towards leukaemia
and human colon cell lines as opposed to MAC cell lines
does however exist (Table I). Good responses in vitro to
EO-9 have been shown to translate into good anti tumour
activity in vivo (Roed et al.. 1989) and a similar correlation
exists in the case of MAC 16 cells where both the cell line is
sensitive to EO-9 (ICO = 21 ng ml-') and good anti tumour
activity in vivo has been reported (Sleigh et al.. 1989). If this
relationship holds true for other cell lines. then the possibility
exists of conducting an -in vitro phase II' trial the aim of
which would be to identify those tumour types that are most
likely to respond to EO-9 in the clinic.
The reasons for the broad spectrum of activity observed

are not known although the enzymology of the individual
cell lines may be highly significant. Enzymes such as DT-
diaphorase are believed to play a central role in the bioacti-
vation of EO-9 (Walton & Workman. 1989) and a good
correlation between the response of two MAC tumours and
DT-diaphorase activity has been reported (Workman et al..
1990). Similarly. the levels of DT-diaphorase in the HT-29
cell line are believed to be high (unpublished data in Work-
man et al.. 1990) which also correlates with good sensitivity;
to EO-9 in this study (ICio = 18 ng ml-'). On the other hand.
the good activity of EO-9 against the K562 cell line (IC^ =
15 ng ml- ) does not correlate with the fact that DT-dia-
phorase levels in this cell line are low (Beyer et al.. 1987).
Further studies to characterise the activity of various enzymes
within the panel of cell lines employed are currently in
progress.

In terms of translating in vitro chemosensitivity data into
anti tumour activity in vivo. numerous problems exist (Phil-
lips et al.. 1990). This is particularly true in the case of
bioreductive drugs where standard cell culture conditions do
not mimic the complex tumour microenvironment against
which these compounds are designed to act. Whilst drug
exposure conditions in vitro can be modified to incorporate
some of the features of solid tumour biology (such as low
oxygen tension. pH etc). the fact that EO-9 is cytotoxic
against cells under standard cell culture conditions suggests
that well oxygenated cells within a solid tumour may also be
a target. Provided sufficient quantities of EO-9 are delivered
to a tumour for long enough. it is conceivable that any
anti-tumour responses obtained may be due to a combination
of direct cytotoxicity against aerobic cells as well as bio-
activation in regions of hypoxia.
A comparison between the activity of EO-9 and MMC in

vitro (Table I) demonstrates that major differences in the
patterns of chemosensitivity exist suggesting that the mechan-
isms of action of these compounds is not the same. Studies in
other laboratories have demonstrated that unlike EO-9.
MMC is not a good substrate for DT-diaphorase (Workman
et al.. 1989). It is also known that under aerobic conditions
several enzyvme systems are capable of activating MMC such
as NADPH cytochrome P450 reductase. xanthine oxidase.
some flavoprotein transhydrogenases (e.g. er-throcyte cyto-
chrome K; reductase) as well as DT-diaphorase (Verweij et
al.. 1990). Whilst the role of these enzymes in the activation
of EO-9 are not fully understood, subtle differences in the
substrate specificity of EO-9 and MMC may account for the
different spectrum of activity observed.

Whilst differences between MMC and EO-9 exist. the two
compounds are similar in that their stability and cytotoxic
properties are pH dependent. Both EO-9 and MMC become
more unstable (Figure 9 and Verweij et al.. 1990) and more
active (Figure 3 and Kennedy et al.. 1985) as the pH is
reduced. Two possible explanations may account for this

property of EO-9. The first is that the metabolism of EO-9
by DT-diaphorase is enhanced under acidic conditions in a
manner that is analogous to that of MMC (Seigel et al..
1990) and secondly, that the chemical reactivity of the azri-
dine ring is enhanced under acidic conditions. In the case of
MMC. Seigel et al. (1990) demonstrated that the metabolism
of MMC by HT-29 cell cytosol (dicoumarol inhibitable) was
pH dependent and increased as the pH was reduced to 5.8.
For this mechanism to occur. it is essential that the intracel-
lular pH decreases in line with a drop in extracellular pH.
Kennedy et al. (1985) using flow cytometric analysis of the
dye. 1.4 diacetoxy-2.3-dicyanobenzole. demonstrated that a
decrease in extracellular pH is accompanied by a similar but
smaller decrease in intracellular pH. On the other hand.
measurements of intracellular pH by Magnetic Resonance
Spectroscopy have shown that the intracellular pH of cells
within tumours is in fact neutral or slightly alkaline
(Griffiths. 1991). In this case it is doubtful that an increase in
the metabolism of EO-9 by DT-diaphorase within the cell
will explain the observations presented in this study.

Alternatively. the chemical reactivity of EO-9 may be
enhanced at low pH values. It is known for instance that the
reactivity of aziridine groups is facilitated by protonation
resulting in the opening of the aziridine ring to release ring
strain energy (Mossoba et al.. 1985). This generates an azinr-
dinium ion which is a potent alkylating species (Lindford.
1973: Gutierrez. 1989). Increased reactivity of the aziridine
ring has been proposed to explain the increased DNA cross
linking activity of MMC and azinridinyl benzoquinones (Akh-
tar et al.. 1975: Kennedy et al.. 1985). Facilitation of
aziridine ring opening may similarly explain the increased
cytotoxic potency of EO-9 in acidic conditions particularly as
the major breakdown product of EO-9 in vitro (EO-5A) is
relatively inactive (Figure 9 and Bailey et al.. 1991). Finally.
the fact that the activity of El0 is not influenced by low pH
together with similar reports using doxorubicin. epirubicin
and epodyl (Groos et al.. 1986) suggest that the subjection of
tumour cells to low pH stress does not in itself make the cells
more sensitive to any cytotoxic insult.
The therapeutic implications of these results are not

known. particularly in view of the controversy concerning the
pH of malignant tissues (Wike-Hooley et al.. 1984: Griffiths.
1991). Nevertheless, a review of microelectrode measurements
of normal and malignant tissue pH (extracellular) demon-
strates that the pH of tumour tissue is lower than that of
normal subcutis or muscle tissue (Wike-Hooley et al.. 1984).
When these figures are superimposed upon Figure 3. the cell
kill induced at the lowest recorded pH of 5.8 is significantly
greater than that at the mean pH of normal tissues which
suggests in these cases that a therapeutic advantage may be
obtained.

In conclusion. the results of this study demonstrate that
major differences in the inherent chemosensitivity of individ-
ual cell lines to EO-9 do exist. Further studies are required to
determine whether or not the responses observed in vitro
translate into antitumour activity in vivo and to correlate
enzyme activity in each cell line with cvtotoxic effects in vitro.
If the correlation is strong. then the targetting of EO-9
against particular tumour types in the clinic may become a
viable proposition. The demonstration that the cytotoxic pro-
perties of EO-9 are influenced by extracellular pH in vitro
introduces another variable factor that may influence the
final outcome of chemotherapy in vivo.

This work w-as supported bv Bradfords War on Cancer and the
International Association for Cancer Research. The authors wish to
thank Mr R.A. Powell for technical assistance in conducting the
influence of pH on c-vtotoxicit;.
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Characterization of a polymorphism in NAD(P)H: quinone
oxidoreductase (DT-diaphorase)

RD Traver1 2, D Siegel2, HD Beaul2, RM Phillips3, NW Gibson',*, WA Franklin4 and D Ross2
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Summary NAD(P)H:quinone oxidoreductase (NQO1, EC 1.6.99.2) is an obligate two-electron reductase that can either bioactivate or
detoxify quinones and has been proposed to play an important role in chemoprevention. We have previously characterized a homozygous
point mutation in the BE human colon carcinoma cell line that leads to a loss of NOO1 activity. Sequence analysis showed that this mutation
was at position 609 of the NQO1 cDNA, conferring a proline to serine substitution at position 187 of the NQO1 enzyme. Using polymerase
chain reaction (PCR) analysis, we have found that the H596 human non-small-cell lung cancer (NSCLC) cell line has elevated NQO1 mRNA,
but no detectable enzyme activity. Sequencing of the coding region of NQO1 from the H596 cells showed the presence of the identical
homozygous point mutation present in the BE cell line. Expression and purification of recombinant wild-type and mutant protein from E. coli
showed that mutant protein could be detected using immunoblot analysis and had 2% of the enzymatic activity of the wild-type protein. PCR
and Northern blot analysis showed moderate to low levels of expression of the correctly sized transcript in the mutant cells. Immunoblot
analysis also revealed that recombinant mutant protein was immunoreactive; however, the mutant protein was not detected in the cytosol of
either BE or H596 cells, suggesting that the mutant proteins were either not translated or were rapidly degraded. The absence of any
detectable, active protein, therefore, appears to be responsible for the lack of NQO1 activity in cells homozygous for the mutation. A
polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis for the mutation at position 609 conducted on 90
human lung tissue samples (45 matched sets of tumour and uninvolved tissue) revealed a 7% incidence of individuals homozygous for the
mutation, and 42% heterozygous for the mutation. These data suggest that the mutation at position 609 represents a polymorphism in an
important xenobiotic metabolizing enzyme, which has implications for cancer therapy, chemoprevention and chemoprotection.

Keywords: NAD(P)H:quinone oxidoreductase; DT-diaphorase; polymorphism; chemotherapy; chemoprevention

NAD(P)H:quinone oxidoreductase (NQO1) is an obligate two-
or four-electron reductase that plays a role in protection against
natural and xenobiotic quinones. Compounds such as butylated
hydroxyanisole, butylated hydroxytoluene, Oltipraz and extracts of
cruciferous vegetables, such as green onions and broccoli, are potent
inducers of NQO1 (Wattenberg, 1985; Prochaska et al, 1992; Zhang
et al, 1992; Enger et al, 1994). These chemicals have been shown to
protect against toxicity, mutagenesis or carcinogenesis, suggesting
that induction of NQO I may play a major role in cytoprotection and
chemoprevention (Wattenberg, 1985). Paradoxically, NQOI can
also activate anti-tumour quinones, such as mitomycin C, E09,
streptonigrin and diaziquone, via the production of redox labile
hydroquinones or reactive alkylating agents generated by rearrange-
ment after reduction by the enzyme (Siegel et al, 1990; Walton and
Workman, 1990; Gibson et al, 1992, 1994; Ross et al, 1993; Beall et
al, 1994). NQO1 is expressed in many human tissues, and NQOI
levels have been shown to be elevated in lung, colon, liver and breast
cancer tissues compared with uninvolved tissue from the same
origin (Schlager and Powis, 1990; Malkinson et al, 1992).
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In 1980, Edwards et al, showed that NQOl was lacking in 4% of
a British population (Edwards et al, 1980). We characterized a
point mutation in the BE colon carcinoma cell line that led to a loss
of enzymatic activity consistent with the absence of enzymatic
activity observed in the previous studies (Traver et al, 1992).
Sequencing analysis revealed a homozygous C to T point mutation
at position 609 of the NQO1 cDNA, which conferred a proline to
serine substitution at position 187 of the NQO1 protein. This was
the first mutation identified in the coding region of NQOl, and we
suggested that it was responsible for the lack of NQO1 activity in
these cells. Although BE cells have recently been reported to be
heterozygous for the C to T mutation at position 609 by Kuehl et al
(1995), their status as homozygous mutants has been confirmed by
collaborative studies in the two laboratories involved (Ross et al,
1996). NQO1 has also been shown to be absent in both normal
and cancerous tissues of three out of 23 (13%) renal carcinoma
patients, and these three individuals were all homozygous for the
mutant allele (Eickelmann et al, 1994a,b). Marshall et al character-
ized a lack of NQO1 activity in fibroblasts form a cancer-prone
family and made the suggestion that deficient NQO1 activity may
predispose to cancer (Marshall et al, 1991a,b). Rosvold et al
(1995a) have subsequently used single-strand conformation poly-
morphism (SSCP) analysis to show that the mutant allele occurred
with a frequency of 0.13 in a reference population. The data

*Present address: Research Group, Cancer Research Division, Pfizer Inc., Groton,
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suggest that the mutation at position 609 represents a polymor-
phism in a drug-metabolizing enzyme. The functional significance
of this polymorphism, as well as its occurrence in the population
as a homozygous or heterozygous trait, however, remains unclear.

Recently, we found that the H596 non-small-cell lung cancer
(NSCLC) cell line had moderate levels of NQOI gene expression
but no detectable enzymatic activity (Traver et al, 1995). In this
manuscript, we show the presence of the identical C to T point
mutation present in the BE cells in the coding region of H596
cells. Using PCR, Northern and immunoblot analysis, we have
examined the effects of the homozygous C to T point mutation on
the production of NQOI. Additionally, we have screened 90
human lung samples from both normal and paired tumour tissue to
elucidate the incidence of this mutation at position 609 more
clearly. These findings have implications for chemoprevention and
for the treatment of cancers with drugs that require bioreductive
activation by NQO1.

MATERIALS AND METHODS
Cell lines
Cells were grown as monolayers at 37° C in minimum essential
medium (Gibco, BRL) supplemented with 10% fetal bovine serum
(FBS; Gibco, BRL), penicillin (10 units ml-'), streptomycin (10 units
ml-'), L-glutamine (2 mM) and non-essential amino acids (0.1 M).

Analysis of N01 enzymatic activity
Cells were grown to 80% confluence before being washed with
Hanks' balanced salt solution and scraped into ice-cold buffer
[25 mm Tris-HCl (pH 7.4) and 125 mm sucrose]. A cell sonicate
was then made for each cancer cell line by sonicating the cell
suspension for 30 s on ice. NQO1 activity of the cell sonicates was
then assayed according to Ermster (1967), as modified by Benson et
al (1980). Reactions (0.5 ml) were performed at 25° C in the pres-
ence and absence of 0.02 mm dicoumarol in a buffer containing 25
mM Tris-HCl (pH 7.4), 0.7 mg ml-' bovine serum albumin (BSA),
0.2 mm NADH and 0.04 mm dichlorophenolindophenol (DCPIP).
NQO1 activity was measured as the dicoumarol-sensitive reduc-
tion of DCPIP (e 21 000 M-l cm-') measured by the decrease in
absorbance at 600 nm in a Shimadzu UV16OU spectrophotometer.
Protein content in the cell sonicates was assayed by the method of
Bradford (1976).

RNA extraction and cDNA synthesis
RNA was extracted fiom cell cultures using the method described
by Peppel and Baglioni (1990). All cells were in the exponential
phase of the growth curve at the time of RNA extraction. RNA
pellets were dissolved in DEPC-treated water and immediately
reverse transcribed. The reverse transcription reaction contained
20 gl of 5 x reverse transcription buffer (Gibco BRL), 10 ,ul of
dNTPs (10 mm, Pharmacia), 2.5 p1 of RNAasin (40 U pl-', Pro-
mega), 0.5 gl of random hexamers (18 U ml-', Pharmacia), 10 pl
of dithiothreitol (0.1 M, Gibco BRL), 400 U of MMLV reverse
transcriptase (Gibco BRL) and 55 gl of RNA(7.5-10 ,ug). The
reaction was incubated at 37° C for 1 h followed by heating to
95° C for S min. The quantity of RNA extracted was determined by
absorbance readings at 260-280 nm and reference to a calibration
curve generated using yeast tRNA (Sigma).

Quantitation of NQ01 expression by PCR
NQO1 expression was determined using a semi-quantitative
reverse transcription-PCR technique, details of which are
described elsewhere (Phillips et al, 1993). To 1 pl of cDNA in a
sterile 0.5 ml centrifuge tube, 8 pl of a master mix consisting
of 1 pl of 10 x PCR buffer (Promega), 1 pl of dNTPs (0.5 mm,
Pharmacia), 0.8 pl of magnesium chloride (25 mM, Promega), 0.1
pl [aC32P]dATP (3000 Ci mmol-', NEN), 0.05 pl of Taq DNA poly-
merase (5000 U ml-', Promega) and 5.05 pl of deionized water was
added. To each tube, 1 pl of primers (7.5 mM) was added and the
complete reaction mix was overlayed with light mineral oil
(Sigma). All steps were performed on ice. Thermal cycling condi-
tions following an initial denaturation at 95° C for 1 min were: 30 s
at 95° C, annealing at 65° C for 30 s and extension at 72° C for 30 s.
At the end of 25 cycles, samples were incubated at 72° C for 5 min.
Amplified products were separated on a 5% polyacrylamide gel
and the products were visualized by autoradiography. Radio-
activity incorporated into amplified products was determined by
scintillation counting of the excised bands. Gene expression was
calculated as the ratio between the slope for the target gene to the
slope for the endogenous internal standard gene, with each slope
being obtained from regression analysis of the linear region of
amplification. The primers used for amplification were synthesized
on a Biosystems model 391 PCR-MATE DNA synthesizer with the
following sequences:

NQO1 (target gene)
Sense: 5'-AGAAGAGCACTGATCGTACTGG-3'
Antisense: 5'-CGTAATTGTAAGCAAACTCTCCTATG-3'

,B-actin (internal standard gene)
Sense: 5'-CCACGAAACTACCTTCAACTCC-3'
Antisense: 5'-TCATACTCCTGCTGCTTGCTGATCC-3'

Northern analysis of NQ01 transcripts
Total RNA (10 jg) isolated from cell cultures was denatured by
incubation for 1 h at 50° C in 50% dimethyl sulphoxide (DMSO)
and 17% deionized glyoxal. The denatured RNA was then sepa-
rated on a 1.5% agarose gel and transferred to a Duralon-UV
(Stratagene) membrane. RNA was cross-linked to the membrane
with UV light and hybridized for 12 h at 650C with 0.5M sodium
dihydrogen phosphate (pH 7), 1 mM EDTA, 1% BSA and 7%
sodium dodecyl sulphate (SDS). Radiolabelled probe was gener-
ated using 25 ng of double-stranded DNA comprising the coding
region of NQOl using the Random Priming DNA labelling kit
(BRL) and 5 p1 of [a32P]dATP (3000 Ci mmol-', NEN). The blot
was washed three times in 2 x saline sodium citrate (SSC)
0.1% SDS and exposed to Kodak XAR film. The blot was
stripped by boiling in 0.1 x SSC and reprobed with the coding
region of the I-actin gene. Autoradiographs were quantitated by
laser densitometry using ,B-actin mRNA as a standard.

Sequencing and cloning of the NQ01 coding region
The coding region from the wild-type H460 cells and the mutant BE
and H596 cells was sequenced by amplification of aliquots ofcDNA
from these cell lines. The resulting double-stranded DNA fragments
were then denatured and sequenced with Sequenase II (USB).
The NQO1 coding region from the wild-type H460 cells and the

mutant BE and H596 cells was amplified using an antisense
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primer that included a 5'HindIII cut site and a sense primer span-
ning the naturally occurring NcoI cut site immediately 5' to the
start codon. The resulting PCR product was then cut with HindIII
and NcoI and ligated into pKK233-2. The resulting vector was
transformed into JM109 E. coli for amplification and purification.

Purification of recombinant NQ01
E. coli expressing either wild-type or mutant NQO1 proteins
were grown to log phase in the presence of 2 mm isopropyl-o-D-
thiogalactopyranside. A 50-g pellet of these cells was then soni-
cated on ice in 25 mM Tris HCL, pH 7.4, containing 125 mM
sucrose, and centrifuged at 100 000 g for 90 min. The resulting
supematant was examined for NQO1 protein expression by
immunoblot analysis (see below). No NQOl protein was detected
in untransformed E. coli; however, NQO1 protein was detected in
E. coli transformed with the coding region from both wild-type
(H460) and mutant (BE, H596) cells. Wild-type and mutant
NQO1 proteins were purified from the supernatant by Cibacron
blue affinity chromatography as described previously (Sharkis and
Swenson, 1989). Purified wild-type and mutant NQO1 proteins
were both resolved as a single band on 12% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with a
molecular mass of 30 kDa. Purified wild-type and mutant NQO1
proteins had a FAD to protein monomer ratio of approximately
1:1 (Faeder and Siegel, 1973). Enzyme activity of the purified

G A T C

C to T mutation
at position 609

Figure 1 DNA sequencing of the NQO1 coding region from H596 cells.
Arrow indicates the homozygous point mutation at position 609 of the NQO1
coding region

recombinant proteins was assayed using dicoumarol-sensitive
DCPIP reduction as described above.

Immunoblot analysis and N-terminal sequencing
E. coli cytosols, H460, H596 and BE cell cytosols and purified
wild-type and mutant NQO1 proteins were examined by immuno-
blot analysis for reactivity against a mouse monoclonal antibody
(B771) raised against wild-type (H460) NQO1 in our laboratory
or a polyclonal antibody (gift from Dr G Powis, University of
Arizona, USA). The proteins were first separated by 12% SDS-
PAGE and then transferred to nitrocellulose in 10 mm Tris, 192
mM glycine containing 20% methanol at 35 V for 14 h. Following
transfer, the nitrocellulose was blocked with 1% BSA for 1 h and
then 20 ml of B771 hybridoma tissue culture media was added
for 1 h followed by a goat antimouse IgG-alkaline phosphatase
conjugate (1:5000) for 30 min. Visualization was performed with
BCIP/NBT.

N-terminal sequencing was carried out on purified recombinant
wild-type and mutant NQO1 proteins following 12% SDS-PAGE
and transfer to PVDF membrane. N-terminal sequencing was
performed at the Protein Sequencing Core Facility, University of
Colorado Health Sciences Center. The N-terminal sequence for
H460- and BE-derived NQO1 proteins was consistent with the
previously published sequence for human liver NQO1 (Jaiswal
et al, 1988).

PCR-RFLP analysis of DNA samples for the mutation
PCR products were generated using 1 gg of genomic DNA
extracted from matched tumour and normal lung biopsies from
lung cancer patients. These PCR products were examined for the
presence of the mutation using an RFLP assay developed by
Eickelmann et al (1994b) with the following modifications. The
sense primer (5' TCCTCAGAGTGGCATTCTGC-3') and anti-
sense primer (5'-TCTCCTCATCCTGTACCTCT-3') amplified a
211 -bp region, including the last seven bases of exon 5 and the first
204 bases of intron 6. Thermal cycling conditions were four cycles
of 94° C for 15 s, 69° C for 15 s and 720C for 30 s; eight cycles of
94° C for 15 s, 67° C for 15 s, and 72° C for 30 s; and 29 cycles of
94° C for 30 s, 65° C for 30 s, and 72° C for 1 min. The PCR prod-
ucts generated were digested with 36 units of Hinfl for 5 h at 37° C
and separated on a 1.5% agarose gel containing 0.5 gg mln-

Table I NOO1 expression vs enzymatic activity in nine lung cancer cell lines

Cell line Cell type Gene expression Enzymatic actIvityab

H460 NSCLC 1010 501 (1502)
A549 NSCLC 785 392 (1176)
UCLC11 NSCLC 278 230 ( 690)
H520 NSCLC 150 77 ( 231)
H596 NSCLC 47 ND
H661 NSCLC 29 26 ( 79)
H446 SCLC 10 4 ( 12)
H146 SCLC 8 3 ( 10)
H82 SCLC 1 1 ( 3)

aND, not detectable (<1 nmol min-' mg-' protein). bValues in parentheses are
actual enzymatic activity expressed as nmol DCPIP min-' mg-' protein. For
clarity, values are expressed relative to the H82 cells. Gene expression and
enzymatic activity were measured as described in Materials and methods.

British Journal of Cancer (1997) 75(1), 69-750 Cancer Research Campaign 1997



72 RD Traver et al

A
co

I

2.7 --

NC01

1.7 -->

1.2 --

B-Actin

aCC)

Figure 2 Northern blot analysis of NQ01 transcripts in (A) colon and (B) lung cancer cell lines. Arrows indicate the expected 1.2-, 1.7- and 2.7-Kb NQ01
transcripts. In each case, the blot was reprobed with ,-actin as an internal control as described in Materials and methods

ethidium bromide. H460 and either H596 or BE cells were used
as controls for wild-type and homozygous mutants respectively.
Of the lung cancer patients, 37 (82%) were Caucasian, ranging

in age from 33 to 81 years, five 5 (11%) were Hispanic aged
60-68 years and three (7%) were African-American, aged 54-65
years. Of the 45 patients, 37 (82%) were male and eight (18%)
were female.

RESULTS
We compared NQO1 gene expression and enzymatic activity in
a panel of small-cell lung cancer (SCLC) and NSCLC cell lines
(Table 1). This analysis resulted in a good correlation (r = 0.97)
between gene expression and enzymatic activity in these lung
carcinoma cells. H596 NSCLC cells, however, fell notably outside
this correlation with moderate NQOI gene expression, but almost
no enzymatic activity. To determine whether this discrepancy was

also caused by a mutation in the coding region of the NQOI gene,
the cDNA from these cells was cloned and sequenced revealing
the identical homozygous C to T point mutation (Figure 1) that we
characterized as being responsible for the lack of NQO I activity in
BE human colon carcinoma cells. We had previously reported in
abstract form (Traver et al, 1995) that the H596 cells had an addi-
tional A to T point mutation at position 790 of the cDNA. After
sequencing of the cDNA from H596 cells, it appears that this
mutation was generated during PCR amplification and subcloning
and is not present in native H596 cDNA.

Northern analysis of N01 transcripts
Northern analysis was used to confirm the presence and size of the
NQO1 transcript in cell lines containing the mutation. The NQOI
transcript has four polyadenylation sites in the 3' untranslated
region (Jaiswal, 1991). Three of these sites are used to produce

transcripts 1.2 kb, 1.7 kb and 2.7 kb in size. Northern analysis
revealed NQOI transcripts in BE and H596 cells, which were

identical in size to the transcripts present in wild-type cells from
the tissue of the same origin (Figure 2).

Immunoblot analysis of N01 proteins
Immunoblot analysis was used to verify the presence and size of
the NQO1 proteins from E. coli and human cell lines expressing the
mutant NQO1 genes. Figure 3 shows an immunoblot comparing
NQOI proteins in cytosol or recombinant proteins purified from
E. coli. Lane 1 contains the recombinant H460 wild-type protein
purified from E. coli and lane 2 contains the cytosol from the H460
NSCLC cell line, which expresses the wild-type NQO1. Lane 3
contains cytosol from the H596 cells, which does not show any
detectable NQO1 protein. Similarly, lane 4 contains the recombi-
nant, mutant protein purified from E. coli expressing the coding
region from the BE colon carcinoma cell line, which has the proline
to serine substitution, and lane 5 contains cytosol from the BE cells.
Again, the mutant NQO1 protein is absent in the cytosol from cells
that are homozygous for the C to T point mutation at position 609.
Identical data demonstrating an absence of NQO1 protein in H596
and BE cells have also been obtained using a polyclonal antibody
to NQOl (data not shown).

Enzymatic activity of recombinant N01 proteins
In order to examine the activity of the mutant NQOI protein, the
coding region of NQO1 from the H460 cells expressing the wild-
type protein, as well as the coding region from the BE colon carci-
noma cells, were expressed in E. coli and purified as described in
Materials and methods. Purified recombinant NQOI from E. coli
expressing the wild-type protein had a specific activity averaging
645 ,umol min-'mg-' protein. The specific activity of the purified
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Figure 3 Immunoblot analysis of purified recombinant NQO1 proteins and
NQO1 expression in tumour cells. Immunoblot analysis was performed on
purified recombinant NQO1 proteins (0.1 jug) and tumour cell sonicates (25
ig). Reaction conditions are described in Materials and methods. Lane 1,
recombinant H460 NQO1 protein; lane 2, H460 cell sonicate; lane 3, H596
cell sonicate; lane 4, recombinant BE NQO1 protein; lane 5, BE cell sonicate

protein from cells expressing the coding region from the BE cell
line, which contains the homozygous C to T point mutation at
position 609, produced a protein with 2% of the specific activity of
the wild-type recombinant protein.

Frequency of the C to T point mutation
To clarify the prevalence of the C to T point mutation at position
609 of the NQO 1 cDNA, a PCR-RFLP analysis was used to
screen tumour and uninvolved tissue from 45 lung cancer patients
ranging in age from 33 to 81 years. Normal tissue samples from
these patients included uninvolved lung tissue or blood samples
from these individuals. Table 2 shows the results of this screening.
A total of 51% of the lung cancer samples were homozygous for
the wild-type protein, while 42% were heterozygous for the muta-
tion and 7% were homozygous for the mutation.

Histologically, the tumour tissues examined were composed of
squamous cell cancers, adenocarcinomas, small-cell and large-cell
lung cancers, bronchioalveolar cancers, a carcinoid tumour and an
adenosquamous cancer. Tumour samples homozygous for the muta-
tion included a carcinoid tumour and two adenocarcinomas with
bronchioalveolar components. Tumour samples heterozygous for
the mutant allele were composed primarily of squamous cell cancers
(45%) and adenocarcinomas (40%) with one small-cell lung cancer
and one adenosquamous cancer. Tumour samples homozygous for
the wild-type allele were composed of 48% squamous cell cancers,
28% adenocarcinomas, 12% small-cell lung cancers, 8% bron-
chioalveolar cancers and one large-cell lung cancer.

DISCUSSION
The enzymatic activities of the recombinant proteins presented
here show that the purified recombinant NQOl protein carrying
the proline to serine substitution at amino acid 187 has only 2% of

the enzymatic activity of the wild-type enzyme. In our previous
work, we speculated that the proline to serine substitution in the
NQOI enzyme could adversely affect the pyridine nucleotide-
binding site of the enzyme. Subsequently, Ma et al (1992) demon-
strated that the glycine residue at position 150, the serine residue at
position 151 and the tyrosine residue at position 155 of the NQOI
protein were essential for pyridine nucleotide binding, and that the
tyrosine at position 128 was important for dicoumarol binding.
This suggests that the pyridine nucleotide-binding site may be
unaffected by the loss of the proline residue at position 187. The
crystal structure of the rat enzyme published recently by Li et al
(1995) has defined the binding sites for both pyridine nucleotide
and quinone substrates. This work indicates extensive overlap
between these binding sites and confirms that both binding sites
are not directly affected by the proline substitution at position 187.
The crystal structure indicates that the proline at position 187 is
located at the end of a beta sheet and is adjacent to an exposed loop
(Li et al, 1995). A mutation at this position may, therefore, cause
structural alterations in this area and compromise loop stability.
The effects of the proline to serine substitution at position 187 on
protein structure are, therefore, unclear at present but obviously
have profound consequences on the activity of NQO1. It is impor-
tant to stress that, although a heterozygous C to T mutation at posi-
tion 609 may be associated with widely differing NQO1 activities
(Kuehl et al, 1995), a homozygous C to T mutation results in a lack
of NQOl protein and activity.
The human NQO1 gene is composed of six exons separated by

five introns and is located on chromosome 16. The last exon has
four polyadenylation sites, three of which are used, giving rise to
1.2 kb, 1.7 kb and 2.7 kb transcripts (Jaiswal, 1991). PCR analysis
showed that the NQOl gene is transcribed at moderate levels, and
our Northern analysis showed transcripts of the correct size in cells
that are homozygous or heterozygous for the mutation. This
suggests that the NQO I gene is successfully transcribed and
appropriately spliced in cells containing the mutation.

Immunoblot analysis of recombinant and cytosolic NQOl
proteins showed that the recombinant enzyme containing the C to
T mutation at position 609 can be expressed in E. coli, purified and
detected using immunoblots. Our data show that the mutant
protein is of the correct molecular weight but almost completely
dysfunctional as indicated by activity assays. In addition to the
recombinant wild-type protein, the NQO1 enzyme is detectable on
immunoblot analysis in the cytosol of the H460 cells, which
express the functional NQO1 gene. The mutant enzyme expressed
in E. coli is also detectable by immunoblot analysis; however,
the cytosol from both H596 and BE cells, which carry the homozy-
gous C to T mutation, did not contain any detectable NQOl

Table 2 Frequency of the C to T point mutation in 45 lung cancer patients stratified by sex and race

Tumour Normal Male Female Caucasian Hispanic African-American
tissue tissue

Total 45 45 37 8 37 5 3
Wild-type 23 (51) 23 (51) 19 (51) 4 (50) 19 (51) 3 (60) 1 (33)
Heterozygous 19 (42) 19 (42) 17 (46) 2 (25) 15 (41) 2 (40) 2 (67)
Homozygous mutant 3 ( 7) 3 ( 7) 1 ( 3) 2 (25) 3 (18) 0 ( 0) 0 ( 0)

Tumour tissue and uninvolved tissue (either lung or blood) was tested from each patient as described in Materials and methods. Numbers indicate individual
tissue samples, which were homozygous for the wild-type NOO1 gene, heterozygous for the mutation (heterozygous) or homozygous for the mutation
(homozygous mutant). Numbers in parenthesis indicate the percentage of samples in each group.
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enzyme using both immunoblot and activity assays. This experi-
ment was performed using both monoclonal and polyclonal anti-
bodies to NQOI. Therefore, although activity studies show the
purified mutant proteins have detectable but very low activity, our
data suggest that reason for the lack of enzymatic activity in cells
homozygous for the C to T point mutation at position 609 is owing
to an absence of NQO 1 protein.

Recently Rosvold et al (I 995a) detected the same C to T substi-
tution at position 609 in a Centre d'Etude Polymorphisme Humain
(CEPH) reference panel composed of 82 parents and additional
family members. The mutant allele appeared in the CEPH panel
with a frequency of 0.13 in a manner consistent with Mendelian
inheritance. This group tested the association of this mutation
with lung cancer, and their preliminary evidence suggested that
the mutant allele was over-represented in lung cancer cases.
Preliminary data discussed in a recent exchange of letters was
conflicting with respect to an increased prevalence of the NQOI
polymorphism in patients with colon cancer (Rosvold et al, 1995b;
Kolesar et al, 1995). The data we present here show a frequency of
7% of both tumour and normal tissue samples homozygous for the
mutation, while 42% of the samples were heterozygous for the
mutation. The presence of the mutation in matched lung and blood
samples suggests that, in these patients, the mutation is neither
tissue nor tumour specific, but represents a true polymorphism.
Polymorphisms have been established in numerous phase I and
phase II metabolic enzymes (Gonzalez and Idle, 1994). Examples
include many members of the cytochrome P450 family of meta-
bolic enzymes, as well as oxidases, reductases and esterases.
Polymorphisms in phase II metabolic enzymes include sulpho,
acetyl, methyl and glutathione transferases. These polymorphisms
are associated with significant alterations in response and suscepti-
bility to xenobiotics (Caporaso et al, 1991). We have shown that
NQO I is important in protection against benzene-derived
quinones (Ross et al, 1990; Ganousis et al, 1992). In very recent
work, we have demonstrated that workers with the NQOI poly-
morphism are at increased risk of benzene-induced decreases
in white blood cell count relative to matched controls (Rothman
etal, 1996).
A polymorphism leading to a lack of NQO1 activity is of

special significance in that the enzyme acts as a protective
measure against oxidative damage produced by a wide range of
naturally occurring and xenobiotic quinones, which undergo
redox cycling subsequent to two-electron reduction by NQOI
(Prochaska et al, 1992; Zhang et al, 1992; Enger et al, 1994). A
lack of NQOI may have implications for both chemoprotection
and chemoprevention. Indeed, the potential benefit of chemopre-
ventive agents, which act through the induction of NQO1, could
be significantly decreased in populations homozygous for this
mutation. Additionally, the presence of this polymorphism
presents significant problems in the exploitation of the elevated
NQOI activity of certain tumours by administering anti-tumour
quinones, which require bioreductive activation. In an attempt to
predict the clinical response of tumours to these drugs, it has been
suggested that NQO I expression in tumour samples could be eval-
uated by PCR before drug treatment. The presence of this mutation
would lead to tumour types that are unresponsive to these drugs,
despite apparent elevated NQO1 gene expression as detected by
PCR. As such, it will be necessary to confirm the absence of the
mutation at position 609 using PCR-RFLP analysis or, more
importantly, the presence of NQOI activity in these samples for
studies of this kind to be successful.

In summary, we have characterized a proline to serine mutation
in NQOI, which results in a complete loss of enzyme activity.
Although purified mutant NQOI had only 2% of wild-type
activity, the lack of enzyme activity appears to be caused by a
complete absence of NQO I protein. The presence of the homozy-
gous mutation in matched lung and blood samples suggests that
this mutation represents a true polymorphism and was found to be
present in 7% of 45 matched sets of human lung tumours and
paired uninvolved tissue. These results may have implications for
cancer therapy, chemoprotection and chemoprevention.

ABBREVIATIONS
NQO 1, NAD(P)H:quinone oxidoreductase 1; NSCLC, non-
small-cell lung cancer; SCLC, small-cell lung cancer; PCR,
polymerase chain reaction; RFLP, restriction fragment length
polymorphism.
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Summary: A series of regioisomeric analogues of 3-hydroxymethyl-5-aziridinyl-1-
methyl-2-[ll1-indole-4,7-dione]prop-2-en-l-ol (EO9, NSC 382459) with the hydroxy-
methyl and hydroxypropenyl substituents situated at either the 2- or the 3-position of the
indole ring were synthesized. The compound lacking the 2-hydroxypropenyl substituent
(31) had similar properties to EO9 under both aerobic and hypoxic conditions against
V79 cells and was more potent against a human tumour cell line (4549) than EO9. It was
reduced by human DT-diaphorase (DTD) at more than double the rate of EO9, thus
implicating the importance of the enzyme activation step. Compound 16 (lacking the
3-hydroxymethyl substituent) was a better substrate for human DTD than EO9, yet
exhibited lesser toxicity under both aerobic apd hypoxic conditions. The toxicity
generated by 16 was attributed to the 5-aziridinyl moiety and suggests a greater
contribution from the 3-substituent over the 2-substituent. The toxicity of EO9 was
attributed to a combination of the aziridinyl group and the leaving group properties of
the 3-hydroxymethyl substituent. In general, compounds with a 5-methylaziridinyl
moiety, such as EO8, exhibited substantially better hypoxia-selectivity due to much
slower reduction by DTD (20-fold), thus reducing aerobic potency. All compounds had
similar electron aflinitieg as indicated by their one-electron reduction potentials.
Key words: bioreductive agents/EO9 regioisomers, hypoxia-selective/
indoloquinone/prodrugs

Introduction

The novel synthetic series of indoloquinone prodrugs, which include 3-hydroxymethyl-
5-methoxy-1-methyl-2-[1fI-indole-4,7-dione]prop-2-en-l-ol (EO7, 1), its 5-(2-methyl-
aziridinyl) analogue (Eo8, 2) and most importantly Eo9 (3-hydroxymethyl-5-
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Figure 1 Structures of EO-series prototype indoloquinones and mitomycin c.

aziridinyl-l-merhyl-2flH-indole-4,7-dionel-prop-2-en-1-ol, 3, NSC 382459) (oostveen &
Speckamp, 1987; Speckamp & Oostveen, 1987), were developed as bioreductive alkylating
agents somewhat similar in structure to the naturally occurring anti-tumour antibiotics the
mitomycins (e.g. MMC, 4, Figure l) (carter & crooke, 1979; Remers & Dorr, 1988; Franck
& Tomasz, 1990; Remers & Iyengar, 1990; Kasai & Kono, lg92).8O9, MMC and other
related mitosene derivatives are thought to undergo a common mechanism of bioactivation
(although not necessarily common mechanisms of cytotoxicity) utilizing similar reductive
enzymes such as DT-diaphorase (DTD) and cytochrome P450 reductase (Pan et at.,1984:
Jones & Moody, 1989; Bailey et a|.,1992;IJ.an et al., 1992; Cotterill et al.,'1994; Maliepaard
et a1.,1995; Fitzsimmons et aI.,1996). However, EO9 has significant structural differences
over MMC, of which the aziridinyl moiety at the S-position of the indole ring is the most
important in terms of cytotoxicity. When the aziridinyl moiety is substituted for a methoxy
(EO7) or 2-methylaziridine (EO8), the potencies of these compounds are greatly reduced
under both aerobic and hypoxic conditions (Bailey et a\.,1992).

The purpose of this present work is to expand the structure-activity studies in air and
under hypoxia, and to determine the relative contributions of the side-chains at positions 2-
and 3- to the overall toxicity of EO7, EO8 and EO9. Thus, we report the synthesis of novel
analogues of Eo7, Eo8 and EO9 where either of the hydroxypropenyl or hydroxymethyl
substituents are removed and/or their positions reversed, together with their evaluation as
bioreductively activated cytotoxins in two cell lines (one rodent and one human) in vitro.The
ability of some of these drugs to act as substrates for human DTD was also investigated.

Materials and methods

Chemistry

Melting points were recorded on Thomas-Hoover melting point apparatus and are
uncorrected. IH-NMR spectra were recorded at 90 MHz on a Jeol FX-90Q spectrometer
using tetramethylsilane as the internal standard. Elemental analyses were obtained from
Butterworth Laboratories Ltd, UK. Thin-layer chromatography and flash column
chromatography was performed on silica gel aluminium-backed plates (60 F256) and silica
gel 60 (230-400 mesh Merck grade) respectively. Aziridine was purchased from Serva
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Chemicals Ltd, and 2-methylaziridine was obtained from Lancaster Synthesis. EO7 (1), EOS
(2) and EO9 (3) were synthesized as previously described (Oostveen & Speckamp, 1987).

Methyl 5-methoxyindole-2-carboxylate (6). To a solution of 5-methoxyindole-2-
carboxylic acid 5 (29.7 g, 0. 16 mol) in DMF (300 ml) was added K2CO 3 Q9.7 g, 0.22 mol)
followed by (MeO)2SO2 (90 g, 0.72 mol). The mixture was stirred for 16 h at room
temperature, and then poured into a cold solution of HCI (2 u, 850 ml). The resulting solid
was filtered, washed with H2O (100 ml) and dried. The product was recrystallized from
MeOH to give 6 (28.86 g, 88%) as a white solid: mp 180-181'C; IH-NMR (CDCI3) S 9.00 (br
s, 1 H, N-11), 7.07 (m,4 H, Ar-3,4,6,711), 3.93 (s, 3 H, CH3O-) and 3.85 (s,3 H, COzCHz).

5-Methoxyindole-2-methanol (7). Methyl 5-methoxyindole-2-carboxylate 6 (5.0 g, 24
mmol) in THF (90 ml) was added dropwise to LAH (1.85 g, 50 mmol) in THF (10 ml) at a
rate just enough to keep the solution refluxing. After addition, the mixture was quenched
carefully with H2O (2 ml), NaOH (15o ,2 ml) and H2O again (6 ml). The mixture was
filtered and the filtrate washed with H2O (50 ml) and brine (50 ml), dried and reduced rn
vacuo to giveT (4.04 9,95%) as a white solid: mp 33-34C; rH-NMR (CDCI3) 6 8.67 (br s, I
H, N-/r, 7.24 (m,4H, Ar-3,4,6,71r,6.33 (s, 1 H, CH1OII),4.73 (s,2H, CH2OH) and 3.82
(s,3 H, C113O-).

5-Methoxyindole-2-cqrboxaldehyde (8). Manganese (IV) oxide (19.66 g,0.23 mol) was
added portionwise to a solution of 7 (4.0 g, 23 mmol) dissolved in CH2CI2 (350 ml). The
mixture was heated under reflux for 3 h, cooled and filtered through Celite. The filtrate was
reduced in vqcuo and the residue chromatographed (eluting with hexane/EtOAc, l:l) to give
8 (1.87 g,46%) as a yellow solid: mp 139-140'C, Rr = 0.28 (3:l hexane:EtOAc); IH-NMR
(CDCI3) 6 9.78 (s, I H, CFIO),9.28 (br s, I H, N-I| 7.09 (m,4 H, Ar-3,4,6,711) and 3.81 (s,
3 H, C/r'3O-).

5-Methoxy-l-methylindole-2-carboxaldehyde (9). 5-Methoxyindole-2-carboxaldehyde 8
(5.0 g,29 mmol) was added to a suspension of NaH (0.82 g, 34 mmol) in THF (100 ml). The
mixture was heated at 50'C for 0.25 h, cooled and MeI (4.94 g,34 mmol) was added. The
mixture was heated at 60'C for I h, cooled and extracted with EtOAc (4 x lS ml), then
washed with NaHSOa(aq.,l\oh,50 ml), H2O (50 ml) and brine (50 ml), and evaporated to
dryness to give 9 (3.52 g,64%) as a yellow solid: mp 57*59"C; Rr = 0.61 (3:1 hexane:EtOAc);IH-NMR (cDCl3) 6 9.82 (s, I H, cHo), 7.33 (m,4H, Ar-3,4,6,711),4.0g (s, 3 H, cH3o-)
and 3.83 (s,3 H, N-CH3).

S-Methoxy-I-methyl-4-nitroindole-2-carboxaldehyde (10). A solution of 9 (3.0 g, 15.8
mmol) in AcOH (350 ml) was treated dropwise with c.HNO3 (9.0 ml) at 0oC. The mixture
was poured onto crushed ice (500 g) and the resulting precipitate washed with H2O (5 x 100
ml) and dried. The product was chromatographed (eluting with Et2O) to give 10 (2.18 g,
58%o) as a yellow solid: mp 179-180"C; Rr = 0.47(1:1 hexane:EtOAc); rH-NUn (CDCI3) 5
9.95 (s, 1 H, CFIO),7.70(s,l}{,3-Il),7.60(d,lH,J=9H2, Ar-6II),7.32(d,2tJ,J=9H2,
Ar-7II),4.12 (s, 3 H, C113O-) and 4.03 (s, 3 H, N-CI13).

Ethyl 5-methoxy-l-methyl-4-nitroindole-2-acrylate (11). To triethyl phosphonoacetate
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(2.53 g,11.3 mmol) stirred in DMF (100 ml) was added NaOMe (0.61 g, 11.3 mmol). The
mixture was stirred for 0.5 h, then l0 (1.2 g, 5. I 3 mmol) dissolved in DMF (20 ml) was added
portionwise, and stirring was continued for a further 0.5 h. The mixture was acidified with
HCI (6 M, 100 ml) and the product filtered, dried and recrystallized from EtOAc to give 11
(1.15 g, 740h) as yellow crystals: mp 176-177"C; Rr = 0.42 (1:1 hexane:EtOAc); IU-NIVIR
(CDCI3)58.13(d,lH,J=2lHz,CH=CHCO1EI),7.77 (d,lH,J=l}Hz,AI-6II),7.41(s,
lH,3-II),7.23(d,lH,J=l0}Jz,Ar-7Il),6.77 (d,l H,J=2lHz, CII=CHCO2Et),4.48
(q.,2H,J=9Hz,CO1CH1CH),4.02 (s,3 H, CH3O),3.86 (s,3 H, N-CH3) and 1.46 (t,3 H,
J = 9Hz, CO2CH2C[.

Ethyl 4-amino-5-methoxy-l-methylindole-2-acrylate (12). To 11 (1.02 g, 3.9 mmol) in
EIOH (90 ml) was added tin powder (2.7 9,22.6 mmol) followed by HCI (3 rvr, 35 ml). The
mixture was heated under reflux for I h, cooled, decanted and diluted with EtOAc (150 ml).
The organic phase was washed with brine (50 ml), dried and evaporated in vacuo to give 12
(1.06 g,96Yo) as a yellow solid. The product was used in the next step without further
purification.

Ethyl 5-methoxy-l-methylindole-4,7-dione-2-acrylate (13). To 12 (0.8 g, 2.94 mmol)
dissolved in Me2CO (10 ml) was added potassiun nitrosodisulphonate (Fremy's salt, 3.5 g,
13.1 mmol) dissolved in Na2HPOaA{aH2POa OH 6, 10 ml). The mixture was stirred for I h
at room temperature then diluted with EtOAc (100 ml). The organic layer was washed with
H2O (50 ml) and brine (50 ml), dried and evaporated in vacuo. The residue was
chromatographed (eluting with EtOAc) to give 13 (0.70 g, 83%) as a red solid: mp
2ll)l2C; Ri = 0.44(l:l hexane:EtOAc;; rH-NMR (CDCI3) 6 7.68 (d, I H, J = 16 lgrz,
GH=cIICOzBt),7.01 (s, I H, 3-II), 6.51 (d, I H, J = 16 Hz, CH=CHCO2Et), 5.73 (s, lH,
Ar-6H),4.30 (q, 2}J, J = 5Hz,CO2CH2CH),4.07 (s, 3 H, CH3O-), 3.83 (s, 3 H, N-CI13) and
1.40 (t, 3 H, J = 5 Hz, CO2CH zCH).

2-Hydroxypropenyl-5-methoxy-l-methylindole-4,7-dione (14). To 13 (0.7 g,2.42 mmol)
dissolved in CHCI3 (30 ml) and EtOH (10 ml) was added Na2S2Oa (aq., 13 ml) at room
temperature for 0.5 h. The organic phase was separated and washed with brine (50 ml), dried
and evaporated in vacuo to give a red solid. The solid was redissolved in anhydrous CH2CI2
(90 ml) and DIBAL-H (16.3 ml, I .5 M in toluene) was added dropwise at *50'C. The mixture
was stirred for 2.5 h at 0'C and then FeCl3 (1.0 u dissolved in 0.1 tvt }{Cl,27 ml) was added,
keeping the temperature below 0'C. The mixture was stirred for 0.25 h at 0'C and filtered.
The product was extracted with CHC13 @ x 75 ml), washed with brine (50 ml), dried and
evaporated in vacuo. The product was recystallized from EtOAc to give 14 (0.08 g, l4oh) as
purple crystals: mp 223-224oC, Rr = 0.54 (EtOAc); rH-Ntr,tR (DMSO-d6) 6 8.04 (s, I H,
3-H), 6.96 (d, I H, -/ = 10 H4 CH=CHCH2OH), 6.67 (d, I H, J = l0 Hz,CI1=CHCH2OH),
5.71 (s, I H, Ar-6H),5.04 (t, lH, J = 5Hz,CH1OI{),4.29 (m,2H,CH1OH),3.95 (s,3 H,
CH3O, and 3.78 (s,3 H, N-CH3).Analysis (Cr3H13NO4) C, H, N.

2-Hydroxypropenyl-S-(2-methylaziridin-1-yl)-l-methylindole-4,7-dione (15). A solution of
14 (0.02 g, 0.08 mmol) in 2-methylaziridine (l ml, -18 mmol) was stirred at room
temperature for 1.5 h. Excess 2-methylaziridine was removed in vacuo, and the product was
recrystallized from EtoAc to give 15 (10 mg, 48%) as dark purple crystals: mp 18,t-185'C;
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Rr = 0.47 (EtOAc); IU-NMR (CDCI3) 6 7.71 (s, I H, 3-H), 6.71 (d, I H, J = 20 rirz,
CH=CI1CH2OH),6.38 (d, I H, J =20Hz,CH=CHCH2OH), 5.96 (s, I H, Ar-6H),4.61 (d,
2I{, J = 4Hz, CH1OH),3.95 (s, 3 H, N-CI13) and 2.30 (m, 3 H, MeCIIN and Cf12N) and
1.45 (d, 3IJ, J = 5Hz, NCHCH3). Analysis (CrsHr6N2O3) C, H, N.

5-( Aziridin-1-yl)-2-hydroxypropenyl-1-methylindole-4,7-dione (16). A solution of 14 (0.02
g, 0.08 mmol) in aziridine (l ml, -21 mmol) was stirred at room temperature for 0.75 h.
Excess aziridine was removed in vacuo and the product was recrystallized from EtOAc to
give 16 (10 mg, 46%) as purple crystals: mp 13Gl37oC, Rr = 0.64 (EtOAc); IH-NMR
(DMSO-d6)67.36(s, l}{,3-Il),6.68(d, lH,J=13Hz,CH=CIICH1OH),6.54(d, I H,"r
= 13 Hz, CI1=CHCH1OH),5.77 (q I H, Ar-6II),4.33 (d, 2H, J = 3Hz, CH1OH),3.94 (s, 3
H, N-CA3) and 2.18 (s, 4 ,2 x Cfl2N). Analysis (Cr4Hr4N2O3) C, H, N.

S-Methoxy-L-methyl-4-nitroindole-2-carboxylic acid (17). To NaoH (0.43 g,10.75 mmol)
in H2o (5 ml) was added Ag2o (0.5 g,2.15 mmol) and the mixture was heated to 50'c.
Compound 10 (0.5 g, 2.14 mmol) was then added portionwise and the suspension was
heated at 55'C for 0.75 h, cooled and filtered. The filtrate was acidified (6 vr HCl, 5 ml) and
the product was filtered and recrystallized from acetone to give 17 (0.53 g,93%) as yellow
crystals: mp265-267 (dec.); IH-NMR(CDCI3)S 10.51 (s, I H, COzA,7.96(d,lH,J=g
Hz, Ar-617),7.86 (s, I H,3-1r,7.53 (d, I H, J = 9 }{z, Ar-7II),4.14 (s,3 H, CH3O-) and 4.l l
(s,3 H, N-C11r).

Methyl 5-methoxy-1-methyl-4-nitroindole-2-carboxylate (1s).5-Methoxy-l-methyl-4-
nitroindole-2-carboxylic acid 17 (1.0 g, 4.0 mmol) was dissolved in DMF (15 ml) together
with K2CO3 Q.0 g,7.25 mmol), and (MeO)2SO2 (3 ml, 31.7 mmol) was added dropwise with
stirring. The solution was stirred for 18 h at room temperature and then HCI (3.0 u, 20 ml)
was added. The solution was extracted with EtoAc (3 x 30 ml), washed with H2o (50 ml),
brine (30 ml), sat.NaHCo3 (aq., 30 ml) and again with brine (30 ml). The organic extract
was evaporated in vacuo to give 18 (0.76 g,72%) as a yellow solid which was used in the next
step without further purification: mp l8zl--186oC; Rr = 0.8 (EtOAc); rU-NMR (CDCI3) a
7.57 (d,lH,J=9Hz,Ar-61{),7.51 (s, 1H,3-Il),7.15(d, lH,J=9}{z,Ar-7II),4.09(s,3
H, CF/3O-),4.01 (s, 3}I,CO1CH3) and 3.93 (s,3 H, N-CI13).

Methyl 5-methoxy-l-methylindole-4,7-dione-2-carboxylate (20). To a solution of 18 (0.76
g, 2.88 mmol) in EIOH (50 ml) was added tin powder (1.6 g 13.45 mmol) followed by HCI
(3.0 tvl, 20 ml). The solution was stirred at room temperature for I h, decanted from the
excess tin, neutralized with sat.NaHCO3, added to an equal volume of H2O and extracted
with EtOAc. The solution was evaporat ed in vacuo and the residual crude 4-amino derivative
19 (0.46 g, 1.97 mmol, 68%) immediately dissolved in Me2CO (a0 ml) and added to a
solution of Fremy's salt (1.5 g, 5.6 mmol) in NaH2POaA{a2HPOa buffer (0.5 M, pH 6.0, 50
ml). The solution was stirred for I h at room temperature and then evaporated to remove the
Me2CO, and the resulting precipitate was collected by suction filtration, washed with H2O
and dried. The solid material was purified on silica (eluting with EtoAc/hexanq l:1, R1=
0.4) to afford 20 (0.2 g, 4l%) as a yellow solid: mp l9+-196C (dec.); rH-NMR (CDCI3) 5
7 .32 (s, I H, 3-II),5.79 (s, I H, 6-Ir, 4.32 (s,3 H, C113O-), 3.88 (s, 3 H, CO1CH3) and 3.84
(s,3 H, N-C11j).
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2-Hydroxymethyl-5-methoxy-l-methylindole-4,7-dione (21). To a solution of 20 (0.2 g,0.8
mmol) in CHCI3 (20 ml) and EtOH (5.5 ml) was added a solution of Na2S2Oa (1.0 g, 5.75
mmol) in H2O (6.0 ml) and the mixture stirred at room temperature for 0.5 h. The organic
layer was then separated and washed with brine (20 ml) and evaporated in vacuo. The residue
was dried over silica in vacuo, redissolved in anhydrous CH2CI2 (15 ml) under argon and
cooled to -30'C. A solution of DIBAL-H in toluene (1.5 M, 6.0 ml) was added while
maintaining the temperature at -30'C. The solution was then allowed to reach room
temperature over 1.5 h and then cooled again to -20"C, when a solution of FeCl3 was added
[1.0 rra (0.1 rra HCD, 10 ml]. The solution was allowed to reach room temperature and then
extracted with CHCI3 (5 x 30 ml) and EtOAc (3 x 30 ml). The combined extracts were dried
and evaporated in vqcuo and the residue purified on silica (eluting with EtOAc, Rr = 0.5) to
give 2l (75 mg, 42%o) as an orange solid, recrystallized from EtOAc: mp 205-206'C:
rH-NMR (cDCl3) 5 6.54 (s, I H,3-1t,5.65 (s, I H,6-1r,4.67 (br,2H, cH2oH), 4.02 (s, 3

H, CH3O-) and 3.82 (s,3 H, N-CH3).Analysis (C11H11NOa) C, H, N.

2-Hydroxymethyl-S-(2-methylaziridin-1-yl)-l-methylindole-4,7-dione (22). Compound 21
(44 mg,0.2 mmol) was dissolved in 2-methylaziridine (2.0 ml, -35 mmol) and the solution
stirred at room temperature for 2 h, evaporated and redissolved in EtOAc (2.5 ml). The
solution was evaporated to dryness and the residue recrystallized from EtOAc to give 22 (39
mg,79Yl as a red solid: mp 139-140"C; rg-NMR (CDCI3) 6 6.46 (s, lH,3-A,5.74 (s, 1 H,
6-I{),4.64 (br,2 H, CH1OH),3.99 (s, 3 H, N-CH3), 2.10 (m, 3 H, MeCl{N and C,F/2N) and
1.44 (d,3 H, J = 5Hz, NCHCE3). Analysis (C13H14N2O3'1.5H2O) C, N H: calcd, 6.27,
found, 5.59.

5-(Aziridin-l-yl)-2-hydroxymethyl-l-methylindole-4,7-dione (2j). Compound 2l (44 mg,
0.2 mmol) was dissolved in aziridine (1.5 ml, -35 mmol) and the solution stirred at room
temperature for 0.75 h, evaporated and redissolved in EtOAc (2.5 ml). The solution was
evaporated to dryness and the residue recrystallized from EtOAc to give 23 (35 mg, 75Y) as
a red solid: mp l6,f-166'c; lH-NMR (CDCI3) 6 6.5 (s, I H,3-II),5.76 (s, I H,6-Il),4.74 (br,
I H, CH2O,I{),4.62 (br,2H, CH2OH),3.97 (s, 3 H, N-CH3) and 2.18 (s, 4 H, 2 x azi-CHz).
Analysis (C12H12N2O3'0.25H2O) C, H, N.

5-Methoxy-1-methylindole-3-carboxaldehyde (25). 5-Methoxyindole-3-carboxaldehyde 24
(2.0 g, 11.4 mmol) was added portionwise to a suspension of NaH (0.55 g, 13.7 mmol) in
DMF (50 ml) with stirring. The suspension was stirred for 0.5 h, MeI (1.94 9,13.7 mmol)
was then added and the mixture stirred for t h at room temperature. The reaction mixture
was then poured over NaHCO3(aq.l)oh,300 ml) and extracted with EtOAc (4 x 75ml),
washed with NaHCO3(aq.l0oh,3 x 50 ml), brine (3 x 100 ml), dried and evaporated rn
yacuoto give 25 (1.70 g, 79Y) as a white solid: mp 132-133"C; Rr= 0.27 (l:l hexane:EtOAc);
rH-NMR (cDCl3) 6 9.93 (s, I H, cFlo), 7.80 (m, 4H, Ar-2,4,6,71r,3.89 (s, 3 H, cH3o-)
and 3.81 (s, 3 H, N-C1/3).

S-Methoxy-l-methyl-4-nitroindole-3-carboxaldehyde (26). To a solution of 25 (1.5 g,7.94
mmol) dissolved in AcOH (150 ml) was added a mixture of c.HNO3 (4.5 ml) in AcOH (25
ml) dropwise at OoC over 3 h. After addition, the mixture was stirred at room temperature for
16 h and then added to crushed ice (75 g), filtered, washed with H2O (5 x 100 ml) and dried
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to give 26 (1.56 g,84oh) as a pale yellow solid: mp 197-198'C; Rr = 0.39 (EtOAc); rH-Ntr,tR
(DMSO-d6) 6 9.75 (s, I H, CFIO), 8.27 (s,l H,2-II),7.72 (d,lH, J = 6Hz, Ar-6II),7.32 (d,
I H, J = 6 Hz, Ar-7 II) and 3.94 (2 x s, 6H, CH3O- and N-CI13).

4-Amino-5-methoxy-l-methylindole-3-carboxaldehyde (27). To a suspension of 26 (1.0 g,
4.27 mmol) in EIOH (150 ml) was added tin(4.43 g, 37 mmol) followed by HCI (3 Ivl, 60 ml).
The mixture was stirred at room temperature for 2 h and decanted. The solution was added
portionwise to sat.NaHCO: (aq., 300 ml). and extracted with EtOAc (3 x 100 ml). The
organic layer was separated, washed with sat.NaHCO3 (aq., 2 x 175 ml) and brine (3 x 75
ml), dried and evaporated in vacuo to give 27 (0.79 g,9lW as a dark yellow solid which was
used in the next step without further purification, Rr = 0.64 (EtOAc); IH-NMR (CDCI.) 5
9.60 (s, I H, CFIO), 7.64(s,l}{,2-Il),7.53 (d,l H, J = 6Hz, Ar-6Il), 6.56 (d, lH, J = 6Hz,
Ar-7Il),5.79 (br s,2H, NI/2),3.88 (s, 3 H, C.itI3O-) and 3.75 (s, 3 H, N-CH3).

3-Formyl-5-methoxy-1-methylindole-4,7-dione (28). To27 (0.15 g, 3.68 mmol) dissolved in
Me2CO (75 ml) was added potassium nitrosodisulphonate (4.0 9,14.9 mmol) in H2O (20 ml)
followed by Na2HPOa/NaH2POa (pH 6, 20 ml). The mixture was stirred for 0.75 h, excess
Me2CO was removed and the product was filtered, washed with H2O (50 ml), dried and
recrystallized from EtOAc to give 28 (0.61 9,76%) as yellow crystals, mp 188-190oC; Rp =
0.39 (1:l hexane:EtOAc);IH-NVIR (CDCI3)6 10.54 (s, I H, CHO),7.44(s,tH,2-A,5.79
(s, I H, 6-Il),4.02 (s,3 H, CruO-) and 3.87 (s,3 H, N-CH3).

3-Hydroxymethyl-5-methoxy-1-methylindole-4,7-dione (29). A solution of 28 (0.5 g,2.28
mmol) in anhydrous MeOH (300 ml) was degassed with argon and to this was added NaBHa
(0.65 g, 17.0 mmol). The solution was stirred for 2h under argon and then evaporated in
vacuo to give a solid which was diluted with CH2CI2 (300 ml) and washed with H2O (2 x 100
ml) and brine (100 ml), then condensed to give a solid which was recrystallized from EtOAc
to give 29 (0.20 g, 40%) as orange crystals, mp 185-l86oC; Rr = 0.43 (EtOAc); rH-NMR
(CDCI3)6 6.88 (s, l}J,2-I{),5.73 (s, lH,6-Il),4.27 (m,2H,CH1OH),3.94 (s,3 H, CH3O,
and 3.85 (s, 3 H, N-CH3).Analysis (C11H1NO4) C, H, N.

3-Hydroxymethyl-l-methyl-S-(2-methylaziridin-1-yl)indole-4,7-dione (30). A solution of
29 (0.2 g, 0.90 mmol) in 2-methylaziridine (l ml, -18 mmol) was stirred at room temperature
for 2.5 h. Excess 2-methylaziridine was removed in vacuo and the product was chromato-
graphed (eluting with EtOAc) to give 30 (120 mg,54o/o) as a red solid: mp 89-90'C; Rr= 0.61
(EtOAc); IH-NMR (CDCI3) 5 6.70 (s, I H, 2-1r,5.79 (s, I H, 6-It), 4.67 (m, 2 H, CH2OH),
3.91 (s, 3 H, N-CH3),2.04 (d, 3 H, J = 6Hz, CH3CHN-) and 1.47 (m, 3 H, CH3C11N- and
Cfl2N).Analysis (Cr3Hr4N2O3) C, H, N.

5-(Aziridin-l-yl)-3-hydroxymethyl-l-methylindole-4,7-dione (31). A solution of 29 (0.2 g,
0.90 mmol) in aziridine (l m|-23 mmol) was stirred at room temperature for 1.5 h. Excess
aziridine was removed in vqcuo and the product was recrystallized from EtOAc to give 31
(130 mg, 62Y) as orange crystals: mp 169-171'C; Rr = 0.53 (EtOAc); IH-NMR (CDCI3) 5
6.69 (s, l}J,2-Il),5.81 (s, l}J,6-II),4.64(s,2H,CH1O}J),3.91 (s,3 H, N-CH3),andl.27
(m,4 H,2 x CH2Nr. Analysis (Cr2Hr2N2O3) C, H, N.
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Ethyl 5-methoxy-l -methyl-4-nitroindole-3-acrylate ( 32 ) . To triethylphosphonoacetate
(2.46 9,10.92 mmol) stirred in DMF (80 ml) was added NaOMe (0.60 g, lt mmol). The
solution was stirred for 0.5 h, then 26 (1.00 g,4.27 mmol) dissolved in DMF (20 ml) was
added portionwise and stirring continued for a further 2 h. The mixture was diluted with
EtOAc (300 ml), washed with sat.NaHCO3 (aq., 6 x 100 ml). dried and evaporated in vacuo,
and the solid recrystallized from EtoAc to give 32 (0.96 g, 74%) as yellow crystals: mp
164-165"C; Rr = 0.47 (1:1 hexane:EtOAc); IH-NMR (CDCI3) 6 7.70 (d, I H, J = 2l Hz,
CH=CIICOzBt),7.51(s, 1H,2-II),7.48 (d, 1H, J=l0Hz,Ar-6II),7.06(d, 1H,,I= l0Hz,
Ar-7Il),6.13 (d, I H, J = 2l Hz, CII=CHCO zBt),4.27 (q,2H,J = 7 H4 CO2CH|CH),3.94
(s, 3 H, CH3O),3.82 (s, 3 H, N-CH3) and 1.33 (t, 3 H, J = 7 }Jz,CO2CH1CH).

Ethyl 4-amino-5-methoxy-l-methylindole-3-acrylate (33). To 32 (0.95 g, 3.13 mmol) in
EIOH (50 ml) was added tin powder (2.1 9,17.8 mmol) followed by HCI (3 vr, 30 ml). The
mixture was stirred at room temperature for I h, filtered and diluted with EtOAc (150 ml).
The organic phase was washed with sat.NaHCo3 (aq., 4 x 75 ml), dried and evaporated ln
vacuo to give 33 (0.85 g, 99%) as a yellow oil. The product was used in the next step without
further purification, Rr = 0.29 (1:lhexane:EtOAc); rH-NMR (CDC13) 6 7.70 (d, I H, J = 2l
Hz, CH=CHCO2EI), 7.48 (s, 1H,2-1r,7.33 (d,l H, J = l0 }{z, Ar-6II),7.06 (d,l H, -r = l0
Hz, At-717),6.13 (d, I H, J = 2l Hz, CII=CHCO2Et),4.27 (q,,2}J, J = 7 Hz,CO2CH2CH},
3.94 (s, 3 H, CI13O-), 3.82 (s, 3 H, N-CH3) and 1.33 (t, 3 H, J = 7 Hz, CO1CH2CH).

Ethyl 5-methoxy-1-methylindole-4,7-dione-3-acrylate (34). To 33 (0.8 g, 2.91 mmol)
dissolved in Me2CO (75 ml) was added potassium nitrosodisulphonate (3.33 g, 12.42mmol)
dissolved in Na2HPoy'NaH2Poa bH 6, 35 ml). The mixture was stirred for I h at room
temperature then diluted with EtOAc (100 ml). The organic layer was washed with brine (50
ml), dried and evaporated in vacuo. The residue was chromatographed (eluting with
hexane/EtOAc, 1:1) to give 34 (0.29 g,3l%) as a yellow solid: mp 203105"C; Rr = 0.74
(EtOAc); rH-NMR (CDCI3) 6 g.05 (d, I H, ,r = 16 Hz, CH=C.HCO zEt),7.06 (s, 1 H,2-I{),
6.79 (d,lH,J= 16Hz, CI1=CHCO2EI),5.71(s, I H, Ar-61{),4.37 (q,2H,J=7 IFrz,
CO1CH2CH3), 3.99 (s, 3 H, CruO-),3.84 (s, 3 H, N-CH3) and 1.40 (t, 3 H, J = 7 Hz,
cozcH2cH).

3-Hydroxypropenyl-5-methoxy-l-methylindole-4,7-dione (35). To 34 (0.35 g, l.2l mmol)
dissolved in cHCl3 (30 ml) and EtoH (10 ml) was added Na2S2oa (aq.,2.1g in 13 ml) at
room temperature and the solution stirred for 0.5 h. The organic phase was separated, dried
and evaporated in vacuo to give a red solid. The solid was redissolved in anhydrous CH2CI2
(90 ml) and DIBAL-H ( 1 6.3 ml, I .5 M in toluene) added dropwise at -50'C. The mixture was
stirred for 3.5 h at -30"C and then FeCl3 (1.0 u dissolved in 0.1 vt HCl,27 ml) was added,
keeping the temperature below 0"C. The mixture was stirred for 0.5 h at 0'C and filtered.
The product was extracted with CHC13 @ x 75 ml), washed with brine (50 ml), dried and
evaporated in vacuo. The product was recrystallized from EtOAc to give 35 (0.14 g, 47oh) as
orange crystals: mp 191-l93oC, Rr = 0.50 (EtOAc); rH-NMR (DMSO-d6) 6 7.94 (s, I H,
2-II),7 .20 (d, I H, J = l0 Hz, CH=CHCH2OH), 6.65 (d, I H, J = l0 Hz, CI1=CHCH2OH),
5.71 (s, 1 H, u\r-611), 4.93 (1, 1 H, J = 5 Hz, CH2OII),4.36 (m, 2H, CH2OH),3.93 (s, 3 H,
CH3O-) and 3.80 (s,3 H, N-CH3).Analysis (Cr3Hr3NO4.0.25H2O) C, H, N.
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3-Hydroxypropenyl 5-(methylaziridin-1-yl)-l-methylindole-4,7-dione (36). Compound 35
(50 mg, 0.20 mmol) was dissolved in 2-methylaziridine (2.0 ml, -35 mmol), and the solution
stirred at room temperature for 1.5 h, evaporated and redissolved in EtOAc (2.5 ml). The
solution was evaporated to dryness and the residue recrystallized from EtOAc to give 23 (39
mg,72o/o) as a red solid: mp 126-128"C, Rr = 0.58(EtOAc); IU-NMR (CDC13) 5 7.34 (s, I H,
2-Il), 6.96 (d, I H, J = 20 Hz, CH=CHCH2OH), 6.57 (d, I H, J = 20H2, CH=CHCH2OH),
5.76 (s, I H, Ar-6.If ,4.34 (d,2H, J = 4Hz, CH2OH),3.93 (s, 3 H, N-CH3),2.04 (m, 3 H,
MeC.IIN and CI/2N) andl.46 (d, 3 H, J = 5Hz, NCHCH3). Analysis (Cr5H16N2O:) H, N;
C: calcd, 65. 16; found, 65.60.

5-(Aziridin-l-yl)-3-Hydroxypropenyl-l-methylindole-4,7-dione (37). Compound 35 (44
mg,0.2 mmol) was dissolved in aziridine (1.5 ml, -35 mmol) and the solution stirred at room
temperature for 0.75 h, evaporated and redissolved in EtOAc (2.5 ml). The solution was
evaporated to dryness and the residue recrystallized from EtOAc to give 37 (35 mg, 75oh) as
a red solid: mp 157-l59oC; Rr = 0.46 (EtOAc); IH-NMR (DMSO-d6) 5 7.52 (s, lH,2-It),
6.92 (d, I H, J = 13 H4 CH=CI1CH zOH), 6.7 4 (d, I H, J = 13 Hz, C H=CHCH2OH), 5.94
(s, I H, Ar-6II),4.48 (d,2H,J=3Hz,CH2OH),3.88 (s,3 H, N-CH3) and2.l3(s,4H,2x
C112N). Analysis (C14H r2N2O3.0.75H2O) C, H, N.

Pulse radiolysis

Pulse radiolysis with optical detection was used to determine the one-electron reduction
potentials (E Q/Q-) of the indoloquinones by establishing redox equilibria with benzyl
viologen (Aldrich) according to methods described previously (wardman, 1989).
Experiments were performed with a 6 MeV linear accelerator as described previously
(Candeias et aI.,1996). Solutions were de-aerated by saturation with N2O and contained
0.2u 2-propanol and 4 mu phosphate buffer (NaH2POy'Na2HPOa) at pH 8.5. The
alcohol converts the radiolytically produced'oH and H' radicals in <0.2 ps to the
model one-electron reductant, the 2-propanol radical (CH3)2C'OH which reduces the
indoloquinones or viologen (Bv2*) to the corresponding semiquinone (Q'l or viologen
radical-cations (BV'+) (Patel and Wilson, 1973). All experiments were performed at pH 8.5
because the aziridinyl indoloquinones slowly hydrolyse at physiological pH, including EO9
(Phillips et aL.,1992). The redox potentials (E Q/Q') of selected compounds are presented in
Table I.

Cytotoxicity assay

Selective toxicity to hypoxic Y79-379A cells (Chinese hamster lung fibroblast cell line) was
determined for all compounds using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromidel assay as has been described previously (Stratford & Stephens,
1989; Naylor et al.,l99l). Cells were treated with drug for 3 h at37"C under aerobic or
hypoxic (N2) conditions. The drug was then removed and the cells allowed to proliferate for
3 days prior to MTT assay. The results are presented in Table II, where the 1C5s (air) values,
the concentrations required to kill 50% of aerobic cells under the conditions of the assay, are
divided by the lGo (Nz) valueq the concentrations required to kill 50% of hypoxic cells, to
give the hypoxic cytotoxicity ratio (HCR). These values enable quantitative comparisons of
selective bioreductive cytotoxicities of the drugs. The aerobic and hypoxic toxicities of



ll4 M. JAFFAR e, a/.

Table I DT-diaphorase substrate specihcity, one-electron reduction potentials (EQ/Q L reaction
of semiquinone with oxygen and toxicity in the A549 human lung carcinoma cell line

Compd Specific
activity
fitmollminlmg)

to\ tt(e- + 02)
(dmslmolls)

EQIQ- (mV) A549 human cell line

IC5s(air) (pv.) ICso(Nz) (t u)

HCR

2 (EOS) t.523 + 0.r4
3 (EO9) 19.90 + 0.5016 41.59 t 1.0831 52.78 + 0.93

13.7 + 1.57 0.52 t 0.13 27
0.13+0.03" 0.06+0.01c 2.0
0.33 + 0.04 0.28 t 0.07 1.2
0.06 t 0.01 0.03 1 0.01 2.0

aMean of measurements using five different concentrations of indoloquinones Potentials versus E (BV2+/BV'-) =
-374mY atpH 8.5. Measurements corrected for ionic strength (/- 0.004).bNayloreta/. (1997).
cRobertson et al. (1994).

selected compounds in the 4549 human non-small cell lung cancer cell line were also
determined as described by Robertson et al. (1994), with 3 h exposures at 37"C under both
aerobic and N2 conditions. The 1C56 values obtained for all experiments were derived from
at least three independent experiments. The results are presented in Table I.

Substrate studies with DTD
The source of DTD is as described by Phillips (1996), and the specific activity of the enzyme
is 139 pmol DCPIP reduced/min/mg protein. The actual enzyme was derived from
full-length cDNA isolated from H460 lung cancer (NSCLC) cells by RT-pcR and
transfected into Escherichiq coli as described by Beall et al. (1994).

Each assay consisted of 0.945 ml rris-HCl buffer (50 mM, pH 7.4) containing 0.14% BSA,
20 ptvt NADH (100 mtvt), 20 pl cytochrome c (3.5 mvr), l0 pl human DT-diaphorase (0.g66
pglpl) and 5 pl drug (at 5 mtvt in DMSO). Reduction of cytochrome c was measured at 550
nm over 30 s and each assay was performed in triplicate at room temperature (20"C). The
rate of change of absorbance in the absence of the test compounds (ust DMSO) was
subtracted from the rate of change in absorbance in the presence of the drugs. Specific
enzyme activities were calculated using E = 2l.l mM/cm (Phillips, 1996). The results are
presented in Table I.

Results and discussion

Chemistry

Scheme I outlines the l0-step route towards the synthesis of 2-(3-hydroxypropenyl)
analogues of EO9. The reaction of 5-methoxyindole-2-carboxylic acid (5) (Aldrich
Chemical Co.) with (MeO)2SO2 in the presence of K2CO3 gave the corresponding methyl
ester (Q. Reduction of 6 with LAH gave 5-methoxyindole-2-methanol (7) and subsequent
oxidation with MnO2 gave 5-methoxyindole-2-carboxaldehyde (8) in moderate yield.
N-Methylation afforded 5-methoxy-l-methylindole-2-carboxaldehyde (9) in excellent yield
(Casner et al. , 1985). Subsequent nitration with acetic acid and nitric acid at OoC for 5 h gave

2.4 !0.1
1.7 + 0.1 b
2.1+ 0.1
2.2 + 0.1

-284 + 6a
265 ! 5b
Ji6 !6a
-277 + 5a
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Table II In vitro biological data in V79-379A cells

R:RzRr V79 rodent cell line HCR

ICso (air) ICso(Nz)fuvt) (pu)

1(EO7)

2 (Eo8)

3 (EO9)

4(MMC)
t4

15

t6

2t

22

23

29

30'

31

35

36

37

OMe

->-Me'

)N

OMe

Me/

)r.,
OMe

DN
Me'

)r'r
OMe

DN
Me'

)ru
OMe

,")*
)r'r

CH=CHCHz
OH

CH=CHCHz
OH
CH=CHCHz
OH

CH=CHCHz
OH
CHzOH

CHzOH

CHzOH

H

H

H

H

H

H

CHzOH

CH=CHCHz CHzOH
OH
CH=CHCHz CHzOH
OH

851 t 60.5 30.6 r 6.1 27.8

57.7 + 8.2 0.01I t 0.002 s24s

0.19 t 0.03 0.004 + 0.0006 47.5

0.8 a 0.4a 2.0a
500 + 53 30 + 3.9 16.7

153 + 8.2 5.6 t 0.4 27.2

0.76 t 0.06 0.18 + 0.03 4.2

633 + 90 430 !79 1.5

s4.0 + 4.0 1.8 t 0.16 30.0

0.34 + 0.03 0.05 t 0.004 6.8

220+2Ob 240!23b 0.9b

4.4 + 1.2b 0.18 t 0.02 b 24.4b

0.14 + 0.01 u 0.009 + 0.001 b 15.6 b

360 + 44 260 + 46 1.4

276.0 + 23.3 13.1 t 1.7 2t.l

14.1 + 2.00 0.56 t 0.05 25.2

H

H

H

H

H

H

CHzOH

CHzOH

CHzOH

CH=CHCHz
OH
CH=CHCHz
OH

CH=CHCHz
OH

aStratford er a/. (1989).
bNayloreta/. (1997).
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99h9.. 1 Reagents and conditions: (i) K2CO3, (MeO)2SO2, DMF; (ii) LiAlHa; (iii)
MnO2; (iv) NaH, MeI, DMF; (v) cHNO3, AcOH, 0.e; (vi) NaOMe, @td;r_P(O)CH2CO2Et, DMF; (vii) Sn, HCl; (viii) Fremy's salt; (ix) Na2S2Oa then DISAL_H
then FeCl3; (x) 2-methylaziridine or aziridine.
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MeO
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Scheme 2 Reagents and conditions: (i) NaOH, Ag2O, 55'C; (ii) K2CO3, (MeO)2SO2,
DMF; (iii) Sn, HCI; (iv) Fremy's salt; (v) NaBHa then air; (vi) 2-methylaziridine or
aziridine.

the useful 5-methoxy-l-methyl-4-nitroindole-2-carboxaldehyde (10) (Casner et al., 1985;
Boruah & Skibo, 1994). A Horner-Wittig reaction with triethylphosphonoacetate affiorded
the desired acrylate (11). Reduction of 11 with Sn-HCl and subsequent oxidation with
Fremy's salt gave the amino compound (12) and quinone 13 respectively (Leadbetter et al.,
1974; Hodges & Remers, 1981; Casner et al., 1985; Boruah & Skibo, 1994). Further
reduction with DIBAL-H followed by oxidation with FeCl3 gave the desired EO7 analogue
(14). When 14 was treated with 2-methylaziridine or aziriding quinones 15 and 16 were
formed respectively.

As depicted in Scheme 2, a six-step synthesis of 3-unsubstituted-2-hydroxymethylindole
analogues of EO9 was achieved. Initially, the reduction of the nitro compound 10 and
subsequent oxidation to the quinone to give the desired indoloquinone was unsuccessful.
Reaction of 10 with Ag2OA{aOH gave 5-methoxy-l-methyl-4-nitroindole-2-carboxylic acid

zzn=N( R

zrn=u( M"
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(17) which was esterified to give 18 in excellent yield. Subsequent reduction with Sn-HCl
followed by oxidation to the quinone with Fremyt salt gave the desired indoloquinone 20.
Reduction of 20 with DIBAL-H followed by oxidation with FeCl3 gave 2l in moderate yield
and this compound was treated with either 2-methylaziridine or aziridine to give 22 or 23
respectively.

The synthesis of 2-unsubstituted-3-hydroxymethyl analogues of EO9 was achieved in six
steps from 5-methoxyindole-3-carboxaldehyde (24) (Aldrich Chemical Co.) (Scheme 3).
The initial N-methylation gave 25 in good yield and this compound was nitrated under
mild conditions to give 26. However, in contrast to the 2-substituted analogues, reduction
with Sn-HCl at room temperature followed by oxidation with Fremy's salt gave the desired
indoloquinone 28. Reduction of 28 with NaBHa followed by immediate oxidation in air
gave the corresponding 3-hydroxymethyl analogue (29). Reaction of 29 with either
2-methylaziridine or aziridine gave 30 and 31 respectively (Naylor et a1.,1997). Scheme 4
depicts a five-step synthesis of 3-(3-hydroxy-1-propenyl) analogues of EO9 starting from
5-methoxy- I -methyl-4-nitroindole-3-carboxaldehyde (26) using similar methodology.

cHo,"OYfl
\-t^-N

\
H

24

l''"
II cHo

'"oY,\d
\","-NAL"

28

CHO*"€6
\
Me

25
I

l(ii)
Y

To, cHoveo._r\_{(A)
\
Me

26

(i)

fH' cHoveO.--,\-1
I- tt \\ i (iii)

\
Me

27

(v)

ao n =N(
arn=*('Me

!.h9T9 3 Reagents and conditions: (i) NaH, MeI, DMF; (ii) cHNO3, AcOH, 0.C; (iii)
Sn, HCI; (iv) Fremy's salt; (v) NaBHa then air; (vi) 2-methylaziridine oi aziridine.
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MeO
(iii )

f 

r',,

s6 R = Na.l\
37R=N<-Me

Scheme 4 Reagents and conditions: (i) NaOMe, (EtO)2P(O)CH2CO2EI, DMF; (ii) Sn,
HCl; (iii) Fremy's salt; (iv) Na2S2Oa then DIBAL-H then FeCl3; (v) 2-methylaziridine or
aziridine.

S truc tur e-ac t iv ity r e I a t io n s hip s

The most striking feature evident from Table II is the 5000-fold differential in aerobic versus
hypoxic toxicity for Eo8 (2) (HCR = 5245; see Figure 2). This is the highest value (by a
factor of 100) of differential toxicity ever reported for any bioreductive indoloquinone [for
HCR values of some other indoloquinones in V79 cells see Cotterill et al. (1994) and Moody
et al. (1994)l

The results (Table II) show that there is a trend in which compounds bearing a 5-aziridinyl
moiety are generally more toxic under both aerobic and hypoxic conditions [see compounds
3 (EO9), 16,23,31 and 3fl while those with the methylaziridinyl moiety, though less toxic
under both conditions, give a better HCR [2 (Eo8), 15,22 and 30, with one exception in
compound 361. These compounds are markedly more toxic under hypoxic conditions than
under aerobic conditions. In general, the derivatives bearing the 5-methoxy substituents are
least potent. These observations indicate that the pattern of S-substitution plays an
important part in the toxicity following bioactivation and./or at the enzyme binding stage.

Compound 31 (EO9 regioisomer lacking the 2-propenyl substituent) exhibited greater
aerobic toxicity than EO9 in vitro (see Table II). This result indicates that the 2-substituent

Me
33

(v)

I 
t"r

v
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01 0.1 1 10

Drug (EO8) concentration, mmol dm-3

Figure2 Survival of Y79-37g|cellstovaryingconcentrationsof EO8,2,fot3 hinair
(I) or under Nz (a). Following drug treatment, cells were allowed to grow for 3 days
prior use of the MTT assay. Values + SEM are derived from up to four determinations for
each Point.

may not be an essential structural requirement. However, the corresponding methylaziridine
analogue 30 is an order of magnitude more potent than EO8. This indicates that both
substituents atC-2andC-3 become more important when the aziridinyl reactivity is reduced
(also compare 15 with EO8 and compare 1 with 14, 21,29 and35).

Compound 16, the EO9 regioisomer lacking the 3-hydroxymethyl substituent, is -3-fold
less potent than EO9 under aerobic conditions but is 45-fold less potent under hypoxic
conditions against V79 cells. A similar trend is also observed when 15 is compared with EO8.
This seemed to indicate (in rodent cell lines at least) that the 3-hydroxymethyl substituent
may be directly essential for hypoxic cytotoxicity but less important for aerobic toxicity
subsequent to the bioactivation step.

The rates of reduction of key compounds 16,31,2 (EO8) and 3 (EO9) were determined
using human DTD. However, the data did not always correlate with potency against the
human lung carcinoma cell line ,4.549 under aerobic conditions (Table I). The lead
compound EO9 (3) was not as good a substrate for human DTD as 16 or 31, yet was
considerably more toxic than 16 under hypoxic conditions. This may be due to the presence
of other quinone oxidoreductases to which EO9 may be more sensitive (Spanswick er a/.,
1996). Furthermore, DTD has been reported to protect cells from the hypoxic cytotoxicity
of EO9 (Plumb et a1.,1994); howeve! it is unknown whether it applies to these analogues.
The structural features of the 2- and 3-positions may also be important following
bioactivation (i.e. during interaction with target molecules). The fact that 16 is a better
substrate for human DTD but still less potent than EO9 in the human cell line also indicates
the importance of the 3-hydroxymethyl group, as is suggested by the V79 rodent cell line
data.

Compound 31 was an excellent substrate for human DTD when compared with EO9, and
this correlated with the cytotoxicity data in the human cell line (see Table I). Compound 31
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was thus more toxic than EO9 under both aerobic and hypoxic conditions. This would
suggest that 31 is primarily activated by DTD, and further suggests the involvement of other
oxidoreductive enzymes in the bioreductive activation of EO9.

One-electron reduction potentials (E Q/Q') for EO8 (2),F,09 (3), 16 and 31 did not differ
significantly and therefore the large differences in rate of reduction are not due to different
electron affinities, although it should be stressed that these data are one-electron couples
and DTD is a two-electron reducing enzyme. Nonetheless, these data should reflect relative
electron affinities in an aqueous environment and show that these four compounds are
similar in this respect. Reduction-rate differences are therefore concluded to be due to struc-
tural features of these compounds. The semiquinones of EO8, 16 and 31 exhibited similar
rates of reaction with 02 to EO9 (Butler et aI.,1996) and to other indoloquinones which
have been studied (Naylor et al.,1997). Thus, all compounds were very oxygen sensitive, as
reflected in their one-electron reduction potentials (see Table I). The relative stability of the
various hydroquinones formed are unknown, but are assumed to be similar to that of EO9,
which is unstable in the presence of 02, lasting only 2-3 s in fully aerated solutions (Butler er
aL.,1996), although, obviously, this lifetime may be prolonged under hypoxia.

Higher differential toxicity values for 5-(2-methylaziridine) derivatives can be accounted
for by a reduced ability of DTD to metabolize these compounds in air (see alsoBailey et al.,
1994), thus reducing aerobic potency to a greater extent than hypoxic potency (when other
reductases, present under hypoxia, become more important). Thus EO8 is reduced 15 times
slower than EO9, and aerobic toxicity is reduced by a factor of -100 against ,4.549 cells. The
5-methoxy compound (EO7) is also reduced slowly by DTD (Bailey et aI.,1994) but is also
expected to be less potent due to the lack of any aziridinyl moiety.

Compounds 35-37 do not fit into this pattern. These 3-hydroxypropenyl analogues are
unsubstituted at C-2 and yet are at least one order ol magnitude less potent than cor-
responding 3-hydroxymethyl analogues (compare 37 with 3l and 36 with 30). Compounds
bearing the chain extended substituents at C-3 are therefore concluded to be less effective
bioreductive agents.

The results overall indicate that the most important contribution for toxicity is not just
from the aziridinyl moiety since the S-aziridinyl derivative 16 that is reduced more rapidly is
much less potent. This suggests that the principal cytotoxic mediator is not simply activated
aziridine for these types of indoloquinone, including EO9, and may involve activation that
is similar in mechanism to that of MMC, where activated leaving groups are involved in
DNA cross-linking (Tomasz et a1.,1987), which is also seen for EO9 (Maliepaard et al.,
1995). The lesser involvement of the 2-substituent and the more important contribution
from the 3-hydroxymethyl substituent in the hypoxic cytotoxicity of aziridinyl analogues
such as 16 and 31 is implicated by the combination of human tumour (,4.549) and rodent
(V79) cytotoxicity data.
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Inhibition of DT-diaphorase (NAD(P)H:Quinone
Oxidoreductase, EC 1.6.99.2) by

5,6-Dimethylxanthenone-4-acetic Acid (DMXAA)
and Flavone-8-acetic Acid (FAA): Implications

for Bioreductive Drug Development
Roger M. Phillips*

CLINICAL ONCOLOGY UNIT, UNIVERSITY OF BRADFORD, BRADFORD BD7 1DP, U.K.

ABSTRACT. The tumour blood flow inhibitors 5,6-dimethylxanthenone-4-acetic acid (DMXAA) and
flavone-8-acetic acid (FAA) have been shown to potentiate the antitumour activity of several bioreductive drugs
in vivo. Whilst the induction of hypoxia as a result of blood flow inhibition is presumed to be responsible for
enhancing the activity of bioreductive drugs, no studies have examined potential interactions between DMXAA
or FAA and enzymes involved in bioreductive drug activation. Both FAA and DMXAA are competitive
inhibitors of the enzyme DT-diaphorase (NAD(P)H:Quinone oxidoreductase EC 1.6.99.2) with respect to
NADH, with Ki values of 75 and 20 !M, respectively. Cytochromes P450 reductase and b5 reductase activities
are not significantly inhibited by FAA, whereas DMXAA partially inhibits cytochrome b5 reductase activity.
The cytotoxicity of the indoloquinone EO9 (3-hydroxymethyl-5-aziridinyl-1-methyl-2-[1H-indole-4,7-dione]
prop-"-en-#-ol) against DLD-1 (IC50 $ 0.32 % 0.08 !M) was significantly reduced when combinations of EO9
and FAA (IC50 $ 12.26 % 5.43 !M) or DMXAA (IC50 & 40 !M) were used. In the case of menadione (which
is detoxified by DT-diaphorase), combinations of menadione with FAA or DMXAA were more toxic (IC50 $
7.46 % 2.22 and 9.46 % 1.70 !M, respectively) than menadione alone (IC50 $ 22.02 % 1.59 !M). Neither
DMXAA nor FAA potentiated the activity of tirapazamine in vitro. These results suggest that the use of
DMXAA and FAA to potentiate the activity of bioreductive drugs where DT-diaphorase plays a central role in
either activation or detoxification may be inappropriate. The fact that FAA in particular does not inhibit other
key enzymes involved in bioreductive activation suggests that it may be useful in terms of identifying
DT-diaphorase-activated prodrugs. BIOCHEM PHARMACOL 58;2:303–310, 1999. © 1999 Elsevier Science Inc.

KEY WORDS. DMXAA; FAA; DT-diaphorase; bioreductive drugs; tirapazamine

Manipulation of tumour blood flow with the aim of increas-
ing tumour hypoxia is regarded as a possible therapeutic
strategy for increasing the efficacy of bioreductive drugs [1].
Inhibition of tumour blood flow [2–4] is a characteristic
feature of antitumour responses induced by DMXAA† and
FAA, and several studies have demonstrated that the
activity of bioreductive drugs (such as tirapazamine) or
standard agents (such as melphalan) can be potentiated
when used in combination with FAA or DMXAA [5–10].
DMXAA and tirapazamine are currently undergoing clini-
cal evaluation and depending upon the outcome of these
trials, combinations of DMXAA and tirapazamine in the

clinic are becoming a real possibility. The mechanistic basis
for synergistic effects between DMXAA or FAA and
bioreductive drugs is presumed to be via the induction of
hypoxia in tumours following blood flow inhibition, result-
ing in greater metabolic activation of hypoxia-selective
prodrugs within the tumour. Both DMXAA and FAA,
however, have complex mechanisms of action involving
the production of TNF-# (tumour necrosis factor-#), inter-
ferons, nitric oxide, serotonin, etc. [11, 12]. Interactions
between tirapazamine and bioactive peptides cannot be
ruled out as a potential mechanism for synergy between
DMXAA or FAA and tirapazamine, particularly as the
activity of tirapazamine was not enhanced by vinblastine
(which does not induce tumor necrosis factor-#), despite
the fact that both vinblastine and FAA elicit vascular
effects of a similar magnitude [13]. The mechanistic basis
for synergy between DMXAA or FAA and bioreductive
drugs may therefore be more complex than the induction of
hypoxia following blood flow inhibition.

One question that has not been addressed in studies
using antivascular approaches to enhance the activity of
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[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium; thiazolyl blue).

Received 15 September 1998; accepted 3 February 1999.

Biochemical Pharmacology, Vol. 58, pp. 303–310, 1999. ISSN 0006-2952/99/$–see front matter
© 1999 Elsevier Science Inc. All rights reserved. PII S0006-2952(99)00092-1



bioreductive drugs is the effect that compounds such as
DMXAA and FAA have on enzymes involved in bioreduc-
tive drug activation. The enzymology of tumours is one of
the key factors determining the selectivity of bioreductive
drugs, and several enzymes have been implicated in their
mechanism of action [14]. In the case of DMXAA and
FAA, their effects on bioreductive enzyme activity are not
known, although flavanoids isolated from the Chinese herb
Scutellarie radix and other plants are known to inhibit rat
DT-diaphorase [15, 16]. DT-diaphorase is one of the major
enzymes involved in both the activation and detoxification
of quinones such as EO9 and menadione, respectively
[17–19], and inhibition of this enzyme would influence the
activity of quinone-based bioreductive drugs. Other en-
zymes such as NADPH cytochrome P450 reductase (EC
1.6.2.4) play a prominent role in the activation of com-
pounds such as tirapazamine, although the effects of fla-
vanoids on the activity of cytochrome P450 reductase are
not known [20]. In view of the fact that interactions
between flavanoids and bioreductive enzymes are poorly
understood coupled with evidence that flavanoids can
inhibit rat DT-diaphorase, the principal aim of this study
was to determine whether DMXAA and FAA inhibit
human DT-diaphorase. These studies were extended to
assess whether or not other key enzymes involved in
bioreductive drug metabolism are inhibited by DMXAA or
FAA. Finally, in vitro chemosensitivity studies using com-
binations of DMXAA or FAA plus EO9, menadione, or
tirapazamine were conducted to determine whether modu-
lation of enzyme activity by DMXAA or FAA influences
chemosensitivity.

MATERIALS AND METHODS
Materials

Purified human recombinant DT-diaphorase was obtained
as described previously [21]. Clinically formulated FAA was
a gift from Lipha and pure DMXAA was a gift from the
Cancer Research Campaign (U.K.). Tirapazamine was a gift
from Sanofi Winthrop. All compounds were dissolved in
sterile deionised water and stored at !80° in light-pro-
tected vessels. NADH, NADPH, menadione, BSA, DCPIP,
pHMB, and cytochrome c were obtained from Sigma
Chemicals. EO9 was obtained from the Screening and
Pharmacology Group of the EORTC (European Organisa-
tion for the Research and Treatment of Cancer). All cell
culture materials were obtained from GIBCO BRL, Life
Technologies.

DT-diaphorase Activity and Kinetic Analysis of Enzyme
Inhibition by FAA and DMXAA

Purified DT-diaphorase enzyme activity was assayed by
measuring the reduction of cytochrome c at 550 nm on a
Beckman DU 650 spectrophotometer as described previ-
ously [21]. Each assay contained cytochrome c (70 "M),
NADH (variable concentrations), purified DT-diaphorase

(0.032 "g), and menadione (variable concentrations) in a
final volume of 1 mL Tris–HCl buffer (50 mM, pH 7.4)
containing 0.14% BSA. The reaction was started by the
addition of NADH. Rates of reduction were calculated over
the initial part of the reaction curve (30 sec), and results
were expressed in terms of "mol cytochrome c reduced/
min/mg protein using a molar extinction coefficient of 21.1
mM!1 cm!1 for reduced cytochrome c. Enzyme assays were
carried out at room temperature and all reactions were
performed in triplicate. Inhibition of purified DT-diapho-
rase activity was performed by the inclusion of either FAA
or DMXAA (at various concentrations) in the reaction,
and inhibition characteristics were determined by varying
the concentration of NADH (constant menadione) or
menadione (constant NADH) at several concentrations of
inhibitor. Ki values were obtained by plotting 1/V against
[I].

The activity of DT-diaphorase in DLD-1 cells was
determined by measuring the dicumarol-sensitive reduction
of DCPIP at 600 nm [22]. Briefly, DLD-1 cells in mid-
exponential growth were harvested by scraping into ice-
cold buffer (Tris–HCl, 25 mM, pH 7.4 and 250 mM
sucrose) and sonicated on ice (3 # 30 sec bursts at 40%
duty cycle/output setting 4 on a Semat 250 cell sonicator).
Enzyme assay conditions were 2 mM NADH, 40 "M
DCPIP, 20 "L of dicumarol (when required) in a final
volume of 1 mL Tris–HCl (25 mM, pH 7.4) containing
BSA (0.7 mg mL!1). Results were expressed as the dicum-
arol-sensitive reduction of DCPIP using a molar extinction
coefficient of 21 mM!1 cm!1. Protein levels were deter-
mined using the Bradford assay [23].

Measurement of Cytochrome b5 Reductase Activity

The activity of NADH:cytochrome b5 reductase (EC
1.6.2.2) in DLD-1 cells was determined using the method
described by Bareham et al. [24]. Briefly, DLD-1 cells were
washed in PBS, trypsinised, and the cell suspension pelleted
at 800 g for 10 min. Following a further wash in PBS, the
cell pellet was resuspended in ice-cold nuclear buffer A (10
mM HEPES, KOH, pH 7.4, 1.5 mM MgCl2, 10 mM KCl,
and 0.05 mM dithiothreitol) and incubated on ice for 10
min. Cells were then sonicated as described above and left
for a further 10 min on ice prior to centrifugation at 7800
g for 15 min at 4°. Supernatant was used either directly or
stored at !80° for determination of enzyme activity.
Reaction conditions were 1 mM NADH, 70 "M cyto-
chrome c, 200 "M pHMB (used when required as an
inhibitor of cytochrome b5 reductase) in a final volume of
1 mL phosphate buffer (0.05 M, pH 6.8). Enzyme activity
was determined by following the reduction of cytochrome c
at 550 nm in the presence and absence of the inhibitor
pHMB. Protein levels were determined using the Bradford
assay and results were expressed as the pHMB-sensitive
reduction of cytochrome c/min/mg protein.
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Measurement of Cytochrome P450 Reductase Activity

Cytochrome P450 reductase was measured as described by
Gibson and Skett [25]. Briefly, DLD-1 cells were harvested
in 0.25 M sucrose and disrupted by sonication as described
above. Following an initial centrifugation step at 12,500 g
(Beckman Optima™ TL ultracentrifuge) for 15 min, the
microsomal fraction was pelleted by centrifugation of the
supernatant at 100,000 g for 45 min. Microsomal fractions
were resuspended in 0.1 M Tris–HCl (pH 7.4) and placed
on ice until use. Reaction conditions were cytochrome c
(33.75 !M) and NADPH (200 !M) in a final volume of 1
mL Tris–HCl buffer (0.1 M, pH 7.4). Cytochrome P450
reductase activity was determined by measuring the initial
rate of reduction of cytochrome c at 550 nm (over 30 sec),
and results were expressed as nmol cytochrome c reduced/
min/mg protein as described above. Protein levels were
determined using the Bradford assay [23].

Cell Culture and Chemosensitivity Studies

DLD-1 human colon carcinoma and H460 human non-
small cell lung carcinoma cells were routinely maintained
as monolayer cultures in RPMI 1640 culture medium
supplemented with foetal calf serum (10%), sodium pyru-
vate (2 mM), penicillin/streptomycin (50 IU mL"1/50 !g
mL"1) and L-glutamine (2 mM). Chemosensitivity was
assessed using the MTT assay [26] and all assays were
performed under aerobic conditions. Briefly, 1–2 # 103

cells were plated into each well of a 96-well culture plate
and incubated overnight at 37° in an atmosphere contain-
ing 5% CO2. Culture medium was completely removed
from each well and replaced with medium containing a
range of drug concentrations. For experiments using tira-
pazamine alone, cells were exposed to a range of drug
concentrations for 3 hr. In the case of EO9 or menadione
alone, the duration of drug exposure was 1 hr, after which
the cells were washed twice with Hanks’ balanced salt
solution prior to the addition of 200 !L fresh RPMI 1640
medium to each well of the plate. In the case of FAA or
DMXAA alone, the duration of drug exposure was 3 hr.
Following a four-day incubation at 37°, cell survival was
determined using the MTT assay [26]. For combinations of
FAA or DMXAA with either menadione or EO9, cells were
initially set up as described above and a non-toxic ($95%
cell survival) concentration of FAA or DMXAA was
selected. Cells were then initially exposed to FAA (2 mM)
or DMXAA (2 mM) for a period of 2 hr, following which
the medium was removed and replaced with medium
containing the inhibitor (FAA or DMXAA at a constant
concentration of 2 mM) and either menadione or EO9 (at
a range of drug concentrations). Following a further 7-hr
incubation at 37°, cells were washed twice with Hanks’
balanced salt solution prior to the addition of growth
medium. For combination chemosensitivity studies using
tirapazamine, cells were exposed to tirapazamine (range of
drug concentrations) plus FAA or DMXAA (at a constant

concentration of 2 mM) for 3 hr. Chemosensitivity was
assessed four days later using the MTT assay as above.

RESULTS
Inhibition of Purified DT-diaphorase by FAA
and DMXAA

Purified human DT-diaphorase had a specific activity in the
absence of inhibitors of 435.3 % 19.5 !mol/min/mg. Both
FAA and DMXAA inhibited purified DT-diaphorase with
IC50 (dose required to reduce enzyme activity to 50% of
control values) values of 103.3 and 62.5 !M, respectively
(Fig. 1). Ki values as determined by Dixon plots of 1/V
against [I] (data not shown) were 20 and 75 !M for
DMXAA and FAA, respectively. Kinetic analysis of the
inhibition of DT-diaphorase by FAA and DMXAA dem-
onstrated that both compounds were competitive inhibitors
with respect to NADH but non-competitive inhibitors with
respect to menadione (Fig. 2).

Inhibition of DT-diaphorase, Cytochrome b5 Reductase,
and Cytochrome P450 Reductase in DLD-1 Human
Colon Carcinoma Cells

The specific activities of DT-diaphorase, cytochrome b5
reductase, and cytochrome P450 reductase in the absence of
any inhibitors were 566.9 % 85.2, 35.1 % 1.7, and 41.5 %
7.5 nmol/min/mg, respectively (mean % standard deviation
of three independent experiments). The results presented
in Fig. 3 demonstrate that both FAA and DMXAA
inhibited DT-diaphorase activity in DLD-1 cells, with IC50
values of 110.9 and 49.6 !M, respectively. FAA did not
significantly inhibit (6.51% inhibition) the activity of
cytochrome b5 reductase at the highest dose tested (3.55
mM). The activity of cytochrome P450 reductase was
partially inhibited by FAA at concentrations above 1.77

FIG. 1. Inhibition of purified human DT-diaphorase by FAA
(E) and DMXAA (!). Each value represents the mean of three
independent experiments ! standard deviations.
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mM (!10% inhibition). In the case of DMXAA, partial
inhibition (approx. 25% inhibition) of cytochrome b5
reductase occurred, although inhibition plateaud between

250 "M and 2 mM. The activity of cytochrome P450
reductase was not significantly inhibited by DMXAA
(8.9% inhibition at 2 mM).

FIG. 2. Kinetic analysis of the inhibition of DT-diaphorase by FAA (Panels A and B) and DMXAA (Panels C and D) using variable
NADH (A and C) and variable menadione (B and D) concentrations. The concentrations of FAA (panels A and B) used were control
(E), 50 !M (!), 100 !M (‚), 150 !M (ƒ), and 200 !M ({). In panel C (variable NADH), the concentrations of DMXAA used
were control (E), 10 !M (!), 20 !M (‚), 40 !M (ƒ), and 60 !M ({). In panel D (variable menadione), the concentrations of
DMXAA used were control (E), 100 !M (!), 150 !M (‚), and 200 !M (ƒ). Each data point represents the mean of three
independent experiments (standard deviations not shown in the interests of clarity).
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Response of DLD-1 Cells to EO9 and Menadione in the
Presence or Absence of FAA or DMXAA

The response of DLD-1 cells to menadione and EO9 alone
and in the presence of either FAA or DMXAA is presented
in Table 1. In the case of EO9, combination with either
FAA or DMXAA resulted in a significant decrease in
chemosensitivity (Table 1). In the case of menadione,
however, combination with FAA or DMXAA resulted in
an increase in the antiproliferative activity of menadione
(Table 1).

Response of DLD-1 and H460 Cells to Tirapazamine in
the Presence or Absence of DMXAA or FAA

The antiproliferative effect of tirapazamine against DLD-1
cells or the DT-diaphorase-rich H460 (1,139 ! 120 nmol/

min/mg [21]) cell line was not significantly altered by
combination with FAA or DMXAA (Table 1).

DISCUSSION

The results of this study demonstrate that both DMXAA
and FAA are competitive inhibitors of human DT-diaph-
orase with respect to NADH. Whilst Ki values are relatively
high (20–75 "M) compared with dicumarol (0.5–10 nM,
[27]) and other flavanoids (3377#20 nM, [16]), high levels
of both DMXAA and FAA are achievable in vivo. In terms
of therapeutically achievable levels of FAA, peak plasma
and plasma AUC levels of FAA following i.p. administra-
tion of FAA (200 mg Kg#1) to non-tumour-bearing NMRI
mice were 1.65 mM and 5.27 mM ! hr, respectively [28]. In
tumour-bearing animals (MAC 15A s.c.), plasma AUC
levels for FAA of 13.88 mM ! hr and tumour AUC values of
equivalent to 4.57 mM ! hr have been reported [28]. In the
case of DMXAA, peak plasma and AUC values were 600
"M and 2.4 mM ! hr respectively, following i.v. adminis-
tration of DMXAA (99 "mol Kg#1) in male BDF1 mice
[29]. These results suggest that therapeutically achievable
levels of both FAA and DMXAA would be sufficient to
significantly inhibit DT-diaphorase activity in vivo despite
the fact that they are not potent inhibitors of DT-diapho-
rase. With regards to the effects of DMXAA and FAA on
other enzymes involved in bioreductive activation, FAA
has little effect upon the activity of cytochromes P450
reductase and b5 reductase in DLD-1 cells. DMXAA, on
the other hand, partially inhibits cytochrome b5 reductase
(Fig. 3). The inhibitory effects of DMXAA and FAA on
two other bioreductive enzymes, xanthine oxidase and
dehydrogenase, could not be determined in DLD-1 cells, as

FIG. 3. Inhibition of DT-diaphorase (E), cytochrome b5 reductase (!), and cytochrome P450 reductase (‚) activity in DLD-1 human
colon carcinoma cells. Each point represents the mean of three independent experiments ! standard deviations.

TABLE 1. Response of DLD-1 and H460 cells to EO9,
menadione, or tirapazamine in the presence and absence of
DMXAA or FAA

Drugs ! inhibitor
DLD-1

(IC50 values)
H460

(IC50 values)

EO9 0.32 ! 0.08 "M —
EO9 $ FAA 12.26 ! 5.43 "M —
EO9 $ DMXAA %40 "M —
Menadione 22.02 ! 1.59 "M —
Menadione $ FAA 7.46 ! 2.22 "M —
Menadione $ DMXAA 9.46 ! 1.70 "M —
Tirapazamine 0.74 ! 0.25 mM 0.92 ! 0.32mM
Tirapazamine $ FAA 1.01 ! 0.34 mM 0.62 ! 0.27mM
Tirapazamine $ DMXAA 0.78 ! 0.19 mM 0.59 ! 0.25mM

Each value presented represents the mean of three independent experiments !
standard deviations.
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enzyme activity was below the level of detection (data not
shown). It is therefore unlikely that FAA or DMXAA will
have a significant effect upon the activity of these enzymes
in vivo.

With regard to the use of DMXAA or FAA to potentiate
the activity of bioreductive drugs, the inhibition of DT-
diaphorase could have significant effects upon the outcome
of chemotherapy. This is certainly the case for menadione
and EO9, where combination chemotherapy with DMXAA
or FAA in vitro has a marked effect upon quinone-induced
toxicity. The activity of menadione is potentiated by both
DMXAA and FAA whereas the activity of EO9 is reduced
by both flavanoids, which is consistent with DT-diapho-
rase’s proposed role in the detoxification of menadione and
the activation of EO9 [17–19]. These results suggest that
the use of DMXAA or FAA to enhance the activity of
bioreductive drugs, which are good substrates for DT-
diaphorase, may be inappropriate. It should be stressed that
these conclusions are based upon studies conducted under
aerobic conditions using compounds which are good sub-
strates for DT-diaphorase and cell lines which have high
levels of DT-diaphorase activity. There are at least two
possible scenarios where the activity of quinone-based
compounds could be potentiated in vivo by DMXAA or
FAA. In the first case, high hypoxic cytotoxicity ratios
(HCR) have been reported for compounds which are good
substrates for DT-diaphorase (e.g. EO9) in cell lines which
have low DT-diaphorase activity [30]. Induction of tumour
hypoxia via DMXAA or FAA could therefore potentiate
the activity of compounds such as EO9, but only in
DT-diaphorase-deficient tumours. In the second scenario,
high HCR values have been reported for compounds which
are poor substrates for DT-diaphorase (e.g. EO8 [31]), and
in these cases synergistic effects might be expected follow-
ing DMXAA or FAA administration. Future studies de-
signed to potentiate the activity of quinone-based com-
pounds need to be carefully designed to accommodate the
points raised above. In the case of tirapazamine, no signif-
icant differences exist between the response of cells to
tirapazamine alone compared with tirapazamine plus
DMXAA or FAA (Table 1). DT-diaphorase has been
implicated in the detoxification of tirapazamine by virtue of
its ability to convert tirapazamine into its inactive 2- and
4-electron reduction products [32–34]. Subsequent studies
have, however, suggested that DT-diaphorase plays a lim-
ited role in the mechanism of action of tirapazamine [20],
and the results of this study are consistent with these
findings. Both DMXAA and FAA have a minor effect upon
cytochrome P450 reductase, which plays a prominent role
in the metabolism of tirapazamine. The mechanistic basis
for synergy between DMXAA or FAA and tirapazamine in
vivo is therefore likely to be the result of either the
induction of tumour hypoxia or entrapment of the drug as
a consequence of vascular collapse. As described previously,
other factors such as the interaction of tirapazamine with
bioactive peptides released as a result of DMXAA or FAA
treatment cannot be entirely ruled out as a mechanistic

explanation for synergy between tirapazamine and
DMXAA/FAA in vivo [9, 13].

From a drug development viewpoint, DMXAA and FAA
may have potential applications as an experimental tool for
evaluating DT-diaphorase-activated prodrugs. The use of
the DT-diaphorase inhibitor dicumarol has featured prom-
inently in several studies designed to determine the role
played by DT-diaphorase in bioreductive activation [35].
Dicumarol, however, is not a specific inhibitor of DT-
diaphorase, and the fact that other bioreductive enzymes
(e.g. cytochrome b5 reductase) are inhibited by dicumarol
casts doubt upon the validity of data obtained for DT-
diaphorase-activated prodrugs using this inhibitor [35]. As
described previously, FAA does not significantly inhibit
cytochrome P450 reductase and cytochrome b5 reductase,
whereas partial inhibition of cytochrome b5 reductase
occurs with DMXAA. Whether FAA is a specific inhibitor
of DT-diaphorase is, however, questionable, particularly as
other NADH-dependent enzymes may be inhibited by
FAA and evidence from the literature demonstrates that
flavanoids can influence the activity of a variety of enzymes
and molecules involved in signal transduction [36, 37].
Nevertheless, both FAA and DMXAA are capable of
distinguishing between compounds which are detoxified by
(e.g. menadione) or activated by (e.g. EO9) DT-diaphorase
(Table 1). In addition, compounds such as tirapazamine,
where DT-diaphorase plays a limited role in the mechanism
of action, could also be identified in that FAA and
DMXAA have little or no effect upon the activity of
tirapazamine in vitro. These results suggest that FAA in
particular may be a useful experimental tool in the search
for DT-diaphorase-activated prodrugs, although further
studies to address the question of whether FAA is a specific
inhibitor of DT-diaphorase are required.

In conclusion, this study has demonstrated that both
FAA and DMXAA inhibit human DT-diaphorase, one of
the major enzymes involved in the activation and detoxi-
fication of quinone-based drugs. These findings have spe-
cific implications for the use of DMXAA and FAA as
antivascular agents to potentiate the activity of bioreduc-
tive drugs, particularly for those drugs where DT-diaphorase
plays a prominent role in either detoxification or activa-
tion. It should be stressed that DT-diaphorase can catalyse
the reduction of a broad range of substrates (not just
quinones [14, 27]), and future studies using DMXAA or
FAA in combination with bioreductive drugs should be
carefully designed based upon whether DT-diaphorase plays
a role in the drugs’ mechanism of action. As a general
point, a variety of antivascular agents (such as tubulin
binders, nitric oxide synthase inhibitors, etc.) are currently
being evaluated with a view to potentiating the activity of
therapeutic agents such as bioreductive drugs [13, 38]. The
effect that these blood flow inhibitors have on tumour
enzymology is generally overlooked and the results of this
study suggest that this question needs to be addressed prior
to in vivo studies being conducted. Finally, the fact that
FAA does not significantly inhibit cytochromes P450 and
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b5 reductase suggests that FAA may be a useful experimen-
tal tool for identifying DT-diaphorase-activated prodrugs.
Further studies are, however, required to determine if FAA
in particular is a specific inhibitor of DT-diaphorase.

This work was supported by War on Cancer (Bradford).
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Bioreductive Activation of a Series of Indolequinones by Human
DT-Diaphorase: Structure-Activity Relationships
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A series of indolequinones including derivatives of EO9 bearing various functional groups and
related indole-2-carboxamides have been studied with a view to identifying molecular features
which confer substrate specificity for purified human NAD(P)H:quinone oxidoreductase (DT-
diaphorase), bioreductive activation to DNA-damaging species, and selectivity for DT-
diaphorase-rich cells in vitro. A broad spectrum of substrate specificity exists, but minor changes
to the indolequinone nucleus have a significant effect upon substrate specificity. Modifications
at the 2-position are favorable in terms of substrate specificity as these positions are located
at the binding site entrance as determined by molecular modeling studies. In contrast,
substitutions at the (indol-3-yl)methyl position with bulky leaving groups or a group containing
a chlorine atom result in compounds which are poor substrates, some of which inactivate DT-
diaphorase. Modeling studies demonstrate that these groups sit close to the mechanistically
important amino acids Tyr 156 and His 162 possibly resulting in either alkylation within the
active site or disruption of charge-relay mechanisms. An aziridinyl group at the 5-position is
essential for potency and selectivity to DT-diaphorase-rich cells under aerobic conditions. The
most efficient substrates induced qualitatively greater single-strand DNA breaks in cell-free
assays via a redox mechanism involving the production of hydrogen peroxide (catalase
inhibitable). This damage is unlikely to form a major part of their mechanism of action in cells
since potency does not correlate with extent of DNA damage. In terms of hypoxia selectivity,
modifications at the 3-position generate compounds which are poor substrates for DT-diaphorase
but have high hypoxic cytotoxicity ratios.

Introduction

The enzyme DT-diaphorase (NAD(P)H:quinone ac-
ceptor oxidoreductase, EC 1.6.99.2) is a cytosolic fla-
voprotein which catalyzes the two-electron reduction of
a broad range of substrates (particularly quinones)
using either NADH or NADPH as electron donors.1,2 Its
physiological function is believed to be the detoxification
of quinones (such as menadione), although certain
quinones are reduced to metabolites which are more
toxic than the parent compound via a process termed
bioreductive activation.3,4 The ability to activate certain
quinones in conjunction with the fact that certain tumor
types (particularly NSCLC) contain elevated levels of
DT-diaphorase suggests that DT-diaphorase is a good
candidate for enzyme-directed bioreductive drug devel-
opment.5,6

The role of DT-diaphorase in the activation of qui-
nones is complex and in some cases (e.g. mitomycin C,
1) (Chart 1) controversial.2,6,7 A much clearer role for
DT-diaphorase in the bioreductive activation of the
indolequinone EO9 (5-aziridinyl-1-methyl-2-[1H-indole-
4,7-dione]prop-!-en-R-ol, 2a) has been established, al-
though cellular responses depend on a complex inter-

action between DT-diaphorase activity and oxygenation
status. EO9 is a good substrate for both human and
rodent DT-diaphorase and is activated to DNA-damag-
ing species in cell-free assays.8-10 Under aerobic condi-
tions, a good correlation exists between DT-diaphorase
activity and chemosensitivity.11,12 Under hypoxic condi-
tions however, this relationship changes with significant
potentiation (i.e. high hypoxic cytotoxicity ratios, HCR)
of EO9 activity seen only in cell lines which have low
levels of DT-diaphorase activity.12-14 EO9 is therefore
an unusual bioreductive drug in that it has the potential
to kill either the aerobic fraction of DT-diaphorase-rich
tumors or the hypoxic fraction of DT-diaphorase-
deficient tumors.6 EO9 has been evaluated in the clinic,
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but despite reports of three partial responses in phase
I clinical trials, no activity was reported in subsequent
phase II clinical trials in NSCLC, breast, pancreatic,
colorectal, and gastric cancers.15-17 Recent studies have
suggested that the failure of EO9 in the clinic was
unlikely to be caused by poor pharmacodynamic inter-
actions but rather by poor drug delivery to tumors.18

As part of a broad approach to developing analogues of
EO9 which retain the desirable characteristics of EO9
(i.e. bioreductive activation by DT-diaphorase) but have
better pharmacological properties in terms of drug
delivery, a series of indolequinone derivatives of EO9
have been synthesized.19-22 The principal aim of this
study is to identify indolequinone derivatives (of type
3) and related novel indole-2-carboxamides (4) which are
both good substrates for and bioactivated to DNA-
damaging species by purified human DT-diaphorase.
Structure-activity relationships are also reported in
conjunction with molecular modeling studies of indole-
quinone binding to DT-diaphorase with a view to
identifying key components of the indolequinone mol-
ecule which confer good substrate specificity. Finally,
chemosensitivity studies using DT-diaphorase-rich and
-deficient tumor cell lines are also reported with the aim
of identifying structural features of molecules which
confer selectivity toward DT-diaphorase-rich cells under
aerobic conditions and hypoxia selectivity.

Results and Discussion

Chemistry. The synthesis of indolequinones 3b-3d
has been reported previously by us,20 and the prepara-
tion of compounds 3a, 3e, and 3f-3s has also been
described previously.19,20,22 EO8 (2b) and EO7 (2c) were
synthesized as described by Speckamp and Oostveen.23

The novel indole-3-carboxamides analogues 4a and 4b
were prepared as shown in Scheme 1, in which 5-meth-
oxy-1-methyl-4-nitroindole-2-carboxaldehyde (5)21 was

reacted with silver oxide in the presence of base to give
the corresponding carboxylic acid 6. Treatment of 6 with
thionyl chloride (to give the acid chloride 7) and reaction
with 4-(2-aminoethyl)morpholine or 1-(2-aminoethyl)-
piperidine gave the nitroindole-2-carboxamides 8a and
8b, respectively. Reduction of the nitroindoles 8a and
8b with tin and HCl gave the corresponding aminoin-
doles 9a and 9b. Immediate oxidation (with Fremy’s
salt) gave the desired indolequinonecarboxamides 10a
and 10b. Reaction of 10a and 10b with 2-methylaziri-
dine afforded the target compounds 4a and 4b, respec-
tively.

Biology. A broad spectrum of substrate specificity for
purified human DT-diaphorase exists within the panel
of compounds evaluated (Table 1). The most efficient
substrate for DT-diaphorase was 3a which has a phenyl
group at the 2-position of the indolequinone nucleus.
These results are consistent with the fact that strep-
tonigrin (a 2-pyridyl-substituted quinolinedione) is a
good substrate for DT-diaphorase24 and confirm the
recent findings of Beall et al.25 which demonstrate that
2-phenylindolequinone derivatives are good substrates
for DT-diaphorase. Phenyl substitution of simpler aziri-
dinylbenzoquinones has also been reported to increase
DT-diaphorase substrate specificity.26 The results of this
and other studies clearly demonstrate that various
modifications to the 2-position of the indolequinone
nucleus can be made without adversely affecting sub-
strate specificity for DT-diaphorase and may indeed
substantially increase it. In this study, compounds with
phenyl, cyclopropyl, various carboxamide groups, etc.,
at the 2-position can all form good substrates for DT-
diaphorase.

In contrast to these findings, very few changes at the
3-position (R′) can be made without major effects upon
substrate specificity. In general terms, modifications at
R′ result in compounds which not only are poor sub-
strates for DT-diaphorase but also inactivate the en-
zyme (Table 1). As in previous studies25,27 inactivation
of the enzyme was NADH-dependent, suggesting that
the compounds are reduced by DT-diaphorase to gener-
ate metabolites which either alkylate within the active
site or disrupt charge-relay mechanisms. Several of
these analogues are very potent inhibitors of DT-
diaphorase activity (Figure 1) with ID50 values (the
concentration of drug required to reduce DT-diaphorase
activity by 50%) ranging from 1.02 nM (3l) to 7.42 nM
(3o). While these compounds are of little interest
therapeutically, they may be useful experimental tools
for obtaining proof of principle, and further studies are
required to determine whether these inhibitors can be
used to identify DT-diaphorase-activated prodrugs.
Further studies to determine whether these compounds
are selective inhibitors of DT-diaphorase with respect
to other one-electron reductases are required before
studies of this nature are conducted.

With regard to the 5-position (X), previous studies
have demonstrated that an aziridinyl function is a
desirable but not an essential requirement for substrate
specificity.10,28 The results of this study support this
conclusion in that aziridinyl, methylaziridinyl, and
methoxy groups at X do not necessarily affect substrate
specificity (Table 1). In some cases however, substrate
specificity is reduced by replacing an aziridinyl group

Scheme 1a

a For compounds 4 and 8-10: a, Y ) O; b, Y ) CH2.
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with a methylaziridine (compare EO9 with EO8) or
replacing a methoxy group with a methylaziridinyl
group at the 5-position (compare 3a with 3g). These
changes are likely to be due to steric rather than
electronic effects since there is little difference between
methylaziridine and aziridine in terms of the latter. The
distortion of the strained three-membered ring is likely

to present a significant steric constraint compared to
the methoxy group.

A molecular model of human DT-diaphorase was
constructed with homology to the known rat structure,29

and models of substrates bound to the enzyme were
produced. All the quinone-based substrates moved with
respect to their initial positions in order to allow for
steric interactions at the 5-position (X) of the molecule.
Analysis of this region showed that Trp 106 provides a
‘wall’ against which the aziridinyl group can produce a
hydrophobic contact. The distance is enough to allow
the aziridine or an -OMe to interact favorably. The
addition of a methyl group to the aziridine, or ring
opening, evidently provides a steric interaction with Trp
106 which forces the quinone oxygen atoms to be
unfavorably positioned for reduction, and hence the rate
is significantly or totally reduced. Figure 2a shows EO9
in its position in the final model with the aziridine group
next to Trp 106. The substitution at the 3-position (R′)
with a bulky group (e.g. 3p) generates compounds which
typically inactivate DT-diaphorase (Table 1). In addi-
tion, substitution with a CH2Cl group (compound 3q)
results in the inactivation of DT-diaphorase (Table 1).
The model (Figure 2b) shows that this group will be
within close proximity to the residues Tyr 156 and His
162 which have been shown to be essential components
in the reduction mechanism.29 It has been postulated
that proton transfer occurs between Tyr 156 and FAD,
and the presence of the electronegative chlorine atom
may prevent or disrupt the charge-relay mechanism. In
contrast, alterations at the 2-position (R), located in the
binding site entrance, tend to be tolerated (e.g. 3a,
Figure 2c,d). It is of interest to note that the indole N-Me

Table 1. Structure and Metabolism of a Series of Indolequinones by Purified Human DT-Diaphorase

compd X R′ R
substrate specificity

(µmol/min/mg) % inhibitiona

3a OCH3 CH2OH Ph 127.4 ( 3.2 2.75
3b Az CH2OH H 52.7 ( 0.93 7.14
3c Az H CHdCHCH2OH 41.6 ( 1.08 12.78
3d OCH3 CH2OH H 25.3 ( 0.9 0.59
EO9 Az CH2OH CHdCHCH2OH 19.9 ( 0.5 4.72
4a (Y ) O) 16.9 ( 1.2 17.80
3e Az CH2OH c-Pr 14.9 ( 0.2 2.55
4b (Y ) CH2) 12.8 ( 0.1 0
3f Az CH2OH CH3 9.9 ( 0.3 11.08
3g 2-MeAz CH2OH Ph 9.6 ( 0.3 0
3h 2-MeAz CH2OH CH3 7.4 ( 0.25 4.06
3i OCH3 OH CH3 6.0 ( 0.1 0.59
3j 2,3-Me2Az OH CH3 3.1 ( 0.08 0
EO7 OCH3 CH2OH CHdCHCH2OH 2.6 ( 0.05 0
EO8 2-MeAz CH2OH CHdCHCH2OH 1.5 ( 0.1 ND
3k OCH3 CH2OCONH2 CH(CH3)2 0.82 ( 0.08 0
3l OCH3 CH2OCO-o-F-Ph H 0.66 ( 0.02 98.91
3m OCH3 CH2O-2,4,6-tri-Cl-Ph H 0.50 ( 0.12 99.12
3n OCH3 CH2OCONH2 c-Pr 0.34 ( 0.02 46.23
3o OCH3 CH2OCOPh H 0.29 ( 0.09 99.56
3p OCH3 CH2OCOPh-p-F H 0.26 ( 0.06 99.15
3q OCH3 CH2Cl H 0.17 ( 0.03 95.01
3r OCH3 CH2OCOPh-p-F CH3 0.00 ND
3s OCH3 CH2CO-p-FPh Ph 0.00 ND
a Drug concentrations used for inhibition studies were 50 µM (30-min drug incubation).

Figure 1. Inactivation of purified human DT-diaphorase
activity by 3l (3), 3m (O), 3o (0), 3p (4), and 3q (]). Each
point represents the mean of three independent experiments
( standard deviations.
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group is also located at the entrance to the binding site
(Figure 2d) suggesting that modifications to the methyl
group may generate compounds which are good sub-
strates for DT-diaphorase. The models suggest that the

small modifications that result in significant differences
in the ability of quinone-based compounds to be reduced
do so due to steric interactions in the active site. In
particular Trp 106 provides a ‘wall’ at the rear of the

Figure 2. (a) Molecular model of EO9 docked into the binding site of DT-diaphorase. The amino acid Trp 106 forms the back of
the binding pocket, and the mechanistically important amino acids Tyr 156 and His 162 are located at the top of the binding
pocket. The FAD cofactor is shown in yellow. (b) Molecular model of compound 3q (which inactivates DT-diaphorase) docked into
the binding site of DT-diaphorase. (c) Molecular model of compound 3a docked into the binding site of DT-diaphorase. (d) Molecular
surface of DT-diaphorase with compound 3a docked into the binding site. The indole N-Me is shown pointing out of the entrance
to the binding site. The molecular surface was generated using GRASP37 and is color-coded by electrostatic potential (positive as
blue, negative as red).
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active site which limits substitutions at the 5-position
(X). In addition, certain substitutions at the 3-position
(R′) of the indole ring can disrupt mechanistically
essential amino acids, although substitutions at the
2-position can be more favorably accommodated. These
models therefore indicate structural restraints on po-
tential bioreductive quinone-based antitumor com-
pounds which are metabolized by DT-diaphorase. Fur-
ther work using MM/QM calculations is needed to study
the mechanistic implications of these models, although
they do suggest explanations for a large number of
experimental data and should also significantly assist
rational drug design of novel substrates for this enzyme.

In terms of bioactivation to DNA-damaging species
following reduction by DT-diaphorase, there is a general
trend between substrate specificity and a qualitative
assessment of single-strand breaks in plasmid DNA
(Figure 3). No DNA damage was observed when com-
pounds were incubated with DNA in the absence of DT-
diaphorase (Figure 3). The DNA-damaging species is
likely to be hydrogen peroxide as co-incubation with the
enzyme catalase significantly reduces the conversion of
supercoiled to open circular plasmid (Figure 4). These

findings are consistent with studies by Butler et al.30

which demonstrate that the hydroquinone form of EO9
is unstable in air resulting in the production of hydrogen
peroxide. Chemosensitivity studies using cell lines with
high (A549), intermediate (HT-29), and low (BE) levels

Figure 3. Single-strand breaks in supercoiled pRSETB plasmids induced by a series of indolequinones following reduction by
human DT-diaphorase (panels A, C, and E) and in the absence of DT-diaphorase (panels B, D, and F). Molecular weight markers
are λDNA digested with HindIII (Sigma).

Figure 4. Single-strand breaks in plasmid DNA following the
reduction of selected indolequinones by human DT-diaphorase
in the presence (lanes 2-7; 1 200 units/reaction) and absence
(lanes 8-13) of the enzyme catalase. Lanes 1 and 14, molecular
weight markers (λDNA digested with HindIII); lanes 2 and 8,
control plasmid DNA; lanes 3 and 9, 3c; lanes 4 and 10, 3b,
lanes 5 and 11, EO9; lanes 6 and 12, EO7; lanes 7 and 13;
EO8.
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of DT-diaphorase activity demonstrate two key points
in terms of structure-activity relationships. First, there
is a poor correlation between substrate specificity (and
extent of DNA damage) and potency in vitro. The most
potent compounds against DT-diaphorase-rich cell lines
in vitro are those which have the aziridinyl function at
R (i.e. 3b, 3c, EO9, 3e, 3f). The inclusion of a methyl-
aziridinyl group generally results in a decrease in
potency, whereas a methoxy group at R results in a
significant decrease in potency (Table 2). These results
do not correlate with the extent of single-strand breaks
induced following reduction by DT-diaphorase (Figure
3) suggesting that single-strand breaks in the DNA form
a minor component of the compounds mechanism of
action in cells. This discrepancy between substrate
specificity, single-strand breaks, and potency in vitro
suggests that alkylation of DNA may be important, and
further studies to characterize the type of DNA damage
induced in DT-diaphorase-rich cells are required. Sec-
ond, the data in Table 2 also suggests that the aziridinyl
group at the 5-position (X) has a significant bearing
upon selectivity for DT-diaphorase-rich cells in vitro.
Selectivity ratios are generally high for compounds
which have an aziridinyl function at R with 3b and 3f
having particularly high selectivity ratios compared
with EO9 (Table 2). Selectivity ratios for compounds
with the 5-methylaziridinyl are relatively low, whereas
compounds with the 5-methoxy have poor selectivity
ratios (Table 2). Based upon these studies, therefore, it
would appear that while the aziridinyl group at the
5-position is not essential in order for the compound to
act as a substrate for DT-diaphorase, it is desirable in
terms of conferring both potency and selectivity for DT-
diaphorase-rich cells in vitro under aerobic conditions.
The increased reactivity of the aziridine moiety due to
increased pKa following reduction is a likely key factor.

As stated previously, EO9 is an unusual bioreductive
drug in that it has the ability to kill either the aerobic
fraction of DT-diaphorase-rich tumors or the hypoxic
fraction of DT-diaphorase-deficient tumors.6 While this

feature of EO9’s biological properties may be considered
desirable, it is difficult to determine whether activity
in vivo is due to killing of the aerobic or hypoxic fraction.
In terms of obtaining proof of principle, it would be
beneficial if compounds were developed which did not
have this ‘dual personality’ and targeted either the
aerobic or hypoxic fraction of tumors exclusively. Previ-
ous studies19,21 have focused on the ability of indole-
quinones to act as hypoxia-selective agents, and the
structural features of selected compounds which are
hypoxia-selective or selective for DT-diaphorase-rich
cells under aerobic conditions are presented in Table 3.
In terms of hypoxia selectivity, the presence of a
5-aziridinyl or a 5-(2-methylaziridinyl) and a combina-
tion of 5-methoxy with either 3-(carbamoyloxy)methyl
or 2-cyclopropyl groups are desirable.19 The most effec-
tive compounds were the 2-cyclopropyl and 5-(2-methyl-
aziridinyl) derivatives, two of which (3e and 3h) dem-
onstrated activity against RIF-1 and KHT tumors in
vivo both as single agents and in combination with
radiotherapy.19 Both compounds are however good
substrates for DT-diaphorase, and 3e in particular is
selectively toxic toward DT-diaphorase-rich cell lines in
vitro under aerobic conditions (Table 2). These com-
pounds therefore have similar characteristics to EO9,
and activity in vivo will depend on both oxygenation
status and DT-diaphorase activity. In terms of hypoxia
selectivity, modifications at the 3-position are desirable
since increasing the steric bulk significantly reduces
substrate specificity for DT-diaphorase. Compounds 3k
and 3n which have 3-(carbamoyloxy)methyl substitu-
ents are very poor substrates for DT-diaphorase, are not
selectively toxic toward DT-diaphorase-rich cells, but
have high HCR values compared with EO9 (Table 3).
These compounds should therefore behave as classical
bioreductive drugs and have the potential to target the
hypoxic fraction of solid tumors, irrespective of DT-
diaphorase activity. Substitutions at the 5-position may
also have a bearing upon hypoxia selectivity. In the case
of EO9 and EO8, for example, replacing the 5-aziridinyl

Table 2. Response of DT-Diaphorase-Rich (A549 and HT-29) and -Deficient (BE) Cells to Selected Indolequinones

IC50 (µM)a selectivity ratio IC50

compd A549 HT-29 BE BE/A549 BE/HT-29

3a 14.77 ( 1.09 26.0 ( 2.05 24.11 ( 8.88 1.63 0.92
3b 0.033 ( 0.014 0.039 ( 0.01 21.71 ( 9.44 657.8 556.6
3c 0.28 ( 0.01 1.00 ( 0.21 18.84 ( 6.39 67.28 18.84
3d >40 >40 >40
EO9 0.059 ( 0.021 0.124 ( 0.06 1.25 ( 0.11 21.1 10.08
4a 0.787 ( 0.207 1.19 ( 0.25 13.95 ( 6.75 17.7 11.68
3e 0.18 ( 0.13 0.715 ( 0.12 13.77 ( 11.12 76.5 19.25
4b 0.741 ( 0.186 2.17 ( 0.54 1.83 ( 0.62 2.46 0.84
3f 0.069 ( 0.029 0.062 ( 0.01 18.69 ( 10.84 270.8 301.4
3g >40 >40 35.44 ( 2.57 <1 <1
3h 0.8 ( 0.05 1.38 ( 0.32 >40 >50 >28.9
3i >40 >40 >40
3j >40 13.53 ( 2.1 >40 >2.95
EO7 >40 >40 >40
3k 1.34 ( 0.23 2.07 ( 1.05 3.81 ( 0.78 2.84 1.84
3n 2.10 ( 0.15 2.43 ( 0.89 1.70 ( 0.52 0.81 0.69
EO8 1.84 ( 0.65 6.84 ( 1.25 9.98 ( 1.65 5.42 1.45
3q >40 >40 >40
3l 0.50 ( 0.10 0.90 ( 0.11 0.31 ( 0.12 0.62 0.34
3p 1.02 ( 0.15 1.53 ( 0.21 0.36 ( 0.09 0.35 0.23
3o 0.73 ( 0.12 0.78 ( 0.22 0.61 ( 0.21 0.83 0.78
3m 3.53 ( 0.76 5.73 ( 0.29 1.04 ( 0.15 0.29 0.18

a DT-diaphorase activity for A549, HT-29, and BE cells was 1800 ( 122, 377.1 ( 52.1, and 0 nmol of DCPIP reduced/min/mg of protein,
respectively. Each value represents the mean of three independent experiments ( standard deviations.
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group of EO9 with a 5-(methylaziridinyl) group signifi-
cantly reduces substrate specificity for DT-diaphorase
and selectivity toward aerobic DT-diaphorase-rich cells
but results in a dramatic increase in HCR values.
Similarly, comparisons 3f and 3h (both of which are
good substrates for DT-diaphorase) suggest that the
presence of a 5-aziridinyl group confers selectivity for
DT-diaphorase-rich cells under aerobic conditions (SR
) 270.8 and HCR ) 12.8, 3f), whereas a 5-(2-methyl-
aziridinyl) group confers both selectivity for DT-diapho-
rase-rich cells and hypoxia selectivity (SR ) >28.9 and
HCR ) 188, 3h). Structural requirements which confer
good selectivity for DT-diaphorase-rich cells in air and
have low HCR values are not as clear, although 3d, 3c,
and 3f have high selectivity ratios in vitro but have low
HCR values (HCR < 15) compared with EO9 (HCR )
47.5). In terms of identifying compounds which should
preferentially target either the aerobic fraction of DT-
diaphorase-rich tumors, compounds such as 3d, 3c, and
3f would be most appropriate. Compounds 3k, 3n, and
EO8 on the other hand should be selected as potential
hypoxia-selective agents. The distinction between tar-
geting either the hypoxic or aerobic fraction is desirable
not only in terms of obtaining proof of principle but also
for the design of subsequent in vivo studies (i.e. hypoxia-
selective agents should be tested in combination with
radiotherapy).

In conclusion, the results of this study have identified
several novel analogues of EO9 which are good sub-
strates for DT-diaphorase, bioactivated to DNA-damag-
ing species following reduction by DT-diaphorase, and
selectively toxic toward DT-diaphorase-rich cell lines in
vitro. As in previous studies,10,21,25 minor changes in
structure have a significant impact upon substrate
specificity and chemosensitivity with the aziridine ring
at R playing a particularly prominent role in determin-
ing both potency and selectivity toward DT-diaphorase-
rich cells in vitro. Compounds 3c-3f have better
properties than EO9 in terms of selectivity for DT-
diaphorase-rich cells in vitro, and further evaluation of
these compounds is warranted. In terms of identifying
compounds which exclusively target DT-diaphorase-rich
cells under aerobic conditions, 3d, 3c, and 3f have high
selectivity ratios with low HCR values. To exclusively
target the hypoxic fraction of tumors, modifications at

the 3-position result in compounds which are poor
substrates for DT-diaphorase (e.g. 3k and 3n) but have
high HCR values. Based upon these studies, it is
possible to identify compounds which are distinct from
EO9 in that they have the potential to kill either
aerobic, DT-diaphorase-rich cells or hypoxic cells (where
DT-diaphorase activity is irrelevant) with very little
overlap between the two properties. Further evaluation
of these compounds to determine whether they are
pharmacologically superior to EO9 in terms of drug
delivery is required.

Experimental Section

Chemistry. Melting points were recorded on Thomas-
Hoover melting point apparatus and are uncorrected. 1H NMR
spectra were recorded at 270 MHz on a JEOL JNMR-EX270
270-MHz spectrometer using tetramethylsilane as the internal
standard. Elemental analyses were determined by Butter-
worth Laboratories Ltd., U.K. Thin-layer chromatography and
flash column chromatography were performed on silica gel
aluminum-backed plates (60 F256) and silica gel 60 (230-400
mesh, Merck grade), respectively. High-resolution mass spec-
tra on chromatographically homogeneous compounds were
recorded on a fusons VG Trio 2000 mass spectrometer. Melting
points were determined using a Gallenkamp melting point
apparatus and are uncorrected.

5-Methoxy-1-methyl-4-nitroindole-2-carboxylic Acid
(6). Aqueous sodium hydroxide (0.20 g, in 2 mL H2O) was
added to silver(I) oxide (0.23 g, 1 mmol) and the suspension
was heated at 50 °C. The indole-3-carboxaldehyde (5) (0.73 g,
1 mmol) was then added and heating was continued for 0.25
h. The cooled mixture was then filtered and the filtrate
acidified with HCl (3 M, 10 mL). The product was extracted
with EtOAc (2 × 75 mL), washed with brine (50 mL), dried
(MgSO4), and evaporated in vacuo to give a yellow solid which
was chromatographed (eluting with hexane/EtOAc, 1:1, and
then EtOAc) to give 6 (180 mg, 72%) as a yellow solid: mp
285-286 °C; 1H NMR (DMSO-d6) δ 7.93 (1H, s, 3-H), 7.77 (1H,
d, J ) 9.0 Hz, 7-H), 7.28 (1H, d, J ) 9.0 Hz, 6-H), 4.11 (3H, s,
OCH3), 4.01 (3H, s, NCH3).

5-Methoxy-1-methyl-4-nitroindole-2-carbonyl Chlo-
ride (7). To a suspension of 6 (500 mg, 2.0 mmol) in THF (10
mL) was added SOCl2 (4 mL) and the mixture was heated at
reflux for 0.25 h. Excess SOCl2 was removed to give the acid
chloride 7 (400 mg, 75%) as a yellow solid: mp 176-178 °C;
HRMS found (M+) 268.0250, C11H9N2O4Cl requires M 268.0251.

N-(2-Morpholin-4-ylethyl)-5-methoxy-1-methyl-4-ni-
troindole-2-carboxamide (8a). To a stirred solution of crude
7 (400 mg, 1.5 mmol) in THF (10 mL) was added 4-(2-

Table 3. Structural Requirements That Determine Selectivity for DT-Diaphorase-Rich Cells under Aerobic Conditions and Hypoxia
Selectivity of Selected Indolequinones

compd X R′ R
substrate
specificity

selectivity ratio for
aerobic cellsa HCRb

3b Az CH2OH H 52.7 657.8 15.4c

3c Az H CHdCHCH2OH 41.6 67.3 4.2d

EO9 Az CH2OH CHdCHCH2OH 19.9 21.1 47.5d

3e Az CH2OH c-Pr 14.9 76.5 103.5c

3f Az CH2OH CH3 9.9 270.8 12.8c

3h 2-MeAz CH2OH CH3 7.4 >50 188c

3k OMe CHOCONH2 CH(CH3)2 0.82 2.84 178.6c

3n OMe CHOCONH2 c-Pr 0.34 0.81 65.9c

EO8 2-MeAz CH2OH CHdCHCH2OH 1.5 5.42 5245d

a Selectivity ratio ) IC50 BE/IC50 A549. b HCR ) hypoxic cytotoxicity ratio determined in V79-379A cells where. c Naylor et al.19 d Jaffar
et al.21
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aminoethyl)morpholine (2.0 g, 1.5 mmol). After 2 min the
mixture was reduced in vacuo and the product was chromato-
graphed (eluting with EtOAc/MeOH, 1:1) to give 8a (440 mg,
81%) as a yellow solid: mp 186-187 °C; Rf ) 0.64 (EtOAc/
MeOH, 2:1); 1H NMR (CDCl3) δ 7.58 (1H, d, J ) 9.0 Hz., 7-H),
7.18 (1H, s, 3-H), 7.12 (1H, d, J ) 9.0 Hz, 6-H), 6.92 (1H, br s,
CONH), 4.08 (3H, s, OCH3), 4.03 (3H, s, NCH3), 3.76 (4H, t,
morpholine-OCH2), 3.56 (2H, dt, J ) 6.0 Hz, CON(H)CH2), 2.62
(2H, t, J ) 6.0 Hz, NCH2), 2.53 (4H, t, J ) 4.0 Hz, 2 ×
morpholine NCH2); HRMS found (M+) 362.1590, C17H22N4O5

requires M 362.1590.
When 1-(2-aminoethyl)piperidine was used, this gave N-(2-

piperidin-1-ylethyl)-5-methoxy-1-methyl-4-nitroindole-2-car-
boxamide (8b) (60%) as an orange solid: mp 135-136 °C; 1H
NMR (CDCl3) δ 7.61 (1H, d, J ) 8.1 Hz, 6-H), 7.12 (2H, m,
7-H, 3-H), 4.08 (s, 3H, OCH3), 4.02 (3H, s, NCH3), 3.63 (2H,
dd, J ) 6.3 Hz, CON(H)CH2), 2.66 (6H, m, 3 × NCH2), 1.64
(6H, m, 3 × piperidine CH2).

N-Ethyl-N-(2-morpolin-4-ylethyl)-4-amino-5-methoxy-
1-methylindole-2-carboxamide (9a). To 8a (360 mg, 1.0
mmol) in EtOH (120 mL) was added tin powder (820 mg, 7.0
mmol) followed by HCl (2M, 20 mL). The mixture was stirred
at room temperature for 1.5 h. Excess tin was removed by
filtration; the filtrate was neutralized (NaOH, 150 mL),
extracted with EtOAc (3 × 150 mL), dried (MgSO4), and
evaporated in vacuo to give 9a (320 mg, 99%). This material
was used in the next step without further purification.

N-(2-Piperidin-1-yl)-4-amino-5-methoxy-1-methylindole-
2-carboxamide (9b). The title compound (99%) was synthe-
sized as described for 9a.

N-(2-Morpholin-4-ylethyl)-5-methoxy-1-methyl-4,7-di-
oxoindole-2-carboxamide (10a). To crude 9a (320 mmol)
dissolved in acetone (50 mL) was added a solution of potassium
nitrosodisulfonate (Fremys salt) (2.0 g, 7 mmol) in phosphate
buffer (Na2HPO4/NaH2PO4, pH 6, 25 mL). The mixture was
stirred for 0.5 h at room temperature. Excess acetone was
removed and the residue neutralized with saturated sodium
bicarbonate (100 mL), extracted with EtOAc (3 × 100 mL),
washed with brine (50 mL), and evaporated to dryness. The
product was purified by chromatography (eluting with EtOAc/
MeOH, 1:1) and recrystallized from EtOAC to give 10a (190
mg, 57%) as an orange solid: mp 206-207 °C; 1H NMR (CDCl3)
δ 6.94 (1H, s, 3-H), 6.69 (1H, br s, CONH) 5.77 (2H, s, 5-H),
4.29 (3H, s, OCH3), 3.86 (3H, s, NCH3), 3.77 (4H, t, J ) 4.6
Hz, 2 × morpholine OCH2), 3.53 (2H, q, J ) 5.28 Hz, CON-
(H)CH2), 2.61 (2H, t, J ) 5.94 Hz, NCH2), 2.59 (4H, m, 2 ×
morpholine NCH2); HRMS found (M+) 347.1478, requires
C17H21N3O5 M 347.1481.

N-(2-Piperidin-4-ylethyl)-5-methoxy-1-methyl-4,7-diox-
oindole-2-carboxamide (10b). The title compound (63 mg,
62%) was prepared from 9b as described for 10a as an orange
solid: mp 197-198 °C; 1H NMR (CDCl3) δ 6.89 (1H, s, 3-H),
5.75 (2H, m, CONH, 5-H), 4.28 (3H, s, OCH3), 3.84 (3H, s,
NCH3), 3.55 (2H, m, CON(H)CH2), 2.57 (6H, m, 3 × NCH2),
1.75 (6H, m, 3 × piperidineCH2). Anal. (C18H23N3O4‚0.33H2O)
C, H, N.

N-(2-Morpholin-4-ylethyl)-5-(2-methylaziridin-1-yl)-1-
methyl-4,7-dioxoindole-2-carboxamide (4a). Compound
10a (80 mg, 0.23 mmol) was dissolved in 2-methylaziridine
(0.5 mL, ca. 11 mmol; CAUTION!) and the solution stirred at
room temperature for 2.5 h, evaporated, and redissolved in
EtOAc (5 mL). The solution was evaporated to dryness and
chromatographed (MeOH/EtOAc, 1:1). The residue was re-
crystallized from EtOAc to give 4a (60 mg, 70%) as a red
solid: mp 145-146 °C; 1H NMR (CDCl3) δ 6.88 (1H, s, 3-H),
6.62 (1H, br s, CONH) 5.86 (2H, s, 5-H), 4.27 (3H, s, NCH3),
3.74 (4H, t, J ) 4.0 Hz, 2 × morpholine OCH2), 3.49 (2H, q, J
) 6.0 Hz, CON(H)CH2), 2.58 (2H, t, J ) 5.94 Hz, NCH2), 2.50
(4H, t, 2 × morpholine NCH2), 2.25 (1H, m, aziridine-H), 2.13
(2H, dd, aziridine-CH2), 1.43 (3H, d, J ) 5.0 Hz, aziridine-
CH(CH3)); HRMS found (M+) 372.1807, requires C19H24N4O4

M 372.1797.
N-(2-Piperidin-1-ylethyl)-5-(2-methylaziridin-1-yl)-1-

methyl-4,7-dioxoindole-2-carboxamide (4b). The title com-

pound (46%) was prepared as described for 4a as an orange
solid: mp 128-129 °C; 1H NMR (CDCl3) δ 7.18 (1H, br s,
CONH), 6.90 (1H, s, 3-H), 6.00 (1H, s, 5-H), 4.23 (3H, s, NCH3),
3.66 (2H, q, CON(H)CH2), 2.79 (2H, t, NCH2), 2.56 (4H, m, 2
× piperidine NCH2), 2.36 (1H, m, aziridine CH), 1.62 (4H, m,
2 × piperidine CH2), 1.48 (2H, m, aziridine CH2), 1.44 (3H, d,
J ) 5.6 Hz, aziridine CH(CH3)). Anal. (C20H26N4O3‚0.5H2O)
C, H, N.

Biology. Recombinant human DT-diaphorase derived from
full length H460 NSCLC cDNA inserted into the pKK-233
plasmid and its subsequent purification by Cibacron Blue
affinity chromatography are described elsewhere.10 NADH,
cytochrome c, EDTA, and DCPIP (2,6-dichlorophenol-indophe-
nol) were obtained from Sigma (Sigma Aldrich, Poole, U.K.).
All cell culture material was obtained from Life Technologies
(Paisley, U.K.). All drugs were dissolved in DMSO at a
concentration of 5 mM and stored at -80 °C.

Substrate Specificity. The ability of compounds to serve
as substrates for human DT-diaphorase was determined by
measuring the reduction of cytochrome c at 550 nm on a
Beckman DU 650 spectrophotometer, details of which are
described elsewhere.10 Briefly, all enzyme assays contained
cytochrome c (70 µM), NADH (2 mM), purified DT-diaphorase
(0.48 µg), and the test compound (25 µM) in a final volume of
1 mL of Tris-HCL buffer (50 mM, pH 7.4) containing 0.14%
bovine serum albumin. The final concentration of DMSO in
the cuvette was 0.5%. Reactions were carried out at room
temperature and started by the addition of NADH. Rates of
reduction were calculated from the initial linear part of the
reaction curve (30 s) and results were expressed in terms of
µmol of cytochrome c reduced/min/mg of protein using a molar
extinction coefficient of 21.1 mM-1 cm-1 for cytochrome c. All
reactions were carried out in triplicate and background rates
of cytochrome c reduction (in the presence of 0.5% DMSO) were
subtracted from test results.

Inhibition of DT-Diaphorase by Indolequinones. The
ability of indolequinones to inhibit human DT-diaphorase was
determined spectrophotometrically as described elsewhere.31

Briefly, compounds (at a range of concentrations) were incu-
bated with DT-diaphorase (1 µg) in Tris-HCl (25 mM, pH 7.4)
plus Tween 20 (2 mg/mL) buffer containing NADH (100 µM)
at room temperature for 30 min (reaction volume was 0.5 mL).
Reactions were stopped by the addition of 2 mL of ice-cold Tris-
HCl (25 mM, pH 7.4) containing sucrose (250 mM) and DT-
diaphorase activity was determined using a standard DT-
diaphorase assay.32 In this assay 1 µL of the above stopped
reaction mix was added to 1 mL of buffer (Tris HCl, 25 mM,
pH 7.4, plus 0.7 mg/mL BSA) containing 40 µM DCPIP and
200 µM NADH. The reaction was performed at room temper-
ature and DCPIP reduction was determined at 600 nm over
30 s. Inactivation of DT-diaphorase was determined by calcu-
lating the difference between ∆A/min for reactions containing
drug and control (no drug).

DNA-Damaging Assays: Single-Strand Breaks. Biore-
ductive activation of EO9 to metabolites capable of inducing
single-strand breaks in DNA was determined by measuring
the conversion of supercoiled plasmid DNA to the open circular
form as described elsewhere.8 Briefly, pRSETB plasmid was
isolated from E. coli (JM 109) by small-scale plasmid prepara-
tions.33 Each reaction contained test compound (4 µM, final
DMSO concentration ) 0.2%), DNA (2 µg), NADH (10 mM),
and DT-diaphorase (0.48 µg) in a final volume of 100 µL of
sodium phosphate buffer (100 mM, pH 7.4) containing 0.14%
bovine serum albumin. Following incubation at 37 °C for 1 h,
25 µL of stop buffer (60% glycerol, 0.5% SDS, 5 mM EDTA,
0.01% bromophenol blue) was added to each sample prior to
loading 50 µL into a 1% agarose gel. Following electrophoresis
(100 V for 3-4 h), DNA was visualized by ethidium bromide
staining and gels were photographed under UV transillumi-
nation. Selected compounds were evaluated in the presence
and absence of the enzyme catalase (1200 units/reaction)
according to the methodology described above.

Cell Culture and Chemosensitivity Assays. A549 (hu-
man NSCLC) and HT-29 (human colon carcinoma) were
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obtained from ATCC and routinely maintained as monolayer
cultures in RPMI 1640 culture medium supplemented with
10% fetal calf serum, sodium pyruvate (1 mM), l-glutamine (2
mM), penicillin/streptomycin (50 IU/mL/50 µg/mL), and buff-
ered by HEPES (25 mM). BE cells (human colon carcinoma)
were a gift from Dr. T. Ward (Paterson Institute, Manchester,
U.K.) and were routinely maintained as monolayer cultures
as described above. Cells were plated into 96-well culture
plates ((1-2) × 103 cells/well) and incubated overnight at 37
°C in an atmosphere containing 5% CO2. Drugs were added
to each well of the plate (8 wells/drug exposure) and cells
exposed to the drug for 2 h at 37 °C. The final concentration
of DMSO was 0.1% in all cases. Following drug exposure, cells
were washed twice with HBSS prior to the addition of RPMI
1640 (200 µL/well). Cell survival was determined 5 days later
using an MTT assay, details of which are described else-
where.34 DT-diaphorase activity was determined by measuring
the dicumarol-sensitive reduction of DCPIP using NADH as
the electron donor as described elsewhere.32

Modeling Human DT-Diaphorase. Human DT-diapho-
rase was modeled with homology to the available rat DT-
diaphorase29 structure (Brookhaven Protein Databank entry
1QRD) including tetramethyl-1,4-benzoquinone (duroquinone),
Cibacron Blue (a potent inhibitor), and FAD. The physiological
dimer was created from the PDB coordinates using appropriate
transformations. The human and rat DT-diaphorase amino
acid sequences had 85% identity and 91% similarity with a
single amino acid insertion at the N-terminus (Figure 5). The
additional amino acid was added to the structure and side
chain mutations were performed. Particular attention was
payed to the active-site residues, where it was noted that all
the residues were identical in the rat and human DT-
diaphorase sequences and hence retained the same coordinates
in both the rat structure and the human model (Figure 5). The
model was minimized with the substrate, inhibitor, and
cofactor constrained to their spatial positions. Partial charges
for the inhibitor, cofactor, and substrate atoms were deter-
mined from ab initio calculations at the STO-3G level. The
complex was minimized using the CHARMM force field.35 All
calculations were performed on a Silicon Graphics workstation.
The resulting structure was used as a starting model for
docking simulations.

ModelingEnzyme-Substrate Complexes. Optimal drug
binding orientations were identified using the program GRID.36
Calculations were performed on the minimized human DT-

diaphorase model following the removal of the duroquinone
(DQN) substrate and Cibacron Blue (CBD) inhibitor from the
model. GRID contours for the aromatic carbon probe indicated
that the aromatic moieties of the substrates were likely to
protrude in only one direction within the binding site. This
direction led to the space previously occupied by the inhibitor.
Additional GRID probes were also used in determining binding
orientations. Using these GRID contours as a guide together
with the superimposed position of DQN, substrates were
docked into the enzyme at one of the active sites.

Each enzyme-substrate complex then underwent a mini-
mization protocol of 500 steps steepest descent (SD) on
hydrogens alone, 5 000 steps SD minimization on side chains,
FADH2, and substrate, and finally 15 000 steps adopted-basis
Newton-Raphson (ABNR) minimization on side chains, FADH2,
and substrate. The final structures were visualized in order
to identify any interactions which could explain the experi-
mental results regarding sensitivity to substrate modifications.
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Pharmacological Properties of a New
Aziridinylbenzoquinone, RH1 (2,5-diaziridinyl-3-

(hydroxymethyl)-6-methyl-1,4-benzoquinone), in Mice
Paul M. Loadman,* Roger M. Phillips, Lissa E. Lim and Mike C. Bibby

CLINICAL ONCOLOGY UNIT, UNIVERSITY OF BRADFORD, BRADFORD BD7 1DP U.K.

ABSTRACT. RH1(2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone) has shown preferential
activity against human tumour cell lines which express high levels of DTD (EC 1.6.99.2; NAD(P)H:quinone
oxidoreductase, NQO1, DT-diaphorase) and is a candidate for clinical trials. EO9 (3-hydroxy-5-aziridinyl-1-
methyl-2-[1H indole-4,7-dione]prop-!-en-"-ol) is a known substrate for DTD but clinical trials were disap-
pointing, as a result of rapid plasma clearance and reversible dose-limiting kidney toxicity. It is an obvious
concern that RH1 does not exhibit the same limitations. We therefore describe the antitumour activity and
pharmacology of RH1 in mice and compare its pharmacological characteristics to those of EO9. Significant
antitumour activity (P # 0.01) was seen for RH1 (0.5 mg/kg, i.p.) against the high DTD-expressing H460
human lung carcinoma. Pharmacokinetic analysis of RH1 in mice showed a t1/2 of 23 min with an area under
the curve of 43.0 ng hr mL$1 resulting in a calculated clearance of 5.1 mL min$1, 10-fold slower than EO9. RH1
was also more stable than EO9 in murine blood, where the breakdown was thought to be DTD-related.
NADH-dependent microsomal metabolism of RH1 and EO9 in both liver and kidney was slow (%100
pmol/min/g tissue), reflecting the low microsomal DTD expression (%35 nmol/mg/min). Liver cytosol
metabolism was rapid for both compounds (&4500 pmol/min/g tissue), although DTD levels were low (21.4 '
0.6 nmol/mg/min). DTD activity in the kidney cytosol was high (125 ' 8.2 nmol/mg/min) and EO9 was rapidly
metabolised (4396 ' 1678 pmol/min/g), but the metabolic rate for RH1 was 7-fold slower (608 ' 86
pmol/min/g), even though RH1 was shown to be an excellent substrate for DTD (Vmax # 800 (mol/min/mg and
a Km of 11.8 (M). The two DTD substrates RH1 and EO9 are clearly metabolised differently, suggesting that
RH1 may have different pharmacological properties to those of EO9 in the clinic. BIOCHEM PHARMACOL 59;7:
831–837, 2000. © 2000 Elsevier Science Inc.

KEY WORDS. DT-diaphorase; EO9; RH1; metabolism; pharmacokinetics; bioreductive

In the search for more selective anti-tumour agents, there is
considerable interest in the field of bioreductive drug
development. Bioreductive drugs are designed to take
advantage of some of the unique features of solid tumours,
in particular reduced oxygen tension and the overexpres-
sion of certain reductase enzymes [1]. DTD† (EC 1.6.99.2)
is one of several reductase enzymes that are capable of
reducing quinone-type compounds to DNA-damaging spe-
cies and is able to use NADPH or NADH as an electron
donor [2]. Other reductases include the one-electron reduc-
tases NADPH-cytochrome P450 reductase and NADH
cytochrome b5 reductase. However, interest has focused on
the two-electron reductase DTD, as it has been shown to be

overexpressed in certain clinical tumours, in particular
NSCLC (non-small cell lung carcinoma) [3, 4]. DTD has
therefore been identified as a target for drug development
and its current status has recently been reviewed [5].

Several quinone-containing anticancer agents can be
reduced by DTD, including the aziridinylbenzoquinones
AZQ (2,5-diaziridinyl-3,6-bis(carboethoxyamino)-1,4-ben-
zoquinone; diaziquone) [6] and MeDZQ, with the antitu-
mour antibiotic mitomycin C being probably the most well
known and clinically most successful of the compounds
whose activity can be influenced by DTD [7]. RH1 (2,5-
diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone)
(Fig. 1), has recently been synthesised as a water-soluble
analogue of MeDZQ and has been shown to have prefer-
ential activity against human tumour cell lines which
express high levels of the two-electron reductase DTD [8].
It is currently a candidate for clinical trial in both the U.K.
and the U.S.A., and as an extension of these studies we
describe here the first antitumour data for RH1 against the
high DTD-expressing human lung carcinoma, H460.

EO9 (3-hydroxy-5-aziridinyl-1-methyl-2-[1H indole-4,7-
dione]prop-!-en-"-ol) is a synthetic indoloquinone related
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in structure to mitomycin C and a particularly good
substrate for DTD [9]. Preclinical antitumour activity was
previously demonstrated for EO9 against several solid
tumour types [10]. This preclinical activity allowed EO9 to
go to clinical trial. DTD-rich tumours are sensitive to
substrates such as EO9 under aerobic conditions in in vitro
experimental tumour systems and a good correlation exists
between enzyme expression and sensitivity [11]. However,
in the hypoxic fraction the influence of other one-electron
reductases would assume more importance, and so tumours
with low DTD expression may also be sensitive to EO9 [11].
Unfortunately, the results of an EORTC clinical trial of
EO9 were disappointing, with no responses seen in the
phase II trial [12, 13]. Several explanations have been given
for this lack of activity. Two of the key problems identified
were the rapid plasma clearance in conjunction with poor
penetration through avascular tissue, resulting in poor drug
delivery of EO9 to the tumour [14, 15], and the dose-
limiting but reversible kidney toxicity in the form of
proteinuria [12]. The rapid clearance of the drug with a t1/2
of 10 min in patients [14] was predictable from preclinical
data, as the plasma half-life in rodents was 3 min or less [16,
17]. With the benefit of hindsight, the kidney toxicity may
also have been expected due to the presence of DTD in
normal kidney tissue [18]. It is an obvious concern that
RH1 and subsequent DTD substrates not suffer the same
limitations and that lessons are learned from the failure of
EO9. Recent studies addressing the pharmacological prob-
lems associated with EO9 have shown that the rapid
clearance of EO9 in mice is in part due to the rapid
metabolism of EO9 in red blood cells [19]. Murine blood
has high DTD levels relative to human blood in which EO9
is stable. It follows that other tissues, including the kidneys,
which express high levels of DTD are also likely to
influence the systemic clearance of EO9 or other related

DTD substrates. It is therefore important to understand the
factors that influence the pharmacokinetics of RH1, as a
short pharmacokinetic half-life or rapid clearance from the
systemic circulation is unlikely to allow sufficient time for
adequate tumour penetration of the drug into the bioreduc-
tive environment in which the drug was designed to act
[15].

We therefore propose to study the antitumour activity
and pharmacokinetics of RH1 in the mouse and investigate
the influence of DTD on the in vitro metabolism of RH1
and EO9 in blood, liver, and kidney. These are the first
studies to describe the pharmacological properties of RH1
and should give an indication as to whether similar phar-
macokinetic problems to those which contributed to failure
of EO9 will be encountered with RH1.

MATERIALS AND METHODS
Antitumour Activity

All animal experiments were carried out under a project
licence approved by the Home Office, London, U.K., and
UK CCCR guidelines [20] were followed throughout. The
H460 is a high diaphorase-expressing lung carcinoma [21]
and was grown subcutaneously as a xenograft in NCR-Nu
mice of approximately 25 g (supplied by the NCI). H460
tumours were transplanted as fragments by trocar. Groups of
5–10 tumour-bearing mice were treated with RH1 at the
previously established single i.v. maximum tolerated dose
(MTD) of 0.5 mg kg!1. Treatment commenced when
tumours could be reliably measured by calipers, and thera-
peutic effects were assessed by twice weekly caliper mea-
surements of the tumour. Tumour volumes were deter-
mined by the formula a2 " b/2, where a is the smaller and
b the larger diameter of the tumour. Graphs were plotted of
relative tumour volume against time and antitumour activ-
ities assessed by Mann–Whitney analysis of time taken for
tumour to double in volume.

Pharmacokinetic Studies

CHEMICALS. All solvents used were of HPLC grade and
were purchased from Fisher Scientific. All chemicals were
of analytical grade and purchased from Sigma. Triple
distilled water was used throughout. RH1 was synthesised
by Dr. Robert Hargreaves of the Paterson Institute for
Cancer Research, Manchester, U.K. Stock solutions of
RH1 and EO9 were prepared in DMSO at a concentration
of 5 mM and stored at !20°. DMXAA was a gift from the
Cancer Research Campaign, U.K.

CHROMATOGRAPHIC ANALYSIS OF RH1. The HPLC system
consisted of a System Gold Beckman 126 Programmable
Solvent Module (Beckman Instruments U.K. Ltd.), a Beck-
man 507 Autosampler, which was cooled to 4° by the
Grant Cooling Unit LTD6 (Grant Instruments), and a
Beckman 168 Photo-Diode Array Detector. Data were
processed using System Gold software (Beckman). Chro-

FIG. 1. Chemical structures of (A) EO9, (B) MeDZQ, and (C)
RH1.
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matographic separation of RH1 was achieved using a RP-18
end-capped LiChrospher column (5 !m, 250 " 4 mm)
(Phenomenex), a mobile phase consisting of ammonium
acetate (0.0482 M) and methanol (70%:30%) with the pH
adjusted to 7.0, and a flow rate of 1.0 mL min#1. Detection
was at the $max for RH1 (328 nm).

CHROMATOGRAPHIC ANALYSIS OF EO9. The analysis of
EO9 used the same conditions as for RH1, but with a
mobile phase consisting of methanol:water:phosphate
buffer (0.5 M, pH 7.0) (43%:56%:1%) and detection at 270
nm [22].

EXTRACTION FROM BIOLOGICAL SAMPLES. Protein was pre-
cipitated in biological samples by the addition of acetoni-
trile:methanol (75%:25%) with a solvent:sample ratio of
3:1. Typically, 100 !L of sample was mixed with 300 !L
solvent and centrifuged at 7000 g for 5 min. The superna-
tant (40 !L) was then injected into the HPLC system.
Control (drug-free) samples were used both for calibration
purposes and to calculate extraction efficiencies. Control
samples were spiked with EO9 or RH1 at the appropriate
concentration and extracted as described above. Saline
spiked with the appropriate concentration of drug was used
as 100% control. Recovery of EO9 or RH1 from biological
samples was calculated as a percentage of the saline con-
trols. Calibration curves for both RH1 and EO9 were
generated over the range of 0–20 !M.

PHARMACOKINETIC SAMPLING. At various time points af-
ter administration of RH1 (0.5 mg kg#1, i.v.) to NMRI
mice of approximately 25 g weight (B & K Universal), mice
were anaesthetised and blood samples taken via cardiac
puncture. The blood was kept at 4° until centrifugation
(1000 g " 5 min at 4°) and the plasma separated and stored
at #20°. RH1 was extracted from plasma as described. The
pharmacokinetic parameters were estimated by standard
non-compartmental methods. The terminal elimination
rate (Kel) was calculated using linear regression analysis of
the terminal log-linear portion of the curve. The AUC was
calculated using the trapezoidal rule. VD, the volume of
distribution at t % 0, was calculated from the equation
Dose/C(0), where C(0) is the theoretical concentration at
t % 0. Clearance was determined as Dose/AUC. The
calculations have been described in detail elsewhere [23].

In Vitro Metabolism Studies

STABILITY OF RH1 IN BUFFERS. RH1 was diluted to a final
concentration of 20 !M. The diluents used were saline,
PBS, and a range of phosphate buffers at pH 3.0, pH 5.0, pH
7.0, and pH 8.0 (0.1 M). Samples were taken at timed
intervals between 0–3 hr and analysed by HPLC. Peak area
values for both drugs were then converted to percentages,
with the value at t % 0 representing 100%. Graphs of
percentage remaining versus time were plotted and log-

linear regression used to calculate T1/2 values for each
curve.

STABILITY IN WHOLE BLOOD AND PLASMA. NMRI mice
were used for blood and metabolism studies so that a direct
comparison with the studies for EO9 could be made. Mice
were anaesthetised with diethyl ether and whole blood
taken by cardiac puncture into heparinized tubes kept on
ice. The plasma was obtained following centrifugation of
the blood at 4° (7000 g for 5 min). Human blood was
obtained from healthy volunteers and processed as de-
scribed for mice. Blood or plasma samples were incubated at
37° and spiked with either RH1 or EO9 to give a final
concentration of 20 !M. Samples were taken at timed
intervals and the drug extracted with solvent as described
previously.

LIVER AND KIDNEY METABOLISM STUDIES. Livers and kid-
neys were excised from male non-tumour-bearing NMRI
mice and placed on ice. They were weighed, diluted 1 in 4
with PBS, and homogenised with an Ultra-Turrax homoge-
niser (Janke and Kundel). The homogenates were centri-
fuged at 9360 g for 20 min using a Beckman Optima TL
Ultracentrifuge with a Beckman TLA 100.4 rotor. The
supernatant was removed and further centrifuged at
104,000 g for 60 min. The microsomal fraction (pellet) was
washed and resuspended in PBS. All procedures were
carried out at 4°. Microsomal and cytosolic preparations
were then incubated at 37° in a Grant QBT4 heating block
(Grant Instruments). NADH was added to give a concen-
tration of 200 !M, and finally samples were spiked with
RH1 or EO9 to give a final concentration of 20 !M. At
timed intervals, aliquots were taken and extracted as
described. Protein concentrations were measured by the
Bradford assay [24] using BSA as a calibration protein.
Rates of decay for the two compounds were expressed both
in pmol/min/mg protein and as pmol/min/g tissue. Metab-
olism experiments with kidney cytosolic fractions were
repeated with the inclusion of 100 !M DMXAA, a known
inhibitor of DTD [25], and the rates calculated as described
above. The concentration of 100 !M was chosen as it
reflected the therapeutically achievable plasma levels in
mice [26].

DT-diaphorase Assay and Substrate Specificity

The DTD enzyme activity was determined spectrophoto-
metrically as described previously by measuring the dicou-
marol-selective reduction of DCPIP [21]. DTD activity is
calculated as dicoumarol-inhibitable DCPIP reduction.
The reaction was initiated by the introduction of 10 !L of
microsomal (0.6 mg mL#1) or cytosolic (0.3 mg mL#1)
preparation. Results were expressed as nmol/min/mg pro-
tein. Kinetic studies, using purified human DTD [21] and
designed to measure the efficiency of RH1 as a substrate for
DTD, were identical to those used previously for EO9 [21].
The reduction of cytochrome c was monitored at 550 nm
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using RH1 at concentrations ranging from 0.125 to 50 !M,
and apparent Km and Vmax values calculated as described by
Henderson [27] by plotting s/v against s.

RESULTS
Antitumour Activity

Figure 2 shows the in vivo antitumour activity of RH1
against the high DTD-expressing H460 tumour. There was
a significant (P " 0.01) growth delay of 2.5 days for the
tumour doubling time following i.p. administration of RH1
at a dose of 0.5 mg/kg.

Pharmacokinetic Studies

CHROMATOGRAPHY. Chromatographic separation was
good using the system described with no interfering sub-
stances apparent in the control (drug-free) samples tested,
which included blood, plasma, liver, and kidney extracts.
Calibration curves were linear over the range tested and
extraction efficiencies were #80% with sample variation
$10%.

PHARMACOKINETICS. The pharmacokinetic data for RH1
are shown graphically in Fig. 3. The theoretical concentra-
tion at t " 0, C(0) was 405 ng mL%1, giving a volume of
distribution (VD) of 30.8 mL. The curve of RH1 plasma
concentration versus time is clearly biphasic, with an initial
t1/2 of 2.9 min and a terminal t1/2 of 23 min. These data lead
to a calculated AUC of 43.0 ng hr mL%1 and a clearance
value of 5.14 mL min%1.

Stability of RH1

STABILITY IN BUFFERS. As expected, RH1 was unstable in
acid pH with t1/2s for parent compound of $0.1, 0.42, 2.43,
and #13 hr for pH 3, 5, 7, and 8, respectively. Breakdown
products detected by HPLC are likely to be the half
ring-opened RH1 and fully ring-opened RH1.

STABILITY IN BLOOD. In blood, details of the disappear-
ance of both EO9 and RH1 are shown in Table 1. EO9 was
quite unstable in murine blood with a half-life of 0.26 hr,
but RH1 was unexpectedly more stable with a half-life
three times that of EO9 at 0.96 hr. Both compounds were
much more stable in the human blood with half-lives of
1.16 and 1.31 hr, respectively. Disappearance of either
compound in plasma was $5% over the 3-hr duration of
the experiments, hence a calculated half-life of #10 hr.

In Vitro Metabolism

Microsomal pellets were resuspended in buffer to give a
protein concentration of 6 mg mL%1. Using only NADH as
a cofactor, metabolism in both the kidney and liver
microsomes was slow, with some metabolic rates being too
slow to determine over a period of 3 hr (Table 2). However,

FIG. 2. Antitumour activity of RH1 against H460 human
tumour xenograft following i.p. administration of RH1 (0.5
mg/kg) to NMRI mice showing untreated (F) and RH1-treated
(!) mice (!1 SD). The data shown are the mean values (!1
SD) of eight mice per point.

FIG. 3. Plasma concentrations of RH1 following i.v. adminis-
tration of RH1 (0.5 mg/kg). The data shown are the mean
values (!1 SD) of three mice per time point.

TABLE 1. Stability of RH1 and EO9 at a concentration of 20
"M in whole blood and plasma

Blood Plasma

Mouse Human Mouse Human

RH1 0.96 & 0.21 1.16 & 0.40 #10 #10
EO9 0.26 & 0.01 1.31 & 0.38 #10 #10

The data show t1/2 (hr) & 1 SD (N " 3).
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both compounds were rapidly metabolised in the liver
cytosol (Table 2), in fact so rapidly that the cytosolic
preparations needed diluting 20-fold in total before the
metabolic rate could be accurately calculated over an
adequate period of time. Although rates were similar when
calculated per mg protein, both compounds disappeared
nearly 100 times more quickly in the cytosol of the liver
than in the microsomes when the weight of tissue was taken
into account and results were expressed on a per gram tissue
basis. There was no significant difference in metabolic rates
between either compound in the cytosolic fractions of the
liver. The microsomal fractions of the kidney gave similar
results to those of the liver, with metabolism very slow.
Surprisingly though, EO9 and RH1 consistently had differ-
ent metabolic rates when incubated in kidney cytosolic
preparations, in the presence of NADH (Table 2), with the
rate of disappearance of EO9 being 6- to 7-fold greater than
that of RH1. The addition of DMXAA to the kidney
cytosolic preparation inhibited EO9 metabolism by up to
75% (Table 2), indicating a clear involvement of DTD in
the kidney metabolism of EO9.

DT-diaphorase Assay and Kinetic Analysis

Levels of DTD activity in each of the tissue fractions used
in this study are shown in Table 3. By far the highest levels
of DTD are found in the kidney cytosol (125 ! 8.2
nmol/mg/min), with much lower levels in both the liver
cytosol (21.4 ! 0.6 nmol/mg/min) and kidney and liver
microsomal fractions (12.8 ! 5.6 and 33.7 ! 2.5 nmol/mg/
min, respectively). Details of the kinetic studies are shown
in Fig. 4. RH1 is shown to be an excellent substrate for
DTD, with a Vmax of 800 "mol/min/mg and a Km of 11.8

"M compared to the previously published value for EO9 of
20.1 "mol/min/mg and 15.0 "M, respectively [21].

TABLE 2. Summary of metabolic rates for both EO9 and RH1 incubated in kidney and liver cytosolic and microsomal fractions

Compound

Kidney Liver

Cytosol Microsomes Cytosol Microsomes

EO9 # (DMXAA) 48.3 ! 18.4 (10.3 ! 7.9) 9.92 ! 4.5 (8.11 ! 6.6) 54.2 ! 3.9 13.3 ! 4.6
RH1 # (DMXAA) 5.69 ! 0.93 (6.15 ! 0.41) 8.48 ! 1.73 (2.17 ! 1.55) 41.7 ! 19.1 6.6 ! 0.02
EO9 # (DMXAA) 4396 ! 1678 (936 ! 72) 34.2 ! 15.3 (28.0 ! 22) 5540 ! 363 79.3 ! 27
RH1 # (DMXAA) 416 ! 63 (450 ! 28) 29.4 ! 6.0 (7.52 ! 5.4) 4904 ! 2231 39.6 ! 0.14

Rates are expressed as pmol/min/mg protein (top) and pmol/min/g tissue (bottom). Data shown are the means ! 1 SD (N $ 3). Data in brackets indicates the inclusion of
DMXAA as in inhibitor of DTD.

TABLE 3. Table of specific DT-diaphorase activity (nmol/
min/mg) in murine whole blood, cytosolic, and microsomal
preparations

Biological matrix
Specific activity (!1
SD) (nmol/min/mg)

Blood 14.8 ! 6.0
Liver cytosol 21.4 ! 0.6
Liver microsomes 33.7 ! 2.5
Kidney cytosol 125.7 ! 8.2
Kidney microsomes 12.8 ! 5.6

FIG. 4. Plot of v versus s (A) and Hanes plot (B) of the
metabolism of RH1 by purified human DTD. Each point
represents the mean (!1 SD) of three independent experiments.
v " initial velocity (#mol/min/mg) and s " substrate concen-
tration (#M).
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DISCUSSION

RH1 is a novel aziridinylbenzoquinone that was synthesised
as a substrate for DTD and is shortly to enter clinical trial.
It is unusually potent and we describe here the first report
of its significant antitumour activity against the high
DTD-expressing H460 human lung carcinoma. This study
has also investigated several of the factors that are likely to
influence the pharmacokinetics of RH1 and compared
these to the other DTD substrate EO9. It has been
acknowledged for some time that the pharmacokinetic
properties of EO9 may have contributed to the disappoint-
ing outcome of the clinical trials. The rate at which
anticancer agents generally are cleared from the systemic
circulation will influence their ability to penetrate a solid
tumour mass [15] and hence their antitumour properties.

At first sight, RH1 would appear to present similar
pharmacokinetic problems to those of EO9, i.e. rapid
disappearance from the systemic circulation. With an AUC
of 0.043 !g hr mL"1, calculated clearance values show that
clearance of RH1 (5.1 mL min"1) was in fact 10-fold slower
than that reported for EO9 (49.7 mL min"1) [17], with
initial volumes of distribution (VD) also being quite differ-
ent (RH1 # 30.8 mL, EO9 # 80.2 mL). Although the
initial disappearance of RH1 was almost as rapid (2.9 min)
as that of EO9 (1.8 min), the pharmacokinetic curve for
RH1 was clearly biphasic as opposed to monophasic for
EO9, which means that RH1 had a longer terminal t1/2 of
23 min. These values are similar to those reported by Khan
et al. [28], although the AUC was slightly higher and thus
the clearance less rapid in our study. This is likely due to
differences in route of administration: Khan et al. adminis-
tered RH1 via the i.p. route, suggesting the RH1 may not
have been completely absorbed.

Systemic metabolism in murine blood is likely to influ-
ence the pharmacokinetics of EO9 in mice, though proba-
bly not in humans, as EO9 is relatively stable in human
blood. Surprisingly, the metabolism of EO9 and RH1 is not
comparable in murine blood, with RH1 being relatively
stable. This was unexpected, as the blood metabolism was
considered to be DTD-related [19]. Further metabolism
studies in liver and kidney cytosolic preparations clearly
show the large influence these organs have on the clearance
of EO9 from the mouse. NADH-related metabolism in
kidney and liver cytosols is remarkably rapid for EO9, and
this of course is the most likely explanation for the very
short plasma half-lives of the compound. Even though
kidney DTD levels in humans are not as high as in the
mouse [18], it is likely that kidney metabolism of EO9 in
humans is extensive, as proteinuria is the dose-limiting
toxicity. The liver metabolism seen here is likely influenced
by several other NADH-dependent one-electron reductases
such as NADH cytochrome b5 reductase, as liver cytosolic
levels of DTD were found to be low. Indeed, the metabo-
lism of RH1 in the liver cytosol could be largely inhibited
(by 50%) using p-hydroxymercuribenzoate (pHMB), a
known inhibitor of NADH:cytochrome b5 reductase, an

enzyme present in rat liver cytosol [29] (data not shown).
However, the metabolism of RH1 was quite different from
that of EO9, being extremely rapid in the liver cytosol but
consistently 7-fold lower in the DTD-rich kidney. This is
difficult to explain, as RH1 is an exceptionally good
substrate for DTD. It may well explain, though, why RH1
has a slower clearance than EO9 in mice, and this 7-fold
decrease in kidney metabolism may contribute to the
10-fold decrease in clearance of RH1. It also suggests that
RH1 may be less kidney-toxic than EO9, which is an
important clinical consideration.

Inhibition studies using dicoumarol, one of the most
commonly used DTD inhibitors, were unsuccessful, as
dicoumarol has only limited solubility. The use of
DMXAA, however, inhibited the metabolism of EO9 in
the kidney by up to 75%, suggesting the involvement of
DTD in the kidney metabolism of this compound. The pH
stability studies demonstrate the acid-labile nature of RH1
as well as highlighting the hydrolysis products that are
likely to be the half ring-opened and fully ring-opened
products of RH1. Further in vitro studies with purified
human DTD and HPLC (data not shown) confirm the
studies of Winski et al. [8], which showed that RH1 is in
fact rapidly reduced by DTD to the hydroquinone. It is
important to note that none of the breakdown products
were detected during the metabolism studies.

This study has described the anti-tumour activity, phar-
macokinetics, and NADH-dependent metabolism of the
new benzoquinone and highlighted several pharmacologi-
cal and metabolic differences between RH1 and EO9. The
decreased kidney metabolism of RH1 is thought to contrib-
ute to the decreased systemic clearance of RH1 relative to
EO9. The metabolic differences described here between the
two compounds are likely to have both pharmacokinetic
and toxicological consequences in the clinic and may have
implications for other potential substrates of DTD.
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would also like to acknowledge the helpful contribution of Dr. John
Butler, Paterson Institute for Cancer Research, Manchester, U.K., to
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SHORT COMMUNICATION

The Relative Importance of NADPH: Cytochrome c
(P450) Reductase for Determining the Sensitivity of

Human Tumour Cells to the Indolequinone EO9 and
Related Analogues Lacking Functionality at the C-2

and C-3 Positions
Mark P. Saunders,* Mohammed Jaffar,*† Adam V. Patterson,* John Nolan,‡

Matthew A. Naylor,‡ Roger M. Phillips,§ Adrian L. Harris! and Ian J. Stratford*
*SCHOOL OF PHARMACY AND PHARMACEUTICAL SCIENCES, UNIVERSITY OF MANCHESTER, MANCHESTER M13 9PL;
‡THE GRAY LABORATORY CANCER RESEARCH TRUST, P.O. BOX 100, MOUNT VERNON HOSPITAL, NORTHWOOD,

MIDDLESEX HA6 2JR; §CLINICAL ONCOLOGY UNIT, UNIVERSITY OF BRADFORD, BRADFORD BD7 1DP; AND
!INSTITUTE OF MOLECULAR MEDICINE, JOHN RADCLIFFE HOSPITAL, OXFORD, OX3 9DU, U.K.

ABSTRACT. Analogues of EO9 (3-hydroxymethyl-5-aziridinyl-1-methyl-2[1H-indole-4-7-dione]prop-2-en-1-
ol) which lack functionality at either the C-2 or C-3 position were synthesised. The aim was to establish the
importance of each group towards toxicity and to give an indication as to whether substitution at either position
altered activation and toxicity after metabolism by cellular NADPH: cytochrome c (P450) reductase (P450R).
MDA231 breast cancer cells were transfected with the cDNA for human P450R and stable clones were isolated.
These high P450R-expressing clones were used to determine the aerobic and hypoxic toxicity of EO9 and the
two analogues that lacked functionality at either C-2 or C-3. The results showed that P450R was strongly
implicated in the bioactivation of EO9 and its analogues under both of these conditions. This data also showed
that the C-3 functionality was primarily implicated in hypoxic toxicity. BIOCHEM PHARMACOL 59;8:993–996,
2000. © 2000 Elsevier Science Inc.

KEY WORDS. cytochrome P450 reductase; indolequinone bioreductive drugs; EO9; transfected P450R

It is now well established that many solid tumours possess
viable hypoxic cells that are resistant to radiation therapy
and some forms of chemotherapy [1, 2]. Strategies designed
to overcome this radioresistance include the use of biore-
ductive drugs, which exhibit selective toxicity towards
hypoxic cells both in vitro and in vivo [3]. Of these agents,
EO9 (1, NSC 382459; 3-hydroxymethyl-5-aziridinyl-1-
methyl-2[1H-indole-4,7-dione]prop-2-en-1-ol) ([4]; see Fig. 1
for chemical structure) was developed as a bioreductive
alkylating agent related to the naturally occurring antitu-
mour antibiotic mitomycin C [5]. EO9, mitomycin C
(MMC), and other related indolequinone derivatives are
thought to undergo a similar mechanism of bioactivation
utilising similar reductive enzymes [3, 6, 7]. The obligate
2-electron reductase, DTD¶ (NQ01, NADP(H) (quinone
acceptor) oxidoreductase, EC 1.6.99.2), plays a dominant

role in metabolising these indolequinones [8, 9]. EO9 itself
is an efficient substrate for DTD, and this explains the very
strong dependence on cellular levels of DTD for toxicity of
EO9 [10, 11]. Analogues of EO9 have been synthesised, and
two of them were shown to be even better substrates for
DTD than EO9 ([12]; see Fig. 1 for chemical structures).
The cytotoxicities of these analogues were evaluated in vitro
in rodent and human cell lines [12, 13]. In comparison with
EO9, 5-(aziridin-1-yl)-3-hydroxymethyl-1-methylindole-
4,7-dione (2) was found to be more cytotoxic towards A549
cells under both aerobic and hypoxic conditions. This
non-small cell lung cancer (NSCLC) cell line has high
endogenous DTD activity. In the same study, 5-(aziridin-
1-yl)-2-hydroxypropenyl-1-methylindole-4,7-dione (3) was
shown to be less toxic towards this cell line, even though it
was a better substrate for DTD than EO9. This data
suggested that these quinones were perhaps not primarily
activated by this two-electron reducing enzyme.

DTD-catalysed reduction is oxygen-independent but un-
der hypoxia, additional one-electron reductases such as
P450R (EC 1.6.2.4) will also contribute significantly to
quinone activation and hypoxia-selective toxicity [14, 15].
In this study, we evaluated the role of P450R in the
metabolism of these indolequinones. The MDA231 breast
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P450R, NADPH: cytochrome c (P450) reductase.
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cancer cells, which had been transfected with the cDNA
for P450R, were exposed to EO9 and its two analogues.
This cell line has low endogenous P450R and DTD activity.
The aim was to determine the importance of each func-
tional group at the C-2, C-3, and C-5 positions of the
indole nucleus in terms of activation by P450R and result-
ing toxicity under both aerobic and hypoxic conditions.

MATERIALS AND METHODS
Cells and Enzyme Activity

A panel of four high P450R-expressing MDA231 clones
were chosen, with a range of P450R activities from 25.32 to
189.56 nmol cytochrome c reduced/min/mg S-9 protein.
When compared to the parental cell line, their activity was
approximately 6 to 42 times greater (Table 1: fold increase
in P450R indicated by the numerical designated to each
clone). DTD, b5 reductase, and total glutathione levels of
the four clones were not significantly different when com-
pared to the parental cell line. Thus, only the level of
P450R activity differed significantly [16]. All cell lines were
maintained in an exponential growth phase in RPMI-1640
medium supplemented with 2 mM glutamine and 10%
foetal bovine serum (FBS). P450R-expressing clones were
grown under identical conditions along with the selection
agent, puromycin (2 !g/mL). Tissue culture media were
prepared at Clare Hall (ICRF), whilst FBS and all other
reagents of analytical grade were purchased from Sigma.
EO9 was synthesised by a method described by Speckamp
and Oostveen [4], whilst analogues 2 and 3 were synthesised
by methods described by Naylor et al. [3] and Jaffar et al. [12,
13].

MTT Proliferation Assay

Drug–response curves were generated using the MTT pro-
liferation assay, based on the ability of viable cells to

convert a yellow tetrazolium salt (MTT) into mauve
formazan crystals. The concentration of drug required to
reduce the optical density to 50% of that of the untreated
control wells was determined. This was termed IC50 and was
recorded as the mean of at least three independent exper-
iments (range 3 to 10), conducted on different days. The
parental cell line and the P450R-expressing clones were
exposed to each of the three drugs for 3 hr under aerobic or
anoxic conditions. All media, plates, and other plastic
material were placed into the anoxic cabinet for at least 24
hr prior to each anoxic experiment. After each 3-hr
exposure, the drug was removed and fresh media instilled
into each well. After 96 hr incubation at 37°, the MTT
proliferation assay was performed. The IC50 results were
expressed as the mean of between three and ten separate
results ("SEM). The data was then analysed by methods
described in Ref. 15 and the statistical significance was
tested by the Student’s t-test.

RESULTS AND DISCUSSION

P450R activity was shown to be strongly implicated in the
activation of EO9 and analogues 2 and 3 under both
aerobic and hypoxic conditions. The dependence of IC50 on
P450R activity for EO9 and the two analogues is shown in
Table 1 and Figure 2. Under both aerobic and hypoxic
conditions, there was a highly significant relationship
between P450R activity and toxicity for all of the drugs
(Table 1). This is consistent with the findings of Patterson
et al. [16], who showed a similar relationship with tira-
pazamine and RSU 1069 (hypoxic conditions only). Thus,
these results suggest that under both aerobic and hypoxic
conditions, P450R is implicated in the bioactivation and
subsequent toxicities of these quinones.

Analogues 2 and 3 had similar activity under acute
aerobic exposure, which may be accounted for by the

FIG. 1. EO9 and closely related analogues 2 and 3. Analogue 2 lacks a hydroxypropenyl group at C-2, whilst analogue 3 lacks a
hydroxymethyl group at C-3.
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presence of the C-5 aziridinyl ring, which even in the
absence of reductive enzymes is probably prone to DNA
alkylation and subsequent formation of mono drug–DNA
adducts [13]. However, from the results in Table 1, EO9 is
still at least a factor of 10 more potent than its analogues
under aerobic conditions. This may be explained if EO9 is
activated by enzymes other than DTD and P450R, which
might have little effect on 2 and 3. The fact that EO9 is
more hydrophilic (due to the presence of both polar
functionalities at the C-2 and C-3 positions) may also
contribute to its higher potency.

These results showed that EO9 was still more potent

than its closely related analogues, whilst compound 2 was
more potent than compound 3 under hypoxic conditions.
This suggested that neither the C-3 (hydroxymethyl) or
C-2 (hydroxypropenyl) functionality alone contributes sig-
nificantly to aerobic toxicity. However, under hypoxic
conditions, the 3-hydroxymethyl functionality is more im-
portant than the 2-hydroxypropenyl function with respect
to both enzyme activation and cytotoxicity. This is further
indicated by the fact that analogue 3 has the greatest
hypoxic cytotoxicity ratio (HCR) due to a decrease in
aerobic toxicity rather than an increase in hypoxic cyto-
toxicity. This attribute may be beneficial in terms of this

TABLE 1. IC50 values for parental line and clones after exposure to EO9 and analogues under aerobic and hypoxic conditions

EO9 Analogue 2 Analogue 3

Cell line
IC50 (air)¶ IC50 (N2)**

HCR††
IC50 (air)¶

IC50
(N2)**

HCR††
IC50 (air)¶

IC50
(N2)**

HCR††(!M) (!M) (!M) (!M) (!M)

wt* 1.34 ! 0.92 0.338 ! 0.15 4.0 26.50 ! 3.00 3.54 ! 0.90 7.5 28.76 ! 9.06 8.16 ! 0.15 3.5
Rd 6† 1.05 ! 0.29 0.449 ! 0.29 2.3 15.07 ! 5.24 2.10 ! 0.55 7.2 10.53 ! 4.18 4.01 ! 0.29 2.6
Rd 16‡ 1.25 ! 0.43 0.136 ! 0.08 9.2 9.88 ! 2.38 0.51 ! 0.41 19.4 8.40 ! 1.77 1.18 ! 0.08 7.1
Rd 22§ 0.75 ! 0.35 0.079 ! 0.05 9.5 8.52 ! 2.59 0.28 ! 0.20 30.4 6.63 ! 1.11 1.24 ! 0.05 5.3
Rd 42! 0.61 ! 0.06 0.036 ! 0.02 16.9 5.59 ! 1.12 0.18 ! 0.08 31.1 4.66 ! 1.64 0.46 ! 0.02 10.1

*wt is wild type.
†Rd 6 is transfected cell line with 6-fold increase in P450R over wt.
‡Rd 16 is transfected cell line with 16-fold increase in P450R over wt.
§Rd 22 is transfected cell line with 22-fold increase in P450R over wt.
!Rd 42 is transfected cell line with 42-fold increase in P450R over wt.
¶IC50 (air) is exposure under aerobic conditions.
**IC50(N2) is exposure under hypoxic conditions.
††HCR is the hypoxic cytotoxicity ratio.
Shown are IC50 values (micro M) for parental line and clones (6- to 42-fold increase in P450R activity) after exposure to EO9 and both analogues under aerobic and hypoxic

conditions (mean ! SEM, N " 3 to 10).

FIG. 2. Graph to show the relationship between P450R activity and IC50 for the clones after exposure to analogue 2 (Œ aerobic and
■ hypoxic conditions) and 3 (‚ aerobic and ! hypoxic conditions). The parental line is also shown for analogue 2 (} aerobic and F
hypoxic) and analogues 3 ({ aerobic and E hypoxic) for comparison (n " 3 to 10).
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analogues ability to target hypoxic tumours with relative
sparing of the adjacent (oxic) normal tissues.

Overall, these results confirmed that P450R is implicated
in the bioactivation of these quinone bioreductive drugs
under both aerobic and hypoxic conditions. These findings
support the suggestion by Patterson et al. [16] that the
introduction of P450R into tumours, possibly under the
control of hypoxia-responsive elements, may lead to greater
activation and effectiveness of bioreductive drugs. It may
also be possible to design superior quinone bioreductive
drugs by altering side group functionality.

This work was funded, in part, by the Medical Research Council
(MRC, G 9520193). M.P.S. is an MRC Clinical training fellow.
Statistical analysis was carried out by David Papworth and we are also
grateful to Professor C. R. Wolf for providing the P450R cDNA.
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Influence of Extracellular pH on the Cytotoxicity and DNA Damage
of a Series of Indolequinone Compounds

R.M. PHILLIPS1 and t.tt. wAnn2

- 'Conru Research tJnit, tJniversity of Bradford, Bradford BD7 lDP;
2Potrrron Institute for Cancer Research, Manchester M20 gBX, United Kingdom

Abstract. Background: The existence of an acidic extracellular
pH (pHe) within solid tumours is regarded as a potential target

for drug development. The indolequinone EO9 has a complex
mechanism of action which includes enhanced potency under
acidic pHe conditions in vitro. In order to identify compounds
which have a simpler mechanism of action where activation
under acidic pHe is the predominant mechanism of toxicity, this
study has determined the cytotoxic properties of a series of
analogues of EO9 under both physiological and acidic pHe
conditions. Materials and Methods: H460 human NSCLC cells
were exposed to EO compounds under acidic (pH 6.04) and
physiological (pH 7.2a) pHe conditions for one hour and
chemosensitivi4t assessed 4 days later using the MTT assay. For
compounds of interest, DNA damage (both single strand brealcs
and cross links) in H460 cells was determined using the comet
assay. Results: All the compounds tested were more potent under
acidic pHe conditions although a broad range of enhancement
ratios (defined as the IC50 at pHe 7.24 I IC50 at pHe 6.04) were
obtained ranging from 3.25 to 116.53. The activity of EO72 was
significantly enhanced under acidic conditions and activity was
associatedwith a pH dependent increase in DNA uoss linking in
H460 cells. As EO72 is.a poor substrate for puified human DT-
diaphorase, pHe conditions appear to be a major factor
determining cell kill. Conclusions: This study has idenffied
several compounds whose rytotoxic properties in vitro are pHe
dependent with EO72 emerying as the lead compound on the
basis of the magnitude of the pH dependent chemosensitivity and
the fact that it is a poor substrate for DT-diaphorase. Fufiher
studies are required to determine whether or not EO72 has
suitable pharmacokinetic properties to allow it to reach regions
of low pHe within solid tumours

The generation of a microenvironment caused by an
inadequate or intermittent blood supply is widely regarded as

Correspondence /o; R.M. Phillips, Cancer Research Unit,
University of Bradford, Bradford BD7 1DP, United Kingdom.
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Key Words: EO9, indoleq.,iro."rl extracellular pH, DT-
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a good target for the development of novel anticancer drugs
(1-a). The underlying basis for this stems from the fact that
the physiological characteristics of the tumour micro-
environment (z.e. Iow pH, low nutrient status, high catabolite
concentrations, hypoxia and altered gene expression patterns)
are quite distinct from normal physiological conditions found
in healthy tissues. Attempts to exploit the tumour micro-
environment have predominantly focused on the development
of hypoxia selective bioreductive prodrugs (5,6). In addition
to hypoxia, regions of low extracellular pH (pHe) exist and
this characteristic feature of tumours has also been
recognised as a potential target for anti-cancer drug design
(7,8).

The origins of acidic extracellular pH are multifactorial but
essentially stem from the production of lactic acid and the
hydrolysis of ATP in an -energy deficient environment
resulting in a build up of H' which cannot be removed as a
result of the inadequate blood supply (2,7). Numerous studies
using microelectrodes have demonstrated that the pHe of
solid tumours is on average 0.5 pH units lower (ranging from
pH 5.6 to 7.6) than in normal tissues although considerable
heterogeneity exists between tumour types and within the
same tumour (2,9,10).In experimental tumours, studies have
demonstrated that the pFtre of tumours in vivo becomes acidic
at between 10 and 100 pm from a blood vessel although it is
of interest to note that no correlation exists between acidosis
and hypoxia within these tumours (11). These observations
suggest that hypoxia activated bioreductive drugs may not
eradicate all cells within the microenvironment and supports
the concept of developing drugs which are capable of
exploiting differences in pHe between tumours and normal
tissues.

The cytotoxic activity of many drugs is influenced by pH
and alkylating agents, particularly those compounds
containing aziridine ring structures (such as various aziridinyl
benzoquinones, mitomycin C, ThioTEPA and chlorambucil),
are more potent under acidic rather than neutral pHe
conditions (12-t5). EO9 is an indolequinone derivative of
mitomycin C (which is regarded as the prototypical
bioreductive drug) and its activity is enhanced significantly
under acidic pHe conditions in vitro (16). The mechanism of
action of EO9 is however multifactorial involving a complex

t795
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interaction between elzyme activation (principally by the
enzyme DT-diaphorase) and the presence or absence of
hypoxia (17). In terms of dissecting the mechanisms
responsibie for the antitumour effects of EO9 in vivo, it is
difficult to determine whether cell kill is governed by
enzymology, hypoxia or pH activation. Analogues of EO9
have been synthesised which demonstrate a broad range of
substrate specificiqr's to purilied human DT-diaphorase (18)
and the purpose of this study is to identily compounds which
are activated predominantly by acidic pHe conditions to
potent cytotoxic moieties in vitro as opposed to bioreductive
activation by DT-diaphorase. Analysis of DNA damage
induced in cells by drugs which are poor substrates for DT-
diaphorase but demonstrate significant enhanced toxicity
under acidic pHe conditions have also been determined using
the comet assay.

Materials and Methods

Cell cubure and chemosensitiviry studies. H460 human NSCLC cells
(obtained from the ATCC) were routinely maintained as monolayer
cultures in RPMI 1640 medium supplemented with foetal calf serum
(10%), Sodium Pyruvate (2mM), L-glutamine (2mM), Penicillin/
Streptomycin (5 IU/ml/ 5 pg/ml) and buffered by HEPES (25 mM). All
EO compounds were synthesised by Oostveen and Speckamp (19) and
were obtained via the Screening and Pharmacology Group of the
EORTC. The chemical structure of the compounds evaluated in this
study is presented in Figure 1 and all compounds were dissolved in
DMSO (at 5 mM stock concentration), aliquoted and stored at - 20oC.
For chemosensitivity studies, H460 cells were plated into 96 well culture
plates (1 x 10r cells per well) and incubated overnight at 37oC in a
humidified atmosphere containing 5o/a CO2. Medium was carefully
aspirated from each well and 200 pl of medium (at various pH values)
containing drug was added to each well. The pH of the medium was
adjusted by the addition of known aliquots of concentrated HCI to give
the desired pH (based upon a predetermined calibration cuwe to
maintain sterile conditions). The final concentration of DMSO was less
lhan 1Vo in all cases. Following a one hour incubation the cells were
washed twice with HBSS before 200 pl of complete medium (at pH 7.4)
was added to each well. Cells were incubated ui 37oC fo. a further 6 days
and chemosensitivity was assessed using the MTT assay, details of which
are described elsewhere (16).

Comet assay. H460 celis were plated at 2 x 104 cells per well in a 24 well
plate and incubated overnight at 37oC. Cells were treated with EO12 (1
pM) for one hour at 37oC, washed with PBS, trypsinised and either
resuspended in 0.5 ml of cold medium (to assess initial DNA damage).
To measure crosslinks samples were transferred to Bijou tubes and
irradiated on ice at 10 Gray using a caesium source and subjected to the
modified comet assay (20). The principal effect of cross linking agents in
this assay is to retard the migration of DNA from the cell nuclei. This
migration is the result of a fixed number of strand breaks introduced by
radiation post drug treatment. The effectiveness of the cross linking
agent is measured as a reduction in the migration of DNA during
electrophoresis. Once trypsinised, samples were maintained on ice at all
times to prevent DNA repair. Treatbd cells (0.5 ml) were mixed with low
melting point agarose (1ml of 17a agarose maintained at 45oC) and
transferred to pre coated (17o agarose) glass microscope slides and
allowed to set prior to transfer to an ice tray. The slides were immersed
in ice cold lysing solution (100mM EDTA, 10 mM Tris, 1% Triton X100,
1% DMSO, 2.5 M NaCl) for one hour followed by washing in double
distilled water (4 changes of ddH2O for each of 15 min duration). Slides
were placed on a flat bed electrophoresis tank and covered with alkali
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Figure 1. Chemical structures for EO9 and its analogues.

unwinding solution (50 mM NaOH, 1 mM EDTA, pH 12.5), Iefr for 45
mins under subdued lighting prior to electrophoresis at 0.6Vlcm for 25
min. Following electrophoresis, each slide was rinsed with 0.4M Tris-
HCI (pH 8.0) and allowed to air dry. Dried slides were rehydrated for 20
min with ddH2O and stained with propidium iodide solution (2.5 pg
ml-') for 15 min. Slides were immersed in 1 L of ddHuO for t hour to
destain. Finally, cover slips were added to the slides and cells examined
at 250X magnification using an epifluorescent microscope (Zies
Jenamed) using green light from a 50 Watt mercury source rvith a 580
nm reflector and a 590 nm barrier set. Images were captured using an
attached sony HAD-1 interline CCD camera and processed using the
Kinetic Imaging software package (Kinetic Imaging Ltd). 25 images from
each of two duplicate samples (siides) were captured and analysed and
individual comet moments as defined by Olive et al (21) were calculated.

Influence of extracellular pH on the reduction of EO compounds by punfied
human DT-diaphorase. Recombinant human DT-diaphorase was
generated and purified as described elsewhere (18). Substrate specificity
was determined by measuring the reduction of rytochrome c at 550 nm
on a Beckman DU 650 spectrophotometer, details of which are
described elsewhere (18). Briefly, enzyme assays contained cytochrome c
(70 pM), NADH (2 mM), purified DT-diaphorase ( 0.389 pg) and EO
compounds ( 25 prM ) in a final volume of 1 ml Tris HCL (50 mM) at pH
6.0 or pH 7.4. Results were expressed in terms of pmol cytochrome c
reduced /_min / mg protein using a molar extinction coefficient of 21.1
mM-r.-'1

Results

In vitro chemosensitivity. The response of H460 cells to various
EO compounds is presented in Table I and Figure 2. At
physiological pHe values, a broad spectrum of actMty existed
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ith IC50 values ranging from > 2pM (EO15) to 25.59 -+ 4.44
M (EO4). Reducing the pHe from 7 .24 ro 6.04 resutred in a
gnificant enhancement of potency in all cases (with the
<ception of EO15) although enhancement ratios (defined as
re IC50 at pHe 7.24 I lC50 ar pHe 6.04) varied considerably
3tween the individual EO compounds evaluated (Table I).
t the case of 8072, its potency was significantly enhanced
hen pHe was reduced from 7.24 to 6.04 (enhancement ratio
I 116.53, Table I). Figure 3 demonstrates that the potency of
O72 is directly proportional to pHe and significant
rhancement of activity was obserued over a range of acidic
He values (Figure 3 and Table II).

fluence of pH on DT-diaphorase substrate specfficity. At
hysiological pH values (pH 7.4), the best substrate for
uman DT-diaphorase was EO9 (15.97 pmol/min/mg). EO 68
nd EO4 are also substrates for DT-diaphorase (14.15 and
57 pmol/min/mg respectively) whereas the remaining EO
rmpounds were poor substrates for enzyme activity (Table
I). Acidification (pH 6.2) ot the buffer did not alter
rbstrate specificity in the majority of cases with the exception
I EO2 where decreasing the pH from 7.4 to 6.2 reduced
rbstrate specificity (0.561 to 0.140 prnol/min/mg).

'NA damage in H460 cells exposed to EO72. Results of comet
nalysis for both single strand breaks and DNA cross links
Lduced in H460 cells exposed ta EO72 at various pHe values
presented in Figure 4. Single strand breaks in DNA were

Linimal at all pHe values investigated. EO72 produced
gnificant retardation of migration after irradiation signifying
gnificant DNA cross iinking at all pHe values evaluated.
he extent of DNA cross linking is however pH dependent
ith greater cross linking observed at pHe 6.0 compared with
He 7.0 (Figure 4).

riscussion

he study has demonstrated that the activity of a series of
rdolequinone derivatives of EO9 is significantly enhanced
hen pHe is reduced from normal physiological values (pH
24) to acidic conditions (pH 6.0a) in vitro. Whilsr the activity
t all the EO compounds evaluated in this study is
otentiated under acidic pHe conditions, the activity of EO72
particularly pH dependent with a progressive increase in

rtency as pHe is reduced from pHe 7.24 to pHe 6.04 (Table
). EO72 induces DNA damage in H460 cells with the
redominant lesion being DNA cross links. The extent of
:oss linking is pH dependent with greater cross linking
bserved as the pHe is reduced to 6.0 (Figure 4). In terms of
tentiffing compounds which are primarily activated by acidic
H conditions, EO72 represents the iead compound by virtue
I the fact that it is a poor substrate for purified human DT-
iaphorase (Table III).
The mechanisms responsible for the pH activation of EO12

Table I. The influence of extracellular pH on the activity of EO compounds
against H460 cells in vitro.

Drug IC50, pH 6.04 Enhancemenl
(nM) Ratio^

IC50 pH7.24
(nM)

EO1

EO2

EO4

EO9

EO15

EO68

EO72

228.90 + 29.20

65.02 + 17.50

25.59 + 4.44

50.17 + 3.27

> 2000

37.95 + 2.83'

470.80 + 107.10

70.35 + 13.40

8.65 + 2.46

3.75 + 0.93

2.93 + 0.62

>2000

1..70 + 0.22

4.04 + 1.44

3.25

7 "51

6.82

17.12

18.79

I 16.53

*Enhancement ratio is defined as the ratio of IC50 values at pH 7 .24
divided by the IC50 values at pH 6.04. Each value represents the means
of three independent experiments t standard deviations.

and other indolequinone derivatives is unclear although
several possible explanations exist. Alkylating agents,
particularly those containing aziridine ring structures, are
known to be more potent under acidic conditions as enhanced
protonation results in ring opening to the aziridinium ion
which is a potent alkylating species (22,23). Wirhin the limited
number of compounds evaluated in this study, all the
compounds which contain aziridine ring structures at the C5
position are significantly more active against H460 cells ln
vitro under acidic pHe conditions. Increased reactivity of the
aziridine ring structure may therefore account for increased
potency in these compounds but it cannot explain the pH
dependent increase in the potency of EO1 and EO2, both of
which are devoid of aziridine ring functional groups (Figure
1). In the case of EO2, a decrease in the ability of DT-
diaphorase to reduce EO2 under acidic conditions (Table III)
may provide an alternative explanation for its increased
potency in vitro. Whilst DT-diaphorase is known to activate
various quinone based bioreductive drugs, its physiological
function is believed to be the detoxification of simple
quinones (24). This is achieved by reducing the parent
quinone directly to the hydroquinone (DT-diaphorase is an
obligate two electron reductase) thereby by passing the
production of oxygen free radical species produced as a result
of the futile redox cycling of the semi-quinone (product of
one electron reductases) and the quinone in air (24). If EO2
is detoxified by DT-diaphorase, a reduction in substrate
specificity under acidic conditions may lead to an increased
production of oxygen free radical species resulting in greater
toxicity. PH dependent differences in the ability of
compounds to serve as substrates for DT-diaphorase have
heen documented previously, particularly in the case of
mitomycin C which becomes a substrate for DT-diaphorase
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100
Table ll. Influence of extracellular pH on the activity of EO72 against H460
celk in vitra.

Extracellular pH ICs0 (nM) Enhancement Ratiox

7.24

6.90

6.62

6.35

6.04

80 470.80 + 107.10

123.70 + 1.43

15"63 + 5.01

692 + 2.14

4.04 + 1.44

1.

3.82

9ao
a
o?40-\

30.12

68.03

116.53

*Enhancement ratio defined as the ratio of IC50 values at pH 1.24
divided by IC50 values at the other pH values evaluated. Each figure
represents the means of at least 3 independent experiments a standard
deviation.

Table III Influence of extracellular pH on substrate specilicity for human
DT diaphorase.

Compound Rate ofreduction of Rate ofreduction of
cytochrome catpH1.4 cytochrome catpH6.2

(pmol/min/mg). (prmol/min/mg).

101 102

EO72 (nM)

Figre 3. Response of H460 cells following a one hour etposure to EO72 at
pHe values of 7.2a (o), 6.90 (1), 6.62 (L),6.35 (v) and 6.04 (s) Each
value represents the mean + standard deviation for three independent
expeiments.

only under acidic conditions (25). In this study, the ability of
compounds to serve as substrates is not influenced by pH
conditions within the range of 6.2 and 7.4 (with the exception
of EO2) suggesting that altered substrate specificity is
unlikely to explain increased potency under acidic conditions.
Finally, reduction in pHe has previously been shown to
generate a relatively small reduction in intracellular pH (pHi)
in cultured cells resulting in the establishment of a pH
gradient across cell membranes. The uptake of drugs
(particularly weak acids) into cells is influenced by pH
gradients and it has been proposed that differential drug
distribution may account for the greater activity of some
compounds under acidic compared with physiological
conditions (8,15). Further studies are required to determine
whether or not increased drug uptake is responsible for the
increased potency of EOl2 in particular although this will be
analytically challenging in view of the fact that EO72 is
covalently bound within the DNA of the cell.

In conclusion, EOlz represents the lead compound from
the panel of compounds evaluated which has the potential to
selectively eradicate cells which reside in the acidic
microenvironment of solid tumours. The magnitude and
broad spectrum (l.e. small changes in pHe result in increased
activity) of the pH effect in conjunction with the fact that it is
a poor substrate for human DT-diaphorase suggests that pHe
may be the dominant factor governing cellular response. In

2A

10410310010J

EO1

F.O2

EO4

EO9

EO15

0.108 + 0.128

0.561 + 0.041

2.57 + 0.57

15.97 + 0.71

0.02 + 0.09

14.15 + 0.61

0.048 + 0.059

0.148 + 0.21

0.140 + 0.12

4.87 + 1.05

76.66 + 2.66

0.02 r 0.01

15.57 + 1.43

0.076 + 0.083

EO68

EO'72

Each figure represents the means of at least 3 independent experiments
t standard deviation.

addition, it is important to stress that the pHe values used in
this study are physiologically relevant (pH values ranging
from 5.6 to 7.6 have been measured in human tumours (2))
thereby indicating thar if EO72 can get to regions within the
tumour which are acidic, selective toxicity should be obtained.
Additional studies designed to address the question of drug
delivery to tumours (ie dr';g penetration into avascular
tumour models and pharmacokinetics) are required in order
to determine whether or not EO72 is suitable for further
development.
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Abstract

Indolequinone agents are a unique class of bioreductive cytotoxins that can function as dual substrates for both one- and two-electron
reductases. This endows them with the potential to be either hypoxia-selective cytotoxins or NAD(P)H:quinone oxidoreductase 1
(NQO1)-directed prodrugs, respectively. We have studied the structure–activity relationships of four novel indolequinone analogues with
regard to one- and/or two-electron activation. Single-electron metabolism was achieved by exposing the human carcinoma cell line T47D
to each agent under hypoxic conditions, whilst concerted two-electronmetabolismwas assessed by stably expressing the cDNA for human
NQO1 in a cloned cell line of T47D. The C-3 and C-5 positions of the indolequinone nucleus were modified to manipulate reactivity of the
reduction products and the four prodrugs were identified as NQO1 substrates of varying specificity. Two of the four prodrugs, in which
both C-3 and C-5 groups remained functional, proved to be NQO1-directed cytotoxins with selectivity ratios of 60- to 80-fold in the T47D
(WT) versus the NQO1 overexpressing T47D cells. They also retained selectivity as hypoxic cytotoxins with oxic/hypoxic ratios of 20- to
22-fold. Replacement of the C-3 hydroxymethyl leaving group with an aldehyde group ablated all selectivity in air and hypoxia in both
cell lines. Addition of a 2-methyl group on the C-5 aziridinyl group to introduce steric hinderance reduced but did not abolish NQO1-
dependent metabolism. However, it enhanced single-electron metabolism-dependent DNA cross-linking in a manner that was independent
of cytotoxicity. These data demonstrate that subtle structure–activity relationship exists for different cellular reductases and under certain
circumstances distinct forms of DNA damage can arise, the cytotoxic consequences of which can vary. This study identifies a candidate
indolequinone analogue for further development as a dual hypoxia and NQO1-directed prodrug.
# 2003 Elsevier Inc. All rights reserved.

Keywords: Indolequinone; NQO1; Enzyme-directed; Hypoxic cytotoxin; Bioreduction; Mitomycin C (MMC)

1. Introduction

Mitomycin C (MMC; 1) is the prototypic quinone anti-
neoplastic agent, requiring bioactivation to produce reactive

alkylating species that can covalently bind DNA [1–3]. The
biochemical mechanisms by which MMC and related
indolequinones generate their active species have been
elucidated and this has guided the development of struc-
tural analogues [4–10]. Of these, certain indolequinones
(general structure 2) and benzoquinones (e.g. 2-hydroxy-
methyl-3,6-diaziridinyl-5-methyl-1,4-benzoquinone, RH-
1; 3) can act as prodrug substrates for the reductive enzyme
NQO1 (DT-diaphorase), a desirable feature since NQO1 is
present in high levels in many tumours relative to normal

Biochemical Pharmacology 66 (2003) 1199–1206

0006-2952/$ – see front matter # 2003 Elsevier Inc. All rights reserved.
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tissues [11,12]. This enzyme-directed approach to rational
drug design is intended to focus chemotherapeutic activity
to sites of neoplastic disease [13].

We have previously identified the indolequinone 4
(5-aziridinyl-3-hydroxymethyl-1-methylindole-4,7-dione)
as an effective hypoxic cytotoxin in vitro by virtue of the
efficient oxygen-inhibition of single-electron metabolism
[14]. In this study, it was observed that two reactive groups
at the C-3 (hydroxymethyl) and C-5 (aziridinyl) positions
of structure 2 was sufficient for retention of both potency
and hypoxia-selectivity, providing an analogue superior to
compounds possessing a 2-hydroxypropenyl group (5, 5-
aziridinyl-3-hydroxypropenyl-1-methylindole-4,7-dione)
in place of the 3-hydroxymethyl (4), or retaining both C-2
and C-3 substituents on the indole ring (3-hydroxymethyl-
5-aziridinyl-1-methyl-2-[1H-indole-4,7-dione]prop-2-en-
1-ol, EO9; 6).

We postulated that analogue 4 may retain its substrate
specificity for NQO1 and its selectivity and potency could
be manipulated by modifying the nature of the functional
groups at C-3 and C-5, which together are considered
sufficient to provide a bis-alkylating species upon enzy-
matic reduction (Scheme 1). The cytotoxic HQ of 4may be
formed via NQO1-mediated two-electron reduction, lead-
ing to the formation of an iminium intermediate following
a Michael-type elimination of the hydroxyl-leaving
group. In conjunction with the 5-aziridinyl function a
potential bis-alkylating species is generated. It was con-
sidered that (i) the absence of an efficient C-3 leaving
group (LG) would prevent iminium intermediate forma-
tion, and (ii) the introduction of steric hindrance at the C-5
reactive centre would lower reactivity and thus modify

prodrug selectivity [15–18]. To test these hypotheses the
C-3 and C-5 groups of 4were modified, both independently
and simultaneously. The C-3 hydroxymethyl was replaced
with an aldehyde group whilst the C-5 aziridinyl was sub-
stituted for a more bulky 2-methylaziridinyl moiety.
In order to determine the influence of these modifica-

tions upon NQO1-dependent metabolism, the indolequi-
none analogues were first evaluated in a cell-free system
for their ability to act as substrates for NQO1. Next, each
analogue was assessed for aerobic cytotoxicity (20% O2,
5% CO2) against the human breast tumour cell line T47D,
using an isogenic cell line pair, WT and NQ-1, the latter of
which was engineered to express high levels of functional
NQO1. Then, analogue exposures were repeated under
conditions of oxygen deprivation (95% N2, 5% CO2).
MMC was included in the cytotoxicity experiments since
it is a clinically relevant compound. Finally, analogues 4
and 12, identified as dual NQO1 prodrugs and hypoxic
cytotoxins, were evaluated by quantitative determination
of DNA SSBs and DNA x-links in the T47D WT and
NQO1 overexpressing cells under aerobic and hypoxic
conditions.

2. Materials and methods

2.1. Chemical synthesis

As depicted in Scheme 2, the intermediate 3-formyl-5-
methoxy-1-methylindole-4,7-dione (8) was synthesised in
four steps starting from 5-methoxyindole-3-aldehyde (7) as
by Naylor et al. [4]. Michael-type substitution by aziridine
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Scheme 1. Proposed mechanism of alkylation of compound 4.
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or 1-methylaziridine gave 5-aziridinyl- and 5-(1-methyla-
ziridinyl)-3-formyl-1-methylindole-4,7-dione (9 and 10,
respectively) in high yields. Reduction of the intermediate
7 with sodium borohydride gave the corresponding
3-alcohol (11). Similarly, treatment of either aziridine
or methyl aziridine gave the corresponding 5-aziridinyl
or 5-methylaziridinyl-3-hydroxymethyl-1-methylindole-
4,7-dione (4 and 12) in reasonable yields.
NMR data were recorded on a Brucker JNMR-EX300

300 MHz spectrometer (270.05 MHz 1H; 67.8 MHz 13C).
Tetramethylsilane (TMS) was used as an internal standard
for 1H NMR samples dissolved in CDCl3 or DMSO-d6.
Multiplicities are indicated by s (singlet), brs (broad sing-
let), brd (broad doublet), d (doublet), dd (doublet of
doublets), td (triplet of doublets), t (triplet), dt (doublet
of triplets), q (quartet), m (multiplet), Ar (aromatic). High-
resolution mass spectra (HRMS) were recorded on a Fisons
VG Trio 2000 mass spectrometer. Melting points were
determined using a Gallenkamp melting point apparatus.
Thin layer chromatography (TLC) was performed on
Merck 60F254 silica TLC aluminium plates. Flash column
chromatography was performed using Prolabo silica gel 60
(35–75 mm). Chemicals were obtained either from Aldrich
Chemical Co. or Lancaster Synthesis Ltd.
The intermediates 3-formyl-5-methoxy-1-methylin-

dole-4,7-dione (8), 3-hydroxymethyl-5-methoxy-1-methy-
lindole-4,7-dione (11), 5-aziridinyl-3-hydroxy-methyl-
1-methylindole-4,7-dione (4) and 3-hydroxymethyl-5-
methylaziridinyl-1-methylindole-4,7-dione (12) were syn-
thesised as described previously [4,5].

2.1.1. 5-Aziridinyl-1-formyl-1-methylindole-4,7-dione (9)
To the aldehyde 8 (100 mg, 0.46 mmol) was added neat

aziridine (2 mL, 46 mmol). The mixture was stirred for

2 hr at room temperature and then evaporated in vacuo to
remove excess aziridine. The product was recrystallised
from EtOAc to give the above named compound 9 as
yellow crystals (72 mg, 68%): m.p. 242–2448. 1H NMR
(CDCl3) d: 6.82 (s, 1H,H-2), 5.67 (s, 1H,H-6), 5.26 (s, 2H,
CH2OH), 3.94 (s, 3H, OCH3), 3.82 (s, 3H, N-CH3), 2.08
(s, 3H, OCOCH3),

13C NMR (CDCl3) d: 187.0 (CHO),
179.7 (C-7), 179.4 (C-4), 158.1 (C-3), 131.8 (C-4a),
131.1 (C-7a), 123.7 (C-2), 123.6 (C-6), 117.0 (C-5),
37.4 (N-CH3), 28.2 (2Az-CH2), m/z 231 (Mþ, 100%).

2.1.2. 1-Formuyl-5-[2-(methyl)laziridin-1-yl]-1-
methylindole-4,7-dione (12)
2-Methylaziridine (100 mg, 0.46 mmol) was stirred with

the aldehyde 8 (2 mL, 46 mmol) for 4 hr at room tempera-
ture. The mixture was condensed to dryness and the
product recrystallised from EtOAc to give 12 as orange
crystals (39 mg, 35%): m.p. 180–1828. 1H NMR (CDCl3)
d: 10.42 (s, 1H, CHO), 7.42 (s, 1H, H-2), 5.89 (s, 1H, H-6),
4.01 (s, 3H, N-CH3), 2.12 (m, 2H, Az-H), 1.45 (d, 3H,
J ¼ 5:5 Hz, Az-CH3),

13C NMR (CDCl3) d: 186.6 (CHO),
179.4 (C-7), 179.1 (C-4), 157.8 (C-3), 131.3 (C-4a), 130.8
(C-7a), 123.2 (C-2), 123.2 (C-6), 115.8 (C-5), 37.0
(N-CH3), 36.4 (Az-CH3), 34.7 (Az-CH2), 17.6 (Az-CH),
m/z 274 (Mþ, 92%).

2.1.3. Rates of reduction by NQO1
The ability of compounds to act as substrates for

recombinant human NQO1 was determined by measuring
the reduction of cytochrome c at 550 nm on a Beckman DU
650 spectrophotometer, details of which are described
elsewhere [19,20]. The recombinant human NQO1 was
purified by Chen et al. [21]. Briefly, all enzyme assays
contained cytochrome c (70 mM), NADH (2 mM), purified
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Scheme 2. Chemical synthesis of 5-aziridinyl-3-substituted-1-methylindole-4,7-diones.
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NQO1 (0.48 mg), and the test compound (25 mM) in Tris–
HCl buffer (50 mM, pH 7.4) containing 0.14% bovine
serum albumin in a final volume of 1 mL. The final
concentration of DMSO in the cuvettewas 0.5%. Reactions
were carried out at room temperature and started by the
addition of NADH. Rates of reduction were calculated
from the initial linear part of the reaction curve (30 s) and
results were expressed in terms of mmol cytochrome c
reduced/min/mg protein using a molar extinction coeffi-
cient of 21.1 mM!1 cm!1 for cytochrome c. All reactions
were carried out in triplicate and background rates of
cytochrome c reduction (in the presence of 0.5% DMSO)
were subtracted from test results.

2.1.4. Vector construction
The bistronic empty vector pEFIRES-P (F373) and deri-

vative vector encoding NQO1 (pEFIRES-NQO1 [F397]),
were a kind gift from Steve Hobbs and have been described
elsewhere [22,23].

2.1.5. Transfection and clonal selection of T47D cells
5" 106 cells in exponential growth were transfected

with 10 mg of linearised pEFIRES-NQO1 DNA by elec-
troporation (EasyjecTþ, EquiBio Ltd.) in Optimix1 buffer
(EquiBio Ltd.) using manufacturer’s recommended proto-
cols. Cells were plated at low density and 48 hr later were
exposed to 5 mg mL!1 puromycin. A number of puromycin
resistant clones were isolated approximately 14 days later,
expanded and analysed for the appropriate enzyme activity.
NQO1 clones (NQ-1) were selected for use in these
studies on the grounds of high expression of NQO1
activity, which was stably maintained in the absence of
puromycin selection.

2.1.6. Determination of P450R and NQO1 enzyme
activities

Cells were lysed in ice-cold nuclear buffer A (10 mM
HEPES/KOH, 1.5 mMMgCl2, 10 mMKCl, 0.05 mMDTT,
pH 7.4) by sonication. Lysate protein concentrations were
determined by Bradford analysis using bovine serum albu-
men (BSA) as a protein standard. Both NQO1 and P450R
assays have been described elsewhere [24,25]. P450R
activity was determined as the lysate component able to
catalyse the NADPH-dependent reduction of cytochrome c
in a reaction mixture containing 100 mM NADPH, 1 mM
KCN, 50 mMcytochrome c and 0.1–0.3 mg lysate protein in
100 mM phosphate buffer (pH 7.6). Control aliquots con-
tained no NADPH. NQO1 activity was determined as the
dicoumarol-inhibitable component of NADH-dependent
reduction of cytochrome c in a reaction mixture containing
500 mM NADH, 70 mM cytochrome c, 0.14% (w/v) BSA,
0.1–0.3 mg lysate protein in 50 mM phosphate buffer (pH
6.8) using 10 mM menadione as an NQO1 substrate. One
hundred micromolar dicoumarol was added to controls.
Cytochrome c reduction was monitored at 550 nm by
spectrophotometric assay and enzyme activity estimated

from the difference between initial reduction rates in the
sample and relevant control using a molar extinction coeffi-
cient of 21 mM!1 cm!1 for reduced cytochrome c.

2.1.7. Drug sensitivity
For anoxic exposures, cells were transferred as a cen-

trifuged pellet into an anaerobic chamber (Sheldon Man-
ufacturing Inc., Bactron Anaerobic/Environmental
Chamber) then re-suspended to the appropriate volume
using anoxic medium and seeded at 6000 cells/well in a
150 mL volume into replicatewells of plastic 96-well plates
that had been preconditioned in the anoxic chamber for
72 hr. Cells were allowed to attach for approximately 2 hr.
Drugs were made up at four times the required concentra-
tion in anoxic medium and 50 mL added per well in
triplicate for each experiment. Drug exposure lasted
3 hr, then drug-containing medium was replaced with fresh
medium plates removed from the hypoxic chamber and
incubated in air for 4 days prior to cytotoxicity being
determined by use of the MTT assay [26]. The procedures
for aerobic exposures to drugs were identical to these
detailed above except that all manipulations were carried
out under ambient conditions and drugs exposures were
carried out under 95% air plus 5% CO2.

2.1.8. Comet assays
Drug treatments conducted under both aerobic and

hypoxic conditions were carried out essentially as for
cytotoxicity studies described above except that cells were
seeded at 20,000 cells/well in 24-well plates containing
glass inserts. Following drug treatment for 3 hr all of the
cells were trypsinised, suspended in 0.5 mL of ice-cold
fresh medium and then transferred into plastic 24-well
dishes prior to embedding in agarose. For the cross-linking
studies, the treated and control samples were chilled on ice
to prevent any repair and then irradiated to 20 Gy in a
Caesium-137 source (0.4 Gy min!1). The control, unirra-
diated, non-drug treated cells were maintained on ice in the
same manner as treated samples.
Glass microscope slides, frosted at one end, were pre-

coated with 1% normal agarose in distilled water. These
slides were allowed to air dry overnight prior to use. A 1%
low melting point agarose (LMP) mixture in PBS was
melted and held at 458. One milliliter of LMP was then
added to 0.5 mL of cell suspension on ice and the resultant
mixture was pipetted onto a pre-coated glass microscope
slide and allowed to gel for 1–2 min before being trans-
ferred to an ice tray. The cooling in ice was to inhibit repair.
The slides were then immersed in ice-cold lysing solution
(100 mM EDTA, 10 mM Tris–HCl, 1% Triton X-100, 1%
DMSO, 2.5 M NaCl) for 1 hr. After lysis, the slides were
washed by immersion in fresh double distilled water for
15 min. This process was repeated three times.
The slides were then placed onto a flat bed electrophor-

esis tank and covered (5–6 mm) with alkali unwinding
solution (50 mM NaOH, 1 mM EDTA buffered to pH
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12.5). The slides were left under subdued lighting for
45 min to allow the DNA to unwind before being subjected
to electrophoresis at 0.6 V cm!1 for 25 min. Each slidewas
rinsed with 2" 1 mL of 0.4 M Tris–HCl, pH 8.0 and
allowed to dry in air. The dried slides were then rehydrated
for 20 min with double distilled water, flooded with
2" 1 mL of a 10,000-fold dilution of SYBR gold in
water (Molecular Probes), and stained for 30 min in the
dark. The slides were then immersed in 1 L of double
distilled water for 30 min to reduce excess background
staining. The slides were cover slipped and then examined
at 250"magnification under an epifluorescent microscope
(Zeiss-Jenamed) using green light from a 50 W mercury
source with a 580 nm reflector and a 590 nm barrier filter
set. Images were captured using an attached Sony HAD-1
interline CCD camera and Komet software analysis pack-
age (Kinetic Imaging). Twenty-five images from each of
two duplicate slides from triplicate experiments were
captured and analysed. The % tail DNA and % DNA
cross-linked were calculated as previously described by
Ward et al. [27].

3. Results and discussion

All prodrugs were bioreduced by NQO1 (Table 1),
ranking in the order 9 > 4 # 10 > 12. The addition of a
methyl group (compounds 10 and 12) to the 5-aziridine,
reduces the rate of reduction by NQO1 [19]. In contrast, the
replacement of 3-hydroxymethyl with a 3-aldehyde group

significantly enhances reduction by NQO1 [28], suggest-
ing an NQO1-mediated metabolic pathway. Thus modifi-
cation of either the 3- or 5-substituents of the indole ring
influenced reduction rates by NQO1, presumably reflecting
changes in active site constraints. The structure–activity
relationships between NQO1 and various quinone alkylat-
ing agents has proved complex and attempts to correlate
rates of reduction to the two-electron reduction potentials
have proved unsuccessful [29]. Active site constraints
appear to contribute to the substrate preferences of
NQO1, and the recent elucidation of the X-ray crystal
structure ofNQO1hasopenedup thepossibility of rationally
predicting and designing quinone prodrugs as substrates for
NQO1 [30,31].
Compounds 4 and 12 were 60-fold and 83-fold more

potent, respectively, against the NQ-1 cell line when
compared to MMC and analogues 9 and 10 (WT/NQ-1
data, Table 1) and hence are promising candidates for
NQO1-directed bioreductive drug development. However,
despite being adequate substrates for NQO1, neither 9 nor
10 displayed enhanced cytotoxicity as a consequence of
NQO1 expression. The lack of NQO1-dependent sensitiv-
ity for 9 and 10 is consistent with the hypothesis that the
absence of an LG at the C-3 position prevents formation of
the iminium intermediate species, thus suppressing cross-
link formation following bioreduction (see Scheme 1).
Compounds 4 and 12 were 20- and 22-fold more potent,

respectively, under hypoxic compared to oxic conditions
(HCR) in the parental cell line identifying both agents as
hypoxic cytotoxins (Table 1). Notably, the NQ-1 cell line

Table 1
Toxicity data for the compounds in the WT and NQ-1 clone under both aerobic (air) and hypoxic (N2) conditions

Drug Cell line IC50 (mM) HCRc (air/N2) WT/NQ-1 (air) Rates of reduction by NQO1d

Air N2

MMC WTa 2.30 $ 2.00 0.75 $ 0.22 3.0 0.85 –
NQ-1b 2.70 $ 0.13 1.01 $ 0.36 2.6

9 WTa 1.33 $ 0.47 3.50 $ 2.50 0.38 0.82 75.5 $ 5.23
NQ-1b 1.62 $ 0.37 2.54 $ 1.67 0.46

10 WTa 1.89 $ 1.11 14.0 $ 7.50 0.14 0.51 39.2 $ 0.32
NQ-1b 3.70 $ 1.80 27.8 $ 3.80 0.13

4 WTa 11.20 $ 1.50 0.57 $ 0.34 19.6 62.2 42.1 $ 1.02
NQ-1b 0.18 $ 0.13 0.025 $ 0.015 7.3

12 WTa 54.8 $ 17.0 2.46 $ 2.40 22.2 83.0 12.8 $ 0.56
NQ-1b 0.66 $ 0.30 0.418 $ 0.193 1.6

a NQO1 activity: 31.6 mmol cytochrome c reduced min!1 mg!1 protein; P450R activity: 7.41 mmol cytochrome c reduced min!1 mg!1 protein.
b NQO1 activity: 9620.7 mmol cytochrome c reduced min!1 mg!1 protein; P450R activity: 8.37 mmol cytochrome c reduced min!1 mg!1 protein.
c HCR is the hypoxic cytotoxicity ratio.
d mmol cytochrome c reduced min!1 mg!1 protein.
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was further sensitised to 4 under hypoxia, suggesting that
mixed-reduction pathways were coordinately activating
the prodrug. The apparently additive nature of one and
two-electron reduction on cytotoxicity was not apparent
for compound 12. MMC showed modest selectivity for
hypoxic conditions (HCR ¼ 3), consistent with literature
values [26,32–34].

Compounds 9 and 10 showed greater toxicity under
aerobic as compared to hypoxic conditions, which may
be due to inhibition of redox cycling. Moreover, the one-
electron reduction of 9 and 10 under hypoxic conditions
cannot provide a cytotoxic (cross-linking) species due to
the absence of iminium intermediate formation (see
Scheme 1), and hence the resultant toxicity from reactive
oxygen species (ROS) production can thus be distin-
guished. The remaining toxicity is likely to be a result
of the alkylating potential of the 5-aziridinyl substituents,
although in the absence of reduction, the 5-methylaziridine
may be moderately deactivated by delocalisation of the
quinone via a vinylogous amide (Scheme 1) [35,36].

The lead compounds 4 and 12 were evaluated for their
cross-linking abilities in the WT and NQ-1 cell lines under
aerobic and hypoxic conditions. In air, neither compound
produced detectable DNA x-links in the WT (parental) cell
line, but a moderate level of SSBs were observed. Exposure
of the NQO1 over-expressing line (NQ-1) to 4 (in air),
resulted in extensive DNA x-link formation (26.1%) and
a 1.6-fold increase in SSBs. For compound 12, the NQ-1

cell line incurred fewer x-links (17.2%) and less SSBs
(0.75-fold) than WT (Table 2).
Under conditions of hypoxia, surprisingly divergent

patterns of DNA x-linking were observed for 4 and 12.
In WT cells, 4 gave rise to 8.4% x-links, whereas 12
generated 5-fold more x-links (41.3%) under identical
conditions yet was observed to be 5-fold less cytotoxic.
In the presence of NQO1 overexpressing cells, the % of x-
links generated by 12 under hypoxic is reduced substan-
tially (17.2%), or rather was restored to a level consistent
with its cytotoxic effects. This incongruity is apparent
when the correlation between % x-link formation and
IC50 value is examined. Irrespective of oxygenation, the
quantity of DNA x-links was consistent with IC50 values
obtained for both compounds in either cell line (R2 ¼ 0:91;
Fig. 2). The discrepancy between % DNA x-links and
cytotoxicity is not apparent for NQO1 mediated activation
of 12 under hypoxic conditions, being a manifestation of
NQO1-independent hypoxic metabolism (Fig. 1). In the
case of compound 4, the presence of hypoxia and NQO1
raises the % of x-linking species beyond that seen for either
alone (50.7%), suggesting both one and two-electron
reduction activation pathways are operating in a parallel
and complementary fashion [14].
Under conditions of oxygen deprivation, exposure of

WT cells to 12 produces extensive x-links (41.3%). This is
considered to be due to bioactivation by endogenous
single-electron reductases, forming a SQ species. The

Table 2
DNA cross-linking and % single strand breaks for compounds 4 and 12

Drug T47D cell line Toxicity IC50 (mM) X-linking (%) SSB (%)

Air N2 Air N2 Air N2

4 WT 11.2 " 1.5 0.52 " 0.34 #4.41 " 14.87 8.42 " 1.78 22.59 " 20.21 48.34 " 17.91
NQ-1 0.18 " 0.13 0.025 " 0.015 26.14 " 0.80 50.71 " 9.08 35.87 " 14.31 18.09 " 12.21

12 WT 54.8 " 17.0 2.46 " 2.4 #12.79 " 20.80 41.25 " #7.12 26.96 " 21.88 18.02 " 12.31
NQ-1 0.66 " 0.30 0.42 " 0.19 9.93 " 2.19 17.18 " 5.90 20.24 " 20.32 11.72 " 11.41

SSB: single strand breaks.
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SQ species generated by 12 is likely to be more stable than
4, due to the presence of the electron donating effects of the
methyl group of the aziridinylmoiety (inductive effect). The
more stable SQ of 12 would result in extensive x-links via
increased drug-DNA bond formation from the DNA strands
as compared to 4, whose cross-linking abilities are primarily
due to the formation of bis-alkylating species (as depicted in
Scheme 2). However, the % of x-links is in excess of that
expected from the correlation between IC50 values and % x-
links under all other conditions (Fig. 2). Consequently, 12 is
approximately 50-fold less cytotoxic than predicted due to
DNA x-linking, but only when single-electron reduction
predominates (since direct (two-electron) formation of the
HQ of 12 by NQO1 gives rise to the predicted level of DNA
x-link damage). Thus, 12 appears to generate a large, but
rapidly repaired burden of x-links from its SQ but not from
its HQ species. No correlation was observed between SSBs
and sensitivity to these agents, corroborating the conclusion
that x-links are the relevant cytotoxic lesion.

4. Conclusion

This study suggests that minimal structural features
within the indolequinone bioreductive class of compounds
may result in substantial variation in activation and sub-
sequent toxicity with respect to the bioreductive enzyme
NQO1. However, as stated in our earlier work [19], NQO1
plays a major role in the activation and toxicity under
aerobic conditions. The role of NQO1 in the bioactivation
process of indolequinone (and other) bioreductive pro-
drugs is complex especially when comparing their activa-
tion processes under hypoxic conditions and with other
reductive enzymes, which is the subject of ongoing studies
in our laboratories. However, NQO1 does have a defining
role in the activation of bioreductive prodrugs, especially
under aerobic conditions, and this study has provided
potential candidates for NQO1-directed prodrugs for can-
cer therapy.
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Abstract

The indolequinone compound EO9 has good pharmacodynamic properties in terms of bioreductive activation and selectivity for
either NAD(P)H:quinone oxidoreductase-1 (NQO1)-rich aerobic or NQO1-deficient hypoxic cells. However, its pharmacokinetic
properties are poor and this fact is believed to be a major reason for EO9’s lack of clinical efficacy. The purpose of this study was to
develop quinone-based bioreductive drugs that retained EO9’s good properties, in terms of bioreductive activation, but have improved
pharmacokinetic properties. Out of 11 naphthoquinone compounds evaluated, 2-aziridinyl-5-hydroxy-1,4-naphthoquinone (com-
pound 2), 2,3-bis(aziridinyl)-5-hydroxy-1,4-naphthoquinone (compound 3), and 2-aziridinyl-6-hydroxymethyl-1,4-naphthoquinone
(compound 11) were selected for further evaluation based on good substrate specificity for NQO1 and selectivity towards NQO1-rich
cells in vitro. Compound 3 was of particular interest as it also demonstrated selectivity for NQO1-rich cells under hypoxic conditions.
Compound 3 was not metabolised by murine whole blood in vitro (in contrast to compounds 2, 11 and EO9) and pharmacokinetic
studies in non-tumour-bearing mice in vivo (at the maximum soluble dose of 60 mg kg!1 administered intraperitoneally) demon-
strated significant improvements in plasma half-life (16.2 min) and AUC values (22.5 mM h) compared to EO9 (T1/2 = 1.8 min, AUC =
0.184 mM h). Compound 3 also demonstrated significant anti-tumour activity against H460 and HCT-116 human tumour xenografts
in vivo, whereas EO9 was inactive against these tumours. In conclusion, compound 3 is a promising lead compound that may target
both aerobic and hypoxic fractions of NQO1-rich tumours and further studies to elucidate its mechanism of action and improve
solubility are warranted.
# 2004 Elsevier Inc. All rights reserved.

Keywords: NQO1; Hypoxia; Bioreductive drugs; Naphthoquinones

1. Introduction

The indolequinone compound EO9 (3-hydroxy-5-azir-
idinyl-1-methyl-2[indole-4,7-dione]-prop-b-en-a-ol) is a
bioreductive drug that was selected for clinical evaluation
in the early 1990s on the basis of a novel mechanism
of action and promising preclinical activity [1,2]. The
enzyme NAD(P)H:Quinone oxidoreductase-1 (NQO1,

EC 1.6.99.2) plays a central role in bioreductively activat-
ing EO9 to DNA-damaging species [3,4] and good corre-
lations between NQO1 activity and chemosensitivity in
vitro under aerobic conditions have been reported [5–8].
EO9 is also selectively toxic to hypoxic cells, although
good hypoxic cytotoxicity ratios (HCR) are only obtained
in cells that have low NQO1 activity [5,9,10]. Despite
evidence of activity (albeit modest) against a range of solid
tumour models in vivo [1], EO9 failed to show activity in
phase II clinical trials [11,12]. Several possible explana-
tions for EO9’s lack of clinical efficacy have been sug-
gested [13], although the major causative factor is likely to
be poor drug delivery to tumours as a result of rapid
pharmacokinetic elimination and poor penetration through
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avascular tissue [14]. The targets for this class of com-
pound (i.e. elevated NQO1 activity and hypoxia) have been
extensively characterised in human tumours [15–17], and
therefore further development of quinone-based bioreduc-
tive drugs is warranted. Based on experiencewith EO9, it is
clear that future quinone-based bioreductive drugs must
have improved properties in terms of drug delivery if
therapeutic effects are to be obtained.
Numerous factors will determine how much drug is

delivered to tumours following systemic administration
with one of the most important factors being the drug’s
pharmacokinetic characteristics. In both rodents and
humans, EO9 is rapidly cleared from the systemic circula-
tion with plasma half-lives of 1.8 min in mice and between
0.8 and 19 min in humans [18,19]. The reasons for EO9’s
rapid pharmacokinetic elimination are not completely
clear, although extra-hepatic metabolism by red blood
cells is likely to be a significant contributing factor
[18,19]. EO9 is rapidly metabolised by murine whole
blood in vitro (T1/2 = 15.6 ! 2.0 min), and recent studies
have suggested that the identification of compounds that
are metabolically stable in murine whole blood could be
used as a filter to select compounds that are likely to have
improved pharmacokinetic properties in vivo [19]. In this
study a series of naphthoquinone compounds have been
evaluated not only in terms of their selective toxicity
towards NQO1-rich cells in vitro but also for metabolic
stability in murine whole blood. Pharmacokinetic studies
and anti-tumour activity against human tumour xenografts
of selected compounds are also reported. Throughout this
study, EO9 was used as a yardstick against which the
relative merits of the naphthoquinones were measured.

2. Materials and methods

2.1. Compounds

A series of 11 substituted naphthoquinones were synthe-
sised by methods described elsewhere [20–22] and their
chemical structures are presented in Table 1. EO9 was
obtained from the Screening and Pharmacology Group of
the European Organisation for Research and Treatment of
Cancer. All compounds were initially dissolved in DMSO,
aliquoted into Eppendorf tubes (100 ml per tube) and stock
solutions at 5 mMwere stored at"80 8C prior to biological
and pharmacological evaluation.

2.2. Cell lines and chemosensitivity

A panel of human tumour cell lines was employed which
had previously been characterised in terms of NQO1
enzyme activity. These included: A549 (NSCLC), H460
(NSCLC), HT-29 (colon adenocarcinoma), HCT-116
(colon adenocarcinoma) and BE (colon adenocarcinoma).
A549, H460, HCT-116 and HT-29 cells were obtained

from the American Tissue Type Collection (LGC Promo-
chem) and BE cells were a gift from Dr. T. Ward (Paterson
Institute for Cancer Research). All cell lines were routinely
maintained at 37 8C in a humidified, CO2-enriched (5%)
environment and cultured in RPMI 1640 supplemented
with 10% foetal calf serum, sodium pyruvate (2 mM), L-
glutamine (2 mM), penicillin/streptomycin (50 IU ml"1/
50 mg ml"1) and buffered with HEPES (25 mM). The
NQO1 enzyme activities of A549, H460, HT-29, HCT-
116 and BE cells are 1800 ! 122, 1652 ! 142, 688 ! 52,
565.6 ! 108.5 and <0.1 nmol DCPIP reduced/min/mg
protein, respectively [23,24]. The BE cell line is devoid
of functional NQO1 activity due to the presence of the
C609T polymorphism [25]. In vitro chemosensitivity was
determined using the MTT assay, details of which have
been published elsewhere [26]. Briefly, cells in exponential
growth were exposed to a range of drug concentrations for
1 h (at 37 8C) under aerobic conditions. Cells were washed
twice in Hanks Balanced Salt Solution, re-suspended in
RPMI 1640 growth medium and 1–2# 103 cells plated into
each well of a 96-well plate (8 wells per drug concentration
with a final volume of 200 ml per well). Following in-
cubation at 37 8C for 5 days, medium was removed and
replaced with fresh RPMI 1640 medium prior to the
addition of 20 ml MTT (5 mg ml"1) per well. After a 4-
h incubation at 37 8C, 200 ml of media plus MTT solution
was removed and formazan crystals were dissolved in
150 ml of DMSO. The absorbance of the resulting solution
was read at 550 nm using an ELISA spectrophotometer and
percent cell survival determined as the absorbance of
treated wells divided by the absorbance of the controls.
The final DMSO concentration during drug exposure was
0.1% in all cases and each experiment was repeated in
triplicate.
For analysis of hypoxia selectivity in vitro, T47D

(human breast carcinoma) cell lines transfected with either
NQO1 (DT-1) or P450R (R3) were employed [27,28].
Cells were routinely maintained as monolayer cultures
in DMEM supplemented with 10% foetal calf serum, L-
glutamine (2 mM), non-essential amino acids (1#), peni-
cillin/streptomycin (50 IU ml"1/50 mg ml"1) and buffered
with HEPES (25 mM). Puromycin (4 mg ml"1) was also
included in the media for culturing transfected cell lines.
NQO1 enzyme activity in wild-type, DT-1 and R3 cells
was 15.2, 1,234 and 12.1 nmol DCPIP reduced/min/mg
protein, respectively. P450R activity in wild-type, DT-1
and R3 cells was 13, 11 and 441 nmol cytochrome c
reduced/min/mg protein, respectively [27]. All compounds
evaluated were exposed to cells under standard aerobic
conditions and under nitrogen for 3 h, according to pre-
viously published protocols [28]. Following drug exposure,
chemosensitivity was assessed using the MTT assay as
described above and results were expressed in terms of
IC50 values and hypoxic cytotoxicity ratios (HCR, defined
as the ratio of IC50 values under air to IC50 values under
nitrogen).
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2.3. Substrate specificity for NQO1

Purified human recombinant NQO1 was prepared as
described elsewhere [29] and analysis of substrate speci-
ficity was conducted according to previously published
methodology [29]. Briefly, each reaction consisted of
NADH (2 mM), cytochrome c (75 mM), purified NQO1
(77.8 ng), test compounds (25 mM) in a final volume of
1 ml of tris–HCl buffer (50 mM, pH 7.4) containing bovine
serum albumin (0.7% w/v). Reactions were started by the
addition of NADH and the reduction of cytochrome c was
monitored at 550 nm over the initial linear phase of the
reaction curve (30 s). Results were expressed in terms of
specific enzyme activity ! standard deviation for three
independent experiments.

2.4. Animals

Two strains of mice aged 6–8 weeks were used: pure
strain female NMRI mice (B and K Universal) and NCR/
Nu (National Cancer Institute, USA). The latter were
housed in isolated cabinets. Mice received CRM diet
(SDS) and water ad libitum. Mice were kept in cages in
an air-conditioned room with regular alternating cycles of
light and darkness. All animal procedures were carried out
under a project licence issued by the UK Home Office, and
UKCCCR guidelines [30] were followed throughout.

2.5. Compound stability in murine whole blood

Blood from non-tumour-bearing NMRI mice was taken
by cardiac puncture under terminal ether anaesthesia and
collected in heparinised tubes. Whole blood (480 ml) was

warmed to 37 8C on a heated reaction block for 30 min
prior to the addition of 20 ml of test compounds (final drug
concentration = 20 mM). Blood and drug solutions were
vortexed and a 50 ml sample was taken (representing t = 0)
to which 100 ml of acetonitrile was added. The mixture was
vortexed and precipitated proteins were removed by cen-
trifugation at 7000 " g for 3 min. The supernatant was
collected and subjected to a further centrifugation step
(7000 " g for 3 min) prior to drug analysis. Further
samples were taken at various time intervals thereafter,
and treated in the same manner as above. All samples were
analysed by reverse phase HPLC using a Beckman system
gold programmable solvent module 126, Beckman auto-
sampler 50Y, diode array detector module 168 and version
gold 711V software. Injection volumes were 50 ml and
chromatographic separation was performed using a
Lichrosorb RP8 column with a mobile phase of either
53% water (containing 1% phosphate buffer [0.5 mM, pH
7.4]):47%methanol (for analysis of compounds 2 and 3) or
69% water (containing 1% phosphate buffer [0.5 mM, pH
7.4]):31% methanol (for analysis of compound 11 and
EO9). Samples were run at a flow rate of 1.4 ml min#1 and
compounds detected at a wavelength of 290 nm. The
chemical stability in aqueous solutions of all compounds
evaluated was determined by replacing murine whole
blood with the same quantity of phosphate-buffered saline
(pH 7.4). Sample preparation and analysis were identical to
that described above.

2.6. Anti-tumour studies

H460 (human NSCLC) and HCT-116 (human colon
carcinoma) human tumour xenografts were established

R.M. Phillips et al. / Biochemical Pharmacology 68 (2004) 2107–2116 2109

Table 1
Chemical structures and substrate specificity for purified human NQO1 of naphthoquinones (A) and EO9 (B)

,

Compound R1 R2 R3 R4 R5 Substrate specificity (mmol/min/mg)

1 Az CH3 OH H H 41.87 ! 7.80

2 H Az OH H H 208.97 ! 30.48
3 Az Az OH H H 13.02 ! 1.10

4 Az CH3 H H H 61.44 ! 0.18

5 NHCH2CH2Cl H H H H 51.15 ! 5.95
6 Az CH3 OCH3 H H 2.49 ! 0.82

7 H H OCH3 H H 73.06 ! 7.48

8 H CH3 OCH3 H H 232.28 ! 13.86

9 H H OH H NH2 7.81 ! 0.42
10 H H OH H I 137.95 ! 34.57

11 H Az H CH2OH H 399.8 ! 26.4

EO9 – – – – – 15.39 ! 0.61

Values for substrate specificity are the mean ! standard deviation for three independent experiments.



in NCR/Nu mice by subcutaneous inoculation of cell lines
derived from cell cultures. The activity of NQO1 in these
tumours in vivo have been determined elsewhere with
specific activities of 1526 ! 42.6 (unpublished data) and
155 ! 3.9 nmol [31] DCPIP reduced/(min mg) protein for
H460 andHCT-116 tumours, respectively. P450R activity in
H460 andHCT-116 tumours in vivowere 8.2! 2.5 and 12.4
! 4.8 nmol cytochrome c reduced/(minmg) protein, respec-
tively (unpublished data). Tumourswere excised fromdonor
animals, placed in sterile physiological saline containing
antibiotics and cut into small fragments of approximately
2 mm3. Under brief general anaesthesia, a single fragment
was implanted into the flank of each mouse using a trocar.
Once the tumours could be accurately measured, the mice
were allocated into groups of six by restricted randomisation
to keep groupmean tumour size variation to aminimum and
treatment was commenced. To establish the MTD, com-
pound 3 was dissolved in 10% DMSO/arachis oil and mice
received escalating doses of compound (two mice per dose
escalation) administered intraperitoneally. Toxicity was
monitored by measuring body weight at various time inter-
vals after drug administration and the percent maximum
weight loss (relative to initial starting weight) was recorded
with a weight loss of greater than 15% being considered
toxic. The maximum amount of compound 3 that could be
solubilised was 60 mg kg"1 (which was not toxic), and thus
this dosewas used for efficacy and pharmacokinetic studies.
For efficacy studies, EO9 was administered in saline at its
MTD of 6 mg kg"1 as a single intraperitoneal (i.p.) injec-
tion. Compound 3was administered in 10% DMSO/arachis
oil as either a single i.p. injection at 30 or 60 mg kg"1, or as
four consecutive daily i.p. injections of 12 or 15 mg kg"1 per
day. The effects of therapywere assessed three tofive times a
week by two-dimensional calliper measurements of the
tumours. Tumour volumes were then calculated using the
formula (a2 # b)/2 where a is the smaller and b the larger
diameter of the tumour. Tumour volume was then normal-
ised relative to the respective volume on day 0 and semi-log
plots of relative tumour volume (RTV) against time were
made.Mann–WhitneyU-tests were performed to determine

the statistical significance of any differences in growth rate
(basedon tumourvolumedoubling time) between controlled
and treated groups.

2.7. Pharmacokinetic analysis

Pharmacokinetic analysis was conducted in non-
tumour-bearing NCR/Nu mice following the i.p. adminis-
tration of compound 3 at 60 mg kg"1. At 5, 15, 30, 60 and
120 min after administration, blood samples were taken by
cardiac puncture under terminal ether anaesthesia and
collected in heparinised collection tubes. Tubes were
stored on ice during transport to the analytical laboratory.
Three mice per time point were used and plasma was
separated following centrifugation at 3000 # g for 15 min
(at 4 8C). Compound 3 was extracted from plasma and
analysed by HPLC as described above.

3. Results

3.1. Substrate specificity for purified human NQO1

A broad spectrum of substrate specificity for NQO1
existed within the panel of compounds evaluated ranging
from 2.49 ! 0.82 to 399.8 ! 26.4 mmol/min/mg (Table 1).
Compounds 2, 11 and 8 were particularly good substrates
for NQO1 with specific activities of 208.9! 30.5, 232.3!
13.9 and 399.8 ! 26.4 mmol/min/mg, respectively. In
comparison with EO9, all compounds except 6 and 9 were
better substrates for NQO1 with compound 3 being similar
to EO9 in terms of reduction by NQO1.

3.2. Chemosensitivity studies in vitro under aerobic
conditions

The response of a panel of cell lines with a broad
spectrum of NQO1 activities to the various compounds
tested is presented in Table 2. Whilst all compounds were
less potent in vitro than EO9, preferential activity towards
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Table 2
The response of cell lines in vitro following a 1-h exposure to test compounds under aerobic conditions

Compound IC50 (mM) A549 cells IC50 (mM) H460 cells IC50 (mM) HT-29 cells IC50 (mM) BE cells

1 7.2 ! 3.5 (24.2) N/a 3.9 ! 0.8 (44.7) 174.2 ! 41.2

2 1.0 ! 0.1 (138.3) 0.6 ! 0.2 (230.5) 0.6 ! 0.1 (230.5) 138.3 ! 6.4

3 0.9 ! 0.2 (240.4) 1.5 ! 0.7 (144.3) 0.6 ! 0.3 (360.7) 216.4 ! 70.0
4 27.8 ! 4.4 (25.1) 690.4 ! 50.6 (1.0) 11.4 ! 2.0 (61.2) 679.2 ! 28.7

5 93.8 ! 1.8 (2.4) 206.5 ! 39.8 (1.1) 98.5 ! 4.0 (2.3) 223.1 ! 26.5

6 11.8 ! 5.6 (107.2) 29.5 ! 3.9 (42.9) 9.3 ! 3.5 (136.1) 1265.5 ! 85.0

7 10.8 ! 2.8 (0.4) 2.5 ! 1.9 (1.7) 12.9 ! 1.8 (0.3) 4.2 ! 0.5
8 95.3 ! 16.1 (0.6) 45.2 ! 1.8 (1.3) 36.4 ! 1.9 (1.6) 57.5 ! 13.5

9 45.5 ! 8.3 (0.7) 54.1 ! 4.1 (0.6) 15.3 ! 3.6 (2.0) 30.8 ! 5.5

10 6.8 ! 1.6 (0.3) 9.1 ! 1.2 (0.2) 5.2 ! 1.0 (0.4) 2.1 ! 0.1
11 2.5 ! 0.1 (61.9) 2.3 ! 0.1 (67.3) 5.3 ! 0.2 (29.2) 154.4 ! 6.4

EO9 0.1 ! 0.03 (475.0) 0.2 ! 0.1 (237.5) 0.3 ! 0.03 (158.2) 47.5 ! 9.5

Each value represents the mean! standard deviation for three independent experiments. Values in parentheses represent the selectivity ratio defined as the ratio

of IC50 values for the NQO1-deficient BE cell line to NQO1-rich cell lines. N/a represents data not available.



NQO1-rich cells was comparable in the case of compounds
2 and 3 (Table 2). Less-marked evidence of selectivity
towards NQO1-rich cells was also observed in the case of
compounds 6 and 11. Similarly, modest selectivity for
NQO1-rich cells was obtained for compounds 1 and 4.
In the case of compounds 5, 7–10, activity against NQO1-
rich cells was less than the IC50 obtained in the NQO1-
deficient BE cell line. Compound 3 was also evaluated
against the HCT-116 cell line and an IC50 value of 0.72 !
0.23 mM was obtained.

3.3. Chemosensitivity studies in vitro under hypoxic
conditions

The response of wild-type (WT) and NQO1 (DT-1) plus
P450R (R-3)-transfected cell lines to selected compounds
under both aerobic and hypoxic conditions is presented in
Table 3. Negligible hypoxia selectivity was demonstrated
for compounds 2, 4, 6 and 11 in all three cell lines (Table
3). In the case of compound 3 however, significant hypoxia
selectivity was observed with HCR values of 298, 82.5 and
365 in wild-type, NQO1 and P450R-transfected lines,
respectively (Table 3). In addition, the potency of com-
pound 3 (IC50 values ranging from 26.0 to 0.85 nM) under
hypoxic conditions is similar to that of EO9 (IC50 values
ranging from 33.0 to 1.1 nM) in all three cell lines. The
HCR values are significantly greater than those obtained
for EO9, particularly in the NQO1-transfected line where
EO9 exhibited only modest potentiation (HCR = 6.0) of
activity under hypoxic conditions (Table 3).

3.4. Metabolic stability of compounds in murine whole
blood in vitro and pharmacokinetic analysis in vivo

The ability of murine whole blood to metabolise com-
pounds 2, 3 and 11 at 37 8C in vitro is presented in Fig. 1.
Both compounds 2 and 11 were rapidly metabolised by
murine whole blood with half-lives of 36 ! 7 and 49 !
12 min, respectively. Half-lives are comparable with those
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Table 3

Hypoxia selectivity of naphthoquinones and EO9 in vitro against T47D wild-type (WT) and T47D cells transfected with either NQO1 (DT-1) or P450R (R-3)

Compound Exposure conditions Cell line and IC50 values (mM except where indicated) SR1 SR2

Wt DT-1 R-3

2 Aerobic 1.59 ! 0.59 0.10 ! 0.003 0.071 ! 0.011 15.4 22.4
Hypoxic 0.77 ! 0.40 0.31 ! 0.020 0.23 ! 0.10 2.5 3.3

HCR 2.1 0.33 0.31

3 Aerobic 7.75 ! 2.63 0.33 ! 0.05 0.31 ! 0.02 23.5 25.0

Hypoxic (nM) 26.0 ! 1.0 4.0 ! 0.1 0.85 ! 0.15 6.5 30.6
HCR 298 82.5 365

4 Aerobic 59.7 ! 5.3 2.39 ! 0.08 1.60 ! 0.09 25.0 37.3

Hypoxic 20.8 ! 3.8 3.24 ! 0.03 1.42 ! 0.02 6.4 14.7
HCR 2.9 0.7 1.1

6 Aerobic 90.7 ! 9.9 1.16 ! 0.13 5.19 ! 0.58 78.2 17.5

Hypoxic 40.9 ! 2.6 1.04 ! 0.04 0.73 ! 0.08 39.3 56.0
HCR 2.2 1.1 7.1

11 Aerobic 0.45 ! 0.13 0.11 ! 0.01 0.14 ! 0.04 4.1 3.2

Hypoxic 0.27 ! 0.18 0.27 ! 0.02 0.20 ! 0.02 1.0 1.35
HCR 1.7 0.41 0.7

EO9 Aerobic 3.80 ! 1.49 0.018 ! 0.01 0.153 ! 0.03 211 24.8

Hypoxic (nM) 33.0 ! 5.0 3.0 ! 1.0 1.1 ! 0.1 11 30.0
HCR 115 6.0 139

Each value presented represents the mean ! standard deviation of three independent experiments. HCR denotes the hypoxic cytotoxicity ratio defined as the
ration of IC50 values obtained in aerobic conditions divided by IC50 values obtained under hypoxic conditions; SR1 is the ratio of IC50 values in DT-1 to IC50

values in WT cells; SR2 is the ratio of IC50 values for R-3 cells to IC50 values in WT cells.

Fig. 1. Metabolism of compounds 2 (!), 3 (*) and 11 (*) in murine

whole blood in vitro at 37 8C. The half-lives of compounds 2, 11 and 3were
36 ! 7, 49 ! 12 and 543 ! 70 min, respectively. Each point represents the

mean ! standard deviation of three independent experiments.



obtained for EO9 (15.6 ! 20 min) established previously
[19]. In marked contrast, compound 3 was effectively
metabolically stable in murine whole blood in vitro with
an estimated half-life of 543 ! 70 min. Pharmacokinetic
analysis following the i.p. administration of compound 3
(60 mg kg"1) is presented in Fig. 2. Compound 3 could be
detected in murine plasma up to 2 h after drug adminis-
tration. Plasma pharmacokinetic parameters were as fol-
lows: Cmax = 35.7 mM, Tmax = 5 min, Kel = 2.56 h"1, T1/2 =
16.2 min (0.27 h) and area under the curve = 22.5 mM h.

3.5. Anti-tumour activity in vivo

The activity of compound 3 and EO9 against H460 and
HCT-116 human tumour xenografts is presented in Table 4
and Fig. 3. Following a single i.p. administration of
compound 3 at 60 mg kg"1 (maximum soluble dose) sta-
tistically significant growth delays of 3.6 and 3.1 days in
HCT-116 and H460 xenografts, respectively, were

R.M. Phillips et al. / Biochemical Pharmacology 68 (2004) 2107–21162112

Fig. 2. Pharmacokinetic analysis of compound 3 in murine plasma
(60 mg kg"1 intraperitoneally). All points represent the mean ! standard

deviation using plasma from three mice per time point.

Table 4
Anti-tumour activity of compound 3 and EO9

Tumour Compound (solvent) Dose (mg kg"1) /schedule Median time to RTV2 Growth delay Statistical significance

HCT–116 Solvent control – 2.9 – –

Compound 3 60/bolus 6.5 3.6 P < 0.01

Compound 3 12/daily for 4 days 4.6 1.7 P < 0.01
Solvent control – 1.8 –

Compound 3 15/daily for 4 days 4.8 3.3 P < 0.01

H460 Solvent control – 1.7 – –
Compound 3 30/bolus 2.8 1.1 P > 0.05

Compound 3 60/bolus 4.8 3.1 P < 0.01

HCT–116 Solvent control – 2.5
EO9 6/bolus 2.3 0 P > 0.05

H460 Solvent control – 2.6 – –

EO9 6/bolus 2.4 0 P > 0.05

All compounds were administered intraperitoneally and statistical analysis was performed using the Mann–Whitney U-test. RTV2 denotes the time for relative

tumour volume to double and growth delay is defined as the difference between the time for control and treated tumours to reach RTV2.

Fig. 3. Response of H460 (panel A) human tumour xenografts following an intraperitoneal administration of 30 mg kg"1 (*) and 60 mg kg"1 (!) of

compound 3. Response of HCT-116 human tumour xenografts (panel B) following an intraperitoneal administration of compound 3 at 60 mg kg"1 (*) and a
split schedule of 12 mg kg"1 compound 3 administered on days 1–4 (!). Solvent controls (*) were 10% DMSO/arachis oil administered intraperitoneally.

Each value presented represents the mean ! standard error with group sizes of six mice per treatment group.



obtained. Growth delays induced by compound 3 in the
H460 model were dose-dependent with no significant
growth delays seen at 30 mg kg!1. Split-dose scheduling
(15 mg kg!1 administered daily for 4 days) induced sig-
nificant growth delays (3.3 days) in the HCT-116 xeno-
graft. No anti-tumour effects were observed in both HCT-
116 and H460 xenografts treated with EO9 at the MTD of
6 mg kg!1 administered i.p. (Table 4).

4. Discussion

Whilst the failure of EO9 to show efficacy in the clinic
was a major disappointment for the field of quinone-based
bioreductive drug development, the search for novel com-
pounds that can exploit elevated tumour levels of NQO1
and/or tumour hypoxia continues. Medicinal chemistry
approaches have predominantly focused on indolequinone
derivatives of EO9 with comparatively little attention
being paid to naphthoquinone compounds [23,28,32–
34]. Early studies were conducted principally by Sartor-
elli’s group and these demonstrated that 2,3-diaziridinyl-
1,4-naphthoquinone sulphonate derivatives were active
against a variety of tumour models in vivo [20]. It is
interesting to note that good anti-tumour effects were
observed only in compounds that possessed both the
5-O-sulphonyl and the 2,3-disubstituted aziridinyl
groups [20]. Compounds such as 2-aziridinyl-5-hydroxy-
1,4-naphthoquinone and 2,3-diaziridinyl-5-hydroxy-1,4-
naphthoquinone (compounds 2 and 3 in this study) were
classified as inactive against the experimental models
employed (the L1210 murine leukaemia) by Lin et al.
[20]. The results of this study clearly demonstrate, how-
ever, that aziridinyl substituted naphthoquinones such as
compounds 1–3, 6 and 11 are good substrates for human
NQO1 and exhibit selective toxicity towards NQO1-rich
cells in vitro under aerobic conditions (Table 2). The
reasons for the discrepancy between this study and pre-
vious studies is likely to be the fact that haematological
malignancies typically have low levels of NQO1 activity
[6,7]. With the benefit of hindsight, the lack of anti-tumour
activity of compounds 2 and 3, for example, could be
viewed as a positive result and the compounds activated by
NQO1 would not be expected to demonstrate activity
against a tumour model that lacks the appropriate enzy-
mology.
In terms of structural features of naphthoquinones that

determine substrate specificity, potency and selectivity for
NQO1-rich cells, the presence or absence of an aziridinyl
functional group appears to have a profound effect. In
terms of substrate specificity for NQO1, the inclusion of an
aziridine ring at position R1 generally reduces substrate
specificity (compounds 1, 4 and 6, Table 1) that is reduced
further if two aziridinyl groups are present (compare 1 and
3, Table 1). Whilst the inclusion of two aziridinyl groups
reduces substrate specificity, it is important to note that

compound 3 is comparable to EO9 which is widely recog-
nised as a good substrate for NQO1 (Table 1). In marked
contrast, the presence of an aziridinyl group at position R2
does not adversely affect substrate specificity and both
compounds 2 and 11 are excellent substrates for NQO1
(Table 1). In terms of potency, the inclusion of an aziridinyl
group is desirable but not absolutely essential. Compounds
7 and 10, for example, lack aziridine groups but still show
good potency in vitro (Table 2). Whilst substrate specificity
and potency are important issues in the development of
these compounds, the key parameter required is good
selectivity for NQO1-rich cells in vitro. In this case,
inclusion of the aziridinyl functional group is essential
as all compounds that have this group (i.e. compounds 1–3,
4, 6 and 11) are selectively toxic towards NQO1-rich cells
in vitro to a greater or lesser extent (Table 2). These
observations are essentially consistent with previous stu-
dies using indolequinone derivatives of EO9 [23,32].
Similarly, compounds that lack good leaving groups (com-
pounds 7–10) are likely to be detoxified by NQO1 under
aerobic conditions (Table 2), as in the case with menadione
[35,36]. These results suggest that reduction by NQO1
results in the generation of metabolites that can alkylate
DNA and recent studies in our laboratory have shown that
compound 3 induces interstrand cross-links in DNA (data
not shown). It is of interest to note that whilst the aziridinyl
analogues appear to be selectively toxic towards NQO1-
rich cells compared to BE cells, IC50 are similar amongst
NQO1-rich cells despite the fact that there is a broad range
of NQO1 activities (Table 2). This suggests that there may
be a threshold level of NQO1 activity, above which no
further increase in toxicity occurs. Similar findings have
been reported for other quinone-based compounds [37] and
further studies are required to define this value.
One electron reductases such as P450R are known to

reduce naphthoquinones effectively [38] and there is evi-
dence that P450R is also involved in the activation of
aziridinyl naphthoquinones used in this study (Table 3). In
the case of compound 3, T47D cells transfected with
P450R are significantly more sensitive than T47D WT
cells under aerobic conditions (selectivity ratio = 25.0).
Furthermore, transfection of cells with P450R increases the
potency of compound 3 under hypoxic conditions,
although the role of P450R in determining hypoxia selec-
tivity for compound 3 requires further investigation as
HCR values for both T47D WT and P450R-transfected
cells are comparable (298 and 365, respectively, Table 3).
The mechanistic basis to explain these observations is not
fully understood and further studies to characterise the type
of DNA damage induced in cells following drug exposure
are underway to address this question (i.e. single-strand
DNA breaks indicate redox-mediated damage following
one electron reduction or DNA alkylation cross-links
formed following either one or two electron reduction).
Whilst the mechanistic details are unclear, it is of particular
interest to note that compound 3 exhibits the unusual
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feature of selective toxicity towards NQO1-rich cells under
hypoxic conditions (Table 3). In the case of EO9, good
HCR values are generally seen only in cells that have low
levels of NQO1 activity, whereas HCR values close to
unity are obtained in NQO1-rich cells [5,9,10]. The
mechanistic basis for selectivity towards NQO1-rich cells
under hypoxic conditions is not fully understood, although,
as stated above, the role of P450R is likely to be minimal in
view of the fact that HCR values for T47D wild-type and
P450R-transfected cells are comparable (Table 3). Whilst a
mechanistic explanation for the observed biological effects
of these compounds requires further investigation, com-
pounds 2, 3, 6, and 11 were selected for further evaluation
with compound 3 showing particular promise in view of its
selective toxicity towards NQO1-rich cells under hypoxic
conditions.
A key requirement for the development of quinone-

based bioreductive drugs in the aftermath of EO9 is the
identification of compounds that retain the desirable fea-
tures of EO9 but have better properties in terms of drug
delivery. The pharmacokinetic profile of compounds is one
factor that will have a significant bearing on drug delivery
and a key objective of this study is to identify compounds
that have significantly improved pharmacokinetic proper-
ties compared to EO9. Extra-hepatic metabolism of EO9
by red blood cells has been documented in both humans
and rodents [18,19] and, whilst this alone cannot fully
account for the rapid pharmacokinetic elimination of EO9,
it is likely to be a significant contributing factor. As a
means of selecting compounds that are likely to have
improved pharmacokinetic properties in vivo, compounds
that are poorly metabolised by blood cells in vitro would be
attractive candidates. Analysis of the metabolic stability of
compounds 2, 3 and 11 in murine whole blood has demon-
strated that compound 3 is metabolically stable whereas
compounds 2 and 11 are metabolised by murine whole
blood (Fig. 1) albeit at slightly slower rates than EO9
which has a T1/2 of 15.6 min [19]. The metabolic basis for
metabolism by the blood is not fully understood but it is
clear that compounds that are rapidly metabolised by blood
cells are unlikely to have good pharmacokinetic properties
in vivo. On the basis of its chemosensitivity profile and
stability in murine whole blood in vitro, compound 3
emerged as the lead compound for in vivo evaluation.
An MTD was not obtained in this study due to solubility
problems, but at 60 mg kg!1 administered intraperitone-
ally, compound 3 clearly had superior plasma pharmaco-
kinetic properties compared to EO9. Plasma half-lives and
AUC values for compound 3 were 16.2 min and
22.5 mM h, respectively (Fig. 2), which contrast sharply
with the pharmacokinetic properties of EO9 (T1/2 and AUC
of 1.8 min and 0.184 mM h following an intravenous
administration of 6 mg kg!1 [MTD] EO9, [19]). In view
of the fact that compound 3 had only slightly reduced
potency in vitro against NQO1-rich cells, the improved
pharmacokinetic characteristics of compound 3 would

potentially enhance delivery to tumour tissue. This is
reflected in the fact that compound 3 did have significant
activity against H460 and HCT-116 human tumour xeno-
grafts in vivo whereas EO9 was inactive against these
models (Fig. 3, Table 4). No significant differences exist
in the activity of compound 3 against HCT-116 xenografts
when administered either as a bolus or via a split-dose
schedule (Table 4). Furthermore, the activity of compound
3 against H460 and HCT-116 xenografts was similar,
despite differences in NQO1 activity between the two
models. This finding is consistent with in vitro chemosen-
sitivity data and supports the concept of a threshold value
for NQO1 activity above which no further enhancement of
compound 3 activity occurs as discussed previously. In
terms of accurately quantifying how much compound 3 is
delivered to tumours, this is technically challenging as
bioreductive activation to form a covalently bound product
(DNA and/or protein) would be ‘invisible’ using the ana-
lytical techniques described here (covalently bound drug
would be precipitated during extraction procedures
employed). Further studies using pharmacodynamic end-
points (i.e. DNA damage using the comet assay) are
currently underway to address this question.
In conclusion, the results of this study have identified a

compound that has comparable properties to EO9 in terms
of substrate specificity for NQO1 and selectivity for
NQO1-rich cell lines in vitro. Of particular note is the
fact that compound 3 has the ability to selectively target
hypoxic cells that are NQO1 rich, which is not a common
feature of the majority of quinone-based bioreductive
drugs developed to date. The biochemical basis for this
unique property of compound 3 is unknown and further
studies to elucidate its mechanism of action under hypoxic
and aerobic conditions are currently under investigation.
The biological activity of compound 3 is potentially lim-
ited by the fact that its solubility is relatively poor (MTD in
vivo could not be established), although further studies to
determine whether or not the doses administered represent
‘maximum target effects’ are required. Promisingly though
and in contrast to EO9, compound 3 had significantly
improved pharmacokinetic properties and it was active
in vivo against NQO1-rich tumour models.
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Abstract

Tumour response to Mitomycin C (MMC) is heterogenous and past attempts to predict clinical response based on enzyme activ-
ities have proven unsatisfactory. Using in vitro techniques, the aim of this study was to determine if the induction of DNA inter-
strand cross-links correlated with cellular response and to assess if DNA repair and induction of apoptosis influenced MMC
chemosensitivity. Poor correlations were found between sensitivity and both DNA repair and induction of apoptosis suggesting that
these processes do not play a major role in determining cellular response to MMC. In contrast, there was good correlation between
the induction of DNA interstrand cross-links as determined by the alkaline comet assay and cellular response, suggesting that the
biochemical events leading to DNA damage are the key factors that determine cellular response in vitro. Further studies are required
to assess whether this approach as a mean of prediction has practical applications in vivo.
! 2005 Elsevier Ltd. All rights reserved.

Keywords: Bioreductive drugs; Mitomycin C; Predictive test; DNA damage; Comet assay

1. Introduction

Mitomycin C (MMC) is a quinone based bioreductive
drug that is used clinically to treat a variety of malignan-
cies including head and neck cancers and superficial tran-
sitional cell carcinoma (TCC) of the bladder [1]. Tumour
response is, however, heterogeneous with a broad spec-
trum of clinical outcome even in patients with histologi-
cally identical tumours. In patients with superficial
bladder cancers for example, time to first recurrence range

from 3 months to over 72 months following intravesical
administration of MMC and heterogeneity was observed
through grades and within grades [2,3]. There is therefore
a need to develop predictive assays that can accurately
forecast tumour sensitivity and tailor chemotherapy to-
wards individual patients who are most likely to benefit.

The ability to predict tumour response has been a key
objective in the concept of enzyme directed bioreductive
drug development [4]. The cornerstones of this concept
are the development of compounds that are bioreduc-
tively activated by specific reductases (under aerobic
and/or hypoxic conditions) and the prediction of re-
sponse based upon tumour enzymology and/or hypoxia.
The metabolic activation of MMC has been extensively
studied and several reductases have been implicated [5].
These include two-electron reductases such as
NAD(P)H:Quinone oxidoreductase-1 (NQO1), xanthine
dehydrogenase and one-electron reductases such as

0959-8049/$ - see front matter ! 2005 Elsevier Ltd. All rights reserved.
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cytochrome P450 reductase (P450R), cytochrome b5
reductase and xanthine oxidase, all of which can reduce
MMC to DNA damaging species [6–10]. Attempts to
predict tumour response to MMC, based upon analysis
of these enzymes (particularly NQO1) has, however,
proved challenging with conflicting evidence of good
and poor correlations reported in the literature [11–
14]. This, along with the fact that Km values for MMC
are similar for several reductases [5], suggests that pre-
dicting response based upon analysis of single enzymes
involved in MMC bioreductive activation is unlikely
to be clinically useful.

It is thought that tumour homogenates would incor-
porate a broad spectrum of reductases present in the tu-
mour at the time of excision and so Cummings et al. [5]
have suggested that analysis of MMC metabolism may
provide a more accurate measure of bioreductive activa-
tion and response. A study published previously in
which MMC metabolism in two murines tumours with
high and low NQO1 activity was studied through active
metabolite production. The study showed that both tu-
mours had similar MMC activation rate and was influ-
enced by other cellular enzymes [15]. However,
analysis of active metabolite production is complicated
by the fact that these metabolites are reactive species
that covalently bind to macromolecules, rendering them
invisible to standard analytical techniques. In addition,
MMC metabolism may not necessarily correlate with re-
sponse as detoxification pathways (such as glutathione
and glutatione S transferase [16,17] may compete with
this process. Initial results from a study analysing
MMC disappearance instead of metabolite formation
was encouraging in that MMC sensitive human tumour
xenografts tended to metabolise MMC faster than
non-responsive tumours [13]. Alternative !markers" of
bioreductive activation that take into account the broad
spectrum of reductases and cellular defence mechanisms
may provide a better model. Since the end result of
MMC bioreductive activation is DNA damage [5,18],
quantitative analysis of DNA damage induction (partic-
ularly interstrand cross-link (ICL) formation) in intact
cells would effectively circumvent the problems outlined
above whilst remaining consistent with the overall con-
cept outlined by Cummings et al. [5].

The principle objective of this study was to deter-
mine the relationship between chemosensitivity and
DNA damage (interstrand cross-links) as measured
by the comet assay. Whilst the bioreductive activation
process is a key issue, it is important to acknowledge
that other factors such as DNA repair and cell death
pathways (i.e., apoptosis induction) may also play a
prominent role in determining cellular response to
MMC. These !downstream" events have not been stud-
ied extensively in the context of predictive assay devel-
opment for MMC. A secondary objective of this study
is to determine the potential impact of downstream

events such as DNA repair and apoptosis on cellular
response to MMC.

2. Materials and methods

2.1. Cell culture

Cell lines were obtained from the American Tissue
Culture Collection (Maryland, USA). H460 and H596
non-small cell lung cancer cells, BE and HT29 colon can-
cer cells, RT112 and EJ138 bladder cancer cells were
grown in RPMI 1640mediumwith 10% foetal calf serum,
5 mM L-glutamine, 50 IU ml!1 penicillin, 50 lg ml!1

streptomycin and incubated at 37 !C in a humidified
atmosphere containing 5% CO2. The RT4 bladder cancer
cells were grown inMcCoy"s mediumwith 10% foetal calf
serum, 5 mM L-glutamine, 50 IU ml!1 penicillin,
50 lg ml!1 streptomycin and incubated at 37 !C in a
humidified atmosphere containing 5% CO2. The T47D
breast cancer cells were grown in DMEM medium with
10% foetal calf serum, 5 mM L-glutamine, 50 IU ml!1

penicillin, 50 lg ml!1 streptomycin and incubated at
37 !C in a humidified atmosphere containing 5% CO2.

2.2. Chemosensitivity

In vitro chemosensitivity to MMC was determined
using the MTT assay 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyl-tetrazolium bromide, details of which have been
described elsewhere [19]. Briefly, cells were plated into
96 well culture plates at 1 · 103 cells per well (200 ll
media per well) and incubated overnight at 37 !C. The
following day, media was carefully removed and re-
placed with fresh media containing MMC. Cells were ex-
posed to a range of MMC concentrations for 1 and 3 h
after which they were washed twice with Hanks Balance
Salt Solution (HBSS) prior to addition of media. Follow-
ing 4–6 days (depending on the cell line) incubation at
37 !C, cell survival was determined using theMTT assay.
Results are presented as C · T (where C = MMC con-
centration (lM) and T = duration of drug exposure
(h)) versus % cell survival compared to untreated control
cells. IC50 values (concentration required to reduce cell
survival by 50%) are expressed as the means ± standard
deviation of three independent experiments.

2.3. Apoptosis induction

H460 and RT4 cells in mid exponential growth were
exposed to MMC for 1 h. At various time intervals after
drug exposure, apoptotic cells were identified by Annex-
in V-FITC/PI dual staining (Calbiochem) and Hoescht
33342 staining (Sigma). Each control and treated cell
sample were split into two aliquots. The first aliquot
was stained with both Annexin V-FITC and PI. Samples
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were analysed by flow cytometry immediately after
staining using a FACS Calibur (Becton Dickinson), with
10000 cells counted in each sample. Cells from the sec-
ond aliquot were put on slides using a cytospin (Cyto-
spin 4, Thermo Shandon). Slides were fixed in
methanol at !20 !C for 30 min, air-dried and rehy-
drated in PBS for 5 min and then covered with Hoechst
33342 stain (1 lg/ml in dH2O) and incubated for 15 min
in the dark. After washing with PBS, slides were
mounted with coverslips using VectaShield fluorescence
mounting (Vector Therapeutics) and sealed. Samples
were analysed using a fluorescent microscope (Leica),
linked to a CCD camera. Live and dying cells were
counted from five different fields on each slide. In both
cases, percentage of cell death induction was obtained
as followed: % cell death induction = % positive staining
(treated population) ! % positive staining (control pop-
ulation). Each experiment was performed in triplicate.

2.4. DNA cross-links measurements

The alkaline comet assay was used to analyse inter-
strand DNA cross-link induction by MMC in cancer
cells. Exponentially growing cells were treated with
MMC for 1 and 3 h. Cells were then washed and fresh
medium was added. At various time points between 0
and 6 h after drug exposure, cells were harvested in
ice cold PBS by scraping and centrifuged at 2000g
for 5 min at 4 !C and the pellet resuspended in ice-cold
PBS. Cells were incubated with 100 lM hydrogen per-
oxide to induce strand breaks (maximum induction of
strand breaks occurs at this concentration) for 20 min
at 4 !C, centrifuged at 2000g for 5 min at 4 !C and
resuspended in PBS. The comet assay was performed
as described elsewhere [20]. Briefly, cell samples were
added to an equal volume of 1% low melting point
agarose and embedded on a slide coated with 1% nor-
mal melting point agarose. When the agarose layer had
solidified, another layer of 0.5% low melting point aga-
rose was added and left to solidify. The slides were
then incubated in lysis solution (2.5 N NaCl, 10 mM
Tris, 100 mM EDTA, pH 10.5, 1% v/v Triton X-100,
1% v/v DMSO) overnight at 4 !C in the dark. Slides
were equilibrated in fresh electrophoresis buffer
(50 mM NaOH, 1 mM EDTA, 10% v/v DMSO, pH
12.5) and electrophoresed for 30 min at 0.6 V/cm in
the dark. Following electrophoresis, slides were washed
twice (5 min each) in neutralising buffer (500 mM Tris,
pH 7.5) and 5 min in distilled water and dried over-
night. Next day, they were rehydrated 30 min with dis-
tilled water and stained 30 min with SYBr Gold
(Molecular Probe, UK) at a 1:10000 dilution. The
slides were finally illuminated with green light
(590 nm filter) under fluorescence microscope (Leica),
linked to a CCD camera. DNA migration was analysed
using the Comet Assay III software (Perceptive Instru-

ments), by measuring 50 cells per slides. The percent-
age of DNA cross-linked was obtained as follows: %
of DNA cross-linked = 100 ! (100 · Tail Extent
Moment (MMC + H2O2) treated cells)/Tail Extent
Moment (H2O2) treated cells). The percentage of
DNA repaired damage was expressed as 100 ! (100 ·
%DNA cross-linked (time 6 h)/%DNA cross-linked
(time 0 h)). Each experiment was performed in three
independent replicates.

3. Results

3.1. MMC cytotoxicity in vitro

The response of a panel of human tumour cell lines to
MMC was determined in vitro and IC50 values following
both a 1 and 3 h exposure are presented in Fig. 1A.
Marked differences were seen in response to the drug,
depending on the duration of exposure. Following a
1 h drug exposure a broad spectrum of response was ob-
tained with IC50 values ranging from 0.77 ± 0.28 to
117.87 ± 57.45 lM (Fig. 1A). In contrast, the response
of cell lines following a 3 h exposure to MMC was more
uniform with IC50 values ranging from 0.63 ± 0.23 to
1.76 ± 0.78 lM. The exception was H596 cells, which re-
tained a high IC50 (42.50 ± 1.00 lM). Particularly
marked differences in sensitivity to MMC between 1
and 3 h exposure were seen in RT4 cells, with IC50
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Fig. 1. MMC cytotoxicity in various human cancer cell lines obtained
after 1 h (j) and 3 h (h) exposure. (A) Cytotoxicity as IC50 values.
(B) Cytotoxicity as C · T values. Each value presented represents the
means ± standard deviation from three independent experiments.
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values decreasing from 30.20 ± 7.33 to 0.77 ± 0.20 lM,
respectively (Fig. 1A). Sensitivity to a cytotoxic agent
can also be expressed as a factor reflecting concentration
and time (i.e., lM h). When expressed in these terms,
dose response curves and IC50 values are similar for
the majority of cell lines (Fig. 1B). A notable exception
again is the RT4 cell line where the IC50 values range
from 30.20 ± 7.33 lM h (at 1 h exposure) and
2.33 ± 0.58 lM h (at 3 h exposure). In this case, cells
killed is proportional to T rather than the product of
C · T. In contrast, H460 cells are relatively more
resistant to MMC following 3 h exposure (IC50 =
1.85 ± 0.84 lM h) compared to response following a
1 h (IC50 = 0.77 ± 0.28 lM h) although the magnitude
of the effect is reduced compared to RT4 cells. The
results demonstrate that duration of drug exposure
is an important parameter influencing sensitivity to
MMC.

3.2. MMC apoptosis induction

Annexin V-FITC/PI dual staining and Hoechst stain-
ing were used to measure apoptosis induction in H460
(MMC sensitive) and RT4 (MMC resistant) cell lines.
RT4 cells were chosen over H596 cells due reduced dou-
bling time (data not shown). Etoposide (20 lM) was
used as a positive control. After 48 h exposure to etopo-
side, flow cytometry analysis showed the induction of
cell death in 62.9 ± 14.3% of H460 cells (Fig. 2A) and
19.7 ± 9.1% in RT4 cells (Fig. 2B). After exposure to
5 lM MMC for 1 h, there was a maximum of
11.8 ± 4.6% cell death in H460 cells at 24 h and
15.6 ± 10.3% at 96 h and RT4 cell, respectively. Results
obtained by Hoechst staining confirmed this finding as
illustrated in Fig. 2C–H. Hoechst 33342 is a fluorescent
stain that binds to DNA and allows the observation of
nuclei under a fluorescence microscope. Normal cell

Fig. 2. Induction of cell death in cell lines. Flow cytometry analysis of cell death induction in H460 (panel A) and RT4 cells (panel B) following
exposure to either MMC (1 h at 5 lM, grey bars) or etoposide (continuous exposure at 20 lM). Each value represents the means ± standard
deviation for three independent experiments. Panel C (control), D (etoposide), E (MMC) illustrate induction of cell death in H460 cells measured by
Hoechst staining. Panel F (control), G (etoposide), H (MMC) illustrate induction of cell death in RT4 cells measured by Hoechst staining.
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nuclei appear round and homogeneously stained
whereas apoptotic cells are revealed by the presence of
smaller, brighter, granular structures which correspond
to apoptotic bodies resulting from nuclear condensa-
tion. These worked examples showed the absence of
apoptotic cells in H460 and RT4 untreated cells (Figs.
2C and F), a strong apoptosis induction in H460 and
RT4 cells treated with etoposide (20 lM) for 48 h (Figs.
2D and G) and only low apoptosis induction in H460
cells 48 h after treatment with 5 lM MMC (1 h expo-
sure, Fig. 2E). No apoptotic cell was observed in RT4
cell population treated with MMC (5 lM, 1 h) and left
to recover 48 h (Fig. 2H). These results indicated that
maximum cell death induction following exposure to
MMC was similar in both cell lines despite the wide var-
iation in sensitivity to MMC.

3.3. DNA damage induction and repair study

The alkaline comet assay was used to measure inter-
strand DNA cross-link formation after MMC treatment
in human cancer cell lines. Six cell lines, selected from
the initial panel to represent the full range of sensitivity,
were exposed for 1 and 3 h to a relevant therapeutic dose
of 5 lM of MMC. The assay was performed immedi-
ately after drug exposure and 3 presents the results ob-
tained. After 1 h exposure, 70.7 ± 12.2% of DNA was
cross-linked in H460 cells (the cell line most sensitive
to MMC), compared to none and only 4.0 ± 3.5% of
DNA cross-linked in RT4 and H596 cells, respectively
(the two most resistant cell lines to MMC). All the cell
lines had increased DNA cross-link formation when
drug exposure was extended to 3 h. In the H460 cell line,
cross-linking increased to 84.8 ± 13.5% with longer
exposure and to 59.4 ± 20.7% and 27.6 ± 7.8% in RT4
and H596 cells, respectively. All cell lines showed the
same pattern with increased DNA damage with longer
exposure time to MMC.

In order to further characterise DNA cross-link for-
mation, a time course study was undertaken to follow
the formation of ICLs through time in both H460 and
RT4 cells (Figs. 4A and B). Fig. 4A presents the results
obtained with H460 cells. The extent of DNA cross-
linked decreased down to 33.6 ± 16.8% after 24 h recov-
ery. After exposing RT4 cells to MMC (5 lM) for an
hour and leaving them to recover for 24 h, DNA
cross-linking could be detected 3 h after the drug expo-
sure and increased up to 32.97 ± 1.89% of DNA cross-
linked by 6 h (Fig. 4B). After 24 h of recovery, DNA
was repaired and only 21.0 ± 15.7% of the RT4 cell
DNA remained cross-linked, indicating that approxi-
mately 36% of cross-linked DNA was repaired. Fig.
4C presents the results of repair time-course experiments
in H460, HT29 and BE cells. H460 cells had repaired
approximately 30% of the cross-linked DNA after 6 h
recovery, whereas BE cells, which are less sensitive to

MMC, repaired all of the damage induced. HT29 cells,
which have a similar IC50 to BE cells, could only repair
around 10.3% of the DNA damage.

The ability of these three cell lines to repair ICLs did
not to correlate with their sensitivity to MMC. The rela-
tionship between ICL formation and chemosensitivity is
presented in Fig. 5. A good correlation was established
between these two parameters (r2 = 0.66) with increased
sensitivity associated with increased ICL formation.

4. Discussion

The ability to tailor chemotherapy to individual pa-
tients is an integral part of bioreductive drug develop-
ment. However, despite extensive studies on the
mechanism of action of MMC, predictive assay develop-
ment based on tumour enzymology has generated incon-
sistent and conflicting results in both experimental and
clinical settings [3,11–14]. Previously published studies
have shown that BE and H596 cells have very low activ-
ity level (<0.1 nmol/mg/min) but they present different
level of sensitivity to MMC with IC50 values of
6.02 ± 0.36 and 117.87 ± 57.45 lM, respectively (Fig.
1) [21,22]. On the other hand, BE and HT29 cells have
similar IC50 values (6.02 ± 0.36 and 4.60 ± 1.23 lM)
but HT29 cells were shown to have a high NQO1 activ-
ity (688 ± 52 nmol/mg/min) [22]. These data support the
idea that MMC activation is complex, involving several
reductases and other proteins [5,23,24] together with
many physiological factors (e.g., pH and hypoxia) mod-
ulating activity of MMC [25,26], and evades accurate
measurement leading to poor predictive value of assays
based upon analysis of individual reductases. It is also
possible that biochemical events post MMC activation
may also play a prominent role in determining response.
MMC is known to induce apoptosis in cell lines [27,28]
and apoptosis measurements have been suggested as a
potential predictive marker of response to MMC che-
motherapy [29]. In this study, although low levels of
apoptosis induction were observed (Fig. 2), there was
no indication of a close relationship between apoptosis
induction and response in either MMC sensitive
(H460) or resistant (RT4) cells lines. These results sup-
port those of Gontero and colleagues [30] that showed
no correlation between caspase-3 levels and resistance
to MMC, suggesting that non-apoptotic modes of cell
death [31] predominate in MMC therapy.

With regards to DNA repair kinetics, marked differ-
ences exist in the ability of 4 cell lines to repair MMC
induced ICL (Fig. 4C). For example, BE cells showed al-
most complete repair of DNA damage 6 h after drug
exposure, whereas H460 and HT-29 cells showed mod-
erate or poor repair of ICLs, respectively. RT4 cells were
quite distinct from the other cell lines in that no ICL for-
mation was observed immediately after a 1 h drug
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exposure (Fig. 3) but significant levels of ICL formation
was observed after a 6 h recovery period (Fig. 4B). A
more detailed time course analysis of ICL formation
in RT4 cells following a 1 h drug exposure is presented
in Fig. 4B and this demonstrated a time-dependent in-
crease in ICL formation. A mechanistic explanation
for this observation is not known but it illustrates the
fact that inherent differences in both ICL formation
and DNA repair exist between different cell lines. In
terms of the relationship between DNA repair kinetics
and chemosensitivity, the repair proficient BE cell line
and the repair deficient HT-29 cell line have similar
IC50 values following a 1 h drug exposure (4.60 ± 1.23
and 6.02 ± 0.36 lM, respectively). Whilst there are
marked differences in repair capacity, these preliminary
results (in conjunction with the unusual pattern of ICL
formation in RT4 cells) suggest that analysis of DNA re-
pair is unlikely to be of value in terms of developing a
predictive assay for MMC.

This study has refined the concept initially proposed
by Cummings et al. [5] and analysed the induction of
DNA ICLs as a marker of the bioreductive activation
process and compared this with chemosensitivity in
vitro. In all cases, exposure to MMC for 3 h resulted
in increased ICL formation although notable differences
in ICL formation exist both between individual cell lines
and the duration of drug exposure. This is particularly
marked in the case of RT4 cells where no ICL formation
was observed after a 1 h exposure but high ICL levels
were produced after a 3 h exposure. This correlates with
both the marked increase in sensitivity of RT4 cells fol-
lowing a 3 h drug exposure (Fig. 1) and consequently the
unusual relationship between C · T and response (where
cell kill is proportional to T rather than C · T as in the
majority of other cell lines). The relationship between
ICLs formation and cell line sensitivity was first sug-
gested by O!Connor and Kohn [32], who showed a cor-
relation between ICLs formation measured by DNA

alkaline elution and L1210 murine cells sensitivity to 4
different nitrogen mustards. These data were confirmed
later in a study demonstrating a correlation between
IC50 values for 3 aromatic nitrogen mustards and the ex-
tent of ICLs determined by alkaline elution assay in two
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Fig. 3. DNA interstrand cross-links induction and repair kinetics.
Representation of the induction of DNA interstrand cross-links in
cancer cell lines exposed to MMC (5 lM) for 1 h (j) and 3 h (h).
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Fig. 4. Panel A represents the kinetic of cross-links formation in H460
cells exposed to MMC (5 lM) for 1 h and left to recover over 24 h.
Panel B represents the kinetic of cross-links formation in RT4 cells
exposed to MMC (5 lM) for 1 h and left to recover over 24 h. Panel C
represents the extent of cross-links measured in cells exposed to MMC
(5 lM) for 1 h ( ) and left to recover for 6 h (j). Each value presented
represents the means ± standard deviation for three independent
experiments.
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human cancer cell lines [33]. Together, these data indi-
cate that ICLs formation is a good indicator of alkylat-
ing agent biological activity. Nevertheless, it should be
acknowledged that there is still variability within the
data set and further improvements are required before
in vivo studies can be conducted. For example, MMC in-
duces other forms of DNA damage (i.e., mono-adducts
at the N7 and N2 position of guanine [5]) so whilst ICLs
are generally regarded as the most toxic lesion, other
forms of DNA damage may still contribute towards
cytotoxicity and cannot be ignored.

In conclusion, this study demonstrates that analysis
of DNA ICL formation following exposure to MMC
provides a good indicator of MMC chemosensitivity.
This result, in conjunction with the lack of evidence sup-
porting a strong role for repair or apoptosis in MMC
sensitivity, suggests that the bioreductive activation pro-
cess remains the major determinant of cellular response
to MMC in vitro. The comet assay has the advantage of
using intact cells that will express a variety of proteins/
reductases involved in the bioreductive activation pro-
cess. In addition, detoxification pathways and other cel-
lular defence mechanisms are also indirectly assessed as
ICL formation is likely to represent the balance between
bioactivation on the one hand and detoxification pro-
cesses on the other. Whilst predicting response to ther-
apy based on analysis of single enzymes remains an
attractive proposition, it is probably too simplistic for
MMC and cellular based procedures such as the comet
assay represent a potential way forward. Recent studies
have demonstrated that the comet assay provides a good
indication of response to radiotherapy [34,35] and is
simple, inexpensive, rapid and requires small biopsy
samples [34]. Analysis of DNA damage caused by
MMC using the comet assay may provide a good indica-
tion of response and further studies to address this issue
are warranted.
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In order to determine differences in repair after treatment with DNA damaging
agents, normal and cancer cells were selected for analysis of single strand breaks
and DNA crosslinks using the Comet assay. Normal human lymphocytes, human
colorectal adenocarcinoma SW620 cells, lung carcinoma A549, and H460 cell
lines were exposed to an ethylating agent (ethylmethane sulfonate [EMS]), and a
cross-linking agent (mitomycin C [MMC]). Differences in repair profiles of DNA
damage demonstrated using the comet assay were observed in human
lymphocytes and tumour cell lines with both mutagens. Results were also
indicative that MMC repair is concentration-dependent. It was also apparent that
normal cells repair DNA damage more readily than tumour cells. Repair also
varied between different cell lines. To investigate the mechanistic differences of
these two chemicals, flow cytometry studies were undertaken in tumour cells,
namely cell cycle analysis and frequency of micronuclei induction (FMN). A G2M
phase block was clearly evident following treatment with EMS at all
concentrations tested. With MMC, an initial arrest of cells in G2M was
accompanied by a build-up in S-phase over longer exposure periods. Also, at the
highest mutagen doses there were different patterns of micronuclei induction.
Thus, using the mutagens with different mechanisms of action highlighted the
differences in repair patterns between normal and tumour cells. Teratogenesis
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INTRODUCTION

Cancer is a disease involving irregularities in the genome and errors in its repair
mechanisms. In mammals, these include nucleotide- and base-excision repair,
homologous recombination, end-joining, mismatch repair, and telomere metabolism
[1]. Alterations in DNA structure, if left unrepaired or if misrepaired, may lead to
mutations that enhance cancer risk, since irreversible mutations contribute to
oncogenesis. Recent research has provided evidence that genome instability is one of
the main factors in the progression of carcinogenesis [1].

The comet assay is commonly used successfully as a tool to measure DNA
damage [2]. In this study, both normal cells and tumour cells are used. It is thought
that any differences in repair profiles between tumour cell lines and normal cells may
indicate not only differences in cell line sensitivity to specific mutagens but may also
give an indication of the therapeutic index of chemotherapeutic agents in the
preclinical setting.

The frequency of micronuclei (FMN) (the number of micronuclei per nuclei)
was traditionally calculated using microscopic scoring. However, a correlation
between this technique and flow cytometry has been shown [3]. Micronuclei can be
generated following the occurrence of structural and numerical chromosome
anomalies and can contain whole chromosomes, through lagging chromosomes
failing to incorporate into daughter nuclei at the time of cell division, or acentric
fragments with increasing DNA content [4]. Chromosome damage is an indicator of
genotoxicity and may ultimately result in aneuploid induction. Chromosomal
aberrations are also an important event in carcinogenesis. There may also be a
threshold concentration of DNA damage leading to the overloading of DNA repair
mechanisms and the generation of a significant increase in micronuclei and cell
death. A correlation has been shown between cell survival and micronuclei frequency
generation [5].

In order to determine differences in repair after treatment with DNA damaging
agents in normal and cancer cells, the comet assay was used to analyse single strand
breaks and cross-links. Normal human lymphocytes, human colorectal adenocarci-
noma (SW620), and lung carcinoma (A549 and H460) cell lines were employed. Two
mutagens having different mechanisms of action were used to highlight any
differences in repair profiles. Ethylmethane sulfonate (EMS) mainly causes point
mutations and little chromosome damage. Mitomycin C (MMC) is a DNA
cross-linking agent, which predominantly causes chromosome damage and few muta-
tions [6].

MATERIALS AND METHODS

Cell Culture

Lymphocytes

Heparinised blood samples (10 ml) were obtained by venepuncture from a
healthy female donor. Ethical permission was obtained from the University Ethics
Sub-Committee. Lymphocytes were isolated from the blood using Histopaque 1077
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(Sigma Diagnostics, St. Louis, MO). Cells were resuspended in RPMI-1640 for
analysis (2! 105 cells/ml). The lymphocytes were checked for their viability before
the start and after the completion of the experiment using trypan blue dye [7].

Lymphocytes were exposed to either EMS or MMC for the various lengths of
time (specified in the results section) and processed using a modified version [8] of the
comet assay of Singh and coworkers[2].

Characterized cell lines

Cell lines used were A549 [9] and H460 [10] lung carcinoma and SW620
colorectal adenocarcinoma [11]. All cell lines were epithelial in morphology,
possessing adherent growth characteristics and were derived from human tissue.
All cell culture procedures were carried out in sterile Microflow Class II biological
safety cabinets (MDH). All cell lines were cultured using RPMI 1640 medium
(Sigma) containing 10% foetal calf serum (FCS) (Sigma), penicillin/streptomycin (50
IU/ml 50 mg/ml) (Sigma), L-glutamine (2 mM) (Sigma), and sodium pyruvate (1
mM) (Sigma). Cells were grown in 75 cm3 flasks (Costars) in a humidified incubator
at 371C with 5% CO2 (Heraeus Instruments). Growth characteristics and
morphology of cell lines were observed daily using a light microscope (Olympus
CK2).

In Vitro Cytotoxic Treatments

Cells were seeded into 6 well plates at approximately 50,000 cells/well depending
on the growth characteristics of each cell line. Cells were incubated at 371C with 5%
CO2 (Heraeus Instruments) for 2–3 days, which permitted cells to reach the
exponential phase of growth. MMC was dissolved in dimethyl sulphoxide (DMSO).
Drug concentrations were made up in RPMI medium containing less than 0.1%
DMSO. EMS was dissolved in RPMI medium. Cells were exposed to a range of drug
concentrations and incubated at 371C with 5% CO2 for the desired times. After drug
exposure plates were washed twice in hanks balanced salt solution (HBSS) and
processed using the alkaline (pH413) comet assay. Plates containing cells that were
allowed to repair drug induced DNA damage were replenished with fresh media and
left for the desired length of time.

Comet Assay

The methodology of the cross-linking assay is based on the principle that after
initial treatment with a cross-linking agent, an essentially random distribution of
single-strand breaks is introduced to cells by various methods such as gamma or X-
rays [12], hydrogen peroxide [13], methyl methanesulfonate (MMS) [14], or
formaldehyde [15]. The presence of cross-links prevents the complete denaturation
of two complementary strands of DNA by alkali. Therefore, as the number of cross-
links increases, the amount of DNA able to migrate is reduced. Thus, cross-links
are quantified as the decrease in comet tail moment compared with untreated
controls [16].

After drug exposure cells to be analysed for the presence of DNA cross-links
were harvested and 100 mM H2O2 was added and placed on ice for 20 min. This
concentration of H2O2 was determined by a preliminary comet assay performed
using increasing doses of H2O2, which identified concentrations inducing 80–90%
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Tail DNA. The determined dose of 100 mM has also previously been used by other
groups [13, 17]. Cells were centrifuged (300g) (Denver Instruments, Force 7) and 150
ml of phosphate buffer solution (PBS) added. Cells were kept on ice to prevent DNA
repair and processed using the alkaline (pH413) comet assay.

The alkaline (pH413) comet assay was based on previously published
methodology [2] with minor modifications (Dr. T. Ward, personal communication).
In a dark room, 150 ml of low melting point agarose (LMA) (1% in PBS) (451C) was
added to each cell suspension. One hundred fifty microliters of each cell suspension
were added to two prepared agarose-coated slides (1% normal melting point
agarose), a coverslip placed on each, and both placed on ice for approximately 5 min
to set. One hundred fifty microliters of LMA (0.5% in PBS) were added and placed
again on ice for 5 min. Slides were placed in cold lysis solution (for a minimum of 1
hour, to break down cell walls and relax DNA supercoils). Stock lysing solution was
made up of 2.5M NaCl (Sigma), 100 mM EDTA (Sigma), and 10 mM Trizmas
Hydrochloride (Sigma) in 500 ml of distilled water. The pH was set to 10 with
sodium hydroxide (NaOH) pellets. Final lysing solution was made up 10% DMSO
and 2% Triton X-100.

Slides were placed in a horizontal electrophoresis gel tank (41C), and covered
with electrophoresis buffer (1,930 ml of distilled water, 60 ml of 10M NaOH, and 10
ml of 200 mM EDTA, with a general pH413) for 30 min. DNA was then
electrophoresed at 25V and adjusting the current to 300 m A by raising or lowering
the buffer level and using a compact power supply for 30 min. All of these steps were
conducted under dimmed light to prevent the occurrence of additional DNA
damage.

Slides were washed initially with neutralizing buffer (TrizmasBase) (Sigma)
(9.7 g, 250 ml of distilled water, pH 7.5) for 5 min, and later PBS (5 min) and air-
dried overnight. Slides were placed in distilled water for 30 min. Each slide was
stained with SYBRs gold (Molecular Probes, Eugene, OR) in distilled water
(1:10,000, v/v) for up to 45 min in the dark (Dr. T. Ward, personal communication).

Cells were analysed under a fluorescence microscope (LEICA DMLB) (! 40
objective) (590-nm filter wavelength) connected to an Hitachi KPM1/EK mono-
chrome CCD camera. Kinetic Imaging Komet 4.0 software (Kinetic Imaging,
Liverpool, UK) was used to analyse comets. Fifty cells were analysed per condition.
The tail moment (integrated value of DNA density multiplied by the migration
distance) was used as a primary measure of DNA damage.

Statistical analysis

Comet data were analysed using the tail moment parameter produced by
Kinetic Imaging Komet 4.0 software. Statistical analysis was performed using the
non-parametric Mann-Whitney test, since the data violated normality.

Flow Cytometry

Micronuclei induction and cell cycle analysis were performed using the human
colon cancer cell-line SW620, following treatment with either MMC or EMS.
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Compounds used for treatments

Treatment solutions were prepared in growth medium (RPMI 1640) without
FCS. MMC was prepared at final concentrations of 0.75, 1.0, and 3.0 mM and EMS
at 1.0, 5.0, and 9.0 mM.

Cell culture and treatment

SW620 cells were seeded in six-well plates at a concentration of 1 ! 105 per
well. Cells were incubated with 5% CO2 at 371C for 24 h to allow attachment before
drug exposure. Cells were exposed to each concentration of drug, diluted in media
without FCS, for 0.5, 1, 2, 4, and 6 hours. Each plate included a negative control well
containing growth medium only. Cells were harvested using trypsin-EDTA, 48 hours
following drug exposure.

Preparation of micronuclei

A suspension of nuclei and micronuclei was prepared for flow cytometric
analysis using the two step procedure developed by Nusse et al. [18].

The harvested cells were centrifuged at 300g for 5 min and resuspended in 1 ml
Solution I (10 mM NaC1, 340 mM Na citrate, 10 mg/1 Rnase, 0.03% Nonidet P-40,
63.4 mM ethidium bromide), and left for 15 min on ice, in the dark.

One milliliter of Solution II (23.8 mM citric acid, 0.25M sucrose, 101.4 mM EB)
was then added and cells were left for a further 15 min on ice, in the dark, before
analysis.

Micronuclei analysis

Micronuclei and cell cycle data acquisition and analysis were performed with a
FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, BDIS)
equipped with a 15-mW argon-ion air-cooled laser with excitation wavelength 488
nm. Pulse height signals of forward light scatter (FSC) and side light scatter (SSC)
were collected, and ethidium bromide emission measured using fluorescence channel
FL-2 with a 585/42-nm bandpass filter. Data on scatter parameters were collected in
linear mode as was FL2-Area and FL2-Width used for DNA histogram analysis.
Ten thousand events were acquired and stored in list mode using Cellquest software
(BDIS).

Micronuclei and nuclei were analysed based on the gating strategies and size
criteria established in previously published methods [3, 19, 20].

In brief, bivariate dot plots using logarithmic scales were used for FSC, SSC,
and FL-2H signals of DNA. The fluorescence threshold was fixed at channel 10 on
FL-2 and the G0G1 peak set at channel 2000. Micronuclei were discriminated from
unspecific debris using gates set at 0.5 and 505% of the mean fluorescence intensity
of G1-phase nuclei (the left and right limits of gate were channel 10 and 10,000,
respectively). The frequency of micronuclei was calculated as the number of
micronuclei per nuclei using a gate set from channel 2000 to 10,000 for nuclei, and a
gate between channel 20 and 200 for micronuclei.

DNA Damage Repair in Normal and Cancer Cells 17



Statistical analysis

Cell cycle analysis was performed on DNA histograms using the algorithm first
described by Watson et al. [21] and modified by Ormerod et al. [22].

Cell cycle percentages were analysed with a paired sample t-test calculating the
significance of changes in mean treated populations vs. corresponding controls.

For frequency MN estimations, the appearance of non-specific debris can cause
a dispersion of data for absolute values. Absolute values were, therefore,
transformed into percentages using treated wells vs. corresponding controls [20].

Statistical significance was calculated using the independent sample t-test and
Levene’s test for the equality of variances to study the differences between control
and treated cells using SPSS version 11.0.

RESULTS

Comet Assay

The Comet assay was used to investigate any difference in repair profiles
induced by both EMS and MMC. EMS was used to compare the differences in
repair profiles of single strand breaks, whereas MMC was used to compare
differences in repair profiles of DNA cross-links in both lymphocytes and tumour
cells.

DNA damage represented by DNA single strand breaks was reflected by an
increase in tail moments. DNA damage of SW620 tumour cells treated with EMS
(2–16 mM) for 1 hour was repaired after 6 hours, although not completely. This
repair did not increase further at 24 h (Fig. 1). When lymphocytes were treated at
these concentrations for 30 min, no significant DNA damage was observed. It was
not until EMS concentrations reached 40 mM that the DNA of lymphocytes was
damaged. DNA damage was fully repaired 24 hours after exposure to 120 mM EMS
(Fig. 2).

In the case of DNA cross-links, no repair of DNA cross-links occurred at either
6 or 24 h after treatment of tumour cell lines (A549, SW620, H460) with MMC
(1 hour exposure to 200 mM MMC). Although repair does occur when cell lines are
treated with lower concentrations of MMC (1-hour exposure to 5 mM MMC)
(Fig. 3). When treated with 5 mM of MMC, A549 cells revealed less DNA cross-
linked damage (58%) compared to H460 cells (70%). After only 6 hours of recovery,
they could repair more than 80% of the induced cross-links, whereas H460 cells
could only repair 30% of the induced damage.

Treatment of human lymphocytes with MMC (2-hour exposure to 200 mM
MMC) (Fig. 3) has revealed that DNA cross-links are repairable, which is not
evident in tumour cells at this concentration. Additionally, less DNA cross-linking
was initially induced by MMC in human lymphocytes than tumour cell lines cells
(65% of DNA cross-linking in lymphocytes compared to approximately 90% in
tumour cells).

Flow Cytometry

Initially, the SW620 tumour cell line was used to investigate the mechanistic
differences of EMS and MMC using flow cytometry.
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Cell Cycle analysis

Exposure to MMC resulted in a change in the mean percentage of cells in each
phase of the cell cycle (Fig. 4a–c). Following treatment with 0.75 mM and 1.5 mM
MMC, there was a linear decrease in the mean %G0G1 with time over the first 2
hours, which then remained stable between 2 and 6 hours of MMC treatment. For
example, for 0.75 mM the control value decreased from 45.1 to 11.7% at 2 hours and
11.1% after treatment for 6 hours. A similar trend was observed for a concentration
of 3.0 mM except the decrease was more rapid, occurring predominantly over the first
0.5 hour where a decrease was seen from 46.0 to 14.7% and gradually down to 8.6%
following 6-hour treatment. The effect on cells in the S-phase was minimal over the
first 2-hour treatment with 0.75 and 1.5 mM MMC. However, following 2–6 hours of
treatment there was an increase from 33.1 to 55.3 % at 0.75 mM and 32.1 to 56.0% at
1.5 mM. Treatment with 3 mM caused the S-phase fraction to increase gradually over
the first 2 hours from 31.3 to 43.2% and to 66.5% following 6 hours treatment. The
mean %G2 M population increased almost linearly with time over the first 2 hours
following 0.75 and 1.5 mM drug exposure, the control values were 22.4 and 19.8%,
respectively, and reached peak values of 55.3 and 56.5%, but then decreased to
approximately 33% for both concentrations after 6 hours. For 3.0 mM, the peak
%G2 M level attained was not as high as for lower concentrations. Here the control
value was 22.7% and this increased to 45.4% following 0.5-hour drug exposure and
reached 46.8% over 1 hour, before decreasing to 24.8% following 6 hours.

Treatment with EMS produced marked changes in the proportion of cells in the
G0G1 and G2M phase of the cell cycle over the complete 6-hour exposure period
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Fig. 1. EMS induced DNA single strand breaks in SW620 cells. Comet assay repair study in SW620 cells
of DNA single strand breaks induced by EMS (0–16 mM) for 1 hour. Cells were allowed to repair for 0 h
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(Fig. 5a–c). With 1 mM EMS, a steady decrease in the mean % G0G1 was evident;
the population was seen to fall from 46.3% in the control to 29.1% at 6 hours. A
similar trend was observed for 5 and 9 mM treatment although the decrease was
greater than seen for 1 mM between 1–6 hours with values at 1 hour of 37.4% for 5
mM and 38.9% for 9 mM decreasing to 15.4 and 12%, respectively, over 6 hours.
The populations for S-phase remained relatively constant over a 6-hour exposure to
EMS. Following treatment with 5 mM, fluctuations in S-phase were observed but
irregular in nature. The overall mean 9 mM S-phase population was lower than at
other concentrations but this was also seen in the control. For example, following
treatment with 1 mM, the mean S-phase population in the control was 29.4%
compared with 31.2% following 6 hours of treatment. The G2M phase gradually
increased with time following treatment with EMS at each concentration used
in this study. The greatest increases occurred at 5 and 9 mM with 4–6 hour
treatment. Here there was a change from 29.4% in the controls to 63.9% for 9 mM
at 4 hours.

Micronuclei frequencies

Following the treatment of SW620 with MMC, the cells treated at the highest
concentration of 3 mM generated the greatest increase in MN frequency that was
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allowed to repair for 24 hours. Values represented the mean 7 standard deviation for three independent
experiments with 50 readings per experiment. Statistical analysis was carried out using the non-parametric
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statistically significant (Table I). An increase in percent value occurred from 100 in
the control to 754 over the first 1 hour of drug exposure, the frequency then
decreased, with some degree of variation, to 384 over 6 hours (Fig. 6). For the
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Fig. 4a–c. Cell cycle histograms following treatment with MMC. Histograms showing the distribution in
each phase of the cell cycle of the mean percent population for SW620 cells following treatment with
MMC at 0.75, 1.5, and 3.0 mM respectively. Cells were treated with MMC for a period of 0–6 hours and
then incubated in drug-free medium for a further 48 hours before analysis. The general trend for all
concentrations is a decrease in G0G1 with time, an increase in G2M over the first 2 hours, and a buildup in
S-phase over longer exposure periods. (MMC: & G0G1, S-phase and G2M).
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0.75 and 1.5 mM, the levels of micronuclei induction observed were lower than
at 3.0 mM.

Following treatment of SW620 cells with EMS, a significant increase in MN
frequency was observed, particularly after exposure to 5 and 9 mM (Table II). The
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Fig. 5a–c. Cell cycle histograms following treatment with EMS. Cell cycle histograms showing the
distribution in each phase of the cell cycle of the mean percent population for SW620 cells following EMS
treatment at 1.0, 5.0, and 9.0 mM, respectively. Cells were treated with EMS for a period of 0–6 hours and
then incubated in drug-free medium for a further 48 hours before analysis. The effect of EMS exposure on
the G2M phase is clearly evident with values above 60% for 5 and 9 mM between 4 and 6 hours. (EMS:&
G0G1, S-phase and G2M).
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increase was time-dependent and reached a maximum percent value of 400 at 2 hours
following 5-mM treatment and 349 at 4 hours following 9-mM treatment. The levels
of MN then decreased to 98.6 and 145 at 6 hours for the 5- and 9-mM treatment,
respectively (Fig. 6b).

DISCUSSION

The combination of the comet assay and flow cytometry was used to investigate
issues relating to repair in normal and cancer cell lines. Direct DNA damage within
single cells was investigated using the Comet assay while flow cytometric studies were
undertaken to investigate mechanistic differences between an alkylating agent MMC
that causes DNA crosslinks and a methylating agent EMS that causes DNA adducts
resulting in single strand breaks. The compounds were analysed in relation to the
effects on cell cycle distribution, and at the same time in the same samples the
frequency of micronuclei generation was assessed to confirm cytogenetic effects.

MMC is a DNA damaging agent that requires activation to an alkylating
metabolite by reductive metabolism that then creates cross-links between opposite
strands of DNA. MMC altered the progression of SW620 cells through all phases of
the cell cycle for each of the concentrations selected in this study. The predominant
effect was reduced transit through S-phase as the replication machinery becomes
obstructed by the cross-links. This increases the percentage of cells in the S-phase as
the cell attempts to repair the damage. The effect was most clearly demonstrated at

TABLE I. Cell Cycle and Micronuclei Data Generated Following Exposure of SW620 Cells to
MMC at Concentrations of 0.75, 1.5, and 3.0 lM for 0.5, 1, 2, 4, and 6 Hours

Time
(h)

Conc
(mM)

Absolute frequencies
(mean7S.D)

Percent value
(mean7S.D)

%Go/G1
(mean7S.D)

%S-phase
(mean7S.D)

%G2/M
(Mean7S.D)

MMC
ctrl 0.75 0.01870.004 100.0070.00 45.0671.2 32.6072.0 22.3573.0
ctrl 1.5 0.03170.009 100.0070.00 41.7473.7 38.4474.4 19.8271.5
ctrl 3.0 0.01370.008 100.0070.00 46.071.2 31.2872.5 22.7271.5
0.5h 0.75 0.02270.004 125.15727.87n 31.8972.0nnn 31.4272.9 36.6972.7nn

1.5 0.02970.018 95.01744.56 30.4372.9nn 33.4473.6 36.1372.6nnn

3.0 0.05470.070 306.877257.04 14.7072.3nnn 39.9272.1nn 45.4273.1nnn

1.0h 0.75 0.02670.008 146.29755.33n 20.6673.3nnn 31.9573.5 47.3970.7nnn

1.5 0.07870.081 253.067267.83 21.1473.4nn 28.7671.1n 50.1172.6nnn

3.0 0.07770.032 754.477577.16n 13.8071.5nnn 39.4178.5 46.8277.6nn

2.0h 0.75 0.02770.020 159.997125.55 11.6572.6nnn 33.0172.6 55.3471.8nnn

1.5 0.03170.024 124.947110.66 11.3872.3nnn 32.0874.0 56.5476.3nnn

3.0 0.03170.010 292.807198.46n 10.3072.3nnn 43.2078.6n 46.4878.2nn

4.0h 0.75 0.02070.013 111.47782.96 13.3871.5nnn 36.38712.1 50.25712.4nn

1.5 0.07870.056 312.067304.73n 13.071.1nnn 35.8274.4 51.1874.4nnn

3.0 0.05970.069 642.837909.45n 10.070.9nnn 63.4972.2nnn 26.5073.0
6.0h 0.75 0.04470.026 261.887172.58n 11.0970.6nnn 55.12715.2n 33.79714.9

1.5 0.07470.034 233.17744.92 10.3771.8nnn 55.99716.7 33.64716.4
3.0 0.04270.012 384.597220.41n 8.6070.3nnn 66.5472.8nnn 24.8473.1

nSignificantly different from the control, Po0.05; nnsignificantly different from control, Po0.01;
nnnsignificantly different from control, Po0.001. Number of samples¼ 3.
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the longer exposure period of 4 and 6 hours (Fig. 4a–c). Treatment with MMC also
reduced the number of cells in the G0G1 phase of the cell cycle and caused a build-up
or block of cells in the G2M phase. The G2M fraction increased over the first two
hours of treatment for 0.75, 1.5, and 3.0 mM concentrations, indicating that the cells
were unable to repair the damage created in S-phase and, therefore, halted at the
G2M checkpoint presumably because of compromised genetic integrity. The arrest of
cells in G2M and subsequent failure of the badly damaged cells to divide causes a
depletion in the supply of daughter cells to re-enter the cycle and replenish the supply
of G0G1 cells. The G2 M fraction decreased between 4 and 6 hours of drug exposure
as the damage to the cells in S-phase is likely to be high and to such an extent that
cells are probably passing through S-phase into G2 M at a much reduced rate.

EMS is an ethylating agent that causes DNA adducts resulting in single strand
breaks. Following exposure to EMS with the time and exposure parameters used in
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Fig. 6a,b. Micronuclei frequencies generated in SW620 cells following treatment with different
concentrations of MMC and EMS. Micronuclei were generated following exposure to either MMC (a)
or EMS (b), particularly for the higher concentrations. The numbers of micronuclei generated were
considerably greater following treatment with MMC compared to EMS. (MMC: &, 0.75 mM;’, 1.5 mM;
m, 3.0 mM), (EMS: &, 1.0 mM; ’, 5.0 mM; m 9.0 mM). Values represent the mean percentage for three
independent experiments. The significant values are indicated with an asterisk (n) (Po0.05).
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this study, the cells accumulated in the G2M phase of the cell cycle. The greatest
effect was at a concentration of 5 mM following 2-hour drug exposure. The level of
damage incurred by the cells, if not repaired, prevents their entry into mitosis, which
is manifest as a G2M block. A decrease in the mean percentage G0G1 occurs as the
cycling cells pass through the early checkpoint before incorporating ethylated bases
into the DNA during S-phase and blocking in G2M. The levels of S-phase remained
relatively constant at all the concentrations tested, apart from an increase arising at 5
mM following 6-hour drug exposure. This was in contrast to that observed by
Morris et al. [23] where an increase in S-phase was observed following 3 to 9 mM
treatment with 8 hours recovery. It may be that with the 48-hour recovery and the
concentration and treatment times selected the early S-phase effects have been
masked. It must be taken into consideration that cell cycle analysis using DNA
histograms, although simple, rapid, and informative, is a static technique through
which only a fixed point of analysis is made.

Micronuclei were generated following exposure to either EMS or MMC,
particularly for the higher concentrations. The micronuclei frequency analysis in
drug treated samples can be complicated by interference from apoptotic and necrotic
material as well as non-specific debris [3, 24]. This can be overcome in part by setting
gating strategies on specific size criterion to exclude much of the debris. However,
variation in the absolute values observed was high, although this was standardised
and improved by converting to percent values. The numbers of micronuclei
generated were considerably greater following treatment with MMC than for EMS,
so confirming the greater chromosome damaging ability of MMC. For both

TABLE II. Cell Cycle and Micronuclei Data Generated Following Exposure of SW620 Cells to
EMS at Concentration of 1.0, 5.0, and 9.0 mM for 0.5, 1, 2, 4, and 6 Hours

Time
(h)

Conc
(mM)

Absolute frequencies
(mean7S.D)

Percent value
(mean7S.D)

%Go/G1
(mean7S.D)

%S-phase
(mean7S.D)

%G2/M
(mean7S.D)

EMS
ctrl 1.0 0.02170.009 100.0070.00 46.3471.0 29.7473.0 23.9272.8
ctrl 5.0 0.02770.017 100.0070.00 46.6671.4 29.3271.6 24.0270.8
ctrl 9.0 0.06770.052 100.0070.00 46.3276.6 24.2773.8 29.4273.4
0.5h 1.0 0.00970.002 57.01744.68 42.0070.9nn 32.7773.9 25.2273.9

5.0 0.04670.013 284.697289.81n 30.7072.0nnn 43.4079.8n 25.9178.3
9.0 0.06070.049 142.897132.94n 40.8376.0 22.2772.1 36.9077.3

1.0h 1.0 0.01270.002 64.15735.87 38.7576.7 33.9675.6 27.2974.3
5.0 0.04770.017 245.507188.76n 37.4075.9n 29.8477.4 32.7771.7nnn

9.0 0.05070.029 228.377324.01n 38.8774.2 22.3076.1 38.8475.3n

2.0h 1.0 0.02770.016 142.31773.43n 33.9071.5nnn 28.2473.1 37.8671.6nnn

5.0 0.05470.030 400.637502.56n 28.3371.3nnn 28.7870.2 42.8971.4nnn

9.0 0.05370.012 200.827256.32+ 25.9475.8nn 22.1375.4 51.9373.6nnn

4.0h 1.0 0.01870.005 95.35743.24 35.6771.7nnn 26.8572.1 37.4972.0nn

5.0 0.01970.002 110.41799.53n 14.9076.8nnn 37.92722.8 47.18722.8
9.0 0.12470.022 349.307339.75n 16.4272.3nnn 19.6076.1 63.9874.2nnn

6.0h 1.0 0.01470.003 98.64758.13 29.0974.1nn 31.2075.2 39.7171.1nnn

5.0 0.02170.007 233.17744.92 15.4073.6nnn 21.3572.7nn 63.2671.5nnn

9.0 0.05770.020 145.577118.33n 11.9370.6nnn 25.7671.9 62.3272.4nnn

nSignificantly different from the control, Po0.05; nnsignificantly different from control, Po0.01;
nnnsignificantly different from control, Po0.001. Number of samples¼ 3.
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compounds, the highest level of micronuclei corresponded with the highest level of
cell cycle disruption, although the maximum FMN values occurred at earlier time
points. In fact, for longer exposure periods the FMN began to decline. The number
of micronuclei that are generated during mitosis are likely to increase as the level of
DNA damage increases, until a point is reached where the cells are no longer able to
enter mitosis.

The Comet assay was used to investigate any difference in repair profiles
induced by both EMS and MMC. EMS was used to compare the differences in
repair profiles of single strand breaks, whereas MMC was used to compare
differences in repair profiles of DNA cross-links in both lymphocytes and tumour
cells.

The Comet assay study of MMC-induced damage has emphasised two features.
Firstly, after treatment of the cells with 200 mM of MMC, differences between
normal and cancer cells in terms of the extent of DNA damage and the cells’ ability
to repair DNA cross-links could be observed (Fig. 3). At this dose, although they
were exposed longer to the drug, lymphocytes presented less DNA cross-links than
cancer cells. They were also able to repair almost 40% of the overall induced cross-
links after 24 hours of recovery, whereas none of the 3 cancer cell lines used in this
study could repair the induced damage. These results reflect the difference in
sensitivity to MMC between normal and cancer cells. Secondly, treating the cells at a
lower dose of MMC highlighted differences in terms of the extent of DNA damage
and repair rate within cancer cell lines (Fig. 3). When treated with 5 mM of MMC,
A549 cells presented less DNA cross-linked (58%) compared to H460 cells (70%).
After only 6 hours of recovery, they could repair more than 80% of the induced
cross-links when H460 cells could only repair 30% of the induced damage.
According to the NCI database (http://dtpsearch.ncicrf.gov), A459 cells are less
sensitive to MMC than H460 cells. Therefore, the assessment of DNA damage and
repair capacities of tumour cells appears to correlate with their sensitivity to MMC.

With respect to EMS, lymphocytes were shown to fully repair DNA single
strand breaks, even when treated with greater concentrations than tumour cells,
whereas tumour cells did not fully repair single strand breaks. As with MMC, human
lymphocytes were shown to be more resistant than tumour cells to DNA damage
when treated with EMS and also revealed a greater capacity for repair (Figs. 2,3). In
addition to demonstrating the repair profiles and sensitivity of both normal and
tumour cells to known mutagenic agents, these observations may also be useful for
measuring the therapeutic index of a compound in further preclinical screening.

Further studies may extend the use of the Comet assay to in vivo studies. With
this approach, tumour cell sensitivity to DNA damaging agents would be determined.
Drug toxicity would potentially be indicated when measuring the effects of the same
compound against normal human lymphocytes in the same xenograft study.

Additionally the comet assay may be useful for prediction of patient response to
a particular treatment in the clinic and for therapeutic monitoring. In the first case,
tumour cells derived from the fine needle aspiration of a patient’s tumour and
lymphocytes derived from a blood sample would be exposed ex vivo to the test agent.
In the second case, tumour and lymphocyte populations would be collected after
treatment with a DNA damaging agent to assess pharmacodynamic endpoints.

In summary, this study has highlighted the use of the Comet assay in
demonstrating DNA damage in both normal human lymphocytes and characterised
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tumour cell lines. It has revealed the sensitivity of these cells to two known mutagens,
and the ability of these cells to repair DNA damage in the form of either single
strand breaks or DNA cross-links.

This work may have technical implications in terms of evaluating potential
mutagenic compounds. Both the Comet assay and flow cytometry techniques may be
used to assess relative mutagenic properties of environmental mutagens as well as
novel therapeutic molecules. EMS and MMC could be used as standard compounds
serving as positive control in these studies.
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ABSTRACT

NAD(P)H:quinone acceptor oxidoreductase (NQO1, EC 1.6.99.2) is an
enzyme that is believed to play a central role in the bioreductive activation
of several compounds, particularly quinones. The results of this study
demonstrate that the activity ofNQOl is significantly elevated (2.5-fold) in
HT-29 human colon cells that are In the plateau phase ofthe growth curve
as opposed to cells in the exponential phase. Analysis of gene expression
using semiquantitative reverse transcrlption-polymerase chain reaction
and Northern blot analysis demonstrates that the increased enzyme ac
tivlty is associated with increased NQO1 mRNA levels. Sequential
trypsinization of layers of cells from HT-29 multicellular spheroids and
analysis of gene expression by reverse transcnption-polymerase chain
reaction demonstrate that NQO1 expression is elevated in cells close to the
necrotic center. Maximum expression occurs at a depth of 90â€”110am,
with reduced expression as the distance toward both the surface and the
necrotic center decreases. HT-29 spheroids were significantly more re
sponsive than monolayers (concentration producing 50% inhibition, 124.6
and 364 nM, respectively) to the experimental dnag, 2,5-dimethyl-3,6
diaziridinyl-1,4 benzoquinone. While the environmental stimulus respon
sible for causing elevated NQO1 expression has not been identified, the
fact that NQO1 expression is Influenced by microenvironmental condi
dons will have important implications for those drugs that are activated
by NQO1.

INTRODUCTION

The enzyme NQO13 (EC 1.6.99.2) is a flavoprotein that catalyzes
the two electron reduction of various substrates including quinones
(1â€”3).Its physiological function is to detoxify quinones by converting
the quinone directly to the hydroquinone, thereby bypassing the
semiquinone and eliminating the formation of free radicals caused by
the futile cycling of the semiquinone and quinone under aerobic
conditions (4). In certain instances, however, hydroquinones can
undergo further reactions, leading to cell damage in a process that has
been termed bioreductive activation (5). NQO1 is widely distributed
throughout mammalian tissues, and elevated levels of the enzyme
have been observed in malignant cells and tissues, particularly, non
small cell lung carcinoma, breast, colon, and liver (6â€”9).This enzyme
is currently the focus of intense interest, particularly with regard to its
role in activating antitumor quinones (10).
Recent work by Schlager et aL (11) has shown that the levels of

NQO1 increase in confluent cultures and that such an increase has a
dramatic impact on the sensitivity of cells to antitumor quinones. The
environmental stimulus responsible for the increase in NQO1 activity
is unknown, although it is possible that it is triggered by environmen
tal conditions that exist in confluent monolayers such as low pH, low
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oxygen tension, depressed nutrient status, and a build up of catabo
lites. Of particular relevance to this hypothesis is the finding that AP-1
activity is sensitive to the redox status of cells (12â€”14).Thus, we
reasoned that, because NQO1 contains an AP-1 site within its pro
moter (15), the regulation of this gene may be sensitive to changes in
the microenvironmental status of the culture or tumor. Similar micro
environmental conditions (i.e., gradients of oxygen, pH, proliferation)
exist within multicellular spheroids (16, 17), although the impact of
these conditions on the expression and activity of NQOI inside
spheroids is not known.
Thus, the objective of this study was to investigate the importance

of growth conditions to the regulation of NQO1 within a human colon
carcinoma cell line and spheroid model. We have found that the level
of expression and activity of NQO1 is elevated in confluent cultures
and in the inner regions of HT-29 spheroids. The increase of NQO1
mRNA levels inside spheroids was paralleled by an increased sensi
tivity of spheroids to a representative antitumor quinone compared
with the same cells cultured as monolayers. This work has important
implications in the area of bioreductive drug metabolism.

MATERIALS AND METHODS

Cell Culture Conditions. The human colon carcinoma cell line, HT-29,
was routinely maintained as a monolayer culture in Eagle's minimal essential
medium supplemented with calf bovine serum (10%), sodium pyruvate
(1 mM),non-essential amino acids (1X), L-glutamine(2 mM),and kanamycin
(100 p@g/ml) and was buffered by 4-(2-hydroxyethyl)-1-piperazineethanesul
fonic acid (10 mM). Multicellular spheroids were initiated by inoculating
1 X iO@cells into T-25 flasks that had been base coated with agar (1%).
Following a 24-h incubation at 37Â°C,spheroids were transferred to suspension
culture vessels and constantly stirred (100 rpm) at 37Â°C.
Growth Characteristics of HT-29 Cells. A total of I x 10@HT-29 cells

were transferred from stock cultures into a series of T-25 flasks containing 10
ml of complete growth medium. Cells were incubated at 37Â°Cin an atmo
sphere containing 5% CO2 for various intervals. At appropriate intervals,
cultures were trypsinized, resuspended in 10ml of medium, and counted using
a hemocytometer.

Enzymatic Measurement of NQO1 Activity. The activity of NQO1 was
measured as described elsewhere (18). Briefly, cells were harvested at various
stages of the growth curve by trypsinization, and NQO1 activity was measured
as the dicumarol-sensitive reduction of dichlorophenolindophenol over 30 s at
600 nm in a Shimadzu UV16OU spectrophotometer. Protein content was
assayed by the method of Bradford (19).
RNA Isolation from Monolayer Cultures. Total cellular RNA was iso

lated frommonolayer cultures by the method described by Peppel and Baglioni
(20). The quality of RNA extracted was assessed on a 1% agarose gel stained
with ethidium bromide, and the quantity of RNA was determined by A2so,@
measurements and reference to a calibration curve generated using yeast
tRNA.
RNA Isolation from Multicellular Spheroids. Cells from different depths

within HT-29 spheroids were harvested by sequential trypsinization techniques
(21). Spheroids were washed with HBSS and treated with trypsin-EDTA
(0.05% trypsin-0.02% EDTA) for 2 mm at room temperature under constant
gentle agitation. After the sample was trypsinized, 10 ml of complete growth
medium were added, and cells in suspension were separated from spheroids by
sedimentation. Spheroids were washed again with medium, and free floating
cells were recovered by centrifugation. Pellets of cells were immediately
frozen in an ethanol/dry ice bath and stored at â€”80Â°Cuntil required for RNA
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flasks were inoculatedwith 1 X 10@cells by trypsinization. Cells were exposed
to a range of drug concentrations for 1 h at 37Â°Cin an atmosphere containing
5% CO2. Following drug exposure, cells were washed twice in HBSS, resus
pended in growth medium, and counted using a hemocytometer, and 1 x i0@
cells were plated into 6-well dishes containing 3 ml of medium (each drug
exposure was performed in triplicate). Following incubation for 5 days at
37Â°C,colonies of >50 cells were counted using an inverted microscope.
Results are expressed in terms of percentage survival, taking the number of
colonies in control plates to equal 100% survival. Multicellular spheroids
(700â€”800gim in diameter) were harvested from suspension cultures and
exposed to an identical range of drug concentrations as above for 1 h.
Following drug exposure, spheroids were washed twice in HBSS prior to
dissociation with trypsin-EDTA (5 mm with constant gentle agitation). Cells
were further washed in HBSS, and colony-forming ability was assessed as
described above. The final concentration of DMSO was 0.1% in all cases.
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extraction. This process was repeated several times until spheroids were
completely stripped of the numerous cell layers. After each cell layer was
stripped from the spheroid, the diameter remaining was measured using an
inverted microscope fitted with a graduated eyepiece that had been calibrated
using a stage micrometer. RNA was extracted from cells using the procedures
described above.
Reverse Transcription of RNA. RNA was immediately reverse tran

scribed to cDNA as recommended by GIBCO-BRL Briefly, 55 pi of RNA
(10â€”15I.Lg)were added to a master mixture containing 20 @lof 5X RT buffer
[Tris HCI (250 mM, pH 8.3), KCI (375 mM), and MgCI2 (15 mM)], 10 pi
of deoxyribonucleoside triphosphate (10 mM), 10 @tlof dithiothreitol
(10 mM), 2.5 p@lof RNasin (40,009 units/ml), 0.5 pi of random hexamers
(0.45 units/mI), and 2 p@lof Moloney murine leukemia virus-RT (200 units/gil).
Following incubation at 37Â°Cfor 1 h, the reaction was terminated by heating
to 95Â°Cfor 5 mm. All cDNAs prepared were stored at â€”20Â°C.
Quantitation of NQO1 Expression by PCR. NQO1 expression was de

termined using a semiquantitative RT-PCR technique, details of which are
described elsewhere (22). This assay is based on the amplification of a target
gene (NQOJ ) and an endogenous gene (@3-actin)which is used as an internal
standard. The following primer pairs were synthesized using an Applied
Biosystems model 391 PCR-MATE DNA synthesizer by the phosphoramidite
method and are based on the published cDNA sequences for NQO1 (23) and
@3-actin(24):

@3-actin:
Sn 1744 5'-CCA CGA AAC TAC CTT CAA CTC C.-3'
Mn 1956 5'-TCA TAC TCC TGC TGC TTG CTG ATCC-3'

5'-AGA AGA GCA CTG ATC GTA CTG G-3'

5'-CGT AAT TGT AAG CAA ACT CTC CTA TG-3'

A series of cDNA dilutions were made and amplified in a total reaction
volume of 10 gil (per cDNA concentration) which consisted of 1 gil cDNA,
1 gil lOX PCR buffer [Tris HC1(200 mM)and KC1(500 mM)], 1 gil deoxyri
bonucleoside triphosphate (0.5 mM), 1 gil primers (0.75 jiM), 0.8 gil MgCl2 (25
mM), 0.1 gil [a-32PJdATP (3000 Ci/mmol), 0.05 gil Taq DNA polymerase
(5000 units/mI), and 5.05 gil distilled H20 (0.22 gim, filtered and autoclaved).
Thermal cycling conditions following an initial denaturation at 94Â°Cfor 1mm
were 94Â°Cfor 30 s, annealing at 60Â°Cfor 30 s, and extension at 72Â°Cfor 30
5. Following 30 cycles of PCR, a final extension at 72Â°C for 5 mm was

performed. Amplified products were separated on a 5% polyacrylamide gel
(100 V for 3 h) and the products visualized by autoradiography. Radioactivity
incorporated into amplified products was determined by scintillation counting
of the excised bands. The data are graphically presented as the relationship
between cpm incorporated into amplified products versus the starting cDNA
concentration. Gene expression was calculated as the ratio between the slope
for the target gene to the slope for the endogenous internal standard gene with
each slope being obtained from the regression analysis of the linear region of
amplification.
Northern Blot Analysis. RNAwas extracted from HT-29 cells at different

stages of the growth curve as described above. Following denaturation with
glyoxal and DMSO, total RNA (12 gig)was separated on a 1.2% agarose gel
and transferred to a nylon membrane using standard procedures. Following
transfer, RNA was cross-linked using a UV Stratalinker. Prehybridization and
hybridization were carried out at 63Â°Cin 1% bovine serum albumin, 0.5 M
sodium phosphate (pH 7.2), 10 mM EDTA, and 7% sodium dodecyl sulfate.
The probe was full-length NQO1 cDNA obtained from the human non-small
cell lung carcinoma cell line, H460, by PCR and subsequent cloning in
pKK233â€”2 expression vector. The probe was labeled with [a-32P]dATP by
random priming. Following hybridization overnight, the blot was washed once
at 45Â°Cin 2X standard sodium citrate [sodium chloride (0.3 M)and sodium
citrate (0.3 M), pH 7.0], and 0.1% sodium dodecyl sulfate for 20 mm, and the
products were visualized by autoradiography. The human cDNA NQO1 probe
was removed from the blot, and the blot was rehybridized with an
[a-32PJdATP-labeled @3-actinprobe provided by Dr. S. Taylor (University of
Southern California, Los Angeles, CA).
Chemosensitivity Studies. MeDZQ was dissolved in DMSO at a stock

concentration of 5 mMand stored at â€”80Â°Cuntil required for chemosensitivity
assays. Cells were harvested frommonolayer cultures 4 days after T-25 culture
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Fig. 1. Growth characteristics of HT-29 cells cultured in T-25 flasks containing 10ml

of growth medium (A) and the change in NQOI enzyme activity as a function of the
passage of cells through the growth curve (B). Points (bars), means (Â±SD) for three
independent experiments.
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Fig. 3. Quantitation of NQOI gene expression in HT-29 cells (day 4 of the growth

curve). A range of cDNA dilutions was amplified by PCR, and radioactivity incorporated
into amplified products was determined by scintillation counting. Plots of cpm incorpo
rated versus initial eDNA concentration were constructed, and gene expression is pre
sented as the ratio of the slope for NQO1(2.195 X 10â€•)to the slope for @3-actin
(1.006 x 1O@).NQO1 expression as determined by this technique was 4.580 X 102.

The expression of NQO1 between cells at the surface of the spheroid
and at a depth of 50â€”60 p.m remains constant. Beyond 60 gim,
however, there is a marked increase in the expression of NQO1 which
peaks at approximately 100 @.tmand then decreases as distance toward
the necrotic core decreases (Fig. 8). As a positive control, preliminary
PCR studies using primersfor DNA polymerase-a demonstratethat
the expression of DNA polymerase-a is lower in internal cells (layer
9) than in cells on the surface of the spheroid (layer 1; Fig. 9).
Response of Monolayers and Spheroids to MeDZQ. The sensi

tivity of HT-29 cells exposed to MeDZQ as monolayers or spheroids
is presented in Fig. 10. Multicellular spheroids of 856 Â±62.7 gim in
diameter were significantly more responsive than monolayer cultures
with concentrations producing 50% inhibition of 124.6 Â±28.5 and
364 Â±38.2 flM, respectively.

Fig. 2. Preliminary PCR studies on cDNA samples derived from cells on days 2 (lanes
1.6) and days 6 (lanes 7-12) of the growth curve. Lanes 1â€”3and 7â€”9,amplification of
cDNA using NQO1 primers; lanes 4-6 and 10-12, amplification of cDNA using @-actin
primers. The concentrations of cDNA amplified using NOOl primers were i0@, i0@,
and i0@ (gil) log fold dilutions of stock cDNA. For @-actin,cDNA concentrations of
ion, io@,and106 logfolddilutionsofstockcDNAwereamplified.
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RESULTS

Influenceof the GrowthCurve on NQO1Activityand Gene
Expression. The growth curve for HT-29 cells is presented in Fig.
IA. After an initial lag phase of 24 h, cells enter exponential growth
and reach the plateau phase on days 4â€”5.The population-doubling
time in exponential growth is 15.5 h. The activity of NQO1 increases
significantly as the culture ages (Fig. 1B), with relatively low levels
on day 2 (265 Â±26.7 nmol/min/mg) and high levels on day 6
(635 Â±70.5nmol/min/mg).Thequalityof RNAextractedfromcells
at different stages of the growth curve was good with clearly distinct
28S and 18S rRNA bands visible in all cases. Preliminary PCR studies
(Fig. 2) show a significant increase in the expression of NQO1 relative
to @3-actinin plateau phase cells compared to cells in the early stages
of exponential growth. Amplification of a range of cDNA concentra
tions demonstrates that the amount of radioactivity incorporated into
amplified products is directly proportional to cDNA concentration
(Fig. 3). Detailed quantitation studies were performed on all cDNA
samples, and the results are presented in Fig. 4. The expression of
NQO1 as determined by semiquantitative PCR clearly shows in
creased mRNA levels as the culture enters the plateau phase (ratios of
PCR productsfor plateauand day 2 cultureswere 5.12 X 10_2 and
1.09 X 102, respectively). The magnitude of the change in NQO1
expression is larger than the change in enzyme activity (5-fold as
opposed to 2.5-fold, respectively). Similarly, Northern blot analysis
demonstrates that the NQO1 mRNA levels increase as cells progress
through the growth curve, reaching a peak on day 4, followed by a
slight decrease in mRNA levels on days 5 and 6 (Fig. 5). Three
species of mRNA were observed (1.2, 1.7, and 2.7 kilobases) which
is consistent with studies published by Jaiswal (15). The levels of the
1.2-kilobase NQO1 mRNA increase significantly as cells enter late
exponential and plateau phases of the growth curve.
Expression of NQO1 as a Function of Depth within a Multicel

lularSpheroid.A totalof 10â€”i1 layersof cellswerestrippedfrom
multicellular spheroids, and the change in diameter of spheroids for
each layer of cells removed is presented in Fig. 6. Preliminary PCR
studies on layers 1 and 9 (0 and 95 @minto the spheroid) clearly
demonstrate that the expression of NQO1 is elevated in layer 9
relative to layer 1 (Fig. 7). Detailed quantitative studies were per
formed on all cDNAs, and the relationship between NQO1 expression
and the position of cells within HT-29 spheroids is presented in Fig. 8.
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this cysteine residue is required for association of Fos-Jun het
erodimers to DNA, thus implying that AP-1 activity is mediated by a
redox mechanism.
The increase in NQO1 expression is not a generalized increase in

gene expression. Preliminary PCR studies demonstrate that the ex
pression of DNA polymerase-a decreases from the surface of the
spheroid toward the center ofthe spheroid. This is in direct contrast to
the results obtained with NQO1. The percentage of cells capable of
actively proliferating decreases as one moves to the center of the
spheroid (17), and thus, the data obtained with DNA polymerase-a
would be as expected for a message encoding an enzyme involved in
cell proliferation (27).
It is known that microenvironmental conditions within multicellular

spheroids are stressful in terms of reduced oxygen tension, low pH,
low nutrient status, increased catabolites, and reduced proliferation
(17). Similarconditionsare likely to occurin cells thatare in the
plateau stage of the growth curve, and it is, therefore, conceivable that
the changes in NQO1 expression observed in this study are mediated
by differences in the redox state of the cellular microenvironment.
Further evidence to support this hypothesis comes from recent studies
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Fig. 4. Changes in the expression ofNQOl as determined by semiquantitative RT-PCR
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Fig. 6. Isolation of cells from different depths within the multicellular spheroid by
sequential trypsinization. Points (bars), means (Â±SD).
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Fig. 7. Preliminary PCR studies on NOOl and @-actinexpression on cDNA isolated
from layers 1 (surface of the spheroid, lanes 1â€”6)and 9 (95 gim into the spheroid, lanes
7â€”12).Concentrations of cDNA (log fold dilutions of stock cDNA) amplified using
NOOl primers (lanes 1â€”3and 7â€”9)were io@, iO@, and i0' for layer 1 and 102,
io-3,andiO@forlayer9.ConcentrationsofcDNAamplifiedusing@-actinprimerswere
ioâ€”@,l0@, and 106 for layer1 and ICr3, iO@,and i0' for layer9.

DISCUSSION

The mechanisms responsible for the change in NQO1 activity and
gene expression in this study are not fully understood. The observa
tion that the human NQO1 promoter contains an AP-1 site within an
antioxidant responsive element may be of relevance (25). Increased
AP-1 activity is known to increase the level of transcription of many
genes (26), and NQO1 would not be expected to be different. Using
nuclear extracts from Hepa cells and antibodies against specific pro
teins of the AP-1 family, Ying and Jaiswal (25) found that the Jun-D
and c-Fos proteins bind to the antioxidant responsive element AP-1
site (25). These proteins can form homodimeric or heterodimeric
complexes through a leucine zipper structure that forms a DNA
binding domain which leads to increased transcription (26). Abate et
a!. (12) have demonstrated that the binding of Fos-Jun heterodimers to
DNA is mediated by the reduction-oxidation state of a single cysteine
residue in the DNA-binding domains ofthe two proteins. Reduction of

3769

Research. 
on August 28, 2018. © 1994 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


2

NQO1 EXPRESSION IN CELLS AND SPHEROIDS

which demonstrate that the expression of NOO1 in HT-29 cells can be
increased (3- to 11-fold) by acute hypoxic conditions (28). In this
study, however, it should be stressed that factors other than hypoxia
(i.e., low pH, low nutrientstatus,reducedproliferation)may leadto
elevated NQO1 mRNA levels in plateau phase cultures and within
spheroids. It is also conceivable that it is a combination of these
factors that precipitates the observed effect, and studies to address this
complex question are currently in progress.
The demonstration that the expression of NQO1 is elevated in cells

that are at confluence and inside multicellular spheroids has numerous
implications for the study of bioreductive metabolism. Compounds
that are specifically activated by NQO1 would be expected to be more
active against those cells that are traditionally considered to be ra
dioresistant and chemoresistant as a result of their hypoxic environ
ment. Indeed, the increased expression of NQO1 within spheroids
offers a good explanation for the fact that HT-29 multicellular sphe
roids are more responsive than monolayers to MeDZQ, a represent
ative antitumor quinone which we have previously shown to be an
excellent substrate for NQO1 (29â€”31).It is important to point out that

as a result of the low cell numbers involved we were unable to
measure NQO1 enzymatic activity within each spheroid layer. We
have previously observed, however, an excellent correlation between
NQO1 expression and NQO1 enzymatic activity (18). Our arguments
are thus based on the assumption that the increase in NQO1 expres
sion observed within the inner hypoxic layers of spheroids is paral
leled by an increase in NQO1 enzymatic activity.
Schlager et a!. (11) have also demonstrated that the sensitivity of

high-density growth-arrested BALB/c 3T3T cells (elevated levels of
NQO1) is greater than low-density cells (low levels of NQO1) to
diaziquone, another substrate for NQO1 (32). It is important to note
that internal hypoxic cells isolated from Chinese hamster V79 sphe
roids are more responsive to a variety of bioreductive drugs than their
well-oxygenated counterparts (33). Furthermore, Durand and Olive
(33) have observed that, in spheroids with large hypoxic fractions,
there was a rapid bioreduction of agents such as mitomycin
C, trans-5-amino-3-[(5-nitro-2-furyl)vinyl]-1,2,4 oxidiazole, and 3-
amino-1,2,4-benzotriazine 1,4-dioxide. Our data suggest that in
creased levels of NQO1 mRNA either in confluent cell cultures or
within the central regions of spheroids may be a reasonable explana
tion for the above findings. For instance, the increased sensitivity of
hypoxic cells to mitomycin C (34) may thus reflect the increased
NQO1 activity observed within the central regions of spheroids rather
than differences in the metabolism of mitomycin as a result of low
PÂ°2tension within hypoxic regions. This is consistent with our recent
findings that the metabolism of mitomycin C by purified human
NQO1 is similar whether performed under aerobic or anaerobic con
ditions (35).
While the data in this and other studies could be accounted for by

an increase in NQO1 expression and activity, it is important to stress
that the expression of other enzymes (e.g., cytochrome P-450 oxi
doreductase, xanthine dehydrogenase) may also vary as a function of
depth within spheroids and further studies are currently in progress to
characterize the expression of other enzymes in this model. In con
clusion, the results of this study demonstrate that the activity and
expression of NQO1 increase as environmental conditions become
more stressful in terms of plateau phase cultures and cells that reside
close to the necrotic center of multicellular spheroids. This increased
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Fig. 9. Preliminary PCR studies using primers for DNA polymerase-a (Sn 953,
5'-TCA AGA AGG TGA TAG CAG 1TF CFC-3'; Mn 1322, 5'-GCA TAG lit lTf
TCC ACI' GGC-3'. Primer sequences based on the eDNA sequence published by Wong
et a!. (36). Lanes 1â€”6and 7â€”12,layers 1 and 9 of multicellular spheroids, respectively.
Lanes 1-3 and 6-9, amplification using DNA polymerase-a primers at cDNA concen
trations of 10', 102, and i03. Lanes 4â€”6and 10â€”12,amplifications using @-actin
primersat eDNAconcentrationsof iO@,iO@,and 106.
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expression is proposed to account for the hypersensitivity of hypoxic
cells to bioreductive antitumor agents.
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ABSTRACT: Three dimensional multicell tumor spheroids (MCTS) provide an ex-
perimental model where the influence of microenvironmental conditions on protein
expression can be determined. Sequential trypsin digestion of HT29 colon carcinoma
MCTS enabled segregation into four populations comprising proliferating cells from
the surface (SL), an intermediate region (IR), nonproliferating hypoxic cells from the
perinecrotic region (PN), and a necrotic core (NC). Total protein was extracted from
each population and subjected to iTRAQ-based quantitative proteomics analysis. From
a total of 887 proteins identified, 209 were observed to be up-regulated and 114 were
down-regulated in the PN and NC regions relative to the SL. Among the up-regulated
proteins, components of glycolysis, TCA cycle, lipid metabolism, and steroid bio-
synthesis increased progressively toward the PN and NC regions. Western blotting,
immunohistochemistry, and enzyme assays confirmed that significant changes in the
expression of proteins involved in cellular metabolism occur in the nonproliferating
fraction of cells within the viable rim. The presence of full length, functional proteins within the NC was unexpected, and further
analysis demonstrated that this region contains cells that are undergoing autophagy. This study has identified possible targets that
may be suitable for therapeutic intervention, and further studies to validate these are required.
KEYWORDS: cancer, spheroids, proteomics, autophagy, necrosis, hypoxia, metabolic processes, lipid metabolism

■ INTRODUCTION
Within solid tumors, the aberrant vasculature that develops
during angiogenesis introduces a number of physiological factors
that affect cell biology.1 Gradients of oxygen tension (hypoxia),
nutrients, extracellular pH and catabolites are generated, all
of which vary as a function of distance from a supporting
blood vessel. One consequence of changes in these physiological
“microenvironmental” conditions is that cell proliferation rates
decrease with a substantial number of tumor cells adapting
biochemically to stressful and challenging conditions. Over time,
regions of necrosis develop at sites that are most distant from a
supporting blood vessel. This microenvironment causes
resistance to both chemotherapy and radiotherapy, and there
is a need to develop therapeutic strategies designed to target
these cells. The field of bioreductive pro-drugs that are enzy-
matically reduced to cytotoxic products under hypoxia
represents one such approach, but success in the clinic has
been stubbornly difficult to achieve.2 An alternative approach is
to study the effect the physiological microenvironment has on
tumor cell biology, with the aim of identifying biochemical
targets that could be used to drive target-orientated drug dis-
covery programmes. This approach has considerable merit as
extensive evidence demonstrating that hypoxia influences gene
and protein expression exists in the literature. The physiological

microenvironment of solid tumors is more complex than
hypoxia alone, and it is conceivable that the “cocktail” of phys-
iological conditions that exists drives the expression of other
biologically important processes. The aim of this study is to
characterize changes in the proteome of cells in an experimental
model, multicell tumor spheroids (MCTS), which incorporates
many of the features of tumor physiology, with the objective of
identifying new targets for therapeutic intervention.
MCTS are three-dimensional culture models that were origi-

nally described in the 1970s but remain a relevant experimental
model for addressing many aspects of cancer biology today.3−7

They are characterized by an outer viable rim that surrounds a
central necrotic core. Within the viable rim, gradients of oxygen
tension, nutrients, catabolites, cell proliferation and viability exist
with conditions becoming increasingly challenging as distance
from the surface of the spheroid increases. These conditions are
comparable to those seen within avascular tumor microregions,
intercapillary tumor regions and micrometastasis prior to vascularisa-
tion. They do not however represent the cellular heterogeneity
that exists in the solid tumor microenvironment although co-
culturing of tumor and other stromal cell is technically feasible.
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While the MCTS model has limitations, it does provide an
experimental model that is of intermediate complexity between
two-dimensional models and solid tumors in vivo. Studies on
the impact that tumor physiology has on the biochemistry of
tumor cells are possible, and several studies have investigated the
proteome of MCTS.8−14 However these previous endeavors
involved comparing the entire spheroid to monolayer or
primary tissue counterparts and as a consequence, detailed
changes that occur within defined regions of the physiological
microenvironment are obscured. Cells from different depths
within the viable rim of MCTS can be isolated by cell sorting
FACS techniques or sequential trypsinisation15−17 and in this
study, we describe the proteomic profiling of four defined
regions of the MCTS; the surface layer comprising proliferating
cells (SL), a perinecrotic region which includes quiescent
hypoxic cells (PN), an intermediate region (IR) which resides
between the SL and PN layers and finally, the necrotic core
(NC). Progressive changes in protein expression were
quantified, and on the basis of gene ontology information,
trends in altered molecular function and mechanism were
identified that represent the first stage of target identification in
drug discovery programs.

■ MATERIALS AND METHODS
Materials

All plastic consumables were obtained from Costar (Corning,
Amsterdam, The Netherlands). Reagents for iTRAQ labeling
were obtained from Applied Biosystems (Warrington, U.K.).
All other reagents were obtained from Sigma-Aldrich (Gillingham,
U.K.) unless specified otherwise.
Cells, Culture Conditions and Spheroid Cell Culture

The Human colon adenocarcinoma HT29 was obtained from
the European Collection of Cell Cultures and maintained as a
monolayer culture in Roswell Park Memorial Institute 1640
medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 IU/mL penicillin, 50 μg/mL streptomycin and
1 mM sodium pyruvate. Cells were maintained at 37 °C in a 5%
CO2 humidified atmosphere. Spheroid cell culture was carried
out using 250 mL spinner flasks as previously described.18 Every
second day the diameter of 20 spheroids was measured by light
microscopy using an eyepiece graticule (calibrated using a stage
micrometer at the same magnification).
Spheroid Fractionation

Once spheroids had reached a diameter of approximately
600 μm, cells were separated layer by layer using serial trypsin
treatment, adapted from a previously described method.18

Serial trypsin treatments 1−3 constituted the outer/surface cell
layers (SL) and treatments 4−12 were grouped to produce the
intermediate region (IR). Following the serial trypsin treat-
ments, the nonadherent cells located in the spheroid center
were separated from the residual spheroid shells by gentle
homogenization using a pestle and passive sedimentation. The
larger spheroid fragments were collected as the predominantly
hypoxic perinecrotic region (PN) and the single cell suspension
as the necrotic core (NC).
FACS Analysis

Spheroids were segregated as described above and cell mor-
phology analysis of the viable rim (SL, IR, PN) and NC was
performed on a FACSCalibur (Becton Dickinson, Oxford,
U.K.), using scatter plot analysis to assess cell size (FSC) and
granularity (SSC). Both fractions were then fixed for 30 min in

ethanol at −20 °C. Cells were washed in PBS and resuspended
in propidium iodide solution at 40 μg/mL in PBS supple-
mented with RNase A (50 μg/mL). Cells were incubated at
4 °C for at least 30 min in the dark. Cell cycle analysis was
performed on a FACSCalibur.

Protein Extraction and Preparation

Cells from each spheroid region were homogenized separately
in 150 μL of lysis solution (5 M urea, 2 M thiourea, 4% CHAPS
and 1% C7BzO) by sonication, 3 × 15 s at 50% intensity, on
ice, using a SH70A sonicator (Scientific Laboratory Supplies,
Nottingham, U.K.). To each sample, 10 volumes of chilled
acetone (−20 °C) was added and the proteins allowed to
precipitate overnight at −20 °C. Samples were centrifuged at
12000× g for 5 min, the supernatant discarded and the pellet
resuspended in 150 μL of 1 M triethyl ammonium bicarbon-
ate (TEAB) containing 2% sodium dodecyl sulfate (SDS).
Sonication for 20 s at 50% intensity was required to completely
resolubilise the precipitated protein. The protein concentration
of each sample was determined using the Bradford assay.19

Trypsin Digestion, iTRAQ Labeling and OffGel
Fractionation

An aliquot of each protein extract, equivalent to 100 μg of
protein, was reduced using 50 mM dithiothreitol (DTT) at
60 °C for 20 min. The aliquots were alkylated using 100 mM
IAA (iodoacetamide) at room temperature for 20 min in the
dark and digested using 5 μg (0.1 μg/μL) of modified sequenc-
ing grade trypsin (Roche, Burgess Hill, U.K.) by incubating at
37 °C for 18 h. Digested samples were lyophilized to dryness
and each resuspended in 10 μL of 1 M TEAB. iTRAQ labeling
was carried out using one iTRAQ reagent vial per 100 μg aliquot
of protein (Supplementary Figure 1, Supporting Information)
according to the manufacturer’s instructions using 114 for SL,
115 for IR, 116 for PN and 117 for NC. Following labeling all
aliquots were combined and desalted using Isolute C18 reverse
phase LC cartridge (Sorbent mass 100 mg, International Sorbent
Technology, Hengoed, U.K.), the bound peptides eluted with 80%
acetonitrile, 0.05% trifluoroacetic acid (TFA) and lyophilized.
iTRAQ labeled peptides were resuspended in OffGel peptide

sample buffer (containing pH 3−10 ampholytes) and focused
based on pI using an OffGel 3100 (Agilent Technologies,
Wokingham, U.K.) isoelectricfocusing system, using a pH 3−10
high resolution strip, 8000 V, 2000 mW and a current of 50 μA
for 50 kVh. Once focused, 24 fractions were collected and
desalted using Isolute C18 reverse phase cartridges and the
resulting eluates lyophilized.

Reverse Phase NanoHPLC

Desalted OffGel fractions were applied to a nanoscale reverse
phase HPLC using an LC Packings UltiMate 3000 capillary high-
performance liquid chromatography system (Dionex, Camberley,
U.K.). The sample was resuspended in 10% CH3CN and was
injected into the LC system via a sample loop (carrier solvent,
0.05% trifluoroacetic acid onto a C18, 300 μm × 5 mm, 5 μm,
100 Ǻ PepMap precolumn (LC Packings, Sunnyvale, CA).
Once on the precolumn the sample was washed for 3.5 min at a
flow rate of 300 nL/min, with the carrier solvent. The sample
was then transferred onto a C18, 75 μm × 15 cm, 3 μm, 100 Ǻ
PepMap column (LC Packings) which was equilibrated with
2% CH3CN with 0.05% TFA (mobile phase A). The mobile
phase was modified at 6 min postinjection to incorporate 10%
mobile phase B (80% CH3CN with 0.05% TFA), the contribu-
tion of which was then increased linearly to 40% until 81 min
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postinjection, followed by 100% mobile phase B from 81.1 to
86 min postinjection. The column was then re-equilibrated with
mobile phase A until the end of the run at 100 min post-
injection. Using these gradients a total of 384, 15 s (75 nL)
fractions were collected onto a MTP AnchorChip 800/384
target plate (Bruker Daltonics, Bremen, Germany) using a
Proteineer FC Fraction Collector (Bruker Daltonics, Bremen,
Germany). Each fraction was coeluted with 1.2 μL of saturated
α-cyano-4-hydroxy cinnamic acid (CHCA) matrix solution.
Peptide Calibration Standard II (Bruker Daltonics, Bremen,
Germany), comprising Angiotensin I, Angiotensin II, Substrate
P, Bombesin, ACTH clip 1−17, ACTH clip 18−39, Somatostatin
28, Bradykinin fragment 1−7 and Renin Substrate Tetradecapep-
tide porcine, covering the mass range 700−3200 Da, was applied
between every group of 4 fractions.
MALDI-MS

Mass spectrometric analysis was carried out using a MALDI-
TOF/TOF UltraFlex II instrument (Bruker Daltonics, Bremen,
Germany) with a 200 Hz smartbeam laser (>250 μJ/pulse)
in reflectron positive ion mode. Analysis was performed in
fully automated mode using WarpLC software (v1.2), which
encompassed data acquisition (FlexControl version 3.0) and
peak detection (FlexAnalysis version 3.0, using the Snap peak
detection algorithm), initially in MS mode screening LC frac-
tions between 700 and 4000 Da (400 laser shots per fraction
using 200 Hz acquisition speed in positive ion mode with 25 kV
acceleration voltage and low mass deflection set to 700 Da) to
generate a nonredundant list of peptides (minimum signal:-
noise ratio of 7, compounds within a window of 5 fractions
and 70 ppm were considered indistinguishable, and a mass
±70 ppm that occurred in >30% of the fractions was defined as
background). External calibration was carried out for each
surrounding 4 fractions during MS analysis. Each peptide was
then subject to MS/MS analysis using LIFT mode (FlexCon-
trol 3.0) to acquire 1500 laser shots per spectrum but without
use of a collision gas, based on laser induced decomposition
(metastable fragment ions). The LIFT device provided a second
ion source to accelerate fragment ions to 7 kV and post-
acceleration, after LIFT, to 19 kV. The fragment mass lists
(FlexAnalysis 3.0, using TopHat baseline subtraction, Savitzky-
Golay smoothing and Snap peak detection algorithms) from
each MS/MS spectrum were compiled into a batch file for
database searching.
Protein Identification

Proteins were identified using Mascot software version 2.2
(Matrix Science, U.K.) (32), which compared MS/MS-
generated data against the Swiss-Prot 2010 human protein
database containing 20473 sequences. The Mascot search
parameters included were Mudpit scoring, no fixed modifica-
tions, variable modification of carbamidomethylated cysteines,
methionine oxidation, iTRAQ 4-plex labeling on lysines and
tyrosine residues, and on peptide N-termini. Peptide mass
tolerance was set at 100 ppm (ppm) and MS/MS tolerance was
set at ±0.7 Da. Trypsin proteolysis (cleavage to the C-terminal
side of lysine and arginine except when proline is present) was
selected allowing for one missed proteolytic cleavage. A 95%
confidence threshold (p < 0.05) was used for searching the
MS/MS data, which corresponded to a Mascot score threshold
of ≥28. A decoy search (based on automatically generated ran-
dom sequences of the same length) was employed to determine
the false discovery rate at the identity threshold which was an
average of 5.01% (SD = 3.35%) for the 24 nanoHPLC MALDI

runs. Proteinscape software v2.1 (Bruker Daltonics, Bremen,
Germany) was used to compile all 24 LC−MALDI runs into
a single nonredundant protein list (comprising at least one
unique peptide with a Mascot score of ≥28) (Supplementary
Table 1A, Supporting Information). The data has been made
publically available on the PRIDE database (http://www.ebi.ac.
uk/pride/).
Data Analysis

The ProteinScape protein list was filtered manually to confirm
at least one unique peptide with a Mascot score of ≥28 was
present for isoforms of the same protein and all peptides not
ranked first were removed. Proteins identified by one unique
peptide of significant Mascot score, were only included if the
MS/MS was validated manually (Supplementary Table 1B,
Supporting Information). Only iTRAQ values from peptides
that uniquely identify each isoform were used for quantitation.
The final refined list comprised a nonredundant profile of
proteins from HT29 MCTS including associated quantitative
information (number of measurements, median ratio and CV%,
Supplementary Table 1C, Supporting Information) from
iTRAQ reporter ions (peak areas processed by FlexAnalysis
with a mass tolerance of 0.2 Da). To identify the proteins that
have significantly changed in expression between the sur-
face layer (SL) and inner regions (intermediate region, IR;
perinecrotic region, PN; necrotic core, NC) of the spheroid,
iTRAQ reporter ion ratios were determined for each protein
IR/SL = 115/114, PN/SL = 116/114 and NC/SL = 117/114.
The mean ratios were determined for each data set and then
each individual ratio divided by the mean to normalize the data
sets and enable comparisons that will identify protein levels that
have changed across the MCTS regions (compensating for ex-
perimental variation in preparation and measurement of the
protein extracts, trypsin digestion and iTRAQ labeling prior to
combining the samples). The standard deviation for each
normalized data set was IR/SL = 0.13, PN/SL = 0.20 and
NC/SL = 0.30. The proteins that were significantly up- and down-
regulated within each data set were identified as those whose
ratios were <0.77 and >1.3, respectively (±1 standard deviation
of the NC/SL data set). In addition, the data was indepen-
dently subjected to a hierarchical average-linkage cluster anal-
ysis and subdivided into 32 groups, using a Euclidian dissimilarity
measure. Based upon the mean values of the 115:114, 116:114
and 117:114 ratios in the identified groups, a general subjective
characterization of each group was made; for example: little
overall change, all ratios up, ratios progressively rising, ratio
constant then falling. The list of proteins was transferred to
ProteinCenter Version 3.5.2.1 (Proxeon, Odense, Denmark)
for Gene Ontology clustering.
Immunohistochemistry

Spheroids (600 ± 50 μm in diameter) were fixed using 10%
buffered formalin, paraffin wax embedded and sectioned at
5 μm. Individual sections were dewaxed, rehydrated and stained
with appropriate antibodies as described below. For the analysis
of cell proliferation, antibodies to Ki67 (a nuclear antigen that
promotes cell proliferation) and p27kip1 (inhibits Cdk4 and
arrests the cell cycle) were obtained from Santa Cruz Bio-
technology Inc. (Wembley, U.K.) and Dako (Ely, U.K.) respec-
tively. Both were monoclonal antibodies raised in mice against
human Ki67 and p27kip1 proteins. As indicators of hypoxia, anti-
bodies to GLUT-1 (a glucose transporting protein) and carbonic
anhydrase IX isoenzyme (CAIX, a transmembrane protein ex-
pressed in human tumors in a HIF-1 regulated response to hypoxia)
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were used. The antibodies used were antihuman GLUT-1 rabbit
polyclonal (Chemicon International, Chandlers Ford, U.K.)
and antihuman CAIX goat polyclonal (Santa Cruz). Other
primary antibodies used included; antihuman integrin α-1 rabbit
polyclonal (Abcam, Cambridge, U.K.); antihuman ECHS1
rabbit polyclonal, antihuman PDH E2 rabbit polyclonal
(Abcam); antihuman HAX-1 goat polyclonal (Abcam). Follow-
ing antigen retrieval in 100 mM citrate buffer (pH 6.0), sections
were incubated with primary antibodies overnight at 4 °C.
Sections were washed and incubated with appropriate bio-
tinylated antimouse secondary antibodies at a dilution of 1:200
in PBS. Positive staining was visualized using DAB reagent
(Vector, Peterborough, U.K.) and sections were counterstained
with hematoxylin. Images were captured using a QiCam attached
to a Leica DM RB light microscope using Qcapture software
(Spectra Services, Ontario, Canada). Immunohistochemistry
negative controls were prepared by omitting the primary
antibody.
Western Blot Analysis

Freshly prepared MCTS and protein extracts from SL, IR, PN
and NC populations prepared independently of those used
for proteomics analysis. For Western blotting, 50 μg protein
of each sample was separated by SDS-PAGE and transferred
by electroblotting to a polyvinylidene difluoride membrane
(GE Healthcare Life Sciences, Little Chalfont, U.K.). Following
blocking with 0.5% (w/v) BSA or milk, the membrane was
incubated with a primary antibody (antihuman NAD+-depend-
ent malate dehydrogenase rabbit polyclonal, antihuman CRAT
rabbit polyclonal, anti-HAX-1 goat polyclonal, antihuman
enolase 1 mouse monoclonal antihuman β-actin mouse mono-
clonal, all from Sigma-Aldrich) overnight at 4 °C in the pre-
sence of 5% (w/v) bovine serum albumin (BSA) with 0.05%
Brij 35 solution. The membrane was washed three times with
0.01 M PBS (0.05% Brij) for 15 min at room temperature
(RT) and then incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody (antirabbit, antigoat
or antimouse, 1:3000; Dako) for 1 h at RT. The membrane was
washed three times with 0.01 M PBS (0.05% Brij) for 15 min
at RT. Visualization of the proteins was carried out using a
Amersham ECL GST Western Blotting Detection Kit
chemiluminescence kit (GE Healthcare Life Sciences, Little
Chalfont, U.K.) with the image developed on Scientific imaging
film (Kodak, Hemel Hempstead, U.K.).
Analysis of Malate Dehydrogenase, Citrate Synthase and
Pyruvate Kinase Enzyme Activity in Multicell Spheroids

Freshly prepared cells were obtained from different regions
of HT-29 MCTS by sequential trypsinisation as described
previously. For analysis of malate dehydrogenase (MDH) and
pyruvate kinase (PK), cells were resuspended in lysis buffer
(25 mM Tris-HCl [pH 7.6], 1 mM EDTA, 5 mM DTT, 1 mM
PMSF) and lysed by sonication on ice. Following centrifugation
at 3000× g for one minute, glycerol to a final concentration of
10% (v/v) was added and samples were stored at −80 °C until
required for analysis. Extracts for the citrate synthase assay were
prepared the same way, except glycerol was omitted, and were
used immediately rather than stored frozen. The activity of
MDH was measured as follows; each assay contained 0.6 mM
oxaloacetate, 0.04 mM NADH and a 20 μL sample volume in a
final reaction volume of 1 mL phosphate buffer (100 mM, pH
7.5). The oxidation of NADH was measured at 340 nm using a
Multiskan Spectrum spectrophotometer (ThermoScientific,
Hemel Hempstead, U.K.) and the reaction time was 2 min.

Protein concentrations were determined using the Bradford
assay and specific enzyme assays were calculated using a molar
extinction coefficient for NADH of 6220 M−1 cm−1. PK activity
was measured by a continuous assay coupled to lactate de-
hydrogenase (LDH) and the oxidation of NADH was measured
at 340 nm. Each reaction contained 100 mM KCl, 5 mM
MgCl2, 0.6 mM ADP, 0.5 mM PEP, 180 μM NADH, 10 μM
FBP, 8 Units of LDH, 10 μL cell lysate in a final reaction
volume of 1 mL Tris HCl (50 mM, pH 7.5). The reaction was
started by the addition of PEP and oxidation of NADH was
monitored at 340 nm for 2 min. The specific enzyme activity
was calculated as described for MDH. The activity of citrate
synthase was determined by measuring the conversion of
acetyl-CoA and oxaloacetate to citrate and CoA-SH coupled to
the irreversible reaction where CoA-SH converts dithionitro-
benzoic acid (DTNB) to thionitrobenzoic acid (TNB), the
absorbance of which can be determined at 412 nm. Each
reaction contained 0.5 mM oxaloacetate, 0.3 mM acetyl CoA,
0.1 mM DNTB, 25 μL Triton-X-100, 100 μL cell lysates in a
final reaction volume of 1 mL Tris HCl buffer (0.1M, pH 8.0).
The production of TNB was determined at 412 nm over 2 min
using a Multiskan Spectrum spectrophotometer (ThermoScien-
tific). Specific enzyme activity was determined using a molar
extinction coefficient of 13.6 mM−1 cm−1 for TNB.
Detection of Autophagy

Aliquots containing cells in suspension derived from NC and
SL were pelleted onto a slide by cytospin centrifugation at 800g
for 5 min. The slides were fixed in methanol at −20 °C for
30 min and then air-dried at room temperature for a further
30 min before being processed for immunofluorescence. Slides
were blocked for 30 min using rabbit serum (10%) made up
in PBS. The coverslips were then incubated for 60 min at
room temperature with 50 μL of the primary antibody, rabbit
antihuman LC3 (Abgent, Cambridge, U.K.), at a final con-
centration of 50 μg/mL (1:20 dilution) in 1% of blocking
buffer. The coverslips were washed twice with PBS and incubated
with 50 μL of a fluorescein-conjugated antirabbit antibody, at a
final concentration of 20 μg/mL (1:50 dilution), for 60 min in
the dark at room temperature. The coverslips were then washed
twice in PBS and stained with Hoescht 33342 in PBS (1:100
dilution) for 2−3 min. Finally the coverslips were washed twice
in PBS, mounted on APES-coated slides using a drop of Vectashield
and analyzed using a Zeiss Axiovert 200 M confocal microscope
(Welwyn Garden City, U.K.).
Plating Efficiency of HT-29 Monolayer Cultures and the
Necrotic Core of HT-29 Multicell Spheroids

HT-29 MCTS were segregated as described previously and the
number of viable (trypan blue excluding) cells was counted
using a hemocytometer. A range of cell numbers (105−106
cells) were plated into 6 well culture dishes containing 3 mL
of RPMI1640 medium supplemented with 20% Foetal Calf
Serum, 1 mM sodium pyruvate and 2 mM L-glutamine. After
8 days incubation at 37 °C, colonies of greater than 50 cells
were counted and plating efficiency determined as the number
of colonies formed/number of cells plated expressed as a per-
centage. These results were compared with plating efficiencies
obtained from HT-29 monolayer cultures.

■ RESULTS
The aim of this study was to establish if the different regions of
an MCTS, which mimic many aspects of the in vivo tumor
physiological microenvironment, could be microdissected for
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subsequent analysis by quantitative proteomics and provide new
insights into protein expression changes associated with molec-
ular oncology and possible targets for therapeutic intervention.

MCTS Characterization and Fractionation

Analysis of Ki67 and p27kip1 expression in HT-29 spheroids
is presented in Figure 1A. Positive expression of Ki67 was
detected in the outermost region of the viable rim whereas cells
that reside close to the necrotic core were negatively stained
(Figure 1Ai). For p27kip1, positive staining was only seen in cells
that reside close to the necrotic core (Figure 1Aii). These
results demonstrate that cells in the SL of the spheroid are
proliferating whereas cells in the PN region are quiescent. No
positive staining for either Ki67 or p27kip1 was observed within
the NC. In order to establish the efficiency of sequential
trypsinisation to generate the region-specific cells pellets for
proteomics analysis, immunofluorescence and visual analysis of
MCTS cross sections was performed in parallel experiments.
GLUT-120 was used to highlight the hypoxic cells predom-
inantly in the perinecrotic region (PN) of intact spheroids
(Figure 1Aiii). The sequential removal of outer surface cell
layers is illustrated in Figure 1B, with the removal and collec-
tion of the surface layer (SL) region using 3 trypsin treatments
(Figure 1Bii). A further 13 trypsin treatments and homogenization

were used to ensure clear segregation of the PN from the inter-
mediate region (IR) (Figure 1Biii) and necrotic core (NC)
(Figure 1Biv) respectively. Positive CAIX staining pene-
trating the entire PN region of the HT29 MCTS highlighted
the presence of hypoxic cells in the expected population of cells
(Figure 1C). Cells isolated from the surface layer and the
necrotic core were analyzed by FACS and shown to be dis-
tinct populations, with characteristically larger cells in the
surface layer and smaller cells in the necrotic core (Figure 1D).
Therefore, the three main regions of the spheroid, surface
layer (SL), perinecrotic region (PN) and necrotic core (NC)
were clearly isolated, with an intermediate region (IR)
between SL and PN to ensure complete separation of these
populations.

Proteomic Analysis

For proteomic analysis, MCTS from two 250 mL spinner flasks
were used to generate the four separated regions. Protein
amounts for each extract were calculated to be 497 μg for SL,
1265 μg for IR, 999 μg for PN and 962 μg for NC. Equal
amounts (100 μg) of protein from each region were subjected
to trypsin digestion and iTRAQ labelling to enable comparison
of changes in the levels of individual proteins between the
regions.

Figure 1. Ki67 (Ai) and p27kip1 (Aii) expression in HT29 spheroids. Surface layer (SL), perinecrotic (PN and necrotic core (NC) regions are
indicated in Ai. Multicell spheroids with a mean diameter of 845 ± 102 μm were harvested and stained with antibodies to Ki67 and p27kip1. The
counterstain was hematoxylin. Brown stain represents positive protein expression. Scale bars in panel Ai and Aii represent 300 and 100 μm
respectively. HT29 spheroid stained with anti-GLUT-1, highlighting the hypoxic region (Aiii). Separation of the spheroid regions, HT29 spheroid
prior to any treatment (Bi), following 3 serial trypsin treatments to remove the SL (Bii), following 13 serial trypsin treatments, revealing the PN
(Biii) and following homogenization to separate the PN and NC (Biv). CAIX staining highlighting the hypoxic region of the spheroid (Ci), staining
of the spheroid following the removal of the SL and IR, confirming the isolation of the hypoxic portion of the spheroid (Cii). Positive CAIX staining
penetrating the entire hypoxic region of the HT29 spheroid (Ciii). FACS analysis demonstrating the cell size distribution of the viable rim (Di and
iv), necrotic core (Dii and v) and combined cell populations (Diii and vi).
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From a total of 24 LC−MALDI MS/MS analyses of the 24
OffGel fractions, 165923 mass signals were detected, 66099
MS/MS performed, resulting in the identification of 22488
peptides from 5618 proteins. As many proteins were identified
multiple times, a nonredundant list of 1026 proteins was
generated (Supplementary Table 1A, Supporting Information).
The list was further reduced to 887 proteins, each with at least
two peptides and two iTRAQ values, which were used to
determine changes in expression based on iTRAQ ratios
IR/SL = 115/114, PN/SL = 116/114 and NC/SL = 117/114.
From cluster analysis, the majority of proteins (>70%) showed
no significant change in iTRAQ reporter ion ratios across the
different regions relative to the surface layer. There was a
positive correlation between the number of proteins with
significantly increased expression levels and the distance from
the surface (Table 1, top). Hence, 24 proteins were increased in

the IR, 63 in the PN and 187 in the NC, compared to the SL.
The proteins were clustered into 15 response modes (Table 1,
bottom), 7 corresponding to different up-regulation modes (up
in all three regions compared to SL, up in IR only, up in PN
only, up in NC only, up in IR and PN, up in IR and NC and up
in PN and NC), 7 corresponding to different down-regulation
modes and 1 representing the 559 proteins which were not
changed across the spheroid regions (Supplementary Figure 2,
Supporting Information). The majority of proteins that changed
in expression levels exhibited a progressive increase or decrease
and no proteins displayed extreme changes from significantly up-
to down-regulation or visa versa across the four regions. For
example, 10 proteins increased across all three regions relative to
SL (Supplementary Figure 2A), 36 proteins increased in PN
and NC region relative to SL and IR regions (Supplementary
Figure 2B) and 135 proteins increased in NC relative to SL, IR
and PN regions (Supplementary Figure 2D).
The total refined protein list for HT29 MCTS (887 proteins)

was subjected to Gene Ontology (GO) analysis and grouped by
cellular component, biological process and molecular function.
The protein groups were then compared against the total human
proteome (Swiss-Prot, 20473 entries) to identify under- and over-
represented categories. Metabolic processes, ribosomal subunit
and RNA processing proteins were over-represented, which
was indicative of their relative abundance (and therefore their

detectability by proteomics analysis), as a proportion of the
total cell protein population. This also explains the over-
representation of proteins located in the cytoplasm and
mitochondria, and association with RNA binding and catalytic
activity molecular functions. Only receptors as a broadly de-
fined group were significantly under-represented, which reflected
their typically lower copy number in cells.
Across the three HT29 MCTS regions (IR, PN, NC), 209

different proteins were up-regulated and 114 were down-
regulated. The GO characteristics of these proteins were also
determined and compared to the total protein list, to establish if
specific groups were under- and over-represented (Supple-
mentary Figure 3, Supporting Information). Of particular note,
proteins localizing to the endoplasmic reticulum and mito-
chondria were over-represented in the total up-regulated group,
and endosomal proteins were more abundant specifically in the
necrotic core. Proteins associated with the biological processes
of cell death were also more significant in the up-regulated
necrotic core proteins supporting the expectation that a propor-
tion of the cells are in the course of dying or already dead.
However, proteins associated with cellular homeostasis were
also up-regulated in the necrotic core implying that a section of
the cells were attempting to address the loss of equilibrium
initiated by the severe extracellular environmental conditions at
the center of the spheroid. Most significantly, a number of enzymes
which participate in carbohydrate and lipid metabolic path-
ways were increased indicating that some cells are undergoing
changes requiring energy production. Of 12 enzymes engaged
in glycolysis, 8 were up-regulated in the perinecrotic region or
the necrotic core or both (Table 2, top), and none were down-
regulated. There was also evidence of an increase in TCA cycle
activity with up-regulation of mitochondrial NAD+ and NADP+

isocitrate dehydrogenase, malate dehydrogenase, citrate syn-
thase and cytoplasmic NADP+ isocitrate dehydrogenase.
Mitochondrial lipid metabolism enzymes such as enoyl-CoA-
hydratase (ECHS1), 3-ketoacyl-CoA thiolase and trifunctional
enzyme subunits alpha and beta and trans-2,3-enoyl-CoA re-
ductase, along with supporting enzymes such as NADH-
cytochrome b5 reductase and carnitine O-acetyltransferase
(CRAT), were significantly increased in the necrotic core.
Further, seven of the nine enzymes identified, that are responsible
for steroid biosynthesis were also increased in the PN and/or
the NC. Within the down-regulated proteins in the perinecrotic
region and the necrotic core, there was no evidence of over-
represented enzyme clusters that would indicate specific meta-
bolic pathways were suppressed. Of particular note among
proteins involved in protein-folding, specific groups of
chaperones, protein disulfide isomerases and 14−3−3 proteins
were up-regulated, whereas the majority of TCP-1 complex
subunits and peptidyl-prolyl cis−trans isomerase (PPI) iso-
forms exhibited no change (Table 2, bottom). Six of the up-
regulated proteins, 78 kDa glucose-regulated protein, endo-
plasmin, peptidyl-prolyl cis−trans isomerase B (the only PPI
isoform to show a significant change in expression), protein
disulfide-isomerase A4, protein disulfide-isomerase A6 and
150 kDa oxygen-regulated protein are members of the same
large chaperone multiprotein complex.
Verification of the proteomics findings was performed on

selected proteins that have a vital role in metabolic pathways,
glycolysis, TCA cycle and fatty acid metabolism, using
complementary analytical techniques at the cell, biochemical
and enzymological level. Integrins play a role in a number
of cellular processes which impact upon tumorigenesis.21

Table 1. Significantly Up- or Down-regulated Protein
Levelsa and Number of Proteins Clustered into 15 Different
Response Modesb

Significantly up- or down-regulated protein levels

IR/SL PN/SL NC/SL

115/114 116/114 117/114

up-regulated 24 63 187
down-regulated 23 51 101
Number of proteins clustered into 15 different response modes

response
IR+PN
+NC

PN
+NC

IR
+NC NC

IR
+PN PN IR total

up-regulated 10 36 5 135 2 15 6 209
down-regulated 12 27 7 55 3 9 1 114
no change 559

aDefined as ratios of <0.77 and >1.3, respectively, relative to the surface
layer, and corroborated by cluster analysis. bSeven up-regulated, 7 down-
regulated, and 1 group with no changes across the three spheroid
regions compared to the SL.
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Integrin α-1, which is normally associated with cell−cell
adhesion acting as a receptor for laminin and collagen, and
promoting cell attachment, was also further investigated
because it was observed to progressively increase in levels,

from the compact surface layer to the loosely associated
necrotic core cells. HAX-1 (HCLS1-associated protein X-1),
which promotes cell migration and cell survival (antiapoptopic),
was analyzed as an example of decreased expression across

Table 2. Proteomic Analysis of Enzymes from Glycolysis, TCA Cycle and Lipid Metabolism and Chaperone and Protein
Folding Proteinsa
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MCTS and was also in the group of proteins excluded
from the refined list due to identification based on a single
peptide and iTRAQ value (Supplementary Table 1, Supporting
Information).

In Situ Validation of Proteins using Immunohistochemistry
(IHC)

IHC studies exhibited good agreement with proteomics anal-
ysis. Positive staining for integrin α-1 was observed, increasing
in intensity from the MCTS surface to the perinecrotic region
and surrounding the surface of those cells located in the
necrotic core (Figure 2Aa, b). Enzymes enoyl coenzyme A
hydratase (ECHS1) and pyruvate dehydrogenase E2 (PDH E2)
are mitochondrial proteins important in lipid/β-oxidation
and glycolysis/TCA cycle metabolic pathways, respectively.
ECHS1 demonstrated positive staining primarily in the ne-
crotic region (NC) and in pockets of cell in the perinecrotic
region (PN) (Figure 2Ad, e), whereas PDH E2 was ob-
served almost exclusively in the necrotic core (NC) region
(Figure 2Ag, h). HCLS1-associated protein X-1 (HAX-1) was

selected as an example of a protein that was down-regulated
in proteomics analysis and IHC indicated that only the
MCTS peripheral layer (SL) exhibited significant staining
(Figure 2Aj, k).

Western Blot Analysis of Protein Levels Across the MCTS
Regions

The change in expression of five proteins, as measured by iTRAQ
quantification, was further confirmed by Western blotting. Three
up-regulated enzymes involved in metabolic pathwaysNAD+-
dependent malate dehydrogenase (MDH2, TCA cycle); carnitine
o-acetyltransferase, (CRAT, lipid metabolism); enolase 1 (ENO-1,
glycolysis)and one down-regulated protein (HAX-1) were
used (Figure 2B). MDH2 (36 kDa, theoretical mol. wt. 35.5
kDa) and ENO-1 (47 kDa, theoretical 47.1 kDa) were both
increased in the PN and NC compared to the SL, with the
former most abundant in the NC and the latter most abundant
in the PN region. CRAT (71 kDa, theoretical 70.9 kDa) was
only increased in the NC region and HAX-1 (32 kDa, theoretical
31.6 kDa) was present only in the SL indicating that it was

Table 2. continued

aShows iTRAQ ratios comparing levels in the perinecrotic region (PN) and necrotic core (NC) relative to the surface layer (SL). Significantly up- or
down-regulated enzymes (ratios of <1.30 and >0.77) are highlighted in green or red, respectively.
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down-regulated in the inner regions of MCTS. Truncated
forms of the cell surface protein, integrin α-1 (99 and 72−95
kDa, theoretical 130.8 kDa), increased in the PN and NC (data
not shown). The lower than expected molecular weight and
multiple bands for integrin α-1 were most likely due to partial
digestion of the extracellular regions of the protein during
spheroid segregation.

Enzyme Activity of Malate Dehydrogenase, Citrate
Synthase and Pyruvate Kinase

The activity of three enzymes that play a major role in glycol-
ysis and TCA cycle pathways were assayed. All three were
observed to increase in activity from the SL to the NC, with
NAD+-dependent malate dehydrogenase displaying a 5.7-fold
increase in PN relative to SL and 17.7-fold in NC relative to SL,
citrate synthase showing a 1.7-fold increase in PN relative to SL
and 2.7-fold in NC relative to SL, and pyruvate kinase exhibit-
ing a 1.3-fold increase in PN relative to SL and 10.0-fold in NC
relative to SL (Figure 2C).

Detection of Autophagic Cells in the MCTS Necrotic Core
Region

The presence of autophagic cells was explored using detection
of LC3 by immunofluorescence analysis in cells isolated from
the necrotic core region and the surface layer of HT29 MCTS.

LC3-positive puncta labeling was observed in the cytoplasm in
NC cells (Figure 3F) and was significantly greater than that
observed in the SL (Figure 3C). Moreover, the fluorescence
observed in the SL (Figure 3C) was not significantly different
from that observed in the negative control in which the primary
antibody was omitted (Figure 3B).
Plating Efficiency of HT-29 Monolayer Cultures and the
Necrotic Core of HT-29 Multicell Spheroids
The results demonstrated that a significant number of cells iso-
lated from the necrotic core were viable based upon their ability
to exclude trypan blue. Cells isolated from the necrotic core
were able to form colonies when cultured in vitro. The plating
efficiency of monolayer cultures was 49.0 ± 3.5%. The plating
efficiencies of cells isolated from the necrotic core were con-
siderably lower than monolayer cultures and it varied with
spheroid size. In spheroids with diameters greater than 915 μm,
plating efficiencies of between 1.1 and 3.6% were obtained
(Table 3), which illustrates that cells within this region can
be recovered and proliferate once nutrient and environmental
conditions improve.

■ DISCUSSION
In contrast to previous studies using MCTS, this study describes
global changes in protein expression in defined regions of the MCTS.

Figure 2. (A) Immunohistochemistry images of spheroid sections, using antibodies against integrin α-1 (a−c), enoyl coenzyme A hydratase 1 (anti-
ECHS1) (d−f), pyruvate dehydrogenase E2 (anti-PDH E2) (g−i) and HCLS1-associated protein X-1 (anti-HAX-1) (j−l). Images c, f, i and l are
negative controls for each antibody. The scale bar is 100 μm. (B) Western blot analysis of NAD+-dependent malate dehydrogenase (anti-MDH2),
carnitine o-acetyltransferase (anti-CRAT), enolase 1 (ENO1), HCLS1-associated protein X-1 (anti-HAX-1) and β-actin. (C) Specific activities of
NAD+-malate dehydrogenase (MDH), citrate synthase (CS) and pyruvate kinase (PK) in the oxic surface layer (SL), perinecrotic region (PN),
necrotic core (NC) of HT-29 multicell spheroids. Each value represents the mean ± standard deviation for three independent experiments.
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From a technical standpoint, segregation of MCTS into four
fractions was achieved via a combination of sequential
trypsinisation to liberate the SL and IR regions and gentle
homogenization to release the NC from the PN region. In com-
mon with all biochemical assays, the quality of the analytical
results obtained depends upon the quality of the separation and
the extent of contamination of one sample by another. The data
presented in Figure 1 provide a high degree of confidence that
separation of the four fractions was effective. Furthermore, up-
regulation of 135 proteins specifically associated with the NC,
but not in the other MCTS regions, strongly negates the possi-
bility of extensive contamination by hypoxic PN cells during
cell segregation.
The principle objective of this study was to use quantitative

proteomics to determine how protein expression was affected
across the different regions of the MCTS in response to changes
in the physiological microenvironment. A single iTRAQ experi-
ment was performed and the inherently large data content was
used to determine statistically significant changes. However, it
was important to demonstrate specific protein changes using
independent methods such as immunohistochemistry, Western
blotting and enzymes assays.
Of particular note was the increase in levels of enzymes in-

volved in key metabolic pathways (glycolysis, TCA cycle, fatty
acid metabolism and steroid biosynthesis) and specific groups
of chaperone proteins. One explanation for why cancer cells
switch to a glycolytic phenotype is to provide the essential
anabolic precursors for macromolecules required for cell divi-
sion.22 Several lines of evidence support this proposal including
the glutamine dependency of cancer cells. Enhanced glutamine
uptake is employed by cancer cells to replenish the TCA cycle

(anerpleurotic reactions) and drive the synthesis of key meta-
bolic precursors for cell proliferation. Within the viable rim
of MCTS, proliferating cells (Ki67 positive/p27kip1 negative)
are found in the SL whereas cells in the PN region are not
proliferating (Ki67 negative/p27kip1 positive; Figure 1A). While
enzymes such as lactate dehydrogenase and pyruvate de-
hydrogenase E1 and E2 subunits are expressed at similar levels
in the SL and PN regions, proteomic analysis indicated that
several glycolytic enzymes are significantly increased in the PN
region. Functional enzyme assays were conducted on cells
isolated from the SL and PN regions of MCTS and malate
dehydrogenase, pyruvate kinase and citrate synthase all exhib-
ited elevated specific enzyme activities in the PN region. The
biological significance of these results is not known, but these
results demonstrate that further changes in enzymes involved in
central metabolism occur within the PN layers of the MCTS.
As these cells are nonproliferating, these changes clearly cannot
be used by cells to promote proliferation. A more likely ex-
planation is that these changes represent cellular adaptations
to allow cells to survive under the stressful microenvironmental
conditions that exist within the PN region.
The mechanisms responsible for the changes in protein ex-

pression are not fully understood. Hypoxia is a characteristic
feature of the PN region (as indicated by positive expression of
GLUT-1 and CAIX) and the effects of hypoxia on gene and pro-
tein expression have been extensively studied.23,24 Proteomics
analysis of the PN region indicated an increase in many known
hypoxia-associated proteins. For example, of the 87 known HIF-1
targeted genes,25 13 were detected in the study, and 7 (alpha-
enolase, phosphoglycerate kinase 1, glyceraldehyde-3-phos-
phate dehydrogenase, glucose-6-phosphate isomerize, pyruvate
kinase M1/M2, CD73 and GLUT-1), along with 150 kDa oxygen-
regulated protein (hypoxia up-regulated 1 protein) were
increased in the PN region. The presence of full length protein
with biochemical functionality within the NC of MCTS was an
unexpected finding. Traditionally, the necrotic core of MCTS is
associated with lack of any biological activity and extensive
evidence of apoptosis has been reported in the literature.26−29

Ki67 and p27kip1 staining in the NC was negative. Ki67 is only
expressed in proliferating cells so the absence of staining is

Table 3. Plating Efficiency of HT-29 Monolayer Cultures
and the Necrotic Core of HT-29 Multicell Spheroids

spheroid diameter (μm) plating efficiency (%)

745 ± 26.2 12.9 ± 0.6
915 ± 42.1 1.1 ± 0.2
980 ± 51.0 3.6 ± 0.8
HT-29 monolayers 49.0 ± 3.5

Figure 3. LC3 immunofluorescence (FITC, green) and Hoechst imaging (blue) of HT29 spheroids. Surface layer (SL) and necrotic core (NC) cells
prepared in (A, D) the absence of 1° and the 2° antibodies; (B, E) the absence of the 1° antibody only; (C, F) the presence of both antibodies.
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consistent with lack of cell proliferation in the NC. p27kip1 is a
cdk inhibitor which regulates the progression of cells from G1
into S phase and also plays a role in the transition of G0 to G1
phases of the cell cycle. Viable cells within the NC would be in
G0 and therefore should express p27kip1; however, the absence of
staining in the NC is consistent with previous studies of tumor
necrosis.30 New roles for p27kip1 indicate independent functions
from that in the cell cycle, including maintenance of differentia-
tion when overexpressed,31 which may account for this anomaly.
Cells within the NC are poorly differentiated; hence, loss of
p27kip1 would be consistent with these observations.
The presence of proteins within the NC prompted studies

to determine whether some cells are viable but undergoing
autophagy induced by hypoxia, nutrient deprivation or other
physiological stimuli known to exist within the tumor micro-
environment. The results shown in Figure 3 demonstrate that a
proportion of cells within the NC are LC3II positive and are
undergoing macroautophagy.32 In addition, proteomic analysis
of the NC revealed a notable overexpression of various chaper-
ones (HSP90, 14-3-3 proteins, protein disulfide isomerases,
150 kDa oxygen-regulate protein, 78 kDa glucose-regulated
protein) raising the intriguing possibility that chaperone-
mediated autophagy33 may also be occurring within the NC.
This is further supported by the fact that isolation of cells from
the NC followed by culturing them for several days generated
colonies (Table 3). The plating efficiency was significantly re-
duced compared to monolayer cultures, but these results
support the fact that a certain number of cells within the NC
are viable and can regrow once environmental conditions become
favorable.
Proteomic analysis of the NC suggests that two cellular pro-

cesses are occurring. Gene ontology results indicated over-
representation of proteins associated with cell death in the up-
regulated necrotic core cluster (compared to the total popula-
tion of identified proteins). Against this background, the most
striking observation was the extensive evidence for increased
activity in carbohydrate and lipid metabolism, and steroid
biosynthesis. In contrast to the PN region, expression of key
enzymes involved in the Warburg effect such as lactate de-
hydrogenase and pyruvate dehydrogenase E1 and E2 subunits
were increased in the NC. Other enzymes such as cytochrome
oxidase 2 (COX2) which has a major role in switching on
glycolysis and the TCA cycle was also up-regulated in the NC
of HT-29 MCTS. This, together with the increase in other
glycolytic and TCA enzymes, would suggest that modulation of
central glucose associated metabolic pathways is occurring
within cells that reside in the NC of MCTS. Prominent was the
increased expression of enzymes involved in fatty acid
metabolism within the NC. Higher rates of de novo fatty acid
biosynthesis have been associated with tumorgenesis34 and
could facilitate the survival of the cells as their environmental
conditions become more unfavorable. Typically, increased de
novo fatty acid synthesis provides highly proliferative cancer
cells with lipids for membrane production. The synthesized
fatty acids can, however, be utilized by the cell to provide
energy which would be more appropriate for the NC cells, in
their nutrient deprived conditions. β-Oxidation is the main
pathway by which energy would be liberated from synthesized
fatty acids, and this process was up regulated in the MCTS
necrotic core (75% of enzymes involved were expressed at higher
levels). The activation of fatty acid oxidation has previously
been indicated as an important mechanism for the survival of
cancer cells when deprived of glucose.35 Furthermore, Singh et al.

demonstrated that nutrient starvation-induced autophagic cells
activated lipid metabolism converting triglycerides in lipid
droplets to fatty acids to meet the cellular energy demands.36

The biological significance of up-regulation of both carbohy-
drate metabolism and fatty acid metabolism in the NC of
HT-29 MCTS is not known.
Integrins are a superfamily of cell surface receptors for

stromal proteins comprising an alpha and beta subunit. Integrin
α-1 and integrin β-4 were identified by proteomics analysis,
with the former increased progressively within the PN and NC
of MCTS, but no variation in the latter relative to the SL. The
role of integrin α-1 in cancer biology has been described pre-
viously with markedly decreased tumor vascularisation in integrin
α-1 knockout mice,37 correlation of increased integrin α-1 ex-
pression with a decrease in survival with advanced melanoma
patients,38 and increased expression of α-1/β-1 integrin complex
was critical for cytotrophoblast invasion.39 The increased expres-
sion of integrin α-1 in the cells of the MCTS NC may be
associated with the means to promote tumorigenesis, via
increasing cell mobility and invasion, the biological aim of
which would be to escape from hostile physiological conditions.
HAX-1 (HCLS1-associated protein X-1), which promotes

cell migration and cell survival (antiapoptopic function) was
analyzed as an example of decreased expression across MCTS
and was also in the group of proteins excluded from the refined
list due to identification based on a single peptide (MH+ =
1125.6163, sequence GFFGFPGPR, Mascot score 48) and
set of iTRAQ values (Supplementary Table 1A, Supporting
Information). HAX-1 is a 32 kDa protein which can be
expressed as a number of splice variants, though the function of
each isoform remains unknown. By RT-PCR it was shown to have
a high abundance in skin, bone and brain cancer cell lines (Human
Protein Atlas, http://www.proteinatlas.org/ENSG00000143575)
and is increased in solid tumors from breast cancer patients.40

In MCTS, a combination of results (iTRAQ, immunohisto-
chemistry and Western blotting) indicated that HAX-1 was
detected in the surface layer but had essentially disappeared in
the PN and NC. These observations support published
evidence that the increased expression of HAX-1 is specifically
associated with actively proliferating tumor cells rather than
quiescent cells associated with the hypoxic PN and autophagic
cells in the NC.
Changes in the expression of enzymes involved in carbo-

hydrate metabolism were observed, the magnitude of which
increased as distance from the surface of the spheroid increased.
While the biological significance of these changes requires
further investigation, it suggests that the tumor microenviron-
ment introduces a further level of complexity into the Warburg
effect that is not necessarily required to promote cell prolifera-
tion. The presence of full length, functional proteins involved in
these metabolic processes, as well as in fatty acid metabolism
and steroid biosynthesis, within the NC of spheroids was un-
expected, and changes in global protein expression observed in
this region may be associated with cells that are undergoing
macro- or chaperone-mediated autophagy. These observations
suggest that the necrotic core of MCTS can provide potential
insights into an aspect of tumor biology that is novel. In con-
clusion, this study has demonstrated that proteomic analysis of
cells taken from different regions of MCTS is technically fea-
sible and provides an opportunity to understand the dynamics
of tumor biology within complex physiological microenviron-
ments. A further iteration of this approach would be to use
more advanced coculturing techniques where tumor cells are
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mixed with stromal cells in 3D models. The impact of both
physiological and cellular microenvironments on the proteome
represents a natural extension of these studies to more closely
reflect the complexity of tumor biology.
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Abstract. Tumour hypoxia confers poor prognosis in a wide
range of solid tumours, due to an increased malignancy,
increased likelihood of metastasis and treatment resistance.
Poorly oxygenated tumours are resistant to both radiation
therapy and chemotherapy. However, although the link
between radiation therapy and hypoxia is well established
in a range of clinical studies, evidence of its influence on
chemotherapy response is lacking. In this study, a panel of
human tumour-derived xenografts that have been characterised
previously for in vivo response to a large series of anti-cancer
agents, and have been found to show chemosensitivities that
correlate strongly with the parent tumour, were used to address
this issue. Immunohistochemistry was carried out on formalin-
fixed, paraffin-embedded sections of xenograft samples to
detect expression of the intrinsic hypoxia marker Glut-l and
adducts of the bioreductive hypoxia marker pimonidazole.
Glut-l scores correlated significantly with T/C values for
CCNU sensitivity (r=0.439, P=0.036, n=23) and showed a
borderline significant correlation with dacarbazine TIC
(r=0.405, P=0.076, n=20). However, there was no correlation
between both Glut-l and pimonidazole scores and T/C obtained
for the bioreductive drug mitomycin C. The use of human
tumour-derived xenografts offers a potentially useful way
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of using archival material to determine the influence of
hypoxia and other tumour-microenvironmental factors on
chemosensitivity without the direct use of human subjects.

Introduction

The tumour microenvironment is extremely hostile, being
deprived of oxygen, glucose and more acidic than normal
tissue. Many tumours contain regions of low oxygen tension
generally thought to arise as a consequence of poor and
disorganised blood supply, and rapid tumour cell proliferation
(1). It is well established both experimentally and clinically
that hypoxia leads to radiation resistance, and ultimately,
poor local control and disease-specific survival in patients
treated with radiation therapy. For example, measurements
of O, tension in tumours prior to radiation therapy revealed
hypoxia to be an independent prognostic indicator in head
and neck cancer (2), soft tissue sarcomas (3) and advanced
carcinoma of the cervix (4,5). Hypoxic tumours are also
more malignant and more likely to metastasise, which may
be due to the promotion of genomic instability associated
with carcinogenesis and malignant progression (6,7).

The influence of tumour hypoxia on the sensitivity of
tumours to many chemotherapeutic drugs may depend
upon several factors. Firstly, hypoxia may increase the Go
fraction, which will decrease sensitivity to phase-specific
drugs. Secondly, whereas hypoxia-induced radiation resistance
arises from the need for molecular oxygen to 'fix' radiation-
induced DNA damage (8) certain conventional anti-cancer
agents depend upon the presence of oxygen for activation.
Finally, the lack of structurally and functionally normal tumour
blood vessels may inhibit the delivery of chemotherapy (9).
However, so far, although the connection between hypoxia
and chemotherapy resistance is logical, there is a lack of
experimental or clinical evidence supporting this hypothesis.
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The Freiburg group have established a large panel ofhuman
tumour xenografts and around 250 of these human tumours at
early passage have been well characterised for growth and
shown typical features in terms of histology and differentiation
consistent with the original tumour taken from patients. A
subset of these tumours has also been characterised for their
response to conventionally used cancer chemotherapeutic
agents used either alone or in combination. When compared
with patient response, a significant correlation was observed,
with the xenografts giving a 967o prediction ofresistance and
a 90Vo prediction for tumour responsiveness. Drug sensitivity
expressed as T/C (ratio of volumes of treated tumour to
untreated tumour) for each drug have been characterised
and described previously (30). Therefore, the examination of
material from these xenografts allows important links to be
drawn between the properties of this archival material and
in vivo chemotherapy response, which can be in turn extra-
polated back to the chemotherapy response of the respective
human tumours. In this study, we have evaluated the extent of
tumour hypoxia using pimonidazole and Glut-1 immunohisto-
chemistry, in order to capture different hypoxic populations. In
doing so, we aim to establish the effect ofhypoxia on response
to these commonly used anti-cancer agents. In lieu of a large-
scale clinical study, which for the wide range of agents used
in this study would present multiple problems; the use of this
experimental model presents an attractive alternative.

Materials and methods

Tissue collection. Sixty tumours were selected from the
Freiburg panel of human tumour-derived xenografts that
were representative of the common human malignancies, and
included lung, breast and colon tumours. For this study,
tumours were previously characterised for chemosensitivity/
resistance to a range of anti-cancer agents, where T/C values
(ratio of treated tumour volume to untreated tumour volume),
where determined, and are shown in Table I. Xenografts
were generated from tumour pieces obtained from early
passage stock implanted subcutaneously into the flanks of
female nu/nu mice and allowed to grow to an approximate
volume of 200 mm3. The mice could then treated with the
chosen agents, and at an appropriate time after treatment, the
mice sacrificed, tumours excised and sliced into two pieces.
Of these, one piece was immediately frozen in liquid N2 to
enable analysis of bioreductive enzymes, and the other was
formalin-fixed for subsequent immunohistochemical analysis
of markers of hypoxia.

Measurement of tumour hypoxia. Tumour hypoxia was
assessed by immunohistochemical methods, which were used
to detect hypoxia markers in formalin-fixed, paraffin-embedded
xenograft material. These included the 2-nitroimadazole
bioreductive hypoxia marker, pimonidazole (31) and the
HIF- I -regulated 'intrinsic' marker of hypoxia Glut- 1 ( 17,25).

Pimonidazole binding. Pimonidazole HCl (Hypoxyprobe-l,
Natural Pharmacia Intemational Inc.) was administered to
mice at a single dose of 100 mg/kg followed by sacrifice and
excision of tumours 6 h later. Immunostaining for pimo-
nidazole adducts was carried out as described by Raleigh

To draw any conclusions relating to the level of tumour
hypoxia, it is necessary to use a reliable marker of hypoxia.
Although oxygen electrodes may be used to obtain direct
oxygen measurements, this is expensive, invasive and some
tumours are inaccessible. This problem may be partially
overcome by the use of the 2-nitroimidazole bioreductive
hypoxia marker pimonidazole, which, when administered
approximately 16 h prior to biopsy, is activated in hypoxic
areas of the tumour, forming intracellular adducts that may
be detected immunohistochemically (10,1 1). Pimonidazole is
used routinely in experimental approaches, and has been
evaluated as a clinical marker of hypoxia in advanced
carcinoma of the cervix and head and neck cancers (12,13).
However, because the drug must be administered pro-
spectively, if studies necessitate the use of archival material,
the administration of pimonidazole is notpossible.

To adapt and flourish in hypoxia, several classes of
hypoxia-inducible genes may be upregulated. This gene
expression is mediated via the transcription factor HIF-1
(hypoxia-inducible factor), although there may also be
interaction with the recently discovered HIF-2o and HIF-3o
(14,15). These genes include the hypoxia-regulated facilitative
glucose transporter Glut-1, which mediates a switch to
anaerobic glycolysis as the major energy source of the tumour
cell, and which may be partially or wholly responsible for
the increased glucose uptake observed in tumours. Glut-1 is
overexpressed in a wide range of tumours (16), and predicts
poor survival and poor metastasis-free survival after treatment
with surgery or chemoradiotherapy (17-24). Glut-l has been
clinically validated as an intrinsic marker of hypoxia in
advanced carcinoma of the cervix, and shows a significant
statistical correlation with hypoxia as defined by oxygen
electrodes (17) and pimonidazole binding (25). The major
advantage of intrinsic markers of hypoxia is that whereas
they are also detectable in biopsy material using immuno-
histochemical techniques; they require no invasive procedure
other than routine diagnostic biopsy, which is highly desirable
in a clinical setting. However, another advantage of intrinsic
markers that does not apply to the use of oxygen electrodes
or pimonidazole is that they may be used in archival material,
which has applications in retrospective translational studies
using clinical or xenograft material. A chemical marker such
as pimonidazole may be used to reinforce data provided by
intrinsic markers, but offers the advantage of being independent
from the genetic changes associated with malignancy. These
include the expression of the genes c-Myc or h-Ras, which
mediate HlF-l-regulated genes in normoxic conditions, and
may therefore confound any evaluation of tumour hypoxia
(26,21). However, it must be considered that different hypoxia
markers may reflect different populations of hypoxic cells,
ranging from the acutely to chronically hypoxic. For example,
whereas the extent of pimonidazole binding depends upon
pharmacokinetic parameters such as the rate of accumulation
in a tumour, and the enzymatic activation of bioreductive drugs
by NADPH: cytochrome Poro reductase (P450R) (28), the
hypoxia-induced upregulation of Glut- I protein synthesis only
occurs after activation and translocation of pre-existing glucose
transporters (29). Therefore, in our experience, although
pimonidazole and Glut-1 immunostaining may show similar
spatial patterns, the area and intensity of staining may vary.
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Table I. Spearmans rank correlations between T/C (ratio of volumes of treated to untreated tumour) and hypoxia marker scores;
correlations derived from mean and separate scores are shown.

Drug Pimonidazole
(mean score

of duplicates)

Pimonidazole
(duplicates as

separate values)

Glut-1
(mean score

of duplicates)

Glut-1
(duplicates as

separate values)

Adriamycin

Bleomycin

Mitomycin C

Mitoxantrone

Vincrististine

Vinblastine

Vindesine

Etoposide

CCNU

Cyclophosphamide

Dacarbazine

HECNU

Ifosfamide

Cisplatin

Fluorouracil

Methotrexate

r=0.166
P=0.371
n=3 I
r=0.000
P=1.000
n=10

r=-0.141
P=0.493
n=26

r=0.021
P=0.965
n=J

r=0.018
P=O.944
n=18

r=0.087
P=0.778
n=13

r=0.012
P=0.691
n=33

r=0.094
P=0.149
n=|4
r=0.069
P=0.161
n=22

r=-0.188
P=0.338
n=28

r=0.285
P=0.237
n=19

r=0.519
P=0.153
n=9

r=0.104
P=0.724
n=|4
e0.036
P=0.865
n=25

r=0.121
P=0.633
n=18

r=0.816
P=0.184
n=4

r=-0.65
P=0.587
n=72

r=-0.328
P=0.199
n=17

r=-0.080
P=0.531
n=64

r=-0.265
P=0.210
n=24

r=0.056
P=0.730
n=40

r=-0.290
P=0.159
n=25

r=0.065
P=0.577
n=77

r=-0.262
P=0.128
n=35

r=0.347
P=0.014
n=50

r=-0.1,25
P=0.304
n=70

r=0.277
P=0.079
n=41

r=0.448^
P=0.048
n=20

r=0.215
P=0.273
n=28

r=-0.014
P=0.915
n=63

r=0.002
P=O.992
n=38

r=0.200
P=o.493
n=|4

r=0.100
P=0.585
n=32

r=0.025
P=0.945
n=10

r=0.315
P=0.116
n=26

r=-0.039
P=0.934
n=7

r=0.436
P=0.071
n=18

r=O.228
P=0.454
n=13

r=0.157
P=0.384
n=33

r=0.314
P=0.275
n=|4
r0.439^
P=0.036
n=23

r=0.273
P=O.267
n=29

r=0.405
P=0.076
n=20

r=0.604
P=0.085
n=9

r=0.418
P=0.137
n=14

r=0.208
P=0.319
n=25

r=-0.121
P=0.634
n=l 8

r=-0.816
P{.184
n=4

r=-0.020
P=0.862
n=J5

r=-0.048
P=0.849
n=18

r=0.183
P=0.144
n=65

r=-0.220
P=0.292
n=25

r=0.218
P=0.165
n=42

r=-0.101
P=0.623
n=26

r=0.018
P=0.872
n=79

r=-0.158
P=0.351
n=37

t=O.414b
P=0.002
n=52

r=0.127
P=0.288
n=J2

r=0.615b
P<0.001
tr=44

F0.687b
P<0.001
n=22

r=0.436.
P=0.018
n=29

r=0.160
P=0.199
n=66

1=-0.148
P=0.368
n=39

r=-0.156
P=0.595
n=|4

aCorrelation is significant at the 0.05 level (two+ailed). bCorrelation is significant at the 0.01 level (two-tailed).
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Figure 1. Hypoxia marker staining in formalin-fixed, paraffin-embedded sections from xenograft material. (A) and (C) show Glut-1 expression and (B) and (D),
pimonidazole adduct binding is peri-necrotic, i.e. in areas likely to be hypoxic. Although there was considerable spatial co-localisation, the intensity of staining
often varied between the two markers. Magnification, x100.

et al (ll). Briefly, immunohistochemical staining was per-
formed, according to protocol, using an Envision kit (Dako)
containing an anti-mouse secondary antibody labelled polymer
conjugate. An additional antigen retrieval step was carried
out after blocking of endogenous peroxidases, where sections
were incubated in 0.05o/o pronase (Dako) in TBS (pH 7 .2) for
5 min at room temperature. The primary antibody step
consisted of incubation for 30 min, at room temperature, in
the presence of a l/100 dilution of mouse monoclonal anti-
body raised against intracellular pimonidazole protein adducts
(Natural Pharmacia International Inc.).

Glut-l protein expression. Immunostaining for Glut-l
expression was carried out as described previously (25),
according to protocol using Envision kits containing rabbit
secondary antibodies (Dako). Primary antibody step was
carried out for I h at 37"C with a 1/100 dilution of affinity
purified anti-rabbit Glut-l (Alpha Diagnostic International,
TX, USA). For each subsequent run, two batch controls were
used to rule out any inter-batch variation.

Scoring system. Semi-quantitative scoring was carried out as
previously, where the extent of staining was designated as 0,
no staining; 1, light staining; 2, moderate staining; and 3,
heavy staining. Areas of stroma, necrosis and normal tissue
were excluded. To exclude the effects of intra- and inter-
observer variation, a series of 30 sections stained with Glut-1

was scored on two occasions by the same observer, a minimum
of 6 weeks apart, and by two different observers.

Results

Xenografts derived from 38 human tumours were generated,
consisting of 5 melanomas, I hepatoma, which was of mixed
histology, 2 lung adenocarcinomas, 3 non-small cell lung, 3
epidermoid lung,2 pancreatic, 5 renal, 3 colon, T breast, I
CNS, 1 prostate, 1 bladder and 2 gastric tumours. For each
tumour designation, between 1 and 9 xenografts were
generated (mean2.59, median 1) so that analysis of hypoxia
marker staining could be carried out in duplicate to give
either a mean score or several scores derived from the same
tumour designation.

Hypoxia markers. Examples of typical patterxs of Glut-l and
pimonidazole staining are shown in Fig. 1. Glut-l staining
was membranous and typically expressed peri-necrotically,
whereas pimonidazole, although showing substantial co-
localisation with Glut-1, was cytoplasmic. The pattern of
staining was spatially similar, although the total area of
staining varied between the two markers. However, there were
significant correlations between Glut-1 and pimonidazole
scores, where either mean scores (r=0.416, P=0.012, n=36) or
separate scores from duplicate tumour designations (r=0.336,
P=0.002, n=79) were used (Fig. 2). To rule out inter-observer
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insignificant at the P=0.05 level (Table I). The use of scores
from all available samples increased the statistical significance
of the resulting correlations, although this was likely to be a
consequence of this method of analysis. Using mean scores,
there were no statistically significant correlations between
hypoxia markers and sensitivity to either adriamycin or mito-
mycin C, which are known to be bioreductively activated.
Interestingly, though, whereas negative correlations existed
between T/C values obtained for mitomycin C and pimo-
nidazole (r=-0.141, P{.493, n=26),the correlation with Glut-l
was positive (r=0.315, P=0.116, n=26) (Fig.3). Additionally,
Glut-1 score correlated significantly with T/C obtained for
CCNU (lomustine) (r=0.439, P=0.036, n=23), and showed
borderline statistical significance with T/C values obtained for
dacarbazine (r=0.405, P=0.076, n=20) and HECNU (F0.604,
P=0.085, n=9). However, there were no significant correlations
between response to these drugs and pimonidazole score,
unless scores from all available xenograft samples were used
(Fig. 2). Thus, the data suggested a putative link between
Glut-l and resistance to nitrosourea alkylating agents, which
may or may not be hypoxia-regulated.
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error, series of samples were scored for Glut-1 by two
independent observers (RA and AE) (r=0.882, P<0.001,
n-28). To rule out intra-observer error, RA scored a series
of samples stained for pimonidazole on two occasions
approximately 6 weeks apart (r=0.841, P<0.001 ,n=20).

Expression of hypoxia markers according to tumour type.
Pimonidazole staining was determined in 36/38 xenografts. Of
these, using mean scores, there was an absence of pimonidazole
binding (0) in 2 cases, whereas 4 (ll.1Vo) showed light staining
(l);21 (58.3Vo) were moderately stained (2) and 9 (25Vo)
were heavily stained (3) for pimonidazole adducts. Glut-1
expression was determined in 37138 xenografts. Of these, 4
(10.87o) showed no Glut-l staining, 12 (32.4Ea) light staining,
a further 12 (32 .4Eo) moderate levels of staining and 9 (24.3Vo)
cases stained heavily for Glut-l.

Correlations between hypoxia markers and T/C. Spearman's
rank correlations of Glut-1 and pimonidazole with drug
sensitivity using scores obtained from all samples and mean
scores derived from duplicate xenografts were, in most cases,

2
.00

GLUT1 Score

Figure 2. Correlation between pimonidazole/Glut-1 and the alkylating agents CCNU and dacarbezine (compiled using mean scores from several xenografts ofthe
same tumour designation).
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Figure 3. There was no signifiiant correlation between T/C obtained for mito-
mycin C and hypoxia markers, although there were non-significant trends
where pimonidazole score corresponded to chemosensitivity, whereas Glut-1
score corresponded to chemotherapy resistance, reflecting the possible
hypoxia-independent effects associated with Glut- 1 (correlations obtained
from mean scores).

Discussion

The individualization ofchemotherapy depends upon a reliable
and clinically feasible means of detecting the heterogeneity
that exists between tumours. In this study, we add to the
understanding of the extent to which chemotherapy response
in individual patients may be dependent upon inter-tumour
variation of oxygenation. This study had a number of potential
outcomes. Firstly, hypoxia or hypoxia-regulated genes would
confer resistance to certain drugs. Oxygen is needed for the
activation of bleomycin, and phase-specific drugs such as
methotrexate depend upon the presence of cycling cells,
therefore tumour hypoxia, indicated by high pimonidazole or
Glut- I scores would correlate with T/C values for these drugs
(9). Secondly, hypoxia, along with expression of reducing
enzymes such as DT-Diaphorase or P450R (32) might cause
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Figure 4. Correlation between Glut-l and pimonidazole scores is significant
(r=0.416, P=0.012, n=36 obtained from mean score values is shown here).

activation of bioreductive drugs, in this case mitomycin C.
Finally, Glut-l may confer resistance or sensitivity in a
mechanism that is independent of hypoxia. In this study, the
key findings are that Glut-l may correlate with resistance to
alkylating agents, particularly CCNU and dacarbazine. Glut-1
expression may mediate chemotherapy resistance via a range
of mechanisms dependent on an increased rate of glucose
uptake or the modified glucose metabolism taking place in
tumours. One such change involves alterations in the relative
rate of glycolysis and pentose phosphate pathway activation.
It has been shown recently that a higher flux of glucose-derived
carbon through the pentose phosphate pathway is prevalent in
tumour cells, and that this is necessary to achieve the increased
rate of DNA synthesis and therefore an increased proliferation
rate (33.1.

Glut-1 is known to be a glucose-regulated protein as well
as a hypoxia-regulated glucose transporter (34,35), and its
characterization has been paralleled to a large extent by
studies relating to glucose regulated stress proteins GRP78
and GRP94. The regulation of GRP78 and Glut-l in particular
have shown similarities in response to glucose deprivation
and exposure to calcium ionophores (36). GRP78 and GRP94
are expressed in response to hypoxia and glucose deprivation
(37) and their induction leads to resistance to doxorubicin
(38). GRP-inducing conditions also lead to resisrance to
the topoisomerase II inhibitor etoposide, most notably via
decreased expression of target enzyme (39), and partial
resistance to vincristine, actinomycin D and mitomycin C
(40,41). GRP78 expression correlates with multi-drug
resistance proteins such as lung resistance protein LRP56 in
lung tumours and is overexpressed in resistant lung tumour
cell lines (42).In this present study, there was no significant
correlation between Glut-1 expression and resistance to
etoposide or vincristine, although Glut-1, in contrast to pimo-
nidazole, showed a non-significant positive trend with T/C.
Therefore, Glut-1 may reflect chemotherapy resistance
independently of hypoxia via mechanisms common to both
Glut-l and GRP's.
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While the adverse effect of Glut-l on prognosis is widely
known, little work has been carried out to examine the link
between glucose transporter expression and chemoresistance.
One study carried out by Cantuaia et al (43) in a series of
patients with ovarian carcinoma, whilst showing Glut-1 to be
a predictor of poor survival, also revealed counter intuitively
that high Glut-l expression predicts complete clinical response.
However, any resistance mechanisms conferred by deregulated
glucose transport and metabolism may be heavily dependent
upon the type of agent used. In this present study, Glut-1
expression correlated with resistance to the nitrosourea
alkylating agents dacarbazine and, to a certain extent, CCNU.
However, expression of GRP78 is associated with hyper-
sensitivity to these alkylating agents and also cisplatin, an effect
which is believed to be due to impaired DNA cross-link repair
(44,45), and is exacerbated by deficient poly (ADP-ribose)
[p(ADPR)] metabolism (46). Recent work has also shown a
link between the expression of GRP58 and mitomycin C-
induced cross linking (47). Important to consider, though, is
that the functions of Glut-1 and GRP78 are different: whereas
Glut-1 leads directly to cellular glucose uptake and therefore
a local increase in glucose metabolism, GRP78 functions as a
molecular chaperone that is inactivated once the inducing
conditions are removed (37). Also, the extent and duration of
oxygen and glucose deprivation to induce GRP's and glucose
transporters may differ, and in turn, the response to GRP-
inducing stress by a tumour may be different to that observed
in vitro.

The preferential activation ofanti-cancer agents by hypoxia
was most likely to occur with mitomycin C. To overcome the
problems presented by the hypoxia-independent regulation of
an intrinsic hypoxia marker such as Glut- I , it was essential to
include a chemical marker of hypoxia in any assessment of
the influence ofhypoxia on the activation ofthis drug. In this
study, there was no significant negative correlation between
hypoxia marker staining and mitomycin C T/C i.e. hypoxia
was not likely to reflect chemosensitivity. However, any
activation by hypoxia would be dependent upon the level of
bioreductive enzymes, therefore low pimonidazole binding or
low expression of intrinsic markers of hypoxia may not have
been sufficient to indicate chemosensitivity unless combined
with considerable levels of bioreductive enzymes. Current
investigations within our laboratories aim to uncover the
combined effects of bioreductive enzymes and hypoxia on
mitomycin C sensitivity using these models.

We have shown previously that each hypoxia marker may
detect populations of cells within a tumour that have a
varying depth and duration of hypoxia. This is reflected by
the significant, but not strong, correlations between pimo-
nidazole, Glutl, and CAIX scores in a series of patients with
advanced carcinoma of the cervix (25). However, this study
was carried out using xenografts derived from a wide variety
of tumour types, and was therefore subject to the statistical
limitations of using a small and heterogeneous sample size.
Despite these limitations, the correlations between the hypoxia
markers used in this study persisted, strengthening the assertion
that intrinsic markers of hypoxia are a reliable means of
evaluating tumour hypoxia that will continue to be useful in
future investigations involving archival material from a range
of sources.
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Abstract The facilitative glucose transporter Glut-l is
overexpressed and confers poor prognosis in a wide range
of solid tumours. The peri-necrotic pattern of expression
often seen in human tumour samples is linked with its
transcriptional control in hypoxic conditions by hypoxia-
inducible factor HIF-l or through a reduced rate of oxida-
tive phosphorylation. Hypoxia-regulated genes offer
promise as novel therapeutic targets as a means of pre-
venting the proliferation and eventual metastatic spread of
tissue originating from residual chemically and radio
resistant hypoxic cells that have survived treatment.
Inhibiting the expression or functionality of GIut I may be a
way of specifically targeting hypoxic cells within the

tumour that depend upon a high rate of glucose uptake for
anaerobic glycolysis. We used at affay of formalin-flxed,
paraffin-embedded samples of the NCI-60 panel of cell
lines to carry out immunohistochemical detection of Glut-l
and to select possible candidate lead compounds by
COMPARE analysis with agents from the NCI diversity
screen, which may work via inhibition of Glut-l or
Glut-l-dependent processes. "Positive" COMPARE hits
were mostly conjugated Pseudomonas toxins binding the
epidermal growth factor receptor (EGFR). However, cor-
relations with standard anticancer agents were virtually all
negative, indicating a link between Glut-l and chemore-
sistance. MTT proliferation assays carried out using stable,
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GIut-l overexpressing cell lines generated from the bladder
EJ138, human fibrosarcoma HT 1080 and the hepatoma
wild type Hepa and HIF-lB-deflcient c4 tumour cell lines
revealed a cell line-dependent increase in chemoresistance
to dacarbazine, vincristine and the bioreductive agent EO9
in Glut-1 overexpressing EJl38 relative to WT and empty
vector controls. Metabolomic analysis 131P-MRS and
1U URS) carried out using cell lysates and xenografts
generated from Glut-l overexpressing Hepa and c4 cell
lines showed higher glucose levels in Glut-l overxpressing
c4 relative to parental tumour extracts occurred in the ab-
sence of an increase in lactate levels, which were in turn
significantly higher in the Glut-1 overexpressing Hepa xe-
nografts. This implies that GIut-1 over-expression without a
co-ordinate increase in HIF- 1-regulated glycolytic enzymes
increases glucose uptake but not the rate of glycolysis. Glut-
I overexpressing xenografts also showed higher levels of
phosphodiester (PDE), which relates to the metabolite
tumover of phospholipids and is involved in membrane
lipid degradation, indicating a mechanism by which Glut-1
may increase cell turnover.

Keywords Glurl .HIF-I .NCI60 .

COMPARE analysis . Metabolomics

Introduction

The interest in hypoxia-regulated genes as therapeutic tar-
gets in cancer stems from proliflc evidence that tumour
hypoxia leads to radio and chemoresistance, and that the
adaptations afforded by these genes that enable survival in
this hostile microenvironment lead to increased malignancy
and likelihood of metastatic spread [8, 9, 36]. Tumour hy-
poxia presents a therapeutic problem; however, the degree
of selectivity presented by such microenvironmental dif-
ferences has provided a number of avenues for exploitation,
such as the bioreductive hypoxia-selective cytotoxins. Such
agents include tirapazamine, a benzotriazine di-N-oxide
currently in phase III clinical trials in non small cell lung
and ovarian cancers, which shows particular promise if used
in conjunction with radiation therapy or platinum com-
pounds [19]. Another class of bioreductive drugs are the
indolequinones, such as E09, which are derivatives of
mitomycin C, and are activated by the tumour specific en-
zyme NQOl or hypoxia. 809 is currently in Phase I clinical
trial for the treatment of bladder cancer [39, 40]. The
facilitative glucose transporter Glut-l is an example of a
hypoxia-regulated gene that is overexpressed and confers
poor prognosis in a wide range of solid tumours U5, 371.
Glut-l expression responds to a variety of stimuli. Differ-
ences in constitutive Glut-l expression between tumours
and tumour cell lines are likely to be dependent upon factors
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such as the expression of transforming oncogenes,
e.g. H-Ras and c-myc 14, 321. However, the behaviour of
Glut-l in hypoxic conditions is triphasic, where in acute
hypoxia, pre-existing membrane bound protein is demasked
or activated, prior to translocation of Glut-l bound by
intracellular vesicles to the plasma membrane. In chroni-
cally hypoxic conditions, de novo synthesis occurs, where
Glut- I is dually controlled via the transcription factor HIF- 1

and reduced oxidative phosphorylation [54].
The correlation of Glut-l expression with direct oxygen

measurements by Eppendorf histography [1] and via biore-
ductive marker pimonidazole (Hypoxyprobe@) binding [2]
in advanced carcinoma of the cervix suggests that this pro-
tein may be used to evaluate the level and extent of hypoxia
and hence the suitability of individual patients for hypoxia-
dependent therapies such as radiation therapy, as well as for
inclusion into clinical trials for hypoxia-selective anticancer
agents. The increased uptake and metabolism of glucose in
tumours relative to non-malignant tissue was flrst described
by Warburg in 1930, and this effect is most easily explained
by the need to support rapidly proliferating tumour tissue,
and in hypoxic conditions, a switch to anaerobic glycolysis
[55]. These observations have been applied effectively in
diagnostic techniques such as FDG-PET U7,461, as well as
therapeutically, where glucose analogues such as 2-deoxy-
glucose and 5-thioglucose have been used as radiosensitizers
or cytotoxic agents which inhibit glucose metabolism [49].
More recent work has evaluated glucose conjugates, where
selective uptake of conventional cytotoxic drugs is achieved
by conjugation with a glucose moiety. This approach has
had a variable degree of success. The agent 2-GIuSNAP
[1], a glucose-conjugated nitric oxide donor, has shown
promise in ovarian carcinoma, whilst the mustard-glucose
conjugate gluphosphamide [7], was in phase II clinical trials
but showed little clinical advantage and has now been dis-
continued. The characterisation of Glut-l and other glucose
transporters, together with the rapidly increasing knowledge
of the transcriptional pathways involved in oxygen sensing
and control of hypoxia-regulated genes is providing the
oppoftunity to investigate the suitability of Glut-l as a
therapeutic target. Whereas previous approaches exploiting
glucose metabolism as a target using 2-DG and 5TG were
more toxic to hypoxic cells in vitro, this approach was
compromised by normal tissue toxicity in mice, presumably
due to non-speciflc inhibition of glycolysis [49]. The
importance of Glut-l in the development of tumours has
been explored in vitro and in vivo, where the overexpression
of Glut-1 antisense successfully inhibited the proliferation of
HL60 leukaemia cells and MKN45-derived xenografts
respectively 112, 351. We have also recently demonstrated
that Glut-l expression may confer resistance to alkylating
agents such as dacarbazine, an effect that may be hypoxia
independent [3]. Therefore, inhibition of expression or
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functionality of Glut-1, rather than inhibiting glucose
metabolism in its entirety may more speciflcally target those
cells within the tumour that depend upon a high rate of
glucose uptake for anaerobic glycolysis, such as those
existing in hypoxic conditions.

The National Cancer Institute Developmental Thera-
peutics Programme administers a repository of around
140,000 novel, structurally diverse compounds, and has
collated toxicity data for an inventory of more than 600,000
standard and novel agents. Toxicity data is derived using
sensitivities to the NCI panel of 60 tumour cell lines. The
NCI-60 panel ofcell lines is now available in the form of an
array of formalin-flxed, paraffin-embedded samples of cell
lines, enabling rapid and relatively inexpensive detection
and racking of molecular target expression by immunohis-
tochemistry and subsequent semi-quantitative grading. In
this study, we used this technique to select possible candi-
date lead compounds by COMPARE analysis using agents
from the NCI diversity screen that may work via inhibition
of Glut-1 or Glut-l-dependent processes.

Methods

Glut- 1 immunohistochemistry

Immunostaining for Glut-l expression was carried out as
described previously [2], according to protocol using
Envision kits containing rabbit secondary antibody
(DAKO). Primary antibody step for Glut-l involved incu-
bation for I hour at 37'C with a 10 pglml concentration of
affinity purifled anti-rabbit Glut-1 (Alpha Diagnostic
International, TX, USA).

Scoring

Glut-l expression was graded 0-5 according to intensity
and spread of staining (0 = no staining, 5 = most intense
and widespread Glut-l staining). Examples of cell lines
expressing different grades of Glut-l expression are shown
(Fie. l).

Fig. 1 Scoring was semi-
quantitative according to
staining distribution and
intensity. Examples of Glut- 1

staining intensity scores,
including BT549 = 0;
MCFT = 1, OVCAR = 2;
IGROV1 = 4; SNB19 = 5,
arrow show stained cells.
Magnification x400
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COMPARE analysis

A COMPARE analysis was caffied out as per Fitzimmons
et al. [18] to relate Glut-l expression in the NCI-60 cell
line panel to their sensitivity to standard and novel agents
in the NCI drug screen. Using ranked Glut-1 expression as
a seed, analysis was carried out as described by the
Developmental Therapeutics Programme see website
http://www.dtp. nci.nih. gov/docs/compare/compare.html.

Cell culture

Human fibrosarcoma cell lines (HT1080) were obtained
from the American Type Culture Collection (Rockville,
MD. USA), bladder tumor cell lines kindly donated by
Roger Phillips (Bradford, UK) and human hepatoma Hepa
wild type and HlF-l-deflcient (c4) cell lines were kindly
donated by Ian Stratford, Manchester, UK. Cells were
maintained at 37"C, 5% CO2 and 957o humidity in RPMI-
1640 medium (Sigma, UK), supplemented with foetal
bovine serum (107o v/v) (Invitrogen Ltd., UK).

Preparation of stable cell lines that over-express Glut-l
or Glut-1-GFP fusion protein

Stable cell lines that constitutively overexpress Glut-l
(designated GLAR) were generated as follows. A construct
consisting of GLUT-I cDNA (1,675 bp) (kindly donated
by Anthony Carruthers, MA, USA), cloned into the mul-
tiple cloning site of pEFIRES-puro plasmid expression
vector under the control of a human polypeptide chain
elongation factor la promoter, was kindly provided by Dr.
Kaye Williams (School of Pharmacy and Pharmaceutical
Sciences, University of Manchester, UK). Stable transfec-
tants containing either the Glut-l expression plasmid or
empty vector controls were generated using FuGene-6
transfection reagent (Roche Diagnostics Ltd.) according to
manufactures instructions, and stable clones selected by
culture in medium containing 4 p,glml puromycin. Glut-l
over-expression from each stable clone was evaluated
using immunohistochemistry. The clones showing the
highest level of Glut-l immunostaining plus an empty
vector control from each cell line were selected and
maintained for a further 4 weeks in medium without
selection. Puromycin was then re-introduced for 2 weeks to
confirm clone stability. To generate cell lines expressing
Glut-1-GFP fusion protein, a GLUT-1 cDNA was inserted
into the multiple cloning site of the pEGFP-N3-neo plas-
mid expression vector (BD Biosciences Clontech, UK) (a
gift from Anthony Camrthers, USA). Stable clones
expressing the fusion protein were generated from HT1080
cells as per Glut-l expressing cell lines, using 400 pglml
G418 (Invitrogen Ltd.) for selection.
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Preparation of cells for immunohistochemistry

Exponentially growing cells were harvested into 10 ml ice
cold PBS by followed by overnight flxation of pellets with
l0%o neutral buffered formalin at 4"C. The pellets were
carefully submerged tn lEo agatrose solution, and when set
excess agarose was removed before processing through to
wax blocks, from which (5 p.m) sections were cut and
transferred to polylysine coated slides.

Visualisation of expressed Glut-I/EGFP fusion protein

Cells were harvested with trypsin and fixed in neutral
buffered formalin (l}Vo (wlv)). The nuclei of the cells were
stained with fluorescent Hoechst 33342 (Sigma). The cells
were visualised using a BX51 fluorescence microscope
(Olympus Optical Co., Japan) at magniflcation 100x under
oil immersion. The Hoechst 33342 stained nuclei of the
cells appear blue at a maximum excitation of 340 nm and
emission of 488 nm. The EGFP/Glut-l fusion protein or
EGFP appear green at a maximum excitation of 488 nm
and emission of 576 nm. Images of the same field of cells
were captured separately, at the appropriate wavelengths
for Hoechst 33342 or EGFP, using a C47 42-95 digital CCD
camera (Hamamatsu Phototonics, Japan). These images
were merged together using Open LabrM scientiflc imaging
software (Improvision@, UK).

Western blotting

Over the years we and other groups have experienced many
problems with western analysis of Glut-I. Therefore we
provide a comprehensive description of the method that
worked best for our group, which is based on the immu-
nohistochemistry protocol we have used successfully on
many occasions. Cell lysates were prepared by resu-
spending pellets of freshly harvested (using a cell scraper)
exponentially growing cells in ice cold lysis buffer (10 mm
Tris-HCl (pH 8), 400 mm NaCl, 100 mM PMSF, 3 mm
MgCl2, 1Vo titon X-100 (v/v), 0.0l%o (vlv) protease
inhibitor cocktail) followed by 30 min incubation on ice to
assist lysis. The protein concentration of each sample was
determined using the BioRad DC assay. Samples were
subjected to deglycosylation using N-glycoidase-F (Sigma)
for 24 h at 37"C. After addition of an equal volume of 2x
gel loading buffer (500 mM Tris-HCl (pH 6.8), 4.4Vo (wl
v) SDS, 20Vo (vlv) glycerol, 2Vo (vlv) B-mercaptoethanol,
and 0.04Vo (w/v) bromophenol blue) to samples containing
20 pg protein, these were boiled for 5 min. Samples were
run on 97o SDS-polyacrylamide gels and subsequently
transferred to 0.45 pm PVDF membranes. Endogenous
peroxidase activity was blocked using buffer containing
H2O2 (3Vo for 5 min) and non-specific antibody binding
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was inhibited usrng 7Vo (v/v) casein solution (Vector Labs)
ovemight at 4"C. Membranes were then incubated with
21tglml affinity purified anti-rabbit Glut-1 antibody (Alpha
Diagnostic Intemational, USA) in TBS containing 0.05'Vo
(v/v) Tween-Z0 for 2 h at 37"C. The Envision Kit con-
taining rabbit secondary antibody and DAB liquid substrate
(DAKO, UK) was used for chromogenic detection of Glut-
1 according to the manufacturer's instructions. Dot blots
were generated from I pglltl protein contained in aliquots
of I pl PBS applied to 0.45pm PVDF membrane and al-
lowed to dry. Subsequent aliquots were cumulatively added
as necessary, followed by antibody steps as described
above.

Toxicity assays

Cells were seeded at a density of 5 x 104 cells/well in 24-
well tissue culture plates and exposed 24 h later to com-
plete medium (control) or increasing doses of drug in
complete medium for 24, 48 or 72 h, and MTT prolifera-
tion assays carried out as described by Mosmann [34].

Hepa-l tumour xenograft models

MF-1 nude mice were injected subcutaneously in the flank
with a suspension of Hepa-l cells (106) that had been
growing as a monolayer in cell culture as described by
Grifflths et al.2OO2 [21]. Tumour size was calculated by
measuring the length, width, and depth of each tumour
using callipers and by using the following formula:
lwd(nl6). A tumour size (approximate volume of 500 mm3)
was used for in vivo MRS experiments.

In vivo 3'P-MRS of Hepa-l tumour xenografts

Tumour-bearing mice were anaesthetized with an intra-
peritoneal injection of a Hypnovel-Hypnorm-water mixture
(l:l:2), positioned in the center of a 12 mm two-turn
1fV31P surface coil and then placed in the bore of a Varian
4.7 Tesla (T) nuclear magnetic resonance (NMR) spec-
trometer. Image-selected in vivo spectroscopy (ISIS)-
localized 3'P-MR spectra of the tumours were obtained at
37'C. Briefly, a gradient strength of up to 7.5 x lO4 Tlcm
was applied with adiabatic pulses of 500 ps, a 90o sincos
excitation pulse, and a2,000 ps sech 180 inversion pulse,
with a total repetition time of 3 s and 600 averages.

"P-MR spectra were quantifled using the VARiable
PROjection program (VARPRO) to determine precise
chemical shifts and peak integrals as previously described
[48]. The animals were sacrificed by cervical dislocation
and the tumours were removed, freeze-clamped and stored
at -80'C for in vitro 1H and 3'P-MRS analysis of tumour
extracts.

The surface coils used to obtain the 3IP-MRS signal
from subcutaneous tumours in vivo were of non-uniform
spatial sensitivity, so it is not possible to use an internal
standard. As a result, the signal intensities observed in the
in vivo 3'P-MR spectra were expressed as ratios of
metabolites.

1H and 31P MRS in vitro

The freeze-clamped tumours were extracted in 6Vo
perchloric acid, as previously described [20]. Neutralized
extracts were freeze-dried and reconstituted in I ml D2O,
and the extracts (0.5 ml) were placed in 5 mm NMR tubes.lH MR spectra were obtained using a Bruker 600 MHz
spectrometer (pulse angle 45"; repetition time, 3.5 s). The
water resonance was suppressed by gated irradiation
centred on the water frequercy. 25 pl 10 mm Sodium
3-trimethylsilyl-2,2,3,3 -tetradeuterpropionate (TSP) was
added to the samples for chemical shift calibration and
quantiflcation. The pH was re-adjusted to pH 7 prior to
'H MRS.

For 31P MRS, which was carried out after the 1H MRS
study, 50 pl 60 mM EDTA was added to each sample for
chelation of metals ions, and 25 pl l0 mm methylene di-
phosphonic acid was added to each sample for chemical
shift calibration and quantiflcation. The pH was re-adjusted
to pH 7 prior to 31P MRS.

Results

Immunohistochemistry and immunofluorescence
studies

Glut-l staining was frequently cytoplasmic, but in the cell
lines showing more intense staining (scores 4 and 5),
staining was membranous (Fig. l).The microarrays al-
lowed reproducible detection and scoring of Glut-l
expression that showed sufficient variation between the
NCI60 cell lines to allow ranking in order of staining
intensity (Fig. 2). Immunohistochemistry was also used to
evaluate the level of Glut-l expression, which was assigned
a (+) value representative of the variation in staining across
the range of parental and genetically manipulated cell lines
used. There was also a varying differential of staining
between normoxic and anoxia-exposed cell lines (Table l).
Glut-l over expressing cell lines showed increased Glut-l
expression relative to wild type, although the extent of
Glut-1 expression also varied amongst the wild type tumor
cell lines. Immunofluorescence studies using clones gen-
erated to overexpress a Glut-l-GFP fusion protein con-
flrmed the subcellular location of Glut-I, where it was
observed in the largest quantities on the plasma membrane,
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MT14BS Glut-1 protEin
Glut-1 glucose

PBO X
fansporter pr+lein

Table 1 Glut-l overexpressing clones, designated GLARI, were
generated from wild type cell lines Eansfected wirh the pEFIRES-
puro expression vector containing Glut-l oDNA or pEFIRES-puro
empty vector (controls) using FuGene-6 transfection reagent

Designation Derivation Glut-1 xpression3

Normoxia Anoxia

LEU CCBF-CET4
LEU HL-60iTE1
LEU K-582'
LEU UIOLT-4
LEU FFlrll -EZZGLEU SR
LNS AS{qI+\TEC
LHS EKUX
LNS HOP.EE
LHS HOP-88
LN$ NCI-H336
LNS NCI-H33
LNE NCI-H322H
LNS NCI-H480
LNS NCI-H522
troL coLo e05
COL HCC-2998
COL HtrT-UB
COL HET-15
COL HTUScoL EtilecoL sw-840
cNS SF-2BB
trNS SF-?95
ENE SF-S38
CNS $NE-19cNs SNE-?S
CNS UES1
MEL LO( II,IVI
lrlEL tiALME -3lnMEL hIT
LnEL sK-tnEL-2
l:lEL SK-HEL-28
lrlEL $K-MEL-S
MEL LIqCC.E5?
blEL ufitltr-62
odA lGEo1/1
OtlA Ot:tCAB-3
otlA ot/crtB-4
otIA ot/CriF-S
OIJIA ot/CAB-E
oll/A BK-Oi/-3
EEtl 7EB-0
EEN A48B
BEH ACHl,l
BEH C,tKl -'lEEH RXF 3f,3
BEN SN1EC
EEH TK.T
BEN UO-31
PRO PC-3
PFO 8U.145
BFIE tltrF?
BFE NCI/FDR.HES
EBE lrloA- lrl E -aITATCCBFE HS 57ET
BRE hlDA-ME-il3S
EFE ldOA-N
EFIE BT-548
EFE T-4?tr

lewl reh.lirc to mcu
-1.?40.28
-1.?4
-1.74
-0'?4
-0.740.28. ?.?a
-0.?4?.?8
-0' ?4
-0.?{1.U8

-1.74
-0.741.26
-0. t4

0.e8
3.?e

-1.74
1.eE

-0.740.28
?.zB
3.ZA

-'1.743.28
-0.7{
-1.74
-1.74
-0.74
-'1.74
-'t.?4
-0.74
-1. ?4

e. e8
0. eE

-1.74
1.UE

-1. ?4
?.?B
3.Ze
0.eE
1.tB
0.e8

HTl080 wT
HT1O8O GLAR1
HT1O8O EV2
HT29 WT
HT29 GLAR
HT29 EV
EJl38 WT
8J138 GLAR
EJ138 EV
Hepa-1 WT
Hepa GLAR
Hepa EV
C4 WT
C4 GLAR
C4 EV

Human fibrosarcoma + +++
+++++ +++++
+ +++

Human colon carcinoma +++

Human bladder
carcinoma

Mouse hepatoma +
+++
+

Mouse hepatoma
HIF16-deficient

+++++ +++++
+++ +++++
+++ ++++++
++++++ ND
+++ ND

+++++

+++
+++++
ND

+++ ++++

-? 0 I {
lerrel reldirre to rirearr

Fig. 2 Glutl expression in NCI60 cell lines was scored 0-5 to
enable ranking and correlation with toxicity data. The diagram above
shows Glut-l score relative to mean

but also in smaller quantities in the cytoplasm that may
have coincided either with intracellular vesicles allowing
storage of Glut-l or with Glut-l packaging taking place in
the golgi apparatus (Fig. 3). The level of Glut-l protein
was also confirmed with immunoblots (Fig. 4). The largest
differential of Glut-l expression was seen between the
HlF-lB-deficient mouse hepatoma Hepa-derived c4 cell
line and its GLAR clone, as in previous work [53].
Therefore, c4 and their parental Hepa cell lines alongside
their respective GLAR clones were used to investigate

fl Springer

2 EV = empty vector control 3Glut-l levels were measured semi-
quantitatively using immunohistochemistry in formalin-fi xed, paraf-
fin-embedded pellets and dot blots ND = not done. The level of Glut-
1 expression was scored using (+) values representative of the vari-
ation in staining across the range of parental and genetically manip-
ulated cel1 lines used. There was also a varying differential of staining
between normoxia and anoxia-exposed cell lines

-0.7t!o.za

-0.?4
-fr'.+i growth kinetics in vivo. The largest differential of Glut-1
-?:ll expression was between nonnoxic and anoxic bladder
I4q EJl38 wild type cell lines (+++ to ++++++). For this rea-

-o.74 son, studies of the effect of potential bioreductive agents
-'1.?tt-1.?4 were focused on this cell line and its respective GLAR

clone.

COMPARE analysis

The purpose of this analysis was to determine correlations
of Glut-l protein tatget data with the mean graph pattern of
drug response at the GI50 (50Vo growlh inhibition) level of
effect. This included correlations with the (a) standard
agents; (b) the BEC-selected agents; (c) molecular target
analysis. Statistical signiflcance of Pearson correlations
was judged in the context of 30,000 simultaneous com-
parisons (one for each agent in the database). For this
volume of comparisons, a 2-sided P value of 0.05 will lead
to on average 30,000i20 = 1,500 false positive conclusions
for the case where the target has a true correlation of 0 with
all of the agents. In other words, it was expected that all of
the top 100 corelates would look extremely significant by
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Fig. 3 HT1080 ce1ls were
stably transfected to express the
fusion protein Glut-1GFP,
showing that Glut-l was mostly
targeted to the membrane (b and
c) compared to cells transfected
to express GFP alone (a) Stable
transfectants were also
generated to constitutively
overexpress Glut- 1, panel shows
immunohistochemical staining
of formalin-fi xed, paraffi n-
embedded cell blocks prepared
from (d) wild type fibrosarcoma
HTl080: e increased expression
of Glut-l in HT1080-GLAR
transfectant

WT E"|I3E{}I"AA WT HTIMGI,AR

Fig. 4 Dot blot (left) and western blot (right) showing expression of
Gluf 1 in stable clones designated GLAR, which were generated to
constitutively overexpress Glut-l relative to wild type (WT)

chance alone. To protect against this, the Bonferroni
adjustment was used where only P values less than 0.05/
30,000 = 0.000002 (or less than 0.1/30,000 = 0.000003,
allowing an experiment-wise false positive rate of 0.1)
were treated as statistically signiflcant. This is equivalent to
multiplying low P values by 30,000 to assess their true
meaning. A positive correlation indicated that a greater
abundance of Glut-1 may be associated with sensitivity to
the drug, while a negative correlation was indicative of
higher levels of Glut-l conferring cellular resistance to a
given drug. Pearson correlation coefflcients and two tail P
values are shown to help in assigning possible signiflcance
to these data. A mechanism of action is assigned to some
compounds by a2 digit code as shown in Fig. 5.

Standard agents

The flrst 100 rank order correlations were provided, where
Pearson correlation coefficients represent the correlation
between Glut-l expression ranked across the NCI-60 cell

.tir# il
KX

illttFIJt{t_

line panel and the 5OVo growth inhibitory pattern of re-
sponse in the NCI-60 cell lines. Details of the drug com-
pounds found in the standard agent database, along with
chemical formuli and full details of chemical and biolog-
ical data are found at http://www.dtp.nci.nih.gov/docs/
cancer/searches/standard*agent_table.html. The standard
agent database is made up of 170 compounds catalogued
by NSC number (the numerical identifler assigned by the
NCI developmental therapeutics program), including clin-
ical drugs and agents that failed clinical trial and those in
clinical use where a mechanism of action has been defined.
Correlations were virtually all inverse, suggesting that
Glut-l was conferring chemoresistance (Fig. 5). Although
none of the correlations were statistically signiflcant at the
=0.000002 level, it was noteworthy that the alkylating
agents dacarbazine (DTIC) and lomustine (CCNU) were
ranked at 1lth (r = -0.254, P = 0.05) and 18th (r = 0.216,
P = 0.103) respectively. The only example of a putative
bioreductive agent was mitomycin C, which was ranked
96th and showed no correlation with Glut-l expression
(r = 0.07458, P = 0.51 ,194). Positive corelations were
few and all non-signiflcant, but included vincristine, which
was ranked at26th (r = 0.19816, P = 0.13594).

The BEC-selected database

The flrst 98 rank ordered correlates are shown against a
database of approximately 3,000 open compounds which
were selected for evaluation by the Biological Evaluation
Committee of Developmental Therapeutics Program. This
database has recently been added to the correlative analy-
ses as it contains an enriched group of active compounds
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Fig. 5 Pearson correlation coefficients were calculated to link Glut-l
expression in the NCI60 cell lines with toxicity to drug compounds in
the NCI standard agents database. Observed correlations (Obs) are
presented in descending order of statistical significance, i.e. according
to the numerical (positive or negative) correlation coefficient and P
value, along with the NSC number (the identifier used by the NCI and
the known or proposed mode of action (MOA). For example,
observation l1 was the 11th "srongest" numerical correlation, but
was negative, showing that DTIC (dacarbazine) toxicity across ths
NCI60 cell line panel correlated to low Glut-l expression in these cell
lines. Although this correlation was weak, and according to the
statistical standards as cited by the NCI, it was "sftonger" than that
of the related alkylating agent CCNU, which also correlated
nsgatively with Glut-l expression but was placed at position 18.

which helps overcome previous concerns that the overall
open database often selects compounds with activity lim-
ited to only a few cell lines. A data search for these
compounds may be carried out by NSC number at httpt/l
www.dtp.nci.nih.gov/dtpstandard/dwindex/index.jsp. All
the compounds in the BEC-database have been tested at
least twice, and occasional single tests reflect instances
where concentration range changes have been made as a
result of potency. Again, virtually all correlations were
negative. However, there was a short list of positive cor-
relates indicating that Glut-l expression reflected or con-
ferred chemosensitivity. These consisted mostly of
immunotoxins composed of Pseudomon4s exotoxin A
conjugated to cytokines, e.g. TP-38, which targets the
epidermal growth factor receptor (Fig. 6), and is currently
in phase I and II clinical trials for brain tumours [45].

Virtually all correlations were inverse, suggesting that high Glurl
expression induces poor chemoresponse to most agents. The
relatively high positions of the alkylating agents dacarbazine (DTIC)
and lomustine (CCNU) were redolent of the results of our previous
study involving human-tumor-derived xenografts [3]. Modes of action
are assigned a two letter code by the DTP as follows: alkylating
agents: 42, alkylating at N2 position of guanine; AC, alkyl
transferase -dependent crossJinkers; A7, alkylating at N7 position
of guanine; anti-DNA agents: DI, incorporated; nucleotide synthesis
inhibitors: RO, anti precursors other than folate; TU, tubulin-active
antimitotic agents. A list of drug compounds included in the NCI
standard agents database, together with their chemical structure and
ful1 details of biochemical and chemical data is found at http://
www.dtp. nci. nih. gov/doc s/c ancer/searches/standard,agent_table.html

Molecular target analysis

Molecular target analyses, where included, may indicate
possible relationships with other molecular targets in the
public domain, or targets where individual contributors
have agreed that both parties can be informed of a possible
association. Listed associations are those where P < 0.05
and (1) pairs of targets with at least one non-binary pattem
have been tested for correlation using both Spearman and
Pearson test statistics; (2) pairs of binary data targets have
been evaluated for associations using the Fishers exact test.
In both cases P-values were calculated from two-tailed r
distributions and adjusted using a Bonferroni correction for
multiple comparisons as described above (low P values
multiplied by the number of simultaneous comparisons, to
assess their true meaning). Correlations between Glut-l

Pearson P (2-tail)Obs NSC Corr. Coef15 676498 TP4EK-K6 0.458 3.4E-O425 671526 Toxin-.delta.53l MW=43000 0.443 5.6E-0440 623436 TGF alpha-PE4o 0.468 1.1E-0372 676495 TP38-001 0.406 1.7E-0375 676497 rP4EK 0.404 1.8E-03

Fig. 6 Positive COMPARE hits showed a numerically positive Pearson correlation coefficient. In the BEC database these were
conjugated immunotoxins consisting of Pseudomonas exotoxin A conjugated to antibodies to transforming growth factor (TGF)
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Table 2 Correlations between Glut-l expression and other molec-
ular targets in the NCI60 cell lines were mostly of low significance,
but consisted mainly of tyrosine kinase receptors, with the best cor-
relation being with the colony stimulating factor CSF-I receptor

Target Entity

0.52
0.52
0.47
0.46
0.4s
0.44

TYR kinase CSF1R
TYR kinase CSFIR
TYR kinase ROR2
TYR kinase ROR1
TYR kinase EphAT
TGF-alpha

RNA
RNA
RNA
RNA
RNA
RNA

expression and other molecular targets in the NCI60 cell
lines were mostly of low signiflcance, but consisted mainly
oftyrosine kinase receptors, with the best correlation being
with the colony stimulating factor CSF-1 receptor
(Table 2).

Glut-1 and chemoresistance to standard agents

MTT proliferation assays were carried out using Glut-l
overexpressing GLAR cell lines in an effort to confirm
the hypothesis generating data provided by the COM-
PARE analysis. Toxicity was calculated as the 7o

reduction in absorbance of treated cells compared to
control cells. Firstly, to support the COMPARE analysis
and previous work suggesting that Glut-l conferred
resistance to alkylating agents, toxicity to dacarbazine in
GLAR clones was determined relative to WT. The ef-
fects proved to be cell line dependent, where there was
little change in toxicity in Hepa-llc4 (Fig. 7a) or the
HT1080 (Fig. 7b) cell lines. However, when the EJ138
cell lines were treated, the EJ13S-GLAR cells were
noticeably more resistant (Fig. 7c). The effect of Glut-l
overexpression on this bladder carcinoma cell line was
not restricted to dacarbazine, as treatment with the
intercalating agent vincristine also revealed a similar
Glut-l-mediated chemoresistance (Fig. 8), an effect that
held after 72 h drug exposure. MTT assays were also
carried out using EJ138 empty vector controls, and their
sensitivity to dacarbazine was similar to that of wild type
cells (data not shown).

Positive COMPARE "Hits"

To more accurately determine if Glut-l conferred sensi-
tivity to the immunotoxins, TP-38 was kindly donated by
the Pastan laboratory (Laboratory of Molecular Biology,
Center for Cancer Research, National Cancer Institute,
National Institute of Health). Data from MTT assays car-
ried out using HT1080-GLAR versus WT (Fig. 9a) show
no observable difference in chemosensitivity. Early work

0 0.5 1 1.5 2 2.5 3
Dose (mM)

Fig.7 MTT proliferation assays were carried out to assess chemo-
sensitivity to dacarbazine (presented as percentage absorbance of
untreated controls), showing that overexpression of Glut-1 had little
effect on dacarbazine toxicity in the Hepa-l and HlF-lB-deficient c4
(a) or the human fibrosarcoma HT1080 cell lines after 48 h drug
exposures in normoxic conditions (b). However, Glut-1 overexpres-
sion apparently effected a decrease in dacarbazine toxicity (48 h
exposures) in the bladder carcinoma cel1 line EJ138 (c), showing that
Glut- 1 -mediated chemoresistance may be cell line-dependent
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Fig. 8 MTT assays revealed that EJ138-GLAR cells were less
sensitive to vincristine relative to wild type, after 48 and 12 h drug
exposures

0 Springer



Cancer Chemother Pharmacol

80.0

60.0

40.0

o
oo
o

6 80.0
c$ oo.o
o
e 40.0

.- 20.0

0.0

5 80.0

trI 60.0
o
e 40.0

s zo.o

a 100.0 --+ -.HT1080-GLAR
----r- HT1080

40 60 80
Dose (ug/ml)

6 100.0 <-HT1080
--f--HT1080-GLAB

c 100.0

_+HepaWT
-.r.HepaWT-GLAR

c4
C4-GLAB

0 0.1 0.2 0.3 0.4
Dose (ug/ml)

Fig. 9 HT1080-GLAR versus wild type was exposed to the EGF-
binding Pseudomonas toxin TP-38 for 72 h. Overexpression of Glut-1
caused no observable difference in sensitivity to TP-38 relative to
wild type ce1ls (a). To rule out the possibility that sensitivity to the
conjugated immunotoxins was due to the effgcts of the Pseudomonas
exotoxin alone, HT1080-GLAR (b) and HEPA-1/C4-GLAR (c) and
respective wild type cell lines were treated with unconjugated
Pseudomonas exotoxin A. Apart from a slight increase in sensitivity
in the Hepa-GLAR cell lines, overexpression of Glut-l appeared to
have no clear effect, despite very early reports that the mechanism of
exotoxin-mediated toxicity is through increased glucose uptake

showed that Pseudomor?ds exotoxin toxicity to mammalian
cells is modifled in the presence of 2-deoxyglucose, sug-
gesting that the toxicity of bacterial exotoxins is glucose-
dependent, possibly by a mechanism that relates to the
internalization of the toxin Deem et al. [6]. To rule out the
possibility that the COMPARE data may be due to the
effect of the Pseudomonas exotoxin rather than the TGFa
antibody conjugate, toxicity assay were carried out using
Pseudomonas exotoxin (Sigma) alone in HT1080-GLAR
(Fig. 9b) and Hepa-1/c4-GLAR (Fig. 9c) relative to wild
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type cells. Apart from a slight increase in sensitivity in the
Hepa-GLAR cell lines, overexpression of Glut-l appeared
to have no clear effect.

Influence of Glut-l on chemoresistance to bioreductive
agents

Glut-l has been used as a surrogate marker of hypoxia by
virtue of its regulation by HIF-I and its link with an in-
creased rate of anaerobic and aerobic glycolysis in malig-
nant tissue. Bioreductive agents may to differing degrees
be preferentially activated in hypoxic conditions, as long as
there are sufflcient tumor associated enzymes to catalyse
this reaction. One such bioreductive agent, EO9, is an in-
doloquinone anticancer drug (3-hydroxy-5-aziridinyl- 1 -2-
(1H-indole-4,7-dione)prop-B-eru-ol), which is related to
the bioreductive alkylating agent mitomycin C but is less
myelosuppressive [23]. Activation of this drug is in the
form of a 2-electron reduction catalysed by the tumour-
associated reductase NQO1. The influence of hypoxia on
the cytotoxicity of this drug is contentious, as in pre-clin-
ical studies, cell lines with high levels of DTD show little,
if any increase in sensitivity under hypoxic conditions,
whereas cell lines with low levels of DTD show a marked
increase in sensitivity [41]. Under aerobic conditions, cells
containing the highest levels of DTD tended to show the
greatest sensitivity to EO9 la\. By virtue of promising
preclinical data in bladder carcinoma cell lines, E09 is
currently in phase II trials for the treatment of transitional
cell bladder carcinomas [51]. It is possible that Glut-l
expression may correlate with EO9 cytotoxicity either
independently or as a reflection of its ability to predict
hypoxia. Therefore MTT assays were carried out to com-
pare sensitivity of Glur1 overexpressing bladder EJ138
cells to wild type in normoxic or anoxic conditions. There
appears to be a clear hypoxic differential in this cell line,
where both GLAR and wild type cells were more sensitive
to E09 in anoxic conditions. However, Glut-1 overex-
pression still appears to confer increased chemoresistance
in both normoxic and anoxic conditions (Fig. 10).

Growth characteristics of Glut- I overexpressing
xenografts

Immunohistochemistry carried out on xenograft material
showed that the relative level of Glut-l protein expressed
in tumours derived from genetically manipulated cell lines
was similar to that occurring in vitro (Fig. l1). Growth
characteristics of Hepa- 1 -derived tumor xenograft models
were similar to previously published data from Williams
et al. [53], where there was an initial growth delay in the
HlF-lB-deficient c4-derived xenografts compared with
growth of HEPA-I WT tumors. Generation of Glurl
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Fig, 10 To determine whether Glurl expression might influence
sensitivity to bioreductive agents, MTT assays were carried out after
exposure to 809. Overexpression of Glurl decreased sensitivity of
bladder EJl38 ce11s to 809 in normoxia and anoxia. There appears to
be a clear hypoxic differential in this cell line, where both GLAR and
wiid type cells were more sensitive to E09 in anoxic conditions.
However, these experiments suggest that Glut-1 overexpression still
appears to confer increased chemoresistance independently of
hypoxia

overexpressing Hepa-1 and c4-derived xenografts enabled
us to reintroduce Glut-1 back into HIF-l-deficient tumors
and so observe the influence of Glut-l on tumor growth
independently of other HlF-l-regulated genes. Accord-
ingly, there was a non-significant trend of faster growth in
the c4-GLAR relative to the parental c4-derived xeno-
grafts, to a growth rate approaching that of the Hepa-WT
xenografts. Here, final tumor volumes at day 23 were
499 t 5l mg for the c4 compared to 595 + 85 mg for the
c4-GlAR-derived xenografts. However, when it came to
xenografts showing a complete HIF-1 response, Hepa-
GlAR-derived xenografts seemed to have a slower rate of
growth than those of the wild type Hepa-l, reaching flnal
tumor volumes before sacrifice of 466 + 118 mg and
697 + mg respectively (Fig. l2).

Metabolomics of Hepa- 1-derived xenografts

Metabolomic proflling was caried out to confirm the
functionality of the GLAR clones with regard to the
downstream effects of increased glucose transport on tumor
metabolism, where data is shown in Table 3.

In vivo 31P-MRS

No differences were found comparing the Hepa-l WT
with Hepa-GLAR tumours. The phosphodiester (PDE)
peak was larger in the o4-GLAR tumours compared
with those generated from Hepa-GLAR cells. PDE/TP
and PDE/BNTP ratios were signiflcantly higher in the
c4-GLAR relative to Hepa-GLAR tumours, whereas
PME/PDE ratio was significantly lower in the c4-GLAR
tumours.

In vitro 1H-MRS

The c4-GLAR tumour extracts showed higher (P < 0.006)
glucose compared to c4-parental but no statistically sig-
niflcant difference in lactate. The c4-GLAR tumour ex-
tracts also had a statistically signiflcantly higher
(P < 0.005) phosphocholine (PC) content, which is in-
volved in membrane lipid synthesis. Comparing the Hepa-
GLAR with the c4-GLAR tumours, glucose levels were
higher in the c4-GLAR tumor extracts; although lactate
levels were higher in the Hepa-GLAR tumour extracts. As
reported previously [20], glycine, betaine and PC were
lower in the c4-parental relative to the Hepa-l WT-
derived tumor extracts. We also found that the c4-derived
tumours had lower glucose and lactate levels relative to
Hepa-1 WT

In vitro 31P-MRS

No difference was seen between the Hepa-GLAR and
Hepa-1 WT tumours, although PC was higher in c4-GLAR
compared with c4 parental tumours. This is in agreement
with the IH-MRS result. Lower PC levels were found in
tumours derived from Hepa-l WT parental relative to c4
cells, where these results are in agreement with previously
published data by Grifflths et al. [21].

Discussion

The interest in Glut-l as a therapeutic target stems from
both the proliferation of studies in human tumour samples
that show its adverse effect on prognosis, and from its role
as a hypoxia-regulated gene under the control of HIF-I.
The use of HIF-l-regulated genes as targets for novel anti-
cancer strategies still has momentum, but this is mostly
confined to the development of therapies targeted against
HIF-I via their action on upstream or downstream targets
in the HIF pathway. For example, the agent YC-l, via its
action on soluble guanyl cyclase, and the thioredoxin-l
(Trx-l) inhibitors PX-1 and PX-418 both reduce HIF-I
transactivation activity in vitro and in xenografts. In vivo
studies suggest that the timing, but not the extent, of HIF-l
activity during the development and growth of a tumor is
critical. A study carried out in HIF-1a null xenografts
showed that HIF-I, by virtue of its ability to confer an
adaptive response in the developing tumour, has a positive
effect on tumour growth [43]. Xenografts generated from
HIF-l-deficient mouse hepatoma cells, however, showed a
rate of growth similar to wild type tumours, although a lag
phase after implantation was observed 1291. The effect of
HIF-I activity upon growth of xenografts also appears to
have little relationship with the percentage of HIF-I
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Fig. 11 Glut-l
immunohistochemistry of
xenograft material. Glut-1
expression was maintained
when xenografts were generated
from GLAR clones, and was
homogeneously expressed in
both HIF-lB-deficient c4-
GLAR (b) and Hepa-GLAR (f)-
derived tumors. This was in
conffast to xenografts derived
from wild type Hepa cell lines,
where the classical peri-necrolic
pattem of staining was observed
(e), and negligible amounts of
Glut-l was detected in c4-
dereived xenografts (a). H and E
staining showed morphology
and architecture of the tumors
were not compromised. c c4;
d o4-GLAR; g Hepa WT;
h Hepa-GLAR. x 20

expressing cells, where cell mixing experiments have re-
vealed that a few cells with a complete HIF-I response is
adequate to sustain the growth of a whole tumor Hopfl
et al. 1241. This has important implications for the use of
HIF-I as a tar9et, as a complete eradication of HIF-I
expressing cells may need to be carried out to obtain a
chemoresponse. Nevertheless, the drive to develop HIF-l-
targeted therapies is often diverted to the inhibition of
angiogenesis, and is based upon blockade ofgrowth factors
such as vascular endothelial growth factor (VEGF), EGF

A Springer

and their respective tyrosine kinase type receptors VEGFR
and EGFR (reviewed by Harris t22l). A study involving the
generation of dominant negative HIF-I expressing xeno-
grafts suggests that the tumorigenic effects of HIF- I are via
an effect upon glucose metabolism [3], but does not
examine the effect of downregulated HlF-l-regulated
genes such as carbonic anhydrase IX [20] or monocarb-
oxylate transporter MCT4 [50], which may influence the
handling of lactate. The value of this present study is
therefore to help determine the merit of Glut-l as a
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Fig. 12 Growth characteristics of Hepa-l-derived tumor xenograft
models. The initial lag phase seen in HlF-lB-deficient xenografts
shown previously was maintained even in Glut-l overexpressing cell
lines. However, growth rate of c4-GLAR xenografts was increased
relative the c4 parental line, where Glut-l overexpression may be
compensating for the effects of an absent HIF-1 response

therapeutic target, not only as a major survival signal
downstream of HIF-I, but as a target separate and distinct
from the other HIF-l regulated genes.

The COMPARE analysis has provided strong evidence
that Glut-l is an indicator of chemoresistance, where the
role of Glut-1 was successfully validated in toxicity studies
using Glut-1 overexpressing cell lines. Disappointingly, the
COMPARE analysis and the subsequent toxicity assays
yielded no statistically significant data that could be used to
identify lead drug compounds. However, the positive cor-
relation between Glut-1 expression and the EGFR-binding
immunotoxins is interesting, and in the absence of data
confirming the Glut-l-dependent cytotoxicity, this corre-
lation may be a reflection of a biological association be-
tween Glut-l, EGFR and HIF-I, where both EGFR and
Glut-1 are targets of HIF-1, and EGF may stimulate Glut-l
expression 16,251.

It is arguably more difficult to design drugs that inhibit a
channel protein than it is for an enzyme or a membrane
bound receptor. The effort to design drugs targeting p-
glycoprotein, a transmembrane car:rier protein that shares
some of the structural characteristics of Glut-l, creates a
precedent, however, for example the results of phase I trials
of the p-glycoprotein inhibitor Ontogen were recently
published [4]. There has been signiflcant progress in the
theoretical and experimental characterisation of Glurl
crystal structure, which may prove useful as start points
for the rational design of Glut-l inhibiting agents. In par-
ticular, homology modelling studies carried out by the
Fischbarg laboratory have enabled construction of a three-
dimensional model of Glut-l [44] that exhibits the topo-
logical and biochemical features compiled in part through
extensive work carried out alongside the Carruthers and

Golde groups. Cumulatively, this work identifles possible
sites of inhibition for a putative Glut-l targeting agent.
Glut-l is a nucleotide-binding protein, presenting two
ATP-binding cassettes which are critical for the confor-
mation and therefore transporter affinity. When ATP is in
position within its domains, glucose is occluded within a
post-translocation vestibule formed by Glutl cytosolic
domains 129, 30). The mechanism is pH dependent, and
one can also speculate that this is the mechanism by which
reduced ATP levels and the consequent "opening" of
Glut-l to glucose leads to the demasking or activation of
Glut-l in acutely hypoxic conditions [5]. Thus, it is pos-
sible that a pharmacological strategy to effect Glut-l
blockade would be via the ATP-binding site- in fact it has
been shown that isoflavone ATP-binding tyrosine kinase
inhibitors such as genestein and quercetin are able to bind
and inhibit Glut-l by this mechanism [52]. In view of these
findings, we are currently investigating the role of Glut- 1 in
the action of the clinically used ATP-binding tyrosine
kinase imatinib and gefitinib in Glut-l overexpressing
xenografts.

The high level of Glut-l expression in the blood-brain
barrier helps maintain basal glucose levels in the brain,
which would be a major therapeutic problem to overcome
if Glut-1 were to be targeted. The effect of Glut-l blockade
may be predicted by considering patients with Glut-l-
deflciency syndrome, an autosomal dominant trait that
varies in severity with genotype and age. Two classes of
mutation have been described as the molecular basis for the
functional defect of glucose transport: hemizygosity of
GLUTI and nonsense mutations resulting in truncation of
the GLUT-I protein [47]. Glutl deflciency syndrome, or
De Vivo syndrome, is characterised by infantile seizures,
developmental delay, acquired microcephaly, spasticity,
ataxia, and hypoglycorrhachia. Clinical signs show lower
than normal levels of glucose and consequently lactate in
the cerebrospinal fluid, but glucose uptake by erythrocytes,
which also express large quantities of Glut-l, may or may
not be affected [28]. Interestingly, despite the obvious risk
of morbidity, the patients have responded well to a keto-
genic diet, where protein is used as an alternative energy
source to the brain [27]. Therefore, a major adverse effect
that may be associated with non-specific blood-brain bar-
rier Glut-l blockade arising from the targeting of tumour
Glut-1 is seizures at the time or following treatment, al-
though lessons leamt from the treatment of patients with
Glut-1 deflciency may offer a way of overcoming such
adverse effects if tumour response to such agents warrants
it. The development of Glut-1 inhibiting agents would also
need to include monitoring of cerebrospinal fluid glucose
and lactate levels as pre-clinical studies. Studies investi-
gating the use of glucose analogues or glucose conjugates
that are likely to be taken up into target cells through
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Table 3 Metabolomic analysis was carried out in vivo (31P MRS), where signal intensities were expressed as ratios of metabolites

Metabolites Hepa-GLAR c4-GLAR Hepa-l WT c4

31P MRS (in vivo)
NTP/TP
PDE/TP
PDE/BNTP
PME/PDE
lH MRS (tissue extracts)
Lactate
Alanine
Choline
PC
GPC
Betaine
Glycine
Glucose

3rP MRS (tissue extracts)
PC
GPE
GPC

0.62 t 0.03
0.05 t 0.01

0.26 t 0.01

3.75 t 0.59

8.62 r 1.50

2.84 t O32
0.31 t 0.09
1.56 t 0.35
0.61 t 0.19
0.50 + 0.14
1.79 + O.32

0.22 + 0.06

0.92 r.0.31
0.14 a 0.05
O.4'7 + O.17

0.54 + 0.01

0.11 + 0.01'
0.64 + 0.06'
7.65 + O.2l^

3.33 + 0.67"
1.00 + 0.09 u

O.24 ! 0.06
1.91 t 0.09
1.28 x.0.24
0.14 t 0.09
1.02 t 0.09
1.25 + 0.24 u

1.13 t 0.06
0.38 + 0.05
0.81 + 0.12"

0.56 l 0.03
0.06 r 0.02
0.36 t 0.11

4.58 ! 2,10

5.62 t 0.65
1.85 t 0.32 "

0.25 t 0.02
1.49 t 0.19
0.70 + 0.07
0.64 + 0.34
1.63 + 0.12
0.36 + 0.05

0.89 t 0.10
0.16 t 0.04
0.25 t 0.03

0.62 + 0.01 b

0.07 r 0.01

0.37 t 0.06
2.61 t 0.64

3.62 t 0.33 b

1.60 t 0.39 d

0.33 t 0.02 b

0.98 + 0.13b'd

1.49 t 0.16 b

0.18 t 0.04 b

1.13 t 0.15 b

0.21 + 0.05 b' d

0.48 + 0.04 b' "
0.35 + 0.05 b

0.73 + 0.06 b

Data is expressed as Mean + SEM. using a two-tailed , test for signiflcance. Statistical significance values are P < 0.05
' Significant difference comparing Hepa-GLAR with c4-GLAR
b Significant difference comparing c4-GLAR with c4 parental
Metabolites were measured in vitro by 1H MRS of the tissue extracts. Data is expressed as pmol/g wet weight. Mean + SEM. A two-tailed / test
with P < 0.05 for significance levels was used
u Significant difference comparing Hepa-GLAR with c4-GLAR
b Significant difference comparing Hepa-l WT with c4
' Significant difference comparing Hepa-GLAR with Hepa-l
d Signiflcant difference comparing c4-GLAR with c4-derived xenograft extracts
Metabolite levels were also measured in tissue /s by 31P MRS. Data expressed as pmol/g wet weight. Mean + SEM. A two-tailed / test with
P < 0.05 for significance levels was used

' Significant difference comparing Hepa-GLAR with o4-GLAR
b Significant difference comparing Hepa-l WT with c4
' Comparing c4-GLAR with c4-derived xenograft exftacts

Glut-I, offer compelling evidence that the differential of
Glut-l expression between the brain and tumors is large
enough to allow targeting of Glut-l. For instance, the PET
tracer FDG has recently been investigated in mouse models
of breast cancer as a radiomolecular therapy, and doses up
to 5 mCi proved to be non-radiotoxic to normal organs [33].

The metabolomic characterisation of the Glut-1 over-
expressing xenografts contributes to the understanding of
the role of HIF-I in tumours. It is clear from the growth
rate of c4-GlAR-derived xenografts that Glut-l is an
important part of the positive effect of HIF-1 on tumour
growth. However, the higher glucose levels in c4-GLAR
relative to c4-parental tumour extracts occurs without an
increase in lactate levels, which are significantly higher
in the HEPA-GLAR xenografts. This implies that
Glut-l over-expression without a co-ordinate increase in
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HIF-1-regulated glycolytic enzymes increases glucose
uptake but not the rate of glycolysis. Increased Glut-1
expression may have an effect on mechanisms of cellular
proliferation that are independent of HIF-I. To support
this hypothesis, further experiments are required to
examine if this apparent effect holds after recovery of the
complete HIF-I response. For this purpose, we are cur-
rently carrying out experiments using Hepa-derived cell
lines that have undergone an identical mutagenic response
to the c4 cells, but that have been allowed to revert back to
a state where they show normal HIF-IP expression [53].
To fully evaluate the interaction between Glut-l-associ-
ated chemorestance and the intact HIF-I response, there
are now in existence a range of cell lines showing absence
of either HIF-1a or p. For instance, xenografts generated
using the HIF-la-deficient Chinese hamster ovary cell line
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show similar growth kinetics relative to wild type as the
Hepa-c4-derived xenografts [53]. Cells that overexpress a
dominant negative version of HIF-1ry have also been used
to determine the influence of HIF-1 in malignant pro-
gression, hypoxia marker expression, glucose metabolism
and chemoresistance [10, 13, 261 and introduction of Glut-
I into these cell lines as a means of addressing the need
for intact HIF-I to induce Glut-l-mediated chemoresis-
tance may also be possible. A further strategy currently in
progress is to generate and evaluate chemoresistance in
tumour cell lines that have downregulated, via RNA
interference, Glut-1 expression. Interestingly, cardiomyo-
cytes undergoing such treatment showed reduced HIF-1a
expression [31]. Therefore, reintroduction ofHIF-1a into a
similarly treated Glut-l-downregulated tumour cell line
could also help to distinguish Glut-l and HlF-l-mediated
effects on proliferation and chemoresistance. In the pres-
ent work, Glut-l was not measured at the mRNA level.
Analysis of protein is arguably more straightforward and
less expensive than RNA-based techniques when using
formalin-fixed biopsy material to evaluate potential
markers of treatment sensitivity in a clinical setting.
However, analysis of Glut-l at the mRNA level in future
work may provide more data on the molecular signalling
pathways occurring, particularly in hypoxic conditions,
which determine the relative influence of Glut-1 and HIF-
I on chemoresponse. Another interesting outcome of the
study is the flnding that Glut-l overexpressing xenografts
have higher levels of PDE. This relates to the metabolite
tumover of phospholipids and is involved in membrane
lipid degradation, so reveals a mechanism by which Glut-1
may increase cell turnover. In generating Glut-l overex-
pressing cell lines and xenografts that have proven to be
metabolically functional, we now have a model with
which to test putative Glut-1 inhibitors. Applying this
model to the use of hypoxia-targeted therapy, although
there appeared to be endogenous Glut-l staining in the
parental c4-derived xenografts, it is unlikely that this was
related to hypoxic induction as it bore little resemblance to
the membranous, peri-necrotic pattern of Glut-l staining
typically observed in tumor hypoxia [1, 2, 15]. This
endogenous Glut-1 expression may be explained by fluc-
tuation of microenvironmental glucose levels, or through
signalling by oncogenes known to induce Glut-l expres-
sion [38]. Therefore, the existence of endogenous Glut-l
staining is unlikely to be of consequence in the use of
Glut-1 overexpressing xenografts. The study offers further
evidence that Glut-l confers chemoresistance in both
standard and bioreductive agents. For bioreductive agents,
meanwhile, the hypoxia may cause opposing effects on
chemoresponse, both inducing the expression of Glut-l,
and causing chemical activation of the prodrug. In view of
this, prospective studies, where Glut-l is used to select

patients to receive bioreductive agents or more aggressive
chemotherapy will be useful.
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Hypoxia-Selective Targeting by the Bioreductive Prodrug AQ4N
in Patients with SolidTumors: Results of a Phase I Study
Mark R. Albertella,1Paul M. Loadman,4 Philip H. Jones,2 RogerM. Phillips,4 Roy Rampling,5 Neil Burnet,3

Chris Alcock,6 Alan Anthoney,7 Egils Vjaters,8 Chris R. Dunk,1Peter A. Harris,1Alvin Wong,9

Alshad S. Lalani,9 and Chris J. Twelves7

Abstract Purpose: AQ4N is a novel bioreductive prodrug under clinical investigation. Preclinical evidence
shows that AQ4N penetrates deeply within tumors and undergoes selective activation to form
AQ4, apotent topoisomerase II inhibitor, inhypoxic regionsof solid tumors.Thisproof-of-principle,
phase I study evaluated the activation, hypoxic selectivity, and safety of AQ4N in patients with
advanced solid tumors.
Experimental Design:Thirty-two patients with cancer (8 glioblastoma, 9 bladder, 8 head and
neck, 6 breast, and1cervix) received a single 200 mg/m2 dose of AQ4N before elective surgery.
AQ4 and AQ4N levels in 95 tissues (tumor, healthy tissue) were assessed by liquid chromato-
graphy-tandem mass spectrometry. Tissue sections were also analyzed for AQ4 fluorescence
using confocal microscopy, and for expression of the hypoxia-regulated glucose transporter,
Glut-1.
Results:ActivatedAQ4was detected in all tumor sampleswithhighest levels present in glioblas-
toma (mean1.2 Ag/g) and head and neck (mean 0.65 Ag/g) tumors; 22 of 32 patients had tumor
AQ4 concentrationsz0.2 Ag/g, levels previously shown tobe active inpreclinical studies. In 24 of
30 tumor samples, AQ4 was detected at higher concentrations than in adjacent normal tissue
(tumor to normal ratio range1.1-63.6); distant skin samples contained very low concentrations of
AQ4 (mean 0.037 Ag/g).Microscopic evaluationof tumor sections revealed that AQ4 colocalized
within regions ofGlut-1+hypoxic cells.
Conclusions: AQ4N was activated selectively in hypoxic regions in human solid tumors.
Intratumoral concentrations of AQ4 exceeded those required for activity in animal models and
support the evaluation of AQ4N as a novel tumor-targeting agent in future clinical studies.

It is well recognized that the abnormal vasculature of most
solid tumors results in the poor delivery of oxygen and
nutrients to localized regions within tumors (1–4). These
regions of low oxygen concentration (hypoxia) are character-
istic of many solid tumors, in contrast to healthy tissue, which
is well vascularized. Hypoxia triggers changes in the transcrip-

tional regulation of a plethora of genes involved in cellular
metabolism, angiogenesis, and metastasis, further propagating
tumor growth and spread (1, 5–7).
Hypoxic tumor cells are resistant to radiotherapy as well as

cytotoxic agents (4, 8–11). Several mechanisms contribute to
this, including direct requirement of oxygen for ionizing
radiation damage, reduced penetration and delivery of chemo-
therapeutic agents, and the protective effects of hypoxia-
regulated genes. These factors, coupled with the increased
genetic instability observed in hypoxic cells, facilitate the
selection of resistant clones, tumor repopulation, and treatment
failure (12–14). Indeed, the expression of hypoxia-regulated
markers such as the glucose transporter-1 (Glut-1) has been
associated with poor prognosis and/or treatment failure in a
range of solid tumors (15–19). There is, therefore, a strong
rationale for the development of novel agents that specifically
target treatment-resistant and hypoxic regions of tumors with
minimal toxicity to normal tissues.
One such agent under clinical investigation is AQ4N

(banoxantrone; 1,4-bis {[2-(dimethylamino)ethyl]amino}-
5,8-dihydroxyanthracene-9, 10-dione bis-N-oxide), a novel
prodrug that was designed to be activated to a potent cytotoxin
in hypoxic tumor regions (20–23). It is postulated that the
combination of AQ4N with conventional therapeutic agents
may facilitate the targeting of both normoxic and hypoxic
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Kingdom; 8Paul Stradiņŝ University Hospital, Riga, Latvia; and 9Novacea, Inc.,
South San Francisco, California
Received 8/25/07; revised10/17/07; accepted10/21/07.
Grant support: KuDOSPharmaceuticals, Ltd., and Novacea, Inc.
The costs of publication of this article were defrayed in part by the payment of page
charges.This article must therefore be hereby marked advertisement in accordance
with18 U.S.C. Section1734 solely to indicate this fact.
Note: Supplementary data for this article are available at Clinical Cancer Research
Online (http://clincancerres.aacrjournals.org/).
Requests for reprints: Alshad S. Lalani, Novacea, Inc., 400 Oyster Point
Boulevard, Suite 200, South San Francisco, CA 94080. Phone: 650-228-1882;
Fax: 650-228-1087; E-mail: lalani@novacea.com.

F2008 American Association for Cancer Research.
doi:10.1158/1078-0432.CCR-07-4020

www.aacrjournals.orgClin Cancer Res 2008;14(4) February15, 2008 1096

Research. 
on August 28, 2014. © 2008 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/


regions of the tumor microenvironment. Indeed, AQ4N has
been shown to enhance the therapeutic response to radiation
(24, 25), cisplatin (25, 26), and other chemotherapies (25, 27,
28) in preclinical models.
AQ4N is relatively nontoxic until it is bioreduced in hypoxic

cells by a two-step enzymatic reduction to form AQ4M, a short-
lived mono-N-oxide intermediate, and then to the ditertiary
cationic amine, AQ4, which is a potent cytotoxin. AQ4, but not
AQ4N, intercalates DNA with high affinity and functions as a
potent inhibitor of topoisomerase II (29). Bioreduction of
AQ4N occurs strictly in the absence of oxygen and seems to be
catalyzed by a number of cytochrome P450 (CYP) enzymes
(30–32), which are commonly up-regulated in tumors
(33–35). The high-affinity DNA binding limits diffusion of
AQ4 outside of the tumor microenvironment, resulting in
minimal systemic toxicity. Moreover, early clinical trials have
shown that AQ4N is well-tolerated in patients without evidence
of any major systemic toxicities at doses up to 447 mg/m2 when
given in combination with radiation (36) or 768 mg/m2 given
weekly as a single agent (37). In this study, patients received a
single 200 mg/m2 dose of AQ4N as this represented a margin of
substantial safety before surgery.
This translational, proof-of-principle study was designed to

establish whether AQ4N was preferentially activated in tumors
rather than normal tissue, and whether the activated AQ4
metabolite selectively accumulated in hypoxic regions. A
spectrum of solid tumor and normal tissues were biopsied
following scheduled surgical resection and examined for levels
of the AQ4N prodrug and its activated form, AQ4, using mass
spectrometry. In addition, the tissue distribution of AQ4 in
relation to tumor hypoxia was assessed using confocal
microscopy and by immunohistochemical detection of the
Glut-1 hypoxia marker.

Materials andMethods

Patient selection. Patients with histologic or cytologic confirmation
of malignancy, who were candidates for elective surgery for tumor
removal or reduction, were eligible; for glioblastoma multiforme
(GBM) patients, a firm radiological diagnosis was accepted. Patients
were required to be z18 years of age; with adequate bone marrow, liver,
and kidney reserve; and to have provided written informed consent.
Patients were ineligible if they had received radiotherapy (except
limited field palliative treatment), endocrine therapy, immunotherapy,
or chemotherapy treatment; or if they had received major thoracic/
abdominal surgery within 4 weeks of study entry; patients were also
required to have recovered from reversible toxicities of any prior
therapy. Patients with evidence of peripheral or central cyanosis, any
history of serious or uncontrolled ischemic heart disease, peripheral
cerebrovascular disease, or nonspecific chest pain were all ineligible.
Pregnant or lactating women were not eligible.

Study design, dosage, and drug administration. Patient history,
physical examination, electrocardiogram, and routine clinical labora-
tory studies were conducted within 14 days of drug administration.
Each patient received a single 200 mg/m2 dose of AQ4N by i.v. infusion
over f30 min. No other cytotoxic medication was administered.

AQ4N was provided in vials containing 150 mg AQ4N as the free
base. Each vial was reconstituted with sterile water to achieve a
concentration of 25 mg/mL. The reconstituted solution was mixed
aseptically with 250 mL 0.9% NaCl solution and infused through an in-
line filter.

Tumor biopsy sampling and procedure. Approximately 12 to 36 h
following AQ4N administration, multiple samples of tumor and

normal tissue (if available) were surgically resected from each patient.
Tissue specimens were washed thrice in ice-cold 0.9% NaCl solution,
blotted, and frozen in liquid N2 and stored at -80jC pending analysis.
The mean time of delay from resection of tissues to freezing was
f2 min. Samples were divided and analyzed for drug levels by mass
spectral analysis and for hypoxia using immunohistochemical staining
as described below.

Pharmacokinetic sampling and assays. Blood samples were collected
immediately before the end of AQ4N infusion and just before the
surgical resection. AQ4N, AQ4M, and AQ4 were extracted from plasma
using MCX solid phase extraction well plates (Waters Corporation) and
separated by reverse-phase high-performance liquid chromatography
using an Astec polymer C18 column as previously described (38, 39).
Each compound was detected using a tandem quadruple mass
spectrometer. The linear range for the assay was 10 to 2,000 ng/mL
for AQ4N and AQ4M and 2 to 400 ng/mL for AQ4. The assay precision
ranged from 6.0% to 8.2% for AQ4N, 3.7% to 4.4% for AQ4M, and
3.6% to 5.3% for AQ4, and was determined to have >92% accuracy. The
lower limit of quantification was 2 ng/mL for AQ4 and 10 ng/mL for
AQ4N.

Analysis of AQ4 and AQ4N in tissue samples. AQ4N and AQ4 were
extracted from tissue samples by homogenizing samples in ice-cold
methanol containing 0.2% hydrogen peroxide and centrifuged to
precipitate proteins. Supernatants were subjected to high-performance
liquid chromatography analysis with detection by diode array and triple
quadrupole mass spectrometry (36).

The linear range for the assay based on drug-free H460 xenograft
homogenates supplemented with AQ4N or AQ4 was 1 to 1,000 ng/mL
for AQ4N and AQ4M and 2 to 400 ng/mL for AQ4. All standards and
samples were kept on ice in the dark as a precautionary measure. Stock
standards of AQ4N and AQ4 were prepared in 10 mg/mL DMSO and
diluted in water. QC samples of AQ4 and AQ4N were prepared from
human H460 tumor homogenates at a concentration of 0.5 Ag/mL.
Accuracy and precision values of <30% were considered acceptable.

Immunohistochemistry. Formalin-fixed, paraffin-embedded tumor
sections were dewaxed in xylene and rehydrated using a series of
ethanol solutions of increasing dilution. One tissue section was stained
with hematoxylin to confirm the presence and quality of tumor. Before
staining tissues for Glut-1, 4-Am-thick sections were dewaxed in xylene,
passed through graded alcohols to water, exposed to 1% hydrogen
peroxide for 30 min at room temperature, and then heated in citrate
buffer for 24 min. Sections were incubated for 30 min with 15:1,000
diluted normal goat blocking serum (Vector Laboratories) to minimize
nonspecific binding and then incubated with rabbit anti-human Glut-1
antibody (DakoCytomation) at a 1:25 dilution for 90 min at room
temperature. Biotinylated anti-rabbit immunoglobulin (Vector Labora-
tories) as a secondary antibody was applied at 1:200 dilution for
30 min at room temperature followed by incubation with an avidin
biotinylated enzyme complex solution (Vectastain, Vector Laboratories)
for an additional 30 min at room temperature. Glut-1 antibody on the
tissue sections was visualized using 3¶,3-diaminobenzidine, and
sections were counterstained with hematoxylin solution, dehydrated,
and coverslipped. As a negative control, tissues were also stained with a
nonimmunized rabbit serum at the same concentrations as the primary
antibody.

Sections were viewed at a magnification of !100 and scored in a
blinded fashion by two independent observers according to the
proportion of Glut-1 staining (plasma membrane only) in the entire
section [0, no staining; 1, light staining (0-5%); 2, medium staining (5-
15%); 3, heavy staining (15-30%); and 4, intense staining (>30%)],
according to previously published criteria (16). Edge effects, and
necrotic and stromal areas were ignored.

Confocal microscopy. Cryosections of 10 to 20 Am thickness were
prepared under minimal light exposure and stored at -80jC.
Incubations and washes were restricted to minimize potential washout
of drug from sections. Sections were fixed in 4% paraformaldehyde for
5 min and washed with PBS. The sections were incubated for 5 min
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with anti–Glut-1 antibody (GT12-A, Alpha Diagnostics, Inc.), detected
with a Alexa Flour 488–conjugated anti-rabbit secondary or with a
mouse monoclonal anti–GFAP-Alexa Fluor 488 conjugate (Invitrogen).
Antibodies were diluted in PBS containing 0.25% (v/v) fish skin gelatin
(Sigma). Following three brief PBS washes, samples were mounted
using an aqueous mountant with 4¶,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories) and imaged on a Zeiss LSM 510 meta-
confocal microscope using a 633-nm laser to excite AQ4 fluorescence as
described previously (40). !40 and !63 objectives were used with up
to 5! digital zoom as needed for each section. Differential interference
contrast imaging was used to detect cytoplasmic blebbing indicative of
apoptosis (41). Projected z-stacks were rendered using Volocity three-
dimensional imaging software (Improvision).

Statistical analysis. All statistical analysis was done using a two-
tailed Student’s t test using GraphPad Prism software (GraphPad
Software, Inc.). A P value of <0.05 was considered to be statistically
significant.

Results

Thirty-three patients from six centers in United Kingdom and
Latvia were enrolled between November 2004 and September
2005, of whom 32 received AQ4N and completed the study.
One patient enrolled in the study experienced a myocardial
infarction before surgery and was withdrawn from the study.
All subjects had solid tumors that required surgical resections of
the following indications: GBM (n = 8), head and neck
carcinoma (n = 8), bladder carcinoma (n = 9), breast carcinoma
(n = 6), and cervical carcinoma (n = 1). Most patients on the
study were treatment naive with the exception of two bladder
carcinoma patients who received either prior Bacillus Calmette-
Guerin or radiation treatment and one head and neck
carcinoma patient who received prior radiation therapy. Other
patient characteristics are shown in Supplementary Table S1.
Plasma and tissue levels of drug. Immediately before the end

of drug infusion, the mean (FSE) levels of AQ4N in the plasma
were 26.2 F 4.8 Ag/mL (Fig. 1). Plasma levels of the activated
metabolite, AQ4, following drug infusion represented <0.04%
of AQ4N levels measured (Supplementary Table S2). At the
time of surgery, AQ4N plasma levels were very low (89.8 F
25.0 ng/mL) and represented <0.4% of AQ4N levels measured
following infusion (Fig. 1) and there was no significant
correlation between the time interval between infusion and

surgery, and AQ4N levels before surgery (data not shown). This
confirms previous observations from clinical studies indicating
the rapid clearance of AQ4N from the systemic circulation
(36, 37). Importantly, the fully bioreduced AQ4 metabolite
could not be detected from the plasma at the time of surgery in
29 of 32 samples (Supplementary Table S2). Thus, little if any
AQ4N or AQ4 was present systemically when tumor and
normal tissue samples were taken, minimizing the possibility of
contamination from blood.
Ninety-five biopsy samples from 32 patients were analyzed

for AQ4N and AQ4 concentrations. Normal tissue samples
adjacent to the tumor were harvested in 30 of 32 patients as
well as distal skin (13 patients) and lymph nodes (8 patients).
The bioreduced AQ4 metabolite was detected in all tumor
samples, in most cases at higher concentrations than in the
corresponding normal tissues, demonstrating tumor activation
of the prodrug in man (Fig. 2; Supplementary Table S3). The
mean (FSE) tumor concentration of AQ4 from all patients was
0.93 F 0.37 Ag/g, compared with mean (FSE) normal tissue
concentrations of 0.15 F 0.05 Ag/g, demonstrating clear tumor
selectivity (P = 0.04). In contrast, AQ4N was only detected in 11
of 32 tumor samples and predominantly in bladder tissues. The
mean tissue concentrations of AQ4 and AQ4N for each tumor
type and the mean concentration ratios of tumor to normal are
shown in Table 1. The mean AQ4 tumor to normal ratio for the
majority of tumor types ranged from 3.1 to 19.2, clearly
demonstrating targeting of the cytotoxic metabolite to tumor
tissue (Table 1). The only exception was the single patient with
cervical cancer who had an AQ4 tumor to normal ratio of 0.5.
Variability of AQ4 levels within tumors was noted in this

study. For example, in one GBM patient, nine samples from
multiple sites within the tumor had AQ4 levels that ranged
from 0.034 to 0.65 Ag/g, with six of the nine samples having
concentrations that exceeded 0.2 Ag/g. Similarly, a bladder
tumor specimen from one patient contained AQ4 at a
concentration of 10.5 Ag/g, which was f30-fold higher than
the highest value of the other nine patients (Fig. 2). In three
bladder cancer patients, AQ4 levels in normal tissue exceeded
those in the corresponding tumor tissue. AQ4N was detected in
the majority of bladder tumor samples, in contrast with other
tissues studied. In two of six breast tumor patients, it was
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Fig. 1. Plasma levels of AQ4N immediately following
infusion and at time of surgery. Plasma concentrations
of AQ4N (ng/mL) from individual patients immediately after
dosing (solid diamonds) and immediately before surgical
resection (shaded squares).
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observed that lymph node specimens had relatively high levels
of AQ4 (Supplementary Table S3). For one GBM and two head
and neck patients, tumor samples from both peripheral and
internal regions of the tumor had higher AQ4 concentrations in
the central regions of the tumors.
Hypoxia detection by immunohistochemistry. To assess the

level of hypoxia in the biopsy samples, we elected to measure
the expression of Glut-1, an endogenous marker of tumor

hypoxia (15–19). A total of 70 biopsy samples from 30
patients were assessed by immunohistochemistry for Glut-1, to
assess the level of hypoxia within a section. Many tumor
sections displayed clear and extensive regions of Glut-1+
hypoxic cells in contrast to the majority of normal tissue
demonstrating little or no staining (Fig. 3; Supplementary
Table S4). The mean percentage of Glut-1+ cells for each tumor
type, except cervix, ranged from 11% to 46% (n = 28) in tumor

Table 1. Mean (FSE) levels of AQ4 and AQ4N (Ag/g) in tumor and normal samples

Tissue (n) AQ4 (Mg/g)* AQ4N (Mg/g)

Tumor Adjacent normal T:N ratioc Tumor Adjacent normal T:N ratioc

GBM (8) 1.17 F 0.54 0.09 F 0.05 19.2 0.10 F 0.09 0.04 F 0.01 2.46
Bladder (9) 1.34 F 1.15 0.25 F 0.11 8.5 8.41 F 8.05 0.14 F 0.07 61.2
Head and neck (8) 0.69 F 0.19 0.19 F 0.05 3.1 BLQ BLQ NA
Breast (6) 0.41 F 0.18 0.05 F 0.01 6.9 BLQ BLQ NA
Cervix (1) 0.02 0.04 0.5 BLQ BLQ NA
Skin (13) — 0.04 F 0.01 — 0.02 F 0.01 —
Lymph (8) — 0.19 F 0.06 — 0.01 F 0.01 —

Abbreviations: BLQ, below limit of quantification; T:N, tumor to normal ratio; NA, not applicable.
*Where more than one tumor sample was assayed for a patient, mean interpatient tumor values for those patients were used.
cMean of tumor to normal ratios for individual patients.

Fig. 2. Levels of bioreduced AQ4
metabolite in tumor and normal tissues.
AQ4 concentrations (Ag/g) from resected
tumors and corresponding adjacent normal
tissues from patients with GBM (n = 8),
bladder (n = 9), head and neck (n = 8),
breast (n = 6), and cervical (n = 1) cancers.
AQ4 was also measured in distal normal
skin samples (n = 13) and lymph nodes
(n = 8), when available.
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tissues in contrast to only 0% to 0.5% being observed in
normal tissues (n = 21; P < 0.05; Supplementary Table S4). In
general, tumor sections with considerable Glut-1 staining had
higher levels of AQ4, whereas sections with little or no staining
contained little AQ4 (Figs. 3 and 4). When samples were clas-
sified into three levels of AQ4 concentration, low (<0.2 Ag/g),
medium (0.2-1 Ag/g), and high (>1 Ag/g), AQ4 tumor
concentrations correlated with increased tumor hypoxia as
assessed by Glut-1+ staining (Fig. 4A). The mean (FSE) Glut-1
percentages for tissues classified as possessing high (>1 Ag/g)
AQ4 levels were significantly higher than those expressing low
(<0.2 Ag/g) AQ4 (46.4 F 10.3 versus 3.2 F 1.6, P < 0.001;
Fig. 4A), consistent with preferential activation of AQ4N within
the more hypoxic regions. Similarly, sections possessing >15%
Glut-1+ regions (scored 3 and 4) were observed to contain
significantly higher mean AQ4 levels than nonhypoxic tissues
with no Glut-1 expression (1.64F 0.76 versus 0.13F 0.04 Ag/g,
P < 0.005; Fig. 4B).
Correlation of Glut-1 and AQ4 by confocal microscopy. The

Glut-1 immunohistochemistry provided evidence for an asso-
ciation between levels of AQ4 in tumors and the degree of
hypoxia. We investigated this further by exploiting the intrinsic
fluorescence of AQ4 (40), which allows the drug to be visualized
in tumor sections using confocal microscopy. A total of seven
tumor samples from five patients with GBM (n = 2), bladder
(n = 1), head and neck (n = 1), and breast (n = 1) cancers were
analyzed by confocal microscopy and immunofluorescence.
AQ4-associated fluorescence was detected in two of four

GBM samples from two patients, and in each of the bladder
and head and neck tumor samples. In all samples examined,
AQ4 fluorescence was restricted within regions expressing the
highest levels of Glut-1+ (Fig. 5A-C). In one patient with
bladder cancer who had a high intratumoral concentration of
AQ4 (10.5 Ag/g), there was clear nuclear localization of AQ4,
which related closely to microregions of Glut-1+ cells (Fig. 5A).
In most other samples, AQ4-associated fluorescence accumu-
lated in heterogeneous speckles (Fig. 5B and C). AQ4 was also

detected in areas that lacked cellular architecture on differential
interference contrast imaging and nuclear DAPI staining,
features consistent with necrosis (Fig. 5 and data not shown).
In some cells peripheral to these necrotic regions, AQ4 was
found at high levels in cells exhibiting morphologic features of
apoptosis, including nuclear fragmentation and cytoplasmic
blebbing (Fig. 5D and data not shown).
Toxicity. In general, AQ4N was well tolerated. No deaths

occurred during the 30-day study period. Twenty-five patients
experienced a total of 99 adverse events, the majority of which
were mild to moderate in intensity. The most common adverse
events that occurred following treatment (z10%) included
nausea, postprocedural pain, headache, skin discoloration,
hypertension, hypotension, and pyrexia. The adverse events
that were considered likely to be drug related were generalized
gray/blue skin discoloration (seven adverse events) and fatigue
(two adverse events). No hematologic toxicities were noted.
Three patients experienced four serious adverse events. One
patient with a history of ischemic heart disease experienced a
myocardial infarction and left ventricular failure, which were
both considered to be possibly drug related by the treating
physician. The other two serious adverse events in two other
patients, worsening obstructive airways disorder and severe
postoperative infection, were not considered to be drug related.
All of these serious adverse events resolved.

Discussion

The key finding of this study has been to confirm the tumor
selectivity and hypoxia targeting of AQ4N in man. Our data
clearly show that the activated form of the prodrug, AQ4,
preferentially accumulates in tumor rather than in normal
tissues, is present at higher levels in tumors with greater degrees
of hypoxia, and seems to be localized within regions
comprising hypoxic tumor cells. This is the first time, to our
knowledge, that the activation of a bioreductive agent in
clinical tumor samples has been shown.

Fig. 3. Representative biopsy samples
for Glut-1hypoxia marker and AQ4 levels.
Representative sections from GBM, bladder,
head and neck, and breast tumor samples
and corresponding normal tissue sections
analyzed for Glut-1expression (brown
staining) following immunohistochemical
staining; approximate percentage of
Glut-1+ regions for each section is shown
beside each image. Concentrations of AQ4
(Ag/g) for each tumor sample are shown
beside the % Glut-1scores.
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AQ4N was designed to be an inactive prodrug in most
healthy tissues but would be selectively activated to a potent
cytotoxin in hypoxic regions that are characteristic of many
solid tumors. Previous clinical trials have indeed shown that
AQ4N is well tolerated in patients without evidence of any
major systemic toxicities at doses up to 768 mg/m2 given
weekly as a single agent (37) or 447 mg/m2 when given in
combination with radiotherapy (36). The traditional paradigm
for anticancer drug development would then be to undertake a
broad program of empirical phase II trials with tumor
shrinkage as the primary end point. This is, however, not
optimal for rationally designed agents. Moreover, the targeting
of hypoxic areas of tumors by AQ4N may not achieve sufficient
tumor debulking to satisfy conventional Response Evaluation
Criteria in Solid Tumors (43). Therefore, proof-of-principle
studies are vital if novel agents are to be developed rationally. A
previous phase I study of AQ4N and radiotherapy provided
preliminary data suggesting that AQ4 was generated preferen-
tially in esophageal cancers (36). There remained, however, a
need to show this effect definitively in patients with a spectrum
of tumors receiving AQ4N as a single agent, and to define the
relationship between tumor hypoxia and the accumulation of
the activated form of this prodrug.
The bioreduced, cytotoxic metabolite AQ4 was detected in all

tumor samples; the mean tumor to normal ratio for AQ4 in the
majority of tumor types ranged from 3.1 to 19.2, demonstrating
clear tumor selective activation. The only exception was a single
patient with cervical cancer who had a ratio of 0.5. By contrast,

tumor to normal ratios of AQ4 were particularly high in GBM
(mean 19.2). These data show that AQ4N effectively traverses
the blood-brain barrier and is selectively activated in GBM. The
absence of AQ4N bioactivation in normal tissues or in the
circulation is ideal for an anticancer prodrug and is consistent
with earlier reports demonstrating that AQ4N is well tolerated
in patients with solid tumor malignancies (36, 37).

Based on our immunohistochemical data, tumor biopsies
almost certainly included normoxic cells, suggesting that these
mean tumor concentrations of AQ4 most likely underestimate
the concentrations present in hypoxic areas of the tumors. In
addition, hypoxia is a dynamic process and is dependent on
both tumor vascularization and growth. The heterogeneity of
hypoxia would be expected to result in considerable variation
in the amounts of AQ4 generated in different regions of a
tumor. Interestingly, one patient had a 20-fold variance in AQ4
concentration in nine samples from the same tumor; in three
other cases where multiple samples of the same tumor were
analyzed, the central portion of the tumor had higher
concentrations of AQ4 than the peripheral area. This is
consistent with the expected regional differences in hypoxia,
although this hypothesis was not directly tested.

Whereas AQ4 was prevalent in tumor tissues, AQ4N was only
detected in 11 of 32 tumor samples and predominantly in
bladder tissues. At the time of surgery, AQ4N plasma levels
were very low, confirming previous observations of rapid
AQ4N clearance from the systemic circulation (36, 37); the
fully bioreduced AQ4 metabolite could be detected in plasma
at the time of surgery in only 3 of 32 samples. With little, if any,
AQ4N or AQ4 present in the plasma at surgery, the possibility
of contamination of tumor and normal tissue samples by blood
is minimized. Because AQ4N is eliminated through the
kidneys, AQ4N-rich urine bathes the bladder walls for some
hours following administration and may contribute to the
‘‘atypical’’ AQ4N accumulation in bladder cancer patients
observed in this study.

Having shown tumor selective activation of AQ4, we wanted
to establish that this was mediated by tumor hypoxia. Although
the clinical importance of hypoxia is widely recognized, there
remains controversy regarding how hypoxia is best quantified
(42). We elected to use an endogenous marker of hypoxia
rather than an exogenous bioreductive marker such as
pimonidazole to minimize the risk of any interaction between
test agents. Glut-1 is well recognized to be regulated by hypoxia
and there are numerous studies demonstrating its utility as a
marker of endogenous hypoxia as well as its association with
tumor aggressiveness and poor prognosis in a variety of
neoplasms (15–19, 44). The presence of Glut-1 is likely to
represent chronic hypoxia and may underrepresent transient
hypoxic episodes that frequently occur in tumors due to high
interstitial pressures and temporary vascular occlusion. We
would, however, expect AQ4N to be equally activated under
transient or chronic hypoxia, which may reduce the correlation
with Glut-1 staining. Therefore, the significant increase (P <
0.001) in Glut-1 staining in tumor samples compared with
normal tissue, and the clear association between increased
tissue AQ4 levels and high Glut-1 staining both support the
assertion that AQ4 is selectively activated in hypoxic tumors.
This conclusion was further supported by confocal microscopy,
where direct colocalization of AQ4 in hypoxic regions was
observed. These results are consistent with preclinical evidence

Fig. 4. Correlation of tumor hypoxia (Glut-1staining) and AQ4. A, percentage
of Glut-1+ regions for each section plotted against tissue samples that contained
low (0-0.2 Ag/g), medium (0.2-1 Ag/g), or high (>1 Ag/g) AQ4 concentrations.
Columns, mean; bars, SE. B, AQ4 tissue levels plotted against Glut-1score.
Columns, mean; bars, SE. Glut-1score: 0, no staining; 1, 0% to 5% Glut-1+; 2,
5% to15% Glut-1+, 3, 15% to 30% Glut-1+; 4, >30% Glut-1+.
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demonstrating tumor-hypoxia targeting of AQ4N in xenograft
models (28, 45–47).
The hypoxia-dependent activation of AQ4N also requires the

bioreductive activity of certain CYP enzymes (30, 31, 35).
Although some CYP isoforms, such as CYP 3A4, have been
shown to activate AQ4N more efficiently than others, multiple
CYP enzymes are capable of contributing to prodrug activation
(30, 31, 35, 48–50). Hence, we did not choose to assay the
biopsy samples for the expression of individual CYP enzymes. A
separate study has shown that microsome extracts from 20

clinical brain tumor specimens expressed different comple-
ments of CYP enzymes and could all activate AQ4N ex vivo
under anoxia, albeit with different efficiency (35). The
observation of high levels of AQ4 in multiple tumor samples
after a single administration of AQ4N does not suggest that
CYP expression is likely to be a limiting factor in the
effectiveness of AQ4N therapy.
In this study, single 200 mg/m2 doses of AQ4N were well

tolerated. This dose was selected based on a number of criteria.
Previous clinical studies have confirmed that doses of up to 447

Fig. 5. AQ4 colocalizes with Glut-1+ hypoxic tumor regions. Representative tumor sections analyzed by confocal microscopy. A to C, Glut-1+ staining (green), DAPI tumor
nuclei (blue), and AQ4-dependent fluorescence (red). D, glial fibrillary acidic protein tumor marker (green), AQ4 (red), and DAPI (blue). Scale bars (yellow), 10 Am.
A, bladder tumor (sample 0707). Bottom left, an overlay of AQ4 and DAPInuclear stain; bottom right, a merged image of Glut-1+, DAPI+, and AQ4+ sections. B, head and
neck tumor (sample 801). Bottom right, merged image of all three sections demonstrating colocalization of AQ4 drug within hypoxic Glut-1+ tumor regions. C, GBM tumor
(sample 0503). Bottom right, merged image of all three sections demonstrating colocalization of AQ4 drug within hypoxic Glut-1+ tumor regions.D, GBM tumor (sample
0503). Reconstructed three-dimensional z-stack image demonstrating AQ4 abundance in cells undergoing nuclear fragmentation, overlaying AQ4, DAPI, and GFAP.
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and 768 mg/m2 are safe and well tolerated (36, 37), so the
200 mg/m2 dose gave a considerable safety margin in the
presurgical setting, where AQ4N had not previously been
evaluated. Full pharmacokinetic profiles were not obtained in
the current study, but in an earlier study a single AQ4N dose of
176 mg/m2 had area-under-the-curve values of 46 to
86 Ag!h/mL (36). This compares with plasma area under the
curve of 50 Ag!h/mL in mice receiving 60 mg/kg of AQ4N, a
dose that has been shown to be efficacious in xenograft models
and that resulted in intratumoral AQ4 levels of 0.2 to 1.0 Ag/g
(47). In this present clinical study, intratumoral AQ4 levels
were observed to be >0.2 Ag/g in 30 of 32 patients (>90%),
further supporting the view that this dose may be potentially
therapeutic. Because we could not obtain serial tumor samples,
it was not possible to assess the kinetics of intratumoral AQ4
formation.
Taken together, these observations show that the low toxicity

prodrug AQ4N is converted to the active metabolite AQ4 in
hypoxic regions of tumors in man. Nevertheless, a number of
questions cannot be answered by the current study. First, we do
not know whether this will translate into enhanced therapeutic
benefit in patients with cancer. Second, it is unclear whether the
200 mg/m2 dose explored in this study is optimal. Third, it is
unknown whether patients with more hypoxic tumors will

achieve a better therapeutic outcome following AQ4N treat-
ment. This final question may be important in selecting
patients for future trials, but it is encouraging that selective
activation of AQ4N in significant areas of hypoxia were seen in
most tumors types studied. The current study provides a strong
rationale for trials addressing these and other questions.

In summary, we have shown proof-of-concept for the
preferential activation of AQ4N in hypoxic compartments of
several important solid tumors, leading to potentially thera-
peutic levels of a potent topoisomerase II poison in regions of
the tumor microenvironment that are typically refractory to
conventional chemotherapy and radiotherapy. In addition, this
study also confirmed that AQ4N effectively crosses the blood-
brain barrier, resulting in high levels of the activated AQ4
metabolite within primary brain tumors. These data encourage
the further clinical development of AQ4N for the treatment of
solid tumors including GBM.
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BACKGROUND AND PURPOSE
Hypoxia in tumours is known to cause resistance to conventional chemotherapeutic drugs. In contrast, little is known about
the effects of hypoxia on targeted anti-cancer drugs. This study evaluated the effect of hypoxia on a series of clinically
approved tyrosine kinase inhibitors (TKIs).

EXPERIMENTAL APPROACH
The effect of hypoxia (0.1% oxygen) on the activity of conventional cytotoxic drugs (5-fluorouracil, doxorubicin and
vinblastine), the hypoxia-activated prodrug tirapazamine and 9 TKIs was determined in a panel of cell lines. Where hypoxia
had a marked effect on chemosensitivity, Western blot analysis was conducted to determine the effect of hypoxia on target
expression and the effect of TKIs on cell signalling response under aerobic and hypoxic conditions.

KEY RESULTS
Three patterns of chemosensitivity were observed: resistance under hypoxia, equitoxic activity against hypoxic and aerobic
cells, and preferential cytotoxicity to hypoxic cells. Significant hypoxia selectivity (independent of HIF1) was observed in the
case of dasatinib and this correlated with the ability of dasatinib to inhibit phosphorylation of Src at tyrosine 530. Sorafenib
was significantly less effective under hypoxic conditions but resistance did not correlate with hypoxia-induced changes in
Raf/MEK/ERK signalling.

CONCLUSIONS AND IMPLICATIONS
Hypoxia influences the activity of TKIs but in contrast to conventional cytotoxic drugs, preferential activity against hypoxic
cells can occur. The search for hypoxia-targeted therapies has been long and fruitless and this study suggests that some
clinically approved TKIs could preferentially target the hypoxic fraction of some tumour types.

Abbreviations
5FU, 5-fluorouracil; DMSO, dimethylsulphoxide; HCR, hypoxic cytotoxicity ratio; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide; TKI, tyrosine kinase inhibitor

Introduction
One of the characteristic features of solid tumours is the
development of a microenvironment caused by a poor and

inefficient vascular supply (Vaupel and Kelleher, 2013). This
physiological microenvironment is characterized by gradi-
ents of oxygen tension, nutrients, catabolites, cellular
metabolites, cell proliferation and extracellular pH, all of
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which vary as a function of distance from a supporting blood
vessel (Brown, 2002; Vaupel, 2010). The presence of hypoxia
has significant biological and therapeutic implications and
hypoxia is established as a marker of poor prognosis in many
cancer types (Vaupel, 2008). Resistance to conventional cyto-
toxic anti-cancer drugs has been extensively studied and
while it is widely acknowledged that resistance is caused by
hypoxia-induced reduction in cell proliferation, other
mechanisms are emerging (Brown, 2002; Rohwer and
Cramer, 2011; Brahimi-Horn et al., 2012; Flamant et al., 2012;
Onishi et al., 2012; Wu et al., 2012). In addition, the fact that
hypoxic cells reside some distance away from blood vessels
introduces drug delivery challenges and this further com-
pounds the resistance of this population of cells (Heldin et al.,
2004; Minchinton and Tannock, 2006). The need to develop
therapeutic approaches that target the hypoxic fraction was
recognized many years ago and seminal studies by Sartorelli’s
group showing that mitomycin C can target hypoxic cells
(Kennedy et al., 1980; Sartorelli et al., 1994) led to the search
for more effective hypoxia-selective drugs. Hypoxia-activated
bioreductive prodrugs were actively pursued for many years
and a number entered clinical trial (Wilson and Hay, 2011).
However, while elegant in concept, this approach has proved
extremely difficult to translate into clinical efficacy. Novel
compounds are still being developed (McKeage et al., 2011;
Weiss et al., 2011; Sun et al., 2012) and are in clinical trial, but
the fact remains that after 40 years of research and develop-
ment, no hypoxia-selective bioreductive drugs have been
approved for use in humans. The need to develop hypoxia-
selective drugs is even more important today as our under-
standing of the effect that hypoxia has on tumour biology
and therapy increases.

In contrast to conventional cytotoxic drugs, little or no
information has been published concerning the effects of
hypoxia on targeted therapeutics. Hypoxia is known to
induce a plethora of biochemical changes, many of which are
mediated by hypoxia-inducible factors (Rohwer and Cramer,
2011), and signal transduction pathways are influenced by
hypoxia. This is exemplified by studies demonstrating that
the expression of Src and phosphorylated Src proteins is
elevated in hypoxic regions of pancreatic and cervical carci-
noma xenografts (Pham et al., 2009). Furthermore, studies
using the Bcl-2 inhibitor ABT-737 clearly demonstrate that
targeted therapeutics can selectively kill hypoxic cells
(Harrison et al., 2011; Klymenko et al., 2011). The hypoxia-
selective activity of ABT-737 was attributed to hypoxia-
induced down-regulation of myeloid cell leukaemia
sequence-1, a protein that causes resistance to ABT-737
(Harrison et al., 2011). These studies demonstrate that
hypoxia can modulate the activity of targeted anti-cancer
drugs. The identification of clinically used tyrosine kinase
inhibitors (TKIs) that are selectively toxic to hypoxic cells
would be beneficial and would stimulate the design of novel
combination strategies with drugs that preferentially target
the aerobic fraction. In addition, resistance of hypoxic cells to
TKIs would significantly influence the outcome of chemo-
therapy and this knowledge could help tailor chemotherapy
to individuals who are most likely to benefit from these
drugs. Given the importance of TKIs and other small mol-
ecule drugs in treating cancer, it is imperative to characterize
the effects of hypoxia on the activity of targeted anti-cancer

drugs (Filippi et al., 2011). The aim of this study was to
determine whether the response of a panel of cell lines to
TKIs was influenced by hypoxia. Where differences between
cellular response under aerobic and hypoxic conditions were
obtained, additional studies were conducted to identify
mechanisms of action.

Methods

All standard cytotoxic drugs [doxorubicin, vinblastine and
5-fluorouracil (5FU)], tirapazamine and TKIs were prepared in
dimethylsulphoxide (DMSO), aliquoted and stored at −20°C
until required for use. All cell culture reagents were obtained
from Sigma Aldrich unless stated otherwise.

Cell lines and culture conditions
As little is known about the effects of hypoxia on TKIs, the
experimental design involved the evaluation of a number of
TKIs against a panel of human cancer cell lines. As the TKIs
evaluated had multiple mechanisms of action, it was not
feasible to select cell lines that harboured specific mutations
or activated pathways. In the initial phase of the project
therefore, the cell lines used were DLD-1 human colorectal
carcinoma, H460 and A549 human NSCLC cells, MDA-MB-
231 human breast cancer, and TK10 human renal cancer
cells. An extended panel of cell lines was used to study the
effects of hypoxia on the activity of dasatinib and these
consisted of MDA-MB- 468, MDA-MB-453, Hs578T, BT-20,
T47D and MCF7, all of which are derived from human breast
carcinomas. A549, H460, MDA-MB-231, MDA-MB-453, MCF7
and TK10 cells were obtained from the National Cancer Insti-
tute (Bethesda, MD, USA). DLD-1, Hs578T, BT20, T47D and
MDA-MB-468 cells were purchased from the American Type
Culture Collection (LGC Standards, London, UK).

Chemosensitivity studies
Chemosensitivity under aerobic and hypoxic conditions was
determined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide) assay as described previously
(Phillips et al., 1992). Studies under hypoxia were performed
in a Whitley H35 Hypoxystation (Don Whitley Scientific,
Shipley, UK). In this study, hypoxia was defined as 0.1%
oxygen which is a physiologically relevant level of hypoxia
that is associated with resistance to radiotherapy, the induc-
tion of HIF1 activation and unfolded protein response
(Wilson and Hay, 2011). It is also important to stress that
these conditions are distinct from the majority of studies on
bioreductive prodrugs where conditions of anoxia are typi-
cally used to evaluate compounds (Wilson and Hay, 2011).
Initial validation of the MTT assay demonstrated that a linear
relationship between cell number and absorbance was
obtained under both hypoxic and aerobic conditions. Follow-
ing a 24 h exposure to 0.1% oxygen, linear regression analysis
of the relationship between cell number and absorbance was
identical to those obtained under aerobic conditions with the
exception of A549 cells where r values of 4.97 × 105 and 2.02
× 105 were obtained under aerobic and hypoxic conditions
respectively (data not shown). Even though the efficiency of
MTT conversion to formazan was reduced in A549 cells under
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hypoxia, the relationship between cell number and absorb-
ance is linear. To further confirm the suitability of the MTT
assay for use under hypoxic conditions, cellular response was
also determined by counting viable cells using a haemocy-
tometer following continuous exposure to dasatinib.

For chemosensitivity studies, cells were plated into
96-well plates at a density of 2 × 103 cells per well and
incubated under aerobic or hypoxic conditions (0.1%
oxygen) at 37°C in a CO2-enriched atmosphere overnight to
allow cells to attach. On the following day, media was
removed from each well and replaced with media containing
test compounds at a range of concentrations (8 wells per drug
concentration). For hypoxia studies, drugs were diluted in
media that had been conditioned under hypoxia for at least
24 h prior to the start of the experiment. Following a 5 days
incubation at 37°C in a CO2-enriched atmosphere, MTT
(0.5 mg·mL−1) was immediately added to each well and incu-
bated for 4 h. Formazan crystals were dissolved in DMSO and
the absorbance of the resulting solution was measured at
570 nm. Cell survival was determined as the true absorbance
of the treated wells divided by the controls and expressed as
a percentage. The effect of hypoxia on the activity of drugs
was expressed as the hypoxic cytotoxicity ratio (HCR), which
is defined as the ratio of IC50 values under aerobic to hypoxic
conditions.

Antibodies and Western blot analysis
Antibodies to Src and p-Src (Src antibody sampler kit), ErbB
(EGF) receptor and p-ErbB receptor signalling pathways
(Phosph-EGFR antibody sampler kit), Raf signalling (Raf
family antibody sampler kit) and phospo-ERK1/2 signalling
(phosphor-ERK1/2 pathway sampler kit) were obtained from
Cell Signalling Technology® (Beverly, MA, USA). Antibodies
to β-actin were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Secondary antibodies were horserad-
ish peroxidase-linked anti-mouse or anti-rabbit. To determine
the effect of selected TKIs on cell signalling, cells were con-
ditioned to hypoxia (0.1% oxygen) and normoxia for 24 h
before drug exposure. Cells were exposed to a range of drug
concentrations for a further 24 h before cell lysis and analysis
by Western blotting. Images of immunoblots were digitally
captured on Molecular Imager FX and individual bands were
quantified using Quantity One software (Biorad, Hemel
Hempstead, UK).

Role of HIF1 in the hypoxia-selective activity
of dasatinib
HIF1α protein expression was determined by Western blot
analysis following the incubation of MDA-MB-231, MDA-MB-
468 and MCF7 cells in 0.1% oxygen for 24 h. Western blot
analysis was performed using a purified mouse anti-HIF1α
antibody obtained from BD Biosciences (Oxford, UK) and
band intensities from three independent experiments were
quantified using Quantity One software (Biorad). Under
aerobic conditions, MDA-MB-231, MDA-MB-468 and MCF7
cells were exposed to CoCl2 for 6 h (150 μM) or 24 h (100 μM)
and HIFα expression determined as above. Once HIF1α
expression had been confirmed, cells were exposed to dasat-
inib for 1 h in the presence or absence of CoCl2 and cell
survival determined using the MTT assay following a 5 days
recovery period at 37°C.

Quantification of apoptosis following
exposure of cells to dasatinib under aerobic
and hypoxic conditions
MCF7, MDA-MB-468 and MDA-MB-231 cells were exposed to
a range of dasatinib concentrations under aerobic and
hypoxic conditions for 24 h. Cells were harvested by trypsi-
nization and the percentage of cells undergoing apoptosis
was determined by flow cytometry following Anexin-V-
FLUOS staining (Roche, Penzberg, Germany) as described pre-
viously (Allison et al., 2009).

Analysis of data
Statistical analysis of the results was conducted using Stu-
dent’s t test.

Results

Chemosensitivity studies
The response of cell lines to standard classic anti-cancer drugs
(doxorubicin, 5-FU and vinblastine) and the hypoxia-
selective agent tirapazamine are presented in Table 1 and
HCR values are presented graphically in Figure 1. The classic
anti-cancer drugs tested were generally more active against
cells under aerobic conditions compared with hypoxic (0.1%
oxygen) conditions with some exceptions. In the case of
doxorubicin, activity against MDA-MB-231 cells was similar
under aerobic and hypoxic conditions (IC50 = 0.42 ± 0.01 and
0.46 ± 0.05 μM, respectively) and TK10 cells were marginally
more responsive under hypoxic conditions (IC50 = 0.34 ± 0.03
and 0.26 ± 0.05 μM respectively). H460 cells were also equally
sensitive to vinblastine under aerobic and hypoxic conditions
(IC50 = 1.23 ± 0.03 and 1.36 ± 0.10 μM respectively). The
magnitude of the effect of hypoxia on the cellular response to
each drug was cell line dependent (Figure 1). The hypoxia-
selective agent tirapazamine was preferentially active against
all cell lines under hypoxic conditions although HCR values
varied across the panel of cell lines (2.71–9.63 in MDA-MB-
231 and A549 cells, respectively, Figure 1). Exposure to 0.1%
oxygen induced a partial G1 arrest in the majority of cell lines
within 24–48 h (data not shown). These results are consistent
with reduced cell growth observed under hypoxia (data not
shown) and resistance to the conventional cytotoxic drugs
evaluated in this study.

The response of cell lines to TKIs under hypoxic and
aerobic conditions is reported in Table 1 and HCR values are
presented in Figure 2. Three patterns of response were
observed: resistance under hypoxia (HCR < 1), equipotent
activity under aerobic and hypoxic conditions (HCR ≈ 1), and
sensitivity under hypoxia (HCR > 1). With the exception of
sorafenib, which was more resistant under hypoxia, and
imatinib, which was equally active under aerobic and
hypoxic conditions against all five cell lines, considerable
heterogeneity in HCR values to individual drugs exists across
the panel of cell lines tested (Table 1, Figure 2). This is illus-
trated most prominently in the case of dasatinib. Comparing
the response of cells to dasatinib under aerobic and hypoxic
conditions, A549 cells are resistant to dasatinib under
hypoxic conditions (HCR = 0.007) whereas MDA-MB-231
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cells were significantly (P < 0.01) more sensitive under
hypoxia compared with oxygenated cells (HCR = 5.50).
Haemocytometer counts of control and dasatinib-treated
MDA-MB-231 cells gave a HCR of 6.49 providing further
verification that the MTT assay is appropriate for use under
these experimental conditions. Other examples where all
three patterns of response exist include erlotinib, sunitinib,
nilotinib and masatinib (Figure 2). In contrast to the conven-
tional drugs tested, gefitinib, vandetinib and imatinib gener-
ally have equipotent activity under hypoxic and aerobic
conditions (Table 1, Figure 2).

As dasatinib induced a significant increase in response
under hypoxia in the MDA-MB-231 breast cancer cell line
and c-Src is a potential target in breast cancer (Tryfonopoulos
et al., 2011), the effect of dasatinib against an extended panel
of breast cancer cell lines was determined. The results are

presented in Table 2. As in the MDA-MB-231 cell line, dasat-
inib was significantly (P < 0.01) more potent under hypoxia
against MDA-MB-468 and MCF7 cell lines with HCR values of
5.23 and 15.00 respectively. The response of MDA-MB-453
and Hs578T cells was similar under aerobic and hypoxic
conditions with HCR values of 1.38 and 0.91 respectively. In
contrast, T47D and BT20 cells were significantly (P < 0.01)
more resistant under hypoxic conditions with HCR values of
0.62 and 0.12 respectively (Table 2). Whereas basal levels of
apoptosis in MDA-MB-468 cells were similar under aerobic
and hypoxic conditions, dasatinib induced significantly
(P < 0.01) more apoptosis across a range of doses in hypoxic
cells (Figure 3). This would account for the increased potency
of dasatinib observed under hypoxia. Similar results were
obtained for MDA-MB-231 and MCF7 cells (data not
shown).

Table 1
Response of a panel of cell lines to conventional cytotoxic drugs, tirapazamine and targeted therapeutics under normoxic (N) and hypoxic
(H) conditions

Drug A549 H460 MDA MB231 DLD1 TK10

5FU (N) 2.28 ± 0.56 1.97 ± 1.27 14.61 ± 9.23 3.03 ± 0.59 41.35 ± 7.92

5FU (H) 15.13 ± 3.72++ 6.54 ± 1.13++ 39.17 ± 5.21++ 12.62 ± 3.02++ 72.99 ± 25.38+

Dox (N) 0.25 ± 0.04 0.023 ± 0.006 0.42 ± 0.01 0.074 ± 0.004 0.34 ± 0.03

Dox (H) 1.00 ± 0.14++ 0.066 ± 0.011+ 0.46 ± 0.05 0.43 ± 0.05++ 0.26 ± 0.05

Vinblastine (N) 0.72 ± 0.05 1.23 ± 0.03 0.55 ± 0.06 2.47 ± 0.79 2.40 ± 0.17

Vinblastine (H) 2.13 ± 0.69++ 1.36 ± 0.10 0.85 ± 0.10 5.28 ± 0.44+ 7.43 ± 1.43++

Tirapazamine(N) 23.13 ± 3.41 22.85 ± 1.12 7.84 ± 0.86 15.91 ± 1.23 19.69 ± 2.54

Tirapazamine(H) 2.40 ± 1.34++ 2.53 ± 0.92++ 2.89 ± 0.65++ 2.95 ± 1.68++ 3.38 ± 1.15++

Sunitinib (N) 4.82 ± 0.31 3.73 ± 2.00 8.17 ± 1.13 2.85 ± 0.73 8.02 ± 0.63

Sunitinib (H) 4.97 ± 0.42 2.54 ± 0.47 5.08 ± 0.49 0.50 ± 0.09++ 5.92 ± 0.62

Sorafenib (N) 2.74 ± 1.50 1.42 ± 0.13 0.51 ± 0.34 1.16 ± 0.53 0.25 ± 0.05

Sorafenib (H) 21.63 ± 6.12++ 5.49 ± 0.95++ 2.10 ± 1.38++ 2.90 ± 0.77+ 9.02 ± 3.05++

Gefitinib (N) 23.32 ± 3.62 14.90 ± 1.11 10.62 ± 0.82 10.46 ± 1.94 0.97 ± 0.27

Gefitinib (H) 16.69 ± 2.41 22.34 ± 2.12++ 11.85 ± 0.78 7.22 ± 1.81+ 9.10 ± 3.50++

Masatinib (N) 18.17 ± 0.51 12.47 ± 1.52 8.39 ± 2.02 16.33 ± 3.10 14.72 ± 3.65

Masatinib (H) 18.75 ± 2.81 18.47 ± 1.04++ 12.93 ± 2.23+ 5.34 ± 0.61++ 10.40 ± 0.78

Vandetinib (N) 7.60 ± 3.77 8.75 ± 0.78 8.12 ± 0.99 6.68 ± 1.90 2.35 ± 1.92

Vandetinib (H) 8.07 ± 0.84 10.54 ± 0.37 5.56 ± 2.56+ 4.25 ± 0.53+ 1.82 ± 0.39

Dasatinib (N) 0.17 ± 0.01 14.52 ± 1.48 33.0 ± 9.53* 2.25 ± 0.04 3.62 ± 1.08*

Dasatinib (H) 23.92 ± 8.58++ 11.18 ± 1.27 6.0 ± 4.35*++ 25.09 ± 4.43++ 12.17 ± 2.55*++

Nilotinib (N) 7.61 ± 0.86 5.86 ± 1.89 2.81 ± 1.00 8.08 ± 2.64 1.12 ± 0.68

Nilotinib (H) 9.98 ± 1.66 9.04 ± 0.94+ 1.73 ± 1.02 5.39 ± 0.42 24.53 ± 0.99++

Imatinib (N) 32.77 ± 0.85 23.76 ± 2.15 18.28 ± 0.68 21.58 ± 1.68 15.90 ± 3.17

Imatinib (H) 33.28 ± 3.85 22.89 ± 3.10 19.69 ± 1.30 17.54 ± 1.20 18.96 ± 1.71

Erlotinib (N) 3.74 ± 0.67 11.58 ± 0.85 15.70 ± 0.36 10.33 ± 0.65 4.71 ± 2.12

Erlotinib (H) 33.83 ± 3.23++ 29.58 ± 10.99++ 20.11 ± 0.54+ 7.56 ± 0.81+ 47.25 ± 8.41++

Cells were pre-incubated under normoxic and hypoxic (0.1% oxygen) conditions for 24 h before a 96 h exposure to each drug. Cell survival
was determined using the MTT assay and results are expressed as IC50 values. The units are μM in all cases with the exception of those marked
by an asterisk where the units are in nM. Each value represents the mean ± SD of three independent experiments. Statistical analysis
comparing response under hypoxia to aerobic conditions was performed using Student’s t-test and P-values of <0.05 and 0.01 are
represented as + and ++ respectively.
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Based on the results, three compounds were selected for
further studies designed to explore the mechanistic basis for
hypoxia sensitivity or resistance. These were dasatinib, erlo-
tinib and sorafenib.

Influence of hypoxia on the expression of Src
The effect of 24 h exposure to 0.1% oxygen on Src and p-Src
levels in the panel of cell lines tested is presented in
Figure 4A. Under normoxic conditions, Src protein expres-

sion ranged from high (A549 and H460) to comparatively low
(DLD-1, MDA-MB-231 and TK10). Exposure to hypoxia
increased levels of Src expression in DLD-1, MDA MB 231,
A549 and TK10 but had little effect of Src levels in H460 cells.
Levels of pSrcY419 were influenced by exposure to hypoxia
with increased expression observed in all cell lines except
H460 cells (Figure 4A). Expression of pSrcY530 decreased
under hypoxia in all cells with the exception of DLD-1 cells
where hypoxia had no obvious effect on pSrcY530 expression
(Figure 4A).

Influence of dasatinib on Src signalling under
aerobic and hypoxic conditions
The effect of dasatinib on Src and pSrc expression has been
determined in hypoxia-sensitive and resistant cells taken
from both the initial panel of cell lines evaluated (Figure 4B)
and the extended panel of breast cancer lines (Figure 5). In
the initial panel of cell lines, the effect of hypoxia on Src and
p-Src expression 24 h after treatment with a range of dasat-
inib concentrations in A549 (hypoxia-resistant) and MDA-
MB-231 (hypoxia-sensitive) cells is presented in Figure 4B.
Under aerobic conditions, expression of pSrcY419 is reduced
by dasatinib at doses as low as 5 nM (Figure 4B). There was no
significant difference in the inhibition of pSrcY419 under
hypoxia and aerobic conditions in either cell line (Figure 4B).
A similar pattern of response was observed in the breast
cancer panel of cells with no major differences in the ability
of dasatinib to inhibit pSrcY419 expression under aerobic and
hypoxic conditions (Figure 5).

In contrast, differences in the ability of dasatinib to
inhibit the expression of pSrcY530 between aerobic and
hypoxic cells were observed. In the hypoxia-resistant A549

Figure 1
HCRs for 5FU, doxorubicin, vinblastine and tirapazamine. The centre line represents a HCR of 1, which indicates that the response of cells under
aerobic and hypoxia is equal. A HCR value greater than 1 indicates sensitivity under hypoxia. HCR of less than 1 indicates resistance under hypoxia.
Each HCR is calculated from mean IC50 values obtained from three independent experiments (Table 1). Experimental error in the form of standard
deviations for IC50 values is presented in Table 1.

Table 2
Response of a panel of breast carcinoma cell lines exposed to dasat-
inib under aerobic and hypoxic conditions for 96 h

Cell line
Aerobic
IC50 (μM)

Hypoxic
IC50 (μM) HCR

MCF7 0.18 ± 0.11 0.012 ± 0.007++ 15.00

MDA-MB-231 0.033 ± 0.009 0.006 ± 0.004++ 5.50

MDA-MB-468 16.58 ± 2.47 3.17 ± 1.70++ 5.23

MDA-MB-453 8.27 ± 3.36 5.97 ± 1.45 1.38

Hs578T 0.044 ± 0.016 0.048 ± 0.013 0.91

T47D 10.45 ± 2.98 16.85 ± 2.53+ 0.62

BT20 1.14 ± 0.59 9.63 ± 4.06++ 0.12

Each value represents the mean ± SD of at least three independ-
ent experiments. Statistical analysis comparing response under
hypoxia to aerobic conditions was performed using Student’s
t-test and P-values of <0.05 and 0.01 are represented as + and ++

respectively.
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cells, pSrcY530 was effectively inhibited by dasatinib under
aerobic conditions but not under hypoxic conditions
(Figure 4B). In the hypoxia-sensitive MDA-MB-231 cells,
pSrcY530 expression was preferentially inhibited by dasatinib

under hypoxic conditions (Figure 4B). A similar pattern of
response was observed in the extended panel breast cancer
cell lines but the differential effects of dasatinib on pSrc530
expression were less extreme (Figure 5). These results suggest
that the effects of dasatinib on pSrcY530 expression have a
greater impact on cell response under hypoxic conditions
than dephosphorylation of pSrcY419.

Role of HIF1 in the hypoxia-selective activity
of dasatinib
The role of HIF1 in the hypoxic potentiation of dasatinib
activity was determined in MCF7, MDA-MB-231 and MDA-
MB-468 cells (Figure 6). HIF1α expression was undetectable
in all three cell lines under aerobic conditions. Following a
24 h exposure to 0.1% oxygen, a prominent increase in
HIF1α levels was observed in the MCF7 and MDA-MB-468 cell
lines whereas only a very minor increase in HIF1α was
observed in MDA-MB-231 cells (Figure 6A). Under aerobic
conditions, treatment of cells with either 150 or 100 μM
CoCl2 for 6 or 24 h, respectively, induced HIF1α in all three
cell lines (Figure 6A). As treatment of cells with 150 μM CoCl2

for 6 h induced HIF1α expression significantly in all cell lines,
these conditions were used to determine the effect of HIF1α
on cellular response to dasatinib. As illustrated in Figure 6B,
the response of cell lines to dasatinib in the presence of CoCl2

was reduced (MCF7) or equivalent (MDA-MB-231 and MDA-

Figure 2
Influence of hypoxia (0.1% oxygen) on the response of a panel of human cancer cells lines to tyrosine kinase inhibitors. Each HCR is calculated
from mean IC50 values obtained from three independent experiments (Table 1). Experimental error for IC50 values is presented in Table 1.

Figure 3
Induction of cell death following the treatment of MDA-MB-468 cells
with dasatinib. Cells were exposed to dasatinib under aerobic and
hypoxic (0.1% oxygen) conditions for 24 h before analysis of early
apoptotic cells (annexin V positive cells) and cells undergoing late
apoptosis/necrosis [annexin V and propidium iodide (PI) positive
cells]. Each value represents the mean ± SD for three independent
experiments.
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MB-468) to the response of cells treated with dasatinib alone.
These results, together with the very modest induction of
HIF1α under hypoxic conditions in the MDA-MB-231 cells,
suggest that the hypoxia-selective activity of dasatinib is
independent of HIF1.

Influence of hypoxia and exposure to erlotinib
on the expression of ErbB receptors
Under aerobic conditions, the expression of ErbB receptor
protein expression was highest in TK10, MDA-MB-231 and
A549 cells (Figure 7A). Under hypoxic conditions, there was a
significant increase in ErbB receptor levels in A549, DLD-1
and H460, whereas hypoxia had little effect in MDA-MB-231
and TK10 cells (Figure 7A). The expression of phosphorylated
ErbB receptor (p-ErbB receptor Y1068) shows marked differ-
ences under hypoxia. In TK10 cells, p-ErbB receptor was
strongly expressed under both aerobic and hypoxic condi-
tions, whereas in DLD-1 and A549 cells, there was a signifi-

cant increase in p-ErbB receptor under hypoxic conditions
(Figure 7A). No differences in the expression of p-ErbB recep-
tor occurred between aerobic and hypoxic conditions in
MDA-MB-231 cells and p-ErbB receptor was barely detectable
in H460 cells under both aerobic and hypoxic conditions
(Figure 7A).

The effect of erlotinib on ErbB receptor and p-ErbB recep-
tor levels in TK10 (hypoxia resistant) and DLD-1 (marginally
hypoxia sensitive) is presented in Figure 7B. In the hypoxia-
resistant TK10 cell line, treatment with erlotinib for 24 h did
not affect the levels of ErbB receptors but caused a dose-
dependent reduction in levels of p-ErbB receptors under both
hypoxic and aerobic conditions (Figure 7B). Under aerobic
conditions, levels of p-ErbB receptors were undetectable in
cells treated with 60 μM erlotinib, whereas under hypoxic
conditions, p-ErbB receptors were still detectable at 100 μM
(Figure 7B). In DLD1 cells where the effects of hypoxia on the
activity of erlotinib were marginally in favour of hypoxia
selectivity (HCR = 1.36), no significant differences in the

Figure 4
Influence of hypoxia and dasatinib on Src and p-Src levels. The influence of a 24 h exposure to 0.1% oxygen on the levels of Src, pSrcY419 and
pSrcY530 in five cell lines is presented in panel (A). In panel (A), MDA refers to the MDA-MB-231 cell line. The effect of dasatinib (in aerobic and
hypoxic conditions) on Src, pSrcY419 and pSrcY530 in the hypoxia-sensitive MDA-MB-231 and hypoxia-resistant A549 cells is presented in panel
(B). In both cases, cells were exposed to dasatinib for 24 h before harvesting for immunoblotting. Graphs show the quantification (±SD) of Src,
pSrc Y419 and pSrc Y530 after normalization to β-actin for a minimum of n = 3 experiments.
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ability of erlotinib to inhibit p-ErbB receptors were observed,
despite the increased expression of ErbB receptors under
hypoxia (Figure 7B).

Relationship between cellular response to
sorafenib and inhibition of Raf/MEK/ERK
signalling pathways
Chemosensitivity studies demonstrated that sorafenib was
the only drug that was less effective under hypoxic condi-
tions across the panel of cell lines evaluated. HCR values
ranged from 0.40 to 0.027 in DLD-1 and TK10 cells respec-
tively (Figure 2). The influence of hypoxia on the expression
of Raf/MEK/ERK signalling pathways is presented in Figure 8.
Exposure to 0.1% oxygen for 24 h affects the expression of
p-cRaf, p-MEK1,2, p44/42 MAPK and p90RSK in a cell line-

dependent manner (Figure 8) but these changes do not cor-
relate with the emergence of resistance to sorafenib under
hypoxia.

Discussion

The resistance of hypoxic cells to the classic cytotoxic anti-
cancer drugs has been broadly attributed to hypoxia-induced
changes in the cell cycle but more recent studies have dem-
onstrated that other mechanisms exist (Brahimi-Horn et al.,
2012; Flamant et al., 2012; Onishi et al., 2012; Wu et al.,
2012). With the exception of doxorubicin that can be equally
or more effective against certain cell types under hypoxic
conditions (Teicher et al., 1981; Luk et al., 1990), the majority

Figure 5
Influence of hypoxia and dasatinib on Src and pSrc expression in a hypoxia-sensitive and resistant breast cancer cell lines. Western blot analysis
of Src, pSrcY419 and pSrcY530 following the treatment of hypoxia-sensitive (MDA-MB-468 and MCF7) and resistant (BT20) cells with dasatinib
for 24 h under aerobic and hypoxic conditions. Graphs show the quantification (±SD) of Src, pSrcY419 and pSrcY530 (key to shading of columns
same as Figure 4) after normalization to β-actin for a minimum of n = 3 experiments.
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of cell lines used were resistant to classic cytotoxic drugs
under hypoxic conditions (Figure 1, Table 1). In contrast, the
response of cells to TKIs under aerobic and hypoxic condi-
tions varied in a cell line-dependent manner with three main
patterns of response observed (Table 1, Figure 2). These were
resistance under hypoxia, equitoxic effects under aerobic and
hypoxic conditions, and sensitivity under hypoxia. With the
exception of sorafenib (which was resistant under hypoxia in
all cell lines tested) and imatinib (which was equally active
against hypoxic and aerobic cells), cellular response under
hypoxia was strongly cell line dependent with all three pat-
terns of response observed in many cases (Figure 2).
Responses to dasatinib, for example, ranged from hypoxia
resistance in the case of A549 cells (HCR = 0.007) to hypoxia
sensitivity in MDA-MB-231, MDA-MB-468 and MCF7 cells
(HCR = 5.50, 5.23 and 15.00, respectively, Figure 2, Table 2).
Increased sensitivity to dasatinib under hypoxia was with
increased cell kill as opposed to reduced cell growth, with a
significant increase in apoptosis observed in MDA-MB-468,
MDA-MB-231 and MCF7 (Figure 3 and data not shown) cell
lines.

Dasatinib is an orally active inhibitor of Abl and Src
kinases (Lombardo et al., 2004) and in broad agreement with
previous studies (Pham et al., 2009), an increase in total Src
expression was observed under hypoxic conditions in all cell

lines with the exception of H460 cells (Figure 4A). Human
c-Src signalling output is controlled post-translationally by
phosphorylation at Y530 and Y419 (Yeatman, 2004). Phos-
phorylation at Y530 inactivates c-Src whereas full activation
requires phosphorylation at Y419. Under hypoxic conditions,
cell line-dependent changes in the expression of both
pSrcY419 and pSrcY530 occurred (Figure 4A) but no clear
relationship between c-Src and p-Src and hypoxia resistance
or sensitivity exists (Figures 4 and 5). However, the ability of
dasatinib treatment to dephosphorylate pSrcY530 did corre-
late with cellular response and in the hypoxia-sensitive cell
lines, greater dephosphorylation of the inhibitory pSrcY530
occurred (Figures 4B and 5) making cells more sensitive to
dasatinib. In the hypoxia-resistant cell lines, the dephospho-
rylation of pSrcY530 was reduced under hypoxia conditions
(Figures 4B and 5), thereby keeping c-Src in an inactive state.
The ability of dasatinib to dephosphorylate pSrcY530 (rather
than pSrcY419) contributes significantly to the differential
response of cells to dasatinib. Further studies to determine
the effect of dasatinib on Csk and Chk proteins that inacti-
vate Src by phosphorylation at Y530 and the activating Src
activator protein tyrosine phosphatase 1B (PTP1B) (Yeatman,
2004; Roskoski, 2005) are required. Hypoxic sensitization of
cells to dasatinib appears to be independent of HIF1
(Figure 6). This is consistent with other studies showing that

Figure 6
The role of HIF1 in the activity of dasatinib. Western blot analysis of the effect of hypoxia (24 h exposure to 0.1% oxygen) and CoCl2 (6 h exposure
to 150 μM and 24 h exposure to 100 μM CoCl2 under aerobic conditions) on the expression of HIF1α is presented in panel (A). The values
presented below each lane represent the ratio of HIF1α to β-actin expression as determined by densitometry. The response of cells to dasatinib
in the absence and presence of CoCl2 is presented in panel (B). Cells were pretreated with 150 μM CoCl2 for 6 h before a 1 h exposure to dasatinib
and 150 μM CoCl2. Each value presented represents the mean ± SD for three independent experiments. Statistical significance (P < 0.01) between
the control (no CoCl2) and the CoCl2-treated groups is indicated by *.
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forced expression of HIF1 repressed Src signalling output by
repressing transcription of PTP1B, thereby conferring resist-
ance to dasatinib (Suwaki et al., 2011). As cobalt chloride is
known to stabilize HIF2α in aerobic conditions (Chan et al.,
2002), our results (Figure 6) also suggest that HIF2 is not
involved in the hypoxic sensitization of cells to dasatinib.
Another potential mechanism that may influence response in
normoxia and hypoxia is higher drug efflux capacity in
hypoxic stem cell populations (Challen and Little, 2006).
Further studies are required to verify these and other poten-
tial mechanisms of resistance.

The effect of hypoxia on ErbB receptor (EGFR) signalling
pathways is of current interest (Wouters et al., 2013) and
resistance to gefitinib under hypoxia has been reported in
NSCLC cell lines that harbour both mutant and wild-type
ErbB receptors (Minakata et al., 2012). The results of our study

are broadly in agreement with that resistance to erlotinib,
and gefitinib was observed in some cell lines although HCR
values close to 1 were seen in others (Table 1, Figure 2). The
effect of hypoxia on the expression of ErbB receptors and p-
ErbB receptors varied depending on the cell line (Figure 7A)
with increased expression seen in some cells (e.g. DLD1)
contrasting with no significant change in other cells (e.g.
TK10). Increased expression of ErbB receptors under hypoxia
has been reported previously (Wang and Schneider, 2010;
Misra et al., 2012), but it is not clear why induction is cell line
dependent. A trend between the ability of erlotinib to sup-
press p- ErbB receptors and response under aerobic and
hypoxic conditions exists. In hypoxia-resistant TK10 cells,
reduced dephosphorylation of ErbB receptors was observed
under hypoxic conditions, whereas little difference in the
suppression of p- ErbB receptor expression was observed in

Figure 7
Influence of hypoxia and erlotinib treatment on the expression of ErbB receptors and p-ErbB receptors. The expression of ErbB receptors and p-
ErbB receptors (Y1068) under aerobic conditions and following 24 h exposure to 0.1% oxygen is presented in panel (A). The expression of ErbB
receptors and p- ErbB receptors in TK10 (hypoxia resistant, HCR = 0.09) and DLD-1 cells (hypoxia sensitive, HCR = 1.36) following 24 h exposure
to erlotinib (1–100 μM) under aerobic and hypoxic conditions is presented in panel (B). Graphs show the quantification (±SD) of ErbB receptors
and p- ErbB receptors after normalization to β-actin for a minimum of n = 3 experiments.

BJPHypoxia and tyrosine kinase inhibitor activity

British Journal of Pharmacology (2014) 171 224–236 233



DLD-1 cells where erlotinib was equally active against aerobic
and hypoxic cells (Figure 7B). Our results further support the
view that tumour hypoxia is an important factor that should
be considered when treating patients (Minakata et al., 2012).
Further work is required to identify the mechanisms respon-
sible for the cell-dependent nature of the hypoxia response to
ErbB receptor inhibitors.

Sorafenib inhibits Raf/MEK/ERK signalling (Liu et al.,
2006) but no obvious correlation was observed between
resistance under hypoxia and the expression of proteins
involved in Raf/MEK/ERK signalling (Figure 8). However,
sorafenib is a multi-kinase inhibitor (Matsuda and Fukumoto,
2011) and further studies are required to determine the role of
Raf/MEK/ERK independent pathways in conferring hypoxia
resistance. The resistance of cells under hypoxia is however
potentially significant as sorafenib, by virtue of its anti-
angiogenic properties, has been shown to induce hypoxia in
renal cell carcinoma xenografts (Murakami et al., 2012).
Recent studies have demonstrated that the development of a
resistance to sorafenib is not due to permanent genetic

changes or selection of resistant clones but is due to reversible
changes that occur within the tumour or its microenviron-
ment (Tang et al., 2010; Zhang et al., 2011). It is conceivable
that the induction of hypoxia by sorafenib could generate a
resistance phenotype, an effect that would be transient in
nature depending upon oxygenation levels. Alternative
dosing strategies including low-dose metronomic (Tang et al.,
2010) and high-dose intermittent dosing (Wang et al., 2011)
have shown improved efficacy in preclinical models, but it is
not clear whether this improved efficacy is due to reducing
the induction of tumour hypoxia.

In conclusion, the results of this study demonstrate that
cell lines exposed to normoxic and hypoxic conditions can
induce differential responses to clinically used TKIs. This
includes preferential toxicity towards hypoxic cells as exem-
plified by dasatinib. In the context of the failure to develop
therapies that selectively target hypoxic cells (Semenza,
2012), this study suggests that TKIs that show preferential
toxicity towards hypoxic cells should be evaluated as poten-
tial hypoxia-selective therapies. In the case of dasatinib, the
activity of single-agent dasatinib against solid tumours in the
clinic has so far proved disappointing (Zhang and Yu, 2012),
but further evaluation of dasatinib as a hypoxia-selective drug
could be valuable. In this context, combination strategies
using agents that target the aerobic fraction of tumours
would be required and various preclinical studies have pro-
vided evidence that this is an attractive strategy (Montero
et al., 2011; Raju et al., 2012). While translating the results of
this in vitro study into in vivo efficacy against hypoxic cells is
challenging, this study suggests that certain TKIs should be
re-evaluated as potential hypoxia-selective therapies designed
to overcome hypoxia-induced drug resistance.
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Abstract

Methionine dependence is a feature unique to cancer cells, exhibited as inability to grow in a methionine-depleted environment
supplemented with homocysteine, the immediate metabolic precursor of methionine. This study explores the effect of methionine
depletion and homocysteine supplementation on the viability, sulfur amino acid metabolism and cell-cycle kinetics of normal and cancer
cells, as well as their ability to recover from the treatments. An array of cells including hepatomas (HTC, Phi-1), prostate adenocarcinomas
(PC-3) and transformed (3T3) and normal (HS-27) fibroblasts, has been used aiming to evaluate the importance of tissue specificity. All
cell lines proliferated well in methionine-complete media (MþH"), whilst only the normal fibroblasts HS-27 grew in methionine-
depleted homocysteine-supplemented media (M"Hþ). None of the tested cell lines were able to grow in media without methionine or
homocysteine (M"H"). HTC was the only cell line that did not recover from the M"Hþ treatment whilst PC-3 did not recover from the
M"H" treatment. Methionine and homocysteine depletion (M"Hþ and M"H") were found to induce arrest at different phases of the
cell cycle, depending on the cell line: the methionine-dependent HTC, PC-3 and 3T3 arrested at the S and G2/M phase, whilst Phi-1 and
the methionine-independent HS-27 accumulated in the G1 phase. The cell-cycle kinetics showed that the observed blockades were
reversible. The information resulting from these studies is important for not only the behavior of cancer cells, but also for appreciating the
potential of developing cancer therapies based on methionine-depletion strategies.
# 2004 Elsevier Inc. All rights reserved.

Keywords: Methionine dependence; Homocysteine; Sulfur amino acids; Cancer cells; Cell-cycle kinetics; Transsulfuration

1. Introduction

A broad range of human and animal cancer cell lines and
tumors have been described as methionine dependent.
Methionine dependence is termed as the inability of cancer
cells to grow in a methionine-depleted environment supple-
mented with homocysteine, the immediate metabolic pre-
cursor of methionine. In contrast, normal cells are able to

efficiently utilize homocysteine and sustain growth in the
absence of externally provided methionine (methionine-
independent cells) [1–4]. A number of cancer cells show
methionine-independent phenotypes although they exhibit
significantly lower growth rates when compared to methio-
nine-containingcontrol cultures [3,4]. Impaired5,10-methy-
lene tetrahydrofolate reductase and methionine synthase
activities [4–7], impaired transamination (methionine sal-
vage) pathway [8], as well as differential use of exogenous
and de novo produced methionine for increased rate of
transmethylations[9,10], areamongthelinesof investigation
thathavebeenexplored inanattempt to identify theoriginsof
methionine dependence. However, none of these paths has
providedahypothesis that can fully explain all the featuresof
thismetabolic defect, hence thebiochemicalbasisofmethio-
nine dependence remains to be elucidated.
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Methionine is an essential amino acid provided by the
diet and the de novo recycling of homocysteine [11]. Two
major intersecting pathways are involved in methionine
metabolism, the methionine cycle and the sequential trans-
sulfuration reactions (Fig. 1). Whilst the methionine cycle
is ubiquitously expressed, the transsulfuration pathway is
limited to liver, kidney, small intestine and pancreas. Apart
of its role in protein synthesis, methionine is the substrate
for the formation of S-adenosylmethionine (AdoMet), the
broadly utilized methyl donor for DNA, protein and lipid
methylating reactions. Homocysteine is involved in the
salvage of the one-carbon pathway, recycling of intracel-
lular folates, catabolism of choline and betaine in the liver,
and the transsulfuration pathway as precursor of cystathio-
nine, cysteine and, eventually, glutathione. Excessive con-
centrations of homocysteine and methionine are exported
from the cells [12,13]. Cysteine is used in protein synthesis
and the synthesis of glutathionine, a thiol-containing tri-
peptide with multiple function ranging from antioxidant
defence to modulation of cell proliferation [14]. Cysteine is
provided by the diet or tissues expressing the enzymes of
the transsulfuration pathway and has also been shown to
reduce the requirements for methionine in murine [15] and
human [16] cells. However, due to constitutive expression
of the homocysteine transmethylation pathway as opposed
to the limited tissue distribution of transsulfuration [17],
methionine sparing by cysteine appears to be limited to
liver cells.

One of the hallmarks of cancer cells is the loss of cell-
cycle checkpoints [18]. This leads to loss of genomic
integrity, and dysregulation of oncogenes and tumor sup-
pressor genes, all contributing to tumorigenesis. Therapeu-
tic manipulation of cell-cycle checkpoints has been one of
the major modern directions for development of cancer

therapeutics [19,20]. Methionine depletion has been shown
to reversibly arrest the cell cycle of methionine-dependent
cells at the S and G2/M phase [21,22]. This feature has
been considered as a target for selective targeting of
methionine-dependent cancer cells using chemotherapeu-
tic agents [10,23,24]. The majority of these studies have
focused on the cell-cycle effects during methionine deple-
tion but little is known about the biochemical and cell-
cycle events that take place when the cell-cycle block is
released by replacement with methionine-rich media.
Since most studies on methionine depletion utilize homo-
cysteine supplementation, it is important to investigate and
appreciate the effect of homocysteine in the cell cycle and
sulfur amino acid metabolism during treatment and recov-
ery studies. It is conceivable that the cell cycle of methio-
nine-dependent cells may be synchronized for a period of
time during this recovery phase thereby providing oppor-
tunities for therapeutic intervention using cell-cycle phase
specified anti-cancer drugs. The principle objective of this
study is to characterize the cell-cycle effects and sulfur
amino acid biochemistry of normal and cancer cells during
methionine depletion, with and without homocysteine
supplementation, as well as during recovery from these
treatments. Since the two major pathways that regulate the
methionine and homocysteine pathways are tissue depen-
dent [11], an array of cells including hepatomas, epithelial
cells and fibroblasts has been used aiming to evaluate the
importance of tissue specificity.

2. Materials and methods

2.1. Materials

Modified Eagle’s medium (MEM), Dubelcco’s mod-
ified Eagle medium (DMEM), Roswell Park Memorial
Institute medium (RPMI), trypsin-ethylenediaminote-
traacetic acid solution (Trypsin-EDTA), MEM non-
essential amino acid solution, L-glutamine, sodium pyr-
uvate, penicillin and streptomycin solutions, insulin,
D,L-homocysteine thiolactone, propidium iodide, RNase
A, glutathione (reduced form), DL-homocysteine,
cysteine, cysteinyl-glycine and N-acetyl cysteine were
obtained from Sigma (Dorset, UK). MEM, DMEM and
RPMI without methionine were from ICN. Hepes was
purchased from Gibco BRL. One kilodalton cut-off dia-
lyzed fetal calf serum was obtained from First Link.
7-Fluorobenzofurane-4-sulfonic acid, ammonium salt
(SBD-f) was obtained from Fluka.

2.2. Cell lines

Five different cell lines were used: HTC and Phi-1 (rat
hepatocarcinoma), PC-3 (human prostate adenocarci-
noma), 3T3 (mouse transformed fibroblasts) and HS-27
(non-transformed human new-born foreskin fibroblasts).

Fig. 1. Major biochemical pathways related to methionine and homo-
cysteine metabolism. AdoMet: S-adenosylmethionine; AdoHcy: S-adeno-
sylhomocysteine; Met: methionine; Hcy: homocysteine; GSH: glutathione;
THF: tetrahydrofolate; 5-CH3-THF: 5-methyltetrahydrofolate; 5,10-CH2-
THF: 5,10-methylenetetrahydrofolate; (1) methionine synthase; (2)
methylene tetrahydrofolate reductase; (3) cystathionine b synthase; (4)
betaine-synthase.
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All the cell lines were obtained from the European Collec-
tion of Cell Cultures.

2.3. Cell culture

Cells were maintained in vitro at 37 8C in a 5% carbon
dioxide 95% air humidified incubator. HTC and Phi-1 cells
were grown in MEM, PC-3 cells in RPMI, 3T3 and HS-27
cells in DMEM media. For the different treatments, the
cells were grown in the following media: MEM or RPMI or
DMEM containing 100 mM of L-methionine (abbreviated
MþH"); methionine-free MEM or RPMI or DMEM
media containing 100 mM of L-homocysteine thiolactone
(abbreviated M"Hþ); methionine-free MEM or RPMI or
DMEM media (abbreviated M"H"). All media were
supplemented with 10% 1 kDa cut-off dialyzed fetal calf
serum, 1 mM sodium pyruvate, 50 units/ml penicillin,
50 mg/ml streptomycin, non-essential amino-acid solution,
2 mM glutamine, 50 mg/ml insulin (used only for Phi-1 and
HTC cells), and 24 mM Hepes (for PC-3 cells only).

2.4. Cell-treatments and cell number determination

Cells in exponential growth were trypsinised, counted
and plated in 6-well plates at a cell density of 104–3# 104

cells per well depending of the cell line, in MþH" media.
The medium was changed after 24-h incubation to start the
experiment: control cells were grown in MþH" medium,
while test cells were treated with M"Hþ or M"H"media
for 5 days. At the end of the treatments, media were
changed to MþH" (recovery). Cells were harvested at
appropriate time points. Cells were trypsinised, stained
with Trypan Blue to determine viability, and counted by
using a haemocytometer, the final count being the average
of two counts. Each experiment was performed in dupli-
cate, and repeated three independent times.

2.5. Cell-cycle studies

Cells (between 105 and 5# 105 cells depending of the
cell line) were plated in MþH" medium in 50 cm2 Petri
dishes. The medium was changed 24 h later to start the
experiment: control cells were maintained in MþH"
medium while test cells were treated with either M"Hþ
or M"H" media. Following 5 days of M"Hþ or M"H"
treatment, media were replaced by MþH" and the cells
were allowed to recover. The cells were harvested at
appropriate time points using trypsin, centrifuged for
5 min at 200# g, re-suspended in 200 ml of PBS and fixed
by adding 2 ml of 70% ethanol. Fixed samples were stored
in "20 8C awaiting analysis. Fixed samples were centri-
fuged for 5 min at 200# g, washed in 2 ml of PBS and
pelleted. Cell pellets were re-suspended in 400 ml of PBS;
50 ml of 1 mg/ml RNase A and 50 ml of 400 mg/ml propi-
dium iodide were then added, and the samples were
incubated for 30 min at 37 8C (DNA staining). The reac-

tion was stopped on ice, and the samples were analyzed on
a FACSCalibur flow cytometer (Becton Dickinson Immu-
nocytometry Systems, BDIS) equipped with a 15 mW
argon-ion air-cooled laser with excitation wavelength
488 nm. Pulse height signals of forward light scatter
(FSC), side light scatter (SSC) were collected, and propi-
dium iodide emission was measured using fluorescence
parameter FL-2 with a bandpass filter 585/42 nm. Data on
scatter parameters were collected in linear mode as was
FL2-Area and FL2-Width (double determination) used for
DNA histogram analysis. Ten thousand events were
acquired and stored in list mode using Cellquest software
(BDIS). DNA histograms analysis was performed based on
the algorithm first described by Watson et al. [25], and
modified by Ormerod et al. [26] using the software
WinMDI and Cylchred.

2.6. Metabolite analysis

Cell culture media was collected during the different
treatments and stored at "80 8C awaiting analysis. Total
homocysteine (free thiol, disulfide, homocysteine–cysteine
mixed disulfide), cysteine, cysteinyl-glycine and glu-
tathione (total reduced glutathione and glutathione disul-
fide) were measured by fluorimetric detection
(derivatization with SBD-f) after separation by HPLC as
described by Kenyon et al. [4]. N-Acetylcysteine was used
as internal standard. Results are expressed as concentration
(mM) of metabolite present in the medium.

2.7. Statistical analysis

All results are expressed as means$ S:E:M: Statistical
analysis was performed with the SPSS 11.0 Software.
Independent samples’ Student’s t test was used to analyze
cell-cycle events.

3. Results

3.1. The effect of methionine and homocysteine
supplementation on cell proliferation

Growth curves for all the cell lines (i.e. HTC, Phi-1, PC-
3, 3T3 and HS-27) were performed for up to 20 days
(depending of the cell line) in (a) methionine-complete
media, containing 100 mM L-methionine (MþH"), (b)
methionine-depleted media supplemented with 100 mM
L-homocysteine thiolactone (M"Hþ) and (c) media with-
out methionine or homocysteine (M"H"). In all cases
dialyzed serum was used to avoid supplementing the cells
with traces of amino acids potentially present in the serum.
All cell lines proliferated well in the MþH" media

(Fig. 2). When methionine was replaced with homocys-
teine (M"Hþ), HTC, Phi-1, PC-3 and 3T3 cells ceased to
proliferate, showing methionine dependence (Fig. 2A, C
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Fig. 2. Progress curves for (A) HTC, (B) Phi-1, (C) PC-3, (D) 3T3 and (E) HS-27 cells treated with media containing 100 mM methionine (MþH"), 100 mM
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containing media (recovery). Values are means# S:E:M: of at least three independent experiments.
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Fig. 3. Cell-cycle analysis of (A) HTC, (B) Phi-1, (C) PC-3, (D) 3T3 and (E) HS-27 cells treated with media containing 100 mM methionine (MþH"),
100 mM homocysteine (M"Hþ) or none (M"H") (treatment). Cells treated for 5 days with M"Hþ or M"H" media were allowed to recover in MþH"
media (recovery). Results are expressed as percentage of cells in G1, S and G2 phases of the cell cycle. C5: cell-cycle profile obtained after 5 days of culture
in MþH" (control); T5: cell-cycle profile obtained after 5 days of culture treatment in either M"Hþ or M"H" (treatment); Rn: cell-cycle profile obtained
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($P < 0:05, $$P < 0:01, $$$P < 0:001). All comparisons were made using a two-tailed Student’s t test.
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and D, respectively). Normal fibroblasts HS-27 were able
to grow in M!Hþ media, showing, as expected, a methio-
nine-independent phenotype (Fig. 2E). Our results are in
agreement with previously reported studies on HTC and
PC-3 being methionine dependent [4,22]. Phi-1 did not
show any growth when treated with M!Hþ media for up
to 17 days (Fig. 2B), appearing thus to be methionine
dependent. None of the tested cell lines were able to grow
in the M!H! media. However, the cells remained viable
for up to 15 days with the exception of Phi-1 cells that
appear to be very sensitive to this treatment and cell
numbers decreased almost to zero at the end of the treat-
ment (day 17) (Fig. 2B).

The ability of the cell lines to survive the methionine-
depletion treatments (M!Hþ and M!H!) was tested by
assessing cell viability and ability for growth after the
depletion. Following 5-day treatment with M!Hþ and
M!H! media, the cells were transferred to complete
(MþH!) media and allowed to proliferate. Growth curves
were performed for up to 15 days. Although HTC cells
were able to recover from the M!H! treatment, they did

not grow after the 5-day homocysteine supplementation
(M!Hþ) treatment. (Fig. 3A). The second hepatoma cell
line, Phi-1, recovered from both treatments although a lag
period of 5 days was observed following the M!H!
treatment (Fig. 2B). Conversely, PC-3 cells recovered
and proliferated after the M!Hþ treatment (Fig. 3C)
but were not able to proliferate after the M!H! treatment.
3T3 and the normal fibroblasts HS-27 recovered from both
treatments (Fig. 2D and E) and were able to proliferate.

3.2. The effect of methionine and homocysteine
supplementation on cell-cycle kinetics

In order to evaluate the effect of methionine and homo-
cysteine on the cell cycle, the cell-cycle kinetics for all cell
lines were followed under normal (MþH!), methionine
depletion (M!Hþ) and starvation (M!H!) conditions.
The progress of the cell cycle when the cells were recover-
ing from 5-day treatments with M!Hþ and M!H!media
was also followed up. DNA from ethanol fixed cells was
stained with propidium iodide and the samples analyzed by
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flow cytometry. Fig. 3 shows the DNA histograms obtained
for the five cell lines, results expressed as percentage of
cells in the G1, S and G2/M phases of the cell cycle. The
relative distribution of cells in the G1, S and G2/M phases
was calculated for all cell lines after 5 days of control
treatment (MþH") (Fig. 3) and the results of all treatments
and recovery experiments were compared to this.
Treatment of HTC cells with M"Hþ resulted in

decrease of cells in the G1 phase and concomitant accu-
mulation in the S phase. The cells recovered from the
M"Hþ treatment through a burst of cells in the G2/M
phase followed by increase in G1. TheM"H" treatment of
the HTC cells showed the same profile as for M"Hþ, i.e.
decrease of cell population in the G1 and increase in G2/M
phase, followed by a recovery through reduction of cell
number in G1, increase in S and finally the G2/M phase.
Overall, methionine depletion (M"Hþ) and starvation

(M"H") appeared to have the same effect on these liver
cells (Fig. 3A).
Methionine depletion (M"Hþ) in Phi-1 cells did not

result in any statistically significant changes whilst starva-
tion (M"H") caused an accumulation of cells in the G1
phase. Recovery in both cases was observed through an
initial decrease of cell numbers in the G1 phase accom-
panied by an increase of cells in the S phase, and the cell
cycle normalized 7 days after the reversal of the treatment
(Fig. 3B).
PC-3 cells showed an accumulation of cells in the S and

G2/M phase following both methionine depletion
(M"Hþ) and starvation (M"H") treatments. The cells
appeared to recover from both treatments in the same
manner, i.e. increase of cells in the G2/M phase. The cell
cycle appeared to normalize within 7–9 days from the
reversal of the treatment (Fig. 3C).
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3T3 cells appeared to accumulate on the S and G2/M
phase of the cell cycle following a methionine-depletion
treatment (M!Hþ) accompanied by reduced cell numbers
in the G1 phase. However, the starvation (M!H!) treat-
ment caused only an increase in the number of cells in the
G2/M phase. 3T3 appeared to recover from both treatments
in the same manner, with an initial increase of cells in the S
phase followed by normalization of the cell cycle within 7
days from the reversal of the treatments (Fig. 3D).

The normal fibroblasts HS-27 responded to methionine-
depletion (M!Hþ) and starvation (M!H!) with an
increase in the number of cells in the G1 phase and
reduction of cells in the S phase. Recovery from both
treatments followed the same pattern with an initial
increase of cell numbers in the S phase, followed by
increase in the G1 and decrease in the S phases (Fig. 3E).
Overall, apoptotic cells have been observed in the DNA

histogram analysis (data not shown) but this did not prevent
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the apparent recovery of the cells after M!Hþ andM!H!
treatments.

3.3. The effect of methionine and homocysteine
supplementation on sulfur amino acid metabolism

The levels of cysteine (Cys), total homocysteine (Hcy),
cysteinyl-glycine (Cys-Gly) and glutathione (GSH) were

estimated in the media of all the treatments; results are
presented in Fig. 4.
Under control conditions, (100 mM methionine), the

hepatoma HTC cells utilized Cys, and exported low
concentrations of Hcy and Cys-Gly (Fig. 4A). In the
M!Hþ and M!H! treatments, the cells showed
similar patterns for Cys (uptake: although at lower rates)
and Hcy (exported), whilst Cys-Gly was found to
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decrease within 10 days of culture. The M!Hþ and
M!H! treatment did not affect the ability of HTC cells
to uptake Cys from the media or export Hcy and Cys-Gly
as shown from the results of the recovery studies
(Fig. 4A). GSH was not detected in the media of HTC
cells under any condition, in agreement with our previous
report [4].

The hepatomas Phi-1 (Fig. 4D) utilized Cys and pro-
duced low concentrations of Hcy, Cys-Gly and GSH when

treated with control (100 mM methionine) media. Methio-
nine-depletion (M!Hþ or M!H!) did not alter the ability
of the cells to uptake Cys or produce Cys-Gly and GSH,
although the levels of those two metabolites were lower
(Fig. 4B). When the cells were allowed to recover from the
M!Hþ and M!H! treatments, they were found to follow
the same trend, although the M!Hþ treatment resulted in
higher rate of Cys uptake and higher Hcy and Cys-Gly
production.
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Prostate adenocarcinoma PC-3 cells (Fig. 4C) utilized
Cys and exported Hcy, Cys-Gly and GSH when grown in
complete MþH" medium (Fig. 4C). The M"Hþ and
M"H" treatments did not affect the ability of the cells
to uptake Cys, and produce Cys-Gly. However, Hcy pro-
duction was very low in the M"H" medium and GSH
production was very low in both M"Hþ and M"H"
conditions. Upon recovery, PC-3 were able to utilize

Cys and produce Hcy, Cys-Gly and GSH showing patterns
similar to the ones obtained under control (M"Hþ) con-
ditions (Fig. 4C).
The transformed fibroblasts 3T3 were found to utilize

Cys and export Hcy, Cys-Gly and GSH when grown in
MþH" control media. When 3T3 cells were treated with
M"Hþ and M"H" media, they metabolized Cys in a
similar to MþH" way (Fig. 4D). Although Hcy was
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exported from the cells in M!Hþ media, Hcy levels in
M!H! media were very low. Cys-Gly was produced at
very low levels in both treatments whilst GSH level were
negligible. Upon recovery from a 5-day treatment with
M!H! and M!Hþ, 3T3 were found to metabolize all
thiols in the same manner, all were comparable to the
corresponding control.

The normal fibroblasts HS-27 cells in control MþH!
media (Fig. 4E), metabolized Cys, and exported, at low
concentrations, Hcy, Cys-Gly and GSH. When grown in
M!Hþ media, the levels of Cys remained unchanged
whilst Hcy and Cys-Gly were exported. Cys was not
utilized when the cells were grown in M!H! media,
and Gys-Gly was the only metabolite that was exported.
3T3 cells recovered from the 5-day M!H! and M!Hþ
treatments, and were able to utilize Cys, export Hcy, Cys-
Gly and GSH.

4. Discussion

A broad range of cancers and transformed cells are
characterized by their dependence on the essential amino
acid methionine. This feature is unique to cancer cells and
offers a means of selectively controlling the proliferation
of methionine-dependent cells by depleting their environ-
ment of methionine. Although the role of many biological
pathways and enzymes regulating methionine metabolism
has been investigated, the molecular basis of this metabolic
defect remains unclear. Methionine depletion either by
nutritional manipulation [27] or use of the hydrolase
methioninase [28] has been explored as therapeutic strat-
egy against cancer.

All the cancer cell lines tested in this study were found to
be methionine dependent (Fig. 2), i.e. they stopped pro-
liferating in methionine-depleted media supplemented
with homocysteine (M!Hþ). Cell growth was also
arrested in methionine and homocysteine-depleted media
(M!H!) (starvation). The only surprising result was the
behavior of the hepatoma cells Phi-1 that we had pre-
viously reported to exhibit a partially methionine-indepen-
dent phenotype [4] and are now exhibiting methionine
dependence (Fig. 2B). However, in the present study, we
have used a new batch of cells obtained from the European
Cell Culture Bank. It is, therefore, possible that sub-
culturing the cells has resulted in enhancing some char-
acteristics of their methionine-dependent trait. Both hepa-
toma cell lines (HTC and Phi-1) were found to utilize
cysteine during the methionine-depletion treatments whilst
the fibroblasts 3T3 and HS-27, and epithelial cells PC-3
(Fig. 4) did not. These results agreewith the presence of the
transsulfuration sequence in the liver cells and their ability
to use cysteine to spare methionine [11].

The methionine-depletion treatments were found to
induce arrest of the cell-cycle events at two different
phases, depending on the cell line: the methionine-depen-

dent cells HTC, PC-3 and 3T3 exhibited arrest at the S and
G2/M phase (Fig. 3A, C and D) whilst the methionine-
independent HS-27 appeared to be blocked at the G1 phase
(Fig. 3E). Surprisingly, Phi-1 did not show the profile
exhibited by the other liver cell line HTC or the methio-
nine-dependent cells PC-3 and 3T3, but arrested at the G1
phase of the cell cycle similarly to the methionine-inde-
pendent normal fibroblasts HS-27. Lu et al. [22] have
recently reported that upon methionine-depletion the
methionine-dependent prostate cells PC-3 arrested predo-
minantly in the G2/M phase whereas the partially depen-
dent LNCaP accumulated exclusively in the G1 phase. This
data is similar to our findings for Phi-1 and HS-27. These
observations indicate that there is a wider diversity
between the methionine-dependent cancer cells in terms
of exhibiting different cell-cycle characteristics. Further
studies using dependent and partially dependent cell lines
are needed to prove this hypothesis. Should this be con-
firmed, the cell-cycle characteristics could be used to tailor
cell cycle-dependent therapies to specifically target differ-
ent cancers.
It is also important to note that both the homocysteine

supplementation (M!Hþ) and starvation (M!H!) treat-
ments had similar effects on the cell-cycle kinetics (Fig. 3),
leading to the conclusion that the cellular events behind the
arrest of the cell cycle are independent of the presence of
homocysteine and can most probably be attributed to lack
of methionine. Also, a differential analysis of the expres-
sion of cell cycle-dependent kinases controlling the indi-
vidual check points may elucidate these events and offer
new targets for intervention.
With the exception of HTC, all other cells recovered

from the methionine-depletion homocysteine-supplemen-
tation treatment (M!Hþ). HTC were treated with homo-
cysteine for 5 days prior to reversing the treatment to
methionine-rich media. They were then cultured for a
further 9 days in methionine-rich media (MþH!) without
showing any growth. However, the cell-cycle kinetics
(Fig. 3A) showed that the observed increase in S phase
is induced by both the homocysteine (M!Hþ) and starva-
tion (M!H!) treatments, and that both are reversible.
Apparently, the cause that led to these cells being unable
to recover from the M!Hþ treatment did not have a major
effect on the cell-cycle events. The lack of growth can be
attributed to either a specific homocysteine-mediated
effect or a complete depletion of the methionine and
methyl-group pools (e.g. SAM or specific folate species)
necessary for cell proliferation, an explanation that is in
agreement with the hypothesis for higher methylation rates
in methionine-dependent cancer cells [9]. The uptake of
cysteine, formation of homocysteine and cysteinyl-glycine
upon recovery were not found to be compromised in the
HTC cells.
The prostate adenocarcinomas PC-3 appeared to be

affected by the complete depletion of methyl group source
(starvation) (M!H!) and did not recover when the treat-
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ment was reversed (Fig. 2). This could again be explained
if we consider the need of a minimum concentration of
methionine and/or methyl groups for maintaining certain
crucial for cell growth metabolic functions. However, the
cell-cycle events following recovery did not differentiate
between the two treatments (M!Hþ and M!H!) and
showed the same profile upon recovery (Fig. 3). PC-3 cells
accumulated in the S and G2/M phase of the cell cycle, in
accordance with the studies of Guo [21], Lu [22] and
Poirson-Bichat [29].
Overall, methionine and homocysteine restriction

induced arrest in cell growth. Although within the time
frame of this study the arrest was not reversible for two of
the tested cell lines (HTC and PC-3), it did not differen-
tially influence the metabolic competence of these cells.
The cell-cycle events also indicate an ability of these cells
to recover and offer the potential of synchronizing them at
specific point of the cell cycle. It is therefore possible to
utilize methionine depletion to synchronize methionine-
dependent cancer cells and devise a specific and selective
therapeutic strategy.
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Methionine dependence of tumours: A biochemical strategy
for optimizing paclitaxel chemosensitivity in vitro

Valerie Pavillard a, Anna Nicolaou b, John A. Double a, Roger M. Phillips a,*
a Institute of Cancer Therapeutics, University of Bradford, Bradford BD7 1DP, UK
b School of Pharmacy, University of Bradford, Bradford BD7 1DP, UK

1. Introduction

A characteristic feature of many solid tumours is their
requirement for exogenous methionine in order to proliferate
whereas normal cells are generally methionine independent
[1,2]. This unique feature is not specific to the tissue of origin
and is characterized in vitro by the inability of cells to grow in
methionine-deprived medium supplemented with homocys-
teine, which is the metabolic precursor for de novo methio-

nine synthesis [2,3]. Whilst the biochemical basis for
methionine dependence is still not well understood, methio-
nine depletion is known to havemarked effects upon cell cycle
kinetics producing cell arrest in the S and G2 phases of the cell
cycle in vitro [4–6]. Similar cell cycle changes have been
reported in xenografts models and in cancer patient tumours
treated with methionine-free diets [7–12].

As methionine depletion affects both the growth and the
cell cycle of tumour cells, this treatment has been considered
for selectively targeting methionine dependent cells. Two
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a b s t r a c t

Methionine dependence is a unique feature of cancer cells characterized by growth and cell

cycle arrest (typically in S and G2/M) under conditions of methionine depletion. Following

replenishment of media with methionine, the cell cycle blockade is reversible and during

this recovery period, cells may become more susceptible to the action of cell cycle specific

drugs. The response of a panel of methionine dependent (HTC, Phi-1, PC3 and 3T3) cells to

vinblastine and paclitaxel was compared to methionine independent Hs-27 cells under

conditions of methionine depletion (M!H+; methionine depleted media supplemented with

homocysteine) and starvation (M!H!; media without methionine or homocysteine). All cell

lines were significantly more resistant to both agents under M!H+ and M!H! conditions

compared to controls under normal culture conditions [M+H!]; however, the magnitude of

resistance was reduced in the methionine independent Hs-27 cells. During recovery from

methionine depletion and starvation, the response of the methionine dependent cells to

vinblastine and paclitaxel was significantly enhanced compared to controls. Although the

activity of vinblastine on the Hs-27 cell line was comparable to controls, these methionine

independent cells became significantly more resistant to paclitaxel during recovery studies

(IC50 = 2.13 " 0.5 mM) compared to control cultures (IC50 = 0.13 " 0.15 mM). Whilst the

mechanism responsible for this remains uncertain, the increased activity of paclitaxel

against methionine dependent cells in conjunction with the decreased activity against

Hs-27 cells suggests that methionine depletion strategies may enhance the therapeutic

index of paclitaxel.
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main strategies have been evaluated. First, depletion of
methionine through the use of enzymatic treatments (such
as methioninase) has demonstrated tumour regression fol-
lowing prolonged methionine restriction [13]. Prolonged

methionine depletion is not however suitable for clinical
use because of potential toxicity and quality of life issues and
the subsequent interruption of treatment results in re-growth
of the tumour [14]. An alternative approach is to use
methionine restriction strategies in combination with
chemotherapy [15] where enhanced activity of cytotoxic
agents could be achieved through exploitation of the
changes in cell cycle kinetics that occur during methionine
depletion and recovery from methionine depletion condi-
tions. In the case of DNA intercalating agents (such as
doxorubicin) that exert their greatest cytotoxic effects in S

and G2, enhanced sensitivity of methionine dependent cells
in vitro has been reported [11,16]. During recovery from
methionine depletion, cells become synchronized in M
phase where they become more sensitive to anti-mitotic
agents such as vincristine [11]. Paclitaxel belongs to the anti-
mitotic class of agents but has a different mechanism of
action compared to the vinca alkaloids in that it promotes
tubulin polymerization [17]. As paclitaxel is now widely used
to treat a range of malignancies, the principal objective of
this study is to determine whether or not the activity of
paclitaxel can be modulated by methionine depletion

studies in a panel of cell lines where methionine dependent
growth characteristics and cell cycle analysis has been
previously characterized [6]. Furthermore, analysis of
methionine depletion and its effect on the response of
methionine independent cells was also determined with a
view to identifying whether or not potentiation of cytotoxi-
city is restricted to the methionine dependent phenotype.
The vinca alkaloid, vinblastine was also included in this
study as a positive control compound in order to determine
whether or not differences in the mechanism of action
between paclitaxel and vinca alkaloids influence the efficacy
of methionine depletion strategies.

2. Materials and methods

2.1. Cell lines and culture conditions

Five different cell lines were used in this study. These were
HTC, Phi-1 (rat hepatocarcinoma cells), PC3 (hormone-
dependent human prostate cancer), 3T3 (murine fibroblast
cells) and Hs-27 (human new-born fibroblast cell line), all of
which were obtained from the European collection of cell

cultures. HTC, Phi-1 (previously reported as being partially
methionine dependent [18]), PC3 and 3T3 cells exhibited
methinone dependent growth characteristics whereas Hs-27
cells are methionine independent, details of which have
been published elsewhere [6]. Culture conditions for all cell
lines were identical to those described previously [6], brief
details of which are described below. Methionine-free media
was purchased from ICN (Basingstoke, UK) and supplemen-
ted with 10% 1 kDa cut-off dialyzed foetal calf serum (First
Link, Birmingham, UK), 1 mM sodium pyruvate, 50 IU/ml
penicillin, 50 mg/ml streptomycin, non-essential amino acid

solution, 2 mM glutamine, 50 mg/ml insulin (used only for
Phi-1 and HTC cells), all purchased from Sigma (Dorset, UK),
and 24 mMHEPES (for PC3 cells only, InVitrogen, Paisley, UK).
The following notations were used to describe the various

culture conditions employed: M+H! denotes standard or
control media conditions where media was supplemented
with 100 mM of L-methionine; M!H+ denotes methionine
depletion conditions where media was supplemented with
100 mM of L-homocysteine thiolactone; M!H! denotes
methionine starvation conditions where no methionine or
L-homocysteine thiolactone supplementation occurred. All
cells were cultured at 37 8C in a humidified atmosphere
containing 5% CO2.

2.2. Chemosensitivity studies

Paclitaxel and vinblastine were obtained from Sigma (Dorset,
UK). Both drugs were reconstituted in DMSO. Stock solutions
were batched out into aliquots and stored at !20 8C until
required. Experimental conditions and drug exposure para-
meters used for the various conditions of methionine
depletion, starvation and recovery are specified below. It is
important to state however that during conditions of
methionine depletion and starvation, methionine dependent
cells remain viable but do not proliferate and therefore
cultures do not reach confluence during this initial phase of

the study design. The methionine independent Hs-27 cells do
continue to proliferate undermethionine depletion conditions
but their doubling time is long (85 h) and therefore cultures do
not reach confluence during this initial phase of the study
design. Oncemethionine is added after methionine depletion,
cells begin to proliferate with doubling times of 24–85 h
depending on the cell line in question. Chemosensitivity is
assessed 5–6 days after recovery from methionine depletion
commenced and all cells were in the exponential phase of the
growth curve at the time chemosensitivity was assessed. Full
details of all growth curves under the conditions used in this
study are presented elsewhere [6].

2.3. Drug treatment combined with M+HS medium

Cells were plated in 96-well plates in M+H! medium (between
500 and 2000 cells per well according to cell line). After 24–48 h
of incubation at 37 8C to obtain cells in exponential growth, the
cells were treated with either paclitaxel or vinblastine at
concentrations ranging from 100 to 0.01 mM for 1 h at 37 8C. A
1 h drug exposure period was employed as this time period is
pharmacologically relevant in view of the fact that the major
drug exposure in vivo occurs within the first hour after drug

exposure [19].

2.4. Drug treatment combined with MSH+ and MSHS

medium

Cells were plated in 96-well plates as described earlier inM+H!

medium. In exponential growth, themediumwas changed for
either M!H+ or M!H! medium and cells were maintained
under these conditions for 5 days at 37 8C. After this period of
time, cellswere treatedwith either vinblastine or paclitaxel for
1 h at 37 8C in M!H+ or M!H! media.
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2.5. Drug treatment applied after MSH+ and MSHS

treatment (recovery)

Cellswere plated in 96-well plates as described earlier inM+H!

medium. In exponential growth the medium was replaced by
either M!H+ or M!H! medium and cells weremaintained for 5
days at 37 8C. Themediumwas removed and replaced by fresh
M+H! medium and the cells were maintained at 37 8C for 5 or
24 h before 1 h of drug treatment.

2.6. Post drug exposure procedures and chemosensitivity
determination

Following drug exposure, monolayers were washed twice
with Hanks Balanced Salt Solution prior to the addition of

200 ml of M+H! media to each well. Following a 5 day
incubation period at 37 8C, chemosensitivity was determined
using the MTT assay (which is an established endpoint for
assessing cell viability [20]), details of which are described
elsewhere [21]. Briefly, the medium of each plate was
completely removed and replaced by fresh medium contain-
ing 0.6 mg/ml of MTT. Following 4 h incubation at 37 8C, the
medium was completely removed and replaced by 150 ml of
DMSO to dissolve the formazan crystals. The absorbance of
the resulting solution was measured at 550 nm using a
Labsystems Multiskan1 PLUS plate reader. Cell viability was

determined as the ratio of absorbances in treated wells to
control wells expressed as a percentage. IC50 values were
obtained from plots of percentage cell viability against drug
concentration. Each experiment was performed in triplicate
for each condition. In order to compare the response of
methionine dependent and independent lines under the
various culture conditions specified, results were expressed
as the ratio of IC50 formethionine dependent lines to the IC50
value for HS-27 cells. Values >1 indicate that methionine
dependent lines are more resistant to drug treatment than
the methionine independent Hs-27 cell line.

2.7. Statistical analysis

All statistical analysis was performed with the SPSS 12.0
Software. Independent-samples Student’s t-test was used to
compare IC50 values generated as a result of the various
methionine depletion strategies outlined above.

3. Results

3.1. Chemosensitivity of cells to paclitaxel under conditions
of methionine depletion, starvation and during recovery

The influence of methionine depletion and starvation strate-
gies on the response of cells to paclitaxel is presented in Fig. 1.
Under standard M+H! cell culture conditions, a broad
spectrum of sensitivity exists with IC50 values ranging from
0.05 " 0.06 to 48.7 " 16.5 mM. Under conditions of M!H+

methionine depletion and M!H! starvation, all methionine
dependent cell lines were significantly less responsive to
paclitaxel with IC50 values of >100 mM. In the case of the
methionine independent Hs-27 cell line, IC50 values increased

from 0.13 " 0.15 mM in methionine supplemented M+H!

medium to 10.9 " 7.1 mM under conditions of M!H+ methio-
nine depletion and 51.9 " 46.3 mM under conditions of M!H!

methionine starvation. During the initial phase (5 h) of

recovery from M!H+ methionine depletion, all methionine
dependent lines (with the exception of Phi-1) were more
responsive to paclitaxel than control M+H! conditions and in
HTC and Phi-1 cells, the response of cells was further
potentiated after a 24-h recovery period (Fig. 1). In contrast,
the methionine independent Hs-27 cell line was less sensitive
than control cells (IC50 = 0.13 " 0.15 mM) following both a 5
(IC50 = 0.99 " 0.40 mM) and 24 h (IC50 = 2.13 " 0.5 mM) recovery
period from methionine depletion. During recovery from
methionine starvation (M!H!), a similar pattern of chemo-
sensitivity profiles exists in HTC, Phi-1 and 3T3 cells as

described above although Phi-1 and 3T3 cells are particularly
sensitive to paclitaxel following a 5 h recovery period (IC50
values of 0.017 " 0.018 and 0.089 " 0.014 mM, respectively)
compared to control values (IC50 values of 15.4 " 4.15 and
24.4 " 7.30 mM, respectively). In contrast, the activity of
paclitaxel against PC3 cells was not potentiated during
recovery from M!H! conditions (Fig. 1).

3.2. Chemosensitivity of cells to vinblastine under
conditions of methionine depletion and during recovery

The influence of methionine depletion on the response of
cells to vinblastine is presented in Fig. 2. Under standard
M+H!, cell culture conditions IC50 values ranged from
7.22 " 8.39 to 0.16 " 0.13 mM. During recovery from M!H+

conditions, the activity of vinblastine was potentiated after
24 h of recovery for HTC and Phi-1 cells whereas for 3T3 and
PC3 cells, the activity of vinblastine was potentiated after 5 h
of recovery only (Fig. 2) although this potentiation did not
reach statistical significance (except for PC3 cells treated
after 5 h of recovery). In all cases however, the magnitude of
potentiation was less than that observed with paclitaxel. In
the case of Hs-27 cells, IC50 values during recovery

(0.13 " 0.13 and 0.08 " 0.06 mM for 5 and 24 h recovery,
respectively) were similar to IC50 values in controls
(0.16 " 0.13 mM). During recovery from M!H! conditions,
only minor potentiation of vinblastine activity against
HTC, Phi-1 and PC3 cells was observed. In the case of 3T3
cells however, significant decreases in IC50 values were
observed following both 5 (IC50 = 0.038 " 0.016 mM) and 24 h
(0.14 " 0.076 mM) recovery compared to controls (IC50 = 0.54
" 0.12 mM). In contrast, the activity of vinblastine against
Hs-27 cells decreased following a 24 h recovery period.

3.3. Relationship between the response of methionine
dependent and independent cells to paclitaxel and vinblastine
under normal culture conditions (M+HS), recovery from
methionine depletion (MSH+) and recovery from methionine
starvation (MSHS)

The results are expressed in terms of the ratio of IC50 values
for the methionine dependant cell lines to the IC50 value for
Hs-27 cells under the various experimental conditions
employed (values >1 indicate resistance of methionine
dependent cells compared to Hs-27 cells), details of which
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are presented in Table 1. With regards to paclitaxel, HTC, 3T3
and Phi-1 cells were significantly more resistant than Hs-27
cells with IC50 ratios of 369, 187 and 118, respectively, under
standard methionine (M+H!) rich media conditions. In
contrast, PC3 cells were more responsive than normal Hs-
27 cells (IC50 ratio of 0.38) under similar conditions. Under
M+H! conditions, chemosensitivity ratios were 369 and 118

for HTC and Phi-1 cells, respectively, but following a 24 h
recovery from M!H+ conditions, the response of HTC and
Phi-1 cells were similar to the response of Hs-27 cells (IC50
ratios decreased from 369 and 118 to 0.98 and 0.76 for HTC
and Phi-1 cells, respectively, Table 1). With regards to
recovery from M!H! conditions, the only cell line not to
show any major reductions in chemosensitivity ratios to
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Fig. 1 – The response of a panel of cell lines exposed to paclitaxel under standard (M+HS) media conditions, during
methionine depletion (MSH+) or starvation (MSHS) and during recovery from MSH+ and MSHS treatment (R5 and R24
denote drug treatment after 5 or 24 h recovery). (*) statistical significance (p < 0.05) and all statistical analyses were made
by comparing treated cells to control M+HS cultures.



paclitaxel was PC3. Particularly marked reductions in
chemosensitivity ratios were observed in the case of Phi-1
and 3T3 cells (following a 5 h recovery time) and HTC cells
(following a 24 h recovery period). In contrast to studies on
paclitaxel, the effect of methionine depletion or starvation
and recovery from either treatment condition on cytotoxi-
city ratios for vinblastine was comparatively modest
(Table 1). Whilst all cell lines showed some reduction in
chemosensitivity ratios at either 5 or 24 h recovery com-
pared to standard M+H! conditions, the most significant

reductions were observed in HTC cells (following a 24 h
recovery from M!H! conditions) and 3T3 cells (following 5
and 24 h recovery from M!H! conditions).

4. Discussion

The results of this study demonstrate that methionine
depletion, starvation and recovery from both treatments have
a significant effect on the response of methionine dependent
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Fig. 2 – The response of a panel of cell lines exposed to vinblastine under standard (M+HS) media conditions, during
methionine depletion (MSH+) or starvation (MSHS) and during recovery fromMSH+ and MSHS treatment (R5 and R24 denote
drug treatment after 5 or 24 h recovery). (*) statistical significance (p < 0.05) and all statistical analyses were made by
comparing treated cells to control M+HS cultures.



cell lines to vinblastine and paclitaxel. Under conditions of
methionine starvation (M!H!) and depletion (M!H+), all
methionine dependent cell lines were considerably more
resistant to both vinblastine and paclitaxel compared to
sensitivity underM+H! conditions (Figs. 1 and 2). These results
are consistent with the fact that these cells are blocked in

various positions of the cell cycle (S andG2/M for HTC; PC3 and
3T3 cells; G1 for Phi-1 cells) during the period of drug exposure
[6]. During recovery from M!H+ and M!H! conditions, the
cytotoxic effects of both agents increased (Figs. 1 and 2). These
results are consistent with previous studies using the closely
related vinca alkaloid vincristine in that reversal of the cell
cycle blockade following the addition of methionine allows
cells to enter mitosis where they become more sensitive to
anti-mitotic agents [11,15].

With regards to the methionine independent cell line Hs-
27, resistance to both paclitaxel and vinblastine during
methionine depletion and starvation was also observed

although the magnitude of this effect is greatly reduced
compared to methionine dependent lines. The effects of
methionine depletion and starvation on cell cycle kinetic
parameters demonstrated a slight but statistically significant
accumulation of cells in G1 compared to controls [6]. During
recovery of cells fromM!H+ and M!H! conditions, only minor
differences in IC50 exist in the response of cells to vinblastine
were observed compared to controls (Fig. 2). In the case of
paclitaxel however, a different pattern of chemosensitivity
was observed particularly with regards to the response of
methionine independent and dependent cells during recovery

from methionine depletion and starvation. In contrast to
vinblastine, Hs-27 cellswere significantlymore resistant to the
effects of paclitaxel after both 5 (IC50 = 0.99 " 0.40 mM) and
24 h (IC50 = 2.13 " 0.50 mM) recovery from M!H+ conditions
compared to controls (IC50 = 0.16 " 0.13 mM, Fig. 1). The
mechanistic basis for these observations is not clear. It is
conceivable that because Hs-27 cells continue to grow during
M!H+ conditions that the cell population would be approach-
ing plateau phase at the time of drug treatment and therefore
be less sensitive to paclitaxel. This is however unlikely as a
similar effect would have been obtained with vinblastine.

Recent studies have suggested that paclitaxel induces apop-
tosis in G1 and S phases of the cell cycle whereas both
apoptosis and necrosis occur in G2/M [22]. During M!H+ and
M!H! conditions, a small but significant increase in G1 and
reduction in S phase was observed in Hs-27 cells whereas cells
in G2 remained at a similar level to controls [6]. It is

conceivable therefore that the extent of cell death caused
bynecrosiswould decrease and this could explain the increase
in resistance observed. Furthermore, methionine restriction is
known to havemultiple biochemical effects including changes
to cellular glutathione, S-adenosyl homocysteine and S-
adenosyl methionine levels that could have broad ranging
effects on both drug sensitivity and cell cycle kinetics [23,24]. It
has been recently suggested that reactive oxygen and nitrogen
species are involved in paclitaxel cytotoxicity and the tumour
antioxidant capacity is directly linked to resistance to
paclitaxel [25]. Our previous studies have shown that
methionine depletion reduces the levels of glutathione in

vitro [6]; this effect may lead to a reduction in the antioxidant
capacity of methionine dependent cells under methionine
depletion and may render these cells more susceptible to
paclitaxel. Further studies are required to dissect the
mechanism responsible for the chemosensitivity effects
reported in this study.

The increase in the response of methionine dependent
cells coupled with the decreased sensitivity of the methio-
nine independent Hs-27 cell line to paclitaxel during
recovery from methionine depletion has significant impli-
cations in that the potential therapeutic index of paclitaxel

could be enhanced by methionine restriction strategies.
HTC cells for example are 369 timesmore resistant than cells
to paclitaxel under standard methionine rich control con-
ditions (M+H!) whereas 24 h after the initiation of recovery
from methionine depleted (M!H+) conditions, IC50 values
for HTC and Hs-27 cells are comparable (Table 1). Similar
results have been obtained for Phi-1 and PC3 cells (Table 1).
Clearly Hs-27 cells cannot be regarded as being representa-
tive of all normal cells but in the context of their methionine
independent phenotype (which is a characteristic feature
of normal cells in general), similar effects may occur in other
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Table 1 – Relationship between the response of methionine dependent and methionine independent cells under standard
cell culture conditions (M+HS) and during recovery from methionine depletion (MSH+) and starvation (MSHS)

Drug cell line Ratio (M+H!) Ratio R5 (M!H+) Ratio R24 (M!H+) Ratio R5 (M!H!) Ratio R24 (M!H!)

Paclitaxel
HTC 369 " 82 23.9 " 1.4* 0.98 " 0.3* 18.5 " 6.2* 0.62 " 0.14*

Phi-1 118 " 28 17.2 " 4.6* 0.76 " 0.5* 0.073 " 0.05* 13.2 " 1.9*

3T3 187 " 39 8.9 " 2.1* 6.76 " 0.6* 0.38 " 0.01* 3.05 " 0.23*

PC3 0.38 " 0.10 0.009 " 0.003* 0.019 " 0.04 0.56 " 0.19 0.11 " 0.08

Vinblastine
HTC 12.8 " 1.28 8.92 " 1.08 5.0 " 0.60 11.3 " 2.90 0.40 " 0.38**

Phi-1 45.1 " 3.8 41.1 " 10.9 25.7 " 5.8 22.1 " 5.2 14.9 " 1.70
3T3 3.4 " 0.8 1.61 " 0.10 6.5 " 0.40 0.28 " 0.10** 0.26 " 0.14***

PC3 1.9 " 1.20 0.15 " 0.08** 5.8 " 1.76 0.78 " 0.16 4.0 " 0.89

Results are expressed in terms of the ratio ("S.D., n = 3) of IC50 values for individual methionine dependent cells relative to the methionine
independent Hs-27 cell line under the different culture conditions used. R5 and R24 denote recovery from depletion or starvation for 5 and 24 h,
respectively. Statistical analysis was conducted by comparing all individual values to M+H! results.
* p values of <0.01.
** p values of <0.05.
*** p values of <0.001.



normal cell types. To our knowledge, increased resistance
of methionine independent cells during recovery from
methionine depletion has not been reported previously
and further studies in the in vivo setting are warranted.

Both dietary methionine starvation in vivo [8,26] and
PEGylated recombinant methioninase [27] have been used
in the in vivo setting to lower methionine levels and
alternate cycles of methionine restriction and chemother-
apy have been suggested as a suitable schedule for
improving the efficacy of anticancer drugs [28]. Further
studies in the in vivo setting are required to determine
whether or not methionine restriction strategies in combi-
nation with paclitaxel chemotherapy can improve the
therapeutic index of paclitaxel.
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ORIGINAL ARTICLE

Identification of LDH-A as a therapeutic target for cancer cell
killing via (i) p53/NAD(H)-dependent and (ii) p53-independent
pathways
SJ Allison1,2, JRP Knight1,4, C Granchi3, R Rani3, F Minutolo3, J Milner1 and RM Phillips2

Most cancer cells use aerobic glycolysis to fuel their growth. The enzyme lactate dehydrogenase-A (LDH-A) is key to cancer’s
glycolytic phenotype, catalysing the regeneration of nicotinamide adenine dinucleotide (NADþ ) from reduced nicotinamide
adenine dinucleotide (NADH) necessary to sustain glycolysis. As such, LDH-A is a promising target for anticancer therapy. Here
we ask if the tumour suppressor p53, a major regulator of cellular metabolism, influences the response of cancer cells to LDH-A
suppression. LDH-A knockdown by RNA interference (RNAi) induced cancer cell death in p53 wild-type, mutant and p53-null human
cancer cell lines, indicating that endogenous LDH-A promotes cancer cell survival irrespective of cancer cell p53 status.
Unexpectedly, however, we uncovered a novel role for p53 in the regulation of cancer cell NADþ and its reduced form NADH. Thus,
LDH-A silencing by RNAi, or its inhibition using a small-molecule inhibitor, resulted in a p53-dependent increase in the cancer cell
ratio of NADH:NADþ . This effect was specific for p53þ /þ cancer cells and correlated with (i) reduced activity of NADþ -dependent
deacetylase sirtuin 1 (SIRT1) and (ii) an increase in acetylated p53, a known target of SIRT1 deacetylation activity. In addition,
activation of the redox-sensitive anticancer drug EO9 was enhanced selectively in p53þ /þ cancer cells, attributable to increased
activity of NAD(P)H-dependent oxidoreductase NQO1 (NAD(P)H quinone oxidoreductase 1). Suppressing LDH-A increased
EO9-induced DNA damage in p53þ /þ cancer cells, but importantly had no additive effect in non-cancer cells. Our results identify a
unique strategy by which the NADH/NADþ cellular redox status can be modulated in a cancer-specific, p53-dependent manner
and we show that this can impact upon the activity of important NAD(H)-dependent enzymes. To summarise, this work indicates
two distinct mechanisms by which suppressing LDH-A could potentially be used to kill cancer cells selectively, (i) through induction
of apoptosis, irrespective of cancer cell p53 status and (ii) as a part of a combinatorial approach with redox-sensitive anticancer
drugs via a novel p53/NAD(H)-dependent mechanism.
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INTRODUCTION
Cancer and non-cancer cells differ fundamentally in their
metabolism.1 Many cancer cells are reprogrammed to utilise
glycolysis rather than mitochondrial oxidative phosphorylation as
their major source of energy for cell growth and proliferation.2–4

Reliance on glycolysis even in the presence of oxygen (the
Warburg effect) appears to be directly linked to the activation of
oncogenes and loss of tumour suppressors,5,6 leading to a
resurgence of interest in its role in cancer development.

The enzyme lactate dehydrogenase (LDH) is pivotal in ensuring
there is enough nicotinamide adenine dinucleotide (NADþ ) to
fuel cancer cell glycolysis. LDH is a tetrameric enzyme composed
of two different subunits (LDH-A and LDH-B) encoded by separate
genes. LDH catalyses the interconversion of pyruvate and reduced
nicotinamide adenine dinucleotide (NADH) generated by glyco-
lysis to lactate and NADþ . The direction of catalysis depends on
the proportion of LDH-A and LDH-B in the LDH complex; LDH-A
promotes reduction of pyruvate to lactate to regenerate NADþ

from NADH, whereas LDH-B favours the reverse reaction.7,8

Through regenerating the NADþ required to drive glycolysis in
cancer cells, LDH-A is a key enzyme involved in the Warburg effect
and in sustaining cancer’s glycolytic phenotype. Non-cancer cells
utilise oxidative phosphorylation in the presence of oxygen to
generate energy; under such conditions, LDH-A is presumed
dispensable, only being required for anaerobic glycolysis when
oxygen is sparse. Significantly, LDH-A suppression has been
reported to reduce cellular transformation and inhibit tumour
progression.9–11

LDH-A inhibition has the potential to alter the cellular balance
between NADþ and its reduced form NADH. Perturbation of the
cellular NADH/NADþ ratio, as well as potentially inhibiting aerobic
glycolysis, could impact upon other cellular processes and
enzymes, which utilise NADþ and NADH. The role of NAD(H) as
a cofactor in oxidation/reduction reactions is well established and
the activity of NAD(H)-dependent enzymes appear sensitive to
cellular changes in NAD(H).12–14 Many of these enzymes have
important biological and therapeutic functions. For example,
the oxidoreductase NAD(P)H quinone oxidoreductase 1 (NQO1)
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utilises NADH to reduce the quinone-based anticancer prodrug
EO9 (Apaziquone) to cytotoxic metabolites.15–17 In another
example, NADþ is an essential cosubstrate for the sirtuin (SIRT)
family of NADþ -dependent protein deacetylases.18 SIRT1, the
most extensively studied of the human SIRTs, appears to be
required for survival of certain cancer cells.19–22 Disruption of
NADþ biosynthetic pathways to reduce the activity of NADþ -
dependent enzymes such as SIRT1 is a therapeutic strategy being
evaluated.13 However, non-cancer cells also require NADþ for
normal cell functions and this approach carries a risk of toxicity to
normal cells.23 Strategies designed to modulate NADH/NADþ

selectively in cancer cells are required and one potential approach
is targeting LDH-A. Thus by targeting LDH-A, this could potentially
provide a way of reducing SIRT1 activity selectively in cancer cells.
Among the many cellular substrates of SIRT1 is the tumour
suppressor p53.24,25 Targeting LDH-A could therefore, via SIRT1,
indirectly provide a way of altering p53 acetylation status and the
downstream induction of p53 target genes (e.g. p21) selectively in
cancer cells. This is important as these genes have an important
role in the p53 cellular stress response and the cellular decision as
to whether to live, arrest or die.26

In addition to the key role of the tumour suppressor p53 as a
cellular stress sensor and in the induction of growth arrest,
senescence or apoptosis in response to DNA damage, it also
influences multiple aspects of cellular metabolism as well as the
cellular response to metabolic stress.6,27 P53 regulates glycolysis,
the pentose phosphate pathway, oxidative phosphorylation and
glutaminolysis and its loss promotes the Warburg effect.6 Here we
ask if p53 influences the response of cancer cells to LDH-A
suppression and its therapeutic potential. Using RNA interference
(RNAi) and a panel of human cancer cell lines, we show that (i)
LDH-A promotes cancer cell survival irrespective of cancer cell p53
status under normal growth conditions, whereas LDH-B appears
non-essential, (ii) targeting LDH-A provides a p53-dependent
mechanism by which the NADH:NADþ balance in cancer cells, but
not that in non-cancer cells, can be significantly altered, (iii) LDH-A
suppression reduces the activity of NADþ -dependent deacetylase
SIRT1 in p53þ /þ cancer cells and (iv) silencing LDH-A causes a
p53-dependent increase in cancer cell sensitivity to the redox-
dependent anticancer prodrug EO9, attributable to increased
activity of NAD(P)H-dependent oxidoreductase NQO1. We further
show that a small-molecule inhibitor of LDH-A, methyl 1-hydroxy-
6-phenyl-4-(trifluoromethyl)-1H-indole-2-carboxylate (NHI-2),28 is
able to recapitulate many of these effects.

RESULTS
Selective knockdown of LDH-A and LDH-B
Efficient, selective mRNA knockdown of LDH-A and LDH-B by their
respective small interfering RNAs (siRNAs) was observed, as
determined by qRT-PCR (Figure 1a). LDH-A silencing had no
effect on LDH-B mRNA levels and vice versa (Figure 1a). Similar
mRNA knockdown efficiency was evident in human HCT116
cancer and ARPE19 non-cancer cell lines (Figure 1a).

Interestingly, the relative protein expression levels of LDH-A and
LDH-B differed between the HCT116 cancer cells and the ARPE19
and WI38 non-cancer cell lines (Figure 1b). In the HCT116 cells,
LDH-A and LDH-B protein levels were similar, whereas in the
ARPE19 and WI38 cells, LDH-A protein levels were higher relative
to LDH-B (Figure 1b). Nonetheless, LDH-A silencing resulted in an
efficient knockdown of LDH-A protein in all cell lines (Figure 1b).
LDH-B silencing efficiently depleted LDH-B protein and also
caused some reduction in LDH-A protein levels, an effect not
observed at the mRNA level (Figures 1a and b), implying increased
LDH-A protein turnover in the absence of LDH-B. Control siRNAs
targeting lamin A/C or SIRT1 had no effect on LDH-A or LDH-B
levels (Figure 1b and Supplementary Figure S1a).

LDH-A but not LDH-B depletion induces apoptosis in p53þ /þ ,
mutant and p53" /" cancer cells
LDH-A silencing induced apoptosis in HCT116 cancer cells, both in
p53þ /þ cells and in isogenic p53" /" cells, although to a lesser
extent in the latter (Figures 1c and d). A second siRNA designed to
target LDH-A also induced apoptosis (Supplementary Figure S2). In
contrast, in the human non-cancer ARPE19 and WI38 cell lines,
LDH-A silencing had no effect on cell viability (Figures 1c and d).
LDH-A silencing also induced apoptosis in MCF7 breast cancer
cells (p53 wild-type) and in the p53-mutant cancer cell lines
MDA-MB-231, MDA-MB-468 and DLD1 (Figure 1d). Our results
suggest that LDH-A promotes cancer cell survival irrespective of
p53 status. Silencing LDH-B had no apparent effect on cell survival
of any of the cell lines (Figures 1c and d).

LDH-A suppression increases cancer cell NADH:NADþ and the
effect is p53-dependent
As LDH-A catalyses the regeneration of NADþ from NADH, we
hypothesised that LDH-A silencing may result in depletion of
cellular NADþ and perturbation of the cellular redox balance of
NADH:NADþ . This can have lethal consequences for the cell as
demonstrated by inhibition of the NADþ biosynthetic enzyme
nicotinamide phosphoribosyltransferase (NAMPT).13 Indeed, RNAi-
mediated knockdown of NAMPT induces cell death in both
HCT116 cancer cells and ARPE19 non-cancer cells (data not
shown). Effects of LDH-A silencing upon NADþ and NADH were
therefore determined. Thirty hours after transfection, LDH-A
silencing caused a significant twofold increase in the cellular
NADH:NADþ ratio in HCT116 p53þ /þ cancer cells (Figure 2a).
LDH-B and lamin A/C silencing had no effect on NADH:NADþ . In
contrast to the twofold increase in NADH:NADþ observed in the
p53þ /þ cancer cells, unexpectedly LDH-A silencing in the
isogenic p53" /" cells did not cause a significant change in the
cellular NADH:NADþ ratio despite equivalent LDH-A protein
knockdown in the two cell lines (Figure 1b). This suggests that
apoptosis induced by LDH-A silencing in the p53" /" cancer cells
is not caused by changes in cellular NADH/NADþ .

Importantly, the effects of LDH-A silencing on the cellular
NADH/NADþ ratio in the isogenic p53þ /þ and p53" /" cancer
cells were mimicked by suppressing LDH-A using a selective small-
molecule inhibitor of LDH-A (Figure 2b). The LDH-A inhibitor
used was NHI-2 (methyl 1-hydroxy-6-phenyl-4-(trifluoromethyl)-
1H-indole-2-carboxylate).28 NHI-2, a derivative of the N-
hydroxyindole-2-carboxylate LDH-A inhibitors reported in 2011,29

is a potent, selective LDH-A inhibitor with a half-maximal
inhibitory concentration (IC50) of 10.5 mM and a 4–5-fold LDH-A/
LDH-B selectivity.28 NHI-2 caused a significant increase in the
cellular NADH/NADþ ratio of HCT116 p53þ /þ cells, but had no effect
in the isogenic p53" /" cells (Figure 2b). Significantly, however,
HCT116 p53" /" cells transiently transfected to express wild-type p53
showed an increase in the cellular NADH/NADþ ratio in response to
NHI-2, confirming p53 dependency of the effect (Figure 2b). NHI-2 also
increased the NADH/NADþ ratio in two other p53 wild-type cancer
cell lines tested, LoVo and LS174, but it failed to have any effect in
SiHa or SAOS2 cells, which are functionally p53-null (Figure 2b).

LDH-B silencing decreases the NADH/NADþ ratio in ARPE19
and WI38 cells
In ARPE19 and WI38 non-cancer cells, LDH-A silencing did not
increase the cellular NADH/NADþ ratio (Figure 2a). Interestingly,
however, LDH-B silencing caused a decrease in the NADH/NADþ

ratio in both the ARPE19 and WI38 cells (Figure 2a), an effect not
observed in the HCT116 cancer cells. This suggests that LDH-B is
the functionally dominant LDH isoform in ARPE19 and WI38
non-cancer cells and may have an active role in inhibiting aerobic
glycolysis and promoting pyruvate entry into the tricarboxylic
acid (TCA) cycle.

LDH-A/p53 regulate cancer cell NAD(H) and survival
SJ Allison et al

2

Oncogenesis (2014), 1 – 11 & 2014 Macmillan Publishers Limited



HCT116
p53+/+

M
oc

k

LD
H

-B

LD
H

-A

siRNA:

LDH-A mRNA

LDH-B mRNA

HCT116
p53-/-

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

 (
%

)

20
40
60
80

120

0

100

20
40
60
80

0

100

Cancera

c

d

b

M
oc

k

LD
H

-B

LD
H

-A

M
oc

k

LD
H

-B
LD

H
-A

ARPE19

La
m

in
 A

/C

WI38

M
oc

k

ARPE19

M
oc

k

LD
H

-B

LD
H

-A

LD
H

-B

LD
H

-AsiRNA:

Actin

HCT116 p53+/+ HCT116 p53-/-

siRNA:

La
m

in
 A

/C

M
oc

k

LD
H

-B

LD
H

-A

La
m

in
 A

/C

LD
H

-A

LD
H

-B

M
oc

k

Cancer

Actin

HCT116
p53+/+

ARPE19

siRNA:

WI38

Cancer

Non-cancer

0

1

2
3

4
5

6
7

F
ol

d 
ap

op
to

si
s 

in
du

ct
io

n

siRNA:

M
oc

k

La
m

in
 A

/C

LD
H

-A

LD
H

-B

M
oc

k
LD

H
-A

LD
H

-A

LD
H

-B

LD
H

-B

M
oc

k

M
oc

k

La
m

in
 A

/C

LD
H

-B

LD
H

-A

LD
H

-A

LD
H

-B

LD
H

-A

M
oc

k

M
oc

k

La
m

in
 A

/C

Cancer

HCT116 p53-/-HCT116 p53+/+

Cancer

ARPE19MCF7 MB-231 MB-468 DLD1

p53 WT p53 mutant

*

*

*

*
*

*

100µm100µm100µm100µm

100µm100µm100µm100µm

100µm100µm100µm100µm

100µm100µm100µm

* **

*
*

*

* P<0.001

* P<0.001

LDH-B
LDH-A

Non-cancer

LDH-B
LDH-A

Non-cancer

Mock Lamin A/CLDH-A LDH-B

HCT116
p53-/-

M
oc

k

La
m

in
 A

/C

LD
H

-B

LD
H

-A

Non-cancer

Figure 1. LDH-A promotes human cancer cell survival irrespective of cancer cell p53 status, but appears dispensable for viability in non-cancer
cells. (a) LDH-A and LDH-B mRNA levels in HCT116 p53þ /þ and p53" /" cancer cells and in ARPE19 non-cancer cells 48 h after transfection
with the indicated siRNA. Real-time polymerase chain reaction data (mean±s.d. of four mRNA determinations). Statistical significance
(Po0.001) in LDH-A and LDH-B mRNA levels between silenced cells and control cells is indicated by an asterisk. (b) Immunoblots showing
protein expression of LDH-A and LDH-B in HCT116 p53þ /þ and p53" /" cells (top) and ARPE19 and WI38 cells (bottom), and effects of the
indicated siRNAs 30 h after siRNA transfection. Actin acts as a loading control. (c) Phase-contrast images of HCT116 p53þ /þ and p53" /" cells
and ARPE19 and WI38 cells 72 h after transfection with the indicated siRNAs. Scale bar, 100 mm. (d) Fold induction of apoptosis relative to
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Effect of p53 upon the cellular metabolic response to LDH-A
silencing
The p53 dependency of the increase in cancer cell NADH:NADþ

following LDH-A targeting suggests that p53 status may affect
how the cells respond metabolically to LDH-A suppression. Using
the HCT116 isogenic clones of p53þ /þ and p53" /" cancer cells,
the influence of p53 upon glycolysis and oxidative metabolism
following LDH-A silencing was analysed. Lactate release into the
cell culture medium was determined as a measure of aerobic
glycolysis. Under normal growth conditions, the p53" /" cells
showed higher lactate release into the medium (Figure 3a),
consistent with p53-mediated suppression of the Warburg
effect.6,30 Thirty hours after LDH-A silencing, lactate accumulated
in the medium was reduced by B30% compared with controls in

both the p53þ /þ and p53" /" cells. LDH-B silencing had no
effect. This suggests that LDH-A silencing results in similar
inhibition of aerobic glycolysis in HCT116 p53þ /þ and p53" /"

cells (Figure 3a).
Both the HCT116 p53þ /þ and p53" /" cancer cells showed

increased oxygen consumption following LDH-A silencing,
suggesting increased oxidative metabolism to compensate for
inhibition of aerobic glycolysis (Figure 3b). Under normal growth
conditions, the p53þ /þ cancer cells showed slightly higher levels
of oxygen consumption than the p53" /" cells, as has been
reported previously.30 Following LDH-A silencing, oxygen
consumption increased in both the p53þ /þ and p53" /" cells
(Figure 3b). This was unexpected for the p53" /" cancer cells as
pyruvate entry into the tricarboxylic acid cycle is constitutively
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suppressed through phosphorylation and inactivation of the
pyruvate dehydrogenase (PDH) complex by pyruvate dehydro-
genase kinases.31 Significantly, LDH-A silencing in the p53! /!

cells caused an B3-fold decrease in phosphorylated PDH
(Figure 3c). This is likely to increase pyruvate metabolism by
oxidative phosphorylation and increase oxygen consumption. This

identifies an important novel role for LDH-A, directly or indirectly,
in the regulation of PDH phosphorylation state and activity. In
contrast, LDH-A silencing had no effect on PDH phosphorylation in
the p53þ /þ cells (Figure 3c), which are maintained at low levels
by p53 via negative regulation of pyruvate dehydrogenase kinase
2 transcription.32
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LDH-A/p53 regulate cancer cell NAD(H) and survival
SJ Allison et al

5

& 2014 Macmillan Publishers Limited Oncogenesis (2014), 1 – 11



Oxidative phosphorylation generates reactive oxygen species
(ROS).33 Increased oxidative phosphorylation resulting from LDH-A
knockdown could lead to more intracellular ROS, which are
damaging to the cell and can cause cell death.33,34 Indeed, LDH-A
silencing resulted in a small but significant log increase in ROS
in both the HCT116 p53þ /þ and p53" /" cells (Figure 3d).
Importantly, LDH-B silencing had no effect on intracellular ROS
levels (Figure 3d). In ARPE19 non-cancer cells, neither LDH-A nor
LDH-B silencing had any effect on ROS levels (Figure 3d).

LDH-A silencing also caused a small decrease in adenosine
triphosphate (ATP) levels in the HCT116 p53þ /þ and p53" /"

cancer cells (Figure 3e), suggesting that despite increasing
oxidative metabolism, the cells are unable to fully compensate
bioenergetically. Consistent with this, LDH-A silencing also
activated 50-adenosine monophosphate-activated protein kinase
(AMPK), as indicated by increased phosphorylated AMPK
(Figure 3f). AMPK senses changes in cellular AMP/ATP and acts
to increase ATP production by promoting catabolic reactions.35 No
increase was observed in phosphorylated acetyl-CoA carboxylase
(ACC), an AMPK substrate that promotes B-oxidation (Figure 3f).
In summary, LDH-A silencing in both the HCT116 p53þ /þ and
p53" /" cancer cells results in increased oxidative and bio-
energetic stress (increased ROS, reduced ATP), both of which may
contribute to apoptosis. Superficially, the metabolic response to
LDH-A silencing appeared similar in the isogenic p53þ /þ and
p53" /" cancer cells and it is presently unclear why the increase in
the cellular NADH/NADþ ratio is p53-dependent. Future metabo-
lomic analyses will investigate the mechanistic bases for this p53
dependency.

LDH-A suppression reduces NADþ -dependent SIRT1 activity in a
p53-dependent manner
Using an in vitro SIRT1 deacetylase assay, the effect of suppressing
LDH-A on SIRT1 activity was determined. We reasoned that the
increase in cancer cell NADH:NADþ ratio caused by suppressing
LDH-A (Figure 2) might affect the activity of non-glycolytic
NADþ -dependent enzymes such as SIRT1. NHI-2 caused a dose-
dependent decrease in SIRT1 activity in the HCT116 p53þ /þ cells
(Po0.05) (Figure 4a). Importantly, in HCT116 p53" /" cells, which
fail to show any change in NADH:NADþ in response to LDH-A
suppression, there was no detectable effect of NHI-2 upon SIRT1
activity (Figure 4a). Significantly, for HCT116 p53þ /þ cells treated
with NHI-2, the addition of 2 mM NADþ rescued SIRT1 activity
(Figure 4a), demonstrating that the inhibitory effects of LDH-A
suppression upon SIRT1 activity are due to its effects upon
NADH:NADþ . Silencing LDH-A by RNAi also reduced SIRT1 activity
in HCT116 p53þ /þ cancer cells (data not shown).

In HCT116 cancer cells, SIRT1 constitutively deacetylates p53
at K38219 and SIRT1 silencing increases acetylated K382 p53
levels.19 We therefore asked whether LDH-A silencing also
increases acetylated K382 p53 levels. Significantly LDH-A
silencing caused a marked increase in p53 K382 acetylation
levels in HCT116 p53þ /þ cancer cells consistent with reduced
SIRT1 activity (Figure 4b). LDH-A silencing also increased the
expression of p21, a downstream target of acetylated p53
(Figure 4c). It is unclear to what extent the reduction in SIRT1
activity might contribute to apoptosis in the HCT116 p53þ /þ

cancer cells. However, as reported previously,19 SIRT1 silencing
induces apoptosis in HCT116 p53þ /þ cancer cells, an effect
specifically rescued by Forkhead box protein O4 (Foxo4)
cosilencing (Supplementary Figure S1). Interestingly, cosilencing
Foxo4 with LDH-A in HCT116 p53þ /þ cancer cells partially
rescued apoptosis induced by LDH-A silencing (Supplementary
Figure S1).

In non-cancer ARPE19 cells, acetylated K382 p53 remained
undetectable following LDH-A depletion (presumably due to
continued deacetylation by SIRT1)19 (Figure 4b). SIRT1 silencing in

ARPE19 cells allows detection of p53 acetylated at K382
(Figure 4b, far-right panel), suggesting that in ARPE19 cells LDH-
A silencing does not significantly alter SIRT1 activity. This is
consistent with our observation that LDH-A knockdown has no
effect on NADH:NADþ in non-cancer ARPE19 cells (Figure 2a).
LDH-A silencing also failed to induce p21 in ARPE19 cells,
consistent with no effect on SIRT1 activity or p53 K382
deacetylation (Figures 4b and c).

These results provide proof-of-principle that suppressing
LDH-A can provide a way of altering the activity of non-glycolytic
NADþ -dependent enzymes such as SIRT1 in a cancer-selective
manner. Our results showing that suppressing LDH-A affects
cancer cell SIRT1 activity are consistent with a recent study
which reports that galloflavin, a novel inhibitor of both
LDH isoforms (A and B),36 reduces SIRT1 activity in Burkitt
lymphoma cells.37

LDH-A suppression enhances redox-dependent EO9-induced DNA
damage in HCT116 p53þ /þ cancer cells
We considered whether the increase in cancer cell NADH:NADþ

induced by LDH-A suppression could increase the activity of

Figure 4. LDH-A suppression reduces SIRT1 activity in HCT116
p53þ /þ cancer cells. (a) Effect of LDH-A inhibitor NHI-2 on SIRT1
activity in HCT116 p53þ /þ and p53" /" cancer cells. (6.125 and
12.5 mM NHI-2, 1 h 30 cell exposure) and rescue of reduced SIRT1
activity in HCT116 p53þ /þ cells by 2mM NADþ . Statistical
significance (Po0.05) between NHI-2 treated cells and dimethyl
sulfoxide (DMSO)-treated control cells is indicated by an asterisk.
(b) Effect of LDH-A silencing on p53 acetylation levels at K382 in
HCT116 cancer cells and ARPE19 non-cancer cells. Control immuno-
blots for total p53, SIRT1, lamin A/C and LDH-A are shown. ARPE19
panel (far right) indicates that p53 in ARPE19 cells can be acetylated
at K382 and that it is subject to constitutive deacetylation by SIRT1.
(c) Immunoblots showing induction of p21 expression by LDH-A
silencing in HCT116 p53þ /þ cancer cells, but not in ARPE19
non-cancer cells.
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cellular NADH-dependent enzymes. For this, we focused on
NAD(P)H-dependent oxidoreductase NQO1, which activates the
anticancer prodrug EO9 to induce single-strand DNA breaks
(SSBs).15–17 In a cell-free assay, induction of SSBs in plasmid DNA
by EO9 was directly proportional to NADH concentration
(Supplementary Figure S3a). The effects of silencing LDH-A or
SIRT1 on the ability of EO9 to cause SSBs in cells were determined
using the alkaline comet assay.38 EO9 induced SSBs in a dose-
dependent manner (Figures 5a and b), although interestingly
HCT116 p53þ /þ cells appeared more susceptible to damage than
isogenic HCT116 p53" /" cells and ARPE19 cells despite similar
NQO1 levels (Supplementary Figure S3b). Quantification of DNA
damage, by analysis of tail moments, demonstrated that levels of

EO9-induced DNA damage in SIRT1-silenced cells were equivalent
to controls. Importantly, in LDH-A-silenced HCT116 p53þ /þ cells,
the extent of DNA damage was considerably and significantly
higher at each EO9 dose compared with SIRT1-silenced cells and
controls (Figures 5a and b; Po0.01). In contrast, no increase in
EO9-induced SSBs was observed in HCT116 p53" /" cells or
ARPE19 non-cancer cells following LDH-A silencing (Figure 5b).
This is consistent with the NADH dependency of EO9 activity
and LDH-A silencing increasing NADH:NADþ in p53þ /þ cancer
cells, but not in p53" /" or ARPE19 cells. Brief treatment
with LDH-A inhibitor NHI-2 to increase cancer cell NADH/NADþ

ratio (Figure 2b) followed by 1 h coincubation with EO9 also
significantly enhanced EO9-induced SSBs in HCT116 p53þ /þ cells

Figure 5. LDH-A suppression enhances DNA damage induced by the redox-sensitive anticancer drug EO9 in a p53-dependent, cancer-
selective manner. (a) Representative comet images showing the effects of LDH-A or SIRT1 silencing on EO9-induced SSBs in HCT116 p53þ /þ

cancer cells as determined by the alkaline comet assay. (b) Histograms showing the effects of LDH-A silencing on EO9-induced SSBs in HCT116
p53þ /þ and p53" /" cancer cells and ARPE19 non-cancer cells. Mean data±s.d. from 50 comets. Statistical significance as determined by the
Mann–Whitney U-test (Po0.01) between LDH-A-silenced cells and control cells is indicated by an asterisk. (c) Histogram and comet images
showing the effects of LDH-A inhibitor NHI-2 (12.5 mM 1 h pretreatment plus 1 h coincubation with EO9) on EO9-induced SSBs in HCT116
p53þ /þ cells. Statistical significance as determined by the Mann–Whitney U-test (Po0.01) between NHI-2-treated cells and control cells is
indicated by an asterisk. (d) Histogram showing the effects of NHI-2 on EO9 cytotoxicity in HCT116 p53þ /þ cancer cells, as indicated by IC50
values. Cells were treated for 1 h with NHI-2 to modulate cancer cell NADH:NADþ ratio before 1 h coincubation with EO9. Cells were then
incubated in fresh media for 4 days and effects on cell survival determined. Minimum of n¼ 3 experiments, statistical significance (**Po0.001)
is indicated.
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(Figure 5c; Po0.01). NHI-2 also enhanced EO9-induced SSBs in
HCT116 p53! /! cells transiently transfected with p53 relative to
control transfections (Supplementary Figure S3c). These results
suggest that LDH-A suppression (via increased NADH:NADþ ) can
increase NAD(P)H-dependent NQO1 activity and this is associated
with an increase in DNA damage induction by EO9, the overall
process being p53-dependent.

NHI-2 potentiates EO9 cytotoxicity and induces cancer cell death
We next asked whether brief cellular exposure to NHI-2 to
modulate NADH/NADþ and enhance EO9-induced DNA damage
has any effect on EO9-induced cancer cell death. HCT116 p53þ /þ

cancer cells were exposed to 12.5mM NHI-2 for 1 h and then a
further 1 h with EO9 (0–2500 nM EO9, twofold dilution series)
before washout and incubation of cells in fresh media for 4 days.
Using the MTT assay, IC50 values were then determined and
significantly NHI-2 plus EO9 caused a twofold reduction in the IC50
compared with EO9 alone (Figure 5d). NHI-2 alone of 12.5 mM

(2 h exposure) had no effect on cell growth or survival, indicating
that potentiation of EO9 is not due to cytotoxicity of NHI-2
(Supplementary Figure S3d). Importantly, more prolonged inhibi-
tion of LDH-A by NHI-2 (48 h, 35 mM) caused significant apoptosis
in both HCT116 p53þ /þ and p53! /! cancer cells, but not in
ARPE19 non-cancer cells (Supplementary Figure S4). Significantly,
NHI-2 induced more apoptosis in the p53þ /þ cancer cells than in
the p53! /! cancer cells (Supplementary Figure S4). These results,

consistent with those obtained by RNAi (Figure 1), identify two
potential therapeutic applications of LDH-A inhibitors: (i) as a
single agent, for targeting both p53þ /þ and p53! /! cancer cells
and (ii) through synergy with redox-dependent anticancer agents
(via NADH:NADþ , p53þ /þ cancer cells only) (Figure 6).

DISCUSSION
There is a need for more targeted therapeutic approaches with
fewer adverse side effects. In this context, LDH-A is an attractive
target to consider because of its cancer-selective role. This work
identifies two distinct mechanisms by which LDH-A inhibitors
could potentially be used to kill cancer cells selectively, (i) through
apoptosis induction, irrespective of cancer cell p53 status and
(ii) as a part of a combinatorial therapeutic approach via a
p53/NAD(H)-dependent mechanism (Figure 6).

Suppressing LDH-A in vitro was sufficient to induce significant
cancer cell death by apoptosis. Importantly, this was independent
of cellular p53 status as apoptosis was induced in p53 wild-type,
p53-mutant and p53-null cancer cell lines. This is significant as p53
is a key regulator of multiple aspects of cellular metabolism
including the Warburg effect;6 furthermore, the effectiveness of
many current cancer treatments is dependent on wild-type p53.

LDH-A suppression perturbed the cellular balance of NADH/
NADþ selectively in p53þ /þ cancer cells. This uncovers an
important novel role for p53 in the regulation of cancer cell
NADH/NADþ following LDH-A targeting. Future metabolomic and
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summarising opportunities for anticancer therapy via LDH-A targeting.
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metabolic flux analyses will investigate the mechanistic basis for
this p53 dependency. We further show that altering cancer cell
NADH:NADþ , via LDH-A/p53, provides a potential strategy for
altering the activity of non-glycolytic NAD(H)-dependent enzymes.
Indeed, by suppressing LDH-A, we were able to reduce NADþ -
dependent SIRT1 deacetylase activity selectively in p53þ /þ

cancer cells, resulting in increased acetylated p53. Excess NADþ

rescued SIRT1 activity, linking the effect on SIRT1 activity to
LDH-A-mediated modulation of cancer cell NADH:NADþ .

The increase in cancer cell NADH:NADþ caused by LDH-A
suppression also appeared to increase the activity of the NADH-
dependent enzyme NQO1, which activates the anticancer prodrug
EO9.15–17 LDH-A suppression increased EO9-induced DNA damage
in a p53-dependent, cancer-selective manner and reduced its IC50
twofold. EO9 has completed phase II clinical trials for treating
superficial bladder cancer.39,40 As p53 mutations are rare in these
tumours,41 LDH-A inhibition could potentially enhance the
therapeutic index of EO9 for such tumours.

The major difficulty with chemotherapy and most combina-
tional approaches is how to increase toxicity toward cancer cells
without increasing damage to normal cells. Here, we show that,
via LDH-A/p53 and cancer-specific NAD(H) modulation, it may be
possible to enhance the efficacy of certain redox-dependent
chemotherapeutic agents such as EO9 selectively in p53-wild type
cancer cells without parallel sensitisation of non-cancer cells.

Thus, by exploiting the altered metabolism of cancer cells,
as reported here by targeting LDH-A, this may offer novel
opportunities for selective therapeutic targeting of cancer cells,
either as a monotherapy or as part of a combinatorial approach
(Figure 6).

MATERIALS AND METHODS
Cell lines
All cell lines were authenticated, maintained at low passage and cultured
in antibiotic-free media. p53þ /þ and p53" /" isogenic clones of HCT116
human colorectal epithelial cancer cells42 of o3 passages were used to
study p53-related effects. Other human colorectal cancer cell lines used
were LS174, LoVo (both p53 wild-type) and DLD1 (mutant p53, S241F).
Other cancer cell lines used were MCF7 (p53 wild-type), MDA-MB-231
(mutant p53, R280K) and MDA-MB-468 (mutant p53, R273H) breast cancer
cells, SAOS2 (osteosarcoma, p53-null) and SiHa (cervical carcinoma,
p53-null). SiHa contain one to two integrated copies of the HPV16
genome per cell and are functionally p53-null due to the expression of
HPV16 E6. Non-cancer cells were ARPE19 human retinal epithelial cells,
which senesce after 48 passages,43 and WI38 normal human diploid lung
fibroblasts.

siRNA transfection
Cells were transfected by formulating HPLC-purified synthetic siRNAs into
liposomes as described previously.19,44 Two independent LDH-A siRNAs
were designed that target different exons of the LDH-A mRNA. Both LDH-A
siRNAs gave similar results and efficiently silenced LDH-A: LDHA siRNA 1
(50-CCAGCCGUGAUAAUGACCA(dTdT)-30); LDHA siRNA 2 (50-GGAGUGGAA
UGAAUGUUGC(dTdT)-30). Unless stated otherwise, the data shown were
generated with LDHA siRNA 1. LDH-B siRNA (50-ACUUAAUCCAAUAGCCCAG
(dTdT)-30). Lamin A/C, SIRT1 and Foxo4 siRNAs were as published.19 siRNA
selectivity and silencing efficiency was confirmed by the assessment of
target and non-target mRNA levels by qRT-PCR as described
previously.19,44

mRNA quantification
Total cellular RNA was isolated as described44 and used for quantitative
real-time RT–PCR on a DNA Engine Opticon2 system using Quantitect
SYBRGreen RT–PCR Kit (Qiagen, Hilden, Germany). For LDH-A mRNA
quantification primers. 50-TTGGTCCAGCGTAACGTGAAC-30 and 50-CCAG-
GATGTGTAGCCTTTGAG-30 were used in the thermal cycle: 50 1C for 30 min,
94 1C for 15 min, followed by 36 cycles of 94 1C for 30 s, 55 1C for 30 s, 72 1C
for 45 s. For LDH-B, primers 50-CTGGGAAAGTCTCTGGCTGATG-30 and 50-CA
CTCCACACAGCCACACTTGA-30 were used under identical cycling

conditions. except that primer annealing was at 60 1C for 30 s. Cycle
parameters and primers for SIRT1 and lamin A/C were as described.19

DNA transfection
For DNA transfection, HCT116 cells were seeded in six-well plates at
2.4# 105 cells per well. Cells were transfected with 250 ng pcDNA3.1
expression plasmid encoding human wild-type p53 under the control of
the cytomegalovirus promoter (pcDNA3.1 WTp53) or pcDNA3.1 empty
vector as a negative control.

NAD(H) quantification
An enzymatic cycling reaction was used for the quantification of cellular
NADþ and NADH, as described.45 NADþ and NADH concentrations were
normalised relative to protein concentration (mM NAD(H)/mg protein).
Results were expressed graphically as the fold-change in NADH/NADþ

ratio relative to mock-transfected cells.

Statistical analysis
Statistical analysis was carried out using a two-tailed Student’s t-test or the
Mann–Whitney U-test (Figure 5). A P-value of o0.05 was considered
statistically significant.

Immunoblotting
Cell extracts were prepared as described46 and equivalent amounts
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and electroblotted onto nitrocellulose for immunoblotting. Primary
antibodies were: anti-LDH (Epitomics, Burlingame, CA, USA; antibody
detects both LDH-A and LDH-B: see Figure 1b), anti-SIRT1 (Santa Cruz,
Biotechnology, Santa Cruz, CA, USA), anti-p53 (Santa Cruz),
anti-acetylated K382 p53 (Epitomics), anti-p21 (BD Biosciences, San Jose,
CA, USA), anti-PDH-E1a (Abcam, Cambridge, UK), anti-phosphorylated S293
PDH-E1a (Novus Biologics, Littleton, CO, USA), antiphosphorylated T172
AMPK (Cell Signaling Technology, Beverly, MA, USA) antiphosphorylated
S79 acetyl-CoA carboxylase (Cell Signalling Technology), anti-lamin A/C
(Santa Cruz) and anti-actin (Chemicon International, Temecula, CA, USA).

Apoptosis quantification
Apoptotic cells were identified by flow cytometry using Annexin-V-Fluos
(Roche, Penzberg, Germany) following the manufacturer’s protocol as
described previously.44

Determination of lactate and ATP levels
Lactate levels in the culture media of cells were determined using a Lactate
Assay Kit (Biovision Inc., Milpitas, CA, USA; no. K607) as described by the
manufacturer’s instructions. Cellular ATP levels were determined using an
ATP Bioluminescence Kit (Roche). Lactate and cellular ATP levels were
determined 30 h after siRNA transfection and values were normalised to
cell number.

Oxygen consumption and ROS measurement
Cellular oxygen consumption was measured 30 h after siRNA transfection
using a Clark-type oxygen electrode (Oxytherm; Hansatech Instruments
Ltd, Norfolk, UK). Oxygen consumption rates were measured over a 20 min
linear period and normalised to cell number. Levels of intracellular ROS
were determined using flow cytometry following 30 min incubation of cells
with 5 mM carboxy-H2DCFDA (Invitrogen, Carlsbad, CA, USA; C-400), a cell-
permeant reduced flurorescein derivative oxidised by ROS to produce
fluorescence. As a positive comparative control for increased ROS, cells
were treated with 100mM H2O2 for 24 h and incubated with carboxy-
H2DCFDA.

SIRT1 deacetylase assay
SIRT1 activity of cell extracts was measured using a fluorometric in vitro
SIRT1 deacetylase assay (Abnova, Taipei, Taiwan) as described previously47

and in accordance with the manufacturer’s protocol. The assay was
performed in the presence of trichostatin A to inhibit any nonspecific
deacetylation of the SIRT1 substrate by other deacetylases present. The
assay was carried out in the absence of any added NADþ as it was
presumed that any effects of LDH-A suppression on cellular SIRT1 activity
would be due to effects of LDH-A on cellular NADþ levels. This was directly
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tested and confirmed, as shown in Figure 4a, by the addition of 2 mM

NADþ to the reactions.

Comet assay analysis of DNA damage following EO9 treatment
At 30 h after siRNA transfection, cells were exposed to a range of EO9
concentrations (0–10mM) for 1 h. Induction of single-strand DNA breaks
was determined using the alkaline comet assay as described previously.38

Comets were visualised using an epifluorescent microscope and images
were analysed using Comet Assay III software (Perceptive Instruments, Bury
St. Edmunds, UK). Fifty comets were randomly selected and tail moments
were obtained.

Influence of NADH on induction of single-strand breaks in plasmid
DNA by EO9
Induction of single-strand DNA breaks following reduction of EO9 by NQO1
was determined by measuring conversion of supercoiled plasmid DNA
to open circular DNA as described.48 Each reaction contained 10 mM

EO9, 1 mg/ml purified recombinant NQO1, 2 mg plasmid and NADH
(2 mM–0.031 mM). Following 1 h at 37 1C, the reaction was terminated and
DNA separated on a 1% Tris-acetate-EDTA-agarose gel.

Measurement of NQO1 activity
As a measure of NQO1 levels, the specific activity of NQO1 in the
presence of excess NADH (2 mM) was determined by measuring the
dicumarol-sensitive reduction of DCPIP as described previously.49

Chemosensitivity studies
HCT116þ /þ cells were seeded in 96-well plates at 1" 103 cells per well.
The following day, cells were incubated in media containing 12.5 mM NHI-2
for 1 h. Cells were then incubated with media containing 12.5 mM NHI-2 and
EO9 at a range of concentrations (0–2.5mM) for a further 1 h. Cells were
then washed with phosphate-buffered saline before the addition of normal
growth media. Cells were then incubated for 4 days before cell survival was
determined using the MTT assay.50 Two controls were used: no EO9 or
NHI-2, and 12.5mM NHI-2 only. Another plate was set up and exposed to
EO9 only. Percentage cell survival was determined as the absorbance of
treated cells divided by the absorbance of controls" 100. IC50 values were
determined and statistical analysis was performed using a two-tailed
Student’s t-test.
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Plateau-phase cultures: an experimental model for
identifying drugs which are bioactivated within the
microenvironment of solid tumours

RM Phillips and MRK Clayton
Clinical Oncology Unit, University of Bradford, Bradford BD7 IDP, UK

Summary A commonly used technique for evaluating potential bioreductive drugs is the determination of hypoxic cytotoxicity ratios in vitro.
This experimental model, however, does not accurately mimic the tumour microenvironment, as other factors (such as reduced pH, poor
nutrient status, low cell proliferation rates and high catabolite concentrations) are not incorporated into the design of the assay. Plateau-phase
monolayer cultures possess many of these characteristics, and this study compared the response of plateau-phase and exponentially
growing human colon carcinoma cells (DLD-1) with a series of standard and bioreductive compounds. All drugs tested were added directly to
conditioned medium and three patterns of chemosensitivity were observed. In the case of doxorubicin, vinblastine and 5-fluorouracil,
exponentially growing cells were significantly more responsive than plateau-phase cultures. ThioTEPA and MeDZQ (2,5-diaziridinyl-1,4-
benzoquinone) were equally cytotoxic to both populations of cells. Tirapazamine (SR4233), RSU 1069, mitomycin C and EO-9, however,
were preferentially toxic towards plateau-phase compared with exponentially growing cells. While the exact mechanisms responsible for
these observations in each case are not known, this study suggests that plateau-phase cultures may prove to be a useful experimental model
in the evaluation of drugs designed to work preferentially within the tumour microenvironment.

Keywords: bioreductive drugs; bioactivation; plateau phase; microenvironment

A characteristic feature of many solid tumours is that their
vascular supply is inadequate leading to regions of the tumour that
are poorly perfused with blood (Thomlinson and Gray, 1955;
Denekamp, 1986). This property of solid tumours introduces
several factors that reduce the effectiveness of both chemotherapy
and radiotherapy. These include gradients of oxygen tension,
extracellular pH, nutrients, catabolites, altered expression of
biologically and pharmacologically important proteins and cell
proliferation rates, all of which vary as a function of distance from
a supporting blood vessel (Denekamp, 1986; Sutherland, 1988;
Vaupel et al, 1989; Brown and Garccia, 1994). Tumour cells that
reside some distance away from a blood vessel therefore exist in
a microenvironment which is quite distinct from normal physio-
logical conditions, and there is considerable interest in trying to
exploit this physiological difference to obtain a selective therapy
for solid tumours (Kennedy, 1987; Tannock and Rotin, 1989;
Gerweck and Seetharaman, 1996).
A number of strategies have been employed to try and eradicate

these cells, particularly with the development of bioreductive
drugs which are prodrugs that are enzymatically reduced to cyto-
toxic species under hypoxic conditions (Brown and Garccia, 1994;
Workman, 1994). Several hypoxic cell cytotoxins have been
developed, such as tirapazamine and RSU 1069, which were iden-
tified largely on the basis of differential response of cells under air
and nitrogen (Zeman et al, 1986; Brown, 1993; Workman and
Stratford, 1993). The only variable assayed in these studies is the
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oxygenation status of the cultures at the time of drug exposure and,
in this respect, the model only partly mimics the conditions found
within the microenvironment of tumours (Stratford et al, 1990).
Drugs which are activated by conditions other than hypoxia (e.g.
by acidic pH) may be missed, and there is therefore considerable
merit in using experimental models that closely mimic the tumour
microenvironment in its entirety to identify compounds of this
class. Any compounds identified using such a model could be clas-
sified as 'bioactivated drugs' as opposed to bioreductive drugs as
several factors may contribute towards cytotoxicity, not just
hypoxia. Multicellular spheroids and post-confluent multicell
layers (Durand and Olive, 1992; Pizao et al, 1993) closely mimic
conditions found within solid tumours, although both techniques
are labour intensive and are not suitable as a front line screen for
bioactivated pro-drugs. There is therefore a need to develop new
experimental models of the tumour microenvironment that retain
the simplicity required for the in vitro evaluation of large numbers
of potential prodrugs.

In the early 1970s, considerable interest centred upon the use of
plateau-phase monolayer cultures as an in vitro model of the non-
cycling fraction of cells that exist within solid tumours, and
numerous studies have compared the response of plateau-phase
cells with cells in exponential growth to both radiotherapy and
chemotherapy (Hahn and Little, 1972; Twentyman and Bleehen,
1973; Barranco and Novak, 1974; Drewinko et al, 1981). Plateau-
phase cultures have been extensively characterized and, in addi-
tion to a reduction in cellular proliferation rates, a decrease in
extracellular pH, oxygen tension and nutrient status plus an
increase in lactic acid and catabolite concentrations have been
described (Hahn and Little, 1972; Glinos et al, 1973; Mauro et al,
1974; Bhuyan et al, 1977). These characteristics of plateau-phase
cultures, therefore, closely resemble those found within the
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Figure 1 Growth characteristics of DLD-1 cells (A), the change in extracellular pH (B) and mitotic indices (C) throughout the growth curve. Each point
represents the mean of three independent experiments ± standard deviations

hypoxic microenvironment of tumours, whereas cells in exponen-
tial growth exist in conditions that are analogous to cells growing
close to a blood vessel (i.e. good nutrient status, active cell pro-
liferation, low catabolite concentration, physiological pH, etc.).
These differences between plateau-phase and exponentially
growing cells provide a foundation for the development of a novel
screening strategy, the aim of which is to identify pro-drugs that
are bioactivated under conditions which mimic the microenviron-
ment of tumours. Compounds would be selected for further evalu-
ation if they are preferentially toxic towards plateau-phase cells
compared with exponentially growing cells. In order to validate
this proposed screening strategy, the principal aim of this study is
to determine whether or not the sensitivity of DLD- I human colon
carcinoma cells at different stages of the growth curve can distin-
guish between a series of standard anti-cancer agents and known
bioreductive drugs using the selection criteria outlined above.

MATERIALS AND METHODS
Culture conditions

DLD-1 human colon carcinoma cells (Dexter et al, 1979) were
routinely maintained as monolayer cultures in RPMI- 1640
medium (Life Technologies, Paisley, UK) supplemented with 10%
fetal calf serum (Advanced Protein Products, Brierly Hill, UK),
sodium pyruvate (1 mm, Life Technologies), L-glutamine (1 mM,
Life Technologies) and penicillin/streptomycin (100 IU ml-1 and
100 ,ug ml-', Life Technologies).

Growth characteristics

DLD- 1 cells were seeded at an initial density of lx I05 cells per T-
25 flask containing 10 ml of growth medium and incubated at
37° C. Total cell number was determined daily by harvesting cells
by trypsinization and counting cells using a haemocytometer.
Extracellular pH was monitored daily using a pH electrode (Orion
Research). Mitotic indices were determined from cells grown on
cover slips (placed inside T-25 flasks) which were stained with

haematoxylin and eosin. A total of ten fields of view per data point
were counted (x 25 objective), and approximately 200-300 cells
per data point were counted. All experiments were performed
in triplicate.

Chemosensitivity studies

Drugs used in this study include doxorubicin (Farmitalia Carbo,
Barnet, UK), vinblastine (Sigma, Poole, UK), 5-fluorouracil
(Sigma), ThioTEPA (a gift from Lederle Laboratories, Gosport,
UK), mitomycin C (Kyowa Hakko Kogyo, Tokyo, Japan), EO-9
(The New Drug Development Office of the European Organisation
for the Reseach and Treatment of Cancer), tirapazamine (a gift
from Sanofi Winthrop, USA), RSU 1069 and MeDZQ (2,5-
dimethyl-3,6-diaziridinyl-1 ,4-benzoquinone; a gift from Dr J
Butler, Paterson Institute, Manchester, UK). EO-9 and MeDZQ
were dissolved in dimethyl sulphoxide (DMSO), aliquoted and
stored at -80° C. All other compounds were dissolved in sterile
saline, aliquoted and stored at -80° C. DLD-1 cells were set up at
an initial density of 1 x I05 cells per T-25 flask containing 10 ml of
medium and exposed to drugs on days 2 (exponential phase) and
days 7 (plateau phase) of the growth curve. All drugs were added
directly to the conditioned medium (< 100 gl aliquots) for 1 h
(with the exception of vinblastine and tirapazamine, for which
drug exposure times of 3 h were used, and 5-fluorouracil, for
which 6 h drug exposure times were used). Extended drug expo-
sure times were required to generate full dose-response curves
without depleting drug stocks. Following drug exposure, mono-
layers were washed twice with Hanks' balanced salt solution, and
cells were harvested by trypsinization. A total of I x 101 cells in
200 1 of fresh RPMI- 1640 medium (not conditioned) were plated
into each well of a 96-well plate, and cells were incubated at 37° C
for 5 days in an humidified atmosphere containing 5% carbon
dioxide. It should be stressed that cells treated on both days 2 and
7 of the growth curve were subjected to identical post-drug expo-
sure recovery periods of 5 days. Following incubation, 20 gl of
MTT (5 mg ml-') was added to each well and incubated for a
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Figure 2 The response of DLD-1 cells to doxorubicin (A) and EO-9 (B) on days 2-8 (inclusive) of the growth curve. Each point represents the mean of three
independent experiments + standard deviations

further 4 h. Medium plus MTT was removed from each well, and
the formazan crystals were dissolved in 150 gl of DMSO. The
absorbance of the resulting solution measured at 550 nm in an

ELISA spectrophotometer. Results were expressed in terms of per
cent survival, taking the absorbance of control cultures to be 100
% survival. Chemosensitivity was expressed in terms of IC50
values (concentration required to kill 50% of the cell population),
and all assays were performed in triplicate.

RESULTS

Growth characteristics of DLD-1 cells

Growth curves for DLD-1 cells together with the change in extra-
cellular pH and mitotic indices are presented in Figure 1.
Following an initial lag phase of 24 h, DLD-1 cells entered expo-
nential growth (population doubling time of 21 h) and reached
plateau phase on day 6 (Figure 1A). Extracellular pH decreased
from 7.5 ± 0.2 on day 0 to 6.7 ± 0.15 on day 8 of the growth curve
(Figure IB). Mitotic indices reached a peak on day 3 (4.73+
0.38%) and progressively decreased to 0.49 ± 0.21% on day 8
(Figure IC).

Chemosensitivity studies

The response of DLD-1 cells exposed to doxorubicin and EO-9
at various stages of the growth curve are presented in Figure 2.
As cells progressed through the growth curve, resistance to
doxorubicin increased (Figure 2A), particularly between days
4 and 7 of the growth curve. In the case of EO-9, DLD-1 cells
progressively became more sensitive as cultures matured into
plateau phase (Figure 2B). A comparison between the response of
cells in early exponential growth (day 2) and plateau phase (day 7)
to a series of compounds is presented in Figure 3. Three patterns of
chemosensitivity were observed. In the case of doxorubicin,
vinblastine and 5-fluorouracil exponentially growing cells were
significantly more responsive than the same cells in plateau phase

(Figure 3A). ThioTEPA and MeDZQ were equally effective
against plateau-phase cells as exponentially growing cells (Figure
3B). Finally, EO-9, mitomycin C, tirapazamine and RSU 1069
were preferentially cytotoxic towards plateau-phase cultures com-
pared with exponentially growing cells (Figure 3C).

DISCUSSION
The principal objective of this study was to develop a novel cell-
based screening assay that could be used to identify drugs that are

activated under conditions which mimic the tumour microenviron-
ment. Plateau-phase cultures closely mimic the microenvironment
of tumours, in that cell proliferation rates are reduced, the extracel-
lular pH is acidic, nutrient levels are low, catabolite concentrations
are high and oxygen tension is low (Figure 1; Hahn and Little,
1972; Glinos et al, 1973). The assay described in this study is
therefore quite distinct from currently available assays used to
evaluate bioreductive drugs, in that it assesses a compound's
ability to be activated under conditions that mimic several proper-
ties of the tumour microenvironment, not just hypoxia. The ability
to kill non-proliferating cells is essential if this class of compounds
is going to be effective in the treatment of solid tumours and this is
a key feature of the proposed screening programme.
The use of plateau-phase cultures has several additional advan-

tages over other models of the tumour microenvironment, such as
multicellular spheroids. Firstly, it is a technically simple model in
which drugs are added directly to the conditioned medium and
chemosensitivity assessed using conventional assays, such as
clonogenic or MTT assays. In the case of MTT assays, however,
problems can occur with drugs that are either mitochondrial
poisons or cause an increase in mitochondrial density or activity
(Pagliacci et al, 1993; Pritsos and Vimalachandra, 1995). Provided
that short drug exposures are followed by a long drug-free
recovery period (5 days in this study), then many of these prob-
lems can be eliminated. Secondly, it would detect drugs that are
activated by conditions other than hypoxia alone, such as low pH,
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or by combinations of environmental factors, and it would assess
'bioactivation' as opposed to classical bioreduction by hypoxia.
Thirdly, cells are able to biochemically adapt to the stressful envi-
ronmental conditions typically found at plateau phase. This point
is particularly significant in view of the growing body of evidence
suggesting that the expression of various proteins is influenced by
microenvironmental conditions (Brown and Garccia, 1994).
Proteins, such as oxygen-regulated proteins (ORP) and glucose-
regulated proteins (GRP), are induced under conditions of low
oxygen tension and, although their specific cellular functions are
not clear, they represent a series of potentially novel targets for
drug design (Sciandra et al, 1984; Heacock and Sutherland, 1990;
Brown and Garccia, 1994). As conditions of low oxygen tension
and poor nutrient status exist at plateau phase (Hahn and Little,
1972; Glinos et al, 1973), these cells may therefore be biochemi-
cally similar to cells inside the tumour microenvironment,
although further work is required to verify this hypothesis. Finally,
there are no drug delivery problems provided that the cultures do
not 'pile up' as they reach plateau phase. For any drug that is
designed to be bioactivated within the tumour microenvironment,
an essential characteristic of this compound is that it must be able
to penetrate several layers of cells to reach its target. In the early
stages of drug development, however, a drug's ability to penetrate
multicell layers is not critical, as the prime objective is to identify
compounds that have the potential to be bioactivated under appro-
priate conditions. Drug penetration barriers could be identified in
more stringent secondary screens (using spheroids for example),
and this problem could be addressed through either an analogue
development programme or the formulation of compounds into
appropriate drug delivery vehicles.
The results of this study demonstrate that the proposed

screening strategy can distinguish between standard anti-cancer
drugs and known bioreductive agents, based upon the response of
cells at different stages of the growth curve. In the case of tirapaza-
mine, E09, mitomycin C and RSU 1069, DLD-1 cells were more
sensitive to these compounds in the plateau phase of the growth
curve than the same cells in exponential growth (Figures 2 and
3C). Previous studies have reported that mitomycin C is as active
against plateau-phase cells as exponentially growing cells,
although this study replaced the conditioned medium with fresh
medium immediately before drug exposure (Drewinko et al, 1981).
An essential component of the assay described in this study is that
drugs are added directly to conditioned medium, in the belief that
drug exposures should be performed under conditions that mimic
the tumour microenvironment. Nevertheless, these results suggest
that if these compounds can be efficiently delivered to the tumour
microenvironment, then preferential cell kill will occur at this site
relative to cells under physiological conditions. This has been
demonstrated in SCCVII tumours treated with RSU1069 and tira-
pazamine for which greater DNA damage (and cell kill with RSU
1069) has been reported in the poorly perfused regions of SCCVII
tumours compared with well-perfused regions of this tumour
model (Olive, 1995 a,b). For vinblastine, doxorubicin and 5-fluo-
rouracil, plateau-phase cells were more resistant than cells in the
exponential phase (Figure 3A), whereas ThioTEPA and MeDZQ
were equally active against both exponential and plateau-phase
cells (Figure 3B). Several possible factors may contribute to the
observed patterns of chemosensitivity, including enhanced potency
under hypoxic or acidic conditions (Kennedy et al, 1985; Stratford
et al, 1986; Phillips et al, 1992; Brown, 1993). In addition, the
expression and activity of DT-diaphorase, which plays a key role in

the activation of quinone-based drugs (Walton et al, 1991; Ross et
al, 1994), increases under both hypoxia and as cells move into the
plateau phase of the growth curve (O'Dwyer et al, 1994; Phillips et
al, 1994; Plumb and Workman, 1994). The conditions that exist in
plateau-phase cells are therefore complex, and the final outcome of
chemotherapy is likely to be due to a complex interaction between
several factors (such as differential drug transport, altered drug
stability or activity, DNA repair status and cell kinetic factors, etc.)
as opposed to a change in one parameter only. This is particularly
relevant to both ThioTEPA and MeDZQ as increased activity
against plateau-phase cells might be expected as a result of the
increased potency of ThioTEPA in vitro under acidic conditions
and elevated levels of DT-diaphorase (which activates MeDZQ) at
plateau phase (Phillips et al, 1988; Ross et al, 1994). The fact that
ThioTEPA and MeDZQ are as active against plateau-phase cells as
exponentially growing cells illustrates the point that the final
outcome of chemotherapy is a fine balance between activation or
the induction of damage on the one hand and how cells deal with
potentially toxic lesions on the other. While unravelling the mech-
anisms responsible for these effects would provide vital informa-
tion about a compound's mechanism of action, it is beyond the
scope of this study.

In conclusion, plateau-phase monolayer cultures may represent
a simple model of the complex microenvironment of solid
tumours. The findings of this study suggest that the use of plateau-
phase cultures to identify potential bioactivated pro-drugs is tech-
nically feasible and may be useful as a front-line screen for this
class of compounds. Further validation of this proposal is required
with particular emphasis being placed on expanding the number of
drugs evaluated and the number of cell lines used. It is envisaged
that the interesting compounds which emerge from this initial
screening programme would be evaluated in more stringent
secondary screening programmes incorporating experimental
models that closely mimic the three-dimensional properties of
solid tumours. Several experimental models are currently avail-
able, particularly multicellular spheroids and post-confluent multi-
cell layers (Sutherland, 1988; Pizao et al, 1993). Both these
models not only have well-characterized gradients of oxygen, cell
proliferation rates, pH, nutrient status, etc. but also incorporate the
important question of drug penetration and are therefore suitable
for use as a secondary screening process. In addition, bioactivated
drugs would have to be used in combination with standard thera-
pies that target the well-oxygenated fraction of tumour cells, and
the question of synergy between bioactivated compounds and
radiotherapy or conventional chemotherapeutic agents can be
addressed in these secondary screening models. As with any
screening strategy, the ultimate value of any experimental model
will depend upon whether activity in vitro translates into activity
in vivo (Phillips et al, 1990), and further studies to determine the
predictive value of this cellular-based screening assay are
currently in progress.
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Development and characterization 
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The physical microenvironment of tumours is characterized by heterotypic cell interactions and 
physiological gradients of nutrients, waste products and oxygen. This tumour microenvironment has 
a major impact on the biology of cancer cells and their response to chemotherapeutic agents. Despite 
this, most in vitro cancer research still relies primarily on cells grown in 2D and in isolation in nutrient- 
and oxygen-rich conditions. Here, a microfluidic device is presented that is easy to use and enables 
modelling and study of the tumour microenvironment in real-time. The versatility of this microfluidic 
platform allows for different aspects of the microenvironment to be monitored and dissected. This is 
exemplified here by real-time profiling of oxygen and glucose concentrations inside the device as well 
as effects on cell proliferation and growth, ROS generation and apoptosis. Heterotypic cell interactions 
were also studied. The device provides a live ‘window’ into the microenvironment and could be used 
to study cancer cells for which it is difficult to generate tumour spheroids. Another major application 
of the device is the study of effects of the microenvironment on cellular drug responses. Some data is 
presented for this indicating the device’s potential to enable more physiological in vitro drug screening.

A characteristic feature of solid tumours is their unique physiological and biological microenvironment, which 
consists of multiple cell types and gradients of oxygen tension, nutrients and waste products which vary as a func-
tion of distance from a supporting blood vessel1–5. This tumour microenvironment has significant biological and 
therapeutic implications including the promotion of a more aggressive cancer phenotype and increased cellular 
resistance to radiotherapy and chemotherapy6–8. In the search for novel therapeutics, the use of more physio-
logically relevant experimental models that can mimic key aspects of the tumour microenvironment in vitro is 
required9–11. One of the models that is currently used is the three dimensional multicellular spheroid, however, 
this model also has a number of key limitations: (i) some cell lines do not form spheroids; (ii) although spheroid 
size can be controlled, cell density within a spheroid cannot; (iii) controlling the extracellular matrix (ECM) 
within a spheroid is not possible; and (iv) direct visualization of cells within the microenvironment created by 
the spheroid is difficult in real-time due to the thickness of the viable rim of the spheroid (typically a few hundred 
microns)10,12. Analysis of the effects of the spheroid microenvironment on tumour cell biology and drug response 
typically requires fixation and sectioning of spheroids13 or cell disaggregation by sequential disaggregation of the 
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spheroid14. Although laser confocal microscopy can be used to visualize spheroids in real-time, this technique has 
a maximum depth penetration of approximately 50 µ m, which is not enough to visualize cells within the hypoxic 
region of spheroids15. Other techniques such as light sheet microscopy could increase this visualization depth but 
these techniques are technically challenging and not widely available16. There is therefore a need to develop and 
validate new experimental models of the tumour microenvironment.

In this context, microfluidic systems have emerged as a potential way of recreating important aspects of the 
tumour microenvironment in vitro and analysing cellular effects in real-time. These systems have been used to 
visualize cellular processes in real-time such as tumour cell chemotaxis, angiogenesis, tumour cell extravasation, 
tumour-stroma cross-talk and cellular responses to drugs17–23. However, the focus of most microfluidic research 
remains within the engineering field, requiring highly specialist equipment and resources for microdevice fab-
rication (for example clean room processing, slow manufacturing processes and in-depth knowledge of fluid 
dynamics)24. Microdevices that are easier to fabricate and operate will encourage the more widespread adop-
tion of microfluidic devices in biomedical and pharmacological research. This article presents an easy-to-operate 
microdevice which can mimic the three dimensional architecture of multicellular spheroids, whilst at the same 
time generating a visible, live “tumour slice” that allows easy monitoring of cells in different regions of the 
microenvironment in real-time as well as their response to different drugs. This model also has the potential to 
assess the ability of drugs to penetrate through several cell layers which can be a major barrier to effective drug 
treatment25.

The microdevice comprises a central microchamber flanked by two lateral microchannels separated by a series 
of projections. This design has been shown to be robust and versatile, since it allows for liquid confinement in the 
central microchamber without invading the lateral microchannels19,26,27. For this study, tumour cells were embed-
ded within a collagen hydrogel thereby mimicking the ECM, and confining cells to the central microchamber. 
The lateral microchannels were used to perfuse different media or compounds and due to the configuration of 
the central chamber, normoxic, hypoxic and necrotic regions were naturally generated. Colon and Glioblastoma 
tumour cell behaviour in different regions of the microdevice were studied and analysed in conjugation with 
measurements of hypoxia and glucose concentrations across the device. The potential of this technology for ana-
lysing the impact of microenvironmental parameters on drug response is exemplified by the differential cellular 
response to several well-known drugs in different parts of the microdevice.

Results
Microdevice operation and visualization of cells. Polystyrene-based microdevices were fabricated by 
injection moulding, and attached to Petri dishes using biocompatible adhesive (Fig. 1A). The microdevice was 
designed so that each of the microchambers could be individually loaded with liquid without liquid spreading to 
adjoining chambers, allowing for the development of a ‘3D cell culture’ system with injected hydrogel confined 
to the central chamber (Fig. 1B). The lateral microchannels remained hydrogel-free and effectively served as 
‘surrogate blood vessels’ for the delivery of nutrients, oxygen, NK cells and drugs as required (Fig. 1C). For both 
the microdevice and the spheroid experiments shown in Fig. 1D,E, adherent U-251 MG cells were trypsinized 
and after detachment were labelled with Vybrant®  Dio in suspension in order to fluorescently label the entire 
cell population. Following 3 days of incubation in the microdevice, Vybrant®  Dio labelled U-251 MG cells were 
clearly visible throughout the central chamber of the microdevice (Fig. 1D). In contrast, for multicellular sphe-
roids formed from Vybrant®  Dio labelled U-251 MG cells, only the cells on the periphery of the spheroid were 
visible by confocal microscopy (Fig. 1E,F and Supporting Fig. 2). This indicates one of the key limitations of the 
multicellular spheroid versus the microdevice, with Vybrant®  Dio labelled U-251 MG cells only being visible on 
the spheroid periphery despite there being fluorescent cellular labeling throughout.

Analysis of fluid flow. After loading the central chamber of the device with hydrogel (without cells) and 
allowing time for its complete polymerization, 10 µ l of cell culture media containing 0.2 µ m green-fluorescent 
polystyrene beads was injected by manual pipetting through one of the lateral microchannel. Using fluorescence 
time-lapse microscopy, the flow profile was analysed and observed to be completely parallel to the central micro-
chamber with no interstitial flow into or through the hydrogel located in the central microchamber (Fig. 2A,B and 
Supporting movie 1). This indicates the high flow resistance generated by the collagen hydrogel confined in the 
central microchamber. However, when volumes of 300 µ l were injected through one of the lateral microchannels, 
a clear interstitial flow was observed into the central microchamber although the fluorescent sphere front did not 
reach the opposite lateral microchannel (Fig. 2C,D and Supporting movie 2). The hydrogel exerted a high flow 
resistance, causing that major part of the fluid to flow through the lateral microchannel (Fig. 2E). Given that the 
central microchamber has an internal volume of 2 µ l, this suggests that less than 1% of the injected volume (300 µ l)  
was entering the hydrogel. This suggests that in order to completely replace or replenish the medium inside the 
hydrogel a large volume of medium (e.g. 1–2 ml) should be injected. These results show that by simply altering the 
volume of solution manually pipetted through one of the lateral microchannels, it is possible to generate parallel 
flow or interstitial flow as desired without the need for any additional equipment or pumps.

Cell viability analyses. U-251 MG cells were embedded in collagen in the central microchamber of the 
device at different cell densities and were cultured for several days. This was to determine whether a necrotic 
region was formed within the central microchamber, which is typical of the tumour microenvironment in vivo. 
After three days, for cells embedded at the highest cell density (40 million U-251 MG cells/ml) a distinct central 
region or ‘belt’ of cells lacking viable calcein (CAM) staining and positive for propidium iodide (PI) was observed 
(Supporting Fig. 3). Positive PI staining indicates loss of cell membrane integrity and is routinely used to detect 
cellular necrosis and cells in the late stages of apoptosis as well as several other forms of cell death. In contrast, 
microdevices initially seeded with 4 or 10 million U-251 MG cells/ml showed no significant PI staining by 3 days.
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Figure 1. Microdevice operation and modelling of the tumour microenvironment. (A) Appearance 
of the microdevice. Microdevices are fabricated by injection moulding and can be attached to the bottom 
of a Petri dish using biocompatible adhesive; three identical devices are shown. (B) Magnified image of a 
microdevice with collagen hydrogel confined to the central microchamber and blue-coloured water perfused 
through the two lateral microchannels to ease visualization. Droplets are located on top of the inlets to prevent 
evaporation. Scale bar is 1 cm. (C) The principle of the live ‘tumour slice’: Culture medium perfused through 
the lateral microchannels provides nutrients and oxygen creating physiological gradients across the device. 
Cells near the ‘surrogate’ blood vessels are viable, whereas oxygen-poor cells in the centre of device start 
to die creating a ‘necrotic core’ similar to the necrotic regions of tumours. (D) Cellular visualization in the 
microdevice. 20 million U-251 MG cells/ml were embedded in collagen and pipetted into the central chamber 
of the microdevice. Image shows appearance by confocal microscopy 24 h later. Cells were labelled before 
injection with the green-fluorescent lipid dye Dio Vybrant®  which stains cell membranes enabling all cells to 
be visualized. Scale bar is 400 µ m. (E) Incomplete cell visualization within a multicellular spheroid due to its 
thickness. 10000 U-251 MG cells were labelled with green-fluorescent Dio Vybrant®  dye, in suspension to 
ensure all cells were equally labelled and these were used to form the spheroid. Scale bar is 400 µ m.  
(F) Quantification of cellular fluorescence across the yellow bordered regions in the microdevice and the 
spheroid as indicated in (D,E).
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To study the kinetics of ‘necrotic core’ formation, U-251 MG and HCT-116 cell viability was evaluated at 
different time points after introducing cells into the central chamber. In experiments using U-251-MG cells, cells 
staining positive for PI gradually appeared in the centre of the microchamber over the first 3 days. Inversely, the 
thickness of the viable region, as indicated by CAM staining, decreased as time increased (Fig. 3A). The system 
stabilized after 3 days, and no further changes were observed in either the viable or necrotic region after longer 
culture times of up to 6 days (Fig. 3A, graphs). The experiment was repeated using HCT-116 cells, with fluores-
cence time-lapse microscopy showing a clear, central ‘necrotic region’ appearing by 24 hours which was signifi-
cantly faster than for the U-251 MG cells (Fig. 3B and Supporting Movie 3). Additionally, the HCT-116 necrotic 
core generated was significantly larger in size than that of the U-251 MG cells at 6 days (1643 ±  9 microns versus 
1011 ±  12 microns respectively).

Figure 2. Flow characterization. After collagen hydrogel polymerization, green fluorescent beads were 
suspended in PBS and perfused through the left lateral microchannel. (A,B) When low volumes (10 µ l) were 
injected, the flow profile observed was completely parallel to the hydrogel and no sphere penetration into 
the hydrogel was observed. (C,D) When large volumes (300 µ l) were injected, an interstitial flow through the 
hydrogel was observed, showing sphere penetration into the hydrogel. Scale bar is 400 µ m. (E) Parallel and 
interstitial flow are determined by the indicated parameters, where “Rhydrogel” is the flow resistance generated by 
the hydrogel, and “Rchannel” is the flow resistance through the lateral microchannels.
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Cell proliferation analyses. The formation over time of a central ‘necrotic core’ furthest from the periph-
eral channels suggested the development of gradients of nutrients and oxygen across the chamber. The assump-
tion was that cells close to the peripheral channels should be well nourished and oxygenated, whereas cells some 
distance away from these ‘surrogate blood vessels’ would suffer from nutrient and oxygen deprivation. To study 
possible effects this might have on cell proliferation in addition to the observed effects on cell survival, both 
U-251 MG and HCT-116 cell lines were transiently transduced with FUCCI cell cycle fluorescent reporters. These 
fluorescent reporters change colour depending on the position of the cell in the cell cycle with quiescent and G1 
cells fluorescing red, cells progressing from G1 into S phase fluorescing yellow and proliferative cells in S, G2 or 
M phase fluorescing green. In order to more easily visualize active cell cycling and proliferation in real-time, only 
5% of the total cells were transduced, whereas the other 95% of the cells remained unstained. A few minutes after 
injecting HCT-116 cells into the microdevices, only a few ‘green’ cells were observed, whereas a higher number 
of ‘red’ cells were detectable, both randomly distributed across the chamber. This was consistent with a higher 
proportion of the cell population being in G1 phase (Fig. 4A,B). Time-lapse fluorescence microscopy showed that 

Figure 3. Necrotic core generation within the microdevice. U-251 MG and HCT-116 cells were embedded 
in collagen hydrogel in the central microchamber. (A) 40 million U-251 MG cells/ml were confined in the 
central microchamber and cell viability was evaluated at the indicated times using calcein (CAM) to stain 
viable cells green and propidium iodide (PI) to stain dead cells red. The graphs show CAM or PI fluorescence 
intensity profile along the delimited region in the images. Position of the pillars is delimited by a grey dashed 
line. (B) HCT-116 cells evaluated under identical experimental conditions showed faster necrotic core 
generation. The width of the necrotic core after 6 days was measured as the distance between those positions 
in the microchamber that reached 50% of the maximum PI fluorescence intensity (blue dashed horizontal 
line). Necrotic core width for U251-MG cells was 1011 ±  12 µ M, and for HCT-116 cells was 1643 ±  9 µ M, 
p-value <  0.05. Scale bar is 400 µ m.
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after 1 day in the microdevice, only those cells located near to the lateral microchannels were actively proliferating 
and ‘green’ S phase or G2/M phase cells could only be detected here (Fig. 4C–F). These results combined with the 
cell viability analysis described earlier demonstrate that a proliferative outer layer of cells is generated followed by 
a slower-proliferating or quiescent middle region and eventually a necrotic core as distance from the ‘surrogate 
blood vessel’ increases. In this way, the microdevice appears to create a ‘visible’ microenvironment that is similar 

Figure 4. HCT-116 Cell proliferation. 40 million HCT116 cells/ml were confined to the central 
microchamber; 5% of these cells were transduced with the cell cycle sensor Premo FUCCI® , which stains  
G0/G1 phase cells in red and S, G2 and M phase cells in green. (A,B) After collagen polymerization, red staining 
cells (G1 phase or quiescent) were randomly distributed through the central microchamber, whereas only few 
cells stained green (S, G2 or M phase cells). (C,D) After 24 hours, an increase in green staining cells was clearly 
observed near the lateral microchannels indicating cell proliferation. (E,F) The central microchamber was 
vertically divided into ten regions (200 µ m steps) and proliferation was quantified as the number of green cells 
observed in each region at 24 h compared to 0 h. Scale bar is 400 µ m.
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in aspects to the actual tumour microenvironment. In contrast to multicellular spheroids, the microdevice gener-
ates a visual ‘tumour slice’ through the tumour microenvironment enabling direct visualisation of cells within the 
microenvironment. Interestingly, when this experiment was repeated using U-251 MG cells, no S or G2/M phase 
cells staining green were observed after 24 hours, whereas G1 phase cells staining red were randomly distributed 
(Supporting Fig. 4).

Oxygen and glucose gradients within the microdevices. The existence of an oxygen gradient across 
the microchamber was assessed using confocal time-lapse microscopy and a hypoxia-sensing dye (Image-iT 
Hypoxia Reagent, Life Technologies) that increases its fluorescence as oxygen tension inside the cell decreases. 
For both U-251 MG and HCT-116 cells, hypoxia-induced fluorescence gradually appeared during the first hours 
of the experiment (panels in Fig. 5A,B). A steep gradient of increasing hypoxia was observed along the first 300 
microns through the “tumour slice” before reaching a plateau where oxygen concentrations had dropped to levels 
where the hypoxia sensing dye was fully activated. By creating an interstitial flow of fresh media through the 
hydrogel (as explained in Fig. 2), oxygen levels were restored to the initial values. Interestingly, just 4 hours later 
the hypoxia levels again reached the values observed after 24 hours in cell culture (graphs; Fig. 5A). These results 
demonstrate that hypoxia is generated within the microdevice and that this can be monitored and quantified in 
real-time. Furthermore, the levels of hypoxia can be manipulated by inducing an interstitial fluid flow through 
the microdevice.

The possible creation of a glucose concentration gradient across the microdevice was analysed using the 
fluorescent glucose analogue 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose(NBDG). 
Glucose-free media supplemented with 200 µ M NBDG was perfused through one of the lateral microchan-
nels and confocal time-lapse images were captured to study the diffusion profile. In the absence of cells, NBDG 
rapidly diffused through the hydrogel and after 90 min, the difference in fluorescence intensity between the 
NBDG-perfused microchannel and the opposite channel was only about 30% (Fig. 5C). When the experiment 
was repeated with 40 million cells/ml embedded in the collagen hydrogel, a different response was observed for 
the HCT-116 and U-251 MG cells. In the case of U-251 MG cells, NBDG appeared to penetrate through the 
hydrogel at a similar rate as in the absence of cells with no significant difference in the NBDG gradient generated. 
This suggests that glucose was able to penetrate across the ‘viable rim’ and into the ‘necrotic core’ of the U-251 MG 
cells. This is consistent with glucose being able to diffuse further than oxygen and support anaerobic metabolism 
which is a feature of the tumour microenvironment in vivo. It also indicates that U-251 MG glucose uptake rate 
was not sufficient to significantly delay the penetration of NBDG. In contrast, a very different NBDG gradient 
was generated in HCT116 cells where a higher NBDG-fluorescence intensity near the NBDG-perfused lateral 
microchannel was observed. In this case the gradient increased by nearly fifty percent compared to the control or 
the U-251 MG cell experiments (NBDG slope in the presence of HCT-116 =  0.035%/µ m vs 0.022%/µ m).

Visualisation and characterization of ROS and apoptosis in the microdevice. Following the 
demonstration that a microenvironment is generated within the microdevice characterized by hypoxia and 
formation of a central ‘necrotic core’, the capability of the microdevice to study and quantify the induction of 
apoptosis and reactive oxygen species (ROS) was investigated. Apoptosis was detectable with embedded U-251 
MG as well as with HCT-116 cells, but apoptosis was not confined to the central ‘necrotic core’ region and was 
visible across the entire central chamber at similar levels (Fig. 6A,B). This suggests that the PI-positive dead cells 
observed in the ‘necrotic core’ are likely to be necrotic rather than due to progression of early stage apoptotic cells 
into late stage apoptosis.

ROS levels across the device were also analysed. These were relatively low but highest at the “tumour slice” 
edges, overlapping with the more oxygenated areas shown in Fig. 5A (Fig. 6C,D). The capability to quantify apop-
tosis and ROS in real-time in different regions of the ‘tumour slice’ is likely to be extremely useful both for basic 
research relating to the tumour microenvironment but also for drug response and mechanistic studies.

Heterotypic cell interactions in the microdevice – migration of natural killer (NK) cells. The 
three chambers of the microdevice offer the opportunity to study heterotypic cell interactions and signalling as 
can occur in the actual tumour microenvironment. In order to demonstrate the capabilities of the microdevice 
to study cross-talk between tumour cells and the immune system, activated NK cells were perfused through 
one lateral microchannel, whereas GFP-expressing HC-T116 cells were confined in the central microchamber. 
Fluorescence time-lapse microscopy showed NK cells migrating from the lateral microchannel towards HCT-116 
cells in the central microchamber with some NK cells penetrating into the “tumour-slice” (Supporting movie 4 
and Supporting Fig. 5). This is a key advantage of the device compared to multicellular spheroid models, enabling 
real-time study of cell migration and dissection of whether an effect is due to direct heterotypic cell interactions 
or via heterotypic signalling.

Drug penetration and evaluation of the impact of the microenvironment on drug responses.  
There is an increasing need to study drug responses in vitro under more physiological conditions that reflect the 
complexity of the tumour microenvironment. Effective targeting of typically chemoresistant cells residing in 
hypoxic regions is a strategic priority. Another key consideration in evaluating drugs, for example in a multicellu-
lar spheroid, is whether a lack of response relates to the drug being ineffective or due to impaired drug penetration 
resulting in the inability of the drug to reach all cells in sufficient quantities to induce a response. Drug penetra-
tion through collagen hydrogel in the central chamber of the microdevice was evaluated using the cytotoxic drug 
doxorubicin (DOX), which is a DNA intercalating agent that naturally fluoresces red. DOX was perfused through 
one of the two lateral microchannels and confocal images were taken at different times, showing rapid penetra-
tion of the DOX (Fig. 7A). In the absence of cells, DOX concentration was almost linearly distributed across the 
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Figure 5. Oxygen and glucose profile. HCT-116 and U-251 MG cells were embedded within collagen hydrogel 
and cultured in the central microchamber. (A) A hypoxia-sensing dye was added to the hydrogel/cell mixture 
prior to injection within the microdevice to monitor and quantify the formation of the hypoxia gradient 
through the experiment in real-time. After collagen polymerization, culture medium containing the dye was 
added to the lateral channels to keep the dye concentration constant through the experiment. The left panels 
show hypoxia-induced fluorescence intensity in the central microchamber increased during the experiment 
as well as how the hypoxia signal disappeared when medium inside the hydrogel was ‘refreshed’ by interstitial 
flow. The graph shows the hypoxia-induced fluorescence profile across the central microchamber. The levels 
of hypoxia rapidly increased across the first 300 µ m and reached a plateau in the centre of the microchamber. 
1 ml of fresh media perfused through one of the lateral microchannels, reduced hypoxia-induced fluorescence 
to initial ‘normoxic’ values. 4 hours post-refresh, the hypoxia-induced fluorescence reached again the values 
observed before. Scale bar is 200 µ m. Position of the pillars is delimited by a grey dashed line. (B) The same 
experiment was repeated for U-251 MG cells with similar effects observed. (C) Green fluorescent glucose 
analogue (NBDG, 200 µ M) was perfused through the left lateral microchannel and the diffusion profile was 
studied in the absence or presence of cells. The graph shows the NBDG diffusion profile across the central 
microchamber after 90 min, demonstrating that NBDG was able to penetrate through the collagen hydrogel. 
The diffusion profile slope was calculated in the absence of cells or in the presence of HCT-116 or U-251 MG 
cells. Scale bar is 400 µ m.
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Figure 6. Apoptosis and ROS characterization. HCT-116 (A) and U-251 MG cells (B) were confined to the 
central microchamber of the device in hydrogel. An apoptosis sensing dye was perfused into the device via the 
lateral microchannels. For both cell lines, apoptotic levels were found to increase with time. The graphs show 
the apoptotic profiles across the delimited region. Position of the pillars is delimited by a grey dashed line.  
(C,D) For detection and monitoring of ROS production, a commercially available agent that is oxidised by ROS 
to a fluorescent product was perfused through the system. The graphs show quantification of ROS along the 
delimited region. Scale bar is 200 µ m.
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Figure 7. DOX effect on HCT-116 cells. The antiproliferative chemotherapy agent DOX was tested within 
the microdevice. (A) 100 µ M DOX was perfused through one lateral microchannel to assess its penetration 
capacity through the hydrogel. The graph shows the DOX diffusion profile across the device with the time. 
Position of the pillars is delimited by a grey dashed line. (B) 30 µ M DOX was perfused through both of the 
lateral microchannels to study the effects on cell viability. After 3 days in the presence of DOX, NucBlue®  and 
NucGreen®  dyes were perfused through the lateral microchannels. NucBlue®  stains all cells blue whereas 
NucGreen®  selectively stains dead cells green. The graph shows the strong effect of doxorubicin on HCT-116 
cell mortality. The green fluorescence intensity was analysed along the delimited region. Scale bar is 200 µ m.
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microchamber after 2 hours and the concentration at the DOX-perfused channel and the opposite channel was 
only 30% different (Fig. 7A). When the experiment was repeated with 40 million HCT-116 cells/ml in the hydro-
gel and the addition of DOX 24 h later, DOX penetrated at a similar rate (Fig. 7A), demonstrating that DOX was 
reaching the hypoxic/necrotic region (as shown in Figs 3 and 5).

To study drug toxicity, DOX was perfused through both lateral microchannels and cell viability was assessed 
after 3 days. DOX induced significant HCT-116 cancer cell kill in cells located near to the lateral microchannels 
but induced much less cell kill further from the microchannels (Fig. 7B). For this experiment, DOX was found to 
efficiently penetrate into the hypoxic region suggesting that this difference in cytotoxic response may be due to a 
difference in the proliferative rate of the cells in these different regions (as has been shown in Fig. 4).

For Glioblastoma U-251-MG cells, the alkylating agent temozolomide (TMZ), which is in clinical use to treat 
Glioblastoma, was evaluated. For U-251 MG cells cultured in 2D for 7 days, TMZ significantly reduced viable cell 
number compared to controls (Supporting Fig. 6). As dead U-251 MG cells detached from the bottom of the Petri 
dish most of them were removed when the culture media was changed for viability staining, explaining the low 
apparent number of ‘red’ dead cells in the images. For cells seeded at the same cell density in 3D collagen hydro-
gels, cell proliferation over the same period was substantially reduced in 3D controls compared to 2D, indicating 
the impact of a 2D or 3D environment on cell growth. Consistent with a reduced proliferative rate and the mech-
anism of action of TMZ, which is dependent on DNA replication, TMZ had a much less dramatic effect on viable 
cell number for cells growing in hydrogel (Supporting Fig. 6). Indeed, TMZ had little effect compared to controls 
and just slightly higher levels of cell death were detected in the most oxygenated and more proliferative regions of 
the microdevice near the lateral microchannels (Fig. 8A,B,D).

A declining gradient of oxygen across the chamber provides the opportunity to evaluate potential hypoxia- 
targeting drugs or hypoxia-activated pro-drugs (HAPs). This is exemplified here using the HAP tirapazamine 
(TPZ). First, TPZ cytotoxicity was evaluated on cells embedded in 3D collagen hydrogels in Petri dishes that were 
cultured under normoxic (20% O2) or hypoxic (1% O2) conditions. Under normoxic conditions, 100 µ M TPZ 
mildly reduced cell viability by less than 20% after 3 days, whereas 1 and 10 µ M TPZ had no effect (Supporting 
Fig. 7). When cultured under homogenous hypoxic conditions, TPZ displayed a much more dramatic effect with 
cell viability reduced by ≈ 80% at 100 µ M (Supporting Fig. 7). However, in the actual tumour microenvironment, 
cancer cells are exposed to a gradient of hypoxia with increasing distance from a blood vessel, which can be mod-
elled in the microdevice (as has been shown in Fig. 5). U-251-MG cells were embedded within the microdevice 
and 24 h later, medium with 100 µ M TPZ was perfused through the lateral microchannels and cell viability was 
measured 3 days later. TPZ cytotoxicity closely correlated with levels of hypoxia with cell mortality highest in 
the innermost most hypoxic regions and with increasing distance from the lateral microchannels (Fig. 8C,D). In 
contrast, consistent with the activation of TPZ by hypoxia, those cells located near to the lateral microchannels, 
which are well oxygenated, remained viable (Fig. 8D).

Discussion
In the last few decades our knowledge and understanding of cancer cell biology has improved considerably. 
However, the clinical approval of new drugs has not kept pace with this increased understanding of cancer biol-
ogy. Many of the new drug candidates that show promise in initial testing fail when they are tested in more 
advanced models and the clinic28,29. One key strategy to reduce the high attrition rate and cost associated with the 
discovery of anti-cancer drugs is to develop new in vitro preclinical models that are better predictors of success 
in advanced preclinical and clinical testing28. Conventional two-dimensional cell cultures are unable to mimic 
many critical aspects of tumour biology (i.e. nutrient and waste gradients, hypoxia, gradients of cellular prolifer-
ative status), leading to drug failure in more advanced stages of the drug development process. New experimental  
in vitro models that can mimic key aspects of the tumour microenvironment and allow early assessment of effects 
of the tumour microenvironment on cellular drug response are urgently needed.

Technical complexity has hindered microfluidic-based models being widely adopted by the biomedical com-
munity. Here we present a very simple and easy-to-operate model that closely mimics important aspects of the 
tumour microenvironment and enables monitoring in real-time. Using this model, the two different cancer cell 
lines we analysed, HCT-116 and U-251 MG, generated quite different tumour microenvironments: (1) differing 
in the size of their ‘necrotic core’; (2) cellular rates of glucose uptake and oxygen consumption; and (3) their 
proliferative rates in different parts of the ‘tumour slice’ over time, particularly in the viable region nearest the 
‘surrogate blood vessels’ (the lateral microchannels) (Figs 3, 4 and 5, Supporting Fig. 4). Due to their faster metab-
olism and proliferative rate, the HCT116 cells rapidly exhausted glucose and oxygen resulting in the formation of 
a necrotic region more quickly than the U-251 MG cells (Fig. 3). Formation of gradients of glucose and oxygen 
across the device were quantified in real-time (Fig. 5, Supporting Fig. 4). The ability to have a live visual ‘window’ 
through the ‘tumour slice’ as exemplified here by real-time monitoring of nutrients, viability and proliferation 
gradients highlights one of the key advantages of this model compared to the multicellular spheroids.

We also show that the microdevice can be used to measure other important factors such as levels of ROS and 
apoptosis in different parts of the ‘tumour slice’ in real-time. ROS are a product of cellular oxidative stress and 
a major cause of DNA damage and can, depending on circumstances, either promote cancer cell growth or be 
harmful to cancer cells30,31. In this context, the presented model could be used to study this phenomenon and the 
role of ROS in the mechanism of action of drugs that are being tested and their activity against cells in different 
parts of the microenvironment. In this study, in the absence of any drug treatment, ROS levels increased with 
culture time in the microdevice but were only detected near the “tumour-slice” edges, where oxygen was available.

Evasion of cell death by apoptosis is a major mechanism by which cancer cells survive and evolve and is a 
major target in the development of new drugs. We foresee a major potential application of the microdevice will be 
in the screening of new drug candidates and whether they are able to induce apoptosis as part of their mechanism 
of action and, importantly, in which cells within the modelled tumour microenvironment. Here, we demonstrate 
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that apoptosis can be quantified in real-time through the microdevice, our results showing that basal apoptotic 
levels increased through the ‘tumour slice’ with culture time. Interestingly, there was little variation in different 
regions of the ‘tumour slice’ indicating that generation of the ‘necrotic core’ was not associated with apoptosis.

Figure 8. Drug effect on U-251 MG cells. U-251 MG cells were cultured within the central microchamber 
for 24 hours before drug addition in order to allow time for formation of a hypoxic region first. Growth 
medium (A), 100 µ M TMZ (B), 1.6 µ g/ml CPT-5Ala or 100 µ M TPZ (C) were perfused through both lateral 
microchannels and after 3 days cell viability was assessed using by PI/CAM staining. (E) The graphs show the 
PI fluorescence intensity along the delimited region, demonstrating that TMZ had a mild effect on U-251 MG 
cell viability. TPZ exerted a strong effect in the hypoxic areas. Position of the pillars is delimited by a grey dashed 
line. Scale bar is 200 µ m.
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As a preliminary evaluation of the potential of the microdevice for in vitro drug testing that assesses the effects 
of different aspects of the tumour microenvironment upon drug response, three well-established drugs were 
tested. DOX is a naturally red fluorescing compound in clinical use against colon cancer and other cancers that 
intercalates DNA and is cytotoxic towards actively proliferating cells. Our results showed that DOX was most 
cytotoxic against cells located at the hydrogel edges near the lateral microchannels, where nutrients were available 
allowing rapid cell proliferation. As DOX fluoresces red, we were also able to analyse the ability of doxorubicin 
to penetrate through the ‘tumour slice’ at the cell density used. Here, we show that at the cell density used, DOX 
was able to efficiently penetrate across the device indicating that the preferential cytotoxicity observed was due 
to the mechanism of action of DOX as opposed to issues of DOX reaching all cells. Drug penetration barriers for 
doxorubicin have been described in spheroids and other 3D models32. However, in our model the inclusion of 
the ECM implied a reduction of the cell density compared to multicellular spheroids; explaining the enhanced 
drug penetration. Interestingly, this barrier effect could be mimicked in our model by increasing the cell density 
injected. Furthermore, the possibility of creating interstitial fluid flow could be used to explore new alternatives 
to increase the drug penetration into the tumours33. In contrast TPZ, which is activated to a toxic radical by 
low oxygen, was most cytotoxic towards those cells in the innermost hypoxic regions furthest from the lateral 
microchannels. This indicates the suitability of the microdevice to assess drugs and their activity towards cells in 
parts of the tumour microenvironment (e.g. well-oxygenated, nourished vs hypoxic). Although TPZ caused an 
increased in cell mortality in hypoxic regions, it was unable to destroy the tumour cells located in the “normoxic” 
areas within the “tumour-slice” model. Combinatorial therapies based on the use of different drugs could be good 
alternatives to kill cells in different parts of the tumour microenvironment and could also be easily assessed using 
the microdevice.

In conclusion, we have described the development of a microfluidic-based assay that mimics different of the 
key features of the solid tumour microenvironment. This is a complex microenvironment that has a profound 
effect on the outcome of chemotherapy and incorporating models of this nature into drug discovery procedures 
may help reduce the high attrition rate. This model is technically simple and in contrast to other three dimen-
sional models such as multicellular spheroids, it provides a ‘window’ through which the effects of the microenvi-
ronment of tumour biology, heterotypic cell interactions, drug delivery and response to therapy can be observed 
and recorded in real-time. The model is inherently flexible and it offers the distinct advantage of being able to 
create microenvironmental conditions in cell lines that do not readily form three dimensional structures in vitro. 
Additionally, culture medium could be retrieved from the microdevices in order to perform a more quantita-
tive analysis of the chemotactic factors secreted by the cells. Finally, the microfluidic device described in this 
manuscript could reduce the number of animals required for in vivo testing as it could be positioned between 
traditional cell culture based evaluation and in vivo testing in preclinical drug development with only those com-
pounds showing promising activity in the microfluidic model progressing onto in vivo testing.

Methods

Microdevice fabrication. Polystyrene-based microdevices were designed in order to allow user-friendly 
operation, avoiding the need for specialized clean-room processing equipment. The microdevice geometry 
included a 2000 µ m wide central microchamber flanked by two 700 µ m wide lateral microchambers with the 
depths of the chambers being 250 µ m. The central microchamber was delimited by parallelogram-shaped pil-
lars that allowed liquid and cell confinement within hydrogels as described elsewhere23. Lateral microchannels 
remained hydrogel-free and were perfused with media or drug-containing media. Dedicated inlets and outlets 
were also integrated to allow liquid or hydrogel injection by manual pipetting. The configuration of the microde-
vice is illustrated in Fig. 1A. Prior to their use in cell culture, microdevices were sterilized by submerging in 70% 
ethanol. After air-drying and 2 hours UV exposure, microdevices were ready for use.

Reagents. Temozolomide (TMZ) (Sigma, T2577), Doxorubicin (DOX) (Selleckchem, S1208), Tirapazime 
(TPZ) (Sigma, SML0552) and Image-iT Hypoxia Reagent (Life Technologies, H10498) were dissolved in DMSO 
at 100, 100, 50 and 1 mM respectively. Image-iT Hypoxia Reagent was used in cell culture at 10 µ M, whereas 
DOX, TPZ and TMZ were used at varying concentrations (the final DMSO concentration used was < 0.1%). 
The CellEvent™  Caspase-3/7 Green Detection Reagent (Thermo, R37111) and the CellROX®  Orange Reagent 
(Thermo, C10443) were used to detect apoptosis and ROS production respectively following supplier instructions.

Prodrug synthesis. A commercial camptothecin (CPT) novel derivative was prepared by esterification 
of 5-aminolevulinic acid (5-Ala). For this purpose, N-tert-butyloxycarbonyl-5-aminolevulinic acid (N-boc-
5-Ala) was synthesized by reaction of di-tert-butyl dicarbonate with 5-Ala. Then, this product was esterified on 
20(S)-hydroxyl 20 position of CPT, followed by deprotection of the amine group with trifluoroacetic acid, obtain-
ing camptothecin-20(S)-5-aminolevulinate (CPT-5-Ala) of 90% purity according to HPLC-MS/MS, 1H-NMR 
and 13C-NMR analysis (Supporting Fig. 1). The Camptothecin prodrug (CPT-5-ALA) was dissolved in DMSO 
and perfused through the microdevices at 1.6 µ g/ml.

Characterisation of flow. In order to study fluid flow through the microdevice, 0.2 µ m-diameter 
green-fluorescent microsphere beads (Life Technologies, F8811) were diluted 1/100 in growth medium and per-
fused through the microdevice by manual pipetting.

Cell culture. Human cancer cell lines HCT-116 (colon carcinoma), U-251 MG (Glioblastoma) and Jurkat 
(leukaemia) were purchased from the American Type Culture Collection and routinely cultured in high glucose 
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, BE12-614F) supplemented with 10% v/v foetal bovine 
serum (FBS) (Sigma, F7524, non-USA origin), 2 mM L-glutamine (Lonza, 17-605C) and penicillin/streptomy-
cin (Lonza, DE 17-602E) within a TEB-1000 humidified 5% CO2 incubator (EBERS Medical Technology) at 
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37 °C. The R69 lymphoblastoid B cell line was kindly provided by Dr López de Castro, from the “Severo Ochoa” 
Molecular Biology Centre (CBMSO) and were cultured in RPMI1640 (Sigma, R0883) supplemented with 10% 
FBS and L-glutamine.

Isolation and activation of human NK cells. Human NK cells were derived from the blood of healthy 
donors provided by the Blood and Tissue Bank of Aragon. After Ficoll gradient centrifugation of whole blood, 
freshly isolated peripheral blood mononuclear cells (PBMCs) were activated in vitro for 21 days. PBMC cultures 
were maintained in RPMI-1640 medium (Lonza) supplemented with 10% FBS (HyCloneTM); 100 U/ml IL-2 
(Miltenyi) and 5 ng/ml IL-15 (Miltenyi), mitomycin C-inactivated R69 cells at a 10:1 ratio (PBMC:stimulator 
cells); penicillin/streptomycin and glutamine. Culture medium was renewed on the 7th day followed by successive 
reactivation every 3 days to establish a cellular density of 1 ×  106 PBMCs/ml. Magnetic immune-separation using 
anti-CD56 antibodies (MACS, Miltenyi) was used to enrich for activated NK cells. The quality of NK cell activa-
tion was assessed by testing their cytotoxic potential against Jurkat cells as described previously34. Activated NK 
cells were fluorescently labelled with 3 µ M eFluor670 (eBioscience; 65-0840) for 15 min to enable their discrim-
ination from the tumour cells during the experiments. All protocols related with human samples were approved 
by the Ethical Committee of Clinical Research of Aragon (number: C.I.PI.11/006) and informed consent was 
obtained from all patients. Experiments were performed in accordance with the Spanish research regulations.

Fluorescent cell labelling. Dio and Dil Vybrant®  lipophilic cell membrane dyes (Life technologies, V-22886 
and V-22885) were used to fluorescently label cells green or red respectively as per the manufacturer’s instruc-
tions. Briefly, after cell trypsinization, 5 µ l of Vybrant®  solution was added to 1 ml of cell suspension (106 cells/ml) 
and incubated for 5 min. Cell suspensions were then centrifuged and washed twice with growth medium.

Stable cell transfection with EGFP. U-251 MG and HCT-116 were stably transfected with EGFP using len-
tiviral vectors, kindly provided by Dr Prats, University Paul Sabatier, Toulouse, France35. Briefly, 5 ×  104 cells/well  
were seeded in 24-well plates and incubated for 24 hours at 37 °C in a humidified atmosphere containing 5% 
CO2. Growth medium was then removed and cells were washed twice with PBS (Lonza, BE17-516F). Protamine 
supplemented-OptiMEM (5 µ g/ml, Sigma-Aldritch, P4020) was mixed with the lentivirus suspension in a 1:1 
ratio and this mixture was added to the cells. After 24 hours, transfection medium was replaced with growth 
medium and the cells were routinely cultured for two weeks in order to remove the viral particles. Transfection 
efficiency was checked by fluorescence microscopy and flow cytometry (BD, FACSAria) with more than 90% of 
the cells found to be EGFP-positive.

Spheroid generation. U-251 MG and HCT-116 multicellular spheroids were generated by the hanging 
drop method, supplementing the culture medium with methylcellulose22. Briefly, 6g of high viscosity methyl-
cellulose (Sigma, M0512) was dissolved in 500 ml of high glucose DMEM to make a stock solution. Cells were 
trypsinized, counted and cell suspensions were generated at 5 ×  104, 5 ×  105, 5 ×  106 cells/ml. These different cell 
suspensions were then mixed with the methylcellulose stock solution in a 4:1 ratio. Finally, 25 µ l droplets (1 ×  103, 
1 ×  104 or 1 ×  105 cells/droplet) were placed onto the lid of Petri dishes with sterile water added to the bottom in 
order to reduce droplet evaporation and incubated at 37 °C and 5% CO2 for 24 h. Using this methodology a single 
well-defined spheroid of a particular size was generated per droplet.

3D cell culture within the microdevices. For preparation of three-dimensional cell cultures in collagen 
hydrogel, all reagents and microdevices were placed on ice. Cells were trypsinized and re-suspended in a calcu-
lated volume of growth medium to reach the desired cell concentration (4 ×  106, 10 ×  106 or 40 ×  106 cells/ml) in 
the final hydrogel solution. Using a chilled tip, a mixture of 24.9 µ l collagen type I (4.01 mg/ml, Corning 354236); 
0.62 µ l NaOH 1N (Sigma 655104), 10 µ l DMEM 5X (Sigma D5523), 50 µ l cell solution and 14.5 µ l sterile water was 
prepared. Hydrogel mixture was injected into the microfluidic device using a micropipette and a 10 µ l droplet was 
placed on top of the inlet to prevent hydrogel evaporation. Afterwards, the microfluidic device was placed into 
an incubator (37 °C and 5% CO2) for 15 minutes to allow collagen polymerization. 5 ml of culture medium was 
added to cover all the microdevices attached to the Petri dish. Culture medium was perfused through the lateral 
microchannels to allow oxygen and nutrient diffusion. In all experiments, culture medium in the lateral micro-
channels was refreshed once a day by pipetting 10 µ l through each lateral microchannel (unless otherwise stated). 
U-251 MG and HCT-116 cells were viable within the microdevice for all the different cell densities assessed after 
6 days in cell culture. When a different culture medium (e.g. medium supplemented with drugs) was desired, cul-
ture medium was removed from the Petri dish by aspiration, 5 ml of the new medium was added and 10 µ l were 
perfused through the lateral microchannels by manual pipetting.

Cell proliferation measurement. Cell proliferation was observed in live cells using the Premo™  FUCCI 
Cell Cycle Sensor (Thermo, P36237). Briefly, cells were transduced using a 50 virus particle/cell ratio for 48 hours. 
Transduced cells were trypsinized and cultured in 3D within the microdevice as described above. This cell cycle 
sensor was transduced into the cells using two different reporters coupled to TagRFP or emGFP that are expressed 
alternatively during the G1 phase or the S/G2/M phases respectively.

Cell viability analysis. Stock solutions of 5 mg/ml Calcein (CAM) (Life Technologies, C1430) and 2 mg/ml 
propidium iodide (PI) (Sigma P4170) were dissolved in DMSO and distilled water respectively. To test cell viabil-
ity within microfluidic devices and in Petri dishes, stock solutions of CAM and PI were diluted to 5 and 4 µ g/ml,  
respectively, in phosphate-buffered saline (PBS) (Lonza BE17-516F). CAM/PI solution was perfused through 
the lateral microchannels. Cells were visualized by confocal microscopy (Nikon Ti-E coupled to a C1 modular 
confocal microscope), with viable cells (CAM-positive) staining green and dead cells (PI-positive) staining red. 
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Cell viability profiles were evaluated by analysing the fluorescence intensity of the viable/dead cells across the 
central microchamber. All confocal images were taken at different focal planes with subsequent image analysis 
performed using FIJI software. DOX and PI naturally fluoresce red; therefore an alternative cell viability staining 
solution was used during DOX experiments: 50 µ l of NucGreen®  Dead 488 ReadyProbes®  Reagent (Life tech-
nologies, R37109) and 50 µ l of NucBlue®  Live ReadyProbes®  Reagent (Life technologies, R37605) were added to 
900 µ l of growth medium. This solution was perfused through the lateral channels, labelling all the cells in blue 
and dead cells in green.

Drug penetration assays. In order to study the penetration of soluble drugs through the microdevice, a 
1.2 mg/ml collagen hydrogel was confined in the central microchamber. After collagen polymerization, 100 µ M 
DOX, dissolved in culture medium, was injected through one lateral microchannel. Given the red fluorescence of 
DOX, confocal images were taken at different times to monitor the DOX penetration. Next, to determine whether 
the cells hinder the drug penetration, the experiment was repeated confining a collagen hydrogel with 40 million 
HCT-116 cells/ml embedded.

Drug toxicity assays. HCT-116 cells were confined at 40 million cells/ml in a 1.2 mg/ml collagen hydrogel. 
After six hours in culture, 30 µ M DOX, dissolved in culture medium, was injected through both lateral micro-
channels. Cell viability was evaluated after 3 days in culture.

Prior to any study within the microdevices, the effect of TMZ and TPZ was evaluated on conventional Petri 
dishes. 50 µ M, 100 µ M and 200 µ M TMZ was assessed on U-251 MG cells cultured in 2D, as well as in 3D collagen 
hydrogels in Petri dishes. U-251 MG cells were incubated in the presence of TMZ and the total number of viable 
cells was determined after 1, 3 and 7 days. The effect of 1, 10 and 100 µ M TPZ on cell viability was evaluated in 3D 
collagen hydrogels in Petri dishes cultured under 20% or 1% O2. Cell viability was evaluated after 3 days.

U-251 MG cells were cultured at 40 million cells/ml embedded in a 1.2 mg/ml collagen hydrogel confined in 
the central microchamber. After six hours in culture, 100 µ M TMZ, 1.6 µg/ml CPT-5-Ala or 100 µ M TPZ (all of 
them dissolved in culture medium) was injected through both lateral microchannels and cell viability was eval-
uated after 3 days.

Image analysis. Laser confocal and fluorescence images were acquired using a Nikon Eclipse Ti-E C1 confo-
cal microscope. The microscope has a temperature and CO2 controlled environmental chamber, enabling live cell 
and time-lapse imaging. Temperature and CO2 were set at 37 °C and 5% respectively. Images were analyzed using 
Fiji®  software (http://fiji.sc/Fiji). Fluorescence intensity across the central microchamber of the microdevice was 
quantified in the different experiments by selecting a rectangular region across the central microchamber. The 
fluorescence intensity across that section was then determined using the Fiji®  software in accordance with the 
software instructions. In order to quantify cell proliferation, proliferating cell were manually counted in the dif-
ferent vertical regions of the central microchamber. In TMZ and TPZ experiments in Petri dishes, cell viability 
was determined by manual counting of viable and dead cells and calculating the percentage of viable cells relative 
to the total number of cells.

Statistical analysis. All the experiments were repeated at least three times as independent biological 
repeats. Drug toxicity study results are presented as the mean ±  standard error. The normal distribution was 
tested by the Kolmogorov-Smirnov test. Statistical significance was set at p <  0.05. For nonparametric compari-
sons, a Kruskal-Wallis test was performed followed by the Mann-Whitney U-test.
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Abstract
Indolequinones such as mitomycin C (MMC) require enzy-
matic bioreduction to yield cytotoxic moieties. An
attractive approach to overcome the potential variability
in reductive bioactivation between tumors is to exploit
specific enzyme-bioreductive drug combinations in an
enzyme-directed gene therapy (GDEPT) approach. To this
end, human breast cancer cell lines (T47D, MDA468,
and MDA231) that overexpress either DT-diaphorase
(DTD) or NADPH:cytochrome P450 reductase (P450R)
have been developed. Cytotoxicity of MMC was evalu-
ated in the panel of cell lines following aerobic or anoxic
exposure in vitro. DTD and/or P450R overexpression
sensitized cells to MMC in air with no further increase in
the cytotoxicity of MMC under anoxia. The most
profound effect was seen in the MDA468 cells, where
a 27-fold increase in potency was observed for MMC in
the DTD-overexpressing cell line. The MMC sensitization
achieved through DTD and P450R overexpression in
MDA468 cells was maintained in vivo. Xenografts
established from the clonal lines exhibited significant
tumor control following MMC treatment (treated/control
[T/C] 17% and 51% for DTD and P450R xenografts,
respectively) that was not seen in wild-type tumors (T/C
102%). Delivery of a clinically relevant adenoviral vector

encoding P450R to MDA468 wild-type tumors yielded
comparable P450R activity to that seen in the P450R
clonal xenografts and resulted in greater MMC sensitiza-
tion (T/C 46%). The model systems developed will
facilitate the identification of novel indolequinone agents
that are targeted toward a specific enzyme for bioacti-
vation and are consequently of potential use in a GDEPT
approach. (Mol Cancer Ther. 2003;2:901–909)

Introduction
The physiological abnormality of hypoxia is prevalent in
solid tumors, yet seldom seen in normal tissues. The tumor
specificity of this condition makes hypoxic tumor cells an
attractive target for anti-cancer drug design. This is
reinforced by the refractive nature of these cells to most
forms of cancer therapeutics in current clinical usage. To
this end, we are developing indolequinones for use in
cancer chemotherapy. These compounds require reductive
activation to yield cytotoxic metabolites, a process that is
facilitated by both bioreductive enzymes and low oxygen
concentrations prevalent in tumors (1). The prototype of
this class of agents is the bioreductive alkylating agent
mitomycin c (MMC), the activation of which has been
extensively studied (2). MMC is commonly used in
combination with other chemotherapy agents in the
treatment of numerous tumor types including breast, lung,
prostate, and bladder cancer (3).
Through initial studies using MMC, a number of

enzymes have been shown to be capable of metabolizing
indolequinones to release cytotoxic moieties (1). The most
important flavoenzymes are probably the one-electron
reducing enzyme, NADPH cytochrome P450 reductase
(P450R) and the two-electron reducing enzyme, DT-
diaphorase [DTD; NAD(P)H: quinone oxidoreductase,
NQO1]. DTD is commonly overexpressed in human
malignancies compared with normal tissue (4–8), an
observation that is supportive of its exploitation in tumor-
selective bioreductive drug activation. However, there are a
number of caveats associated with reliance on endogenous
enzyme metabolism for bioreductive drug activation. These
include the heterogeneous nature of enzyme expression in
human tumors that could conceivably result in variability
in reductive activation from tumor to tumor. In addition,
there is evidence from the evaluation of both experimental
and clinical material that suggests an inverse correlation
between enzyme level and tumor grade in some neoplasms
(7–9). Finally, a direct relationship between endogenous
P450R and/or DTD activity and response of clinical biopsy
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material to treatment with the prototype agent MMC has
been established in very few tumor types [bladder (8);
disseminated peritoneal cancer (10)] and studies using
xenograft models suggest that this predictive relationship
may not be generic for all tumors (11, 12).
Rather than relying on endogenous enzyme expression,

an alternative approach is to exploit specific enzyme/
bioreductive drug combinations in an enzyme-directed
gene therapy (GDEPT) approach. The purpose of the
present study was to generate stable human tumor cell
lines overexpressing either P450R or DTD that would have
utility in the evaluation of novel indolequinones as hypoxia
and/or enzyme-specific cytotoxins. We used MMC as our
model drug and evaluated response as a function of
enzyme overexpression both in vitro and in vivo . Further-
more, we generated an adenoviral vector expressing P450R
to investigate whether the data obtained from stable clones
could be recapitulated when the enzyme is delivered in a
clinically relevant format.

Materials andMethods
Vector Construction
The bicistronic expression vector pEF-IRES-P (F373) and

the derivative that encodes DTD (pEF-DTD-IRES-P; F397)
have been previously described (13, 14). The full-length
cDNA for human P450R (2.3 kb) was isolated from pBabe/
puro (15) following restriction with EcoRI/SalI and sub-
cloned into pCIneo (Promega, Madison, WI) to create pCI-
P450Rneo. The cDNA was then excised by EcoRI/NotI
digestion and pEF-P450R-IRES-P was generated by cloning
this fragment into F373. To generate an adenoviral vector
encoding P450R, the full expression cassette was excised
from pCI-P450Rneo by BglII/BamHI digestion and inserted
within the multiple cloning site of pShuttle (Stratagene, La
Jolla, CA). Homologous recombination in Escherichia coli
was then used to introduce the cassette into the whole
adenovirus genome (16). pShuttle CMV P450R was
linearized by PmeI digestion and co-transformed with
pAd Easy (Stratagene) into BJ5183 cells using electro-
poration. pAd Easy contains the adenovirus genome
subcloned in a backbone encoding for ampicillin resistance,
whereas pShuttle CMV P450R confers kanamycin resis-
tance. E1/E3 deleted transformants were selected for
kanamycin resistance and small colonies were screened
by restriction endonuclease digestion. A single positive
colony was cultured and the DNA purified using standard
techniques.
Propagation of the Cytochrome P450R Encoding

Adenovirus
The plasmid encoding the adenovirus pAd CMV P450R

was digested with PacI to linearize the viral genome. The
linearized DNA was then transfected into the permissive
human embryonic kidney cell line 293 using Lipofectamine
as described by the manufacturer (Invitrogen Ltd., Paisley,
Scotland). These cells support adenoviral replication as
they express the proteins encoded by the E1 and E3 regions
that are deleted from the recombinant pAd CMV P450R
plasmid. Cytopathic effect was evident in the monolayer

typically 10–14 days after transfection. Once all the cells
had rounded, they were harvested and lysed by three
rounds of freezing and thawing. The cellular debris was
removed by centrifugation and the supernatant used as the
viral inoculum for infection of 293 cells on a large scale.
Large-scale preparations of the recombinant adenovirus
RAd CMV P450R were purified from infected cells using
the BD Adeno-X chromatographic method (BD Biosciences,
Clontech, Palo Alto, CA). The virus was then titred by
plaque forming assay.
Cell Culture and Generation of Stable Cell Lines
The human breast carcinoma cell lines T47D, MDA468,

and MDA231 were maintained in DMEM supplemented
with 10% FCS, 2 mM glutamine, and 0.2 mM non-essential
amino acids in a humidified atmosphere of 95% air:5%
CO2. To generate stable cell lines overexpressing either
DTD or P450R, cells were transfected in mid-exponential
growth phase using either standard electroporation
techniques (17) or Lipofectamine following the manufac-
turer’s recommended protocols. The pEF-P450R-P and
pEF-DTD-P plasmids were linearized by restriction with
Nde1 before use. Forty-eight to seventy-two hours after
transfection, the cells were sub-cultured into medium
containing 5 Ag ml!1 puromycin. Puromycin-resistant
colonies were evident 10–20 days later, depending on
the cell line. These were isolated and expanded for
evaluation of P450R and DTD enzyme activity. Stability
of the clonal populations was ascertained by evaluating
the enzyme activity following passage in the absence of
puromycin selection.
Preparation of Cell Lysates
The method used for the preparation of lysates for use in

enzyme assays was modified from that described by Hoban
et al. (18). Briefly, exponential phase cells were harvested,
washed with ice-cold PBS, and resuspended in ice-cold
Nuclear Buffer A [10 mM HEPES/KOH (pH 7.9), 1.5 mM

MgCl2 10 mM KCl, 0.5 mM DTT]. Cells were disrupted by
three 5-s rounds of sonication, with chilling on ice in
between. Cellular debris was pelleted by centrifugation at
9000 " g for 15 min at 4jC. Supernatants were stored at
!80jC before analysis. For the preparation of lysates from
tumor samples, tumor pieces were cross-chopped, rinsed
with a small volume of PBS, and resuspended in Nuclear
Buffer A. Samples were homogenized on ice before
sonication and preparation as above.
DTDand Cytochrome P450RActivityAssays
Activities of both enzymes were measured at 37jC by

spectrophotometric assay. Cytochrome c was used as the
terminal electron acceptor. The rate of cytochrome
c reduction was monitored at 550 nm. At this wavelength,
reduced cytochrome c has a molar extinction coefficient of
21 mM

!1 cm!1. This was used to calculate enzyme activity
in terms of nanomoles cytochrome c reduced min!1 mg!1

protein. DTD activity was measured in a reaction mixture
containing menadione (20 AM) as a substrate, cytochrome
c (70 AM), and NADH (500 AM) in 50 mM phosphate buffer
containing 0.14% (w/v) BSA both with and without the
addition of 100 AM Dicoumarol. Initial reduction rates
were monitored and Dicoumarol-inhibited activity was
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taken as that of DTD. For the analysis of P450R activity,
lysates were added to 100 mM phosphate buffer (pH 7.4)
containing cytochrome c (50 AM) and KCN (1 mM), with or
without NADPH (200 AM). The difference in the initial
rates of reaction obtained in the presence or absence of
NADPH was used to calculate P450R activity.
Analysis of MMC Toxicity in Vitro
Cells were plated in a 150-Al volume into replicate wells

of a 96-well plate. For anoxic MMC exposure, cell pellets
were taken into an anoxic chamber (Bactron anaerobic
chamber, Sheldon Manufacturing, Cornelius, OR), resus-
pended in pre-equilibrated medium, and seeded into
primed 96-well plates. The cell numbers plated per well
were 3000 for the MDA231 wt, DTD, and P450R clones;
6000 for the T47D wild-type and DTD clones; 8000 for the
T47D P450R clone; and 10,000 for the MDA468 wt, DTD,
and P450R clones. Cells were left to attach for 2–3 h and
then 50 Al of serially diluted MMC (Sigma, Poole, United
Kingdom), prepared at 4 times the required final
concentration range (1 nM to 100 AM), were added to
the wells in triplicate. Where the cells were exposed to
drug under anoxic conditions, stock MMC was taken into
the anoxic chamber and diluted using pre-equilibrated
medium. Cells were exposed to MMC for 3 h. Drug-
containing medium was then removed, replaced with
fresh medium, and growth inhibition monitored 4 days
later by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] assay as described previously (19).
Xenograft Studies
Cells for implantation were prepared at a concentration

of 3 ! 107 ml"1 in serum-free medium. To initiate tumor
xenografts, 0.1 ml of the cell suspension was implanted
i.d. on the midline of the back of cba nu/nu mice of age
9–12 weeks. Once the tumors had established, measure-
ments were made every 2–3 days using callipers. For the
MMC studies, tumor-bearing mice were randomly
assigned to receive either two i.p. injections of saline or
two i.p. injections of MMC (2 mg kg"1) with a 7-day
interval between each injection. The first treatment was
administered when the tumors were well established
(220–250 mm3). Tumor size was monitored until a
relative treatment volume 3 times that at the initiation
of treatment (RTV3) was achieved for the saline-treated
tumors. These tumors were excised and snap frozen and/
or formalin fixed for subsequent enzyme and/or immu-
nohistochemical analysis. To evaluate the effect of
adenoviral-mediated delivery of P450R on the response
of MDA468 wild-type xenografts to MMC, RAd CMV
P450R (5 ! 108 pfu) was delivered by intra-tumoral
injection (50 Al) to xenografts of approximately 180 mm3

in volume. MMC or saline treatment was initiated 3 days
later. Some tumors were excised and snap frozen at this
point to evaluate the level of P450R activity achieved
immediately before drug treatment. All procedures were
carried out by approved protocols (Home Office Project
License number 40-1770) in accordance with the Scientific
Procedures Act 1986 and in line with the UKCCCR
guidelines on the Welfare of Animals in Experimental
Neoplasia (20).

Analysis of Protein Expression in Vivo by Immunohis-
tochemistry
Sections of 3–4 Am in thickness were prepared from

formalin-fixed, paraffin-embedded tumor pieces. Both
P450R and DTD proteins were detected using rabbit
polyclonal antibodies at a 1/1000 dilution (kindly provid-
ed by Professors Roland Wolf and Paul Workman,
respectively). Control slides were treated with similarly
diluted or neat pre-immune rabbit serum, and the
subsequent visualization of primary antibody binding
achieved using reagents supplied in the Envision anti-
rabbit kit (DAKO, Glostrup, Denmark).

Results
Generation of Breast Cancer Cell Lines Overexpress-

ing DTDand P450R
The vector used to express both the DTD and P450R

cDNAs (pEF-IRES-P) has been previously shown to give
robust constitutive expression in mammalian cells,
afforded by the elongation factor 1a (EF-1a) promoter
(13). Both the gene of interest and that encoding for
puromycin resistance (pac) are encoded by a single
transcript through the incorporation of an internal ribo-
somal entry site (IRES). This effectively eliminates the
potential for clones selected on the basis of antibiotic
resistance to lack expression of the recombinant protein.
Following transfection of T47D, MDA231, and MDA468
cells with the expression vectors detailed in Fig. 1, stable
clones were isolated that had DTD and P450R activity
levels that were 250- to 620- and 20- to 60-fold higher than
wild-type cells for the two enzymes, respectively (Table 1).

Figure 1. Schematic representation of the bicistronic vectors used in
the generation of the P450R and DTD-overexpressing clones. The cDNAs
for DTD (nqo1 ) and P450R were inserted into the multiple cloning site of
the pEF-IRES-P (F373) vector to generate pEF-DTD-IRES-P and pEF-
P450R-IRES-P.
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DTD and P450ROverexpression Enhances the Cyto-
toxicity ofMMCParticularly underAerobic Conditions
The panel of transfected and wild-type breast carcinoma

cells was exposed to MMC for 3 h either in air or under
conditions of catalyst-induced anoxia. Proliferation relative
to that of untreated control cells was addressed 4 days later
by MTT assay. The concentration required to reduce
proliferation to 50% of control levels (IC50) was calculated
from the dose-response curves obtained. Representative
dose response data for the MDA468 cell lines used are
given in Fig. 2.
In all three of the cell lines, P450R overexpression

reduced the IC50 for MMC in air, whereas sensitization
was only apparent in the T47D and MDA468 P450R cells
when the drug exposure was carried out under anoxic
conditions (Table 1). DTD overexpression yielded aerobic
MMC sensitization in the MDA468 and MDA231 cell lines.
The effect was most pronounced in the MDA468 cells,
where DTD overexpression resulted in a 27-fold reduction
in IC50 in air compared to wild-type cells. Anoxic
sensitization was also apparent in these cells, whereas
DTD overexpression did not influence the anoxic IC50 for
MMC in either the T47D or MDA231 DTD clones. The
enhanced level of sensitization in air versus anoxia resulted
in the hypoxic-cytotoxicity ratio (HCR; the ratio of the
aerobic IC50 dose to that obtained when the cells were
exposed to drug under anoxic conditions) being reduced in
all transfectants compared with that seen in wild-type cells
(Table 1).
Validation of the Potential Use of the Clonal Popula-

tions in Vivo
Of the three parental breast cancer cell lines used in this

study, the MDA231 and MDA468 cells readily form
tumors when implanted into nude mice. Initial evaluation
of the transfected clones revealed that the growth rates of
these cells as tumor xenografts varied from those derived
from wild-type cells (Table 2). In addition, preliminary
experiments suggested that the growth rate of the
MDA468 clonal populations slowed after a size of around

700 mm3 was attained which was not apparent in the
wild-type tumors (data not shown). Immunohistochemical
analysis revealed that the tumors derived from the
transfected clones maintained the respective protein
overexpression (Fig. 3).
The enzyme activities measured in lysates prepared from

xenografts of transfected cells were higher than those in
tumors derived from the wild-type cells. However, the
levels did not achieve those seen in vitro (Tables 1 and 2). In
only the MDA468 DTD clone did the relative fold over-
expression of DTD achieve that seen when the cells were

Table 1. Enzyme activity and MMC toxicity in the panel of breast carcinoma wild-type and transfected cell lines

Cell Line Clone Enzyme Activitya IC50 (AM)b HCRc

DTD P450R Air Anoxia
T47D Wild type 31 F 0.4 (3) 13 F 2.9 (5) 2.3 F 0.9 (5) 0.75 F 0.13 (3) 3.1

DTD 9836 F 304 (4) 11 F 2.4 (4) 2.7 F 0.7 (4) 1.01 F 0.18 (4) 2.7
P450R 15 F 1.7 (3) 441 F 22 (3) 0.13 F 0.03 (4) 0.13 F 0.06 (4) 1

MDA468 Wild type 27 F 8 (3) 11.2 F 3.5 (4) 2.6 F 0.73 (5) 0.6 F 0.1 (5) 4.4
DTD 7027 F 254 (5) 8 F 0.6 (5) 0.095 F 0.03 (5) 0.32 F 0.06 (5) 0.3
P450R 14 F 4 (3) 248 F 67 (4) 0.46 F 0.11 (5) 0.32 F 0.09 (4) 1.4

MDA231 Wild type 17 F 5.4 (4) 4 F 0.6 (4) 12.7 F 1.5 (5) 1.8 F 0.15 (4) 7.1
DTD 8760 F 1745 (4) 4 F 0.3 (3) 2.1 F 0.4 (4) 2.5 F 0.61 (5) 0.8
P450R 8 F 1.9 (3) 238 F 31 (4) 2.7 F 1.1 (4) 3.0 F 0.24 (3) 0.9

aMean values F SE. Units are nanomoles cytochrome c reduced min!1 mg protein!1. The number of samples from which the data were obtained is given in
parentheses.
bIC50 values were determined 96 h after a 3-h drug exposure. Data given are mean values F SE obtained from the number of independent experiments given in
parentheses.
cHypoxic-cytotoxicity ratio.

Figure 2. Representative dose-response curves for MDA468 wild-type
(squares ), DTD (diamonds ), and P450R (triangles ) cell lines to MMC.
Proliferation relative to control cells was determined by MMT assay 96
h after a 3-h exposure to MMC either in air (closed symbols, top panel ) or
under conditions of catalyst-induced anoxia (open symbols, bottom
panel ).
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grown in vitro . Within this tumor group, DTD activity was
significantly reduced as tumor size increased. In tumors
excised at the designated experimental treatment size
(220–250 mm3), DTD activity was greater than 1000 nmol
cytochrome c reduced min!1 mg protein!1. At a relative
tumor volume three times this (RTV3), the DTD activities
obtained were 400 nmol cytochrome c reduced min!1 mg
protein!1 and below. The enzyme activities attained in the
other tumor types appeared to be irrespective of tumor
excision size, although an exhaustive evaluation was not
undertaken.
MMC Sensitization Is Maintained in the MDA468

ClonesWhen Grown as Xenografts in NudeMice
The MDA468 clones had shown the most marked MMC

sensitization in vitro, hence the response of tumors derived
from these clones to MMC treatment was evaluated in vivo .
Both DTD and P450R overexpression significantly sensi-
tized the derivative tumors to MMC (Fig. 4; Table 2).
Xenografts derived from wild-type MDA468 cells failed to
respond to MMC and the size of the treated tumors as a
percentage of the control at the point of excision (T/C) was
102%. For the P450R tumors, the T/C value was reduced to
51%. However, in keeping with the in vitro findings, the
DTD-overexpressing tumors exhibited the most pro-
nounced MMC response, and the T/C obtained was 17%.
Adenoviral Delivery of P450R Sensitizes Established

Wild-TypeMDA468 Tumors toMMC Treatment
The growth rate and treatment response of MDA468

Table 2. Summary of the in vivo evaluation of the transfected clones and response of the MDA468 xenografts to MMC

Xenograft Clone Enzyme Activitya TDb Sizec (Mean [Range])

DTD P450R Saline MMC
MDA468 Wild type 5 F 1.7 (3) 2 F 0.4 (5) 19 F 3 (9) 585 [315–726] 599 [550–648]

DTD 705 F 229 (5) – 21 F 2 (6) 600 [480–660] 102 [60–180]*
P450R – 15 F 2 (8) 36 F 5 (6) 459 [224–700] 236 [108–504]**

MDA231 Wild type 8 F 4 (6) 3 F 0.5 (4) 7 F 0.7 (12) – –
DTD 1729 F 458 (4) – 5 F 0.3 (4) – –
P450R – 71 F 9 (5) 5 F 0.4 (5) – –

aMean values F SE obtained from the number of tumor samples given in parentheses. Units are nanomoles cytochrome c reduced min!1 mg protein!1.
bTumor volume doubling time (days). Mean values F SE were determined from the number of tumors given in parentheses.
cTumor volume (mm3) at the designated experimental end point when a relative tumor volume three times that at the start of treatment was achieved in the first saline-
treated tumor.
*P < 0.001 for MMC versus saline-treated tumors.
**P = 0.04 for MMC versus saline-treated tumors.

Figure 3. Immunohistochemical analysis of DTD
and P450R expression in xenografts derived from
the MDA231 overexpressing clones. Endogenous
expression of the non-transfected protein is mini-
mal in both wild-type xenograft types.
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P450R tumors were somewhat variable, suggesting that this
clonal population may not be as robust as the DTD variant
for making in vitro/in vivo correlations. To validate the data
obtained with the clonal population, an adenoviral vector
encoding P450R was generated (schematic, Fig. 5A). RAd
CMV P450R was administered to MDA468 wild-type
tumors 3 days before the first dose of MMC. The P450R
activity achieved in the virus-treated tumors at the point of
administering the first MMC dose was 10 F 4 nmol
cytochrome c reduced min!1 mg protein!1 (n = 3), which
compared favourably with that of the tumors derived from
the clonal population (Table 2). RAd CMV P450R signifi-

cantly enhanced the response of wild-type tumors to MMC
treatment (Fig. 5B). Given that the growth rate of MDA468
wild-type xenografts remained linear over a greater period
of time than the clonal populations, the end point for this
set of experiments was taken as the maximum tumor
burden allowed for ethical reasons [approximately 4%
body weight, 1 g tumor burden (20)]. The mean size of the
virally transduced, saline-treated tumors at this point was
940 mm3 (range 720–1100) and for the virally transduced,
MMC-treated tumors 431 mm3 (range 280–550; P = 0.008
versus saline-treated virally transduced tumors). The T/C
was similar to that of the xenografts derived from the
P450R-transfected MDA468 cells at 46%.

Discussion
The extent of tumor hypoxia has been identified as a

significant prognostic indicator for radiotherapy outcome
in breast, head and neck, squamous cell, and cervical
cancer (21–24). One way to enhance the efficacy of
radiotherapy is to use a combined treatment approach
whereby the hypoxic tumor cells are selectively targeted
through the use of a bioreductive cytotoxin.

Figure 4. Response of the MDA468 wild-type, P450R, and DTD
xenografts to MMC treatment in vivo . MMC (2 mg kg-1, IP; closed
symbols ) or saline (IP; open symbols ) was administered on days 1 and
8 (indicated by arrows ) and median values are plotted. Four mice per
group were treated for the wild-type tumors, and six per group for the two
clones. One mouse was removed from the DTD MMC group 18 days after
treatment due to poor condition. The tumor mass at this point measured
50 mm3. The data presented for this group were obtained from the
remaining five mice.

Figure 5. Adenoviral mediated delivery of P450R sensitizes wild-type
MDA468 tumors to MMC treatment in vivo . RAd CMV P450R was
generated according to the schematic given in A, and administered to
MDA468 wild-type xenografts (5 " 108 pfu in a 50-Al volume, IT) 72 h
before treatment with the first dose of MMC (2 mg kg-1, IP) or saline (IP).
MMC or saline treatment was repeated 7 days later. Data plotted are
median values, n = 5 per group.
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Three classes of bioreductive agents have been identified;
quinones, nitro compounds, and benzotriazine di-N-
oxides. We have a particular interest in the development
of indolequinones that are structurally related to the
prototype quinone bioreductive alkylating agent MMC.
Reductive activation can be enhanced both by hypoxia and
the bioreductive enzyme complement of tumor cells (25).
Assessing the relative contribution of key enzymes to drug
cytotoxicity in both air and anoxia is therefore an important
step in the rational design of these hypoxia-selective agents.
We have created a panel of breast cancer cell lines that
overexpress either DTD or P450R for this purpose and used
MMC as a model drug with the aim of establishing in vitro/
in vivo toxicity profiles. Although MMC is generally
regarded as a poorly hypoxia-selective drug (26), clinical
utility supports the use of MMC as a benchmark against
which novel agents can be tested.
Numerous in vitro studies have suggested that DTD is

important in the aerobic metabolism of MMC (2) and cell
line data have supported a potential predictive relationship
between DTD activity levels and MMC response (27, 28).
There are examples where this has been established both in
xenografts derived from certain tumor types (e.g. , non-
small cell lung cancer) (4) and clinical material (8, 10).
However, such a ‘‘global’’ relationship is contended (29)
when analyzing xenografts established from a broad range
of human tumors, where DTD activity in isolation is of little
predictive value to MMC response (12). Contributing
factors to this lack of in vivo correlation could be
extracellular pH, because MMC has been established as a
good substrate for DTD under acidic, but not neutral
conditions (30–32). In addition, the inherent sensitivity of
the chosen model to DNA alkylation will influence
response. This latter point is illustrated in the present
study, whereby similar levels of DTD activity in the
overexpressing transfected cell lines gave rise to the most
marked aerobic MMC sensitization in the cell line that
exhibits the greatest sensitivity to DNA-alkylating agents
(MDA468).
The development of cell lines overexpressing DTD as

tools for the evaluation of bioreductive drugs is not novel.
In a previous study, Sharp et al. (14) transfected DTD into
the BE cell line which has a null DTD phenotype, as a
result of a homozygous point mutation in the NQO1 gene
(33). In vitro studies established that these cells were
sensitive to MMC and related indolequinone analogues
such as E09 following aerobic exposure (14, 28). However,
enhanced responsiveness to MMC was not maintained
when these cells were established as xenografts in nude
mice. This is in contrast with the current findings, where
we were able to correlate in vitro sensitivity with
enhanced in vivo response for the MDA468 DTD-trans-
fected cells. This may relate to differences in the relative
enzyme activity observed in vitro and in vivo . In the
present study, we found that DTD activity in MDA468
tumor extracts was approximately 10-fold lower than that
seen when the cells were grown in vitro . Similarly,
MDA231 DTD transfectants showed a 5-fold reduction
in activity when in vivo/in vitro comparisons were made.

In spite of this, the actual activities in vivo were 705 F 229
and 1729 F 458 nmol min!1 mg!1 protein for the MDA468
and MDA231 DTD-transfected xenografts, respectively.
These values are markedly higher than that reported for
the previously described BE-derived DTD transfectant [6.1
F 0.4 nmol min!1 mg!1 in vivo compared with 1400 F 500
in vitro ; >200-fold reduction (14)]. Interestingly, DTD
overexpression in the BE cell line yielded a similar
enhancement in MMC toxicity in vitro to that obtained
with the MDA468 P450R clone used here and shown to be
sufficient to yield an enhanced in vivo response in the
present study.
The relationship between endogenous P450R levels and

MMC is even more tenuous than that of DTD. Compa-
rative analysis of P450R activity and MMC response
across the National Cancer Institute tumor cell line panel
revealed no correlation between the two (27). In spite of
this, P450R activity has been shown to correlate with
MMC toxicity in human bladder cancers (8). In the
present study, we found that overexpression of P450R
sensitized all of the cell lines used to MMC treatment in
air. In contrast with the DTD clones, the level of
sensitization attributable to P450R overexpression did
appear to go hand in hand with the level of P450R
activity achieved in the clonal lines. An 18-fold sensitiza-
tion was apparent in the T47D cell line, which exhibited
enzyme levels approximately twice that seen in the
MDA468 and MDA231 clones where a 5- to 6-fold
sensitization was seen. These findings are in keeping with
those reported recently, showing the potential for revers-
ing MMC resistance through P450R overexpression in
Chinese hamster ovary cells (34). However, the fact that
relative sensitization in all cell lines in air was greater
than that seen in anoxia perhaps conflicts with the
commonly held belief that P450R plays a greater role in
the metabolism of MMC under hypoxic rather than
aerobic conditions (2).
In our drug development programme, we are interested

in designing indolequinone agents that show preferential
toxicity in P450R-overexpressing cells particularly under
hypoxic conditions. The cell lines we have developed here
have already allowed us to identify lead P450R-targeted
compounds that exhibit far superior hypoxic-cytotoxicity
ratios than those seen with MMC (35). The aim is to use
these novel agents in a gene-directed enzyme pro-drug
cancer therapy approach in combination with a standard
treatment regimen (e.g. , radiation) to control oxic cells.
Although clonal cell lines are useful in proof of principle
experiments (19), a substantial advancement is afforded
through the demonstration of in vivo efficacy following
gene delivery in a clinically viable format. One previous
study has demonstrated that adenoviral delivery of DTD
can sensitize BE cells to MMC in vitro (36). Here, we have
shown that the response of MDA468 wild-type tumors can
be engineered to mimic that of xenografts derived from
the MDA468-transfected P450R clone following delivery of
P450R in an adenoviral context by intratumoral injection
of the vector. As we would not envisage that the viral titre
used (5 " 108 pfu) was sufficient to transduce the whole
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tumor, this suggests that MMC may have a bystander
effect, which is consistent with the in vitro findings of
Misra et al. (36). To our knowledge, the present study is
the first to demonstrate in vivo enhancement of bioreduc-
tive drug response through the administration of adeno-
virally encoded P450R and we aim now to evaluate the
efficacy of our novel indolequinone drugs using this
system.
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Abstract—A series of 10 novel nitro-analogues of cryptolepine (1) has been synthesised and these compounds were evaluated for
their in-vitro cytotoxic properties as well as their potential for reductive activation by the cytosolic reductase enzymes NQO1
and NQO2. Molecular modelling studies suggest that cryptolepine is able to fit into the active site of NQO2 and thus raising the
possibility that nitro-analogues of 1 could act as bioreductive prodrugs and be selectively reduced by NQO1 and NQO2 to more
toxic species in cancer cells in which these enzymes are over-expressed. Analogues were screened against the RT112 cell line (high
in NQO2), in the presence and absence of the essential cofactor dihydronicotinamide riboside (NRH), whereby all analogues were
shown to be cytotoxic (IC50 < 2 lM) in the absence of NRH. With the addition of NRH, one analogue, 2-fluoro-7,9-dinitrocryptol-
epine (7), exhibited a 2.4-fold increase in cytotoxic activity. Several nitro-derivatives were also evaluated as substrates for purified
human NQO1 and analogues that were found to be substrates were subsequently tested against the H460 (high NQO1) and BE (low
NQO1) cell lines to detect in-vitro activation by NQO1. The analogue 8-chloro-9-nitrocryptolepine (9) was found to be the best
substrate for NQO1 but it was not more toxic to H460 than to BE cells. Fluorescence laser confocal microscopy of 1 and several
analogues showed that in contrast to 1 the analogues were not localised into the nucleus suggesting that their cytotoxic mode(s) of
action are different. This study has identified novel substrates for both NQO1 and NQO2 and further work on nitrocryptolepine
derivatives as a lead towards novel anticancer agents would be worthwhile.
! 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Cryptolepine (1, 5-methyl-10H-indolo[3,2-b]quinoline)
is an indoloquinoline alkaloid which was first isolated
from the roots of Cryptolepis triangularis1 and later iso-
lated as the major constituent in the roots of the West
African climbing shrub Cryptolepis sanguinolenta (fam-
ily Periplocaceae)2 which is traditionally used in the
form of a decoction in Central and West Africa, essen-
tially for the treatment of malaria,3 as well as for a num-
ber of other infectious and non-infectious diseases.4

To date, the major focus in our laboratory has been the
development of new antimalarial agents and several syn-
thetic analogues of 1 have been shown to have potent
antiplasmodial activities in vitro as well as promising
in-vivo antimalarial activities.2,5 Previous work has also

shown 1 to be a potential anticancer agent6 due to its
ability to intercalate into DNA, preferentially at GC
rich sequences and non-alternating CC sites7 with inhi-
bition of topoisomerase II as well as DNA synthesis.8

However, anticancer agents that target DNA are gener-
ally relatively non-selective since normal cells as well as
tumour cells are affected by the drugs resulting in toxic-
ity. A possible solution to this problem is the develop-
ment of bioreducible prodrugs that would be
bioreductively activated by enzymes present in tumour
cells at elevated levels in comparison to normal cells.9

One such enzyme is NQO2 (NRH:quinone oxidoreduc-

5b

9a

6

9

7

8

5a

10a

N
-

10

N
+

5
4a

11

11a

4 3

1

2

CH3

-

1

0968-0896/$ - see front matter ! 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2007.06.062

Keywords: Cryptolepis sanguinolenta; Nitrocryptolepine analogues;
Nitroquinone oxidoreductase; NQO1; NQO2; Cytotoxicity.
* Corresponding author. Tel.: +44 (0) 8451 25 9204; fax: +44 (0) 8451

25 9205; e-mail: scott@syntopix.com

Bioorganic & Medicinal Chemistry 15 (2007) 6353–6360

mailto:scott@syntopix.com


tase 2) and computational studies have shown that
cryptolepine is one of only a few structural types able
to fit into the active site of NQO2 (Jenkins and Moores,
unpublished data, personal communication). This
strategy is supported by the previous development of
the dinitrobenzamide compound CB 1954 which is
selectively reduced by NQO2, to a more toxic hydroxyl
amino derivative which is then acetylated in vivo by
acetyl-coenzymes to form a species that can form
DNA inter-strand crosslinks.10 This prodrug is currently
in phase I clinical trials by Cancer Research UK.

In this study, we report the synthesis of a series of nitro-
cryptolepine analogues and their evaluation as bioreduc-
ible cytotoxic agents by comparing their activities in
H460 and BE cell lines that express high or low amounts
of NQO1, respectively,12 and in a cell line (RT112)
expressing high levels of NQO2 in the presence or ab-
sence of the essential cofactor dihydronicotinamide
riboside (NRH). In addition, fluorescence laser confocal
microscopy was employed to determine whether selected
analogues were taken up into cell nuclei.

2. Results and discussion

2.1. Synthesis of nitrocryptolepine analogues

Halogenated analogues of 1 were prepared using a three-
step methodology (Scheme 1) utilizing indoxyl-1,3-diace-

tate and isatin derivatives based on that of Holt and Pet-
row,11 as previously described.2,5 Nitrated halogenated
derivatives of 1 were subsequently formed by direct nitra-
tion of the halogenated analogues by using either equiva-
lent volumes of concentrated nitric acid (69%) and glacial
acetic acid to form a mixture of two mono-nitro-regioi-
somers as shown in Scheme 2 or by using equivalent vol-
umes of fuming nitric acid and glacial acetic acid to afford
dinitro-analogues as shown in Scheme 3. The preparation
of 7-nitro-, 9-nitro- and 7,9-dinitrocryptolepine ana-
logues has been previously described by this research
group2,5 and it was found that when these positions are
not blocked by other substituents, these positions are pre-
ferred on all occasions. The exact location of the nitro-
groups on analogues of 1 was initially determined using
2D NMR experiments, in particular taking advantage
of the through-space NOE enhancement of the protons
of the N-CH3 to the protons in position 4- and 6- as shown
in Figure 1. For example, if the compound in question was
a 7-nitro-regioisomer, then the N-CH3 would show a
through-space correlation to a doublet corresponding to
H-4 and a singlet at H-6. However, if the compound in
question was a 9-nitro isomer then the N-CH3 would show
a through-space correlation to a doublet corresponding to
H-4 and also a doublet corresponding to H-6, since there
is no substitution in position 7. Both ROESY and NOE
difference NMR experiments on a high field 600 MHz
spectrometer were successful in determining the positions
of the nitro-groups which were further confirmed by the
single crystal X-ray structures of two of the halogenated
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nitro-derivatives 2 and 5 (data not shown). Through-
space correlations between H-1 and H-11 also provided
starting points to work around the ring, which enabled
all the protons in the spectra to be assigned (see Section
4). The carbon atoms in the 13C spectra were assigned
by using a heteronuclear two-dimensional HMQC exper-
iment in order to determine the directly bonded 1JC–H cor-
relations and HMBC spectra were acquired in order to
identify 3JC–H correlations which were critical in assigning
the quaternary carbons.

2.2. Biological evaluation of compounds

Table 1 shows the in-vitro cytotoxic activities of 1 and
its derivatives against the three cell lines, RT112, H460

and BE, which were selected due to their content of
the cytosolic reductase enzymes NQO1 and NQO2. Cry-
ptolepine (1) as well as the analogues were all found to
be cytotoxic with IC50 values ranging from 0.24 to
2.13 lM. Activation of nitro-analogues by the cytosolic
reductase NQO2 was assessed by comparing the re-
sponse of RT112 cells in the presence and absence of
the required co-substrate NRH. If the nitro-derivatives
of 1 were substrates for and activated by NQO2, then
preferential toxicity in the presence of NRH should be
obtained. CB 1954 was used as a positive control in this
study and the response of RT112 cells clearly demon-
strates that the activity of CB 1954 is enhanced in the
presence of NRH. IC50 values for CB 1954 in the ab-
sence and presence of NRH were 88.75 and 0.15 lM,
respectively, thus showing a 586-fold increase in cyto-
toxicity in the presence of NRH. In the case of 1 and
its halogenated nitro-derivatives, no differences were
found between the IC50 values obtained in the presence
and absence of NRH, with the exception of 2-fluoro-7,9-
dinitrocryptolepine (7). In this case, IC50 values were
0.45 and 0.19 lM in the absence and presence of
NRH, respectively, indicating a 2.4-fold increase in
cytotoxicity. The above compounds, with the exception
of 3, 4 and 5 were also assessed for their abilities to act
as substrates for purified recombinant human NQO1
and the results obtained are shown in Table 2. As ex-
pected, the indoloquinone NQO1 substrate, EO9, was
found to be readily metabolised by NQO1, while
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Table 1. Cytotoxic activities of cryptolepine (1), nitrocryptolepine derivatives and standard drugs against R112 (high NQO2) cells in the absence and
presence of NRH and against H460 (high NQO1) and BE (low NQO1) cells

Compounda RT112b H460c BEc

! Ve NRH + Ve NRH

Cryptolepine (1) 0.82 ± 0.10 0.80 ± 0.15 1.45 1.28
2-Chloro-7-nitrocryptolepine (2) 0.41 ± 0.08 0.28 ± 0.01 0.46 0.95
2-Chloro-9-nitrocryptolepine (3) 0.88 ± 0.12 0.82 ± 0.01 — —
2-Chloro-7,9-dinitrocryptolepine (4) 0.29 ± 0.06 0.23 ± 0.03 — —
2-Fluoro-7-nitrocryptolepine (5) 2.13 ± 0.11 1.67 ± 0.06 — —
2-Fluoro-9-nitrocryptolepine (6) 1.35 ± 0.21 1.10 ± 0.04 — —
2-Fluoro-7,-9-dinitrocryptolepine (7) 0.45 ± 0.05 0.19 ± 0.01 — —
8-Chloro-7-nitrocryptolepine (8) 1.03 ± 0.30 1.08 ± 0.43 — —
8-Chloro-9-nitrocryptolepine (9) 0.76 ± 0.05 0.64 ± 0.01 1.88 1.48
7-Bromo-8-nitrocryptolepine (10) 0.36 ± 0.09 0.32 ± 0.04 0.38 0.58
7-Bromo-9-nitrocryptolepine (11) 0.24 ± 0.09 0.15 ± 0.04 0.59 0.78
CB 1954 88.75 ± 0.35 0.15 ± 0.01 — —
EO9 — — 0.0059 0.60

Results were expressed in terms of IC50 values (lM).
a Tested as hydrochloride salt with the exception of CB 1954 and EO9.
b n = 3.
c n = 2.
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cryptolepine and CB 1954 were not metabolised. The 8-
chloro-9-nitro-analogue (9) was found to be the best
substrate for NQO1 with a specific activity only 3-fold
less than that of the well-established NQO1-activated
compound EO9.12 Analogues 2, 10 and 11 were more
slowly metabolised but 6 and 7 were found not to be
substrates for NQO1. Derivatives of 1 that showed
activity in the NQO1 substrate assay were then tested
against the H460 and BE cell lines. These cell lines were
chosen because of their differences in NQO1 content.
The non-small cell lung carcinoma cell line H460 is
known to contain high levels of NQO1, whereas the hu-
man colon carcinoma cell line BE is devoid of NQO1
activity due to the presence of a polymorphic variant
that targets NQO1 protein for rapid degradation.13

The results of the evaluation of 1 and those analogues
that may act as substrates for NQO1 against H460
and BE cell lines are shown in Table 1. All of the com-
pounds tested had similar activities against both cell
lines, whereas EO9 was 100-fold more toxic to H460
cells than to BE cells as a result of bioactivation by
NQO1. Although the ability of 9 to act as a substrate
for NQO1 was 3-fold less than that of EO9, a modest

enhancement of cytotoxicity might have been expected.
It is possible that 9 is detoxified rather than activated
by NQO1 in H460 cells14 and it must also be noted that
there are metabolic differences between the two cell lines
other than their NQO1 activities/levels. In particular, 1-
and 2-electron reduction by other enzymes (P450R and
xanthine dehydrogenase/oxidase) is possible and should
be considered when cytotoxicities in different cell lines
are compared.15 Another possibility is that 9 is activated
by NQO1 but the activated molecule may be unable to
reach its site of action.

The cellular incorporation and localisation of 1, 2, 7, 10
and 11 into RT112 cells were examined using fluores-
cence laser confocal microscopy and the images ob-
tained are shown in Figure 2. Cryptolepine (1) clearly
shows nuclear localisation as expected on account of
its DNA-intercalating properties,7 but in contrast, the
nitro-analogues were excluded from the nucleus (even
after prolonged incubation of the cells), and were re-
stricted to the cytoplasm. It is possible that the nitro-
and/or halogen substituents prevent the transport of
these analogues into the nucleus and/or prevent their
intercalation into DNA. The results of previous work
using thermodenaturation techniques with a number of
nitro- and halogenated derivatives of 1 suggest that
DNA intercalation may be blocked by substitution.2

3. Conclusion

All the analogues of 1 were shown to be relatively cyto-
toxic against the three cell lines assessed, with IC50 val-
ues <2 lM. Analysis of potential activation by NQO1
and NQO2 was assessed by comparing the response of
the compounds with three cell lines which were selected
due to their content of these cytosolic reductase en-
zymes. In the presence and absence of the required co-
substrate NRH, the results of the biological evaluation
of 1 and its derivatives suggest that these compounds

Table 2. Metabolism of cryptolepine (1), nitrocryptolepine derivatives
and standard drugs by human recombinant NQO1

Compounda Specific activity
(lmol/min/mg)b

Cryptolepine (1) 4.53 ± 0.84
2-Chloro-7-nitrocryptolepine (2) 18.91 ± 0.46
2-Fluoro-9-nitrocryptolepine (6) 2.72 ± 0.17
2-Fluoro-7,9-dinitrocryptolepine (7) 2.96 ± 1.04
8-Chloro-9-nitrocryptolepine (9) 26.66 ± 2.48
7-Bromo-8-nitrocryptolepine (10) 13.91 ± 0.62
7-Bromo-9-nitrocryptolepine (11) 8.66 ± 1.34
CB 1954 3.56 ± 0.69
EO9 79.75 ± 1.34

a Cryptolepine and analogues tested as hydrochloride salts.
b n = 3.

Figure 2. LCM images of selected cryptolepine derivatives and untreated cells using RT112 cells and a drug exposure time of 24 h. Images of 2 and 10
show several cells.
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are not activated by NQO2 with the exception of 7, where
a modest (2.4-fold) potentiation of activity is seen in the
presence of NRH in the RT112 cell line. Several com-
pounds (2, 9, 10 and 11) were found to be substrates for
NQO1 but for reasons that are unclear, they were not sig-
nificantly more toxic to H460 (high NQO1 expressing)
cells than to BE (low NQO1) cells although 2 was 2-fold
more active against H460 than against BE cells.

Laser confocal microscopy demonstrated that selected
halogenated nitro-derivatives (2, 7, 10 and 11) were re-
stricted to the cytoplasm, in contrast to the parent com-
pound 1, which showed distinct nuclear localisation.
This suggests that these analogues could be exerting
their cytotoxic effect via a different mechanism to 1,
which has been shown to intercalate into DNA at GC
rich sequences and inhibit topoisomerase II.7 The results
of this study demonstrate that nitrocryptolepine deriva-
tives are cytotoxic and that some may be substrates for
NQO1 or for NQO2. Only a limited series of com-
pounds has been examined here and the synthesis and
evaluation of more novel nitrocryptolepine analogues
would be worthwhile. In addition, further studies to elu-
cidate the cytotoxic mode(s) of action of these com-
pounds are warranted.

4. Experimental

4.1. Chemistry

Reagents were purchased from Sigma–Aldrich (Gilling-
ham, UK) and Lancaster (Morecambe, UK), unless
otherwise stated. 1H and 13C NMR spectra were acquired
on a JEOL ECA 600 spectrometer observing 1H at
600.17 MHz and 13C at 150.91 MHz. NOE experiments
were carried out in DMSO-d6 at 25 !C and chemical shifts
were referenced to tetramethylsilane (TMS) as an internal
standard (0 ppm). Mass spectrometry was carried out by
Mr. Andrew Healey (University of Bradford) on a Micro-
mass Quattro Ultima HPLC-MSMS electrospray spec-
trometer in either positive or negative ionisation modes,
or alternatively using electron impact ionisation with a
Finnigan MAT 90 spectrometer. C, H and N analyses
were carried out by the Chemical and Materials Analysis
Unit, University of Newcastle, UK, on a Carlo Erba 1106
elemental analyzer.

4.2. General method A: synthesis of mono-nitrated
cryptolepine analogues

A halogenated cryptolepine hydrochloride analogue, gla-
cial acetic acid and nitric acid (69%) were added together
in a large vial and stirred at room temperature for 24 h.
After the reaction time, distilled water (!5 ml) was care-
fully added and the mixture was then neutralised by the
addition of saturated sodium hydroxide solution, where-
upon the crude product precipitated as the free base. The
precipitate was filtered under vacuum, washed with cold
water and dried under vacuum at 45 !C overnight. TLC
of the crude product showed the formation of two com-
pounds, found to be the 7- and 9-nitrocryptolepine deriv-
atives, unless otherwise stated. The isomers were

separated and purified by column chromatography as
the free base on a silica gel, unless otherwise stated, using
a gradient elution of chloroform, concd ammonium
hydroxide solution (1%) and increasing amounts of meth-
anol (1–10%). The less-polar halogenated 7-nitro-com-
pound eluted first as an orange coloured fraction,
followed by the relatively more polar purple coloured 9-
nitro isomer. The purified free bases were then converted
to the hydrochloride salt by addition of HCl (10%) in
methanol, followed by recrystallisation from chloro-
form/methanol/ethyl acetate.

4.2.1. 2-Chloro-7-nitrocryptolepine hydrochloride (2) and
2-chloro-9-nitrocryptolepine hydrochloride (3). Prepared
according to general method A. 2-Chlorocryptolepine
(1a, 100 mg, 0.33 mmol), glacial acetic acid (2 ml) and ni-
tric acid (2 ml) were reacted together to form a mixture of
the 7-nitro (2, 64 mg, 54.6%) and 9-nitro (3, 26 mg; 21.2%)
cryptolepine isomers, which were separated and recrystal-
lised to form their yellow hydrochloride salts.

4.2.1.1. Data for 2-chloro-7-nitrocryptolepine hydro-
chloride (2). Mp 261–262 !C with decomposition; 1H
NMR (DMSO-d6) d 14.02 (s, 1H, N-H), 9.59 (d, 1H,
J = 2.15 Hz, H-6), 9.43 (s, 1H, H-11), 8.92 (d, 1H,
J = 9.59 Hz, H-4), 8.83 (d, 1H, J = 2.43 Hz, H-1), 8.75
(dd, 1H, J = 7.02, 2.15 Hz, H-8), 8.27 (dd, 1H, J = 7.16,
2.43 Hz, H-3), 8.06 (d, 1H, J = 9.16 Hz, H-9), 5.14 (s,
3H, N+-CH3); 13C NMR (DMSO-d6) d 148.72 (C-9a),
142.12 (O2N-C-7), 139.42 (C-5a), 135.62 (C-4a), 135.14
(C-10a), 133.82 (C-3), 132.93 (Cl-C-2), 128.88 (C-1),
128.81 (C-8), 128.35 (C-11a), 126.39 (C-11), 123.99 (C-
6), 121.16 (C-4), 114.64 (C-9), 113.88 (C-5b), 41.43
(CH3); MS (ESI+) m/z (%) 312 [M+H]+! (14), 266 (100),
265 (7), 254 (7), 231 (3); (EI) m/z (%) 311 [M]+ (100),
281 (30), 265 (56), 253 (8), 229 (27); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0456.
Anal. Calcd for C16H10N3O2ClÆ1.15HCl: C, 54.3; H,
3.18; N, 11.9. Found: C, 54.5; H, 3.34; N, 11.6.

4.2.1.2. Data for 2-chloro-9-nitrocryptolepine hydro-
chloride (3). Mp >300 !C; 1H NMR (DMSO-d6) d 13.55 (s,
1H, N-H), 9.38 (s, 1H, H-11), 9.34 (d, 1H, J = 8.31 Hz, H-
6), 8.94 (s, 1H, H-1), 8.91 (d, 1H, J = 9.45 Hz, H-4), 8.87
(d, 1H, J = 8.02 Hz, H-8), 8.29 (d, 1H, J = 9.45 Hz, H-3)
7.74 (dd, 1H, J = 8.31, 8.02 Hz, H-7), 5.10 (s, 3H, N+-
Me); 13C NMR (DMSO-d6) d 138.89 (C-9a), 138.62 (C-
5a), 135.45 (C-4a), 135.15 (C-6), 133.87 (C-3), 133.74
(O2N-C-9), 133.69 (C-10a), 132.97 (Cl-C-2), 130.37 (C-
8), 129.19 (C-1), 128.35 (C-11a), 126.84 (C-11), 121.40
(C-7), 121.16 (C-4), 118.92 (C-5b), 41.54 (CH3); MS
(ESI+) m/z (%) 312 [M+H]+! (100), 288 (11), 229 (4);
(EI) m/z (%) 311 [M]+ (55), 297 (100), 281 (30), 265 (28),
251 (41), 239 (11), 229 (16), 215 (23); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0470.
Anal. Calcd for C16H10N3O2ClÆ1.5HCl: C, 52.5; H,
3.16; N, 11.5. Found: C, 52.6; H, 3.20; N, 11.1.

4.2.2. 2-Fluoro-7-nitro (5) and 2-fluoro-9-nitrocryptolepine
hydrochloride (6). Prepared according to general method
A. 2-Fluorocryptolepine (1b, 200 mg, 0.7 mmol), glacial
acetic acid (5 ml) and nitric acid (5 ml) were reacted to-
gether to form a mixture of the 7-nitro (4, 140 mg, 60%)
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and 9-nitro (5, 90 mg; 38.5%) isomers, which were sepa-
rated and purified by column chromatography using
Florisil! as the stationary phase and eluting with chloro-
form, ammonium hydroxide (1%) and increasing
amounts of methanol (1–6%). The purified free bases were
then converted to the hydrochloride salt by addition of
HCl (10%) in methanol, followed by recrystallisation
from chloroform/methanol/ethyl acetate.

4.2.2.1. Data for 2-fluoro-7-nitrocryptolepine hydro-
chloride (5). Mp >300 "C, decomposed 309 "C; 1H NMR
(DMSO-d6) d 14.47 (s, 1H, N-H), 9.59 (d, 1H, J = 2.00, H-
6), 9.48 (s, 1-H, H-11), 8.99 (dd, 1H, J = 5.44, 4.58 Hz, H-
4), 8.74 (dd, 1H, J = 9.16, 2.00 Hz, H-8), 8.54 (dd, 1H,
J = 6.01, 2.86 Hz, H-1), 8.22 (t, 1H, J = 7.75 Hz, H-3),
8.07 (d, 1H, J = 9.16, H-9), 5.15 (s, 3H, N+-CH3); 13C
NMR (DMSO-d6) d 161.09–159.44 (C-2, 1JC,F =
244.2 Hz), 148.69 (C-9a), 141.97 (O2N-C-7), 139.12 (C-
5a), 135.65 (C-4a), 133.75 (C-10a), 128.88–128.80 (C-
11a, 3JC,F = 11.6 Hz), 128.64 (C-8), 126.50–126.47 (C-
11, 4JC,F = 5.8 Hz), 123.96 (C-6), 123.95–123.81 (C-3,
2JC,F = 26.0 Hz), 122.18–122.12 (C-4, 3JC,F = 10.1 Hz),
114.47 (C-4), 113.64–113.37 (C-1, 2JC,F = 23.1 Hz),
113.49 (C-5b), 41.12 (CH3); MS (EI) m/z (%) 295 [M]+

(100), 281 (20), 265 (33), 235 (12), 222 (10); Acc Mass
for C16H10N3O2F calculated 295.0757; found: 295.0759.
Anal. Calcd for C16H10N3O2FÆ1.7HCl: C, 53.8; H, 3.28;
N, 11.8. Found: C, 53.3; H, 3.70; N, 12.3.

4.2.2.2. Data for 2-fluoro-9-nitrocryptolepine hydro-
chloride (6). Mp >300 "C; 1H NMR (DMSO-d6) d 13.52
(s, 1H, N-H), 9.36 (s, 1H, H-11), 9.32 (d, 1H, J = 8.31,
H-6), 8.97 (dd, 1H, J = 5.73, 4.30 Hz, H-4), 8.83 (d, 1H,
J = 8.02 Hz, H-8), 8.60 (d, 1H, J = 8.88 Hz, H-1), 8.21
(dd, 1H, J = 8.02, 7.45 Hz, H-3), 7.69 (t, 1H, J = 8.02,
7.73, H-7), 5.09 (s, 3H, N+-CH3); 13C NMR (DMSO-d6)
d 161.09–159.43 (C-2, 1JC,F = 249.98 Hz), 140.06 (C-9a),
138.43 (C-5a), 138.38 (C-10a), 135.06 (C-6), 133.89
(C-4a), 133.78 (O2N-C-9), 130.12 (C-8), 128.75–128.68
(C-11a, 3JC,F = 10.11 Hz), 126.98–126.94 (C-11, 4JC,F =
5.78 Hz), 123.72–123.55 (C-3, 2JC,F = 24.56 Hz),
122.12–122.07 (C-4, 3JC,F = 10.11 Hz), 120.98 (C-7),
119.02 (C-5b), 113.90–113.74 (C-1, 2JC,F = 24.56 Hz),
40.06 (CH3); MS (EI) m/z (%) 295 [M]+ (66), 281 (100),
265 (35), 235 (63), 222 (20), 208 (25), 162 (12); Acc Mass
for C16H10N3O2F calculated 295.0757; found: 295.0753.
Anal. Calcd for C16H10N3O2FÆ1.85HCl: C, 53.0; H,
3.29; N, 11.6. Found: C, 53.0; H, 3.31; N, 11.8.

4.2.3. 8-Chloro-7-nitrocryptolepine hydrochloride (8) and
8-chloro-9-nitrocryptolepine hydrochloride (9). Prepared
according to general method A. 8-Chlorocryptolepine
(1c, 200 mg, 0.66 mmol), glacial acetic acid (5 ml) and
nitric acid (5 ml) were reacted together to form a mix-
ture of the 7-nitro (8, 95 mg, 40.9%) and 9-nitro (9,
33 mg; 13.6%) isomers, which were separated and puri-
fied by column chromatography using Florisil! as the
stationary phase and eluting with chloroform, concd
ammonium hydroxide solution (1%) and increasing
amounts of methanol (1–6%). The purified free bases
were then converted to the hydrochloride salt by addi-
tion of HCl (10%) in methanol, followed by recrystalli-
sation from chloroform/methanol/ethyl acetate.

4.2.3.1. Data for 8-chloro-7-nitrocryptolepine hydro-
chloride (8). Mp >300 "C; 1H NMR (DMSO-d6) d 13.38
(s, 1H, N-H), 9.53 (d, 1H, J = 8.88 Hz, H-6), 9.48 (s,
1H, H-11) 8.84 (d, 1H, J = 9.16 Hz, H-4), 8.64 (d, 1H,
J = 7.16 Hz, H-1), 8.25 (t, 1H, J = 8.30 Hz, H-3), 8.22
(s, 1H, H-9), 8.01 (t, 1H, J = 7.45 Hz, H-2), 5.06 (s, 3H,
N+-CH3); 13C NMR (DMSO-d6) d 146.74 (C-9a),
142.15 (O2N-C-9), 138.48 (C-5a), 136.53 (C-4a), 135.46
(C-10a), 134.09 (C-3), 130.74 (C-1), 129.81 (Cl-C-8),
128.37 (C-2), 127.84 (C-11), 127.64 (C-11a), 125.09 (C-
6), 118.64 (C-4), 115.99 (C-9), 112.68 (C-5b), 41.15
(CH3); MS (EI) m/z (%) 313 [37Cl sat of M+] (33), 311
[M]+ (100), 281 (35), 265 (55), 229 (36), 215 (15), 203
(10); Acc Mass for C16H10N3O2Cl calculated 311.0461;
found: 311.0458. Anal. Calcd for C16H10N3O2ClÆ1.8HCl:
C, 50.9; H, 3.15; N, 11.1. Found: C, 50.8; H, 3.39; N, 11.2.

4.2.3.2. Data for 8-chloro-9-nitrocryptolepine hydro-
chloride (9). Mp decomposed and melted 262 "C; 1H NMR
(DMSO-d6) d 13.62 (s, 1H, N-H), 9.40 (s, 1H, H-11), 9.16
(d, 1H, J = 8.88 Hz, H-6), 8.86 (d, 1H, J = 9.16 Hz, H-4),
8.69 (d, 1H, J = 8.31 Hz, H-1), 8.25 (t, 1H, J = 7.16 Hz, H-
3), 8.03 (t, 1H, J = 7.45 Hz, H-2), 7.82 (d, 1H, J = 8.59, H-
7), 5.07 (s, 3H, N+-CH3); 13C NMR (DMSO-d6) d 139.07
(C-9a), 139.06 (Cl-C-8), 137.58 (C-5a), 136.94 (C-4a),
134.84 (C-10a), 134.35 (C-3), 133.34 (O2N-C-9), 132.33
(C-6), 130.94 (C-1), 128.49 (C-2), 127.89 (C-11), 127.66
(C-11a), 123.76 (C-7), 118.71 (C-4), 117.36 (C-5b), 41.13
(CH3); MS (EI) m/z (%) 313 [37Cl sat of M+] (33), 311
[M]+ (100), 297 (95), 281 (52), 265 (45), 251 (49), 229
(46), 215 (35), 203 (15), 188 (15); Acc Mass for
C16H10N3O2Cl calculated 311.0462; found: 311.0467.
Anal. Calcd for C16H10N3O2ClÆ1.9HCl: C, 50.4; H, 3.12;
N, 11.0. Found: C, 50.4; H, 3.48; N, 10.9.

4.2.4. 7-Bromo-8-nitrocryptolepine hydrochloride (10)
and 7-bromo-9-nitrocryptolepine hydrochloride (11). Pre-
pared according to general method A. 7-Bromocryptol-
epine (1d, 200 mg, 0.58 mmol), glacial acetic acid (5 ml)
and nitric acid (5 ml) were reacted together to form a
mixture of the 7-nitro (10, 70 mg, 30.7%) and 9-nitro
(11, 27 mg; 12.1%) isomers, which were separated and
recrystallised to form yellow hydrochloride salt.

4.2.4.1. 7-Bromo-8-nitrocryptolepine Hydrochloride (10).
Mp >300 "C; 1H NMR (DMSO-d6) d 13.87 (s, 1H, N-H),
9.59 (d, 1H, J = 2.00 Hz, H-6), 9.45 (s, 1H, H-11), 8.99 (s,
1H, H-9), 8.88 (d, 1H, J = 9.16 Hz, H-4), 8.74 (d, 1H,
J = 8.31 Hz, H-1), 8.29 (dd, 1H, J = 5.44, 1.43 Hz, H-3),
8.05 (t, 1H, J = 7.45 Hz, H-2), 5.14 (s, 3H, N+-C H3); 13C
NMR (DMSO-d6) d 146.89 (C-9a), 146.02 (C-10a),
142.27 (O2N-C-8), 139.09 (C-5a), 137.04 (C-4a), 134.66
(C-3), 131.05 (C-1), 130.32 (C-9), 128.66 (C-2), 128.53 (C-
11), 127.89 (C-11a), 122.89 (C-6), 118.77 (C-4), 114.98 (C-
5b), 106.40 (Br-C-7), 41.07 (CH3); MS (ESI+) m/z (%)
356 [79M+H]+! (5), 310 (100), 298 (5), 231 (20); Acc Mass
for C16H11BrN3O2 calculated 356.0034; found: 356.0020.
Anal. Calcd for C16H10N3O2BrÆ1.7HCl: C, 45.9; H, 2.8;
N, 10.0. Found: 45.8; H, 3.14; N, 9.91.

4.2.4.2. Data for 7-bromo-9-nitrocryptolepine hydro-
chloride (11). Mp >300 "C; 1H NMR (DMSO-d6) d
13.64 (s, 1H, N-H), 9.50 (d, 1H, J = 1.72 Hz, H-6),
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9.45 (s, 1H, H-11), 8.95 (d, 1H, J = 1.72 Hz, H-8), 8.90
(d, 1H, J = 9.16 Hz, H-4), 8.74 (dd, 1H, J = 7.02,
1.29 Hz, H-1), 8.29 (dd, 1H, J = 5.44, 1.43 Hz, H-3),
8.05 (t, 1H, J = 7.45 Hz, H-2), 5.11 (s, 3H, N+-CH3);
13C NMR (DMSO-d6) d 137.15 (C-4a), 136.94 (C-9a),
136.50 (C-6), 134.89 (O2N-C-9), 134.61 (C-3), 134.02
(C-10a), 131.88 (C-8), 131.09 (C-1), 128.69 (C-2),
128.44 (C-11), 127.89 (C-11a), 120.42 (C-5b), 118.91
(C-4), 112.60 (Br-C-7), 41.40 (CH3); MS (ESI+) m/z
(% RI) 356 [79Br M+H]+! (10), 326 (4), 310 (100), 298
(5), 231 (35), 219 (3); Acc Mass for C16H11BrN3O2 cal-
culated 356.0034; found: 356.0038. Anal. Calcd for
C16H10N3O2BrÆHCl: C, 48.9; H, 2.81; N, 10.7. Found:
C, 48.7; H, 2.80; N, 10.9.

4.3. General method B: di-nitration of halogenated
cryptolepine derivatives

A halogenated cryptolepine hydrochloride derivative
and glacial acetic acid were added together in a large vial
and stirred in an ice bath for 10 min, whereupon an
equivalent volume of fuming nitric acid was added drop-
wise. The mixture was allowed to stir in the ice bath for
a further 10 min then at room temperature for a further
24 h. After the reaction time, distilled water (!5 ml) was
carefully added and then the mixture was basified by the
addition of a saturated sodium hydroxide solution, at
which point the crude product precipitated as the free
base. The precipitate was filtered under vacuum, washed
with cold water and dried in the vacuum oven overnight.
TLC of the crude product showed the formation of a
halogenated dinitro-product as the major component.
The crude product was purified by chromatography as
the free base on a silica gel column, eluting with 5%
MeOH:1% NH4OH in CHCl3 to afford the pure free
base. This was subsequently converted to the yellow
hydrochloride salt by addition of HCl (10%) in MeOH
then recrystallised with CHCl3/MeOH (3:1).

4.3.1. 2-Chloro-7,9-dinitrocryptolepine hydrochloride (4).
Prepared according to general method B. 2-Chlorocryptol-
epine (1a, 100 mg, 0.33 mmol), glacial acetic acid (4 ml)
and fuming nitric acid (4 ml) were reacted together to form
yellow 2-chloro-7,9-dinitrocryptolepine hydrochloride (3,
39 mg, 30.3%); mp >300 !C; 1H NMR (DMSO-d6) d
14.12 (s, 1H, N-H), 9.89 (d, 1H, J = 2.00 Hz, H-6), 9.50
(s, 1H, H-11), 9.40 (d, 1H, J = 2.00 Hz, H-8), 8.97 (d, 1H,
J = 2.29 Hz, H-1), 8.96 (d, 1H, J = 9.59 Hz, H-4), 8.33
(d, 1H, J = 9.59 Hz, H-3), 5.19 (s, 3H, N+-CH3); 13C
NMR (DMSO-d6) d 140.58 (C-9a), 140.42 (O2N-C-7),
138.69 (C-5a), 136.10 (C-4a), 134.78 (C-3), 133.68 (Cl-C-
2), 133.11 (O2N-C-9), 129.56 (C-6), 129.49 (C-1), 129.00
(C-11), 128.56 (C-11a), 124.65 (C-8), 121.41 (C-4), 118.58
(C-5b), 41.75 (CH3), not seen (C-10a); MS (ESI+) m/z
(%) 312 [M+H]+! (100), 288 (11), 229 (4); (EI) m/z (%)
311 [M]+ (55), 297 (100), 281 (30), 265 (28), 251 (41), 239
(11), 229 (16), 215 (23); Acc Mass for C16H10ClN4O4 calcu-
lated 357.0391; found: 357.0400. Anal. Calcd for
C16H9N4O4ClÆ1.3HCl: C, 47.5; H, 2.55; N, 13.9. Found:
C, 48.4; H, 2.80; N, 13.5.

4.3.2. 2-Fluoro-7,9-dinitrocryptolepine hydrochloride (7).
Prepared according to general method B. 2-Fluorocry-

ptolepine (1b, 200 mg, 0.7 mmol), glacial acetic acid
(5 ml) and fuming nitric acid (5 ml) were reacted together
to form yellow 2-fluoro-7,9-dinitrocryptolepine hydrochlo-
ride (7, 88 mg, 32.9%); mp >300 !C; 1H NMR (DMSO-d6)
d 14.15 (s, 1H, N-H), 9.91 (d, 1H, J = 2.00 Hz, H-6), 9.52 (s,
1H, H-11), 9.40 (d, 1H, J = 2.0 Hz, H-8), 9.06 (dd, 1H,
J = 5.58, 4.44 Hz, H-4), 8.69 (dd, 1H, J = 6.01, 2.86 Hz,
H-1), 8.31 (ddd, 1H, J = 4.87, 3.01, 2.72 Hz, H-3), 5.21 (s,
3H, N+-Me); 13C NMR (DMSO-d6) d 161.52–159.86 (F-
C-2, J = 249.98 Hz), 140.52 (C-9a), 140.25 (O2N-C-7),
138.32 (C-5a), 134.78 (C-4a), 136.28 (C-10a), 133.00
(O2N-C-9), 129.66–129.58 (C-11a, J = 11.56 Hz), 129.49
(C-6), 128.65–128.63 (C-11, J = 4.33 Hz), 125.09–124.91
(C-3, J = 27.45 Hz), 124.57 (C-8), 122.57–122.50 (C-4,
J = 10.11 Hz), 118.66 (C-5b), 114.29–114.13 (C-1, J =
23.12 Hz), 41.99 (CH3); MS (EI) m/z (%) 340 [M]+ (48),
326 (100), 315 (8), 280 (20), 234 (58); Acc Mass for
C16H9N4O4F calculated 340.0609; found: 340.0608. Anal.
Calcd for C16H9N4O4FÆ1.3HCl: C, 49.6; H, 2.68; N, 14.5.
Found: C, 49.8; H, 2.88; N, 14.5.

4.4. Biological evaluation

4.4.1. Chemosensitivity testing using the colorimetric
MTT (tetrazolium) assay.16 Cells were routinely main-
tained as monolayer cultures in RPMI-1640 culture
medium Supplemented with foetal calf serum (10%), so-
dium pyruvate (2 mM), LL-glutamine (2 mM) and buf-
fered with HEPES (25 mM). Chemosensitivity was
assessed using the MTT assay. Briefly, cells at approxi-
mately 75% confluence were trypsinised and cells
counted using a haemocytometer. One thousand cells
were plated into each well of a 96-well-round bottomed
culture plate (with the exception of lane 1 which con-
tained only medium; this served as a blank for the spec-
trophotometer) with each well containing 150 ll of
Supplemented medium. The cells were incubated over-
night at 37 !C. The evaluation of compounds varied
depending on whether or not compounds were being
investigated as substrates for NQO1 or NQO2 as
described below.

4.4.2. Drug exposure to RT112 cell lines (NQO2 studies).
This assay is based upon the fact that NQO2 requires
the co-substrate NRH in order to reduce substrates. If
the nitro-derivatives of cryptolepines are substrates for
and activated by NQO2, then preferential toxicity in
the presence of NRH should be obtained. Following
the overnight incubation described above, cells were
treated with the drug in the presence and absence of
the cofactor NRH (NRH was a gift from Professor
Richard Knox, Morvus Technology, UK). The medium
was completely removed from all 96 wells in the plate,
and fresh medium was added to lane 1 (blank) and also
in lane 2 (control). A control solution consisting of 0.1%
DMSO in medium was added to lane 3, and lane 4 con-
tained a NRH control solution (100 lM). All test com-
pounds were dissolved in DMSO at 10 mM, aliquoted
and routinely stored at "20 !C. A series of 2-fold serial
dilutions of drugs were prepared in medium ranging
from 10 lM down to 0.078 lM and these were added
to lanes 5–12 in the presence or absence of NRH
(100 lM). The number of wells used per drug concentration
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was 8 (i.e., one lane of a 96-well plate) and each assay
was repeated in triplicate. Results were expressed as
the ratio of IC50 values obtained in the presence and ab-
sence of NRH and CB 1954 was used as a positive con-
trol compound.

4.4.3. Drug exposure to H460 and BE cell lines (NQO1
based studies). Cells were treated with selected com-
pounds that had shown activity in the NQO1 substrate
assay (described below). Following the overnight incu-
bation period described above, medium was removed
from all wells in the plate and lanes 1 and 2 were replen-
ished with fresh medium, along with a 0.1% DMSO con-
trol in lane 3. 2-Fold dilutions of drugs were prepared in
medium ranging from 10 lM down to 0.078 lM for the
cryptolepine derivatives in both cell lines. However for
EO9 (positive control compound), drug concentrations
ranged from 50 lM down to 0.2 lM for the NQO1 defi-
cient BE cell line, whereas concentrations ranged from
100 nM down to 0.4 nM for the high NQO1 H460 cell
line. Each assay was repeated in duplicate and the re-
sults were expressed as the ratio of IC50 values obtained
in BE cells to IC50 values in H460 cells.

4.4.4. NQO1 enzyme substrate assay. The ability of test
compound to serve as substrates for NQO1 was deter-
mined according to previously published protocols.12,17

Purified recombinant human NQO1 was provided by
the Institute of Cancer Therapeutics (University of
Bradford). NQO1 activity was assayed by measuring
cytochrome c reduction at 550 nm on a CaryUV 50
(Varian, Australia) spectrophotometer. Each assay con-
tained cytochrome c (70 lM), NADH (2 mM), purified
NQO1 (1 lg) and drug concentrations of 10 lM in a fi-
nal volume of 1 ml Tris–HCl (50 mM, pH 7.4) contain-
ing 0.14% BSA. Reactions were carried out at room
temperature and started by the addition of NADH. A
blank was initially acquired which consisted of buffer
and cofactor (NADH), in the absence of cytochrome
c. Background measurements (i.e., non-enzymatic
reduction of cytochrome c) were taken in the absence
of NQO1 for each drug concentration tested. These
background values were subtracted from the values ob-
tained in the presence of the NQO1 enzyme. Specific
activities were calculated from the initial linear part of
the reaction curve (30 s) and results were expressed in
terms of the micromolar of cytochrome c reduced/min/
mg of protein using a molar extinction coefficient of
21.1 mM!1 cm!1.

4.4.5. Confocal laser scanning microscopy. RT112 cells
were grown in borosilicate chambers at a concentration
of 2 · 104 cells/ml and allowed to adhere overnight.
They were then exposed to the test compound at
approximately 10-fold IC50 concentration (lM), where-
upon assessment of compound localisation into the cells
was carried out using confocal laser scanning micros-
copy. This was performed using a Bio-Rad Microradi-
ance Confocal Imaging System attached to a Nikon
CM-800 microscope using LaserSharp 2000 software.
Specimens were scanned using an argon laser with
appropriate excitation and emission filters for the com-
pounds (wavelength 488/500 nm) at 100% power, and

an iris aperture of 6.3. Specimens were examined using
a 60 · oil immersion objective lens. Optical sections of
512 · 512 pixels were captured at 50 lps and digital mag-
nification of 2.4 using Kalman (n = 4) scanning settings.
Simultaneous transmission images were also captured.
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Introduction

One of the characteristic features of solid tumour biology 
is the presence of a poor and inadequate blood supply [1]. 
This leads to the establishment of microenvironments that 
are characterised by gradients of oxygen tension, nutri-
ents, extracellular pH, catabolites and reduced cell prolif-
eration, all of which vary as a function of distance from a 
supporting blood vessel (Fig. 1). These microenvironments 
can be chronic in nature caused by poor blood supply (dif-
fusion limited) or acute caused by the temporal opening 
and closing of blood vessels (perfusion limited). Hypoxia 
in tumours has been the focus of intense research for over 
60 years, and both diffusion-limited hypoxia and perfusion-
limited hypoxia are established features of solid tumours 
[2]. A third mechanism to explain the induction of hypoxia 
in tumours has been described, namely longitudinal arteri-
ole gradients whereby oxygen-rich inflowing blood vessels 
branch and coalesce to form poorly oxygenated outflow-
ing blood [3]. In this model, hypoxia would be formed 
along the axis of the vessel over a multimillimetre range, 
which contrasts with the submillimetre distances typically 
associated with perfusion- and diffusion-limited hypoxia. 
The origins of tumour hypoxia are therefore linked to the 
abnormal vascular supply that develops within tumours, 
and there is a substantial body of evidence demonstrating 
that hypoxia is a common feature of most if not all-solid 
tumours.

The presence of hypoxia in tumours has significant bio-
logical and therapeutic implications. Biologically, hypoxia 
is implicated in promoting resistance to apoptosis [4], 
suppression of DNA repair pathways and promotion of 
genomic instability [5] increased invasion and metastasis 
[6], promotion of angiogenesis [7], modulation of tyros-
ine kinase-mediated cell signalling pathways [8], evasion 

Abstract  The presence of a microenvironment within 
most tumours containing regions of low oxygen tension or 
hypoxia has profound biological and therapeutic implica-
tions. Tumour hypoxia is known to promote the develop-
ment of an aggressive phenotype, resistance to both chem-
otherapy and radiotherapy and is strongly associated with 
poor clinical outcome. Paradoxically, it is recognised as a 
high-priority target and one of the therapeutic strategies 
designed to eradicate hypoxic cells in tumours is a group of 
compounds known collectively as hypoxia-activated prod-
rugs (HAPs) or bioreductive drugs. These drugs are inac-
tive prodrugs that require enzymatic activation (typically 
by 1 or 2 electron oxidoreductases) to generate cytotoxic 
species with selectivity for hypoxic cells being determined 
by (1) the ability of oxygen to either reverse or inhibit the 
activation process and (2) the presence of elevated expres-
sion of oxidoreductases in tumours. The concepts under-
pinning HAP development were established over 40 years 
ago and have been refined over the years to produce a new 
generation of HAPs that are under preclinical and clinical 
development. The purpose of this article is to describe cur-
rent progress in the development of HAPs focusing on the 
mechanisms of action, preclinical properties and clinical 
progress of leading examples.
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from immune surveillance [9], induction of autophagy [10], 
hypoxia-driven changes in central metabolic pathways 
[11], global changes in the metabolome [12], production of 
L-2-hydroxyglutarate leading to altered histone methyla-
tion [13], metabolic adaptation to hypoxia-induced reduc-
tive stress [14] and the provision of a niche where cancer 
stem cells reside [15]. The plethora of effects on tumour 
biology is mediated largely by hypoxia-inducible factors 
(HIF) [16] although HIF1-independent hypoxia responses 
have also been described [17]. In terms of therapeutic 
implications, the seminal work conducted by Gray in the 
1950s [18] provided the first evidence that hypoxia is an 
underlying cause of resistance to radiotherapy. Since then, 
hypoxia has been strongly implicated in resistance to sev-
eral cytotoxic chemotherapy drugs and targeted therapeu-
tics [19, 20]. Multiple mechanisms contribute to hypoxia-
induced drug resistance, but as pointed out by Wilson and 
Hay [21], the generalisation that hypoxia causes resistance 
to all cytotoxic drugs must be viewed with caution as some 
drugs are effective under hypoxic conditions. This note of 

caution should also be extended to include targeted thera-
peutics following the demonstration that some (such as 
dasatinib) are preferentially active against cell lines in vitro 
under hypoxic conditions [22].

Whilst the extent and severity of hypoxia in tumours 
varies between tumour types and within individual 
tumours, the combined biological and therapeutic implica-
tions of hypoxia have a significant bearing on prognosis. 
There is now an extensive body of evidence demonstrating 
that hypoxia can adversely affect clinical outcome [23, 24] 
and this makes hypoxia a high-priority therapeutic target. 
The importance of hypoxia as a target has been recognised 
for many years, but the translation of preclinical strategies 
designed to target hypoxic cells into mainstream clinical 
use has remained stubbornly difficult to achieve. Two main 
approaches are being used to eradicate hypoxic cells (1) 
the use of ‘bioreductive drugs’ or ‘hypoxia-activated prod-
rugs (HAPs)’ and (2) molecularly targeted drugs aimed at 
exploiting biochemical responses to hypoxia, particularly 
HIF pathways. The current status of HIF-targeted strategies 
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Fig. 1  Cartoon of the hypoxic tumour microenvironment and a gen-
eralised scheme for the mechanistic activation of HAPs by one- and 
two-electron reductases under aerobic and hypoxic conditions. The 
cartoon describes a central blood vessel (BV) with tumour cells resid-
ing various distances away from the vascular supply. Cells that reside 
close to the blood vessel are ‘happy’ in that they are receiving nutri-
ents and oxygen but as you move further away from the vessel, condi-
tions become more stressful in terms of lack of oxygen (hypoxia) and 
nutrients (together with other physiological changes such as acidic 
extracellular pH) until conditions can no longer support cell viabil-
ity and necrosis occurs. As distance from the supporting blood ves-
sel increases, resistance to radiotherapy and chemotherapy increases 
and the delivery of drugs to hypoxic cells becomes increasingly prob-
lematical. The left-hand side of the cartoon describes the activation 
of HAPs by one-electron reduction pathways. The prodrug (PD) is 
reduced to a prodrug radical (PDR) which in the presence of oxygen 
redox cycles back to the parent compound generating superoxide rad-

icals. In the absence of oxygen, the PDR is able to undergo further 
reactions (fragmentation or disproportionation) to generate the active 
toxic drug (T). Once the active drug has formed, it ideally should be 
able to diffuse back into the aerobic fraction and create a bystander 
effect. Even with a good bystander effect, HAPs are typically used in 
combination with radiotherapy or chemotherapy to eradicate the aer-
obic fraction. The right-hand side of the figure describes the activa-
tion of HAPs by two-electron reduction pathways. In this case, two-
electron reduction bypasses the oxygen-sensitive PDR step leading 
directly or indirectly to the formation of the active toxic drug. This 
pathway is typically oxygen insensitive, and both the aerobic fraction 
and hypoxic fraction can theoretically be targeted. These pathways 
for HAP activation are generally applicable to most HAPs although 
exceptions do exist. AQ4N, for example, is reduced by sequential 
two-electron reduction steps that are inhibited by oxygen as described 
in the main body of the text
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is beyond the scope of this article which focuses on HAPs, 
their mechanism of action and recent progress in the pre-
clinical and clinical evaluation of leading compounds 
in this class of drugs. This article also describes novel 
approaches where HAP-based approaches are being used to 
improve the selectivity of targeted therapeutics.

Hypoxia-activated prodrugs (HAPs): general 
principles

The concept of hypoxia-activated prodrugs arose largely 
from the seminal work on quinone-based derivatives of 
Mitomycin C by Alan Sartorelli in the early 1970s [25]. Ini-
tially, these early studies focused primarily on enzyme-acti-
vated prodrugs in a process called bioreductive activation 
under aerobic conditions, but this concept was extended 
to include hypoxia following the demonstration that Mito-
mycin C preferentially killed hypoxic cells in vitro [26]. 
Over recent years, the term HAP has become established, 
but HAPs and bioreductive drugs are terms that are often 
used interchangeably. The principles underpinning the 
development of HAPs have been refined over the years, 
and the ‘ideal HAP’ should possess the following proper-
ties (1) ability to penetrate from a blood vessel to hypoxic 
cells within its pharmacokinetic lifespan; (2) preferential 
activation oxygen conditions that are low enough to pre-
vent activation in normal tissues; (3) the reduced product 
should have the ability to kill non-proliferating cells typi-
cally found within the hypoxic fraction of tumours; and (4) 
the reduced product should have the ability to diffuse back 
into the proliferating aerobic fraction and exert a ‘bystander 
effect’ (Fig. 1).

Five different chemical entities have been shown to 
be capable of selectively targeting hypoxic cells, and 
these include nitro (hetero)-cyclic compounds, aromatic 
N-oxides, aliphatic N-oxides, quinone and transition metal 
complexes [27]. Whilst these are chemically distinct classes 
of compounds, a modular concept for the design of HAPs 
has been described with the three main components being 
(1) a trigger, (2) a linker and (3) an effector [28]. The effec-
tor is the cytotoxic component that is capable of killing 
cells within the hypoxic microenvironment, and these have 
typically been potent DNA-interactive agents. The purpose 
of the linker is to deactivate the effector, whilst the trigger 
group is the critical group that determines prodrug activa-
tion and hypoxia selectivity. Numerous trigger groups have 
been characterised, and these have to be enzymatically 
reduced (primarily by oxidoreductases) in order to release 
or activate the effector [28]. Both one- and two-electron 
oxidoreductases can catalyse the reduction of the prod-
rug, and selectivity is determined by the ability of oxygen 
to reverse the activation process and/or the overexpression 

of oxidoreductases in tumour tissue (Fig. 1). In general 
terms, one-electron reduction generates a prodrug radical 
species that can be back-oxidised in the presence of oxy-
gen to generate the parental prodrug and reactive oxygen 
species. Host defence mechanisms can detoxify these radi-
cal species, thereby reducing toxic effects in oxygenated 
tissue, but in the absence of oxygen, the prodrug radical 
species undergoes further reduction/disproportionation or 
fragmentation reactions to generate products that are cyto-
toxic [21] Two-electron reduction in contrast bypasses the 
oxygen-sensitive prodrug radical intermediate, and acti-
vation of the prodrug is typically oxygen insensitive. In 
this case, selectivity is largely determined by the presence 
of elevated levels of enzyme in tumour tissue [29]. The 
mechanisms governing hypoxia-activated prodrug activa-
tion are summarised in Fig. 1, and important exceptions to 
these generalised mechanisms are identified here and in the 
main body of text below. It is also important to state that 
hypoxia-directed therapeutic agents are unlikely to dem-
onstrate single-agent activity and should be used in combi-
nation with radiotherapy and/or chemotherapy that targets 
aerobic cells. Furthermore, in order to become effective 
components of combination therapies, HAPs need to be 
sufficiently safe with minimal side effects.

Whilst the concepts underpinning bioreductive drug 
and HAP activation are elegant and simple, success in this 
field has been very difficult to achieve and the stark real-
ity is that despite over 40 years of pre-clinical and clini-
cal research, no HAP has so far been approved for use in 
humans. Despite this lack of success, important lessons 
have been learnt from preclinical and clinical studies that 
have helped shape the design and evaluation of new HAPs. 
There is currently considerable optimism in the field, and 
in the following sections, recent progress in the pre-clinical 
and clinical evaluation of a series of selected HAPs (Fig. 2) 
is presented together with some emerging strategies for the 
next generation of HAPs.

TH-302 (Evofosfamide)

TH-302 is a 2-nitroimidazole HAP of bromo-isophospho-
ramide, the synthesis and initial preclinical evaluation of 
which was published in 2008 [30]. It was initially developed 
by Threshold Pharmaceuticals, and TH-302 is currently 
being developed in partnership with Merck. Its preclini-
cal pharmacology has been described in detail elsewhere 
[31]. Its mechanism of action is presented in Fig. 3, and 
key features of its pharmacology include (1) reduction by 
one-electron oxidoreductases or radiolytic reduction lead-
ing to fragmentation and release of the potent DNA alkylat-
ing agent bromo-isophosphoramide mustard; (2) hypoxia-
dependent induction of γH2AX, DNA cross-linking and cell 
cycle arrest; (3) broad activity against a range of cell lines 
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with hypoxic cytotoxicity ratios (HCR) ranging from 11 to 
600; (4) cells deficient in homology-dependent DNA repair, 
BRCA1, BRCA2 and FANCA exhibited marked sensitiv-
ity to TH-302 under hypoxia; (5) enhanced potency against 
H460 multicell spheroids compared to monolayer cultures; 
(6) exhibited a bystander effect in in vitro multicell layer 

models and in vivo; (7) broad anti-tumour activity across a 
panel of human tumour xenografts with clear evidence of 
selective eradication of hypoxic cells and neighbouring cells 
via the bystander effect; and (8) good pharmacokinetic and 
safety profiles in mice, rats, dogs and monkeys. More recent 
studies have confirmed that TH-302 targets hypoxic cells 

Fig. 2  Structure of hypoxia-
activated prodrugs/bioreductive 
drugs reviewed in this article. 
The chemical structures of other 
compounds that fall within this 
group of compounds can be 
found elsewhere [21, 27]
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and potentiates the activity of doxorubicin and docetaxel in 
human tumour xenografts [32] and its activity in vivo can 
be enhanced by the induction of transient hypoxia [33]. As 
part of a combination regimen with cytotoxic drugs, tar-
geted therapeutics or radiotherapy, TH302 has been shown 
to enhance anti-tumour activity and reduce the ability of 
hypoxic cells to repopulate tumours following re-oxygena-
tion [34–40]. Activity is not confined to solid tumours but 
extends to acute myeloid leukaemia where TH-302 was 
effective against hypoxic cells that reside within the bone 
marrow microenvironment [41].

TH-302 is undergoing clinical trial, and phase I stud-
ies were published in 2011 [42, 43]. As a single agent 
administered intravenously, TH-302 was well tolerated. At 
maximum tolerated dose, adverse events included nausea, 
skin rash, fatigue and vomiting, and depending on the regi-
men used, dose-limiting toxicities were grade 3 skin and 
mucosal toxicities or grade 3 fatigue and vaginitis/procti-
tis [43]. Two partial responses in patients with metastatic 
small cell lung cancer and melanoma were observed with 
stable disease seen in 27 out of 57 patients [43]. A phase 
I study of TH-302 in combination with doxorubicin dem-
onstrated that despite the haematologic toxicity of doxo-
rubicin increasing when combined with TH-302, toxicities 
were manageable and partial responses were observed in 5 
out of 15 patients with advanced soft tissue sarcoma [42]. 
Furthermore, one patient with advanced melanoma par-
ticipating in the phase I studies had complete resolution of 
Cullen’s sign together with extracranial response in lung, 
liver and lymph node metastasis [44]. Promising clinical 
activity has also been reported in phase II trials involv-
ing TH-302 in combination with doxorubicin in advanced 
soft tissue sarcoma [45] and in combination with gemcit-
abine in patients with advanced pancreatic cancer [46]. 
TH-302 is undergoing further phase II trials against non-
small cell lung cancer (with pemetrexed, NCT02093962) 
and advanced melanoma (NCT01864538), and phase III 
clinical trials against soft tissue sarcoma (NCT01440088) 
and pancreatic cancer (NCT01746979, MAESTRO study) 

are ongoing. The results of phase III studies are eagerly 
anticipated.

EO9 (Apaziquone)

EO9 is an indolequinone derivative of Mitomycin C that 
was originally synthesised in 1987 at the University of 
Amsterdam [47]. It has a chequered history, details of 
which have been reviewed recently [48]. Its mechanism of 
action (Fig. 4) involves reduction by one- and/or two-elec-
tron oxidoreductases to generate DNA-damaging species 
in both aerobic and hypoxic conditions. The two-electron 
reductase NAD(P)H:Quinone oxidoreductase 1 (NQO1 or 
DT-diaphorase) plays a central role in the bioreductive acti-
vation process and largely determines its ability to target 
aerobic or hypoxic cells [29]. EO9 has the ability to func-
tion as a classical HAP but only in cell lines that have low 
or no NQO1 [49, 50]. Under these conditions, one-electron 
reduction by enzymes such as cytochrome P450 reductase 
generates the semi-quinone radical which can redox cycle 
back to the parent compound in the presence of oxygen. 
HCR values in excess of 100 have been reported in a num-
ber of cell lines but particularly marked hypoxia selectivity 
occurs in cell lines that harbour the C609T single-nucle-
otide polymorphism that is devoid of NQO1 activity [49, 
51]. In cell lines with high NQO1, however, the oxygen-
insensitive two-electron reduction pathway dominates and 
HCR values close to 1 are typically reported [50]. In these 
cell lines, a good correlation between NQO1 activity and 
chemosensitivity under aerobic conditions exists [50]. Pre-
clinical studies therefore demonstrated that EO9 has the 
ability to target both the aerobic fraction of NQO1-rich 
tumours (where selectivity is determined by elevated levels 
of NQO1 in tumours) and the hypoxic fraction of NQO1-
deficient tumours [29].

Based on these and other favourable preclinical proper-
ties [52], EO9 was selected for clinical evaluation under the 
auspices of the New Drug Development Office in Amster-
dam with phase I studies reporting partial responses in 
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two patients with carcinomas of unknown origin and one 
in bile duct cancer [53, 54]. The results of phase II studies 
were, however, disappointing with no partial or complete 
responses observed. These studies concluded that EO9 
had no clinical activity against NSCLC, pancreatic, breast, 
colorectal and gastric cancers [55, 56]. Several possible 
explanations were put forward to explain the poor results 
of these studies including the fact that EO9 was not evalu-
ated as a classical HAP as it was only tested as a single 
agent. Furthermore, tumour enzymology and the presence 
of hypoxia in patient’s tumours were not incorporated into 
the design of the trials [57]. Whilst these issues represent 
important deficiencies in clinical trial design, it was argued 
that at least some patients would have had the right ‘bio-
chemical machinery’ to activate EO9 and other explana-
tions for why EO9 failed must exist.

Research focused on the issue of impaired drug delivery 
to tumours as a possible explanation. Whilst the factors that 
determine drug delivery to tumours are complex, systemic 
pharmacokinetic profiles and the ability to extravasate and 
penetrate through several layers of tumour cells to reach 
the hypoxic fraction are two key parameters [58]. Phase 
I studies had already established that EO9 was rapidly 
cleared from the systemic circulation following intravenous 
administration with half-lives of less than 20 min [54]. This 
combined with experimental evidence demonstrating that 
EO9 does not rapidly penetrate multicell layers in vitro 
suggested that EO9 will not penetrate more than a few 
cell layers from a blood vessel within its pharmacokinetic 
lifespan [59]. One method pursued to tackle this problem 
was to develop analogues of EO9 with better drug delivery 

properties, but an alternative approach designed to use 
EO9’s bad properties to our advantage was adopted. In the 
case of superficial transitional cell carcinoma of the blad-
der, chemotherapy is administered directly into the blad-
der by a catheter (intravesical administration). Intravesical 
administration of EO9 into the bladder would (1) circum-
vent the drug delivery problem observed following intra-
venous administration; (2) retention within the bladder for 
up to 1 h would extend the time EO9 was in contact with 
the tumour and enhance penetration; and (3) any drug that 
reached the systemic circulation would be rapidly cleared, 
thereby reducing the risk of systemic toxicity.

Following the demonstration that superficial transi-
tional cell carcinoma of the bladder possessed the correct 
biochemical machinery required to activate EO9 [60], a 
new clinical trial was developed. Spectrum Pharmaceu-
ticals sponsored the phase I study, and EO9 was adminis-
tered directly into the bladder (intravesical administration) 
once a week for 6 weeks followed by assessment of anti-
tumour efficacy 2 weeks after the final instillation. Prior to 
the administration of EO9, patients with multiple tumour 
lesions had all but one tumour surgically removed with 
the remaining tumour left to serve as a ‘marker lesion’ for 
assessing response. Complete response was defined as total 
ablation of the marker lesion, and eight complete responses 
were obtained out of a total of 12 patients entered into the 
study [61]. Using an identical trial design, similar com-
plete response rates (30 out of 45 patients) were reported 
in phase II studies [62], and recurrence-free rates at 2 years 
were good in comparison with other marker lesion stud-
ies [63, 64]. Following the demonstration that a single 

Fig. 4  Reductive activation of EO9 (Apaziquone). One-electron 
reduction generates the semi-quinone radical which in the presence 
of oxygen redox cycles back to the parent compound. In the absence 
of oxygen, the free radical is stabilised or undergoes a further one-
electron reduction to generate the hydroquinone species leading 
to DNA damage. This pathway predominates in cells that have low 
levels of the two-electron reductase NQO1, and very good selectiv-

ity for hypoxic cells can be achieved in cell lines that are devoid of 
NQO1. In NQO1-rich cells, two-electron reduction is the dominant 
route, and as this bypasses the oxygen-sensitive semi-quinone step, 
it is effectively an oxygen-insensitive route of activation. In this case, 
EO9 is equally active against aerobic and hypoxic cells and selectiv-
ity depends largely on the expression of NQO1 in tumour cells



447Cancer Chemother Pharmacol (2016) 77:441–457 

1 3

intravesical administration of EO9 within 24 h of transure-
thral resection was well tolerated with a good safety profile 
[65], two phase III trials commenced using this new admin-
istration schedule (NCT00598806 and NCT00461591). In 
April 2012, Spectrum Pharmaceuticals announced that the 
results of these two trials did not meet their primary end-
point of a statistically significant difference in the rate of 
tumour recurrence at 2 years, but analysis of the pooled 
data from both studies showed a statistically significant 
effect in favour of EO9. A further phase III study using a 
multi-instillation schedule (once a week for 6 weeks) has 
been planned (NCT01410565).

AQ4N (Banoxantrone)

AQ4N is an aliphatic N-oxide that is metabolised by 
cytochrome P450 (CYP) isozymes and inducible nitric 
oxide synthase (iNOS) to AQ4, a potent inhibitor of topoi-
somerase II [66, 67]. Its mechanism of action is summa-
rised in Fig. 5 and involves an initial two-electron reduc-
tion step to the mono-N-oxide (AQ4M) followed by a 
further two-electron reduction to generate AQ4. Selectiv-
ity for hypoxic cells occurs because oxygen outcompetes 
AQ4N for the haem-centred active site of CYPs and oxy-
gen therefore effectively inhibits the reduction in AQ4N 
[68]. Activation not only occurs in tumour cells but also in 
hypoxic tumour-associated macrophages where the induc-
tion of iNOS under hypoxic conditions led to reduction in 
AQ4N and killing of tumour cells via a bystander effect 

[69]. One of the key features of its mechanism of action is 
that AQ4 is a stable reduction product that strongly binds 
non-covalently to the DNA of hypoxic cells. Following the 
eradication of aerobic cells by radiotherapy and/or chemo-
therapy, hypoxic cells undergo a period of re-oxygenation 
and can repopulate the tumour. AQ4 inhibits the topoi-
somerase activity of hypoxic cells as they attempt to re-
enter the cell cycle during these periods of re-oxygenation, 
and in preclinical models in vivo, AQ4N in combination 
with radiotherapy substantially enhances anti-tumour effi-
cacy [70, 71]. Similar effects were seen with combinations 
of AQ4N and thiotepa, cyclophosphamide, cisplatin and 
the structurally related drug mitoxantrone [71–73]. More 
recent studies have demonstrated that the use of AQ4N 
following androgen deprivation therapy using bicaluta-
mide (which induces hypoxia in tumours) significantly 
improves treatment outcome in prostate cancer xenografts 
[74]. Similarly, recent studies have also demonstrated that 
AQ4N has anti-metastatic properties by targeting hypoxic 
lesions in the lymph nodes and lymphatics in xenograft 
models [75]. With regard to drug delivery to the hypoxic 
fraction, studies in tumour models in vivo demonstrate that 
AQ4N has the ability to penetrate into hypoxic regions 
of tumour [73, 76]. Taken together, the preclinical profile 
of AQ4N clearly illustrates its potential as a HAP that is 
capable of tackling the key issue of tumour repopulation 
by hypoxic cells following the eradication of the aerobic 
fraction by conventional radio/chemotherapy. In addition 
to its HAP properties, AQ4N has also been shown to have 

Fig. 5  Reductive activation of AQ4N (banoxantrone). AQ4N under-
goes sequential two-electron reduction by various cytochrome P450 
(CYP) isoforms and inducible nitric oxide synthase to the mono-N-
oxide (AQ4M) followed by a further two-electron reduction to AQ4. 
Oxygen inhibits the reduction process by outcompeting AQ4N for 
the haem centre of CYPs, and this mechanism differs fundamentally 
from other HAPs. The images are confocal images of cells treated 

with pure AQ4N and AQ4. No DNA binding is observed in cells 
treated with AQ4N, but fluorescence in the nuclei of AQ4-treated 
cells indicates strong DNA binding, leading to topoisomerase inhibi-
tion. The use of radiotherapy or chemotherapy to eradicate aerobic 
tumour cells causes re-oxygenation of hypoxic cells, and AQ4 pre-
vents these cells repopulating the tumour by virtue of its strong inhi-
bition of topoisomerases
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anti-angiogenic properties under aerobic conditions, selec-
tively targeting endothelial cells at low doses, inhibiting 
migration, tube formation, aortic ring vessel sprouting and 
invasion of proliferating endothelial cells [77]. Whilst the 
mechanism of action responsible for its anti-angiogenic 
properties is not fully understood (significant disruption 
of microtubule networks was observed), this mechanism 
could potentially contribute to the anti-tumour activity of 
AQ4N.

AQ4N has undergone clinical evaluation, and three 
phase I studies have been reported, two of which have 
evaluated AQ4N as a single agent [78, 79] and one in com-
bination with radiotherapy [80]. As a single agent, AQ4N 
was well tolerated up to a maximum tolerated dose of 
768 mg/m2 (administered intravenously as a 30-min infu-
sion on days 1, 8 and 15 of a 28-day cycle) with the most 
common adverse events being fatigue, diarrhoea, nausea, 
vomiting, anorexia and blue discolouration of skin and 
body fluids [79]. The pharmacokinetic profile of AQ4N 
was dose dependent with low levels of AQ4M, and no 
AQ4 detected in the systemic circulation. Three patients 
had stable disease, two with bronchoalveolar lung cancer 
and ovarian cancer and the third with collecting duct renal 
cancer had prolonged stable disease for 25 months [79]. 
In a phase I proof-of-principle pharmacodynamics study, 
AQ4N at a dose of 200 mg/m2 (single dose administered 
intravenously using a 30-min infusion) was administered 
12–36 h before multiple samples of tumour and normal 
tissue were surgically removed from each patient. AQ4N 
and its metabolites were analysed by LC/MS, the distribu-
tion of AQ4 relative to blood vessels determined by con-
focal microscopy and the relationship between AQ4 lev-
els and the expression of the endogenous hypoxia marker 
Glut-1 determined by immunohistochemistry [78]. This 
study demonstrated that AQ4N was activated selectively 
in hypoxic regions of solid tumours and the levels of AQ4 
detected exceeded those required for activity in animal 
models. In addition, high levels of AQ4 were detected in 
glioblastoma multiforme, indicating that AQ4N effectively 
crossed the blood–brain barrier [78]. In combination with 
radiotherapy, AQ4N was well tolerated up to 447 mg/m2 
administered intravenously with no dose-limiting toxic-
ity and tumour AQ4 concentrations also exceeded levels 
required for activity in preclinical models. Of the eight-
een patients that were assessable for response, one had a 
partial response, two had >50 % tumour volume reduction 
and nine patients had stable disease [80]. Whether these 
responses were due to AQ4N or radiotherapy alone was 
not possible to determine but the results of this study illus-
trates the potential value of combination studies of AQ4N 
with radiotherapy. Regrettably, the clinical development of 
AQ4N has stalled, but new analogues of AQ4N are under 
development by OncoTherics.

PR-104

PR-104 is a nitroaromatic compound that is a water-solu-
ble phosphate ester ‘pre-prodrug’ of PR-104A, originally 
developed by the University of Auckland [81]. Its mecha-
nism of action has been described in detail elsewhere [27] 
and is summarised in Fig. 6. Briefly, PR-104 undergoes 
rapid hydrolysis by systemic phosphatases to generate 
PR-104A that is metabolised by one- and/or two-electron 
oxidoreductases to the para-hydroxylamine PR-104H and 
para-amine PR-104M metabolites resulting in interstrand 
DNA cross-linking. Various oxidoreductases have been 
shown to catalyse the reduction in PR-104A including 
cytochrome P450 reductase [82], FAD-dependent oxidore-
ductase domain containing 2 (FOXRED2 [83]) and aldo–
ketoreductase 1C3 (AKR1C3) [84]. PR-104 can target both 
hypoxic and aerobic cells with one-electron reduction path-
ways catalysed by cytochrome P450 reductase accounting 
for the majority of activity under hypoxia [85]. Reduction 
by AKR1C3 (oxygen-insensitive two-electron reduction 
process) accounts for activity under aerobic conditions 
[84]. Hypoxia selectivity in vitro is governed by the fact 
that the product of one-electron reduction undergoes redox 
cycling back to the parent compound and hypoxia together 
with reductase activity and repair of DNA interstrand 
cross-links are key variables that determine response to 
PR-104 [86]. More recent studies have also demonstrated 
that PR-104 is particularly active against hypoxic regions 
of triple-negative breast cancers that have dysfunctional 
homologous recombination repair pathways [87].

PR-104 has activity against a range of in vivo preclini-
cal models, and its properties mean it can target hypoxic 
tumours and/or the aerobic fraction of tumours expressing 
AKR1C3. Against T cell acute lymphoblastic leukaemia 
xenografts, single-agent PR-104 treatment proved more 
efficacious compared to a combination of vincristine, 
dexamethasone and L-asparaginase and activity correlated 
with AKR1C3 expression [88]. This study also concludes 
that AKR1C3 expression could be used as a biomarker to 
select patients most likely to benefit from PR-104 treat-
ment in future clinical trials. Similar studies reported com-
plete responses in acute lymphoblastic leukaemia mod-
els and objective responses in other solid tumours, but in 
contrast, tumour response did not correlate with AKR1C3 
levels [89]. Other studies have demonstrated that PR-104 
could be used to eradicate acute lymphoblastic leukaemia 
cells residing in hypoxic niches in the bone marrow [90]. 
Against solid tumours, experimental and in silico model-
ling demonstrate that PR104/PR104A is able to penetrate 
into severely hypoxic regions of tumours where it is pref-
erentially metabolised to cytotoxic metabolites [91]. A 
combination of experimental and modelling techniques 
have also demonstrated that PR-104A can exert a bystander 
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effect that is predicted to contribute significantly to the 
anti-tumour efficacy of PR-104 [92]. PR-104 has demon-
strated anti-tumour activity as a single agent against a range 
of solid tumour xenografts and greater than additive effects 
have been reported when PR-104 is used in combination 
with chemotherapy agents such as gemcitabine, docetaxel 
and sorafenib [81, 93] and/or radiotherapy [87]. The use of 
pharmacological approaches to induce tumour hypoxia has 
also been shown to potentiate the activity of PR-104 [94].

PR-104 is undergoing clinical trials, and several phase 
I clinical trials have been completed. As a single agent, a 
maximum tolerated dose of 1100 mg/m2 was reported fol-
lowing a one dose every 21-day schedule [95] and 675 mg/
m2 when given on a one dose per week for 3-week sched-
ule [96]. In both studies, PR-104 was administered by a 
1-h intravenous infusion. Dose-limiting toxicities included 
fatigue, febrile neutropenia and infection following a once 
a week, every 21-day schedule and thrombocytopenia and 
to a lesser extent neutropenia using the more intensive 
schedule [95, 96]. No objective responses were reported 
in these studies despite the fact that PR-104A plasma 
AUC values exceeded the levels required for activity in 

preclinical models [95]. In combination with either gem-
citabine or docetaxel, severe dose-limiting myelotoxicity 
occurred, the impact of which was reduced by prophylac-
tic G-CSF in the case of docetaxel [97]. A combination of 
PR-104 and sorafenib in advanced hepatocellular carci-
noma was also poorly tolerated with significant thrombocy-
topenia and neutropenia reported [98]. PR-104A undergoes 
glucuronidation [99], and it was suggested that reduced 
clearance due to compromised glucuronidation in patients 
with advanced hepatocellular carcinoma of PR-104A was 
partly responsible for the toxicity observed [98]. Recent 
studies in mice that do not significantly glucuronidate PR-
104A confirm that the development of analogues of PR104 
that are not readily glucuronidated may be able to exploit 
elevated AKR1C3 and/or hypoxia in hepatocellular carci-
noma in humans [93]. Based on strong preclinical data, a 
phase I/II study in acute myeloid leukaemia (AML) and 
acute lymphoblastic leukaemia (ALL) has demonstrated 
clinical activity in 10 out of 31 patients with AML and 2 
out of 10 patients with ALL [100]. PR-104 treatment also 
decreased the number of hypoxic cells in the bone mar-
row. These positive results indicate that PR-104 is able to 

Fig. 6  Reductive activation of PR104. The pre-prodrug PR-104 is 
converted to PR-104A by phosphatases in the systemic circulation, 
and this then undergoes either one- or 2-electron reduction. One-elec-
tron reduction by enzymes such as cytochrome P450 reductase gener-
ates a nitro radical intermediate that can undergo rapid redox cycling 
back to the parent compound in the presence of oxygen. In the 
absence of oxygen, the nitro radical intermediate undergoes a series 

of reactions leading to the formation of the toxic PR-104H and PR-
104M derivatives. Two-electron reduction by aldo–ketoreductase 1C3 
(AKR1C3) bypasses the oxygen-sensitive intermediate and generates 
the active metabolites under aerobic and hypoxic conditions. In this 
case, selectivity may be determined by the expression of AKR1C3 in 
tumour cells
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exploit the hypoxic niche in acute leukaemias and further 
clinical evaluation in this setting is warranted.

Tirapazamine (TPZ)

TPZ is an aromatic N-oxide that was originally devel-
oped in the mid-1980s, and its pharmacological prop-
erties have been extensively reviewed elsewhere [21]. 
Its mechanism of action is summarised in Fig. 7, and 
briefly, TPZ is reduced by one-electron reductases (such 
as cytochrome P450 reductase) to generate a radical spe-
cies which in the absence of oxygen undergoes further 
spontaneous reactions, leading to the formation of DNA-
damaging oxidising hydroxyl or benzotriazinyl radicals 
[101]. Selectivity for hypoxic cells is determined by the 
ability of oxygen to reverse the one-electron reduction 
step resulting in back oxidation to the parent compound 
and the formation of superoxide. The two-electron 
reductase NQO1 can also reduce TPZ, but this is consid-
ered a bioprotective mechanism as it bypasses the TPZ 
radical and forms the relatively non-toxic mono-N-oxide 
[102]. High hypoxia selectivity has been reported in a 
number of cell lines, and in vivo studies demonstrated 
that TPZ in combination with radiotherapy and cisplatin 
was highly effective against a range of human tumour 

xenografts [103] and TPZ entered clinical trial in early 
1990s.

TPZ has been extensively evaluated in the clinic. Both 
phase I and II studies generated positive results, particu-
larly phase II studies where TPZ was used in combination 
with cisplatin, etoposide and/or radiotherapy [104–107]. 
Unfortunately, several phase III clinical trials have failed 
to demonstrate any survival advantage by adding TPZ to 
chemotherapy or radiotherapy in non-small cell lung can-
cer [108], head and neck cancer [109] and cervical cancer 
[110]. Reasons for the failure of TPZ include failure of 
radiotherapy protocol compliance and lack of stratifica-
tion of patients based on tumour hypoxia levels [111, 112]. 
Subsequent subgroup analysis of these trials using a range 
of endogenous markers of hypoxia proved of limited ben-
efit in both head and neck cancers and NSCLC trials [113–
115]. Whilst better methodologies for measuring hypoxia 
could have been employed [116, 117], the lack of a corre-
lation between clinical response and hypoxia markers sup-
ports the clinical findings that inclusion of TPZ into com-
bination protocols has limited if any clinical benefit. An 
alternative explanation for the failure of TPZ is relatively 
poor drug penetration into hypoxic regions of tumours. 
Because TPZ can be activated under comparatively mild 
hypoxia, it has been shown that TPZ is metabolised too 

Fig. 7  Reductive activation of Tirapazamine (TPZ). TPZ is reduced 
by both one- and two-electron reductases, but reduction by the former 
is considered to be the principle route of activation and selectivity for 
hypoxic cells. One-electron reduction generates a TPZ radical inter-
mediate which undergoes redox cycling back to TPZ in the presence 

of oxygen. Under hypoxic conditions, the TPZ radical intermediate 
undergoes further reaction to produce hydroxyl and benzotriazinyl 
radicals that ultimately lead to the induction of DNA damage. Two-
electron reduction by enzymes such as NQO1 generates metabolites 
with low activity and is regarded as a detoxification pathway
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rapidly to penetrate deeply into severely hypoxic tissue 
[118]. Using a combination of in silico models and experi-
mental approaches, analogues of TPZ that have better pen-
etration and metabolism properties have been developed 
with SN30000 (now known as CEN-209 following licens-
ing to Centella) emerging as a candidate for clinical devel-
opment [119]. Details of its mechanism of action have been 
described elsewhere [120], and SN30000 is likely to pro-
ceed to phase I clinical trials shortly. It is hoped that the 
valuable experience gained from the TPZ clinical trials is 
incorporated into the design of these trials [111].

TH-4000

The vast majority of HAPs developed to date result in 
the generation of metabolites that damage DNA either 
directly or indirectly. TH-4000 represents a significant 
departure from this mechanism and is one of the first 
hypoxia-activated molecularly targeted therapeutic to be 
developed. Discovered at the University of Auckland and 
initially referred to as PR-610 or Hypoxin™, TH-4000 
is a hypoxia-activated EGFR tyrosine kinase inhibitor 
(TKI) that is now being developed by Threshold Pharma-
ceuticals. It is designed to release an irreversible EGFR 
TKI within hypoxic regions of tumours (Fig. 8), thereby 
improving selectivity and circumventing some of the tox-
icities observed with existing EGFR TKIs. Preclinical stud-
ies have been published in abstract form [121, 122] where 

TH-4000 was shown to be more active against NSCLC 
xenografts with wild-type and mutant EGFR than Erlo-
tinib. TH-4000 is currently undergoing phase II clinical 
evaluation against EGFR-mutant, T790M-negative patients 
with advanced NSCLC (NCT02454842) and metastatic 
squamous cell carcinoma of the head and neck or skin 
(NCT02449681).

Novel HAPs in preclinical development

Whilst HAPs designed to release DNA-damaging species 
are still being developed, other HAPs have been designed 
to release inhibitors of DNA damage response pathways 
[123, 124]. Release of the Chk1/Aurora A inhibitor CH-01 
(Fig. 9) following reduction of a 4-nitrobenzyl hypoxia 
trigger leads to fragmentation and release of active Chk1/
Aurora A inhibitor with potent activity against severely 
hypoxic cells in vitro [123]. Similarly, attachment of a 
DNA-PK inhibitor to a nitroimidazole hypoxia trigger 
group led to inactivation of the complex (BCCA621C, 
Fig. 9) and no cytotoxic activity under aerobic condi-
tions was reported [124]. Under severe hypoxia, however, 
the inhibitor was released and was able to radiosensitise 
hypoxic H460 cells in vitro with a sensitiser enhancement 
ratio of 1.85. HAPs targeting the O6-alkylguanine DNA 
alkyltransferase (AGT, Fig. 9) pathway have also been 
developed and have shown hypoxia selective activity in a 

Fig. 8  Reductive activation of TH-4000. Reduction in TH-4000 leads to fragmentation of the prodrug and release of a potent inhibitor of EGFR 
(TH-4000E). Selectivity for hypoxic cells is determined by redox cycling of the nitro radical anion species in the presence of oxygen
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range of cell lines in vitro [125]. This approach could lead 
to the selective depletion of AGT in tumour tissue with-
out corresponding depletion in normal tissue leading to 
sensitisation of tumours to O6 guanine targeting cytotoxic 
drugs such as temozolomide. Using a similar concept to 
TH-4000, a HAP strategy has been developed to release 
EGFR inhibitors using Cobalt (III) as the hypoxia-sensitive 
trigger group (Fig. 9) [126]. Hypoxia selective inhibition 
of EGFR was demonstrated in vitro, and anticancer activ-
ity in vivo against A431 and Calu3 human tumour xeno-
grafts was demonstrated. HAP strategies are not only being 
used to deliver targeted small molecule but have recently 
been extended to include siRNA approaches. Azobenzene 
hypoxia trigger groups have been linked to siRNA for 
hypoxia-targeted delivery of siRNA along with PEGylated 
nanopreparations in a proof-of-concept study. Using mul-
ticell spheroids, the construct was shown to penetrate into 
the spheroid mass, and in HeLa cells engineered to sta-
bly express GFP, a 30–40 % down-regulation of GFP was 
detected only under hypoxic (0.5 % oxygen) conditions 
[127].

Concluding remarks and future directions

One of the most pressing unmet clinical needs is the devel-
opment of therapeutic agents that can eradicate the hypoxic 
fraction of tumour cells. Despite extensive efforts to target 
and kill hypoxic cells over several decades, the need for such 

therapeutic strategies remains a significant objective. In the 
field of HAPs, several compounds have made it through 
pre-clinical development into clinical trial, but success has 
so far proved elusive. These failures, however, have helped 
shape the development and testing of new HAPs, and there 
is now genuine optimism that success is imminent. Of the 
compounds undergoing clinical development, TH-302 is cur-
rently the ‘gold standard’ and the results of phase III trials are 
eagerly awaited. As described in this article, there are a num-
ber of other HAPs in clinical trial and behind these, there is 
a pipeline of other agents undergoing preclinical evaluation 
or awaiting clinical trial. Of particular interest is the develop-
ment of HAP strategies designed to release targeted thera-
peutics (pioneered by TH-4000) within the hypoxic micro-
environment of tumours, and this is an exciting development. 
It should also be noted that HAPs represent one approach to 
targeting tumour hypoxia and other areas are being actively 
pursued [128]. One such avenue is tumour metabolism, and 
as the biology underpinning the metabolic phenotype of 
tumour cells and the metabolic interplay between tumour 
and host cells under hypoxia are unravelled, novel thera-
peutic targets and strategies will emerge. Despite its lack of 
immediate success, the field of HAP development has pro-
duced a wealth of knowledge, understanding and expertise. 
It is hoped that the novel approaches to targeting hypoxia 
under development now will take note of the principles and 
experience gained from over 40 years of developing HAPs 
and incorporate them into the design of appropriate preclini-
cal and clinical studies.

Fig. 9  Chemical structures of 
novel HAPs currently under 
development. Compounds 1 to 4 
include hypoxia-activated inhib-
itors of Chk1/Aurora A (CH-
01), DNA-PK (BCCA621C), O6 
alkylguanine DNA alkyltrans-
ferase and EGFR, respectively. 
Details of their preclinical 
pharmacology are described 
elsewhere [123–126]
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In Vitro and In Viuo Responses of a Panel of Murine
Colon Tumours to TCNU: a Positive Correlation
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Abstract-7CNU is highu actire against a panel of three histological\ distinct transplantable
murine adenocarcinomas of the colon (MAC tumlufi). Signifcant reductions in coLonl formation
(.>70%) uere obsented in vitro in all three cell lines folLowing a I h exltosure ta TCNU at
experimentalj achieuable drug C x t talue-r. A good correlation exists between in vtvo tuntour
resplnses and in vilro cell responses in all cas.es. Dose response curles generated at intrea:ing
explsure times suggest that no actite or long liued products of TCNU are formed as a result o;f
thedrug'ssftontaneousbreakdowninvitro (.rateof breakdownwas0.0TB p"gmin-rat37"C).
Preliminarl studies uith the HT-29 human colon cell line hare demonstrated that multi-cellular
spheroids are mlre responsite to TCNL (2 x) than tlu same cells cultured as monolayers.

INTRODUCTION
I - (2 - CHr,onorrnvr-)3 - l2 - (dime thylaminosul -
phonyl)ethyl]-l-nitrosourea (TCNU) is a novel
anti-cancer agent. In Phasc I clinical trials, objec-
tive responses were noted in squamous cell aden-
ocarcinoma and large ccll carcinoma of the lung as
well as mesothelioma and brcast cancer. TCNU
was well tolerated with thrombocytopenia being the
dose limiting toxicity [1]. Phase II evaluation in
non-small cell lung canccr, melanoma, breast cancer
and colorectal carcinoma are now in progress.

Studies in this laboratory have shown that TCNU
is highly active against a panel of transplantablc
murine adenocarcinomas of the colon (NIAC
tumours). This modcl has been extensively charac-
terized and is similar in terms ol ccll kinetics,
histology and chemosensitivity to tumours of'thc
human colon [2] . The panel of tumours studied
includcd two solid tumours grown intraperitoneaily
(MAC 26 and MAC 13) and one ascitic tumour
grown intrapcritoneally (MAC l5A) and systcm-
ically (MAC 15A i.v.-induced by the intravcnous
inoculation of MAC 15A cells via the tail vcin) .1lz
aluo responses to TCNU at the maximum toleratcd
dose of 30 mg kg I administercd intraperitoneally
are described in de tail elsewhere [3] and are summa-
rized in Table 1. Briefly, all three MAC tumours

Accepted 7 April l98tl.
This work was supported by the Whyte lVatson/Turner Cancer
Research Trust, Bradford, \\'est Yorkshire , U.K.

are scnsitive to TCNU with N{AC l5A i.v. tumours
bcing more responsivc (9/10 cures) rhan the same
cells erown intraperitoneally. This spectrum of
activity rcpresents an improvement ovcr standard
nitrosoureas, particularly in the case of MAC 26
which is gencrally unresponsive to nitrosoureas.

Prcdictivc chcmosensitivity testing on human
tumours has demonstrated that the tumour coiony
forming assay describcd by Hamburger and Salmon
[4] predicts for tumour rcsistancc with a sreater
degree of accuracy (97"h) than tumour scnsitivity
(64%) [5] . In the clinic, however, pharmacokinetic
variations in drug exposurc parametcrs between
individual patients with different physical and
physiological characteristics are known to bc
extreme [6] and may account for the inconsistcnt
response of tumours designated as scnsitive in uitro.
A more accuratc tcst of a clonogenic assay's ability
to predict tumour responses may be obtained in an
experimental model whcre both pharmacokinetic
variations in drug exposures are rcduced and where
a more objective asscssment of tumour responses
in previously untrcated tumours is possible. The
extraction, detection and quantification of TCNU
in biological fluids toee ther with in uiuo plasma and
peritoneal clcarance curves for TCNU following the
administration of thcrapeutic doses of TCNU to
non-tumour bearing micc has been describcd clse-
where [7] . No metabolites of TCNU were detcctcd
and the areas under the plasma and peritoneal
curves (drug C X I valucs) were 6.6 and 17.2 pg
h ml-r respectivcly. As TCNU is reported to be
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Table | . In vitro and in vivo resplnses oJ MAC tumours to TCNLI

Cell
lin e

Tumour
description

Percentage reduction
in colony lormation

in uitro at
achievablc drug

C X I values

Percentage
tumour

inhibition

MAC 13

MAC 26

N,{AC 15A

\{AC l5A i.v

Solid, poorly
diflerentiated, anaplastic
adenocarcinoma grown
subcutaneouslv

Solid, u'ell
dillerentiatcd, cystic
adenocarcinoma grown
su bcutaneously

Small, spheroid-1ike
nodules deposited in the
Iungs follou'ing thc i.r,.
inoculation oINIAC 15A cells

Ascitic tumour srown
intraperitoneall,v

94"k

67%

100%
(9/ I 0 curcs)

99%

unstable in aqucous solutions [B], the pharmacoki-
nctics of TCNIJ inuitro are described.

Thc aim of this study was to assess whether
or not a clonogenic assay, in conjunction with
pharmacokinetic studies, could rctrospectively pre-
dict the response of MAC tumours to TCNU.

Finally, a preliminary investigation into the rela-
tive cytotoxic effects of TCNU on H'f-29 cells (an
established human cell line derived from a primary
adenocarcinoma of the colon [9] ) grown as monolay-
ers or spheroids is dcscribed with thc aim of explain-
ing the site dependent responses of MAC 15A
tumours. HT-29 cells were employed as they readily
formed spheroids unlike the MAC cell lincs.

MATERIALS AND METHODS

Cell culture
Cell lines were derived by mechanical disaggre-

gation of the solid tumours and were routinely
maintained as monolayer cultures in RPMI 1640
tissue culture medium supplemented with foctal calf
se rum ( l07o ), sodium pyruvate ( 1 mM) , penicillin/
streptomycin (50 IU ml r/50 lLg ml 1) and bu{f-
ered with hcpes (25 mM). HT-29 cclls were main-
taincd as monolaycrs in RPMI 1640 as above.

Spheroid formation of HT-29 cells was initiated
by seeding approx. 10:' celis into 75 cm2 tissue
culture flasks that had prcviously been base coatcd
with 17o agar.

C hemos ensitiuitl s tudie s
TCNU was agiftlrom Lco Laboratorics, Hclsing-

borg, Sweden.
Thc colony forming ability of tumour cclls surviv-

ing drug trcatment was asscssed using a slightly
modified version of the Hamburger and Salmon

clonogenic assay [4]. In this assay, no soft agar was
uscd as fibroblastic contamination was minimal.
Single cell suspensions, derived from monolayer
cultures (Trypsin 0.25%) wcrc cxposed to a range
of expcrimentally achievable drug concentrations
(1.25-10 pg mi-') in complctc RPMI 1640 and
incubated at 37"C for various time intcrvals (1
and 3 h). Following drug exposure, the cells were
washed twice in Hank's balanced salt solution and
bctween 2-5 X 104 viable cells (Trypan bluc
exclusion) were plated into 25 cm2 plastic flasks
containing 10 ml of complete RPMI 1640. After
5-7 days incubation at 37"C colonies of >50 cells
werc counted using an invertcd microscope and
plating efficiencies calculated for each drug
exposure. Cytotoxic effects of drug trcatment wcre
expressed in terms of percentage survival takine
control plating efficiencies to represent 100o/o sur-
vivai. Triplicate samples for each assay were perfor-
med.

In uitro chemosensitivity studics we re restricted to
cultures of <10 passages in age (except HT-29
cells) and cells in the exponential phasc of growth
were used throughout.

In uitro sensitivity was defined as a J0o/o or greater
reduction in colony formation following a I h
exposure to inaiuo drug C X I equivalents.

Spheroids: Multicellular spheroids of approx.
250 p,m in diameter were exposed to various concen-
trations of TCNU. Initial concentration ranged
from 10 to 1.25 trg -l-'. Following drug exposure,
spheroids were washed in Hank's balanced salt
solution before being dissociated into a single cell
suspension by Trypsin (2.5%). The resulting cell
suspensions werc washed in Hank's balanced salt
solution and assessed for clonogenic properties as
described above.
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Comparative studies bctwecn the effects of I

TCNU on spheroids and monolayers were run
simultaneously using the same stock solution of
TCNU.

In v ttr o p harmac o kine tic s
The stability of TCNU in complete RPMI 1640

tissue culture mcdium at 37"C in the dark was
determined by the analytical methods described
previously [7] . Areas under the TCNU stability
curve wcre calculated by the trapezoid rule.

RESULTS
TCNU breaks down at a rate of 0.078 pg min-t

in 'complete' RPMI 1640 at 37"C in the dark
(Fig. I ). No TCNU could be detected after 3 h and
no breakdown products wcrc dctected. The unstable
nature of TCNU is reflcctcd in a series ol
dose-response curves generatcd at various exposure
times (Fig. 2). Increasing the duration of exposurc
beyond 3 h rcsulted in no further increase in cyto-
toxicity. The correction of in uitro drug conccn-
trations for the breakdown of TCNU shifts the
dose-response curve to the left (Fig. 3). In thc case
of MAC 26 (Fig. 3) thc differcnces in the reduction
in colony formation at in uiuo drug C X I equivalents
as a result of this shift (34% cell kill compared to
72"h cell kill for incorrected and corrected in uitro
cxposures, respcctively) has a significant influence
on the predictive valuc ofthis assay.

There were marked differcnces in the inhercnt
sensitivity of MAC cell lines foliowing a I h
exposure to TCNU with MAC 26 cells being more
resistant than MAC l3 cells (Fig. a) . Reductions in
colony formation in uitro following a t h exposure to

t-70/

TCNU (pg mt-r)

Fig.2. In vitro chemasensitiuit2 oJ MAC 15A cells exp(tsed t0 TCNLI
,r t h (.-.),3 h (  A),0 ri 1r-r1 and21h (o-o).

TCNU (pg ml, r)

Fig. 3. MAC 26 dose-response curu corrected (.o a) and uncorrected

(a-a) flr TCNU breakdoun in vitro. (,Values in parentheses re|resent
the percentage suniual of colonl Jorming units follouing a \ h exposure

to experimentalQ achieuable plasma drug C x t ralues.)

TCNU at experimcntally achievablc drug C x I
values wcrc, ncvcrtheless, greatcr than 70% in all
thc cell lincs tcstcd (Table 1), which under thc
criteria stated above is sufficient to allow scnsitivity
to bc predicted. As all thc MAC tumour lines are
sensitive to TCNU in uiuo (sensitivity in uiuo was
defined as a 70o/, or greater tumour inhibition) a
good corrclation cxists between thc in uiuo and in
zrzlro responscs of MAC tumours to TCNU.

HT-29 sphcroids wcre more responsive to TCNU
than the same cells culturcd as monolayers (Fig. 5).
MAC l5A (i.v.) Iung nodules rcscmble HT-29

o,:
f

ooo2
o
o(L

0

a
ooo
Eo
o(L

L
E
oi.
fzoF

Time (mins)

TCNU stabilitl in clmplete RPMI 1640 at 37"C (dark)Fig. 1.
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Fig. 4. In
exposure to

TCNU (pg mt-r)

vitro chemosensitiritl of MAC cell lines following a I h
TCNU. MAC 26 (o-o1, MAC 1sA (r-r), MAC t3

(A-A)

TCNU (pg mt- )

Fig. 5. 3 h exposure o;f HT-29 cells lspheroids (t-a) and monola2ers
(. .)) to TCNU.

spheroids histologically (Plate 1). Both appear to
have.peripheral proliferating cells with dccper lying
viable but non-proliferating cells and necrotic
ccntres.

DISCUSSION
The main conclusion of this study is that the

clonogcnic assay is capable of predicting the
response of a panei of murinc colon tumours to
TCNU when lz aitro and in aiuo drug ( x z par-
ameters are considercd. Other studics usins human
tumour xenografts havc also demonstrated that a
good corrclation exists between in aitro and in uiuo

responses to cytotoxic drugs when piasma drug

M.C. Bibbl andJ.A. Double

C x I and peak drug concentrations are utilized
[10-12] . Thcse results emphasizc thc importance
of including drug exposure parameters in the analy-
sis of a'predictive' chemoscnsitivity test and suggest
that large variations in drug C X I values between
individual patients may account for the poor prcdic-
tion of tumour sensitivity witnessed in the clinic.
Similar studics in this laboratory, however, have
dcmonstratc d poor in uitrct I in aiuo correlations despite
the inclusion of drug cxposure parameters and
have suggested that other factors have a significant
influence on the final outcome of chemotherapy
t131.

One potential source of error in chemosensitivity
testing is the failurc to acknowledge the anti-tumour
effects of metabolites of cytotoxic drugs. For a
number of anti-cancer drugs, e.g. cyclophospham-
ide, metabolites make a significant contribution to
anti-tumour e{Iects and their omission from chemo-
sensitivity tests ln ailro wlll introduce inaccuracies
in the prcdiction ol tumour responses. There is,
however, no evidcncc for the presence of long iived
active metabolitcs of TCNU in this or previous
studies [7] although retent results havc indicated
the presence of two TCNU metabolitcs inuiuo lHartl'
ey-Asp, personal communication). In ullro studics
have shown that the cytotoxic effects of TCNU do
not increase when cxposure times are extendcd
beyond 3 h. This result first of all reflects the
unstablc nature of TCNU in uitro and secondly
suggests that no activc products of TCNU are
formed as a result of thc drug's spontaneous break-
down in uitro.

Thc thrcc-dimensional structure of solid tumours
also introduces additional factors which have a
significant bearing on the final outcome of chemo-
therapy such as problems with drug pcnctration,
prolifcration gradients and differences in the micro-
cnvironment (i.e. pH, pO2, nutrients etc.) as a
function oldistancc from a supporting blood vessel.
These properties can to some extent be imitated lz
uitro by the use of multicellular sphcroids [14] and
several studies have documented significant drug
resistancc in spheroids (10-100 x more resistant
[15]) compared to monolayer culturcs of the same
ccll typc [15-]7]. As thcse lactors are not includcd
in the design ofa clonogenic assay, the influence of
the thrce-dimcnsional structurc of solid tumours on
the cytotoxic potency of certain anti-canccr drugs
will make the prcdiction of tumour responscs uncer-
tain. In this study HT-29 cells cultured as spheroids
were more responsive to TCNU (approx. ! X ) than
monolayer cultures of HT-29 cclls. The cytotoxic
potency of TCNU is thcrcfore not adversely influ-
enced by environmental conditions within the sphc-
roid. These results are consistent with those of Deen
et al.ll9) where BCNU was found to bc more potent
(approx. ! x) aeainst 9L rat brain tumour ccll
spheroids than the same cells cultured as monolay-
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ers. Although an explanation for thesc observations
is not clcar, the improved response of spheroids may
be the result of greater drug stability within the
acidic interior of the spheroid thcrcby prolonging
drug exposures in uitro. This rcsult nevertheless
suggcsts that the response of a tumour to TCNU
closely reflects the inherent chcmosensitivity of
tumour cells as assessed by the clonogenic assay.

These properties, in conjunction with the dcter-
mination of in uitro and in ulzro drug C X I values,
may explain the good corrclation betwccn the ln
uitro andinaiuo responses of MAC tumours to TCNU
and suggest that the clonogcnic assay may bc of
valuc in predicting responses to TCNU in the clinic.

ln Vitro, In Vivo Correlation 0f TCI{U 137 I

On a more cautious note, howevcr, although the
clonogenic assay correctly predicts the response
of both MAC 15A tumours as sensitive, the site
dcpendent response of MAC 15A tumours could
not have been forcsccn on thc basis ofdi{ferenccs in
the inherent sensitivity of these cells to TCNU.
Although the incrcascd scnsitivity of HT-29 sphe-
roids to TCNU provides a possible explanation for
the increased response of the histologically similar
MAC l5A i.v. nodules, the results of a clonogenic
assay on tissuc taken from one site may not be a
good indicator of the sensitivity of metastases at
dillerent sitcs throughout the bodv.
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Abstract. Cell lines derived from a panel of five histologically distinct murine adeno-
carcinomas of the colon (MAC) u.ere used to assess whether or not a colony-forming
assay could have retrospectively predicted the wide range of in vivo responses to chlor-
ambucil (CHL). The predictive value of the clonogenic assay was significantly improved
when fractions (one-tenth) of the plasma drug AUC (from the area under the drug clear-
ance curves;) were used to determine clonogenic cell kill in vitro, instead ofone-tenth peak
plasma drug concentration and total plasma drug AUC exposures. Despite the good corre-
lation between in vitro and in vivo responses observed, the clonogenic assay could not
forecast the site-dependent response of MAC 15A to CHL. These site-dependent responses
cannot be explained in terms of the inherent sensitivity of tumor cells themselves, suggest-
ing that caution must be applied in the interpretation of in vitro chemosensitivity assays.

Introduction

Following the recent decision by the National Cancer Institute (NCI) in the
United States to employ panels of human tumor cell lines as the primary screen
in the search for new anti-cancer drugs [1, 2], considerable emphasis is once again
being placed upon the use of in vitro chemosensitivity assays. The ultimate value
of this approach will largely depend upon the demonstration of a strong correla-
tion between the inherent sensitivity of tumor cells as assessed in vitro, and the
final outcome of chemotherapy in vivo. The clinical assessment of this relation-
ship is complicated, however, by several factors, including extreme variations in
pharmacokinetic parameters between patients [3] and problems associated with
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In Vitro and In Vivo Responses to Chlorambucil

the clinical evaluation of tumor response [4]. These factors may be highly sig-
nificant in explaining the inconsistent response of tumors designated as sensitive
in vitro (61 - 69% true positive prediction) in trials designed to determine the
response of individual patients [5, 6].

As part of a broad study, we are currently evaluating the predictive value of
an in vitro assay within the confines of an experimental tumor model using a series
of standard and investigational drugs [7-9]. The rationale for these studies is two-
fold. First, pharmacokinetic variations in drug exposure parameters are reduced
in mice of the same age, sex, genetic strain, etc., and second, a more objective
assessment of tumor response (relative to a control) can be obtained on previously
untreated tumors. The use of an experimental model in this way may, therefore,
provide a more accurate assessment of the ability of an assay to predict tumor
responses in vivo. The aim ofthis study was to assess whether or not a colony-
forming assay, in conjunction with pharmacokinetic studies, can accurately predict
the response of a panel of murine adenocarcinomas of the colon (MAC) to the
alkylating agent, chlorambucil (CHL).

While CHL is not normally used against colon cancer, its selection is based
upon the hypothesis that existing knowledge of the drug's mechanism of action,
pharmacokinetics, and metabolism, etc., may improve the interpretation and
analysis of in vitro assays. Conversely, however, the existence of a poor in vitro/in
vivo correlation in an experimental model using standard drugs casts some doubt
upon the ability ofchemosensitivity assays to accurately forecast the activity of
novel compounds in vivo, particularly as limited data on mechanisms of action
and pharmacokinetics, etc., will be available.

Materials and Methods

Tumor Model
A panel of five histologically distinct MAC tumors were used in this study. These

tumois were initially induced in NMRI mice by prolonged administration of dimethylhydra-
zine and have been extensively characterized elsewhere [10]. They are similar in terms of
histology, cell kinetics and chemosensitivity to tumors of the human colon, with responses
to conventional cytotoxic drugs seen only at doses that are associated with toxicity towards
the host. The tumors employed were MAC 13, 15A, 16,26 arrd 30T, brief descriptions of
which are presented in Thble L A11 tumor lines were grown subcutaneously (s.c.) in NMRI
mice, with the exception of MAC 15A, which was grown at two additional sites. MAC 15A
was grown as an ascites within the peritoneal cavif (i.p.), and systemically as small spheroid-
like nodules in the lungs following the intravenous (i.v.) administration of MAC l5A cells
via the tail vein [11].

Chemotherapy and As s es sment Protocols
The different morphology and growth characteristics of the tumor lines employed

necessitated the use ofdifferent chemotherapy and assessment protocols, the details ofwhich
have been published elsewhere [11]. Very briefly, anti-tumor effects were assessed by tumor
volume growth delay for slow growing tumors (MAC 16,26,30T), tumor weight inhibi-
tion for rapidly growing tumors (MAC 15A s.c., 13), and by median survival times for ascitic

t45
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Thble I. The in vitro and in vivo response of MAC tumors to CHL
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Tirmor
description

In vivo
responses-

% iutmor
inhibition
(t sD)

In vitro
response-

ICro
pglml

(+ SD)

MAC 15A
i.p.

MAC 15A
i.v.

MAC 15A
s.c.

MAC 13

MAC 16

MAC 26

MAC 3OT

Ascitic tumor
grown i.p.
Spheroid-like nodules
in the lung
Rapidly growing,
poorly differentiated solid
Rapidly growing,
poorly differentiated solid
Slow growing, moderate-
to well-differentiated sol id
Slow growing,
well-differentiated solid
Slow growing, well-
differentiated mucin-
producing solid

e5 (6.r)

7O (4,2)

2s (6.3)

s2 (8.r)

0

60 (3.6)

s6 (6.s)

6.2s (0.35)

8.0 (0.e2)

r9.s (1.84)

6.s (1.2)

8.4 (0.46)

and systemic MAC 15A tumors. CHL was dissolved in arachis oil and administered i.p.
at its maximum tolerated dose of 30 mg/kg. All anti-tumor responses were expressed in
terms of percentage of tumor inhibition. For MAC 16,26 and 30T tumors, the percent in-
hibition was calculated at a point where the regrowth of treated tumors was equal to that
of control tumors. In MAC 13 and 15A s.c. tumors, the percent inhibition was calculated
as: (1 - treated tumor weight/control tumor weight) x 100. Finally, the percent inhibition
in MAC l5A i.p. and i.v. tumors was determined by reference to a survival inoculum curve.
For the purposes of in vitro/in vivo correlations, tumor sensitivity was arbitrarily defined
as a 70% or greater tumor inhibition.

Phar mac okine t i c Studi e s
Following the i.p. administration of CHL (30 mg/kg) to non-tumor-bearing NMRI

mice, blood samples were taken at various times (3 mice per point) by cardiac puncture
under ether anesthesia, collected into heparinized tubes and centrifuged at 2000 rpm and
4"C for 10 min. Internal standard (100 pl melphalan, 10 pcglml; Burroughs Wellcome, Lon-
don, UK) was added to separated plasma samples (100 pl) and CHL and internal standard
were extracted using C18 Bond Elut cartridges (Analytichem International; Harbor City,
CA) that had previously been primed with methanol (1 ml) and washed with distilled water
(1 ml). Following further washing, CHL was eluted in methanol (0.5 mI) and injected into
the high performance liquid chromatography. A11 stages of the extraction procedure, all
solvents, plasma samples, etc., were kept at 4'C.

Chromatography was performed by the methods describedby Ahmed et al. ll2l. The
area under the plasma drug clearance curves (AUC) was calculated from 0 to t, using the
trapezoid rule. The residual arca (t.to infinity) was estimated as C,/Kcr where C, : gs1-
centration at tz and K", : terminal elimination constant. All metabolite concentrations
were expressed in terms of CHL equivalents.
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In Vitro Drug Stability
CHL is known to be unstable in aqueous solutions ll3, 14). The stability of CHL in

tissue culture medium (RPMI 1640 plus 10% fetal calf serum; GIBCO, Uxbridge, UK)
and saline was determined at 37oC over a period of 3 h using the chromatographic proce-
dures described above. Initial drug concentlations were corrected for drug breakdown by
calculating the total area under the stability curve using the equations described elsewhere

[15, 16].

Cell Culture Conditions
Cell lines were derived by mechanical disaggregation of the solid tumor mass, and

were routinely maintained as monolayer cultures at37'C in RPMI 1640 medium supple-
mented with lO% fetal calf serum (heat inactivated at 56oC for 20 min), penicillin/strep-
tomycin (50 IU/ml, 50 pglml; GIBCO), sodium pyruvate (1 mM; GIBCO), and buffered
with HEPES (25 mM; GIBCO). MAC 154 cells were derived by inoculating culture medium
with small amounts of peritoneal washings and routinely maintained as described above.

In Vitro Chemosensitivity Studies
Chemosensitivity in vitro was assessed using a modified version of the clonogenic

assay, the details of which are published elsewhere [7] ' In the case of MAC 13' 15A,26
and 30T cell lines, no soft agar was used as colony integrity was maintained on plastic
without the need for additional support. In the case of MAC 16 however, these cells do
not adhere strongly to plastic, and soft agar was required to maintain colony integrity. In
all cases, cells were exposed to a range of therapeutically achievable drug concentrations
for various durations ofdrug exposure. Following drug exposure, the cells were washed,
plated into multi-well dishes, and incubated for 5J days. Colony formation and dose response

curves were determined as described elsewhere [7]. Triplicate samples were done for each

assay, and all assays were pqrformed on cultures ofless than 10 passages in age. Cells in
the exponential phase of growth were used throughout.

Predictions of tumor response were based upon several criteria: 1) a t h exposure
to total plasma drug AUC values; 2) a I h exposure to one-tenth of the plasma drug AUC;
and 3) a I h exposure to one-tenth of the peak plasma drug concentration. Sensitivity was
defined as alO% or greater reduction in colony formation at these three "cut off" drug
exposures. Finally, in vitro and in vivo responses were ranked in order of sensitivity to
assess whether or not the most sensitive cell line in vitro translates into the most respon-
sive.tumor in vivo.

Results

In Vivo Chemosensitivity
The responses of MAC tumors to CHL are presented in Thble I. A broad

spectrum of chemosensitivity exists, ranging from good responses (MAC 15A. i.p.),
to complete resistance (MAC 16). Site-dependent responses in MAC 15A tumors
were observed with MAC 15A i.p. and i.v. tumors being more responsive than
MAC l5A tumors grown s.c. Under the criteria used to define sensitivity in vivo,
only MAC 15A i.p. and i.v. tumors could be classed as sensitive.

In Vivo Pharmacokinetics
Plasma clearance curves for CHL and its metabolites are presented in Fig-
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Fig. 1. Plasma clearance curves for cHL (I) and three metabolites (o, tr, and A)
following the i.p. administration of CHL (30 mgikg) to non-tumol-bearing mice. All values

represent the means of 3 mice per time point * SD.

ure 1. Peak plasma concentration of CHL was 82.8 pglml, and the area under
the plasma clearance curve was 29.8 pg.hlml (extrapolated to infinity). Three
metabolites of CHL were observed.

Drug Stability In Vitro
The breakdown of CHL in saline and complete RPMI 1640 media at 37'C is

presented in Figure 2. The halflife of CHL in saline and RPMI 1640 was 55 and

88 min, respectively, and two breakdown products were detected. The first product

increased sharply over the first 30 min, and then decayed gradually with time
(Fig. 2). The second product of the spontaneous breakdown of CHL could not
be quantified accurately because of interference by a contaminating peak on

the chromatogram.

In Vitro ChemosensitivitY
Dose response curves generated following a t h exposure to therapeutically

achievable concentrations of CHL are presented in Figure 3. In all cases, drug

exposures have been corrected for drug breakdown under culture conditions.
A spectrum of chemosensitivity exists, with MAC 16 being the most resistant
(ICro : 19.5 pglml) and MAC 15A and MAC 26 cell lines being the most respon-

sive (IC76 : 6.25 and 6.5 pglml, respectively). Increasing both the drug concen-
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Fig. 2. Stability of CHL (closed symbols) and one major breakdown product (open
symbols) in vitro in saline (A and A, respectively) and complete RPMI 1640 medium
(I and E, respectively).

J

=tr
=a

CHLORAMBUCIL (pslml)

Fig. 3. Dose response curves for MAC 13 (tr), MAC 15A (O), MAC 16 (0), MAC 26
(A) and MAC 30T ( t ) cel1 lines following a I h exposure to CHL. Arrows labeled a,
b and c represent one-tenth ofplasma AUC, one-tenth ofthe peak plasma drug concentra-
tion, and the total plasma AUC, respectively.
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Fig. 4. Dose response curves for MAC l5A cells following a t h (O), 3 h (A),
6 h (tr) and 24 h (0) exposure to CHL.

tration and the duration of exposure from I h to 3 h increases the clonogenic cell
kill (Fig. 4). Further increases in exposure time, however, result in no further
reductions in colony formation.

In Vilro/In Vivo Correlations
Predictions of tumor responses based upon a I h exposure to three distinct

drug "cut off" concentrations are presented in Thble II. The best correlation be-
tween in vitro and in vivo responses was obtained when one-tenth of the plasma
drug AUC value (i.e., 2.9 p.glml) was employed, with the assay correctly predict-
ing drug resistance in 5 out of7 cases. The assay was not, however, able to fore-
cast the response of MAC 15A i.p. and i.v. tumors in vivo, and false negative
predictions of sensitivity were obtained in these two tumor lines.

Discussion

The results of this study clearly demonstrate that the correlation between in
vitro and in vivo chemosensitivity is dependent upon the conditions of drug ex-
posure used to determine tumor cell kill in vitro (Table II). In line with several
other studies, the best in vitro/in vivo correlation was obtained when fractions
of either the peak plasma drug concentration or plasma drug AUC were employed
[17]. Manipulating drug exposure conditions in this way, while theoretically justi-
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Table II. The predictive value of the clonogenic assay using different drug exposure
parameters

% Reductions in colony formation
following a t h exposure to

various pharmacokinetic parameters

151

Plasma
AUC

One-tenth
plasma
AUC

One-tenth
peak
conc.

% Ttmor
inhibition
in vivo

MAC 15A

MAC 13

MAC 16

M.AC26
MAC 3OT
Predictive

value

100(s)

es(s)
83(S)
100(s)
e2(s)
S/S 2
S/R 5

53(R)

47(R)
42(R)
se(R)
35(R)
R/R 5
R/S 2

80(s)

68(R)
52(R)
77(S)
65(R)
s/s 2
S/R 2
R/R 3

i.p. es(S)
i.v. 70(S)
s.c. 25(R)

52(R)
0(R)

60(R)
s6(R)

S : sensitive; R : resistant

fied in thatpeakplasma levels of a drug are rarely attained within the tumor mass,
will however, only improve correlations if there is a fundamental correlation be-
tween the "rank order" of cell and tumor response, with the most sensitive cell
line in vitro being the most responsive tumor in vivo, etc.

The results presented in Thble I provide conflicting evidence. On the one
hand, the most responsive cell line in vitro is MAC 15A, with MAC 16 being the
most resistant. This correlates well with observed responses in vivo (when MAC
15A i.p. and i.v. tumors are taken into consideration). On the other hand, however,
MAC 15A and MAC 26 cells respond similarly to CHL in vitro (ICzo : 6.25 and
6.5 pglml, respectively). Whereas the in vivo response of s.c. grown tumors is
significantly different (60 and 25% inhibition, respectively). While the number
of tumors included in this study are probably insufficient to warrant a general-
ized conclusion regarding "rank order," these results do suggest that the selec-
tion ofarbitrary cut-offpoints, such as one-tenth ofthe peak, or drug AUC values
(as used in Thble II) would not improve the correlation between in vitro and in
vivo responses in all cases. It should also be stressed that the endpoints by which
chemosensitivity is assessed in vitro and in vivo are different. In particular, the
assessment of tumor response in vivo is complicated by differences in growth rates,
drug delivery, and a clonogenic assay designed to measure cell kill in vivo may
provide a more accurate assessment of the degree of cell kill achieved in vivo.

The site-dependent responses of MAC 15A tumors cannot be easily explained
on the basis of differences in the inherent chemosensitivity of tumor cells them-
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selves, as the cellular target remains the same throughout. Site-dependent responses
of this nature have been observed in several other tumor models with pulmonary
metastases being generally more responsive to chemotherapy than tumors grown
s.c. [8-20]. The origins of site-dependent responses are not fully understood,
although differential drug distribution and cell kinetic differences have been im-
plicated U8, 201. Site-dependent responses of the type described in this study
strongly suggest that factors other than the inherent chemosensitivity of tumor
cells per se have a significant influence upon the final outcome ofchemotherapy
in vivo.

In addition to site-dependent responses, other discrepancies between in vitro
and in vivo assays were observed. In particular, the metabolism of CHL in vivo
generates at least two active metabolites; phenyl acetic acid mustard (PAAM),
and dihydrochiorambucil (DCHL), both of which have comparable cytotoxic
properties to CHL [21,231. The presence of active metabolites of CHL, such as

PAAM and DCHL, may have a significant effect upon anti-tumor responses in
vivo, especially as the plasma AUC values for PAAM are similar or greater than
that of CHL [22,24].In vitro however, no PAAM is formed, even in the presence
of tumor cells [14] , with the major products arising from the spontaneous break-
down of CHL in vitro identified as mono- and di-hydroxychlorambucil [3, 14].
While the cytotoxic properties of these products are not known; the observation
that clonogenic cell kill does not increase when exposure times are extended be-
yond 3 h (Fig. a) suggests that no long-lived cytotoxic products are formed in vitro.
The conditions of drug exposure in vitro are, therefore, distinct from those ex-
perienced by tumors in vivo in that active metabolites of CHL are generated in
vivo but not in vitro. While these differences may be compensated for by the in-
clusion of synthetic metabolites during the drug incubation stages [23], consider-
ably more detailed studies would have to accompany such maneuvers in order
to obtain an adequate representation in vitro of both drug and metabolite exposures
in vivo.

In addition to drug metabolism, differences in the relative protein binding
of CHL in vitro and in vivo may be another factor influencing the predictive value
ofthe clonogenic assay. The serum concentration in vitro is l0%, whereas in vivo
it is presumably l0O%, and significant differences between the ratios of free to
bound drug are likely to occur. While these differences may not fully explain the
differences in inherent sensitivities of cell lines in vitro and tumors in vivo as dis-
cussed earlier, the importance of free versus bound drug concentrations on the
ability of chemosensitivity assays to predict tumor responses is being assessed.

In conclusion, this study demonstrates that the predictive value of the clono-
genic assay is dependent upon the drug exposure conditions used to determine
cell kill in vitro. Despite the good in vitro/in vivo correlation obtained when frac-
tions of peak plasma or plasma drug AUC parameters were employed, several
discrepancies remained which suggest that caution should be applied in the in-
terpretation of in vitro chemosensitivity assays. In particulaq the site-dependent

t52



In Vitro and In Vivo Responses to Chlorambucil

responses of MAC 15A tumors cannot be explained on the basis of inherent differ-
ences in sensitivity at the cellular level, and other factors must have a significant
influence upon the final outcome of chemotherapy in vivo in this instance. In a
primary screening program where limited information exists with regard to phar-
macokinetics, metabolism, site-dependency, etc., these problems may become very
significant in terms of selecting compounds for further study. Nevertheless, the
identification of factors influencing chemosensitivity will not only be important
in designing clinically relevant cytotoxicity assays, but may also serve as a means
of identifying novel targets for drug design.
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Predicting Tumor Responses to Mitomycin C on the Basis of DT-Diaphorase
Activity or Drug Metabolism by Tumor Homogenates: Implications for
Enzyme-directed Bioreductive Drug Development1

Roger M. Phillips2, Angelika M. Burger, Paul M. Loadman, Claire M. Jarrett, David J. Swaine, and
Heinz-Herbert Fiebig
Cancer Research Unit, University of Bradford, Bradford BD7 1DP, United Kingdom [R. M. P., P. M. L., C. M. J., D. J. S.], and Tumour Biology Center at the University of
Freiburg, D-79106 Freiburg, Germany [A. M. B., H-H. F.]

ABSTRACT

Mitomycin C (MMC) is a clinically used anticancer drug that is re-
duced to cytotoxic metabolites by cellular reductases via a process known
as bioreductive drug activation. The identification of key enzymes respon-
sible for drug activation has been investigated extensively with the ulti-
mate aim of tailoring drug administration to patients whose tumors
possess the biochemical machinery required for drug activation. In the
case of MMC, considerable interest has been centered upon the enzyme
DT-diaphorase (DTD) although conflicting reports of good and poor
correlations between enzyme activity and response in vitro and in vivo
have been published. The principle aim of this study was to provide a
definitive answer to the question of whether tumor response to MMC
could be predicted on the basis of DTD activity in a large panel of human
tumor xenografts. DTD levels were measured in 45 human tumor xe-
nografts that had been characterized previously in terms of their sensi-
tivity to MMC in vitro and in vivo (the in vivo response profile to MMC
was taken from work published previously). A poor correlation between
DTD activity and antitumor activity in vitro as well as in vivo was
obtained. This study also assessed the predictive value of an alternative
approach based upon the ability of tumor homogenates to metabolize
MMC. This approach is based on the premise that the overall rate of
MMC metabolism may provide a better indicator of response than single
enzyme measurements. MMC metabolism was evaluated in tumor homo-
genates (clarified by centrifugation at 1000 ! g for 1 min) by measuring
the disappearance of the parent compound by HPLC. In responsive [T/C
<10% (T/C defined as the relative size of treated and control tumors)]
and resistant (T/C >50%) tumors, the mean half life of MMC was
75 " 48.3 and 280 " 129.6 min, respectively. The difference between the
two groups was statistically significant (P < 0.005). In conclusion, these
results unequivocally demonstrate that response to MMC in vivo cannot
be predicted on the basis of DTD activity. Measurement of MMC metab-
olism by tumor homogenates on the other hand may provide a better
indicator of tumor response, and further studies are required to determine
whether this approach has real clinical potential in terms of individual-
izing patient chemotherapy.

INTRODUCTION

The ability to tailor chemotherapy to individual patients has been a
major objective in cancer therapy for many years, but despite exten-
sive studies using a variety of chemosensitivity tests (1, 2), no pre-
dictive assay is in widespread use in the clinic today. Individualizing
patient chemotherapy remains a major issue in current cancer therapy,
and attention is now being paid to the identification and evaluation of
various markers of tumor response at the molecular level (3). Within
the field of bioreductive drug development, the ability to select

patients who will benefit from this treatment was recognized at an
early stage and forms one of the major objectives of a concept known
as “enzyme-directed bioreductive drug development” (4, 5). The
identification of drugs that are activated by specific reductases and the
selection of drugs for individual patients based upon the activity of
specific reductase enzymes within the tumor represent the principle
objectives of this concept. The fundamental requirements, therefore,
for the successful clinical application of this concept are the devel-
opment of drugs where key enzymes involved in drug activation are
known, coupled with evidence of a strong correlation between the
response of tumors (in vitro but particularly in vivo) and enzyme
activity.
MMC3 is a clinically active antineoplastic agent used to treat a

variety of tumors and is regarded as the prototypical bioreductive drug
(6, 7). Its mechanism of action is complex involving several reductase
enzymes, some of which have yet to be identified (8–13). It is
generally believed that the enzyme DTD [NAD(P)H:quinone oxi-
doreductase; EC 1.6.99.2] is the major enzyme responsible for biore-
ductive activation of MMC under normal oxygenated conditions,
whereas under hypoxic conditions, other enzymes (such as cyto-
chrome P-450 reductase) assume a prominent role (14–16). Attempts
to elucidate the fine details of MMC activation in terms of identifying
enzymes that determine cellular response have, however, generated
conflicting and controversial results. This is particularly true in the
case of DTD, where MMC has been shown to be a substrate for DTD
at acidic pH, whereas under normal physiological pH conditions,
MMC is not only a poor substrate but is also an inhibitor of enzyme
activity (17, 18). Attempts to clarify the role of DTD in the activation
of MMC using a variety of experimental models (e.g., transfected
cells, MMC-resistant cell lines, and the use of dicumarol as an
inhibitor of DTD) have not been successful in that conflicting reports
for and against a major role for DTD in MMC activation have been
published (19–23). In terms of predicting responses to MMC in vitro
based upon DTD activity, reports of good correlations (24) conflict
with reports of poor correlations (25). Only limited studies have been
conducted in vivo, although a good correlation between DTD activity
and antitumor activity has been reported in a panel of eight non-small
cell lung cancer and small cell lung cancer xenografts (26). There are,
however, reports of poor correlations between DTD activity and
MMC activity in vivo (27); therefore, the issue of whether tumor
response to MMC in vivo can be predicted on the basis of DTD
activity remains confused.
Recent studies by Cummings et al. (28, 29) have suggested that the

concept of enzyme-directed bioreductive drug development may need
to be remodeled, on the basis that the mechanism of action of
compounds such as MMC and the structurally related indoloquinone
EO9 are too complex to allow for accurate predictions of response
based upon the activity of a single enzyme. An alternative approach
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based upon the ability of homogenates of tumor tissue to metabolize
bioreductive drugs has been proposed by Cummings et al. (28, 29),
and good correlations between response and the rate of reduction of
EO9 have been reported in a limited number of tumors (29). To assess
the relative merits of predicting tumor response on the basis of DTD
levels or metabolism of MMC by tumor homogenates, this study has
compared both end points in a large panel of human tumor xenografts.
These xenografts have been established within the European Organi-
zation for Research and Treatment of Cancer as an in vivo-based
screening facility to identify novel anticancer drugs and have been
extensively characterized in terms of their response to several anti-
cancer drugs including MMC (30). In addition, in vitro chemosensi-
tivity studies using the soft agar clonogenic assay have been con-
ducted with the aim of assessing the relationship between DTD
activity and chemosensitivity in vitro.

MATERIALS AND METHODS

Drugs. MMC was purchased from Medac (Hamburg, Germany) and dis-
solved in normal saline. 5-Fluorouracil was obtained from Sigma (Deisen-
hofen, Germany). Porfiromycin was a gift from Dr. J. Brown (Department of
Pharmacy, University of Bradford). Culture media and supplements were from
Life Technologies, Inc. (Karlsruhe, Germany), and plastics were from Costar
and Falcon (Schubert Laboratories, Germany).
Tissue Collection. Tissues of human tumor xenografts growing s.c. in

thymus aplastic nude mice (NMRI background) were collected from the
Freiburg Tumor Bank. This bank comprises over 350 human tumor xenograft
models that were established in serial passage in vivo, of which 60 are
intensively characterized with respect to morphology/histology, chemosensi-
tivity patterns (in vitro and in vivo), and molecular targets (30). Approximately
500 mg of fresh tissue of each tumor was subjected to the clonogenic assay for
in vitro chemosensitivity testing against MMC, and 1 g of tumor was flash
frozen in liquid nitrogen immediately after removal. Later, tissues were stored
at !80°C for determination of DTD enzyme activity and MMC metabolism.
Clonogenic Assay/in Vitro MMC Sensitivity Testing. Freshly removed

xenograft tissues were minced and then incubated with an enzyme cocktail
(collagenase, 1.2 units/ml; DNase, 375 units/ml; hyaluronidase, 29 units/ml) at
37°C for 30 min. Tumor homogenates were washed twice with PBS, passed
through sieves (200–50 !m), and viable tumor cells were counted. The assay
was performed according to a modified two-layer soft agar assay in 24-well
plates (31). In brief, 4 " 104 to 8 " 104 cells were added to 0.2 ml Iscoves’
modified Dulbecco’s medium/20% FCS containing 0.4% agar and plated on
top of the base layer (0.75% agar containing Iscoves’ modified Dulbecco’s
medium plus 20% FCS). After 24 h, an additional 0.2 ml of medium (control)
or medium containing MMC was added. Each plate contained six untreated
control wells, three vehicle controls, and six different drug concentrations (0.1
ng-10 !g/ml) in triplicate. 5-Fluorouracil was used as positive control in a
single concentration (1000 !g/ml). Cultures were incubated at 37°C, 7% CO2
for 5–15 days, and monitored closely for colony growth. Vital colonies were
stained with 50 !l/well 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazo-
lium chloride (1 mg/ml) 24 h prior to evaluation, and colonies #50 !m were
counted with an automated image analysis system (Omnicon FAS IV; Biosys).
Results were expressed as the concentration required to induce 70% growth
inhibition/cell kill (IC70). Assays were considered evaluable if control groups
produced #20 colonies with a diameter of #50 !m, and initial plate colony
counts on days 0 or 2 were $20% of the final control group colony count.
Plating efficiencies were %0.1% and are consistent with the low plating
efficiencies reported for primary human tumor cell cultures (1).
Assessment of in Vivo Activity of MMC in Human Tumor Xenograft

Models. The response of 43 human tumor xenografts to MMC in vivo has
been described previously in detail elsewhere (30) and are summarized below.
Master stocks of all tumors in the Freiburg panel are maintained in liquid
nitrogen, and all chemotherapy studies are conducted on tumors within 10
passages from recovery from master stocks (32). Although the original chem-
otherapy studies were conducted prior to 1992 (30), this policy should ensure
that the response and biochemical properties remain stable enough to allow a
valid retrospective study to be conducted. Nevertheless, to ensure that chemo-

sensitivity profiles to MMC were stable, chemotherapy studies were repeated
for 13 human tumor xenografts according to the methodology described
previously (30). Tumors were implanted s.c. into both flanks of outbred
athymic nude mice of NMRI genetic background, and treatment started when
the tumors reached a median diameter of 6 mm. At this time (day 0), mice were
randomly assigned to either treatment or control groups with five to six mice
per group, and MMC was administered i.v. at the maximum tolerated dose of
2 mg/kg on days 1 and 15. Antitumor effects were determined by two-
dimensional caliper measurements that were normalized relative to tumor
volume at day 0. Experiments were terminated when tumors reached a size of
%1.5 cm in diameter. Activity was expressed in terms of percentage of optimal
T/C (i.e., relative volume of treated tumors divided by the relative volume of
control tumors " 100 at the time of maximal drug effect) and classified as
complete regression (T/C $10%, &&&), partial remission (T/C 11–25%,
&&), minimal remission (T/C 25–50%, &), resistant (T/C #50%, !). The
response of these tumors was very similar (within 95% confidence intervals) to
tumor responses obtained in the original study, thereby validating the experi-
mental design of this study (data not shown). All animal experiments were
performed in accordance with German Animal License Regulations (Tiers-
chutzgesetz) identical to United Kingdom Co-ordinating Committee on Cancer
Research Guidelines for the Welfare of Animals in Experimental Neoplasia
(33).
Measurement of DTD Activity. Tissues were homogenized (10% w/v

homogenate) in sucrose (0.25 M) using an Ultra Turrax blender. Cytosolic
fractions were prepared by centrifugation of the homogenate at 18,000 " g for
4 min, followed by further centrifugation of the supernatant at 110,000" g for
1 h at 4°C in a Beckman Optima TL ultracentrifuge. Activity of DTD in the
supernatant was determined spectrophotometrically (Beckman DU650 spec-
trophotometer) by measuring the dicumarol-sensitive reduction of DCPIP at
600 nm (34). Each reaction contained NADH (200 !M), DCPIP (40 !M),
dicumarol (20 !M, when required), and a cytosolic fraction of tissues (50 !l
per assay) in a final volume of 1 ml of Tris-HCl buffer (50 mM, pH 7.4)
containing BSA (0.7 mg/ml). Rates of DCPIP reduction were calculated from
the initial linear part of the reaction curve (30 s), and results were expressed in
terms of nmol DCPIP reduced/min/mg protein using a molar extinction coef-
ficient of 21 mM/cm for DCPIP. Protein concentration was determined using
the Bradford assay (35).
COMPARE Analysis. We have developed a COMPARE algorithm based

on the differential activity of drugs against human tumors growing in soft agar
in vitro analogous to the National Cancer Institute-DTP COMPARE computer
program (36). This tool allows for comparison of possible structural similarity
and molecular targets (37). Thus, DTD levels in human tumor xenografts were
ranked and related to their in vitro sensitivity against MMC using the Spear-
man rank coefficient test (38).
Metabolism of MMC by Tumor Homogenates. A limited panel of xe-

nografts were selected for this aspect of the study. The selection criteria were
simply based upon extremes of tumor response to MMC in vivo [i.e., sensitive
(T/C $10%) and resistant (T/C #50%)], and sufficient tumor specimens were
included in each group so that the full range of DTD activity was represented
(Table 3). Tumors were homogenized in ice-cold Tris-HCl (5 mM, pH 7.4)
containing EDTA (0.5 mM) and sucrose (250 mM) using an Ultra Turrax
blender (Janke and Kunkel). Samples were centrifuged at 1000 " g for 1 min
to remove tumor fragments. Each reaction consisted of tumor homogenate (10
mg/ml protein), MMC (200 !M), NADH and NADPH (2 mM) in a final
volume of 0.2 ml of homogenizing buffer. Samples were incubated at 37°C,
and at various time intervals after the addition of MMC, 30 !l of reaction mix
were removed and added to 90 !l of acetonitrile containing the internal
standard, porfiromycin (50 !M), samples were mixed, the solvent was evap-
orated in a Jouan evaporator, and the residue was resuspended in 100 !l of
mobile phase. Chromatographic separation of MMC was achieved using a
RP-18 end-capped LiChrospher column (5 !m, 250 " 4 mm; Phenomenex,
Cheshire, United Kingdom). The HPLC system consisted of a system Gold
Beckman 126 Programmable Solvent Module (Beckman Instruments UK Ltd.,
High Wycombe, United Kingdom), a Beckman 507 Autosampler, which was
cooled to 4°C by the Grant Cooling Unit LTD6 (Grant Instruments, Cam-
bridge, United Kingdom), and a Beckman 168 Photo Diode Array Detector.
Dual wavelength detection used 365 nm for MMC and 310 nm for the
detection of metabolites with a flow rate of 1.2 ml/min, and data were
processed using System Gold software (Beckman). The mobile phase consisted
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of an 18 mM phosphate buffer (pH 6.4):methanol mixture. The gradient
program to separate MMC from metabolites was 95% A up to 10 min and then
5% A by 30 min, where A was 95% buffer and B was 76% buffer. The half life
of MMC was determined from least squares log linear regression analysis
using the equation T1/2 ! 0.693/Kd where Kd is the decay rate constant (the
slope of the regression analysis " 2.303).

RESULTS

DTD Activity and the Relationship between Enzyme Activity
and Tumor Responses to MMC in Vivo. The activity of DTD in a
panel of 58 human tumor xenografts studied is presented in Table 1.
There was a broad spectrum of DTD activity both throughout the
panel of tumors and within each tumor type (with the exception of
gastric cancers where the range of DTD activity was 510.6–980.5
nmol/min/mg). Responses to MMC have been determined for 43
human tumor xenografts, and a broad spectrum of response exists with
lung tumors (T/C #10% in five of seven non-small cell lung cancer)
being particularly sensitive to MMC (Table 1). No correlation be-
tween DTD activity and the response of xenografts to mitomycin C
exists (Fig. 1).
DTD Activity and the Relationship between Enzyme Activity

and Tumor Responses to MMC in Vitro. Thirty-eight xenograft
tissues that were subjected to DTD activity measurements were also
tested for their response to MMC treatment in the tumor stem cell/
clonogenic assay in vitro. In terms of the relationship between DTD
activity and chemosensitivity in vitro (Fig. 2), a poor correlation exists
(regression coefficient, 0.055). Similarly, by using a COMPARE
algorithm based on the rank of DTD levels and IC70 of MMC, the
poor relationship between DTD activity and the response of xe-
nografts to MMC was confirmed, which is reflected in a Spearman
rank coefficient of 0.24 (Table 2).
Metabolism of MMC by Tumor Homogenates. Representative

chromatograms of MMC metabolism by LXFL 529 tumor homoge-
nates are presented in Fig. 3. No metabolites of MMC were present
immediately after the addition of MMC (Fig. 3A). After 60 min
incubation at 37°C, MMC was barely detectable, and several metab-
olites of MMC were found. 2,7-DAM was identified (this coeluted
with the products formed as a result of the reaction of MMC with
DTD and NADPH) and a very polar metabolite (unknown identity)
were the most prominent species detected (Fig. 3B). Two other
metabolites were tentatively identified as 1,2-cis- and 1,2-trans-1-
hydroxy-2,7-diaminomitosene, because these two metabolites coe-
luted with the hydrolysis products formed after the incubation of
MMC with HCl (0.1 N) as reported by Cummings et al. (39). No
obvious correlation between the presence of these metabolites and
antitumor activity (i.e., 2,7-DAM and the polar metabolite could be
found in poorly responding tumors that metabolized MMC) was
observed (data not shown). A broad spectrum of rates of MMC
metabolism was observed in the panel of tumors studied (Table 3),
and examples of MMC metabolism by homogenates derived from
resistant (RXF 393) and sensitive tumors (LXFL 529) are presented in
Fig. 4. Half-lives of MMC in homogenates derived from RXF 393 and
LXFL 529 tumors were 234 $ 52 and 34 $ 4 min, respectively. The
concentrations of MMC used in this study (200 !M) are above the
plasma levels of MMC found in vivo (%20 !M). This concentration
was necessary to detect metabolites of MMC and in the case of LXFL
529 tumors, no differences in terms of MMC half-lives were observed
when starting MMC concentrations of 200 or 20 !M were used (data
not shown).
Relationship between the Antitumor Activity of MMC, DTD

Activity, in Vitro Chemosensitivity, and MMC Metabolism in a
Panel of Human Tumor Xenografts. A panel of xenografts was
selected for analysis of drug metabolism. The selection criteria were

predominantly based upon two factors. The first was their response to
MMC in vivo (i.e., good or poor responders), and the second was
based upon DTD activity, where the aim was to have a broad spectrum
of high and low DTD activities in both the good- and poor-responding
tumor groups. The relationship between antitumor activity, DTD
activity, and MMC metabolism by tumor homogenates is presented in
Table 3 and Fig. 5. In both good (T/C #10%, score &&&) and poor
(T/C '50%, score () responders to MMC, a broad spectrum of DTD
activity exists (Table 2). Mean DTD activities for good and poor

Table 1 Relationship between DTD activity and the response of a panel of human
tumor xenografts to MMC (2 mg/kg i.v. days 1 and 15)

Tumora DTD activity (nmol/min/mg) In vivo response (% T/C)

XF 575 1843.8 $ 321.2 ND
OVXF 899 1375.4 $ 250.0 29.8 (&)
PRXF DU145 1075.1 $ 53.9 79.6 (()
GXF 251 980.5 $ 250.0 31.1 (&)
LXFL 1072 800.3 $ 95.6 ND
RXF 1220 799.5 $ 72.4 86.4 (()
GXF 209 660.5 $ 107.0 6.3 (&&&)
GXF 97 582.8 $ 53.0 2.6 (&&&)
LXFE 839 564.4 $ 64.4 6.4 (&&&)
LXFA 289 554.4 $ 86.7 8.3 (&&&)
GXF 214 510.6 $ 66.9 59.4 (()
PAXF 736 415.6 $ 16.6 ND
CEXF 633 370.9 $ 37.8 2.0 (&&&)
BXF 1299 362.5 $ 7.5 88.64(()
LXFL 529 322.2 $ 6.7 5.2 (&&&)
CXF HT29X 313.4 $ 62.1 82.7 (()
PAXF 546 300.9 $ 17.2 49.1 (&)
CXF 280 238.9 $ 31.3 5.2 (&&&)
BXF 1036 233.6 $ 50.6 ND
MEXF 989 229.4 $ 44.5 21.7 (&&)
LXFA 418 228.0 $ 25.5 ND
CXF 609 197.0 $ 15.2 59.4 (()
BXF 1352 169.2 $ 16.3 ND
HNXF 536 159.3 $ 12.1 74.4 (()
CXF HCT116 155.0 $ 3.9 40.0 (&)
PRXF PC3MX 144.4 $ 26.4 100 (()
MEXF 514 134.4 $ 13.5 76.2 (()
CXF 158 120.3 $ 23.9 67.5 (()
RXF 488 120.5 $ 4.7 ND
LXFS 538 125.4 $ 15.2 1.5
CXF 883 93.3 $ 2.3 ND
BXF 439 88.1 $ 16.6 ND
LXFE 211 64.6 $ 4.8 8.3 (&&&)
CXF 1103 61.8 $ 2.6 57.8 (()
OVXF 1353 58.3 $ 7.5 100 (()
CXF DLD1LX 55.3 $ 13.7 ND
SXF 1410 25.4 $ 2.9 ND
RXF 423 23.0 $ 0.4 74.2 (()
LXFA 526 20.5 $ 2.3 76.9 (()
PRXF 1369 16.2 $ 5.0 69.2 (()
TXF 881 15.9 $ 2.9 31.4 (&)
LXFE 397 15.2 $ 0.8 67.8 (()
BXF 1258 11.9 $ 1.1 41.6 (&)
CNXF 498 9.7 $ 4.8 ND
BXF 1301 6.0 $ 7.9 ND
RXF 486 6.1 $ 4.2 88.0 (()
LEXF HL60X 4.7 $ 4.9 100 (()
OVXF 1023 4.3 $ 0.1 7.9 (&&&)
SXF 627 3.6 $ 6.3 ND
LXFS 650a 1.9 $ 0.7 57.2 (()
RXF 944LX 1.8 $ 2.1 ND
LYXF 1189 1.7 $ 2.9 63.2 (()
MEXF 1341 1.5 $ 1.7 54.4 (()
MAXF 857 1.4 $ 0.6 79.2 (()
LXFE 409 1.1 $ 2.0 3.6 (&&&)
MAXF 1162 0.4 $ 0.6 70.9 (()
LXFS 650b #0.1 57.2 (()
MAXF 449 #0.1 8.1 (&&&)
MEXF 535 #0.1 85.3 (()
aBXF, bladder; CXF, colorectal; GXF, gastric; LXFA, lung (adenocarcinoma); LXFE,

lung (epidermoid); LXFL, lung (large cell); LXFS, lung (small cell lung cancer; MAXF,
mammary; MEXF, melanoma; OVXF, ovarian; RXF, renal; TXF, testis; SXF, sarcoma;
CNXF, central naval system; CEXF, cervical; PRXF, prostate; HNXF, head and neck;
LYXF, lymphoma; LEXF, leukaemia; PAXF, pancreatic; XF, mixed histology.

b Values in parentheses denote activity ratings where (() ! T/C values taken from
Fiebig et al (30). DTD-specific activities represent the mean of three independent
experiments $ SD.
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responders were 326.15 ! 340.21 and 355.4 ! 231.5 nmol/min/mg,
respectively. No significant differences exist between DTD activity
and response to MMC in this panel of tumors (Fig. 5A). Similarly, no
correlation existed between the rate of MMC metabolism by tumor
homogenates (expressed as T1/2 values) and DTD activity (Fig. 5B) in
the tumor xenografts studied. MMC half-lives in tumor homogenates
derived from sensitive and poorly responsive xenografts were
75! 48.3 and 280! 129.6 min, respectively. A significant difference
[P " 0.005 (two tailed t test)] existed between rates of MMC metab-
olism in poor and good responders to MMC, although a subset of
tumors exist that have the ability to metabolize MMC yet do not
respond well to MMC in vivo (Fig. 5C). Within this panel of tumors,
in vitro chemosensitivity data demonstrated that the majority of re-
sponsive tumors had low IC70s with the exception of LXFA 289,
which was relatively resistant to MMC in vitro (Fig. 5D and Table 3).

DISCUSSION

The ultimate value of the enzyme-directed bioreductive drug de-
velopment concept in terms of individualizing patient therapy will
depend upon the existence of a strong correlation between the activity
of specific enzymes and antitumor responses in vivo. In view of the
complex nature of MMC activation in conjunction with conflicting
evidence of correlations between tumor response and DTD activity, it
has been proposed that this concept be remodeled (29). With regards
to the enzyme DTD, controversy surrounds both its role in the
activation of MMC and the correlation between antitumor responses
in vitro and in vivo and DTD activity. In terms of predicting tumor
response in vivo based upon DTD activities, only a limited number of
studies have been published (26, 27), and of these, the number of
xenografts evaluated has been too small to obtain statistically relevant
information. This study has used a large panel of human tumor
xenografts that have a broad spectrum of both DTD activity and
antitumor response to MMC (Table 1). The results clearly demon-
strate that tumor responses in vivo to MMC cannot be predicted on the
basis of DTD activity alone (Fig. 1). It should be noted that this
conclusion is based upon the assumption that tumor response to MMC
should be proportional to DTD activity. Recent studies using the BE
human colon carcinoma cell line transfected with NQO1 have dem-
onstrated that both a lower threshold of DTD activity is required to
initiate toxicity to streptonigrin and RH1 (#22 nmol/min/mg) and an
upper threshold (#77 nmol/min/mg) beyond which no further in-
crease in toxicity occurs (40). The results presented in Fig. 1 clearly
demonstrate that the response of tumors to MMC in vivo is independ-

Fig. 1. The relationship between DTD activity and the response of a panel of 43 human
tumor xenografts to MMC in vivo.

Fig. 2. The relationship between DTD activity and in vitro chemosensitivity (IC70)
after continuous exposure to MMC.

Table 2 Relationship between DTD levels and the response in vitro of primary
explants derived from human tumor xenografts to MMC: Results of

COMPARE analysis

Tumora IC70 (ng/ml) Ranka DTD (nmol/min/mg) Rankb

MAXF 449 15 24.5 "0.1 1
MAXF 1162 5 10.0 0.4 2
LXFE 409 2 3.5 1.1 3
MAXF 857 5 10.0 1.4 4
MEXF 1341 26 32.0 1.5 5
LXFS 650b 4 6.0 1.9 6
SXF 627 5 10.0 1.4 4
OVXF 1023 15 24.5 4.3 8
BXF 1301 45 35.0 6.0 9
CNXF 498 5 10.0 9.7 10
LXFE 397 9 16.0 15.2 11
TXF 881 2 3.5 15.9 12
LXFA 526 11 17.0 20.5 13
RXF 423 15 24.5 23 14
OVXF 1353 15 24.5 58.3 15
CXF 1103 15 24.5 61.8 16
LXFE 211 8 15.0 64.6 17
CXF 158 83 37.0 120 18.5
RXF488 15 24.5 120 18.5
MEXF 514 12 18.0 134 20
CXF HCT116 50 36.0 155 21
HNXF 536 5 10.0 159 22
CXF 609 15 24.5 197 23
MEXF 989 15 24.5 229 24
CXF 280 1 1.5 238 25
PAXF 546 15 24.5 300 26
LXFL 529 3 5.0 322 27
BXF 1299 15 24.5 362 28
CEXF633 5 10.0 10.0 29
PAXF 736 5 10.0 415 30
LXFA 289 92 38.0 554 31
GXF 97 1 1.5 582 32
GXF 209 7 14.0 660 33
RXF 1220 37 33.0 799 34
LXFL 1072 15 24.5 800 35
GXF 251 15 243.5 980 36
PRXF DU145 24 31.0 1075 37
OVXF 899 15 34.0 1375 38
a For descriptions of tumor types, see Table 1.
b Spearman rank coefficient, 0.24. n $ 38.
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ent of DTD activity and that thresholds of DTD activity cannot be
applied in this case with any degree of certainty. A comparison
between in vitro chemosensitivity and DTD activity also demonstrates
that responses to MMC at the cellular level cannot be predicted on the
basis of DTD levels (Fig. 2). These results support the findings of
other groups that the response of cells to MMC in vitro cannot be
forecast on the basis of DTD activity (25). Recent studies using BE
cells transfected with NQO1 have, however, suggested that the influ-
ence of DTD activity on chemosensitivity in vitro may be affected by
the drug exposure conditions (i.e., acute or chronic) used in vitro (41).
For example, in the case of the aziridinyl benzoquinone compounds,
MeDZQ and RH1, a marked cytotoxic potentiation in DTD-rich BE
cells occurred when acute (24 h) drug exposures were used, whereas
chronic exposures (96 h) showed much less potentiation. In the case
of MMC, however, the duration of drug exposure is unlikely to
influence the correlation between MMC toxicity in vitro and DTD
activity because conflicting reports of good and poor correlations have
been generated using similar chronic drug exposure conditions (24,
25). In addition, the poor correlation between the rank order of
responses in vitro and DTD activity suggest that the use of short-term
drug exposures would not improve the predictive value of the assays.
The results of this study, in conjunction with the controversy sur-
rounding MMC activation by DTD, therefore support the view ex-
pressed by Cummings et al. (29) that the concept of enzyme-directed
bioreductive drug development needs to be remodeled in the case of
MMC. It is important to stress that this conclusion applies only to
MMC, and the concept may still be applicable for other bioreductive

drugs. MMC has a complex mechanism of action involving several
enzymes (29, 42, 43), but for compounds that have a simpler mech-
anism of action where one enzyme predominates in the activation
process, this concept may still be valid.
The alternative approach as set out by Cummings et al. (29) is to

determine the ability of tumor homogenates to metabolize MMC on
the basis that bioactivation of the drug is determined by various
enzymes present in the tumor. In a selected panel of tumors that
represent the extremes in terms of antitumor response to MMC [i.e.,
responsive (T/C !10%), n " 7 and nonresponsive (T/C #50%),
n " 11], the half-life of MMC in tumor homogenates was 75 $ 48.3
and 280 $ 129.6 min, respectively. The difference in means between
the two groups was statistically significant (P ! 0.005) and repre-
sented a marked improvement over the correlation between DTD and
antitumor response in this panel of tumors (Fig. 5A). There was also
a poor relationship between DTD levels and MMC metabolism (Fig.
5B), which provides indirect evidence to suggest that other enzymes
are involved in MMC reduction. Cummings et al. (29) have proposed
a model whereby several enzymes compete for MMC on the basis of
protein level as opposed to enzyme kinetics. This is based upon the
fact that Michaelis Menton affinity constants for MMC are similar for
various enzymes (8, 10, 29, 44). If this were the case, then DTD-rich
tumors should metabolize MMC rapidly, but this does not hold true
for all DTD-rich tumors studied (Table 3). In addition, it is of
considerable interest to note that some poorly responsive tumors
(Table 3) have the ability to metabolize MMC (e.g., PRXF DU145,
PAXF 736, and MEXF 535). There are several possible explanations
for this including the fact that within these tumors, the disappearance
of the parent compound is the result of a detoxification pathway as
opposed to bioreductive activation. In all of these tumors, however,
2,7-DAM (which is a marker for bioactivation) was detectable at
levels comparable with tumors that were sensitive to MMC (data not
shown). Alternatively, other morphological features of the tumor (i.e.,
poor blood supply resulting in poor drug delivery) or cellular defense
mechanisms (i.e., drug resistance) may have a significant bearing on
the outcome of chemotherapy. With regard to possible drug resistance
mechanisms, a recent paper by Belcourt et al. (45) have demonstrated
that the bacterial MCRA protein (which acts as a hydroquinone
oxidase, thereby oxidizing the reduced MMC back to the parent
compound) causes profound resistance to MMC under aerobic con-
ditions in Chinese hamster ovary cells transfected with the mcrA gene.
However, it is not clear whether resistance to MMC could be caused
by a MCRA-like mechanism in mammalian cells. Intrinsic drug
resistance may well be the case for PRXF DU145, which has rela-
tively high IC70s (24 ng/ml; Table 3) but not for PAXF 736, which is
quite sensitive to MMC in vitro (IC70, 5 ng/ml). Further studies are
required to determine why these tumors are resistant to MMC, despite
their inherent ability to metabolize MMC.
The results of this study have demonstrated that antitumor re-

sponses to MMC cannot be forecast on the basis of either DTD
activity or in vitro chemosensitivity, whereas a better correlation
between MMC metabolism by tumor homogenates and tumor re-
sponse in vivo exists. It is of interest to note that a discrepancy exists
between the measures of chemosensitivity in vitro and metabolism by
tumor homogenates in vitro in terms of predicting responses in vivo
because conceptually, these end points should give similar results.
There are, however, significant differences between the two method-
ologies that may explain these findings. The major difference relates
to the fact that in vitro metabolism studies are short-term assays
performed on tumor homogenates, whereas in vitro chemosensitivity
assays described in this paper are relatively long term (conducted over
5–15 days). In the case of the later, it is conceivable that many
biological and biochemical parameters may change during the culture

Fig. 3. Representative chromatograms showing gradient reversed-phase HPLC sepa-
ration of MMC and the internal standard, porfiromycin (PMC) at t " 0 (panels A at 365
and 310 nm) and t " 60 min (panels B at 365 and 310 nm) after the addition of MMC to
LXFL 529 tumor homogenates. Dotted line, gradient profile for mobile phase B
(A " 95% phosphate buffer, 18 mM, pH 6.4:methanol and B " 76% phosphate buffer).
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period that may have either direct or indirect effects on the outcome
of chemotherapy in vitro. For example, the selective growth of the
anchorage-independent clonogenic cell population in soft agar effec-
tively removes tumor cells from contact with normal stromal cells and
the extracellular matrix. There is now a considerable body of evidence
(46) pointing to the fact that many biological processes are influenced
by the tumor microenvironment (i.e., the extracellular matrix and
stromal components of tumors), and therefore, the results of the
clonogenic assay in vitro may not reflect the response of tumors in
vivo (as a result of altered cell kinetics or biochemical properties). In
addition, the activity of several drug-metabolizing enzymes (e.g.,
members of the cytochrome P-450 family) is markedly decreased
within a few hours of isolation from fresh tissue (47). In vitro
metabolism studies, on the other hand, are conducted within a time
scale where changes in biochemical and biological parameters are
unlikely to occur. The short-term nature of in vitrometabolism studies
may therefore represent a more realistic “snapshot” of tumor biology/
biochemistry compared with the chronic nature of the clonogenic
assay described in this report.
In conclusion, this study has clearly demonstrated that antitumor

responses to MMC cannot be predicted on the basis of DTD levels
alone. In view of the size of the panel of tumors used, together with
the fact that a broad spectrum of DTD levels exists in both responsive
and nonresponsive tumors, it is clear that individualizing chemother-
apy on the basis of DTD levels is not feasible with regard to MMC.
Measurement of MMC metabolism by tumor homogenates, on the
other hand, can distinguish between responsive and nonresponsive
tumors in the majority of cases. No correlation was seen in terms of
the major metabolite of MMC (2,7-DAM) and tumor response in this
study, which would appear to conflict with the hypothesis put forward
by Cummings et al. (29). It is important to stress, however, that the
generation of reactive metabolites would be technically challenging to
measure accurately in view of the fact that these metabolites will bind
covalently to cellular macromolecules. On the basis of this study,
measurement of the disappearance of the prodrug maybe feasible in
terms of predicting tumor response in vivo. If a sensitivity threshold
for MMC metabolism (in terms of T1/2 values) of 200 min were
imposed, the predictive value of the assay is: 7/7 true-positive pre-
dictions, 9/11 (81.8%) true-negative predictions, and 2/11 (18.8%)
false-positive predictions. This represents a substantial improvement
over an enzymological end point, but a subset of tumors exists that is
capable of metabolizing MMC but does not respond to MMC in vivo.
Tumor responses are determined by many factors (48), and it is
unlikely that any ex vivo assay will mimic all of these conditions. The
key condition that has to be achieved by any predictive assay is that

Fig. 4. Metabolism of MMC in tumor homogenates derived from a MMC-sensitive
(LXFL529, j) and -resistant (RXF393, J) human tumor xenografts. Half-lives of MMC
in LXFL 529 and RXF 393 tumor homogenates were 34 and 234 min, respectively.

Fig. 5. Relationship between DTD activity, in vitro chemosensitivity, MMC metabo-
lism, and antitumor responses to MMC in vivo. A, lack of correlation between DTD
activity and antitumor activity in tumors that are resistant [NR (!)] and sensitive [R
(""")] to MMC. B, lack of correlation between the rate of MMC metabolism and DTD
activity in sensitive (J) and resistant (j) tumors. C, relationship between MMC metab-
olism and tumor response to MMC. A significant difference (P # 0.005) exists between
MMC metabolism by tumor homogenates derived from responsive [R (""")] and
nonresponsive [NR (!)] xenografts in vivo. D, relationship between in vitro chemosen-
sitivity and antitumor response in vivo in responsive (R) and nonresponsive (NR) tumor
xenografts.

Table 3 Relationship between rumor response to MMC, DTD activity, in vitro
chemosensitivity, and rate of MMC metabollism in tumor homogenates

Tumor
DTD activity
(nmol/min/mg)

Response to
MMC in vivo
(%T/C)

In vitro
chemosensitivity
(IC7070, ng/ml)a

MMC metabolism
by tumor

homogenates
(T1⁄2, min)a

PRXF DU145 1075 79.6 (!) 24 80
RXF 1220 510 86.4 (!) 37 218
GXF 214 510 59.4 (!) NDb 586
PAXF 736 415.6 82.0 (!) 5 213
RXF 393 243.5 78.5 (!) ND 234
BXF 1299 362.5 88.6 (!) 15 341
HNXF 536 159.3 74.4 (!) 5 327
LXFA 526 20.5 76.9 (!) 11 273
LXFS 650 1.9 57.2 (!) 4 397
MAXF 1162 0.4 70.9 (!) 5 279
MEXF 535 #0.1 85.3 (!) ND 135
GXF 209 660.5 6.3 (""") 7 109
GXF 97 582.8 2.6 (""") 1 68
LXFA 289 554 8.3 (""") 92 168
LXFL 529 322.2 5.2 (""") 3 34
CXF 280 238.9 5.2 (""") 1 90
LXFS 538 125.4 1.5 (""") ND 37
OVXF 1023 4.3 7.9 (""") 15 19
aValues presented represent the means of at least three independent experiments. SDs

(n $ 3) for in vitro chemosensitivity tests and in vitro metabolism studies were less than
20 and 15%, respectively.

b ND, not determined.
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the incidence of false-negative predictions must be low. The results of
this study suggest that by measuring the ability of a tumor homoge-
nate to metabolize MMC, it could be possible to identify those tumors
that have a good probability of responding. From a technical stand-
point, the assay described in this report could be adapted to biopsy
material because samples as small as 200 mg can be assayed repro-
ducibly. Further studies are required using clinical material to assess
whether this approach to predicting MMC activity has real clinical
applications.
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Abstract

Pharmacogenetic analysis of polymorphisms in drug metabolizing enzymes is currently generating considerable interest as a means of
individualizing patient therapy. Recent studies have suggested that patients that are homozygous for a polymorphic variant (a C to T
transition at position 609 of the cDNA sequence) of the enzyme NAD(P)H:quinone oxidoreductase (NQO1) may be resistant to Mitomycin
C (MMC). Genotyping of a panel of 54 human tumor xenografts by polymerase chain reaction restriction fragment length polymorphism
(PCR-RFLP), classified tumors as wild type (40/54), heterozygotes (11/54), and homozygous mutants (3/54). Previously, 37 of these tumors
had been characterized in terms of their response to MMC in vivo, and in this study, a further nine tumor xenografts have been characterized
in terms of their response to MMC. No correlation could be found between the NQO1 polymorphic status of xenografts and their response
to MMC in vivo. In terms of genotype/phenotype relationships, NQO1 activity in tumors genotyped as wild type, heterozygotes, and
homozygous mutants were 311.1 ! 421.9 (N " 40), 76.9 ! 109.5 (N " 11), and 0.2 ! 0.17 (N " 3) nmol/min/mg, respectively.
Genotyping of patients may provide a useful initial step in identifying patients who are unlikely to benefit from quinone-based chemo-
therapy. In the case of MMC, however, the work presented here demonstrates that genotyping of individuals with respect to NQO1 is
unlikely to be beneficial in terms of predicting tumor responses to MMC. © 2001 Elsevier Science Inc. All rights reserved.

Keywords: NQO1; Polymorphism; Mitomycin C; Xenografts; Pharmacogenetics

1. Introduction

The ability to tailor chemotherapy to individual patients
has been a major objective in cancer therapy for many years,
but despite extensive studies using a variety of chemosen-
sitivity tests [1], no predictive assay is currently in wide-
spread use today. Individualizing patient therapy remains a

major issue in modern anticancer drug development, and
this objective forms one of the cornerstones for the rapidly
growing field of pharmacogenetics [2]. The enzyme NAD-
(P)H:quinone oxidoreductase (E.C. 1.6.99.2, NQO1 [also
known as DT-diaphorase]) has generated considerable in-
terest within the field of bioreductive drug development
because of its ability to activate certain quinone-based com-
pounds to cytotoxic products, and elevated levels of NQO1
have been found in several tumor types, particularly
NSCLC (non-small cell lung cancer) [3,4]. In 1992, Traver
et al. [5] identified a C to T point mutation at position 609
(C609T) in exon 6 of the NQO1 cDNA isolated from BE
human colon carcinoma cells. Despite detectable levels of
NQO1 mRNA, cells were devoid of NQO1 activity, and
NQO1 protein was undetectable by immunoblot analysis.
Subsequent studies have demonstrated that C609T mutation
is a true polymorphism [6,7], suggesting that affected indi-
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viduals may exhibit resistance to quinone-based cancer ther-
apy. The widely used anticancer agent, Mitomycin C
(MMC), is a quinone-based compound that can be reduced
by NQO1 to DNA damaging species in cell free assays [8].
Resistance to MMC has been documented in cell lines that
are homozygous for the C609T polymorphism [5,9]. Recent
studies have indicated that patients with gastric cancer or
disseminated peritoneal cancer (of gastrointestinal or other
origin) with this polymorphism have reduced response to
MMC at both the cellular level and in terms of overall
survival [10,11]. While these reports are preliminary, they
are very significant in that they represent the first direct
evidence that the C609T polymorphic variant could have a
major impact on the outcome of MMC chemotherapy. If
substantiated, screening of patients for the NQO1 C609T
polymorphism could be used to identify those patients who
are unlikely to benefit from MMC therapy.
For the polymorphic variant to have a direct impact on

tumor response to MMC, it must be clearly demonstrated
that NQO1 plays a pivotal role in MMC activation. The role
of NQO1 in MMC activation is, however, controversial, and
there is considerable doubt as to whether or not cellular
response to MMC can be predicted on the basis of NQO1
activity [3,12]. Recent studies in this laboratory have also
demonstrated that the response of a large panel of human
tumor xenografts to MMC in vivo cannot be predicted on
the basis of NQO1 enzyme activity [13]. These findings
cast some doubt over whether or not analysis of the
C609T NQO1 polymorphism would lead to a better pre-
diction of MMC activity in vivo than does enzyme activ-
ity. It should, however, be stressed that the measurement
of NQO1 activity in human tumor xenografts was per-
formed on tumor tissues that represent a mixture of both
stromal cells (predominantly of murine origin) and tumor
cells. Becuase components of stromal tissue such as vas-
cular endothelial cells have been shown the express
NQO1 protein [14], it is conceivable that the NQO1
activity measurements obtained do not accurately reflect
NQO1 activity in tumor cells. Genotyping of NQO1
using RFLP-PCR techniques has the potential to circum-
vent this problem by the use of primers specific to human
NQO1. In view of this, plus the potential significance of
clinical findings reported in the literature [10,11], the
principle aim of this study was to examine whether or not
tumor response to MMC can be predicted on the basis of
NQO1 genotype status. In addition, studies using cell
lines have demonstrated that NQO1 activity may be fore-
cast on the basis of NQO1 genotype with wild-type cells
having higher levels of NQO1 than do heterozygotes,
whereas mutant cells are devoid of NQO1 activity [15,
16]. As NQO1 activity has been previously determined
[13], a secondary aim of this study was to determine the
genotype-phenotype relationship in this panel of human
tumor xenografts in vivo.

2. Materials and methods

2.1 Tissue collection and DNA extraction

Tissues of human tumor xenograft growing subcutane-
ously in thymus aplastic nude mice (NMRI background)
were collected from the Freiburg Tumor Bank. This bank
comprises over 350 human tumor xenograft models that
were established in serial passage in vivo [17]. A number of
these xenografts have been previously characterized in
terms of their response to MMC in nude mice (37 tumors
[13,17]) and NQO1 activity (58 tumors [13]). In addition to
the 37 tumors that have been characterized for MMC sen-
sitivity in vivo, the response of a further nine tumors to
MMC were included in this study (BXF 1301, CNXF 498,
LXFL 1072, MAXF 401, RXF 944LX, PAXF 736, SXF
1410, UXF 1138, and XF 575). Of the 58 tumors charac-
terized for NQO1 activity [13], nine tumors from this orig-
inal panel were not available for genotyping in this study
(CXF HT29X, BXF 1036, LXFA 418, CXF 609, MEXF
514, BXF 439, LEXF HL60X, MEXF 134,1 and CEXF
633). Five additional tumors (HNXF 675, MAXF 401,
OVXF 1619, SXF 1186, and UXF 1138) were included in
this study for evaluating genotype-phenotype relationships.
All tumor samples were initially frozen in liquid nitrogen

and stored at !80o for analysis. In addition, livers from
non-tumor-bearing mice were also collected. Genomic
DNA was extracted from tissue fragments ("10mg) using
the Puregene DNA isolation kit (Gentra Systems, Minneap-
olis, USA) and stored at !20o.

2.2. Restriction fragment length polymorphism of
Polymerase chain reaction products

Polymerase chain reaction restriction fragment length
polymorphism (PCR-RFLP) analysis was conducted ac-
cording to the method published by Eickelmann et al. [9].
Primers (synthesised by Cruachem, Glasgow, UK) for PCR
amplification of NQO1 from genomic DNA were forward
primer 5# GAG ACG CTA GCT CTG AAC TGA T 3# and
reverse primer 5# ATT TGA ATT CGG GCG TCT GCT G
3#. PCR was conducted by using the PCR core kit (Roche
Diagnostics Ltd., Lewes, UK), and each reaction contained
10 !L 10X PCR buffer (without magnesium), 5 !L Mag-
nesium Chloride (25 mM), 2 !L dNTPs (10 mM), 1 !L
each of forward and reverse primers (16.3 nmol mL!1), 1
!L Taq polymerase (5 units !L!1), 1 !L genomic DNA
(0.1 !g mL!1) and was made up to a final volume of 100
!L using sterile, deionized water. Thermal cycling condi-
tions following an initial denaturation step of 94o for 4 min
were, 94o (1 min), 65o (1 min), and 72o (1 min). Following
35 cycles of PCR, samples were maintained at 72o for 5
min. PCR product (25 !L) was then digested with Hinf 1
(10 U) for 2 hr at 37o, and the products separated on a 2%
TAE agarose gel (run at 100 V for 2 hr) and stained with
ethidium bromide. Products were visualized under UV tran-
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sillumination and permanent records made by using a Po-
laroid camera. As a positive control, primers designed to
amplify murine K-ras were employed [18], the sequences of
which were forward primer 5! AAC TTG TGG TGG TTG
GAG GTG 3! and reverse primer 5! CTC ATC CAC AAA
GTG ATT CT 3!. Reaction conditions and thermal cycling
parameters for amplification of K-ras were identical to that
of NQO1 apart from the use of 48oC annealing temperature.
Expected PCR product size was 106 bp.

2.3. Assessment of in vivo activity of MMC in human
tumor xenograft models and NQO1 enzyme activity

The response of 37 human tumor xenografts following
the intraperitoneal administration of MMC in vivo has been
described in detail elsewhere [13,17] and indicated as such
in Table 1. The response of nine tumors that have not
previously been characterized for MMC sensitivity were
also included in this study. These tumors were BXF 1301,
CNXF 498, LXFL 1072, MAXF 401, RXF 944LX, SXF
1410, XF 575, PAXF 736, and UXF 1138. Chemotherapy
and assessment protocols were identical to those described
previously [13,17]. Briefly, all tumors were implanted sub-
cutaneously into both flanks of outbred, athymic nude mice
of NMRI genetic background, and treatment was started
when the tumors reached a median size of 6 mm in diameter
(Day 0). MMC was administered intravenously at the max-
imum tolerated dose of 2 mg Kg"1 on Days 1 and 15.
Antitumor effects were determined by two dimensional cal-
iper measurements, and measurements were normalized rel-
ative to tumor volume on Day 0. Experiments were termi-
nated when tumors reached a size of approximately 1.5 cm
in diameter. Activity was expressed in terms of percentage
of the optimal T/C (i.e. relative tumor volume of treated
tumors divided by the relative tumor volume of control
tumors # 100 at the time of maximum drug effect). All
animal experiments were performed in accordance with
German Animal License Regulations (Tierschutzgestz),
which are identical to United Kingdom Co-ordinating Com-
mittee on Cancer Research Guidelines for the Welfare of
Animals in Experimental Neoplasia [19]. NQO1 activity in
five additional tumors (HNXF 675, MAXF 401, OVXF
1353, SXF 1186, and UXF 1138) was determined in this
study according to procedures published elsewhere [13].

3. Results

The results of PCR-RFLP analysis of three xenografts
representing the three possible genotypes of NQO1 is pre-
sented in Fig. 1. PCR amplification of NQO1 produced
products of 240 bp (Fig. 1, lanes 2–4) that, on digestion
with Hinf I, generated clear products at 218 bp for wild type;
218, 165, and 53 for heterozygotes; and 165 and 53 for
homozygous mutants (Fig. 1, lanes 5–7). The 22 bp frag-
ment produced following Hinf I digestion of all three PCR

products was not visible because of poor detection on
ethidium bromide-stained agarose gels, but its presence was

Table 1
Relationship between response of tumors to MMC in vivo and NQO1
polymorphic status

Tumor Tumor response
(% T/C)*

NQO1
status

BXF 1258 41.6a wt
BXF 1299 88.6a wt
BXF 1301 24.0 wt
CNXF 498 60.8 wt
CXF 1103 57.8b het
CXF 158 67.5b wt
CXF 280 5.2b wt
CXF HCT116 40.0a wt
GXF 209 6.3b wt
GXF 214 59.4b wt
GXF 251 31.1b wt
GXF 97 2.6b wt
HNXF 536 74.4a wt
LXFA 289 8.3b wt
LXFA 526 76.9b wt
LXFE 211 8.3b wt
LXFE 397 67.8b wt
LXFE 409 3.6b wt
LXFE 839 6.4a wt
LXFL 1072 96.0 wt
LXFL 529 5.2b wt
LXFS 538 1.5b wt
LXFS 650a 57.2b wt
LYXF 1189 63.2a wt
MAXF 1162 70.90b mut
MAXF 401 2.6 het
MAXF 449 8.1b mut
MAXF 857 79.2b wt
MEXF 535 85.3b mut
MEXF 989 21.7b wt
OVXF 1023 7.9b wt
OVXF 1353 100b wt
OVXF 899 29.8b wt
PAXF 546 49.1a wt
PAXF 736 70.2 wt
PRXF 1369 69.2a wt
PRXF DU145 79.6a wt
PRXF PC3MX 100a wt
RXF 1220 86.4b wt
RXF 423 74.2b het
RXF 486 88.0b het
RXF 944LX 42.2 wt
SXF 1410 89.0 wt
TXF 881 31.4a het
UXF 1138 2.8 het
XF 575 42.7 wt

* Superscript text a and b denote data previously published by Phillips et
al. [13] and Fiebig et al. [17], respectively BXF: Bladder, CNXF Central
Nervous System, CXF: Colorectal, GXF: Gastric, HNXF: Head and Neck,
LXFA: Lung (Adenocarcinoma) LXFE: Lung (Epidermoid), LXFL: Lung
(Large cell), LXFS: Lung (SCLC), LYXF: Lymphoma, MAXF: Mam-
mary, MEXF: Melanoma, OVXF: Ovarian, PAXF: Pancreatic, PRXF:
Prostate, RXF: Renal, SXF: Sarcoma, TXF: Testis, UXF: Uterine, XF:
mixed histology. ND: not determined. Wt, het, and mut denote tumors
classified as wild type, heterozygotes, and homozygous mutants with
respect to NQO1 C609T, respectively.
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confirmed by capillary electrophoresis (data not shown). No
PCR products at 240 bp were produced following the am-
plification of murine genomic DNA (Fig. 1, lane 8) dem-
onstrating that the primers used to amplify NQO1 are spe-
cific for human NQO1. Possible errors in genotyping arising
from host cell infiltration into tumor tissue are, therefore,
unlikely. As a positive control to check the integrity of
murine genomic DNA, PCR amplification of K-ras pro-
duced the expected product at 106 bp (Fig. 1, lane 9).
A total of 54 human tumor xenografts have been geno-

typed with respect to NQO1. The incidence of the three
NQO1 variants and their relationship to the response of 46
of these tumors to MMC in vivo is presented in Table 1 and
Fig. 2. The remaining eight tumors (BXF 1352, CXF 883,
CXF DLD1LX, HNXF 675, OVXF 1619, RXF488, SXF
1186, and SXF 627) were genotyped for NQO1, but no data
is available with regards to their sensitivity to MMC in vivo.
The genotype status of these tumors is reported in Table 2.
Of the 54 tumors genotyped, 40 (74.1%) were wild type, 11
(20.3%) were heterozygous, and 3 (5.6%) were homozy-
gous mutant with respect to NQO1. The response of tumors
to MMC in vivo and the relationship between NQO1 geno-
type status and antitumor activity is presented in Fig. 2 and
Table 1. Antitumor data exists for 46 tumors (37 tumors
previously characterized, and 9 tumors where response to
MMC has been determined in this study). Mean tumor
responses ! SD (expressed as % T/C) were 48.4 ! 32.6
(N " 37), 42.7 ! 36.4 (N " 6), And 54.7 ! 41.0 (N " 3)
for wild type, heterozygotes, and mutants, respectively. Dif-
ferences between the three groups did not reach significance

(P # 0.05 as determined by the Mann–Whitney U test).
Considerable heterogeneity in tumor response to MMC ex-
isted within each group, particularly within tumors classi-
fied as wild type (Fig. 2). In this case, tumor response to
MMC ranged from resistance (T/C " 100%) to complete
response (T/C " 1.5%). No correlation exists between
NQO1 genotype and tumor response to MMC (Fig. 2).
In terms of genotype-phenotype relationships, NQO1

activity and genotype status for 54 human tumor xenografts
is presented in Table 2 and Fig. 3. NQO1 activity (expressed
as mean ! SD) in wild-type tumors was generally higher
than in heterozygotes [311.1! 421.9 (N " 40) And 76.9 !
109.5 (N " 11) nmol/min/mg, respectively], although the
difference between the groups was not significant (P # 0.05
as determined by the Mann–Whitney U test). A broad spec-
trum of NQO1 activity was observed in wild-type tumors
ranging from 1843.8 to 1.1 nmol/min/mg. Tumors classified
as mutant with respect to NQO1 were devoid of enzyme
activity (0.2 ! 0.17 nmol/min/mg, N " 3).

4. Discussion

The results of this study clearly demonstrate that geno-
typing of tumors with respect to the NQO1 C609T poly-
morphic variant does not correlate with tumor response to
MMC in vivo. This finding is consistent with our previous
study, which demonstrated a lack of correlation between
NQO1 activity and tumor response to MMC in vivo [13],
and both studies together strongly argue against NQO1
playing a major role in MMC activation. This point is

Fig. 1. PCR-RFLP analysis of NQO1. Lane 1 represents molecular weight
markers (pUCBM21 cut with Hpa II, Dra I, and Hind III, Roche Diag-
nostics Ltd, Lewes, UK). Lanes 2–4 represent undigested PCR products of
genomic DNA derived from CNXF 498, RXF 486, and MAXF 449 tumors,
respectively. Lanes 5 to 7 represent Hinf I digest of PCR products derived
from CNXF 498, RXF 486, and MAXF 449 tumors, respectively. Lane 8
represents mouse genomic DNA (isolated from mouse liver) amplified by
using NQO1 primers, and lane 9 represents mouse genomic DNA amplified
with K-ras primers.

Fig. 2. The relationship between NQO1 genotype and the response of a
panel of human tumor xenografts to MMC.
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strikingly illustrated in the case of MAXF 449, which de-
spite being homozygous for the polymorphism and devoid

of NQO1 activity, is responsive to MMC (T/C ! 8.1%).
Furthermore, tumors that are wild type with respect to
NQO1 and have high NQO1 activity, such as PRXF DU145
and LXFL 1072, are relatively resistant to MMC, with T/C
values of 79.6% and 96.0%, respectively (Tables 1 and 2).
The reasons why MAXF 449 responds to MMC in vivo are
not clear, although other enzymes have been implicated in
MMC activation [12]. Physiological parameters, such as
hypoxia, have a significant influence on MMC activation
with high hypoxia selectivity ratios reported, particularly
for NQO1 deficient tumors [20,21]. In addition the final
outcome of chemotherapy in vivo is likely to be determined
by several parameters involved not only in bioreductive
drug activation, but also by drug delivery to tumors and the
inherent ability of tumor cells to repair DNA damage. Fur-
ther studies are required to determine why tumors such as
MAXF 449 and LXFL 1072 respond quite differently to
MMC, but it is clear from this and previous studies in this
laboratory [13] that accurate predictions of tumor response
to MMC in vivo on the basis of the activity or genotype of
NQO1 are unlikely.
In terms of genotype-phenotype relationships (Table 2),

the results of this study are consistent with previous reports
in that cells or tissues genotyped as wild type tend to have
higher levels of NQO1 activity than do heterozygotes,
whereas mutant cells are devoid of NQO1 activity [15,16].
Lack of NQO1 activity in xenografts genotyped as mutant
(Table 2, Fig. 3) are entirely consistent with studies using
cell lines and human tissues [5,6,15,16]. Previous studies
have reported that a significant difference exists between
wild type and heterozygotes in terms of either NQO1 ac-
tivity [16] or NQO1 protein levels as determined by immu-

Table 2
Relationship between DT-diaphorase activity and NQO1 polymorphic
status

Tumor DT-diaphorase (nmol/min/ms) NQO1 status

BXF 1258 11.9 wt
BXF 1299 362.5 wt
BXF 1301 6.0 wt
BXF 1352 169.2 wt
CNXF 498 9.7 wt
CXF 1103 61.8 het
CXF 158 120.3 wt
CXF 280 238.9 wt
CXF 883 93.3 wt
CXF HCT116 155.0 wt
CXF DLD1LX 55.3 het
GXF 209 660.5 wt
GXF 214 510.6 wt
GXF 251 980.5 wt
GXF 97 582.8 wt
HNXF 536 159.3 wt
HNXF 675 4.90* het
LXFA 289 554.4 wt
LXFA 526 20.5 wt
LXFE 211 64.6 wt
LXFE 397 15.2 wt
LXFE 409 1.1 wt
LXFE 839 564.4 wt
LXFL 1072 800.3 wt
LXFL 529 322.2 wt
LXFS 538 125.4 wt
LXFS 650a 1.9 wt
LYXF 1189 1.7 wt
MAXF 1162 0.4 mut
MAXF 401 71.6* het
MAXF 449 "0.1 mut
MAXF 857 1.4 wt
MEXF 535 "0.1 mut
MEXF 989 229.4 wt
OVXF 1023 4.3 wt
OVXF 1619 352.4* het
OVXF 1353 58.3 wt
OVXF 899 1375.4 wt
PAXF 546 300.9 wt
PAXF 736 415.6 wt
PRXF 1369 16.2 wt
PRXF DU145 1075.1 wt
PRXF PC3MX 144.4 wt
RXF 1220 799.2 wt
RXF 423 23.0 het
RXF 486 6.1 het
RXF 488 120.5 wt
RXF 944LX 1.8 wt
SXF 1410 25.4 wt
SXF 1186 35.0* het
SXF 627 3.6 het
TXF 881 15.9 het
UXF 1138 216.8* het
XF 575 1843.8 wt

DT-diaphorase enzyme activity measurements taken from Phillips et al.
[13] with the exception of those marked * where DT-diaphorase activity
was determined in this study according to previously published method-
ology [13].

Fig. 3. The relationship between NQO1 genotype status and NQO1 activity
in a panel of human tumor xenografts.

1375R.M. Phillips et al. / Biochemical Pharmacology 62 (2001) 1371–1377



noblotting [15]. These results suggest that genotype status
may provide a reliable initial estimate of NQO1 activity,
although some overlap in values between cells genotyped as
wild type and heterozygotes was observed [16]. In this
study, however, the differences in NQO1 activity between
tumors classified as wild type [311.1 ! 421.9 (N " 40)
nmol/min/mg] and heterozygotes and [76.9 ! 109.5 (N "
11) nmol/min/mg] were not significant, with considerable
heterogeneity observed in NQO1 activity within both
groups. Heterogeneity was particularly marked in the wild-
type group (Table 2, Fig. 3), with several tumors having
very low or barely detectable levels of NQO1 activity.
These included RXF 944LX, LXFE 409, MAXF 857,
LYXF 1189, OVXF 1023, and LXFS 650a, all of which
have NQO1 activities of less than 5.0 nmol/min/mg (Table
2). While the results of this study are in general agreement
with previously published data (particularly with regards to
cells genotyped as mutants), characterization of tumors with
respect to wild type or heterogeneous NQO1 does not nec-
essarily provide an indication of NQO1 activity in tumor
tissue. In a clinical setting, genotyping of patients would
certainly be of use for identifying patients who are unlikely
to respond (i.e. those who are devoid of NQO1 activity as a
result of the C609T polymorphism) to quinone-based ther-
apeutics where NQO1 plays a prominent role in drug acti-
vation.
In conclusion, the results of this study demonstrate that

genotyping of tumors with respect to the NQO1 C609T
polymorphism is unlikely to be of benefit in terms of pre-
dicting tumor response to MMC. These results do not sup-
port the clinical findings of Fleming et al. [10] and Yano et
al. [11], where the NQO1 polymorphic variant was associ-
ated with poor response to MMC at both the cellular level
and in terms of survival times. It should, however, be
stressed that the in vivo endpoint used in this study repre-
sents maximal tumor response and may not be directly
comparable with the final outcome of chemotherapy in
terms of patient survival times. Further studies are required
to validate the findings of Yano et al. [11]. Nevertheless, the
results of this study in conjunction with the controversy in
the literature surrounding NQO1 and its role in determining
cell and tumor response to MMC [8,12,13,22–25] suggest
that tailoring MMC therapy to patients on the basis of
NQO1 genotype status is unlikely to be clinically useful. In
the case of novel compounds entering clinical evaluation
[e.g. RH1 (2;5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1;
4-benzoquinone) and 17-allylamino 17-demthoxygldano-
mycin] [26,27], where there is evidence for NQO1 involve-
ment in their mechanism of action, genotyping of tumors
may prove valuable in terms of identifying patients who are
unlikely to benefit from such therapy. For novel compounds
in preclinical development, it is essential to demonstrate
that NQO1 plays a central role in determining tumor re-
sponse in vivo if genotyping or enzyme profiling is to be of
any value. In this respect, the use of xenografts that have
been characterized in terms of both NQO1 activity and

genotype status should provide a useful experimental tool
for establishing proof of principle in vivo for NQO1 acti-
vated prodrugs.
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Abstract. NQO1 is a cytosolic flavoprotein that plays a dual
role in the detoxification of potentially carcinogenic compounds
and the bioreductive activation of quinone based anticancer
drugs. Two polymorphic variants of NQOI exist (NQO1-2
and NQO1-3) which cause significant phenotypic reductions
in NQO1 protein content and activity. Current methods for
detecting NQO1 polymorphisms commonly use PCR-RFLP
techniques and have exclusively used DNA isolated from fiesh
tissues. This study describes a method that is suitable for
analysing NQO1 polymorphisms in genomic DNA isolated
from formalin-fixed paraffin-embedded tissue. The method
utilises two rounds of PCR amplification using a nested primer
strategy that generates specific PCR products followed by
RFLP analysis using either Hinfl (for NQO1-2) or Mspl (for
NQOl-3). Whilst existing methods proved unsatisfactory
(low product yield and poor specificity), the nested primer
strategy produced good quality PCR products suitable for
RFLP analysis and genotyping of NQOI.2 and NQO1.3 in
archival tissue samples. The ability to utilise the vast archives
of human tissue held by pathology laboratories would be of
considerable benefit as retrospective sflrdies comparing NQOI
genotype status, patient history and ffeatment outcomes could
be conducted.

Introduction

NAD(P)H:Quinone oxidoreductase 1 (NQOI, EC 1.6.99.2) is
a cytosolic flavoprotein which catalyses the two electron
reduction of a variety of subsffates particularly quinone based
compounds (1,2). Its physiological function is believed to be
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the detoxification of quinone based xenobiotics which is
achieved by virtue of its ability to reduce quinones directly to
the hydroquinone (thereby circumventing oxidative damage
caused by redox cycling of semi-quinones) which can then be
conjugated and excreted (3). Paradoxically, the reduction of
certain quinones by NQO1 can result in the generation of potent
cell cytotoxins and there is considerable interest in NQOI as
a target for bioreductive anticancer drug development. The
importance of NQOI in the detoxification of many carcino-
gens and its role in activating quinone based drugs has been
extensively reviewed elsewhere (4-6). Three alleles of human
NQO1 have been described; wild-type (NQO1.1), 609C-T
(NQO1.2) and 465C-T (NQOI.3) variants (7-10). Borh single
nucleotide polymorphic variants (SNP) have a significant effect
on NQOI protein content and enzyme activity. The NQO1-3
causes altemative RNA splicing (10) leading to a significant
reduction in NQO1 protein content (95Vo) whereas cells that
are homozygous for NQOl-2 (i.e. NQOl.2f2) are devoid of
enzyme activity (8,9,11). In this case the mutant protein is
rapidly degraded by the ubiquitin-proteasome pathway (12).

In view of NQOI's dual role in the detoxification and
activation of quinone based compounds, the presence of
SNP variants which lead to significant phenotypic changes
in enzyme activity has been the subject of considerable
interest to molecular epidemiologists and cancer therapists.
The NQO1-2 variant in particular has been extensively studied
and the presence of the NQOl.2l-2 getotype has been
associated with an increased risk of several cancers (13-16).
Recent clinical studies have also demonsffated that individuals
who carry the NQOI-2f2 and NQOl-2f I genotypes may also
exhibit resistance to quinone based cancer chemotherapies
such as mitomycin C (ll). The methodologies used to genotype
NQOI have predominantly focused on PCR-RFLP or real-
time PCR techniques (9,18,19) and have almost exclusively
used genomic DNA isolated from freshly collected blood,
saliva or tissue samples. To our knowledge, no studies have
been conducted using genomic DNA isolated from formalin-
fixed paraffin-embedded human tissue. The potential benefit
of analysing DNA isolated from archival material is that
medical histories going back several years are available thereby



1 006

-) ->
FI F:Z

B. NQOI 13 (465DQ polymorphism.

Intron 3 Exon 4.-t"-

+
FI

->
F2

facilitating the retrospective analysis of the prevalence of
the NQO1-2 and NQO1-3 variants with both epidemiological
factors and treatment outcomes. The purpose of this study
is 2-fold. Firstly, to report that whilst current PCR-RFLP
techniques for analysis of both NQO1-2 and NQO1-3 poly-
morphic variants work on genomic DNA isolated from freshly
collected tissue or cells, they are unsatisfactory for the analysis
of DNA isolated from archived tissue samples. Secondly, to
describe modifications to these methods using a nested primer
PCR-RFLP strategy which is suitable for the analysis of
NQO1-2 and NQO1-3 variants in archival DNA.

Materials and methods

Tissue acquisition and DNA extraction. Following approval
by the Local Research and Ethics Committee, formalin-fixed
paraffin-embedded specimens of human bladder transitional
cell carcinomas (superficial pTa or pTl tumours) were
obtained from the Pathology Department of Bradford Royal
Infirmary. Patient details were anonymised to ensure patient
confidentiality. With respect to the NQOI-2 variant, the per-
formance of the new PCR-RFLP method was validated using
three human tumour xenografts which had previously been
characterised for the NQO1-2 variant (20). These tumours
inciuded BXF 1301, RXF 498 and MAXF 449 which have

A.
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NQOI *2 (609GT) polymorphism.
Inton 5 Exon6*----**1--

+-
R2

609C>T

Primer* Oligonucleotide
bindins nositions

Sequence

609F1 -147 to -126** 5' GAG ACG CTA GCT CTG AAC TGA T 3'
609F2 -123 to -103** 5' TCT AGT GTG CCT GAG GCC TCC 3'
609Rr 756 to 736r* 5' CTG CCT GGA AGT TTA GGT CA 3'
609R2 662to 640** 5' ATT TGA ATT CGG GCG TCT GCT G 3'
465Fr _239 to 121*** s'GCT TTA CTC GGA CCC ACT C 3'
465F2 188 to _167*+r 5' TCA AGT TGG CTG ACC AAG GAC A 3'
465R1 +76 to +96**:r' 5' GAA GCT CCA TCT CAA ACA AAC 3'
465R2 +42to +6lt** 5' CCT GCA TCA GTA CAG ACC AC 3'

Figrue l. Schematic representation of primer binding sites and primer sequences used to amplify human NQOI genomic DNA. -F and R denote forward and
reverse primers respectively. 609 and 465 refer to the 609C-T and 465C-T SNP respectively. --Negative numbers refer to the nucleotide number upstream fiom
the inhon 5/exon 6 boundary of the genomic NQO1 sequence reported by Jaiswal (21). Positive numbers refer to the position of primers on the cDNA sequence
reported by Jaiswal et al (25). --.Negative numbers refer to the nucleotide number upstream ftom the intron 3/exon 4 boundary on the genomic NeOl sequence
reported by Jaiswal (21). Positive numbers refer to the nucleotide number downstream from the exon 4/ intron 4 boundary on the genomic NeOl sequence
reported by Jaiswal (21).

Intron 4t----"

NQOI-1, NQO1-2f 1 and NQO1-2/-2 genotypes respectively.
Genomic DNA was extracted from freshly collected human
tumour xenografts and from paraffin-embedded human
bladder cancer tissue using the PuregenerM DNA purification
system (Gentra Systems, Minneapolis, USA) according to
manufacturer's instructions.

Primers. A11 oligonucleotide primers were synthesised by
Cruachem (Glasgow, UK) and their design was based upon
the genomic human NQOI sequence published by Jaiswal
(21). The sequence of primers used and their respective binding
sites on genomic DNA is presented in Fig. l. Primers 609F1
and 609R2 are identical to those used by Eickelmann et al
(18) for analysis of NQO1-2 variants and were originally
designed by Horikoshi et al (22). Primers 465F1 and 465R1
are identical to those described by Hl et al (9) for the analysis
of the NQO1-3 polymorphic variant.

Polymerase chain reaction
Analysis of NQOI.2: method 1. This method is derived from
that originally published by Eickelmann et al (18) and has
been successfully used in our laboratory to genotype NQO1
in a panel of human tumour xenografts (20). Briefly, all pCR
was conducted using a PCR core kit (Roche Diagnostics Ltd.,
Lewes, UK) and each reaction contained l0 pl of 10X buffer
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(without magnesium), 5 pl magnesium chloride (25 mM), 2 pl
dNTP's (10 mM), primers 609F1 and 609R2 (final con-
centration in each reaction of 0.5 pM), I pl Taq polymerase
(5 U/p1-1) and 1 pl genomic DNA (approximarely 0.1 pg/m1-1)
in a final reaction volume of 100 pl (using molecular biology
grade water). Thermal cycling conditions following an initial
denaturation step of 94'C for 4 min were 94'C (1 min), 65'C
(1 min) and 72"C (1 min). Following 35 cycles of PCR,
samples were maintained at72"C for 5 min. Expected size of
the PCR product was 240 bp.

Analysis of NQOl.2: method 2. In this method, a 334 bp
product is generated in the first round of PCR (using primers
609F1 and 609R1) which is then used as a template in the
second round of PCR (using primers 609F2 and 609R2) to
generate a product of 215 bp. In the first round of PCR,
each reaction consisted of 10 pl of 10X buffer (containing
magnesium chloride at 15 mM), 2 pl dNTP (10 mM), 0.5 pl
Taq polymerase (5 U/pl-t), 2 pl genomic DNA (approximately
0.1 pglml'l), primers Fl and Rl (at a final concentration of
0.5 pM) in a final reaction volume of 100 pl (made up using
molecular biology grade water). Thermal cycling conditions
following an initial denaturation period of 94'C for I min were
94"C (l min), 60'C (30 sec) and72"C (45 sec). After 35 cycles,
samples were incubated at 72"C for a further 5 min. In the
second round of PCR, each reaction consisted of 10 pl of
10X buffer (without magnesium chloride), 8 pl magnesium
chloride (25 mM), 2 pl dNTP (10 mM), 0.5 pl Taq (5 U/ptl),
primers F2 and R2 (at a final concenfiation of 0.5 pM), I pl
of diluted (1:10) PCR products from the first amplification
step made up to a final reaction volume of 100 pl (made up
using molecular biology grade water). Thermal cycling
conditions following an initial denaturation period of 94'C
for 1 min were 94'C (30 sec), 65"C (30 sec) and 72'C (30 sec).
Following 30 cycles, samples were incubated at 72"C for a
further 5 min.

Analysis of NQOI-3. This method was based on the original
paper by Hu et al (9) where a 450 bp fragment spanning
intron 3 to intron 4 is generated. Each PCR reaction consisted
of 10 pl of lOX buffer, 8 pl magnesium chloride (25 ntNl),2 1tl
dNTP (10 mM), 0.5 pl Taq polymerase (5 U/trrl-1), 2 pl genomic
DNA (approximately 0.1 pg/m1-1), primers 465F1 and 465R1
(at a final concentration of 0.5 pM) in a final reaction volume
of 100 pl (made up using molecular biology grade water).
Thermal cycling conditions following an initial denaturation
period of 94'C for 1 min were 94'C (1 min), 55'C (1 min) and
72"C (2 min). Following 30 cycles, samples were incubated
at72"C for a further 5 min. PCR products from this reaction
were then used as a template for the second round of PCR
using nested primers. In this case, each reaction contained l0 pl
of 10X buffer, 5 pl magnesium chloride (25 mM), 2 pl dNTP
(10 mM), 0.5 pl Taq polymerase (5 U/ptr), I pl PCR product
from first round of PCR (l:10 dilution), primers 465F2 and
465R2 (at a final concentration of 0.5 pM) in a final reaction
volume of 100 pl (made up using molecular biology grade
water). Thermal cycling conditions following an initial
denaturation period of 94"C for 1 min were 94'C (30 sec),
62"C (30 sec) and 72'C (45 sec). Following 35 cycles,
samples were incubated at72"C for a further 5 min.
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Table I. RFLP product size in relation to NQO1-1, NeOl-2
and NQOI-3 genotypes.

Genotype RFLP products
for 465C+T
variant (bp)

RFLP products Genotype
for 609C-T
variant (bp)

NQOI.l
NQOl.2rl
NQOl.2r2

215
215,159 and56

159 and 56

NQOr.1
NQOl.3/-1
NQOl.3l3

299 ard64
363,299 ar,d64

363

RFLP analysis and gel electrophoresis conditions. The basis
for genotyping originates from the fact that the 609C+T
polymorphism introduces anew Hinfl, restriction enzyme site
(18) whereas the 465C+T polymorphism eliminates a Mspl
restriction enzyme site (9). The position of the restriction
enzyfirc sites is presented in Fig. I and the expected size of
restriction fragments generated is presented in Table I. All
samples from PCR using nested primers were digested either
with Hinfl (Gibco-BRL, Paisley, UK) for NQOI-2 analysis or
Mqpl (Roche Diagnostics, Lewes, UK) for NQOl-3 analysis.
Each reaction contained 25 pl of PCR product, 5 pl of 10X
restriction enzyme buffer, 2 Ss.l Hinfl (10 U/pll) or 2 pl Mspl
(10 U/ptt) and l8 pl molecular biology grade water. Following
incubation at3"7'C for 3 h, 5 pl of gel loading bfffer (30Vo
glycerol in water, O.25Vo bromophenol blue) was added
and 50 pl of sample loaded onto agarose gels. For analysis
of the NQO1.2, a 3Vo TBE agarose gel [3 parts MetaSieve
agarose (Flowgen, Leicester, UK) to I part Ultrapure agarose
(Invitrogen)l was employed. For analysis of NQOl.3,
products were separated on a2Vo agarose [Ultra-pure agarose
(Invitrogen, Paisley, UK)l gel. In both cases, products were
separated at 100 V for 3 h and visualised by ethidium
bromide staining undqr UV transillumination. Product size
was determined using either a 25 bp DNA ladder (Invitrogen)
or DNA molecular marker VIII (Roche Diagnostics, Lewes,
UK) and permanent records made using Fluor-Sru
Multilmager and analysed using Multi-Analyst/PC Software
(Bio-Rad, Hemel Hempsted, UK).

Results

NQO1.2 analysis: PCR amplification using method 1. PCR
products resulting from the amplification of genomic DNA
extracted from human tumour xenografu and 12 human bladder
tumour specimens is presented in Fig. 2. PCR products
Qa} bp) were generated for all three xenograft specimens
(Fig. 2A, lanes 1-3). For human bladder tumour specimens,
PCR amplification resulted in low intensity bands at 240 bp
in some cases. For the majority of samples however, no
products of the desired size were produced and these were
accompanied by the presence of several low molecular weight
products (<200 bp) and smearing (Fig. 24, lanes 4-15).

NQO[.2 analysis: PCR-RFLP analysis using method 2.The
assay was validated using genomic DNA isolated from tlree
human tumour xenografts which had previously been geno-
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Figure 2. PCR amplification of NQO1 from xenograft and human bladder
tumour genomic DNA using method I (A). Lanes 1-3 denote PCR products
from BXF 1301, RXF 486 and MAXF 449 human tumour xenografts. Lanes
4-15 represent PCR products generated from genomic DNA isolated from
12 formalin-fixed human bladder tumour specimens. M denotes molecular
weight markers (25 bp ladder from Invitrogen, UK).Validation of method 2
using genomic DNA isolated from human tumour xenografts (B). Lanes 1-3
represent uncut PCR products generated from the second round of ampli-
fication (lanes 1-3 denote DNA isolated fiom BXF 1301, RXF 486 and MA)G
449 respectively). Lanes 4, 5 and 6 represent Hinfl cut PCR products (from
the second round of amplification) for BXF 1301, RXF 486 and MAXF 449
respectively. M denotes molecular weight markers (DNA molecular weight
marker VIII, Roche Diagnostics, Germany). PCR amplification of genomic
DNA isolated fiom formalin-fixed human bladder hrmours (C). Lanes l-3
represent uncut PCR products from the second round of PCR and lanes 4, 5
and 6 represent NQOl-l, NQO1.1/-2 and NQO1.2/2 genotypes respectively.
M denotes molecular weight markers (DNA molecular weight marker VIII,
Roche Diagnostics, Germany).

typed for the NQO1 609C-T polymorphism (20). The results
are presented in Fig. 28. Clean PCR products of the expected
size (215 bp) were obtained for all three samples analysed
(Fig. 28, lanes 1-3) with no detectable non-specific products
or primer dimmers observed. Hinfl digestion of the products
resulted in the predicted pattem with products of 215 bp for
BXF 1029 (Fig. 28, lane 4), 215, 16l and 56 bp for RXF 489
(Fig. 28, lane 5) and 161 and 56 bp for MAXF 449 (Fig.2B,
lane 6). The banding patterns presented in lanes 4-6 are
consistent with the predicted RFLP pattem for the 3 possible
genotypes of the NQOI C609T polymorphism (Fig. 1 and
Table I). Fig. 2C presents the results of PCR-RFLP analysis
of genomic DNA isolated from 3 formalin-fixed paraffin-
embedded human bladder tumour specimens. After the second
round of PCR amplification, clear and intense bands at 217 bp
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were produced for all samples analysed (Fig. 2C, lanes l-3).
RFLP analysis of these products is presented in Fig. 2C, lanes
4-6. Lanes 4,5 and 6 represent RFLP pattems consistent with
the expected products for NQOl-l, NQO1.1I2 and NQOI-2/2
genotypes respectively.

NQO|-3 analysis: PCR-RFLP studies using single andnested
primer strategies. Results of PCR amplification of genomic
DNA isolated from 6 formalin-fixed paraffin-embedded human
bladder tumour specimens is presented in Fig. 3. Using the
method originally described by Hu et al (9), no PCR products
were visible at the expected size of 450 bp when genomic
DNA isolated ftom archival tissue specimens was used as a
template (Fig. 3, lanes 1-6). Using the products of this reaction
as a template for a second round of PCR using nested primers,
clear bands of the expected size (363 bp) for all 6 specimens
evaluated were obtained (Fig. 3, lanes 7-12). Digestion of
these products with Mqpl resulted in fragments with a size of
approximately 299 arld 64 bp in all 6 cases (Fig. 3, lanes 13-18)
which is consistent with the expected RFLP pattern for the
wild-type genotype.

Discussion

It is widely acknowledged that archival human tumour tissue
is an extremely valuable resource for biomedical research
enabling molecular or biochemical features of tumours to
be retrospectively compared with full patient and medical
histories. The results of this study clearly demonstrate that the
PCR-RFLP methodologies initially developed by Eickelmann
et al (18) and Hu et al (9) are not suitable for analysing the
NQO1.2 and NQOI.3 polymorphic varianrs from DNA
isolated from archived formalin-fixed tissue (Figs. 2.A and 3).
Whilst clean PCR products of the expected size (for NQO1-2
studies) are generated from genomic DNA isolated from ftesfu
non-formalin-fixed human tumour xenograft tissue (Fig. 24,
lanes 1-3), poor quality PCR products are generated using
DNA from archival tissues (Fig. 24, lanes 4-15). The reasons
for the different results obtained with fresh and archival tissues
are not fully understood although the quality of genomic DNA
isolated from archival tissue specimens is poor compared to
fresh tissue (23,24). Attempts to optimise both DNA extraction
techniques (23,24) and PCR steps (i.e. annealing temperature,
template concentration, magnesium concentration and primer
concentrations) did not result in any significant improvement
in the quality of PCR products generated (data not shown).

With regards to genotyping for the NQ01-2 variant, a
modification to the PCR-RFLP method using two rounds of
PCR amplification and a nested primer sfategy was validated
using three human tumour xenografts which had previously
been genotyped (20). The first round of PCR generated a
product of 334 bp (data not shown) that then served as a
template for the second round of PCR. Both rounds of PCR
amplification generated products of the predicted size with
no evidence of non-specific bands or primer dimer formation
(Fig. 28 and C). Hinfl digestion of the products from the
second round of PCR resulted in the expected RFLP pattern
with BXF 1301, RXF 486 and MAXF 449 genotyped as
NQOI-1, NQOl.2f 1 and NQOI.2/.2 respectively. Ampli-
fication of genomic DNA isolated from 19 formalin-fixed
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Figure 3. PCR amplification and NQO1.3 RFLP analysis of genomic DNA isolated from 6 formalin-fixed human bladder tumour specimens. M denotes
molecular weight markers (DNA molecular weight marker VItr, Roche Diagnostics, Germany). Lanes 1-6 represent PCR products generated using the previously
established method of Hu et al (9). Larres 7-12 represent PCR products produced following a second round of PCR using nested primers. Lanes 13- 18 represent
RFLP pattem produced following digestion with Msp1.

paraffin-embedded human bladder tumour specimens resulted
in low intensity 334 bp products as detected by ethidium
bromide stained gels after the first round of PCR (data not
shown). RFLP analysis of these products was therefore not
feasible and attempts to improve product yield by increasing
template concentration was not successful. Following the
second round of PCR however,2lT bp products were clearly
visible (Fig. 2C) which upon digestion with HinfT generated
products consistent with the expected banding pattem for all
NQO1-1 and NQO1-2. Application of a nested primer strategy
to the analysis of the NQO1-3 genotype resulted in the
production of clean PCR products at the expected size of
363 bp which upon digestion with Mspl produced products
of 299 and 64 bp (Fig. 3). The size of these products was
consistent with the expected RFLP pattem for the NQOI-I
(wild-type) genotype (Table I).

In conclusion, this study has demonsffated that the widely
used PCR-RFLP assay for detecting NQO1-2 and NQO1-3
polymorphic variants was not suitable for analysing genomic
DNA isolated from formalin-fixed paraffin-embedded human
tissue. Modifications of both methods to employ a nested
primer strategy resulted in amplification products that were
of sufficient quality to enable RFLP analysis of the NQO1
genotype. Both methods should facilitate retrospective studies
of NQOl genotype status with patient medical histories
thereby enabling rapid and critical evaluation of the NQOl.2
and NQO1-3 polymorphisms and their role in both treatment
outcome and possible consequences of loss of a detoxification
enzyme.
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NAD(P)H:Quinone oxidoreductase-l C609T polymorphism
analysis in human superficial bladder cancers: Relationship

of genotype status to NQO1 phenotype and
clinical response to Mitomycin C

sAuRAJyotI gAsul'3, JOHN E. gRowN2, G. MICHAEL FLANNIGaN3, lasoN tt. GILLI,
pAULM.LoADMAN1, srNomw.MARTINI, gRtANNayLoRa, RAJIVpuru3, ANDREwl.scatLy5,

JILL M. SEARGENTI, teRIq SHAU3 and ROGER U. pHtLLIpSl

lCunce. Research Unit, Tom Connors Cancer Research Centre; 2Department of Pharmacy, Kingston University,
Penrhyn Road, Kingston KT I 2EE,; 3Department of Urology, St Lukes Hospital, Little Horton Lane,

Bradford BD5 0MA; 4Department of Pathology, Bradford Royal Infirmary, Duckworth Lane,
Bradford BD9 6RJ; 5school of Health Studies, University of Bradford, Bradford BD5 0BB, UK

Abstract. NAD(P)H:Quinone oxidoreductase-1 (NQOI)
has been implicated in the bioreductive activation of the
clinically active anticancer drug Mitomycin C and a poly-
morphic variant of NQOI which lacks functional enzyme
activity (NQOI-2) has been linked with poor survival in
patients treated with MMC. The relationship between NQO1
activity and cellular response to MMC is however contro-
versial and the aim of this study was to determine whether
the response of bladder cancer patients to MMC can be
forecast on the basis of NQOl-2 genotype status. Genomic
DNA was extracted from formalin-fixed, paraffin-embedded
tissue from 148 patients with low to intermediate grade
(GllG2) superficial (TalTl) bladder cancers and NQOl-2
genotype status determined by PCR-RFLP. NQO1-2 geno-
type status was retrospectively compared with clinical response
to intravesical administered MMC with the primary end-
point being time to first recurrence). NQOl phenotype was
determined by immunohistochemistry. Of the 148 patients
genotyped, 85 (51 .4Eo) were NQOl-l (wild-type), 59 (39.8Vo)
were NQO1-1f2 (heterozygotes) and 4 (2.7Ea) were NQO1-2/
-2. No NQO1 protein expression was detected in NQO1-2/-2
tumours. A broad spectrum of NQOl protein expression
existed in tumours genotyped as NQO1-1 and NQOI-1/-2
although tumours with NQOl-1 typically expressed higher
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NQOI protein. A poor correlation existed between NQOl-2
genotype status and clinical response to MMC. The results of
this retrospective study suggest that tailoring MMC therapy
to individual patients with superficial bladder cancer on the
basis of NQOl genotype status is unlikely to be of clinical
benefit.

Introduction

NAD(P)H:Quinone oxidoreductase 1 (NQO1, EC 1.6.99.2) is
a cytosolic flavoprotein which catalyses the two electron
reduction of a variety of substrates particularly quinone-based
compounds (1). The reduction of quinones by NQO1 can result
in the generation of potent cell cytotoxins and NQOl has been
implicated in the bioreductive activation of several compounds
(2,3) including the clinically active agent Mitomycin C
(MMC). The gene encoding for NQO1 is polymorphic and a
C609T single nucleotide polymorphism (NQO1.2) has
generated considerable interest as cells and tissues which are
homozygous with respect to NQOl-2 (NQO1-2/-2) are devoid
of NQOI protein and enzyme activity (4-6). Furthermore,
heterozygotes (NQOI-1/-2) generally have lower levels of
NQO1 protein and enzyme activity than wild-types (NQOI-I)
(6,7). The frequency of this mutant allele shows marked
ethnic variability with incidence ranging from between 18.8
and 22.47o of the population in Asians to 57o in Caucasians
(8-10). In view of the high incidence of the NQO1.2 variant
in conjunction with associated phenotypic changes in NQOl
activity, it is clear that the NQOI-2 polymorphism could
have a significant and detrimental impact on the activity of
NQOl activated quinone-based anticancer drugs (3).

The potential clinical significance of the NQOl-2 poly-
morphism was recently demonstrated (11) in a series of
117 patients with disseminated peritoneal cancer (of various
origins) that were treated with intraperitoneal hyperthermia
and MMC. In a subset of patients that had complete tumour



resection or tumours of colonic origin, significant differences
in survival between patients genotyped as NQOl-1 and
NQOl-1/-2 grouped together with NQOl-2/.2 was obtained.
These findings are potentially significant in that they
demonstrate for the first time that genetic screening for the
NQOl-2 polymorphism may be useful in identifying subsets
of patients who are at greater risk of treatment failure following
intraperitoneal MMC therapy (11). It should be stressed
however that MMC has a complex mechanism of action (2)
and the ability to predict response to MMC (both ln vitro and
in vivo) based on NQO1 er,zyme activity or gene expression
is controversial (12-16). Furthermore, a broad spectrum of
NQOl activity exists in xenografts genotyped as NQOl-1
and NQO1-1/-2 (7) suggesting that factors other than genotype
status can significantly influence NQOl phenotype in some
tumours. In addition, a poor correlation between NQOl
genotype status and response to MMC has been reported in
human tumour xenografts and patients with anal carcinoma
(7,17). These issues directly conflict with the findings reported
by Fleming et al (11) and further clinical studies to critically
address this question are required. MMC is routinely used as
a single agent to treat superficial bladder cancers following
surgical resection (18). The principal objective of this study
was to determine the relationship between NQOI genotype
status (and its relationship with NQOl phenotype in individual
patients) and the response of low/intermediate grade (Gllcz),
superficial (TalTl) transitional cell carcinomas of the bladder
to MMC therapy.

Materials and methods

Tissue acquisition and DNA extractlon. Following approval
by the local research and ethics committee, formalin-fixed
paraffin-embedded specimens of human bladder transitional
cell carcinomas flow/intermediate grade (Gl or G2) superficial
(pTa or pT1) tumoursl were obtained from the pathology
department of Bradford Royal Infirmary. Ethnic background
was predominantly Caucasian (145 patients) with 2 patients
of Asian and 1 of Afro-Caribbean origin. Patient details were
anonymised to ensure patient confidentiality. All patients
(n=148) were chemo- and immunotherapy naive at the time
of tissue surgical resection (operations performed between
1994 and 1998) and all patients subsequently received either
a single intravesical dose of MMC (40 mg/40 ml, n=67) or a
course of MMC (40 mg/40 ml given weekly for 6 weeks,
n=81). Clinical end-point used to measure response to MMC
was disease-free interval defined as the time to first
recuffence or the end of the follow-up period in the case of
patients who had no recurent disease. Genomic DNA was
extracted from paraffin-embedded human bladder cancer
tissue using the PuregenerM DNA purification system (Gentra
systems, Minneapolis, MN, USA) according to manufacturer's
instructions.

Primers. AIl oligonucleotide primers were synthesised by
Cruachem (Glasgow, UK) and their design was based upon the
genomic human NQO1 sequence. The sequence of primers
used was as follows: 609F1 (-147 to -126):5' GAG ACG CTA
GCT CTG AAC TGA T 3';609F2 (-123 to -103): 5' TCT AGT
GTG CCT GAG GCC TCC 3'; 609R1 (756 to 736): 5' CTG
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CCT GGA AGT TTA GGT CA 3'; 609R2 (662Io 640): 5'
ATT TGA ATT CGG GCG TCT GCT G 3'. The numbers in
parenthesis represent the primer binding sites with negative
numbers referring to the nucleotide number upstream from
the intron 5/exon 6 boundary of the genomic NQO1 sequence
(19) and positive numbers refering to the position of primers
on the cDNA sequence reported by Jaiswal et al (20).

Polymerase chain reaction and RFLP analysls. NQOI
genomic DNA was amplified (using PCR core kit from Roche,
Diagnostics, Lewes, UK) using a modified version of the
original method published by Eickelmann et al (21). The
original method was unsuitable for analysis of DNA isolated
from paraffin-embedded tissue (data not shown) and the
modified method employs a nested primer strategy, details
of which have been published elsewhere (22) and are
summarised below. Initially a 334 bp product is generated
in the first round of PCR (using primers 609F1 and 609R1)
that is then used as a template in the second round of PCR
(using primers 609F2 and 609R2) to generate a product of
215 bp. In the first round of PCR, each reaction consisted
of 10 pl of 10X buffer (containing magnesium chloride at
15 mM),2 pl dNTP (10 mM),0.5 pl Taq polymerase (5 U/pl),
2 pl genomic DNA (approx 0.1 pglml), primers 609F1 and
609R1 (at a final concentration of 0.5 pM) made up to a final
reaction volume of 100 pl using molecular biology grade water.
Thermal cycling conditions following an initial denaturation
period of 94"C for 1 min were 94'C (l min), 60"C (30 sec) and
12'C (45 sec). Following 35 cycles, samples were incubated
at72"C for a further 5 min. In the second round of pCR, each
reaction consisted of l0 pl of 10X buffer (without magnesium
chloride), 8 pl magnesium chloride (25 mM), 2 pl dNTp
(10 mM), 0.5 pl Taq (5 Uipl), primers 609F2 and 609R2 (at
a final concentration of 0.5 pM), 1 pl of diluted (l:10) pCR
products from the first amplification step made up to a final
reaction volume of 100 pl using molecular biology grade water.
Thermal cycling conditions following an initial denaturation
period of 94"C for 1 min were 94"C (30 sec), 65"C (30 sec)
and 72'C (30 sec). Following 30 cycles, samples were
incubated at72'C for a further 5 min. All samples from pCR
using nested primers were digested with Hinfl (Invitrogen
Life Technologies, Paisley, UK). Each reaction contained
25 pl of PCR product, 5 pl of 10X restriction enzyme buffer,
2 ,pl HinJI (10 U/pl) and 18 pl molecular biology grade water.
Following incubation at3l'C for 3 h, 5 pl of gel loading buffer
(307o glycerol in water, 0.25Vo bromophenol blue) was added
and 50 pl of sample loaded onto a 3Ea agarose gel [3 parts
MetaSieve aga.rose (Flowgen, Ashby de laZouch,UK) to 1 part
Ultrapure agarose (Invitrogen Life Technologies)1. Restriction
fragments were separated at 100 V for 3 h and visualised
by ethidium bromide staining under UV transillumination.
Expected restriction fragments for NQOl-l, NQO1-2/-1 and
NQO1.2/-2 were 215 bp,215+159+56 bp and 159+56 bp
respectively. Product size was determined using DNA
molecular marker VIII (Roche Diagnostics) and permanent
records made using Fluor-SrM Multilmager and analysed using
Multi-Analyst/PC Software (BioRad, Hemel Hempsted, UK).

NQO 1 p henoepe analy s is. Formalin-fixed paraffin-embedded
tissue sections were deparaffinised in xylene and rehydrated
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Table I. Relationship between tumour stage and grade to the clinical response of superficial bladder cancer to MMC

Stage and grade <6 1 -12
Disease-free interval

13-24
(months)

25-36 31-48 >49

Gl/pTa (n=52)
G2lpTa (n=63)

Gl/pT1 (n=4)

G2/pT1 (n=29)
Total (n=148)

8 (1s.7)
8 (r2.7)
0

8 (27.6)

24 (16.r)

4 (1.8)

t5 (23.8)

1 (2s.0)

3 (10.3)

2t (14.1)

18 (3s.3)
1l (17.s)

I (2s.0)

6 (20.7)

35 (24.5)

8 (1s.7)
10 (1s.e)

0

| (3.4)

1e (13.3)

6 (11.8)

7 (11.1)

0

5 (r7.2)
18 (12.6)

8 (13.7)

12 (t9.0)
2 (s0.0)

6 (20.7)

28 (18.e)

through graded ethanol washes to phosphate-buffered saline
(PBS). Endogenous peroxidase activity was quenched via
incubation in 37o hydrogen peroxide for 20 min at room
temperature. Detection of NQOl was performed according to
previously published protocols (6) using a mouse anti-human
NQOI monoclonal antibody (igc1) kindly supplied by D.
Siegel and D. Ross (University of Colorado). This antibody
has been extensively characterised and is specific for NQOl
and immunoblot band intensities correlate with NQOI
er,zyme activity in cell lines (6). Following a blocking step
for non-specific staining (using normal horse serum),
sections were incubated for t h at room temperature with the
anti-NQol antibody diluted 1:1 in TBST-M (10 mM Tris-
HCl, 150 mM NaCl and 0.2Vo Tween-20, 57o non-fat milk
powder). Immuno-detection was performed using a
biotinylated anti-mouse IgG (Vector Labs, USA) followed by
signal amplification using a horseradish peroxidase labeled
avidin-biotin complex (ABC Vectastain, Vector Labs, USA).
Immunocomplex visualisation was performed using
diaminobenzidine (DAB) for 5 min at room temperature.
Slides were counterstained with Harris haematoxylin.
Negative controls were performed by omitting either the
primary antibody or substituting it with mouse IgGl negative
control immunoglobulin (Dako Ltd., EIy, UK). Positive
immunostaining in tumour cells was scored semi-
quantitatively by three independent observers. Each observer
scored six randomly chosen fields of views (x20 magnification)
and three sections per block were scored. A scoring system
was devised consisting of 3 grades of staining intensity: 0 (no
staining), 1 (weak to moderate staining) and 2 (strong staining).
An average score was calculated for each of the tissue sections
from the results of the three independent observers.

Data analysis and statistics. Kaplan-Meier plots of percentile
disease-free patients against time following MMC treatment
was constructed based on NQOl genotype status as determined
above. For this analysis, NQOl-1/-2 and NQOl-2/-2 patients
were pooled together for direct comparison with the data
analysis presented by Fleming et al (11) and because of the
low number of NQOl-2/-2 patients identified in this study. A
log-rank test was performed comparing time to first recurrence
ofthe groups depicted on this plot. Finally, a Cox proportional
hazards regression model was fitted using the factors: single
dose or course, tumour stage and grade, NQOl*1 against
NQOl-1/-2 and NQOl-1 against NQOl-2/-2. Hazard ratios
generated by this analysis are analogous to the risk ratio. For

Figure 1. PCR-RFLP analysis of genomic DNA isolated from 3 patients.
Lanes 1-3 represent uncut PCR products obtained following the amplification
of genomic DNA isolated from paraffin-embedded tissue. Lanes 4-6
represent Hinfl clut PCR products for each of these patients representing
NQOl-l (lane 4), NQO1-2/-1 (lane 5) and NQOI-2 (lane 6). M denores
molecular weight markers (DNA marker VIII, Roche).

instance, when comparing the risk of recurrence between two
conditions (NQOl-l and NQOl-1/-2 NQO1 genotypes scores
for example), ahazard ratio of 2.0 means there is twice the risk
of recurrence in someone with NQOl-1/-2 compared with the
reference group (NQOl-l). All analyses were performed
using Stata statistical software (Software release 7.0, Stata
Corporation, Texas, USA).

Results

Clinical response and its relationship to tumour stage/grade.
On the basis of tumour stage and grade (Table I), the majority
of patients included in this study were Gl/pTa (n=52) or
G2lpTa (n=63). Parients with G2lpT1 (n=29) and Gl/pTl
(n=4) disease were also included. Clinical response to MMC
as determined by disease-free interval (Table I) was highly
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Table II. Relationship between NQOl genotype and NQOi
phenofype."
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size (215 bp, Fig. l, lanes 1-3) were produced following the
second round of PCR amplification which upon digestion
with Hinfl generated fragments consistent with NQOl-1,
NQO1.1-2 and NQO1.2.2 genotypes (Fig. 1, lanes 4-6
respectively). Of the 148 patients genotyped in this study
(Table II), 85 were NQOl-l (57.47o),59 were NQOl-1.2
(39.87o) and 4 were NQO1-2-2 (2.1Vo).

NQOI phenoQpe and relationship to genotype. The results
of the semi-quantitative analysis of NQOI phenotype is
presented in Table II and illustrated in Fig. 2A-C. NQOI
protein expression as determined by immunohistochemical
analysis was cytoplasmic and predominantly confined to the
tumour cell population. Intratumoural heterogeneity in NQO1
protein expression existed in many tumours with marked
differences in expression apparent in some cases (Fig. 2D). A
broad spectrum of protein expression was observed ranging
from intense to no immunodetectable protein. This broad
spectrum of protein expression was seen in tumours geno-
typed as either NQOl-l or NQOI-l-2 although the number
of intense staining specimens was higher in tumours geno-
typed as NQOl-l (Table II). In the case of the 4 tumours
genotyped as NQO1-2-2, no immunodetectable NQO1 protein
was present.

Relationship betyveen clinical response to MMC and NQOI
genotype status. The relationship between NQO1 genotype
status and clinical response to MMC is presented in Table III
and Fig. 3. A broad spectrum of response in terms of disease-
free intervals was observed for patients genotyped as NQOl-1
and NQOI-1-2 (Table III). The percentage of patients in each
of the response categories outlined in Table III was similar for
both NQOI-1 and NQOl-1-2. Of the 4 patients genotyped as

NQOl
genotype

NQOI
0

phenotype
t2 Total

(n=148)

NQO1.1
NQOl-1.2
NQO1.2.2
Total

tt (rz.e) 31

8 (13.6) 38

4 (100) 0
23 75

(43.s) 37 (43.s)
(64.4) t3 (22.0)

0
50

8s (s7.4)
se (3e.8)

4 (2.1)
148

"Values presented represent the number of individual patients in each
category with percentiles presented in parenthesis.

heterogeneous with some patients responding well (disease-
free >49 months after treatment) to MMC therapy whereas
other patients with histologically identical disease responded
poorly to therapy (recurrence within 6 months of receiving
MMC). With the exception of Gl/pTl tumours (which were
not statistically analysed because of low group numbers), no
statistically significant difference exists between the tumour
grade and stage and clinical response (Table IV). In addition,
no significant difference existed between disease-free interval
and patients who received either a single dose or a course of
MMC (Table IV).

NQOI genotype analysis. PCR products and RFLP patterns
for NQOI.I and NQO1-2 genotypes using the nested primer
strategy are presented in Fig. 1. PCR products of the expected
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Figure 2. Immunohistochemical analysis of bladder tumour specimens. A,B and C represent NQO1 scores of 2 (high NQO1), 1 (moderate NQO1) and 0
(no NQOI) respectively. D illustrates the degree of NQO1 protein heterogeneity that can exist within the same patients tumour. The bar on each micrograph
replesents 100 pm.
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Table III. Relationship between NQOl genotype status and clinical response of 145 patients with superficial bladder cancers
treated with MMC."

Disease-free interval (months)
NQO1 genotype 1 -12 L3-24 25-36 37-48 >49<6

NQO1.l (n=85)
NQO1-1-2 (n=59)
NQOl-2-2 (n=4)
Total (n=148)

ts (17.6)

e (1s.5)
o

24 (t8.9)

14 (r4.s)
e (15.s)

0

23 (ls.s)

2t (24.7)

t3 (22.4)

2 (s0)

36 (24.3)

(10.6)
(1s.s)
(2s.0)
(12.8)

e (10.6)

8 (13.8)

1 (2s.0)

t8 (r2.2)

r1 (20.0)

tt (r7.2)
0

28 (18.e)

9

9

1

19

oValues presented represent numbers of patients in each category with percentiles in parenthesis.
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Figure 3. Kaplan-Meier curve for the analysis of disease-free interval for
patients genotyped as NQO1-1 (solid line) and combined NQO1-1/-2 and
NQOI-2l/-2 (broken line). No statistical difference exists between response
to MMC and NQO1 genotype status (p>0.05).

NQO 1-2-2, disease-free intervals of between I 3 and 48 months
after MMC therapy were observed (Table IIi). NQOl-1-2 and
NQOl-2-2 data was combined (because of the low number of
NQOl-2-2 genotypes) for construction of the Kaplan-Meier
curves presented in Fig. 3. No statistical difference existed
between disease-free interval and NQOl genotype status
(Table IV).

Discussion

The results of this retrospective clinical study have
demonstrated that the response of transitional cell carcinomas
of the bladder following intravesical MMC therapy cannot
forecast on the basis of NQOl-2 genotyping. This conclusion
contrasts sharply with the findings of Fleming et al (11) in
patients with optimally debulked tumours and peritoneal
carcinomatosis of colonic origin. It must be acknowledged
however that Fleming et al (11) also report that in patients
with minimal or gross residual tumours after surgery and in
tumours of gastric and appendiceal origin, the relationship
between NQOl genotype status and survival did not reach
statistical significance. Whether or not the relationship
between NQOI genotype and clinical response to MMC is
dependent upon specific tumour types is a matter for debate
but there are several other factors which fundamentally
question whether NQOl-2 genotyping will be of use in
predicting response to MMC. These factors centre upon the
key questions of whether genotype status reflects phenotypic
expression of NQO1 in individual patients and the relationship
between cellular response to MMC and NQOl protein
expression and enzyme activity. Extensive genotype/phenotype
studies have clearly demonstrated that NQOl-1 tumours
typically have higher levels of NQOI protein and enzyme
activity than NQOl-ll*2 tumows whereas NQOl-2/-2
tumours are devoid of functional NQOl (6,11,16). The results

Table IV. Statistical analysis of data comparing clinical response with tumour pathology, MMC administration and NQOl
genotype using the Cox (proportional hazards) model.

Hazard ratio Standard error p-value 957o conftdence interval (lower, upper)

G2 vs. Gl
pT1 vs. pTa
Stage Tl-grade 2 interaction
Course vs. single dose
NQOI-1-2 vs. NQOl-1
NQOl-2.2 vs. NQO1.1

1.52
1.04
0.61
1.13
0.16
0.60

0.456
0.8
0.51
0.29
0.21
0.62

0.155
0.952
0.56
0.62
0.321
0.622

0.84,2.74
0.23,4.65
0.11,3.19
0.68, 1.89
0.45, t.3
0.01,4.51
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of this study agree with these observations when groups of
tumours are segregated on the basis of NQO1 genotype but
considerable inter-patient heterogeneity exists in NQOl
protein expression within tumours genotyped as NQOl-1 and
NQOl.1f2 ffable II). For instance, 11/85 NQOl.l patienrs
in this study had no detectable NQOl protein whereas 13/59
patienrs with NQol-1r2 had high levels of NQol protein
(Table II). Of perhaps greater significance is the fact that
significant intra-tumour heterogeneity exists in NQOI
protein expression that can range from very strong to no
detectable NQOI staining in extreme cases as illustrated in
Fig. 2D. Whether such marked inter-patient and intra-tumour
heterogeneity in NQOl protein expression exists in other
tumour types is not known but these observations present a
significant challenge to the concept of predicting response to
quinone-based bioreductive drugs based on NQOl-2 geno-
typing. The exception to this is in the case of NQOl-2/-2
genotypes where there is consistent evidence of lack of
NQOI enzyme and protein expression although in this study,
all four NQOl-2f2 patients responded well to MMC therapy.

In terms of the relationship between NQO1 enzyme activity
and response to MMC treatment, conflicting reports of good
and poor correlations have been published (12-16,23,24).In
the clinical setting, a recent study in bladder cancers has
shown a relationship between NQOI activity (in conjunction
with cytochrome P450 reductase) and the response of
patient derived histocultures to MMC in vitro (25). Whilst
the relationship between NQOI protein expression and
clinical outcome has not been directly reported in this study,
a poor correlation between NQOI levels and clinical response
to MMC exists in this set of patients (26). A potential
explanation for these conflicting reports is that MMC has a
complex mechanism of action involving a several reductases
that compete with NQOI (2,21-32). Physiological paramerers
such as pH and oxygen tension can also influence both
substrate specificity for NQOI and modulate cellular response
to MMC (33-35). Attempts to predict response to MMC have
almost exclusively focused on bioreductive activation but it
is also likely that biochemical pathways that determine how
cells respond to DNA damage (i.e., DNA repair and apoptosis)
will also influence cellular response (36-39). Finally, recent
studies have demonstrated that the function of NQOI is not
simply confined to the reduction of quinone-based xenobiotics
but it also plays a role in the stabilisation of pfi @O-aD.
These findings could have significant clinical implications
and further studies are required to determine whether or not
this novel aspect of NQOl's biological properties influences
cellular response to MMC.

In conclusion, the results of this study suggest that the
possibility of tailoring MMC therapy to individual patienrs
based on NQOl genotype is unlikely to be clinically useful in
the case of bladder cancers. With the exception of NQO1-2/-2
tumours, significant inter and intra-tumoural heterogeneity in
NQOl protein expression suggests that NQOl genotype
status does not always correlate with NQOl phenotype.

This fact in conjunction with conflicting evidence in the
literature regarding the relationship between NQO1 phenotype
and response to MMC, strongly supports the view that
predicting the response of tumours to MMC based on the
activity or genotype of a single enzyme is unrealistic (2).

Significant improvements in the design of predictive assays
are required before clinical decisions regarding appropriate
patient selection for MMC therapy can be made.
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Biological and Clinical Significance of Polymorphisms in NAD(P)H:
Quinone Oxidoreductase 1 (NQO1)

R.M. Phillips and S. Basu

Cancer Research Unit, Tom Connors Cancer Research Centre, University of Bradford, Bradford BD7 1DP, United
Kingdom

Abstract: NQO1 (NAD(P)H:quinone oxidoreductase-1) is a cytosolic flavoprotein that catalyses the two-electron
reduction of endogenous and environmental quinones. NQO1 plays a prominent role in protecting cells from the toxic
effects of quinones, oxidative stress and more recently, the stabilisation of p53. Paradoxically, NQO1 is a target for anti-
cancer drug development as reduction of certain quinones can generate cytotoxic species. Polymorphic variants of NQO1
have been characterised, two of which are known to cause a significant reduction in NQO1 protein (609C>T and 465C>T
termed NQO1*2 and NQO1*3,respectively). The incidence of the NQO1*2 allele is high in certain ethnic groups and the
loss of NQO1 activity has potential implications for both the cancer susceptibility and the efficacy of quinone based
anticancer drugs. Toxicity following exposure to benzene increases with lowered NQO1 activity and epidemiological
evidence suggests that NQO1*2 is associated with an increased risk of developing certain types of cancer. Mitomycin C
(MMC) is the major quinone based compound in routine clinical use and initial reports of reduced MMC efficacy in
patients with the NQO1*2 allele are emerging. However, the role of NQO1 in metabolising MMC is complex and the
relationship between NQO1 activity and response is controversial. It therefore remains to be determined whether NQO1
genotyping will significantly influence clinical decision making with respect to MMC therapy. Genotyping for NQO1
polymorphisms is however likely to play a significant role in the development and evaluation of other quinone based
bioreductive drugs where NQO1 plays a more prominent role in drug activation.

INTRODUCTION

NAD(P)H:Quinone oxidoreductase 1 (NQO1, EC
1.6.99.2) is a cytosolic flavoprotein which catalyses the
reduction of a wide variety of substrates particularly,
quinone based compounds [Ernster, 1987]. Its physiological
function is not entirely clear although it is strongly believed
to play a prominent role in protecting cells from potentially
mutagenic toxicity caused by natural and exogenous
quinones present in the diet, atmosphere and cigarette smoke
[Cadenas, 1995; Lind et al, 1990; Ross et al, 2000]. Other
functions have been proposed but considerable interest
surrounds the ability of NQO1 to paradoxically reduce
quinone based drugs to products, which are more toxic than
the parent compound in a process which has been termed
bioreductive activation [Gutierrez, 2000; Ross et al, 2000;
Jaffar et al, 2001; Riley and Workman, 1992; Workman,
1994]. This property in conjunction with extensive evidence
in the literature demonstrating that certain tumours have
elevated levels of NQO1 [Choudry et al , 2001;Malkinson et
al, 1992; Siegel et al, 1998;Smitkamp-Wilms et al, 1995]
has generated interest in NQO1 as a potential target for
anticancer drug development. In view of the role of NQO1 in
both the protection of cells against quinone based oxidative
damage and in the bioreductive activation of certain
quinones, the presence of genetic variants of NQO1 with
reduced phenotypic activity is of considerable interest to
molecular epidemiologists and cancer therapists alike. In

*Address correspondence to this author at the Cancer Research Unit, Tom
Connors Cancer Research Centre, University of Bradford, Bradford BD7
1DP, United Kingdom; E-mail: r.m.phillips@Bradford.ac.uk

1980, Edwards et al reported that approximately 4% of the
British population lacked NQO1 enzyme activity although at
this stage the genetic determinants for this variability
remained unknown. Subsequently, polymorphic variants of
NQO1 have been characterised and two single nucleotide
polymorphisms (SNP’s) are associated with significant
reductions in enzyme activity [Pan et al, 2002;Traver et al,
1992; 1997]. The purpose of this article is to review the
current literature on the biological (in terms of increasing the
susceptibility of individuals to cancer) and therapeutic
significance of NQO1 SNP’s with emphasis placed predom-
inantly on the NQO1*2 variant. Initially however, it would
be pertinent to comment further upon the physiological
function of NQO1 and its polymorphic variants.

PHYSIOLOGICAL FUNCTION OF NQO1

NQO1 is an obligate, two-electron reductase which
catalyses the reduction of a wide range of substrates using
either NADH or NADPH as electron donors. Its activity can
be induced by a wide range of chemicals (including
polycyclic aromatic hydrocarbons, azo dyes, thiones,
benzene metabolites and phenolic antioxidants) and is
strongly inhibited by dicumarol [Benson et al 1980; DeLong
et al 1986; Doherty et al, 1996; Ernster 1987; Moran et al,
1999;Talalay and Prochaska, 1987]. Several possible
functions of NQO1 have been proposed although
historically, its role in protecting cells from damage caused
by highly reactive environmental and synthetic quinones is
believed to be its principle function. One electron reduction
of simple quinones generates redox labile semiquinones that
in the presence of oxygen, redox cycles back to the parent
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quinone resulting in the production of highly reactive oxygen
species. These reactive oxygen species (ROS) can cause
oxidative stress, DNA damage, lipid peroxidation, cell
membrane damage, cytotoxicity, mutagenicity and
carcinogenicity [Halliwell and Cross, 1994; Monks et al,
1992]. By virtue of its ability to catalyse the two electron
reduction of quinones directly to the hydroquinone,
reduction by NQO1 bypasses the redox labile semiquinone
and avoids the formation of ROS [Lind et al, 1990]. The
formation of hydroquinones which are redox stable
facilitates conjugation to glucouronides or sulfides which
results in increased water solubility, detoxification and
excretion [Cadenas, 1995]. Studies using NQO1 knockout
mice have clearly demonstrated that NQO1 protects against
quinone (menadione and benzo[a]pyrene-3,6-quinone)
toxicity [Radjendirane et al, 1998; Joseph et al, 2000] and
mice become more susceptible to chemical induced skin
cancers [Long II et al, 2000, 2001]. NQO1 expression and
activity is inducible and this results in chemoprotective
properties [Talalay and Prochaska, 1987]. Very recent
studies using dimethyl fumarate to induce NQO1 activity
reduced the number of aberrant crypt foci in the colons of
Sprague-Dawley rats [Begleiter et al, 2003].

In the case of some quinones however, the hydroquinone
may itself autoxidise to generate ROS or directly alkylate
DNA [Cadenas, 1995] and in these cases, reduction
represents a prodrug activation mechanism. The decision as
to whether or not a compound is activated or detoxified
following reduction by NQO1 is complex but relates largely
to the chemistry of groups attached to the quinone nucleus
[Cadenas, 1995]. Details of the evidence supporting NQO1’s
role as either a detoxification mechanism or its role in
bioreductively activating quinones have been extensively
reviewed elsewhere [Cadenas, 1995;Gutierrez, 2000;Phillips,
1998; Riley and Workman, 1992; Ross et al, 2000;
Workman, 1994]. Alternative pathways by which NQO1
functions to protect cells from oxidative stress have been
identified. These include the maintenance of coenzyme Q
(CoQ) in its reduced state where it functions as an antioxidant
and protects membranes from oxidative stress [Beyer et al,
1996]. These studies have suggested that NQO1 was selected
for during evolution to maintain antioxidant levels of CoQ
and that its ability to detoxify xenobiotics and synthetic
quinones is secondary and coincidental [Beyer et al, 1996;
Landi et al, 1997]. On a similar theme, Siegel et al
[1997] demonstrated that α-tocopherolquinone (a product
of α-tocopherol oxidation) is readily reduced by NQO1
to α-tocopherolhydroquinone which serves as a potent
antioxidant.

In a series of recent studies [Asher et al, 2001, 2002a,
2002b; Anwar et al, 2003], NQO1 has been shown to
stabilise both wild type and mutant p53 via a pathway that is
independent of mdm-2. Models to explain the role of NQO1
in p53 stabilisation have been proposed and these include
changes in intracellular redox status (reduction in NAD(P)+)
and induction of NQO1 by ROS [Asher et al, 2001, 2002b].
In NQO1 knockout mice, loss of NQO1 has been shown to
alter intracellular redox status as a result of the build up of
NAD(P)H [Gaikwad et al , 2001; Long II et al , 2002]. Very
recent studies have however cast doubt on this proposed

mechanism as the use of suicide inhibitors of NQO1 had no
effect on p53 stability in HCT 116 cells suggesting that a
redox mechanism for p53 stabilisation is unlikely [Anwar et
al, 2003]. This study demonstrated that NQO1 is able to
physically associate with p53 suggesting that protein-protein
interactions may be responsible for p53 stabilisation [Anwar
et al, 2003]. Whilst the exact mechanism for NQO1
mediated p53 stabilisation is not fully understood, these
studies clearly demonstrate that NQO1 (and possibly other
oxidoreductases) plays an important role in regulating the
stability of p53 that has implications for both carcinogenesis
and therapeutic outcome. NQO1’s function in a cell is
therefore complex but it is clear that it can serve several
functions ranging from direct protection of cells from
quinone induced oxidative stress to regulating other
antioxidant defence mechanisms and cellular response
pathways via interactions with p53. In conjunction with the
fact that NQO1 can also bioreductively activate quinone
based compounds, it is clear that phenotypic changes in
NQO1 activity as a result of SNP variants could have a
significant biological and therapeutic consequences.

POLYMORPHIC VARIANTS OF NQO1 AND
GENOTYPE-PHENOTYPE RELATIONSHIPS

The human NQO1 gene is located on chromosome
16q22.1 [Jaiswal et al, 1988] and currently there are at least
23 reported SNP variants [Nebert et al, 2002; Pan et al,
2002]. Most of these SNPs are found in the 5’flanking
region, within intron 1, the 3’ untranslated region and the
3’flanking region [Nebert et al, 2002]. Within the coding
regions, a synonymous C>G SNP exists in exon 2 whereas 2
non-synonymous SNPs exist in exon 4 (465C>T) and exon 6
(609C>T) [Pan et al, 2002; Nebert et al, 2002; Traver et al,
1992]. The 465C>T variant was originally described in the
mitomycin C resistant HCT-116R30A cell line [Hu et al,
1996;Pan et al, 1995] and results in the replacement of
arginine 139 with tryptophan. Whilst this SNP (termed
NQO1*3) has little direct effect on enzyme activity (a
reduction in activity DCPIP, menadione etc as substrates for
recombinant enzymes), it disrupts the consensus sequence at
the 5’splice site of intron 4 resulting in increased alternative
splicing and decreased expression of NQO1 protein [Pan et
al, 2002]. Limited studies on the NQO1*3 allele frequency
have been published to date although one study [Gaedigk et
al, 1998] has shown that the NQO1*3 allele frequency is low
in Caucasians (0.05), Chinese (0.04) and Canadian Native
Indians (0.01).

In contrast to the NQO1*3 allele, there has been
considerable interest in the 609C>T variant (NQO1*2). This
polymorphic variant was first described by Traver et al in
1992,in the BE human colon carcinoma cell line and is a C to
T base transition at position 609 of the human cDNA
sequence (within exon 6). This C>T transition causes a
proline to serine amino acid substitution (codon 187) and cell
lines that are homozygous for NQO1*2 are devoid of NQO1
activity [Traver et al, 1992, 1997]. The mutant protein has
been purified from E.Coli expression systems and has
between 2 to 4% of the activity of the wild type protein
which has been attributed to decreased FAD binding [Traver
et al, 1997; Wu et al, 1997]. In cells however, the reason for
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lack of activity is due to rapid degradation by the
ubiquitin/proteasome pathway [Siegel et al, 2001]. Extensive
genotype-phenotype relationship studies have shown that
cell lines and tumours, which are homozygous for the
NQO1*2 allele lack detectable enzyme activity and have
only trace levels of immunoreactive NQO1 protein [Siegel et
al, 1999]. In cell lines and tissues genotyped as
heterozygotes (i.e, NQO1*1/*2), NQO1 activity and protein
levels are detectable but are generally lower than those found
in the NQO1 wild type cells [Fleming et al, 2002; Phillips et
al, 2001;Siegel et al, 1999]. The allele frequency of
NQO1*2 shows marked ethnic variability with the Asian
population having the highest NQO1*2/*2 frequency (18.8%
and 22.4% in Koreans and Chinese respectively) compared
with Caucasians (5%). Mexican Americans also have a high
incidence of NQO1*2/*2 with an estimated 15.5% carrying
the homozygous variant [Kelsey et al , 1997; Wiencke et al ,
1997]. Similar findings have also been reported by Gaedigk
et al [1998] and Zhang et al [2003] where the NQO1*2 allele
was found at significantly higher frequencies in Chinese and
native North American populations than Caucasians.

BIOLOGICAL AND TOXICOLOGICAL
SIGNIFICANCE OF NQO1 POLYMORPHISMS

As discussed above, the major physiological function of
NQO1 is believed to be the detoxification of quinone based
compounds and protection of cells against oxidative stress.
The recent studies implicating NQO1 in the stabilisation of
p53 (and p73) broadens the potential impact of loss of
functional NQO1. Asher et al [2002b] have suggested that
cells carrying the NQO1*2 allele would suffer greater
damage but would express lower levels of p53 and apoptosis
than wild type cells, which could result in a viability and
growth advantage leading to tumour formation. Recent
studies in NQO1 knock out mice demonstrate that loss of
NQO1 results in decreased levels of p53, p73 and apoptosis
in the bone marrow resulting in myeloid hyperplasia [Long
II, 2002]. In addition, these mice are more susceptible to
menadione induced hepatic toxicity [Radjendirane et al,
1998], benzene toxicity [Bauer et al, 2003] and chemical
induced skin cancers [Long II et al , 2000, 2001]. In view of
the physiological functions of NQO1 and the high incidence
of the NQO1*2 allele in certain ethnic groups, considerable
interest has focused on the question of whether the
NQO1*2/*2 genotype increases susceptibility of individuals
to toxicity from environmental toxins (such as benzene)
and cancer.

The role of NQO1 in protecting cells from quinones
generated following benzene metabolism and the potential
implications of lowered NQO1 activity on toxicity and
carcinogenesis has been extensively reviewed and
commented upon elsewhere [Nebert et al, 2002; Smith,
1999]. Briefly, extensive studies in a large cohort of workers
occupationally exposed to benzene have reported an
association between individuals having the NQO1*2 allele
and increased incidence of benzene induced hemotoxicity
[Rothman et al, 1996]. Further analysis of this cohort of
workers demonstrated that individuals with extensive
CYP2E1 metabolism and the NQO1*2/*2 genotype
exhibited a 7.6 fold increased risk of developing acute

nonlymphocytic leukaemia [Rothman et al, 1997]. The
NQO1*2 variant has also been associated with an increased
risk of urothelial cancers [Shultz et al, 1997], bladder cancer
in men who smoke [Park et al , 2003], therapy related acute
myeloid leukaemia [Larson et al, 1999], cutaneous basal cell
carcinoma (in combination with GSTT1*0, [Clairmont et al,
1999]), esophageal squamous cell carcinoma [Zhang et al,
2003], paediatric leukaemia [Smith et al, 2002; Wiemels et
al, 1999], small cell lung carcinoma [Lewis et al, 2001] and
adult leukaemia [Smith et al, 2001]. In addition, the presence
of CYP1A1*2A and NQO1*2 polymorphic variants has been
associated with poor prognosis in childhood acute
lymphoblastic leukaemia [Krajinovic et al, 2002]. No
association has been reported between the NQO1*2 allele
and adult glioma [Peters et al, 2001] or prostate cancer
[Steiner et al, 1999] and the results for lung cancer are
somewhat controversial. Despite initial reports of an
association between the NQO1*2 allele and lung cancer risk
[Rosvold et al, 1995], several studies demonstrating an
association between lung cancer risk and the wild type
NQO1*1 (in combination with the GSTT1 null allele) allele
have been published [Sunaga et al, 2002; Wiencke et al,
1997; Yin et al, 2001]. In an extensive study by Xu et al
[2001] which stratified patients on the basis of smoking
characteristics, an association between lung cancer risk and
NQO1*2 was observed in patients who smoked and this
association was dependent upon cigarette smoking duration
and intensity. No difference in the frequency of the NQO1*2
allele between colorectal cancer patients and control groups
although the frequency of the NQO1*1 allele was greater in
colorectal cancer patients who smoked [Harth et al, 2000].

THERAPEUTIC SIGNIFICANCE OF NQO1
POLYMORPHISMS

In view of the fact that NQO1 can activate quinone based
compounds, genetic variants resulting in altered phenotypic
activity could significantly reduce the efficacy of quinone
based bioreductive drugs [Kelsey et al, 1997; Ross et al,
2000]. The role of NQO1 in the bioreductive activation of
many experimental and clinically used quinone based
compounds has been extensively reviewed elsewhere [Jaffar
et al, 2001; Gutierrez, 2000; Phillips, 1996; Ross et al, 2000;
Workman et al, 1996,]. Mitomycin C (MMC) is the main
quinone based drug that is in routine clinical use today and
NQO1 has been implicated in its mechanism of action [Ross
et al, 2000]. Individuals carrying the NQO1*2/*2 individuals
may therefore have a diminished response to MMC and this
section will predominantly focus on whether the NQO1
genotype status has a bearing on therapeutic outcome to
MMC in both experimental and clinical settings. Before
considering the potential impact of the NQO1*2 allele on
response to MMC, it is important to state that NQO1’s role
in activating MMC is complex and the relationship between
NQO1 activity and chemosensitivity in vitro and in vivo
is controversial.

The role of NQO1 in the activation of MMC has been
extensively reviewed by several authors [Cummings et al,
1998; Phillips, 1998; Ross et al ; 2000, Workman, 1994]. In
cell free assays using purified human NQO1 at physiological
pH, MMC is not only a poor substrate for NQO1 but it acts
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as an inhibitor of NQO1 activity [Schlager and Powis, 1988;
Siegel et al, 1993]. Under mild acidic conditions (pH 6 to
5.5), MMC becomes a substrate for NQO1 and is reduced to
DNA cross species in cell free assays [Prakash et al, 1992;
Siegel et al, 1990, 1993]. The activity of MMC (and DNA
cross linking) against Chinese hamster ovary cells in vitro is
enhanced under acidic pH conditions (pH 6.6) and NQO1
has been implicated in this process by virtue of the fact that
dicumarol inhibited the enhanced activity of MMC at low pH
[Begleiter and Leith, 1993]. Whilst regions of low
extracellular pH are known to exist in poorly perfused
regions of tumours [Vaupel et al, 1989], questions remain as
to whether MMC is activated intracellularly via a pH
dependent NQO1 mechanism as intracellular pH is
tightly regulated and remains neutral or slightly alkaline
[Griffiths, 1991].

In terms of the relationship between NQO1 activity and
chemosensitivity in vitro, conflicting results have been
reported in the literature. Reports of good correlations
[Fitzsimmons et al, 1996; Malkinson et al, 1992] contrast
sharply with reports of poor correlations [Choudry et al,
2001; Robertson et al, 1994]. In in vivo experimental tumour
models, similar contradictory results have been published
with studies reporting good and poor relationships between
NQO1 activity and MMC antitumour activity [Malkinson et
al, 1992; Nishiyama et al, 1993; Phillips et al, 2000]. There
is therefore considerable conflict in the literature over
whether or not cellular response can be forecast on the basis
of NQO1 activity. In an attempt to clarify matters, several
groups have transfected cells with human NQO1 and these
studies have generally demonstrated greater MMC
sensitivity in NQO1 transfected cell lines [Sharp et al, 2000;
Winski et al, 2001]. Whilst these findings indicate that
NQO1 plays a role in activating MMC, they are not
conclusive as sensitivity to MMC was found to be
independent of NQO1 activity in Chinese hamster ovary
cells transfected with NQO1 [Gustafson et al, 1996].
Furthermore, the differential in vitro chemosensitivity to
MMC reported in BE cells (which are NQO1*2/*2)
transfected with NQO1 did not translate into differential
antitumour effects when wild type and transfected BE cells
were grown as xenografts [Sharp et al, 2002]. It should be
noted however that NQO1 transfected BE xenografts
exhibited a marked reduction in NQO1 activity compared to
the same cells cultured in vitro  which could explain the lack
of increased MMC sensitivity in NQO1 transfected BE
xenografts in vivo. An alternative explanation is that the
specific activity of NQO1 in NQO1 transfected BE
xenografts could be ‘masked’ by stromal or necrotic
components of the tumour and further studies to determine
the cellular localisation of NQO1 in this model are required.
The recent observations [Asher et al, 2002] demonstrating
that NQO1 plays a role in stabilising p53 (thereby altering
apoptotic responses to DNA damage) are also potentially
significant in that they suggests that post DNA damage
events may also play a role in determining chemosensitivity.
This would be particularly true in the case of cells with a
wild type p53 background (or gain of function p53
mutations) but NQO1 has also been implicated in the
stabilisation of p73 and c-myc [Asher et al, 2001]. Further
studies are required to determine whether NQO1 plays a role

in p73 and c-myc mediated apoptotic pathways but these
studies illustrate the fact that interpretation of data generated
from NQO1 transfected cells is not straight forward.
Nevertheless, increased DNA cross linking in BE cells
transfected with NQO1 treated with 2,5-diaziridinyl-3-
(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1, which is
a good substrate for NQO1) has been reported suggesting
that increased bioreductive drug activation is the likely
mechanism for enhanced cytotoxicity in NQO1 transfected
cells in this case [Winski et al, 2001].

The activity of MMC and its relationship with NQO1
activity is also influenced by oxygenation status. In NQO1
rich cells, hypoxic cytotoxicity ratios (IC50 in air / IC50 in
nitrogen) are typically low whereas in NQO1 deficient cells,
the activity of MMC is significantly enhanced under hypoxic
conditions [Beall et al, 1994; Begleiter et al, 1992; Plumb
and Workman, 1994]. A mechanistic explanation for these
observations is not clear [Workman, 1994] although similar
results have been obtained with other quinone based
compounds such as EO9 [Plumb and Workman, 1994;
Plumb et al, 1994; Robertson et al, 1994]. MMC is also a
substrate for a number of other one electron oxidoreductases
[Cummings et al, 1998] and under hypoxic condition,
enzymes such as NADPH:cytochrome P450 reductase
assume a more prominent role in activating MMC [Belcourt
et al, 1996]. The microenvironmental conditions found
within poorly perfused regions of solid tumours could
therefore modulate bioreductive activation processes which
could subsequently influence the outcome of MMC
chemotherapy.

With regards to the potential impact of the NQO1*2
allele on MMC sensitivity, resistance to MMC has been
demonstrated in a number of cell lines that are homozygous
for the NQO1*2 allele [Eickelmann et al, 1994; Traver et al,
1992; 1997]. Similarly for the NQO1*3 allele, cells are more
resistant to the effects of MMC than wild type cells [Hu et
al, 1996; Pan et al, 1995]. In primary cell cultures derived
from gastric tumours, response to MMC was dependent upon
NQO1 genotype status with increased response seen in
NQO1*1/*1 genotypes [Yano et al, 2000]. Of particular
interest is a study by Fleming et al [2002], which reported
that in 117 patients with disseminated peritoneal cancer
treated with intraperitoneal hyperthermic MMC
chemotherapy, patients with the NQO1*1/*2 and
NQO1*2/*2 variants had reduced survival compared with
patients genotyped as wild type. This very significant finding
suggests that screening for this polymorphism may be useful
in identifying individuals who are at risk of treatment failure
following intraperitoneal MMC therapy [Fleming et al,
2002]. In contrast, a poor correlation between NQO1
genotype status and response to MMC has been reported in
an extensive panel of patient derived human tumour
xenografts [Phillips et al, 2001]. In this study, a broad
spectrum of response to MMC was observed in xenografts
genotyped as NQO1*1, NQO1*1/*2 and NQO1*2/*2
suggesting that factors other than NQO1 must have a
significant bearing on the outcome of chemotherapy in vivo .
In the clinic, MMC is routinely used as a single agent to treat
superficial bladder cancer following transurethral resection
[Pawinski et al, 1996]. This clinical setting provides a very
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good opportunity to assess the potential impact of NQO1
polymorphisms on response as MMC is not generally used in
combination with other drugs and factors such as drug
concentrations in the bladder will be relatively consistent
between individual patients (compared with systemic drug
administration). In a recent retrospective study comparing
the response of 84 patients with superficial bladder cancer
(as determined by time to first recurrence) treated with MMC
administered intravesically, no significant differences
between response and NQO1 genotype status were observed
[Basu et al, 2003]. These findings in conjunction with the
fact that the relationship between NQO1 activity and MMC
sensitivity is highly contentious suggest that genotyping (or
phenotyping) of NQO1 in patients cannot be used alone to
select patients that may respond to MMC. MMC is a
substrate for several other enzymes [Cummings et al , 1998]
and a recent study has shown that the response of patient
derived bladder tumour histocultures in vitro can be forecast
on the basis of elevated NQO1 mRNA in combination with
elevated cytochrome P450 reductase mRNA [Gan et al,
2002]. Further studies where multiple parameters are used to
try and predict therapeutic outcome are required.

Whilst the ability to predict response to MMC based on
NQO1 genotype and phenotype is controversial, it is
important to acknowledge that novel compounds where
NQO1 plays a more prominent role in bioreductive
activation are under development [Winski et al , 2001; Ross
et al, 2000; Jaffar et al, 2001]. In these cases genotyping for
NQO1 may be useful in terms of tailoring chemotherapy to
individuals, particularly, if a good correlation between
NQO1 activity and response can be established
experimentally. The current focus of research has largely
been confined to the question of the NQO1*2 variant
reducing the efficacy of NQO1 activated prodrugs but could
the presence of the NQO1*2/*2 genotype provide a
therapeutic opportunity for bioreductive drugs ? As
mentioned previously, a complex relationship exists between
oxygenation status, the activity of NQO1 and the response of
cells to quinone based bioreductive drugs. Briefly, very
significant hypoxia sensitisation can be achieved with MMC,
EO9 and other compounds but only in those cell lines which
have low or are devoid of NQO1 activity [Plumb and
Workman, 1994; Plumb et al , 1994; Robertson et al , 1994].
In these cases, compounds should be used in combination
with radiotherapy (or other chemotherapeutic agents) to
eradicate the aerobic fraction of cells. No studies of this
nature have been conducted in experimental models in vivo
to date, but it is of interest to note that in BE cells
(NQO1*2/*2) significant hypoxia potentiation of the activity
of MMC and EO9 have been reported [Plumb et al, 1994;
Robertson et al, 1994]. Whilst the incidence of NQO1*2 is
relatively low in Caucasians, the high incidence of this allele
in Asian populations could make the selection of appropriate
patients for combination therapies using MMC a feasible
option.

CONCLUSIONS

Polymorphic variants of NQO1 that lead to the reduction,
or loss, of NQO1 activity and function have the potential to
increase the risk of toxicity or cancers caused by quinone

based compounds and to decrease the efficacy of quinone
based anti-cancer chemotherapy. There is now a significant
body of evidence to suggest that the NQO1*2 polymorphic
variant is associated with increased risk of benzene toxicity
and (in conjunction with other drug metabolising enzymes)
various malignancies. The high incidence of the NQO1*2
variant in some ethnic groups suggests that population
testing could be beneficial and the development of high
throughput genotyping methods using TaqMan probes [Shi
et al, 1999] makes this approach technically feasible.
Problems associated with restricting NQO1 genotyping to
certain ethnic groups in conjunction with social, ethical and
legal issues do exist and details of these are reviewed
elsewhere [Nebert et al , 2002; Nebert and Bingham, 2001].
In terms of predicting tumour response to MMC, the
complex nature of MMC activation in conjunction with
conflicting evidence concerning the relationship between
NQO1 genotype (or phenotype) and chemosensitivity casts
doubt over whether NQO1 genotyping will be clinically
useful in this instance. Novel quinone based prodrugs where
NQO1 plays a more prominent role in bioreductive
activation are under development and in these cases, NQO1
genotype status could have a role to play in therapy related
decision making.
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A central theme within the concept of enzyme-directed
bioreductive drug development is the potential to predict
tumour response based on the profiling of enzymes involved
in the bioreductive activation process. Mitomycin C (MMC) is
the prototypical bioreductive drug that is reduced to active
intermediates by several reductases including NAD(P)H:qui-
none oxidoreductase (NQO1) and NADPH cytochrome
P450 reductase (P450R). The purpose of our study was to
determine whether NQO1 and P450R protein expression in
a panel of low-grade, human superficial bladder tumours
correlates with clinical response to MMC. A retrospective
clinical study was conducted in which the response to MMC of
92 bladder cancer patients was compared to the immunohis-
tochemical expression of NQO1 and P450R protein in ar-
chived paraffin-embedded bladder tumour specimens. A
broad spectrum of NQO1 protein levels exists in bladder
tumours between individual patients, ranging from intense to
no immunohistochemical staining. In contrast, levels of
P450R were similar with most tumours having moderate to
high levels. All patients were chemotherapy naı̈ve prior to
receiving MMC and clinical response was defined as the time
to first recurrence. A poor correlation exists between clinical
response and NQO1, P450R or the expression patterns of
various combinations of the 2 proteins. The results of our
study demonstrate that the clinical response of superficial
bladder cancers to MMC cannot be predicted on the basis of
NQO1 and/or P450R protein expression and suggest that
other factors (other reductases or post DNA damage events)
have a significant bearing on tumour response.
© 2004 Wiley-Liss, Inc.

Key words: NQO1; cytochrome P450 reductase; mitomycin C; blad-
der cancer

The ability to predict tumour response to chemotherapy has
been and continues to be a major objective in cancer research with
the emphasis currently being placed on the identification of mo-
lecular markers of tumour response.1,2 Within the field of biore-
ductive drug development, the ability to individualise chemother-
apy based on the activity of specific reductases and hypoxia in
tumours forms one of the cornerstones of a concept known as
enzyme-directed bioreductive drug development.3 The key re-
quirements for the successful clinical application of this concept
include the development of drugs that are bioreductively activated
by specific reductases and good correlations between tumour re-
sponse and enzymology in experimental tumour models. Mitomy-
cin C (MMC) is a clinically active agent used to treat a number of
tumours and is regarded as the prototypical bioreductive drug.4 Its
mechanism of action has been extensively reviewed elsewhere5–8

and involves a complex interplay between tumour physiology
(oxygen tension and extracellular pH) and several reductase en-
zymes (both 1 and 2 electron reductases). The ability to predict
cellular and tumour response to MMC based on tumour enzymol-
ogy has been addressed by several research groups but the results

are controversial, and there are conflicting reports on the relation-
ship between tumour enzymology and chemosensitivity in the
literature. This is particularly true in the case of the 2 electron
reductase NAD(P)H:quinone oxidoreductase-1 (NQO1), which
has been implicated in the bioreductive activation of MMC, espe-
cially under aerobic conditions.5,6,9 Reports of good correlations
between NQO1 activity (and mRNA expression) and response to
MMC contrast sharply with reports of poor correlations in both in
vitro and in vivo models.10–16

In view of these findings and in conjunction with the complex
nature of MMC activation, Cummings et al.6 have suggested that
the ability to predict tumour response to MMC on the basis of the
activity of a single enzyme is too simplistic and unlikely to be of
clinical benefit. In this context, a recent study has demonstrated
that analysis of NQO1 and cytochrome P450 reductase (P450R,
which plays a role in MMC activation predominantly under hy-
poxic conditions17) mRNA by semiquantitative RT-PCR correlates
with MMC response of histocultures derived from 21 human
bladder cancer patients.18 Whilst the response of histocultures in
vitro has been shown to correlate with tumour response to MMC
in vivo,19–21 further clinical studies to validate these findings in a
larger number of patients are required particularly in view of the
conflicting reports in the literature regarding the role of NQO1 in
MMC activation. The primary objective of our study is to deter-
mine whether NQO1 and P450R protein expression in low and
intermediate grade (G1/G2) superficial (Ta/T1) bladder cancer
correlates with clinical response to MMC. The use of bladder
cancer as a clinical model to address this question has several
advantages over other cancer types. MMC is routinely used as a
single agent to treat superficial disease22 and direct intravesical
administration ensures that variations in drug exposure parameters
between individual patients are reduced compared to systemic
drug administration. Furthermore, the exclusion of G3 tumours
(which have poorer prognosis than low grade tumours) from our
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study removes a possible source of variation in clinical response
caused by a more aggressive tumour. These facts greatly reduce
the number of variable factors that could influence clinical re-
sponse, thereby facilitating a critical evaluation of the hypothesis
in question.

MATERIAL AND METHODS

Tissue and clinical data collection
Following local research ethical committee approval, formalin-

fixed, paraffin-embedded human bladder tumour specimens were
collected from Bradford Royal Infirmary Pathology archives. Tis-
sue specimens and medical records were obtained for patients
treated between 1995 and 2000, and all patient details were ano-
nymised to ensure confidentiality. All patients were chemo- and
immuno-therapy naı̈ve at the time of surgical resection. All pa-
tients received a single dose of MMC (40 mg/40 ml) within at least
24 hr of surgery. Patients with multiple lesions, tumours of ! 5cm
diameter or recurrent G2pT1 tumours subsequently received a
course of MMC (40 mg/40 ml given weekly for 6 weeks), com-
mencing 2 weeks after surgery, so as to allow time for obtaining
histological confirmation. Tissue specimens were obtained from 92
patients and sample collection was restricted to histological grades
1 and 2 and stages Ta and T1. Patients were routinely followed up
by check cystoscopy 3, 6 and 12 months (and annually thereafter)
after chemotherapy. The clinical end point used to measure re-
sponse to MMC was time to first recurrence following treatment
with MMC (identified at check cystoscopy or if patients developed
clinical symptoms).

Immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections were deparaf-

finised in xylene and rehydrated through graded ethanol washes to
phosphate-buffered saline (PBS). Endogenous peroxidase activity
was quenched via incubation in 3% hydrogen peroxide for 20 min
at room temperature. Following a blocking step for nonspecific
staining, and primary and secondary antibody incubations, signals
were amplified using a horseradish peroxidase labelled avidin-
biotin complex (ABC Vectastain, Vector Labs, Burlingame, CA).
Immunocomplex visualisation was performed using diaminoben-
zidine (DAB) for 5 min at room temperature. Slides were coun-
terstained with Harris haematoxylin. Negative controls were per-
formed by either omitting the primary antibody or substituting it
with mouse (in the case of NQO1) or goat (in the case of P450R)
IgG1 negative controls (Dako Ltd, UK).

Detection of NQO1 and P450R
Nonspecific staining was blocked using normal horse serum (in

the case of NQO1) or normal rabbit serum (in the case of P450R).
Detection of NQO1 was performed according to previously pub-
lished protocols23 using a mouse anti-human NQO1 monoclonal
antibody (IgG1) kindly supplied by Dr. Siegel and Dr. Ross
(University of Colorado). Sections were incubated for 1 hr at room
temperature with the anti-NQO1 antibody diluted 1:1 in TBST-M

[10 mM Tris-HCl, 150 mM NaCl and 0.2% Tween 20, 5% nonfat
milk powder]. Detection of P450R was performed using a goat
antihuman P450R polyclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). Sections were incubated for 90 min at room
temperature with the anti-P450R antibody diluted at 1:100 in PBS.
Immunodetection was performed using a biotinylated antimouse
IgG (NQO1) or antigoat IgG (P450R) (Vector Labs.) followed by
signal amplification and detection.

Semiquantitative analysis of immunohistochemistry
Positive immunostaining in tumour cells (staining in stromal

cells was not scored) was scored semiquantitatively by 3 indepen-
dent observers. Each observer scored 6 randomly chosen fields of
views ("20 magnification) and 3 sections per block were scored.
A scoring system was devised consisting of 3 grades of staining
intensity and distribution: 1 (no staining), 2 (weak to moderate
staining) and 3 (strong staining). An average score was calculated
for each of the tissue sections from the results of the 3 independent
observers.

Data analysis and statistics
Kaplan-Meier plots of percentile disease-free patients against

time following MMC treatment was constructed based on NQO1
and P450R protein scores as determined above. A further Kaplan-
Meier plot was constructed comparing patients with high levels of
both enzymes against patients with any other combination of
NQO1 and P450R scores. A log-rank test was performed compar-
ing time to first recurrence of the groups demonstrated on each
plot. Finally, a Cox proportional hazards regression model was
fitted using the factors: single dose or course, NQO1 level (low,
moderate or high), P450R level (moderate or high) and a dichot-
omous factor indicating whether or not the levels of both enzymes
were high. Hazard ratios generated by this analysis are analogues
to the risk ratio. For instance, when comparing the risk of recur-
rence between 2 conditions (0 and 2 NQO1 phenotype scores, for
example), a hazard ratio of 2.0 means there is twice the risk of
recurrence in someone with NQO1 score 2 compared to the ref-
erence group (NQO1 score 0 in this example). All analyses were
performed using Stata statistical software (Software release 7.0,
Stata Corporation, College Station, TX).

RESULTS

Immunohistochemical analysis
The results of the immunohistochemical analysis are presented

in Table I and Figure 1. Staining for NQO1 was cytosolic and
largely confined to the tumour cell population with little or no
staining in stromal cells (Fig. 1a,c). Considerable interpatient
heterogeneity in NQO1 staining intensity exists within patients
segregated on the basis of grade, stage or stage plus grade (Table
I). Within this group of patients 39.1% and 43.5% of tumours had
moderate or intense NQO1 staining patterns, respectively (Table
I). No obvious relationship between stage, grade (or stage plus
grade) and NQO1 staining intensity was shown (Table I). Intra-

TABLE I – SUMMARY OF IMMUNOHISTOCHEMICAL RESULTS SEGREGATED ON THE BASIS OF TUMOUR STAGE
OR GRADE AND STAGE PLUS GRADE COMBINED1

Stage and Grade
(n # number of patients)

NQO1
(IHC score 1)

NQO1
(IHC score 2)

NQO1
(IHC score 3)

P450R
(IHC score 1)

P450R
(IHC score 2)

P450R
(IHC score 3)

G1 (n # 31) 22.5 35.5 42.0 0 67.7 32.3
G2 (n # 61) 14.7 41.0 44.3 0 49.2 50.8
Ta (n # 64) 18.8 40.6 40.6 0 60.9 39.1
T1 (n # 28) 14.3 35.7 50.0 0 42.9 57.1
G1/pTa (n # 24) 20.8 37.5 41.7 0 66.7 33.3
G1/pT1 (n # 7) 28.6 28.6 42.8 0 71.4 28.6
G2/pTa (n # 40) 17.5 42.5 40.0 0 57.5 42.5
G2/pT1 (n # 21) 9.5 38.1 52.4 0 33.3 66.7
All patients (n #

92)
17.4 39.1 43.5 0 55.4 44.6

1Values presented represent percentage of patients in each category.
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tumoural heterogeneity with regards to NQO1 protein expression
exists within many specimens with regions of intense NQO1
staining in close proximity to tumour cells with moderate or no
NQO1 staining (Fig. 1i,j). Analysis of NQO1 distribution in tu-
mours with an overall NQO1 score of 2 demonstrated no signifi-
cant difference in the NQO1 distribution between good and poor
responders to MMC (Fig. 2). P450R staining was cytoplasmic, but
in contrast to NQO1, staining intensity in both normal stromal and

tumour tissues was comparable (Fig. 1d,f). In addition, interpatient
heterogeneity in P450R immunostaining was reduced compared to
NQO1 with all tumours examined having moderate to high ex-
pression of P450R (Table I).

Clinical response data
The response of bladder cancer tumours following intravesical

administration (single dose and course of MMC combined) of

FIGURE 1 – Immunohistochemical analysis of
NQO1 and P450R in 4 patients with superficial
bladder cancer (G2 pTa). (a,c,e,g) NQO1 immu-
nohistochemistry (IHC) staining. (b,d,f,g) repre-
sent P450R IHC staining. (a–d) Two cases that
have high NQO1 and moderate P450R protein
levels. Clinical response to MMC for case 1 (a,b)
and case 2 (c,d) was no recurrence 60 months
after treatment and tumour recurrence at 3
months, respectively. Similarly, (e–h) represent a
further 2 cases which have low NQO1 and mod-
erate P450R. Clinical response to MMC for case
3 (e,f) and case 4 (g,j) was no recurrence 49
months after treatment and tumour recurrence at
4 months, respectively. (i,j) NQO1 staining in
tumours from 2 patients with a broad spectrum of
clinical response (recurrence within 6 months and
no recurrence 60 months after MMC therapy,
respectively). Both tumours show marked intra-
tumour heterogeneity in the pattern of NQO1
distribution. The bar represents 100 !m in all
cases.
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MMC is presented in Figure 3. A broad spectrum of response (as
measured by time to first recurrence) was observed with some
patients recurring within 6 months, whereas others remain disease
free at greater than 48 months after treatment. This heterogenous
pattern of response is consistent throughout all patients and is
independent of both tumour stage and grade (Fig. 3).

Relationship between NQO1, P450R and clinical response to
MMC

Kaplan-Meier plots depicting the relationship between clinical
response (time to first recurrence) following intravesical MMC and
NQO1 and/or P450R are presented in Figure 4 and Cox propor-
tional hazards statistical analysis model is described in Table II.
No statistical difference exists between the Kaplan-Meier plots for
both NQO1 (Fig. 4a, Table II) and P450R (Fig. 4b, Table II) when
immunohistochemical scores are compared to clinical response to
MMC. Similarly, the clinical response of patients whose tumours
have both high NQO1 and P450R protein levels is not significantly
different from patients with all other possible combinations of
NQO1 and P450R protein levels (Fig. 4c, Table II). A hazard ratio
of 1.85 (Table II) was obtained, suggesting that there is a risk of

earlier recurrence in patients with high NQO1 and P450R although
this difference did not reach statistical significance (p ! 0.395). A
hazard ratio of 1.41 was also obtained for patients treated with a
course of MMC as opposed to a single dose of MMC (Table II),
suggesting that patients treated with a course of MMC have an
increased risk of earlier recurrence. As this difference did not
however reach statistical significance (p ! 0.323, Table II), further
analysis and stratification of protein expression data on the basis of
whether patients received a course or single dose of MMC was
deemed unnecessary. On an individual patient basis, examples of
tumours that represent the extremes of NQO1 expression (with
moderate P450R protein levels) and clinical response are presented
in Figure 1. In the case of high NQO1 and moderate P450R, 1

FIGURE 2 – Analysis of protein distribution within NQO1 rich (score
2) tumours. Each bar represents the mean " standard deviation for 10
tumours in each group of good (no recurrences 49 or more months
after MMC treatment) and poor (recurrences between 3 and 11 months
after MMC therapy) responders to MMC.

FIGURE 3 – Response of superficial bladder cancer to MMC: Rela-
tionship with tumour stage and grade.

FIGURE 4 – Kaplan-Meier plots of time to first recurrence following
MMC treatment stratified according to NQO1 IHC scoring (a), P450R
IHC scoring (b) and patients whose tumours have high levels of both
NQO1 and P450R compared to all other possible combinations of
NQO1 and P450R levels (c). No statistically significant differences
exist in the Kaplan Meier plots with p values of 0.727, 0.446 and 0.395
for data in (a), (b) and (c), respectively.
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patient (Fig. 1a,b) had a good response to MMC (no recurrences
60 months after treatment), whereas a different patient (Fig. 1c,d)
with similar NQO1/P450R protein expression profiles had a poor
clinical outcome (recurrence within 3 months). The same pattern
exists for the 2 other patients presented in Figure 1e–h. In these
cases, both patients had low NQO1 and moderate P450R protein
levels but 1 patient (Fig. 1e,f) had a good response to MMC (no
recurrences with in 49 months of treatment), whereas the other
patient (Fig. 1g,h) had recurrences 4 months after intravesical
MMC therapy.

DISCUSSION

The ability to tailor chemotherapy to individual patients has
been an integral part of bioreductive drug development for many
years with considerable attention being paid to the relationship
between tumour enzymology and response.3,5,6 In our study, the
protein expression of 2 key enzymes implicated in the activation of
MMC have been characterised and retrospectively compared to
clinical response to MMC. The results of the immunohistochem-
ical studies clearly demonstrate that a broad spectrum of NQO1
expression exists with a significant number of patients’ tumours
containing high NQO1 levels (Table I). These results are entirely
consistent with previous studies24,25 and suggest that NQO1 is a
good target for drug development in bladder cancer. A narrow
range of P450R protein levels were observed with most tumours
having moderate to high protein expression, a result which is again
consistent with previous findings in bladder, lung and breast can-
cers.25,26 The response of bladder cancer patients to MMC is
highly heterogenous with some patients suffering early recur-
rences, whereas others with histologically identical disease expe-
riencing no recurrences many years after therapy (Fig. 3). In direct
contrast to previous reports of a correlation between NQO1,
P450R mRNA levels and the response of human bladder cancer
histocultures to MMC in vitro,18 the major finding of our study is
that the clinical response of superficial bladder cancers to MMC
cannot be forecast on the basis of NQO1, P450R protein levels or
various combinations of the 2 protein expression patterns (Figs. 1
and 4).

The reasons for the conflicting findings are not clear although it
is important to acknowledge that both studies have employed
different methodologies to analyse enzymology, protein expres-
sion and sensitivity to MMC. Whilst a detailed discussion of the
relative merits of immunohistochemistry and semiquantitative RT-
PCR is beyond the scope of this article, issues such as the rela-
tionship between gene expression (or immunoreactive protein) and
enzyme activity, spatial localisation of mRNA or protein in tumour
as opposed to stromal cells and the semiquantitative nature of both
assays are frequently raised points that affect both methodologies
used to a greater or lesser extent. The antibodies used in our study
have previously been shown to selectively stain for both
NQO123,24 and P450R (data not shown) with good correlations
between immunoblotting, protein staining and enzyme activity in
cell cultures and tumours. The presence of intratumour heteroge-
neity with regard to NQO1 protein expression (Figs. 1 and 2) is
however important in this context as it raises several issues that
could influence the analysis of NQO1 and the outcome of therapy.

These include the fact that analysis of whole tumour specimens (by
RT-PCR or enzyme assays) may not be representative of NQO1
mRNA, protein or enzyme activity in all tumour cells within the
tumour mass. Furthermore, the presence of “pockets” of low
NQO1 expressing cells within an otherwise NQO1 rich tumour
raises the possibility that poor tumour response maybe due to these
cells escaping the activity of MMC and subsequently repopulate
the tumour. This is however unlikely since no significant differ-
ences in the distribution pattern of NQO1 protein expression exist
between MMC sensitive and resistant tumours in our study (Fig.
2). With respect to the measurement of MMC sensitivity, the end
point used in our study was time to first recurrence following
MMC therapy. In our opinion, this is the most relevant endpoint to
use as patients receive no further chemotherapy or immunotherapy
following MMC treatment and so time to first recurrence should
provide a good measure of MMC efficacy. Whilst the study by Gan
et al.18 used an in vitro-based assay to assess tumour response, this
approach is also valid as the clinical relevance of human tumour
histocultures has been substantiated in several studies.19–21 Fi-
nally, the patients selected for inclusion in our study all had
superficial bladder cancers (stage Ta and T1) and no G3 tumours
were included. This eliminates a potential problem in the assess-
ment of tumour response as G3 tumours are typically more ag-
gressive and have a poorer prognosis than low-grade tumours. It is
of interest to note that G3 (n!6), T2 (n ! 2) and T3 (n ! 3)
tumours were included in the 21 patients analysed by Gan et al18

and therefore the relevance of IC50 values obtained in histocultures
to clinical outcome is difficult to interpret since these tumours have
a much poorer prognosis than low grade Ta/T1 tumours.

Whilst differences in experimental design could potentially ex-
plain the discrepancies between our study and Gan et al.,18 several
other issues exist that fundamentally question whether or not
response to MMC can realistically be predicted on the basis of
NQO1 and/or P450R levels. In the late 1980s for example, there
was considerable doubt as to whether or not MMC was actually a
substrate for human NQO1.27,28 It is now widely acknowledged
that MMC is a substrate for NQO1 but only under mild acidic
conditions.29 Under physiological pH conditions, MMC serves as
a suicide inhibitor of NQO1.29 NMR studies have however dem-
onstrated that intracellular pH remains neutral or slightly alkaline
when extracellular pH is acidic.30 In addition, several other en-
zymes have been implicated in the activation of MMC. These
include other reductases (e.g., cytochrome b5 reductase, xanthine
oxidase and dehydrogenase), nitric oxide synthase, the DNA repair
enzyme HAP1 and other enzymes that have not yet been fully
characterised.31–36 Dissecting the relative roles that these enzymes
play in the bioreductive activation of MMC is complex and the
relationship between enzyme activity and chemosensitivity re-
quires further study. In addition, physiological conditions within
tumours could also influence the final outcome of chemotherapy as
both hypoxia and low extracellular pH have been shown to mod-
ulate the activity of MMC in vitro.37,38

Efforts to predict response to bioreductive drugs in general have
almost exclusively focused on the process of bioreductive activa-
tion itself with relatively little attention being focused on other
biologically and pharmacologically important processes that de-
termine the outcome of therapy. Other factors such as how the cell

TABLE II – STATISTICAL ANALYSIS OF DATA USING THE COX (PROPORTIONAL HAZARDS) MODEL1

Hazard ratio 95% CI (lower, upper) p value

Course of MMC (vs. single MMC) 1.41 (0.71, 2.77) 0.323
Moderate NQO1 (score 2) vs. NQO1 (score 1) 1.35 (0.53, 3.45) 0.524
High NQO1 (score 3) vs. NQO1 (score 1) 0.89 (0.25, 3.22) 0.868
High P450R vs. P450R score 2. 1.11 (0.44, 2.76) 0.824
High NQO1 and P450R vs. all other combinations

of NQO1 and P450R scores.
1.86 (0.45, 7.76) 0.395

1Hazard ratios are all with respect to baseline levels of the factors in the model: single dose, low NQO1, moderate P450R and any combination
of NQO1 and P450R other than both high.
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responds to potentially lethal DNA damage in terms of repair or
ability to undergo apoptosis will also determine how a cell re-
sponds to chemotherapy. Several studies have in fact demonstrated
that other biochemical properties of cells could have a significant
bearing on how the cell responds to the damage induced by
MMC.39–44 In addition, recent studies have identified a novel role
for NQO1 in the stabilisation of p53,45,46 which could also have an
impact on response to MMC. Further studies are required to
determine whether or not these factors are important in terms of
developing novel assays that can predict tumour response to
MMC.

In conclusion, the results of our study clearly demonstrate that
the clinical response of a series of human superficial bladder
tumours to MMC cannot be forecast on the basis of NQO1 and/or
P450R levels as determined by immunohistochemical methods.

These results suggest that factors other than NQO1 and P450R
influence the final outcome of chemotherapy and significant im-
provements in the design of predictive assays are required before
clinical decisions as to which individual is suited for MMC therapy
can be made. Nevertheless, the response of bladder cancer patients
to MMC is clearly heterogenous and the need to develop other
approaches to individualise patient chemotherapy remains.47

Whilst the results of our study demonstrate that MMC response
cannot be predicted on the basis of NQO1 and P450R protein
levels, many superficial bladder tumours possess elevated levels of
NQO1, suggesting that NQO1 is a potential target for drug devel-
opment in this disease. Compounds where NQO1 plays a pivotal
role in bioreductive activation may be suitable candidates for
clinical evaluation. In these cases, prediction of response based
upon NQO1 activity may be more feasible.
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Abstract

Tumour response to Mitomycin C (MMC) is heterogenous and past attempts to predict clinical response based on enzyme activ-
ities have proven unsatisfactory. Using in vitro techniques, the aim of this study was to determine if the induction of DNA inter-
strand cross-links correlated with cellular response and to assess if DNA repair and induction of apoptosis influenced MMC
chemosensitivity. Poor correlations were found between sensitivity and both DNA repair and induction of apoptosis suggesting that
these processes do not play a major role in determining cellular response to MMC. In contrast, there was good correlation between
the induction of DNA interstrand cross-links as determined by the alkaline comet assay and cellular response, suggesting that the
biochemical events leading to DNA damage are the key factors that determine cellular response in vitro. Further studies are required
to assess whether this approach as a mean of prediction has practical applications in vivo.
! 2005 Elsevier Ltd. All rights reserved.

Keywords: Bioreductive drugs; Mitomycin C; Predictive test; DNA damage; Comet assay

1. Introduction

Mitomycin C (MMC) is a quinone based bioreductive
drug that is used clinically to treat a variety of malignan-
cies including head and neck cancers and superficial tran-
sitional cell carcinoma (TCC) of the bladder [1]. Tumour
response is, however, heterogeneous with a broad spec-
trum of clinical outcome even in patients with histologi-
cally identical tumours. In patients with superficial
bladder cancers for example, time to first recurrence range

from 3 months to over 72 months following intravesical
administration of MMC and heterogeneity was observed
through grades and within grades [2,3]. There is therefore
a need to develop predictive assays that can accurately
forecast tumour sensitivity and tailor chemotherapy to-
wards individual patients who are most likely to benefit.

The ability to predict tumour response has been a key
objective in the concept of enzyme directed bioreductive
drug development [4]. The cornerstones of this concept
are the development of compounds that are bioreduc-
tively activated by specific reductases (under aerobic
and/or hypoxic conditions) and the prediction of re-
sponse based upon tumour enzymology and/or hypoxia.
The metabolic activation of MMC has been extensively
studied and several reductases have been implicated [5].
These include two-electron reductases such as
NAD(P)H:Quinone oxidoreductase-1 (NQO1), xanthine
dehydrogenase and one-electron reductases such as
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cytochrome P450 reductase (P450R), cytochrome b5
reductase and xanthine oxidase, all of which can reduce
MMC to DNA damaging species [6–10]. Attempts to
predict tumour response to MMC, based upon analysis
of these enzymes (particularly NQO1) has, however,
proved challenging with conflicting evidence of good
and poor correlations reported in the literature [11–
14]. This, along with the fact that Km values for MMC
are similar for several reductases [5], suggests that pre-
dicting response based upon analysis of single enzymes
involved in MMC bioreductive activation is unlikely
to be clinically useful.

It is thought that tumour homogenates would incor-
porate a broad spectrum of reductases present in the tu-
mour at the time of excision and so Cummings et al. [5]
have suggested that analysis of MMC metabolism may
provide a more accurate measure of bioreductive activa-
tion and response. A study published previously in
which MMC metabolism in two murines tumours with
high and low NQO1 activity was studied through active
metabolite production. The study showed that both tu-
mours had similar MMC activation rate and was influ-
enced by other cellular enzymes [15]. However,
analysis of active metabolite production is complicated
by the fact that these metabolites are reactive species
that covalently bind to macromolecules, rendering them
invisible to standard analytical techniques. In addition,
MMC metabolism may not necessarily correlate with re-
sponse as detoxification pathways (such as glutathione
and glutatione S transferase [16,17] may compete with
this process. Initial results from a study analysing
MMC disappearance instead of metabolite formation
was encouraging in that MMC sensitive human tumour
xenografts tended to metabolise MMC faster than
non-responsive tumours [13]. Alternative !markers" of
bioreductive activation that take into account the broad
spectrum of reductases and cellular defence mechanisms
may provide a better model. Since the end result of
MMC bioreductive activation is DNA damage [5,18],
quantitative analysis of DNA damage induction (partic-
ularly interstrand cross-link (ICL) formation) in intact
cells would effectively circumvent the problems outlined
above whilst remaining consistent with the overall con-
cept outlined by Cummings et al. [5].

The principle objective of this study was to deter-
mine the relationship between chemosensitivity and
DNA damage (interstrand cross-links) as measured
by the comet assay. Whilst the bioreductive activation
process is a key issue, it is important to acknowledge
that other factors such as DNA repair and cell death
pathways (i.e., apoptosis induction) may also play a
prominent role in determining cellular response to
MMC. These !downstream" events have not been stud-
ied extensively in the context of predictive assay devel-
opment for MMC. A secondary objective of this study
is to determine the potential impact of downstream

events such as DNA repair and apoptosis on cellular
response to MMC.

2. Materials and methods

2.1. Cell culture

Cell lines were obtained from the American Tissue
Culture Collection (Maryland, USA). H460 and H596
non-small cell lung cancer cells, BE and HT29 colon can-
cer cells, RT112 and EJ138 bladder cancer cells were
grown in RPMI 1640mediumwith 10% foetal calf serum,
5 mM L-glutamine, 50 IU ml!1 penicillin, 50 lg ml!1

streptomycin and incubated at 37 !C in a humidified
atmosphere containing 5% CO2. The RT4 bladder cancer
cells were grown inMcCoy"s mediumwith 10% foetal calf
serum, 5 mM L-glutamine, 50 IU ml!1 penicillin,
50 lg ml!1 streptomycin and incubated at 37 !C in a
humidified atmosphere containing 5% CO2. The T47D
breast cancer cells were grown in DMEM medium with
10% foetal calf serum, 5 mM L-glutamine, 50 IU ml!1

penicillin, 50 lg ml!1 streptomycin and incubated at
37 !C in a humidified atmosphere containing 5% CO2.

2.2. Chemosensitivity

In vitro chemosensitivity to MMC was determined
using the MTT assay 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyl-tetrazolium bromide, details of which have been
described elsewhere [19]. Briefly, cells were plated into
96 well culture plates at 1 · 103 cells per well (200 ll
media per well) and incubated overnight at 37 !C. The
following day, media was carefully removed and re-
placed with fresh media containing MMC. Cells were ex-
posed to a range of MMC concentrations for 1 and 3 h
after which they were washed twice with Hanks Balance
Salt Solution (HBSS) prior to addition of media. Follow-
ing 4–6 days (depending on the cell line) incubation at
37 !C, cell survival was determined using theMTT assay.
Results are presented as C · T (where C = MMC con-
centration (lM) and T = duration of drug exposure
(h)) versus % cell survival compared to untreated control
cells. IC50 values (concentration required to reduce cell
survival by 50%) are expressed as the means ± standard
deviation of three independent experiments.

2.3. Apoptosis induction

H460 and RT4 cells in mid exponential growth were
exposed to MMC for 1 h. At various time intervals after
drug exposure, apoptotic cells were identified by Annex-
in V-FITC/PI dual staining (Calbiochem) and Hoescht
33342 staining (Sigma). Each control and treated cell
sample were split into two aliquots. The first aliquot
was stained with both Annexin V-FITC and PI. Samples

1332 M. Volpato et al. / European Journal of Cancer 41 (2005) 1331–1338



were analysed by flow cytometry immediately after
staining using a FACS Calibur (Becton Dickinson), with
10000 cells counted in each sample. Cells from the sec-
ond aliquot were put on slides using a cytospin (Cyto-
spin 4, Thermo Shandon). Slides were fixed in
methanol at !20 !C for 30 min, air-dried and rehy-
drated in PBS for 5 min and then covered with Hoechst
33342 stain (1 lg/ml in dH2O) and incubated for 15 min
in the dark. After washing with PBS, slides were
mounted with coverslips using VectaShield fluorescence
mounting (Vector Therapeutics) and sealed. Samples
were analysed using a fluorescent microscope (Leica),
linked to a CCD camera. Live and dying cells were
counted from five different fields on each slide. In both
cases, percentage of cell death induction was obtained
as followed: % cell death induction = % positive staining
(treated population) ! % positive staining (control pop-
ulation). Each experiment was performed in triplicate.

2.4. DNA cross-links measurements

The alkaline comet assay was used to analyse inter-
strand DNA cross-link induction by MMC in cancer
cells. Exponentially growing cells were treated with
MMC for 1 and 3 h. Cells were then washed and fresh
medium was added. At various time points between 0
and 6 h after drug exposure, cells were harvested in
ice cold PBS by scraping and centrifuged at 2000g
for 5 min at 4 !C and the pellet resuspended in ice-cold
PBS. Cells were incubated with 100 lM hydrogen per-
oxide to induce strand breaks (maximum induction of
strand breaks occurs at this concentration) for 20 min
at 4 !C, centrifuged at 2000g for 5 min at 4 !C and
resuspended in PBS. The comet assay was performed
as described elsewhere [20]. Briefly, cell samples were
added to an equal volume of 1% low melting point
agarose and embedded on a slide coated with 1% nor-
mal melting point agarose. When the agarose layer had
solidified, another layer of 0.5% low melting point aga-
rose was added and left to solidify. The slides were
then incubated in lysis solution (2.5 N NaCl, 10 mM
Tris, 100 mM EDTA, pH 10.5, 1% v/v Triton X-100,
1% v/v DMSO) overnight at 4 !C in the dark. Slides
were equilibrated in fresh electrophoresis buffer
(50 mM NaOH, 1 mM EDTA, 10% v/v DMSO, pH
12.5) and electrophoresed for 30 min at 0.6 V/cm in
the dark. Following electrophoresis, slides were washed
twice (5 min each) in neutralising buffer (500 mM Tris,
pH 7.5) and 5 min in distilled water and dried over-
night. Next day, they were rehydrated 30 min with dis-
tilled water and stained 30 min with SYBr Gold
(Molecular Probe, UK) at a 1:10000 dilution. The
slides were finally illuminated with green light
(590 nm filter) under fluorescence microscope (Leica),
linked to a CCD camera. DNA migration was analysed
using the Comet Assay III software (Perceptive Instru-

ments), by measuring 50 cells per slides. The percent-
age of DNA cross-linked was obtained as follows: %
of DNA cross-linked = 100 ! (100 · Tail Extent
Moment (MMC + H2O2) treated cells)/Tail Extent
Moment (H2O2) treated cells). The percentage of
DNA repaired damage was expressed as 100 ! (100 ·
%DNA cross-linked (time 6 h)/%DNA cross-linked
(time 0 h)). Each experiment was performed in three
independent replicates.

3. Results

3.1. MMC cytotoxicity in vitro

The response of a panel of human tumour cell lines to
MMC was determined in vitro and IC50 values following
both a 1 and 3 h exposure are presented in Fig. 1A.
Marked differences were seen in response to the drug,
depending on the duration of exposure. Following a
1 h drug exposure a broad spectrum of response was ob-
tained with IC50 values ranging from 0.77 ± 0.28 to
117.87 ± 57.45 lM (Fig. 1A). In contrast, the response
of cell lines following a 3 h exposure to MMC was more
uniform with IC50 values ranging from 0.63 ± 0.23 to
1.76 ± 0.78 lM. The exception was H596 cells, which re-
tained a high IC50 (42.50 ± 1.00 lM). Particularly
marked differences in sensitivity to MMC between 1
and 3 h exposure were seen in RT4 cells, with IC50
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Fig. 1. MMC cytotoxicity in various human cancer cell lines obtained
after 1 h (j) and 3 h (h) exposure. (A) Cytotoxicity as IC50 values.
(B) Cytotoxicity as C · T values. Each value presented represents the
means ± standard deviation from three independent experiments.
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values decreasing from 30.20 ± 7.33 to 0.77 ± 0.20 lM,
respectively (Fig. 1A). Sensitivity to a cytotoxic agent
can also be expressed as a factor reflecting concentration
and time (i.e., lM h). When expressed in these terms,
dose response curves and IC50 values are similar for
the majority of cell lines (Fig. 1B). A notable exception
again is the RT4 cell line where the IC50 values range
from 30.20 ± 7.33 lM h (at 1 h exposure) and
2.33 ± 0.58 lM h (at 3 h exposure). In this case, cells
killed is proportional to T rather than the product of
C · T. In contrast, H460 cells are relatively more
resistant to MMC following 3 h exposure (IC50 =
1.85 ± 0.84 lM h) compared to response following a
1 h (IC50 = 0.77 ± 0.28 lM h) although the magnitude
of the effect is reduced compared to RT4 cells. The
results demonstrate that duration of drug exposure
is an important parameter influencing sensitivity to
MMC.

3.2. MMC apoptosis induction

Annexin V-FITC/PI dual staining and Hoechst stain-
ing were used to measure apoptosis induction in H460
(MMC sensitive) and RT4 (MMC resistant) cell lines.
RT4 cells were chosen over H596 cells due reduced dou-
bling time (data not shown). Etoposide (20 lM) was
used as a positive control. After 48 h exposure to etopo-
side, flow cytometry analysis showed the induction of
cell death in 62.9 ± 14.3% of H460 cells (Fig. 2A) and
19.7 ± 9.1% in RT4 cells (Fig. 2B). After exposure to
5 lM MMC for 1 h, there was a maximum of
11.8 ± 4.6% cell death in H460 cells at 24 h and
15.6 ± 10.3% at 96 h and RT4 cell, respectively. Results
obtained by Hoechst staining confirmed this finding as
illustrated in Fig. 2C–H. Hoechst 33342 is a fluorescent
stain that binds to DNA and allows the observation of
nuclei under a fluorescence microscope. Normal cell

Fig. 2. Induction of cell death in cell lines. Flow cytometry analysis of cell death induction in H460 (panel A) and RT4 cells (panel B) following
exposure to either MMC (1 h at 5 lM, grey bars) or etoposide (continuous exposure at 20 lM). Each value represents the means ± standard
deviation for three independent experiments. Panel C (control), D (etoposide), E (MMC) illustrate induction of cell death in H460 cells measured by
Hoechst staining. Panel F (control), G (etoposide), H (MMC) illustrate induction of cell death in RT4 cells measured by Hoechst staining.
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nuclei appear round and homogeneously stained
whereas apoptotic cells are revealed by the presence of
smaller, brighter, granular structures which correspond
to apoptotic bodies resulting from nuclear condensa-
tion. These worked examples showed the absence of
apoptotic cells in H460 and RT4 untreated cells (Figs.
2C and F), a strong apoptosis induction in H460 and
RT4 cells treated with etoposide (20 lM) for 48 h (Figs.
2D and G) and only low apoptosis induction in H460
cells 48 h after treatment with 5 lM MMC (1 h expo-
sure, Fig. 2E). No apoptotic cell was observed in RT4
cell population treated with MMC (5 lM, 1 h) and left
to recover 48 h (Fig. 2H). These results indicated that
maximum cell death induction following exposure to
MMC was similar in both cell lines despite the wide var-
iation in sensitivity to MMC.

3.3. DNA damage induction and repair study

The alkaline comet assay was used to measure inter-
strand DNA cross-link formation after MMC treatment
in human cancer cell lines. Six cell lines, selected from
the initial panel to represent the full range of sensitivity,
were exposed for 1 and 3 h to a relevant therapeutic dose
of 5 lM of MMC. The assay was performed immedi-
ately after drug exposure and 3 presents the results ob-
tained. After 1 h exposure, 70.7 ± 12.2% of DNA was
cross-linked in H460 cells (the cell line most sensitive
to MMC), compared to none and only 4.0 ± 3.5% of
DNA cross-linked in RT4 and H596 cells, respectively
(the two most resistant cell lines to MMC). All the cell
lines had increased DNA cross-link formation when
drug exposure was extended to 3 h. In the H460 cell line,
cross-linking increased to 84.8 ± 13.5% with longer
exposure and to 59.4 ± 20.7% and 27.6 ± 7.8% in RT4
and H596 cells, respectively. All cell lines showed the
same pattern with increased DNA damage with longer
exposure time to MMC.

In order to further characterise DNA cross-link for-
mation, a time course study was undertaken to follow
the formation of ICLs through time in both H460 and
RT4 cells (Figs. 4A and B). Fig. 4A presents the results
obtained with H460 cells. The extent of DNA cross-
linked decreased down to 33.6 ± 16.8% after 24 h recov-
ery. After exposing RT4 cells to MMC (5 lM) for an
hour and leaving them to recover for 24 h, DNA
cross-linking could be detected 3 h after the drug expo-
sure and increased up to 32.97 ± 1.89% of DNA cross-
linked by 6 h (Fig. 4B). After 24 h of recovery, DNA
was repaired and only 21.0 ± 15.7% of the RT4 cell
DNA remained cross-linked, indicating that approxi-
mately 36% of cross-linked DNA was repaired. Fig.
4C presents the results of repair time-course experiments
in H460, HT29 and BE cells. H460 cells had repaired
approximately 30% of the cross-linked DNA after 6 h
recovery, whereas BE cells, which are less sensitive to

MMC, repaired all of the damage induced. HT29 cells,
which have a similar IC50 to BE cells, could only repair
around 10.3% of the DNA damage.

The ability of these three cell lines to repair ICLs did
not to correlate with their sensitivity to MMC. The rela-
tionship between ICL formation and chemosensitivity is
presented in Fig. 5. A good correlation was established
between these two parameters (r2 = 0.66) with increased
sensitivity associated with increased ICL formation.

4. Discussion

The ability to tailor chemotherapy to individual pa-
tients is an integral part of bioreductive drug develop-
ment. However, despite extensive studies on the
mechanism of action of MMC, predictive assay develop-
ment based on tumour enzymology has generated incon-
sistent and conflicting results in both experimental and
clinical settings [3,11–14]. Previously published studies
have shown that BE and H596 cells have very low activ-
ity level (<0.1 nmol/mg/min) but they present different
level of sensitivity to MMC with IC50 values of
6.02 ± 0.36 and 117.87 ± 57.45 lM, respectively (Fig.
1) [21,22]. On the other hand, BE and HT29 cells have
similar IC50 values (6.02 ± 0.36 and 4.60 ± 1.23 lM)
but HT29 cells were shown to have a high NQO1 activ-
ity (688 ± 52 nmol/mg/min) [22]. These data support the
idea that MMC activation is complex, involving several
reductases and other proteins [5,23,24] together with
many physiological factors (e.g., pH and hypoxia) mod-
ulating activity of MMC [25,26], and evades accurate
measurement leading to poor predictive value of assays
based upon analysis of individual reductases. It is also
possible that biochemical events post MMC activation
may also play a prominent role in determining response.
MMC is known to induce apoptosis in cell lines [27,28]
and apoptosis measurements have been suggested as a
potential predictive marker of response to MMC che-
motherapy [29]. In this study, although low levels of
apoptosis induction were observed (Fig. 2), there was
no indication of a close relationship between apoptosis
induction and response in either MMC sensitive
(H460) or resistant (RT4) cells lines. These results sup-
port those of Gontero and colleagues [30] that showed
no correlation between caspase-3 levels and resistance
to MMC, suggesting that non-apoptotic modes of cell
death [31] predominate in MMC therapy.

With regards to DNA repair kinetics, marked differ-
ences exist in the ability of 4 cell lines to repair MMC
induced ICL (Fig. 4C). For example, BE cells showed al-
most complete repair of DNA damage 6 h after drug
exposure, whereas H460 and HT-29 cells showed mod-
erate or poor repair of ICLs, respectively. RT4 cells were
quite distinct from the other cell lines in that no ICL for-
mation was observed immediately after a 1 h drug
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exposure (Fig. 3) but significant levels of ICL formation
was observed after a 6 h recovery period (Fig. 4B). A
more detailed time course analysis of ICL formation
in RT4 cells following a 1 h drug exposure is presented
in Fig. 4B and this demonstrated a time-dependent in-
crease in ICL formation. A mechanistic explanation
for this observation is not known but it illustrates the
fact that inherent differences in both ICL formation
and DNA repair exist between different cell lines. In
terms of the relationship between DNA repair kinetics
and chemosensitivity, the repair proficient BE cell line
and the repair deficient HT-29 cell line have similar
IC50 values following a 1 h drug exposure (4.60 ± 1.23
and 6.02 ± 0.36 lM, respectively). Whilst there are
marked differences in repair capacity, these preliminary
results (in conjunction with the unusual pattern of ICL
formation in RT4 cells) suggest that analysis of DNA re-
pair is unlikely to be of value in terms of developing a
predictive assay for MMC.

This study has refined the concept initially proposed
by Cummings et al. [5] and analysed the induction of
DNA ICLs as a marker of the bioreductive activation
process and compared this with chemosensitivity in
vitro. In all cases, exposure to MMC for 3 h resulted
in increased ICL formation although notable differences
in ICL formation exist both between individual cell lines
and the duration of drug exposure. This is particularly
marked in the case of RT4 cells where no ICL formation
was observed after a 1 h exposure but high ICL levels
were produced after a 3 h exposure. This correlates with
both the marked increase in sensitivity of RT4 cells fol-
lowing a 3 h drug exposure (Fig. 1) and consequently the
unusual relationship between C · T and response (where
cell kill is proportional to T rather than C · T as in the
majority of other cell lines). The relationship between
ICLs formation and cell line sensitivity was first sug-
gested by O!Connor and Kohn [32], who showed a cor-
relation between ICLs formation measured by DNA

alkaline elution and L1210 murine cells sensitivity to 4
different nitrogen mustards. These data were confirmed
later in a study demonstrating a correlation between
IC50 values for 3 aromatic nitrogen mustards and the ex-
tent of ICLs determined by alkaline elution assay in two
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Fig. 3. DNA interstrand cross-links induction and repair kinetics.
Representation of the induction of DNA interstrand cross-links in
cancer cell lines exposed to MMC (5 lM) for 1 h (j) and 3 h (h).
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Fig. 4. Panel A represents the kinetic of cross-links formation in H460
cells exposed to MMC (5 lM) for 1 h and left to recover over 24 h.
Panel B represents the kinetic of cross-links formation in RT4 cells
exposed to MMC (5 lM) for 1 h and left to recover over 24 h. Panel C
represents the extent of cross-links measured in cells exposed to MMC
(5 lM) for 1 h ( ) and left to recover for 6 h (j). Each value presented
represents the means ± standard deviation for three independent
experiments.
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human cancer cell lines [33]. Together, these data indi-
cate that ICLs formation is a good indicator of alkylat-
ing agent biological activity. Nevertheless, it should be
acknowledged that there is still variability within the
data set and further improvements are required before
in vivo studies can be conducted. For example, MMC in-
duces other forms of DNA damage (i.e., mono-adducts
at the N7 and N2 position of guanine [5]) so whilst ICLs
are generally regarded as the most toxic lesion, other
forms of DNA damage may still contribute towards
cytotoxicity and cannot be ignored.

In conclusion, this study demonstrates that analysis
of DNA ICL formation following exposure to MMC
provides a good indicator of MMC chemosensitivity.
This result, in conjunction with the lack of evidence sup-
porting a strong role for repair or apoptosis in MMC
sensitivity, suggests that the bioreductive activation pro-
cess remains the major determinant of cellular response
to MMC in vitro. The comet assay has the advantage of
using intact cells that will express a variety of proteins/
reductases involved in the bioreductive activation pro-
cess. In addition, detoxification pathways and other cel-
lular defence mechanisms are also indirectly assessed as
ICL formation is likely to represent the balance between
bioactivation on the one hand and detoxification pro-
cesses on the other. Whilst predicting response to ther-
apy based on analysis of single enzymes remains an
attractive proposition, it is probably too simplistic for
MMC and cellular based procedures such as the comet
assay represent a potential way forward. Recent studies
have demonstrated that the comet assay provides a good
indication of response to radiotherapy [34,35] and is
simple, inexpensive, rapid and requires small biopsy
samples [34]. Analysis of DNA damage caused by
MMC using the comet assay may provide a good indica-
tion of response and further studies to address this issue
are warranted.
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Abstract. The modern era of targeted therapeutics offers
the potential to tailor therapy to individual patients whose
tumours express a specific target. Previous attempts to
forecast tumour response to conventional chemotherapeutics
based on similar principles have however been disappointing.
Mitomycin C (MMC), for example, is a bioreductive drug
that requires metabolic activation by cellular reductases for
activity. The enzyme NAD(P)H:Quinone oxidoreductase-1
(NQO1) can reduce MMC to DNA damaging species but
attempts to establish the relationship between tumour
response to MMC and NQO1 expression have generated
conflicting reports of good and poor correlations. Several
other reductases are known to activate MMC. This, in
conjunction with the fact that various physiological and
biochemical factors influence therapeutic response, suggests
that the mechanism of action of MMC is too complex to
allow tumour response to be predicted on the basis of a
single enzyme. Alternative approaches using more complex
biological and pharmacological systems that reflect the
spectrum of reductases present within the tumour have been
developed and it remains to be seen whether or not the
predictive value of these approaches is enhanced. With
regards to targeted therapeutics, the experience with MMC
suggests that prediction of tumour response based on
analysis of a single target may be too simplistic. Multiple
mechanisms of action and the influence of tumour

microenvironment on cell biology and drug delivery are likely
to influence the final outcome of therapy. The challenge for
the future progression of this field is to develop assays that
reflect the overall biological and pharmacological processes
involved in drug activation whilst retaining the simplicity and
robustness required for routine chemosensitivity testing in a
clinical setting. 

The ability to tailor chemotherapy to individual patients who
are most likely to benefit from treatment has been a major
objective in cancer research for many years. Since the seminal
studies of Hamburger and Salmon in the late 1970’s where
primary cell cultures and clonogenic assays were used (1),
numerous approaches have been evaluated. Despite extensive
research, the ability to accurately forecast the response of
individual patients to chemotherapy remains elusive. The
modern era of targeted therapeutics offers enhanced
prospects of individualised therapy. The development of
trastuzumab for use against HER-2 positive breast cancers is
a good example of this (2, 3). Whilst the example of
trastuzumab represents a significant step forward
individualised therapy, is it realistic to expect that all tumours
that express a specific target will respond to target orientated
therapies? Even in the case of trastuzumab, tumour response
remains heterogeneous with some patients responding well
whereas others are inherently resistant to treatment (4).
Numerous attempts have been made to predict the response
of tumours to conventional cytotoxics using similar
approaches. However, no reliable assay is currently in routine
clinical use. In this article, the predictive value of assays
designed to forecast the response of tumours to mitomycin C
(MMC, Figure 1) will be critically reviewed. The rationale for
selecting MMC is that it is a targeted anticancer agent and
extensive efforts have been made to predict tumour response
based upon analysis of key enzymes involved in its
mechanism of action. The principle objective of this review is
to obtain an understanding of why previous approaches have
been unsuccessful in the belief that this may inform the
design of predictive assays for targeted therapeutics. 

175

Abbreviattions: MMC: Mitomycin C; NQO1: NAD(P)H:Quinone
oxidoreductase-1; ROS: reactive oxygen species; SNP: single
nucleotide polymorphism; 2,7-DAM: 2,7-diaminomitosene; BSO:
L-buthionine-R,S-sulfoximine.

Correspondence to: Milène Volpato, Institute of Cancer
Therapeutics, University of Bradford, Bradford BD7 1DP, U.K.
Tel: +44 1274 233226, Fax: +44 1274 233234, e-mail:
m.volpato@bradford.ac.uk 

Key Words: Superficial bladder cancer, mitomycin C, NQO1,
targeted therapeutics, bioreductive drugs, review.

CANCER GENOMICS & PROTEOMICS 4: 175-186 (2007)

Review

Tailoring Targeted Therapy to Individual Patients: Lessons 
to be Learnt from the Development of Mitomycin C

MILÈNE VOLPATO and ROGER M. PHILLIPS

Institute of Cancer Therapeutics, University of Bradford, Bradford BD7 1DP, U.K.

1109-6535/2007 $2.00+.40



MMC and the Potential for Tailored Therapy

MMC is a naturally occurring antibiotic that was isolated
from Streptomyces caespitosis in 1956 by Hata et al. (5). It
belongs to a class of anticancer agents known as
bioreductive drugs and it is regarded as the prototypical
bioreductive drug (6). MMC is a clinical component of
combination chemotherapy regimens used to treat a range
of tumour types (7). Throughout Europe, MMC is routinely
used as a single agent to treat superficial bladder cancers
and it significantly delays tumour recurrence (8, 9). The
response of superficial bladder cancers to MMC is
heterogeneous (10). So there is a clinical need to identify
patients that are most likely to benefit from treatment. 

In general terms, bioreductive drugs are molecules that
require metabolic activation by cellular reductases to
generate metabolites that damage DNA. They were initially
developed to target hypoxic cells and selectivity was
determined by the ability of oxygen to reverse the activation
process (11, 12). As our understanding of the enzymatic
activation processes increased, it became clear that certain
bioreductive drugs can also target aerobic cells (13). In this
case, selectivity is determined primarily by the presence of
elevated levels of reductase activity in tumour tissue (13).
This generated the concept of ‘enzyme directed bioreductive
drug development’, an integral component of which is the
ability to forecast tumour response based upon knowledge
of the activity of specific reductases and/or the extent of
tumour hypoxia (14). Whilst conceptually elegant, its
ultimate value depends upon a number of conditions. The
main requirement is that one enzyme plays a dominant role
in bioreductive activation and that tumour response is
determined by the expression of this enzyme in tumours.
Furthermore, it also assumes that cells ability to respond to
DNA damage (DNA repair or ability to undergo apoptosis)
play a comparatively minor role in determining response.
The ability to predict tumour response based upon analysis
of a single enzyme and approaches that challenge the
assumptions outlined above will, therefore, be the initial
focus of this review. 

MMC and its Mechanism of Action

The mechanism of action of MMC has been extensively
studied and reviewed elsewhere (15-18). Briefly, the initial
and critical step in the bioactivation process is reduction of
the quinone to either the semiquinone or the hydroquinone
by one- or two-electron reductases, respectively (Figure 1).
In the presence of oxygen, the semiquinone enters into a
redox cycle that produces reactive oxygen species (ROS)
which can lead to DNA damage. It is generally
acknowledged, however, that the DNA damage caused by
ROS contributes little to the overall cytotoxicity of MMC

compared to DNA alkylation (19, 20). Under hypoxic
conditions, the semiquinone free radical chemically
rearranges into the more stable hydroquinone which
undergoes a series of chemical reactions leading ultimately
to alkylation of DNA (21). When the hydroquinone species
are generated directly by 2 electron reductases (by passing
the semi-quinone), the generation of alkylating species is
not dependent upon the presence or absence of oxygen. The
covalent DNA adducts produced are predominantly formed
at the N2 position of guanine (but also at the N7 position)
and both intra-strand and inter-strand crosslinks as well as
mono-adducts are produced. It is however the interstrand
cross links rather than the monoadducts that are critical
factors in determining cell death (22). 

Physiological conditions, such as low pH (23, 24) and
oxygen tension (25, 26) can have a significant influence on
cellular response to MMC but the key step in the process
remains the initial reduction of the quinone nucleus by one
and/or two electron reductases. Numerous enzymes have
been implicated in the reduction of MMC. These include
cytochrome P450 reductase (27), xanthine dehydrogenase
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Figure 1. Basic schematic of MMC bioactivation. For a more complete
overview of the full metabolic route, see Cummings et al. (17).



(28), xanthine oxidase (29, 30), NADPH ferredoxin
reductase (31), cytochrome b5 reductase (32), an
uncharacterised cytosolic enzyme (15, 33), glucose
regulatory protein 58 (34, 35), HAP1 (35), NQO1 (36) and
more recently NAD(P)H:Quinone oxidoreductase 2 (37,
38). Whilst MMC is a substrate for many enzymes, attention
has predominantly focused on NQO1 (17, 18, 39) and the
relationship between NQO1 and response to MMC has
been extensively studied. In addition to enzymatic
reduction, a series of other events should be taken into
consideration as these may also determine cellular response.
These are summarised in simplified form in Figure 2 and
include; reduction of MMC by reductases and other
metabolic routes such as detoxification pathways, the
formation of DNA damage and its repair, and finally the
induction of cell death. Similar reasoning could be extended
to other forms of targeted therapy in terms of the presence
of an active target, the target/drug interaction, the effect of
this interaction (e.g. activation or repression of a signalling
pathway, tubulin disruption) and the induction of cell death.
Each step of this process may be of importance in predicting
response to treatment and will be commented upon in this
review. Initially however, the relationship between NQO1
and response to MMC will be discussed.

Role of NQO1 in MMC Bioactivation and
the Prospect of Individualising Therapy 
Based on NQO1 Expression

NQO1 is a cytosolic flavoprotein that catalyses the two-
electron reduction of a broad range of substrates
(particularly quinone based compounds) using NADH or
NADPH as the source of electrons (18, 40, 41). Several
possible physiological functions for NQO1 have been
proposed (42, 43) although historically, its role in protecting
cells from highly reactive environmental and synthetic
quinones is believed to be its principle function. This is
achieved by converting quinones directly into redox stable
hydroquinones, thereby bypassing the semi-quinone free
radical and subsequent generation of ROS caused by redox
cycling in air. The newly formed hydroquinones can be
conjugated to glucoronides or sulfides, resulting in increased
water solubility and excretion (44). In the case of certain
quinones however, the hydroquinone may itself autoxidise to
generate ROS or directly alkylate DNA. In these cases,
reduction by NQO1 represents a pro-drug activation
mechanism. The decision as to whether a compound is
detoxified or activated by NQO1 is determined largely by the
chemistry of the groups attached to the quinone nucleus
(44). In the case of MMC, it is a substrate for NQO1 and
reduction by NQO1 results in DNA alkylation in cell free
assays (36, 45, 46). This fact alone suggests that NQO1 could
play a significant role in determining therapeutic response. 

Two additional pieces of evidence significantly enhanced
the prospect of predicting response to MMC based on
analysis of NQO1. First, a series of studies demonstrated
that the expression of NQO1 (at the mRNA and protein
level) was not only elevated in several tumour types but that
within each pathological group of tumours, wide
interpatient heterogeneity existed (47-49). Some patient’s
tumours expressed high levels of NQO1 activity whereas
others were devoid of activity, making it was conceivable
that heterogeneity in tumour response to MMC could be
related to heterogenous NQO1 expression. Second, the
gene encoding for NQO1 is polymorphic and two single
nucleotide polymorphic (SNP) variants (C609T [NQO1*2]
and C465T [NQO1*3]) are associated with total loss or
significant reductions in NQO1 activity (50-53). In view of
the fact that NQO1 can activate MMC, wide variations in
NQO1 activity or the presence of SNP’s leading to reduced
NQO1 activity could have a significant bearing on
therapeutic outcome (41). It should be stressed however
that the ability of NQO1 to reduce MMC is not simple as it
only occurs under mild acidic conditions (45). At
physiological pH values, MMC is not only a poor substrate
for NQO1 but actually inhibits NQO1 activity (23, 45, 54).
Whilst tumours are known to contain regions of low
extracellular pH 55, intracellular pH is generally maintained
at or slightly above neutrality (56). These findings may
impact on the relevance of NQO1 as a major determinant
of MMC activity as discussed below. 

Relationship between NQO1 and Response 
to MMC In Vitro

As stated previously, the existence of a correlation between
reductase expression (mRNA and/or protein) and treatment
response is an essential requirement for enzyme directed
drug development. Several experimental approaches have
been employed but as described below, conflicting reports
of good and poor correlations between NQO1 expression
and response in vitro can be found within the available
literature. In studies using panels of cell lines that inherently
express a broad range of NQO1 mRNA and/or protein,
reports of good correlations between NQO1 activity and
response (57-61) contrast sharply with reports of poor
correlations (15, 62-64). Similarly, enhanced activity of
MMC has been observed by some groups in isogenic cell
lines where NQO1 has been over expressed (65-68) whereas
other laboratories have demonstrated that MMC sensitivity
is independent of NQO1 activity in similar models (15, 69,
70). Several studies using cell lines that are resistant to
MMC have demonstrated that NQO1 activity is reduced
compared to the parental lines (58, 71). Other studies have
demonstrated that cisplatin resistant A2780 cells (which
have elevated levels of NQO1) are also resistant to MMC,
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which suggests that other factors influence the outcome of
MMC treatment (72). Attempts to chemically modulate
NQO1 activity in cell lines, using the inhibitor dicumarol for
example, have suggested that NQO1 plays a role in
activating MMC (73, 74). Similarly, NQO1 activity can be
induced in cells and enhanced toxicity to MMC has been
observed following NQO1 induction by 1,2-dithiole-3-
thione, dimethyl fumarate and arsenite (75-77). However,
caution needs to be exercised in the interpretation of these
experiments as dicumarol is not a selective inhibitor of
NQO1 (78) and the recent finding that NQO1 can stabilise
p53 (79, 80) suggest that manipulation of NQO1 levels in
cells could potentially modulate therapeutic response to
DNA damage.

The majority of the studies mentioned above have
focused on the relationship between NQO1 and response
to MMC under aerobic conditions but the situation
becomes more complex when similar experiments are
conducted under hypoxic conditions. The determination of
hypoxic cytotoxicity ratios (HCR; defined as the ratio of
IC50 values in air divided by IC50 values under hypoxia) is
a commonly used method to compare the activity of drugs
under both aerobic and hypoxic conditions. In the case of
MMC, high HCR values have been reported in cell lines
that have low or no NQO1 activity (26, 81). In NQO1 rich
cells, HCR values are typically very low, indicating that
these cells are equally sensitive to MMC in the presence
and absence of oxygen (26, 82). Whilst the mechanistic
basis for these observations is not fully understood, these
results present a significant additional challenge to
predictive drug testing for MMC sensitivity based on the
analysis of NQO1 alone.

With regards to the potential impact of NQO1 SNP’s on
MMC sensitivity, resistance to MMC has been
demonstrated in a number of cell lines that are homozygous
for the NQO1*2 allele (53, 83). Similarly for the NQO1*3
allele, cells are more resistant to MMC than wild-type cells
(84, 85). Furthermore, the response of primary cell lines
derived from gastric tumours to MMC was dependent upon
NQO1 genotype, with increased sensitivity to MMC
observed in cells with wild-type NQO1 (86). In contrast to
studies based on NQO1 phenotypic expression or activity,
no studies have been published that contradict these
findings and experimentally at least, genotype status
provides the strongest evidence that NQO1 plays a role in
determining therapeutic outcome to MMC treatment. 

Relationship between NQO1 and Response to
MMC in Xenografts and Patients

The ability to predict response to MMC based upon analysis
of NQO1 phenotype and genotype has been critically
addressed in a series of in vivo and clinical studies. With
regards to NQO1 phenotype, a good correlation between
MMC sensitivity in vivo and NQO1 activity was reported in
a panel of eight non-small cell and small cell lung tumour
xenografts (48). In other studies, however, a poor correlation
between anti-tumour activity and NQO1 levels has been
reported (87-89). In an extensive panel of 45 human tumour
xenografts expressing a broad spectrum of NQO1 enzyme
activity, no correlation was observed between NQO1 activity
and response to MMC in vivo (64). In clinical studies,
promising results were obtained by Gan et al. where the
response of histocultures derived from 21 human bladder
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Figure 2. Simplified cartoon outlining the key steps required for cellular response to MMC. 1; presence of reductases/target protein, 2; MMC metabolism
or drug/target interaction, 3; DNA damage or effect of target disruption, 4; Cell death induction.



cancer patients (with both superficial and invasive disease)
correlated with the mRNA expression of NQO1 and
cytochrome P450 reductase (90). In contrast, NQO1 protein
expression as measured by immunohistochemistry in 92
superficial bladder cancers (pathology was restricted to
G1/G2 and pTa/T1 tumours) did not correlate with clinical
response to MMC in terms of time to first recurrence (91). 

With regards to the polymorphic variants of NQO1, a study
by Fleming et al. reported that in 117 patients with
disseminated peritoneal cancer treated with intraperitoneal
hyperthermic MMC, patients that were heterozygous or
homozygous with respect to NQO1*2 had reduced survival
compared to patients genotyped as wild-type (92). This very
significant finding suggested for the first time that screening
for this polymorphism may be useful in identifying individuals
who may be at risk of treatment failure following
intraperitoneal MMC therapy. In contrast to these
encouraging reports, studies in both human tumour xenografts
(93) and superficial bladder cancer patients (94) have
demonstrated that genotyping individuals with respect to the
NQO1*2 SNP did not correlate with therapeutic outcome. 

In summary, the ability to forecast the response of
tumours based on the levels of NQO1 or NQO1 genotype
status is unlikely to be of practical value in the clinic. Whilst
some evidence of positive correlations have been reported,
there is a wealth of conflicting data in the literature which
suggests otherwise. A number of other enzymes have been
implicated in the activation of MMC and some attempts
have been made to correlate their expression status,
sometimes in conjunction with the NQO1 levels, with
response to MMC treatment. It remains to be seen whether
the response of tumours to MMC can be forecast based on
the expression of these enzymes but, the complexity of
MMC activation suggests that this approach is unlikely to
be productive. Models or assays that mimic more closely the
complexity of the biological system offer a potential way
forward and some of these approaches are discussed in the
following sections. 

Analysis of MMC Metabolism in Crude Tumour
Homogenates; Relationship with Cellular and
Tumour Response to MMC

As multiple enzymes are involved in the activation of MMC,
Cummings et al. proposed an alternative approach based
upon the ability of tumour homogenates to metabolically
activate MMC (17). This represented the first move from
single enzyme/marker prediction to multiple enzyme activity
assessment and it is based on the rationale that tumour
homogenates will contain a ‘cocktail’ of reductases capable
of activating MMC. By using analytical techniques
identifying active metabolites, a more accurate assessment
of a tumour’s ability to activate MMC may therefore be

achieved (17). Initial studies focused on the identification
of 2,7-diaminomitosene (2,7-DAM) as an indicator of
bioreductive activation. 2,7-DAM is a transient intermediate
formed after the reduction of MMC and it is used as a
marker of drug activation (Figure 1). In two murine colon
carcinoma models (MAC 16 and MAC 26) 2,7-DAM was
readily detected in tumours following intra-tumoral
injection of MMC (15). However, higher levels of 2,7-DAM
were detected in the comparatively more resistant MAC 26
tumour model compared to MAC 16 tumours, indicating
that other pharmacological factors have a significant
influence of therapeutic outcome. The analysis of 2,7-DAM
is however technically challenging as it is a reactive
metabolite that readily binds covalently to cellular
macromolecules and once bound, it will be invisible to the
majority of analytical techniques.

In an attempt to circumvent this issue, studies conducted
in our laboratory analysed the ability of tumour
homogenates from a panel of resistant and sensitive human
tumour xenografts to metabolise MMC (64). The rate of
metabolism of the parent MMC compound was significantly
greater in the MMC sensitive group (tó=75±48.3 min,
n=6) compared to the resistant group (tó=280±129.6 min,
n=11). Based upon these results, a pilot study was
established in 30 patients with superficial (G1/G2 and
pTa/T1) bladder cancer where surgical specimens were
immediately flash frozen in liquid nitrogen and transferred
to the laboratory. Using identical methodologies to our
previous studies (64), this study demonstrated that the
ability of tumour homogenates to metabolise MMC varied
considerably between individual tumours with half lives
ranging from 17.5 min to >1000 min (Figure 3). 

The key question was whether or not these inherent
differences in the ability of tumours to metabolise MMC
translates into differences in therapeutic response.
Following tumour resection, each patient received a single
dose of MMC (40 mg/40 ml) administered intravesically
within 24 hours of surgery and time to first recurrence was
determined by established follow up procedures. No trend
could be established between either metabolism rates and
time to first recurrence or metabolism rates and the
presence or absence of recurrent disease at the time of
survey. Surprisingly, some tumours that slowly
metabolised MMC in vitro responded as well to MMC as
tumours that rapidly metabolised MMC (patients A and
B, Table I). Within the G2/pTa tumours, 3 patients
suffered recurrence following MMC therapy. Patients C
and D, had similar clinical response (first recurrence 3
months after MMC therapy) despite the fact that tumour
homogenate from patient C metabolised MMC rapidly
(t1/2=17.5 min) whereas tumour homogenate from patient
D metabolised MMC more slowly (t1/2=395 min) (Table
I). The observation that several of the tumours that
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metabolised MMC slowly responded well to treatment
(Table I) implies that only a small fraction of MMC is
needed to be activated to DNA damaging species or that
the tumour cells themselves are exquisitely sensitive to
low levels of DNA damage. On the other hand, several
tumours were able to metabolise MMC rapidly but failed
to respond well to treatment (Table I). This suggests that
metabolism of MMC is not only a reflection of
bioreductive activation but also of other metabolic routes
such as detoxification pathways. 

The glutathione-glutathione S transferase pathway is a
known resistance mechanism for MMC (95). To exemplify
this, additional studies in our laboratory have analysed the
effect of glutathione depletion by the non-toxic agent L-
buthionine-R,S-sulfoximine (BSO) on in vitro
chemosensitivity to MMC. The IC50 obtained after
treatment of H460 cells with BSO for 24 hours (50 ÌM)
followed by exposure to a range of MMC concentrations for
1 hour, were 1.45±0.91 ÌM, compared to 0.77±0.28 ÌM in
the absence of BSO (Figure 4). In contrast, exposure of
RT4 cells to BSO prior to MMC treatment induced a 6.5-
fold decrease in the IC50, from 30.20±7.33 ÌM down to
4.62±3.80 ÌM (Figure 4). These results suggested that
inherent differences in detoxification pathways (e.g.
glutathione) existed between RT4 and H460 cells that could
have had a significant bearing on MMC sensitivity. 

In summary, whilst significant differences exist in the
ability of tumours to metabolise MMC, the lack of
correlation between metabolic rates and tumour response
suggests that this approach needs to be refined. The ability
to measure active metabolites, the role of detoxification
pathways and the destruction of tumour microenvironments
during the preparation of homogenates represent significant
obstacles that would have to be addressed. 
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Figure 3. Relationship between MMC metabolism by bladder tumour
homogenates and clinical response to MMC. Protein homogenates (10
mg/ml) were then incubated at 37ÆC in the presence of 2 mM NADH and
2 mM NADPH and the reaction was initiated by the addition of MMC
(200 ÌM). At various time intervals, 30 Ìl of the reaction mixture was
removed and added to 90 Ìl of acetonitrile containing the internal
standard, porfiromycin (PFC, 50 ÌM). Samples were evaporated and
resuspended in mobile phase. Chromatographic separation of MMC by
HPLC has been described previously (64). Detection of MMC is
performed at 365 nm and 310 nm with a flow rate of 1 ml/min. The half-
life of MMC was determined from least squares log linear regression
analysis t1/2=0.693/Kd where Kd is the decay rate constant (the slope of
the regression analysis x 2.303).

Figure 4. The influence of the glutathione detoxification pathway on
MMC cytotoxicity in human cancer cell lines. The effect of the glutathione
detoxification pathway was evaluated, using BSO, an inhibitor of
glutathione synthesis, reported to be effective when used at 50 ÌM for 24
h (118). Cells were plated into 96 well culture plates incubated overnight.
The following day, cells were incubated with BSO (50 ÌM) or fresh
medium for 24 h. Cells were then exposed to a range of MMC
concentrations (0.2 ÌM to 100 ÌM) for 1 h in absence of BSO, after which
they were washed twice with HBSS prior to addition of complete media.
Cell survival was assessed using the MTT assay. IC50 values are expressed
in terms of the mean±standard deviation for three independent
experiments. MMC cytotoxicity in H460 and RT4 cells pre-treated with 50
ÌM BSO (●) for 24 h or in absence of BSO (●●). Each data point
represents the mean±SD for 3 independent experiments.

Table I. MMC half-life and clinical response obtained for 4 superficial
bladder cancer patients treated with MMC. These patients were selected
to illustrate the extremes of both clinical response to MMC and MMC
metabolic rates.

Patients Tumour MMC half-life Time to first recurrence 
grade (min) (month)

A G1/pTa 93 >27
B G1/pTa 853 >24
C G2/pTa 17 3
D G2/pTa 395 3



Induction and Response to DNA Damage 
as an Indicator of MMC Sensitivity

Developing the approach outlined by Cummings et al. (17),
analysis of DNA damage induction in tumour cells would
represent not only the end product of bioreductive
activation by multiple enzymes but would also take into
account the role played by detoxification pathways and
other protein/drug interaction. Analysis of DNA damage
induction may therefore provide an indication of
bioreductive activation. As mentioned previously and
discussed in detail elsewhere (16, 17, 22), MMC induces a
range of DNA lesions but inter-strand cross links are
regarded as the major cytotoxic lesions (22). In a panel of
human tumour cell lines, in vitro chemosensitivity to MMC
correlated well with the induction of DNA inter-strand
crosslinks as measured by the comet assay (96). This study
demonstrated that analysis of DNA interstrand crosslink
formation provides a good indicator of MMC
chemosensitivity in vitro and further studies are required to
assess the relationship between DNA interstrand cross link
formation and response to MMC in vivo (96). 

Two other factors need to be taken into consideration in
view of these findings; the ability of cells to repair DNA
damage and the response of cells to DNA damage in terms
of their ability to undergo apoptosis. With regards to DNA
repair, full details of the mechanism of DNA repair of
MMC induced DNA damage remains unclear but it involves
multiple repair pathways including nucleotide excision
repair, homologous recombination repair and translesion
bypass repair pathways (97, 98). In contrast to the
relationship between interstrand crosslink formation and
response, poor correlations between response and DNA
repair kinetics (determined by the comet assay) and
apoptosis induction (determined by Annexin V-FITC/PI
dual staining and Hoescht 33342 staining) were observed
(96). Whilst DNA repair processes can generally influence
therapeutic response, the data presented in this study
suggests that it plays a minor role in determining response
to MMC. These findings were in agreement with similar
studies analysing the role played by DNA repair in
determining response to radiotherapy were no correlation
could be established between the two parameters in vitro
(99-101) and in patients with acute myeloid leukaemia
(102). In terms of apoptosis induction, conflicting reports of
the relevance of apoptosis to MMC sensitivity have been
published. Some studies showed a trend between response
to MMC and the levels of apoptosis measured in cell lines
and in bladder tumours exposed the drug ex vivo (103, 104),
whereas other reports showed a lack of correlation between
the two parameters (105-108). The latter were in accordance
with a review by Okada and Mak describing how DNA
damage could trigger processes of senescence or mitotic

catastrophe rather than programmed cell death (109).
However, a recent study which used 20 non small cell lung
carcinoma samples suggested the existence of a relationship
between the levels of apoptosis induced by ex vivo exposure
to MMC, cisplatin and taxotere and reduced metabolic
activity in the cultured samples (110). They highlighted the
usefulness of measuring pharmacodynamic parameters of
tumour mass cultured and treated ex vivo in order to predict
response (110).

The correlation observed between inter-strand crosslink
formation and response suggested that the process of
bioreductive activation remains the major determinant of
cellular response to MMC at least in vitro and further
studies are required to determine whether or not the comet
assay can accurately forecast the response of tumours to
MMC in vivo. The comet assay encompasses the key
principles developed above in that it is a cell based assay
where bioreductive activation processes take place alongside
detoxification pathways in a competitive manner. Recent
studies have also demonstrated that the comet assay
provides a good indication of response to radiotherapy, is
simple, inexpensive, rapid and requires small biopsy samples
(99-101, 111). It remains to be seen whether or not the
comet assay can be used to accurately forecast the response
of superficial bladder cancers to MMC. 

Conclusion

Two main issues arise from this review. The first relates to
the prospects for developing predictive assays for MMC and
the second is what lessons can be drawn from MMC that
can or should be considered when developing predictive
assays for targeted therapies. 

With regards to MMC specifically, there is sufficient
uncertainty and conflict in the literature to indicate that
analysis of NQO1 alone is unlikely to be beneficial in terms
of predicting response. Whether correlations can be
obtained between the expression of other reductases
involved in MMC activation and response remains to be seen
but the complexity of MMC’s mechanism of action would
suggest that this approach is unlikely to be productive. Cell
based assays are a promising way forward as they retain a
degree of complexity within the system but this may be
compromised by the fact that disruption of solid tumours
would also destroy local tumour microenvironments that can
influence the activity of MMC. Exposure of biopsies to
MMC prior to disaggregating the tissue may circumvent this
although this introduces additional problems concerning
drug delivery and changes in microenvironmental conditions
during drug exposure. Significant obstacles therefore exist in
relation to solid tumours and systemic treatments but in the
case of superficial bladder cancer, the prospect of developing
predictive assays is more promising. As mentioned
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previously, MMC is used as a single agent to treat superficial
bladder cancer and this simplifies the assessment of clinical
response compared to other tumours where MMC is used in
combination with other cytotoxics. It is typically
administered intravesically within 24 hours of surgery and
this provides two key benefits. First, this route of drug
administration reduces pharmacokinetic variations in drug
exposure parameters compared to the wide inter-patient
variations typically observed following systemic or oral
administration. Second, the removal of the solid tumour
mass effectively removes any complications caused by
microenvironmental conditions. In addition, the comet assay
is relatively rapid and from a logistical point of view, it
should be feasible to obtain data within the 24 hour window
between surgery and chemotherapy. Future studies will
determine whether the comet assay or conceptually similar
approaches have predictive value in the clinic. 

With regards to the second issue, there are similarities
between MMC and current approaches used to develop
predictive assays for targeted therapies. The most obvious
of which is the use of single markers to identify those
patients whose tumours are most likely to respond. As
described above, the prospects of predicting tumour
response to MMC based upon analysis of a single enzyme
are poor, which raises the question of whether or not similar
mistakes are being made with the new generation of
targeted therapies? As in the case of enzyme directed
bioreductive drug development, the underlying principle is
that if a tumour expresses the target, then that tumour
should respond. If this is to be successful, the drug should
be specific for its target. Once the drug/target interaction
has occurred, downstream events leading to a therapeutic
response should be the same within a specific cancer type.
Whilst modern target orientated therapies are likely to have
a much simpler mechanism of action than MMC, it is
generally accepted that the majority of small molecule
therapeutics have multiple targets. In the case of Imatinib
for example, this compound was designed to inhibit tyrosine
kinase activity of the BCR-Abl protein produced by a single
genetic event in chronic myelogenous leukaemia.
Subsequent studies however demonstrated that imatinib is
also active against gastrointestinal stromal tumours that
harbour mutations in KIT (112). This illustrates the point
that even with targeted drugs, multiple targets and
mechanisms of action exist. 

Once the drug has bound or interacted with its target, will
this ultimately lead to a therapeutic response in all
circumstances? The tumour microenvironment is known to
influence therapeutic outcome and it is associated with
resistance to both radiotherapy and chemotherapy (113, 114).
Recent studies have demonstrated that oxygen deprivation
results in decreased expression of pro-apoptotic proteins
leading to decreased drug induced apoptosis and clonogenic

resistance in vitro (115). The tumour microenvironment may
therefore have a profound influence on therapeutic outcome,
independent of the expression of specific targets in tumour
cells. Within this theme, the three dimensional geometry of
solid tumours also introduces significant problems related to
drug delivery. The poor vascular supply, in conjunction with
high interstitial pressures within the tumour, is a recognised
barrier to the delivery of therapeutic agents (116, 117). Even
if tumour cells express the specific target, there can be no
guarantee that sufficient drug will be delivered to cells to
elicit a therapeutic response. Whilst significant challenges
exist, the use of assays that mimic more closely the
heterogeneity within tumours in terms of physiological
conditions and drug distribution represent a possible way
forward to achieving our goal of individualised therapy. 

In conclusion, whilst the modern era of targeted
therapeutics offers the potential to tailor therapy to
individual patients, past experience with chemotherapeutics
such as MMC has demonstrated that prediction of response
based on analysis of single target molecules is unlikely to be
accurate. Complex mechanisms of action and the effect of
the tumour microenvironment on cell biology and drug
delivery could thwart attempts to individualise therapies as
has been the case with many chemotherapeutic agents. The
challenge for the future is to develop assays that mimic key
aspects of tumour biology whist retaining the robustness,
simplicity and reliability required for routinely predicting
tumour response in a clinical setting. Furthermore,
incorporating such assays into pre-clinical and early clinical
studies would assist in the more rapid development and
evaluation of predictive assays. 
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