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Abstract  

Introduction: Traditional anti-cancer drugs target proliferating cells and are 

generally potent but have poor selectivity towards cancer cells leading to dose 

limiting toxicities. Targeted therapies offer cancer selectivity but may be effective 

only against cancers with particular lesions and the development of resistance 

can be a problem. The focus of this PhD research has been on the essential 

metabolite NAD+ and NAD+ dependent cellular processes. An emerging hallmark 

of cancers is deregulated cellular metabolism and it was hypothesised that 

differences between cancer and non-cancer cells in NAD+ metabolism and 

function may offer potential novel therapeutic opportunities that are both cancer 

selective and potent.  

Aims: The aim was to evaluate specific putative cancer cell molecular 

vulnerabilities linked to the NAD+ metabolome. Four key hypotheses were 

investigated, a) that inhibition of NAD+ salvage enzyme NAMPT could reduce 

activity of NAD+-dependent PARP DNA repair enzymes selectively in cancer 

cells, b) that inhibition of NAD+-dependent deacetylase SIRT1 is preferentially 

cytotoxic towards cancer cells and that it can modulate non-cancer and cancer 

cell differentiation, c) that inhibition of glycolytic enzyme LDH-A affects cancer 

cell epigenetics and d) that small molecule KHS101 has selective activity against 

cancer cells through metabolic effects and perturbation of NAD+/NADH balance. 

Methods: Small molecule inhibitors of the indicated cellular targets, or their 

knock-down by RNAi, were utilised to analyse effects on a panel of cancer cell 

lines and non-cancer cell models in vitro. Cytotoxicity was analysed by 

chemosensitivity and image cytometry-based assays. Metabolic effects were 

analysed using a Seahorse XFp analyser and NAD(H) assays. mRNA expression 

was analysed by qPCR and protein expression by immunoblotting and IF, with 

colorimetric/fluorometric-based enzyme assays used to analyse effects on 

PARP1, SIRT1 and GPD2 activity. 

Results: KHS101 and NAMPT inhibitor FK866 both showed promising in vitro 

activity towards the cancer cell line panel and, for the most part, were more active 

towards the cancer cells than the non-cancer cell models tested. Short term 

NAMPT inhibition by FK866 at non-toxic doses preferentially depleted NAD(H) 

levels in cancer cells which was independent of p53 status and was sufficient to 

induce a cancer selective decrease in PARP activity. Consistent with this, FK866 

was able to potentiate several DNA damaging agents, in particular temozolomide, 

selectively in cancer cells. Preferential activity of SIRT1 inhibitor EX-527 towards 
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cancer cell lines than non-cancer cells over 96 hours was modest but depended 

on the cell line. Phenotypically, EX-527 induced a neuronal-like phenotype in two 

non-cancer cell models suggesting the cells undergo neuronal 

transdifferentiation. This was accompanied by changes in mRNA levels of stem 

cell factors and neuronal markers and was also observed in a glioblastoma stem 

cell-like model. LDH-A suppression led to alterations in the epigenetic state of 

cancer cells with global levels of H3K9me3 and H3K9Ac changing and mRNA 

levels of the epigenetically silenced TSG E-cadherin increasing. KHS101 

mechanism of action studies revealed depletion of mitochondrial respiratory 

function and cancer cell ATP levels. Autophagy was induced by KHS101 in both 

cancer and non-cancer cells. Activity of mitochondrial G3P shuttle enzyme GPD2 

was decreased and NAD+/NADH balance perturbed in cancer cells. 

Discussion and Conclusions: In vitro proof of principle is provided that through 

NAMPT suppression, NAD+-dependent PARP activity can be reduced 

preferentially in cancer cells and certain DNA damaging chemotherapeutic 

agents can be potentiated selectively in cancer cells. This raises the possibility of 

widening the therapeutic window of clinically used drugs if such effects can be 

translated into in vivo. SIRT1 can affect cell fate or differentiation status, its 

inhibition promoting neuronal (trans)differentiation of non-cancer cells and of 

GBM stem-like cells, indicating potential to target cancer stem cells and as a 

differentiation therapy. LDH-A suppression affected global levels of histone H3K9 

acetylation and methylation. Whilst effects at specific gene promoters have yet to 

be investigated, this identifies LDH-A as a novel target for selective modification 

of the cancer cell epigenome. Future work will investigate whether it can promote 

re-expression of epigenetically silenced tumour suppressors without adverse 

epigenetic effects on non-cancer cells. Cancer cells were unable to sufficiently 

metabolically compensate in response to small molecule KHS101 with in vitro 

results suggesting selective activity against multiple cancer cell types. Overall, 

these results suggest a number of potential therapeutic opportunities linked to 

the NAD+ metabolome that warrant further preclinical investigation. 
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Abbreviations  

2-DG 2-Deoxyglucose 

2HG 2-Hydroxyglutarate 

5hmC 5-Hydroxymethylcytosine 

5mC 5-Methylcytosine  

AMD Age-related macular degeneration  

AMPK Adenosine monophosphate-activated protein kinase 

AP Apurinic/Apyrimidinic  

AROS Active regulator of SIRT1 

BCA Bicinchoninic acid 

BER Base excision repair 

BRCA1/2 Breast cancer gene 1/2 

BSA Bovine serum albumin 

CER Cytoplasmic extraction reagent 

CHOP C/EBP homologous protein 

CPT Camptothecin 

CSC Cancer stem cell 

DAPI 4′,6-diamidino-2-phenylindole 

DBC Deleted in breast cancer 

DCA Dichloroacetate 

DCPIP 2,6-Dichlorophenolindophenol 

DHAP Dihydroxyacetone phosphate 

DMEM Dulbecco's modified eagle medium  

DMSO Dimethyl sulfoxide 

DNMT DNA methyltransferase 

DOX Doxorubicin  

DSB Double strand break 

ECAR Extracellular acidification rate 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

EMA European medicines agency 

EMT Epithelial-mesenchymal transition  

EX-527 6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide 

FAD Flavin adenine dinucleotide 

FBS Foetal bovine serum 

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

FDA U.S food and drug administrations 

FH Fumarate hydratase 

FK866 (E)-N-[4-(1-benzoylpiperidin-4-yl)butyl]-3-(pyridin-3-yl)acrylamide 

FL Full length 

FOXO Forkhead box protein 

G3P Glycerol-3-phosphate 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GBM Glioblastoma 
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GLUT1 Glucose transporter 1 

GPD1/2 Glycerol-3-phosphate dehydrogenase 1/2 

HDAC Histone deacetylase 

HIF-1α Hypoxia inducible factor 1-alpha 

HK Hexokinase 

HMT Histone methyltransferase 

HR Homologous recombination 

HRP Horseradish peroxidase 

HSPD1 Mitochondrial heat shock protein 1 

IDH Isocitrate dehydrogenase 

iPSC Induced pluripotent stem cell 

KDM Histone lysine demethylase 

KHS101 N4-isobutyl-N2-((2-phenylthiazol-4-yl)methyl)pyrimidine-2,4-diamine 

LDH Lactate dehydrogenase 

MC Myrtucommulone 

MDH Malate dehydrogenase 

MGMT O6-Methylguanine-DNA-methyltransferase 

MMR Mismatch repair 

MTT Thiazolyl blue tetrazolium bromide 

NA Nicotinic acid 

NAAD Nicotinic acid adenine dinucleotide 

NAD Nicotinamide adenine dinucleotide 

NADP Nicotinamide adenine dinucleotide phosphate 

NADS Nicotinamide adenine dinucleotide synthase 

Nam Nicotinamide 

NAMN Nicotinic acid mononucleotide  

NAMPT Nicotinamide phosphoribosyltransferase 

NAPRT Nicotinate phosphoribosyltransferase 

NC-3000 NucleoCounter 3000 

NER Nucleotide excision repair 

NHEJ Non-homologous end joining  

NHI-2 1-Hydroxy-6-phenyl-4-(trifluoromethyl)-1H-Indole-2-carboxylic acid methyl 
ester 

NMN Nicotinamide mononucleotide 

NMNAT Nicotinamide mononucleotide adenylyltransferase 

NR Nicotinamide riboside 

NRK Nicotinamide riboside kinase 

OCR Oxygen consumption rate 

PAR Poly (ADP-ribose) 

PARP Poly (ADP-ribose) polymerase 

PBS Phosphate buffered saline 

PBS-T PBS - 0.1% Tween 20 

PDH Pyruvate dehydrogenase 

PDK Pyruvate dehydrogenase kinase 

PFK Phosphofructokinase 

PFKB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
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PI Propidium iodide 

PPP Pentose phosphate pathway 

qPCR Quantitative polymerase chain reaction  

RIPA Radioimmunoprecipitation assay buffer 

ROCK RHO-associated serine/threonine kinase  

RPE Retinal pigment epithelia 

RPMI Roswell Park Memorial Institute 

SAM S-adenosylmethionine 

SDH Succinate dehydrogenase 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SI Selectivity index 

SIRT Sirtuin 

SRB Sulforhodamine B 

SSB Single strand break 

TACC3 Transforming acidic coiled-coil containing protein 3 

TBS-T Tris buffered saline - 0.1% Tween 20 

TCA Tricarboxylic acid  

TET Ten eleven translocation  

TME Tumour microenvironment 

TMZ Temozolomide 

Topo1/2 Topoisomerase 1/2 

TSG Tumour suppressor gene 

UPR Unfolded protein response 

VEGF Vascular endothelial growth factor 

X-gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

XRCC1 X-ray repair cross-complementing protein 1 

α-KG α-Ketoglutarate 
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1. Introduction 

1.1 Cancer as a genetic disease and its current 

treatment 

1.1.1 Brief definition of cancer  

Cancer is an umbrella term for a group of (epi)genetic diseases that result from 

accumulated mutations in two small subsets of genes, proto-oncogenes and 

tumour suppressor genes (TSG), leading to loss of normal cell growth control, 

tumour formation and metastatic spread of cancer cells. 

1.1.2 Cancer incidence and mortality  

In 2015 The World Health Organisation estimated cancer to be the first or second 

leading cause of death for those aged under 70 years in 91 of 172 countries in 

the world (Bray et al., 2018). 18.1 million new cases of cancer and 9.6 million 

cancer related deaths were estimated by GLOBOCAN in 2018 (Bray et al., 2018) 

and it is currently reported that, in the UK 1 in 2 people will develop cancer within 

their lifetime (Ahmad et al., 2015). 

Cancer can arise from almost any cell or tissue type and there are over 200 types 

of cancer. Risk factors, symptoms, cancer stages at diagnosis, treatment options 

and effectiveness of treatments vary depending on the cancer, indicating the 

complexity of this disease and the challenges it presents. The most common 

cancers are lung cancer, female breast cancer, colorectal cancer and prostate 

cancer, with lung cancer (18.4%) and colorectal cancer (9.2%) having the highest 

mortality rates overall (Bray et al., 2018). 

Exposure to certain environmental factors can increase the likelihood of 

developing particular cancers. These include exposure to cancer-promoting 

carcinogens, such as those found in cigarette smoke, which can cause DNA 

mutations (Sankpal et al., 2012). Other risk factors for certain cancers include 

obesity, high alcohol consumption and exposure to harmful UV radiation from the 
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sun. Exposure to some of these risk factors may be reduced through lifestyle 

measures and in the case of cervical cancer, which is causally linked to infection 

with high-risk human papilloma virus types, a vaccination programme has been 

introduced. 

Whilst most cancers develop from spontaneous mutations in somatic cells, 

certain individuals may have an increased unavoidable risk of developing a 

particular cancer due to inheritance of a recessive germline mutation in a 

particular critical gene (Lu et al., 2014). This will predispose these individuals to 

developing that cancer with fewer additional mutations required for cancer 

development. 

A major risk factor which is unavoidable and applies for almost all cancers is 

advancing age. This is consistent with the development of cancer being a 

multistep process requiring the accumulation of a number of critical mutations in 

a single cell. With a growing and ageing population, it is perhaps not surprising 

that the incidence of cancer has been steadily increasing over the past decades, 

indicating that the ‘cancer problem’ is not about to go away. 

Cancer survival rates in England and Wales have improved in the last 40 years 

with survival for 10 or more years after diagnosis increasing from 24% to 50% 

(Quaresma et al., 2015). Although survival as a whole has increased there is 

considerable variation between different cancer types, for example patients with 

testicular cancer have a 98.2% chance of survival past 10 years whereas this rate 

is as low at 1.1% in patients with pancreatic cancer (Quaresma et al., 2015).  

Improvements in survival result from increased awareness of symptoms and 

earlier diagnosis and treatment of cancers, as well as advances in treatments for 

particular cancers informed by increased knowledge of the cancer. Despite 

significant improvements for some cancers, for many cancers the treatments 

currently available only modestly improve survival and many are inherently toxic 

and lack selectivity towards cancer cells, which limits their effectiveness and can 

impact on patient quality of life.  
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There is a clear clinical need for the development of new treatments and 

therapeutic approaches. This PhD research is focused on the investigation of 

potential opportunities linked to differences in the metabolism of cancer and non-

cancer cells. 

1.1.3 The genetic basis of cancer 

Cancer is characterised by a loss of normal tissue homeostatic balance between 

the number of proliferating cells and the number of dying or apoptotic cells, 

leading to the formation of a tumour mass (Alberts et al., 2014). This is caused 

by cellular accumulation of genetic mutations in two key types of genes, TSGs 

and proto-oncogenes, leading to loss of normal cellular regulatory control where 

cells proliferate abnormally and evade cell death.  

In non-cancer cells, TSGs work to prevent tumour development and an 

inactivating mutation in both alleles will lead to loss of function (May and May, 

1999). TSGs can also encounter a mutation in one allele which can lead to 

suboptimal activity of the protein, a phenomenon known as haploinsufficiency. 

The normal cellular role of TSGs is as cellular ‘brakes’, inhibiting cell cycle 

progression when conditions are inappropriate, for example ensuring repair of 

damaged DNA and/or death of old/damaged cells to sustain tissue homeostasis 

and function. Activating mutations in proto-oncogenes result in their constitutive 

activation, these are dominant gain of function mutations resulting in their being 

‘on’, stimulating proliferation in the absence of an appropriate signal (Hoffman 

and Liebermann, 1998). The normal physiological role of proto-oncogenes is the 

stimulation of cell growth and cell survival in response to stimulatory signals from 

other cells. Inactivation of TSGs and oncogene activation promote the 

development of cancer and cellular acquisition of the so-called ‘hallmarks of 

cancer’. 

1.1.4 The hallmarks of cancer 

The hallmarks of cancer are key traits or biological capabilities acquired by cancer 

cells that are important for cancer development.  
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Figure 1.1: The eight hallmarks and two enabling characteristics of cancer. 
Schematic showing the eight  hallmarks and two enabling characteristics of cancer 
as proposed by Hanahan and Weinberg, figure adapted from Hanahan and 
Weinberg (2011).  

In 2000, Hanahan and Weinberg described six hallmarks that all cancer cells 

display - sustained proliferative signals, evasion of anti-growth signals, gain of 

replicative immortality, ability to invade and metastasize, stimulation of 

angiogenesis and the resistance of cell death (Hanahan and Weinberg, 2000). 

Subsequently in 2011 two emerging hallmarks, deregulated cellular energetics 

and avoiding immune destruction, and two enabling characteristics, genome 

instability and mutation and tumour promoting inflammation, were further 

proposed by Hanahan and Weinberg (Hanahan and Weinberg, 2011) (Fig. 1.1). 

A particular hallmark capability can be acquired by different mechanisms or 

genetic routes. Mutation of a single TSG or proto-oncogene, depending on its 

identity and normal function, may partially confer, or it may fully confer, acquisition 
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of a particular hallmark. The consequence of this genetic heterogeneity is that 

the molecular bases underpinning acquisition of a particular hallmark can differ 

for different cancers. This has important implications in the development of 

targeted anti-cancer therapies as will be discussed in a later section.  

The impact of the tumour microenvironment (TME) on each hallmark is also very 

important. In a patient, cancer cells do not exist in isolation but are in close 

proximity to other cell types as well as extracellular components. Heterotypic cell 

interactions in the TME can actively contribute to hallmark acquisition and 

response to targeting. For solid cancers, chemical gradients of oxygen, nutrients, 

pH and waste products resulting from poor tumour blood supply exist. These 

physiochemical aspects of the TME can also contribute to, and help to shape the 

precise nature of the hallmarks and can profoundly impact on response to 

therapeutic targeting (Hanahan and Coussens, 2012). 

1.1.5 Current treatments 

Current cancer treatments include surgery, radiotherapy, immunotherapy and 

chemotherapy, with choice of treatment or combination of treatments depending 

on the type of cancer and other factors such as stage and grade. 

Surgery is commonly used for the removal of solid tumours that are localised or 

of low stage and grade and thus can be surgically excised and for localised 

disease is potentially curative (Sherwood and Brock, 2007). For many cancers 

however, following surgery some cancer cells may still remain and can lead to 

tumour recurrence and adjuvant chemotherapy can significantly improve 

outcome. Surgery may also be used to debulk a tumour to help other treatments 

work better.  

Radiotherapy uses radiation, usually in the form of X-rays, to induce DNA 

damage in cells, leading to cell death and tumour shrinkage (Baskar et al., 2012). 

Radiotherapy can be used as a single treatment or can be combined with other 

forms of treatment. The advantage of radiotherapy is that it can target the specific 

area where the tumour mass is, but the limitation is that it can also cause DNA 

damage to some of the normal cells that surround the tumour mass, therefore 
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leading to on-target side effects in normal tissue (Baskar et al., 2012). 

Chemotherapy is also commonly used to sensitise tumour cells to the effects of 

radiation for example by inhibiting repair of radiation-induced DNA damage. 

Immunotherapy is a treatment that uses the body’s own immune system to fight 

the cancer, by helping the body recognise and attack the cancer cells. An 

example of one form of immunotherapy is use of monoclonal antibodies, which 

recognise and attach to certain proteins on the cell surface of cancer cells making 

it easier for the immune system to ‘find’ and attack the cancer cells (Arruebo et 

al., 2011). The advantage of immunotherapy is that it can cause less side effects 

than other treatments, although its disadvantage is that the immune system can 

become over activated and can start attacking non-cancer cells in the body 

leading to side effects (Arruebo et al., 2011).  

Chemotherapy is the use of drugs in the treatment of cancer. A major advantage 

of chemotherapy compared to surgery and radiotherapy is that it is a systemic 

therapy and can target cancer cells anywhere in the body. This is extremely 

important as cancer cells have often spread and disseminated elsewhere in the 

body at the time of diagnosis but may not be visible and these cells can lead to 

tumour recurrence and the formation of secondary tumours. The majority of 

deaths from cancer are due to metastasis of the cancer to vital organs indicating 

the importance to eliminate cancer cells anywhere in the body rather than simply 

remove a bulky tumour. The disadvantage of chemotherapy is its side effects, 

because it is not applied to the part of the body where the tumour mass or cancer 

cells are located therefore normal cells and tissue are equally exposed to the 

chemotherapeutic drug (Schirrmacher, 2019). There are two major classes of 

chemotherapeutic drugs, conventional chemotherapeutic drugs and targeted 

agents which have been developed with the aim of reducing side effects and 

unwanted toxicity. 

1.1.5.1 Traditional chemotherapeutic agents 

Conventional chemotherapeutic drugs work via the principle that cancer cells 

typically replicate faster than non-cancer cells (Bailón-Moscoso et al., 2014). 

Their mechanism of action is through induction of cellular DNA damage and its 
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insufficient repair or interference with DNA/cell replication resulting in the 

induction of cellular senescence or cell death. However, some cancer cells, for 

example cancer stem cells (CSC), may not be actively proliferating or are in a 

quiescent state, and therefore are less susceptible to DNA damage by these 

drugs and can persist resulting in tumour recurrence (Moore et al., 2012). Another 

major limitation of these drugs is that they fail to distinguish between proliferating 

cancer cells and proliferating non-cancer cells; they target any rapidly 

proliferating cell. Some non-cancer cells, for example blood cells, cells within the 

hair follicle and the gastrointestinal tract are rapidly proliferative (Schirrmacher, 

2019). Due to this these drugs can induce dose limiting toxic effects in these cells, 

leading to side effects in the patients for example being immunocompromised 

and being prone to infection, anaemia and pancytopenia due to 

myelosuppression. Other common side effects include hair loss, vomiting and 

diarrhoea (Schirrmacher, 2019). 
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Figure 1.2: The concept of a small or larger therapeutic index. 
Dose-response curves representing a drug with low potency and a small therapeut ic  
index (or narrow therapeutic index) (a), a drug that is potent  but has a similar small 
therapeut ic index (b) and a drug that is potent  and has a large therapeutic index 
(c). ED50 showing therapeutic effect (green) and TD 50 showing toxic effect (red).  

Traditional chemotherapeutic agents have a narrow therapeutic index where the 

difference in dose between beneficial therapeutic effects and toxic effects is small 

(Alnaim, 2007) (Fig. 1.2a). This small therapeutic index means that the highest 

dose that can be used may have limited therapeutic benefit, but higher doses 
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cannot be used because of toxic effects. This stems from the mechanism of 

action of conventional agents and their poor selectivity towards cancer cells. 

1.1.5.2 Targeted approaches/agents in clinical use 

To overcome the problem of poor selectivity of conventional chemotherapeutic 

agents resulting in dose-limiting toxicities and limited efficacy, there has been 

more focus on developing drugs that target cancer cells more specifically (Bailón-

Moscoso et al., 2014). To achieve this specificity, detailed understanding of 

differences between cancer and non-cancer cells that could potentially be 

targeted is required. One major approach is identification of agents that target 

one or more of the hallmarks of cancer and acquired capabilities of cancer cells 

but not of non-cancer cells. Our increasing knowledge of cancer cell biology and 

the molecular alterations that underpin, or are important for sustaining, particular 

hallmarks are at the core of targeted drug discovery. Figure 1.3 gives some 

examples of targeted therapies against individual hallmarks of cancer that are in 

clinical use or in different stages of development towards the clinic.  
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Figure 1.3: Targeted therapies being developed that target specific hallmarks of cancer. 
The hallmarks of cancer with examples of  associated targeted therapies, figure 
adapted from Hanahan and Weinberg (2011).  

One of the best known targeted therapies to reach the clinic is the vascular 

endothelial growth factor A (VEGF-A) inhibitor bevacizumab (Avastin®). Many 

cancer cells express the pro-angiogenic factor VEGF-A at abnormally high levels 

resulting in the induction of angiogenesis, one of the hallmarks of cancer 

(Hanahan and Weinberg, 2011). In contrast, when the adult circulatory system is 

fully developed most non-cancer cells do not induce angiogenesis with pro-

angiogenic signals decreased and anti-angiogenic signals increased (Hanahan 

and Folkman, 1996). The exceptions of this are cells that are involved in wound 

healing and the menstrual cycle, where these cells can transiently induce 

angiogenesis under certain physiological conditions (Hanahan and Folkman, 

1996). Cancer cells undergo an ‘angiogenic switch’, where pro-angiogenic 

signals are increased and anti-angiogenic signals are decreased (Bergers and 

Benjamin, 2003). To target this hallmark, multiple VEGF inhibitors have been 

developed and are currently used in the clinic (Jayson et al., 2016). Although this 
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treatment is targeted towards cancer cells alone, careful consideration must be 

given with timing of treatment as inhibiting VEGF in non-cancer cells that require 

it will lead to unwanted on-target side effects. A disadvantage of this treatment is 

that angiogenesis in some cancers may be induced through other factors and not 

through VEGFs, therefore VEGF inhibitors would not effectively target these 

cancers (Arbab, 2012). 

Another example of a targeted therapy is poly (ADP-ribose) polymerase (PARP) 

inhibitors, which exploit the ‘enabling characteristic of cancer’ that is genome 

instability and mutation (Hanahan and Weinberg, 2011) to induce synthetic 

lethality. Synthetic lethality is where the mutation of one gene is non-lethal but it 

results in dependency upon another, such that their functional inactivation in 

combination is lethal. For certain breast and ovarian cancers in particular, 

individuals may have an inherited germline mutation in the TSGs BRCA1 and/or 

BRCA2. BRCA1 and BRCA2 are essential proteins for the repair of double strand 

DNA breaks (DSB) by homologous recombination (HR) (Moynahan et al., 1999; 

Moynahan et al., 2001). For cancers that are deficient in HR, these cells show 

increased genomic instability and mutation and are more reliant on other 

pathways of DNA repair (Lord and Ashworth, 2017). 

Inhibiting PARP, an enzyme mainly associated with repair of single strand breaks 

(SSB) (see section 1.4.1), in BRCA mutant cells results in increased unrepaired 

DSBs and synthetic lethality (Farmer et al., 2005; Bryant et al., 2005). It has also 

been shown that PARP inhibitors can be effective in cancers that have mutations 

in other proteins involved in HR (McCabe et al., 2006). Although this treatment is 

more targeted to cancer cells alone, it is only effective against cancer cells that 

are deficient in HR. 

The main theme that underpins this PhD research is that cancer cells have 

deregulated cellular energetics, which in 2011 was proposed as an emerging 

hallmark of cancer cells (Hanahan and Weinberg, 2011). One of the first 

differences observed between cancer cells and non-cancer cells was by Otto 

Warburg in the late 1920s, that cancer cells catabolised glucose differently to 

non-cancer cells. Warburg observed that cancer cells consumed large amounts 

of glucose and converted it to lactate in the presence of oxygen rather than the 
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further metabolism of pyruvate by the tricarboxylic acid (TCA) cycle; this is 

aerobic glycolysis (the Warburg effect) (see section 1.2.2) (Warburg, 1927; 

Warburg, 1956). Since 2011 growing evidence of different metabolic alterations 

between cancer and non-cancer cells has confirmed that such alterations are 

common and widespread, if not universal to cancer cells (Sreedhar and Zhao, 

2018). Furthermore, it is now apparent that metabolic differences between cancer 

cells and non-cancer cells are not simply an effect of increased cancer cell 

proliferation but are causally linked to cancer development and progression and 

can impact on multiple hallmarks of cancer. 

Similar to other targeted therapies, it has been hypothesised that through 

targeting metabolic differences between cancer and non-cancer cells, and the 

proteins responsible, this could lead to more selective ways to eradicate cancer 

cells with fewer on-target side effects. Here the focus was on investigating 

proteins/putative targets linked to the nicotinamide adenine dinucleotide (NAD+) 

metabolome and NAD+-dependent processes and therapeutic opportunities 

these may provide for selective targeting of cancer cells. NAD+ is an essential 

metabolite for redox reactions which happen during metabolism and is also an 

essential co-factor or co-substrate of some key cellular enzymes within the cell 

(for more detail see section 1.4).  
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1.2 Metabolic differences between cancer and 

non-cancer cells 

1.2.1 Glucose metabolism in non-cancer cells and the 

role of NAD+/NADH 

For an individual to survive they require energy to drive biochemical reactions 

within their cells, this energy can be obtained from the hydrolysis of nucleotide 

triphosphates, for example adenosine triphosphate (ATP). Cells maintain ATP 

levels through catabolic reactions, for example by oxidising carbon fuel 

substrates such as glucose to CO2 (Bonora et al., 2012). 

During glucose catabolism, glucose is transported into the cell by glucose 

transporters and then undergoes glycolysis in a series of reactions to generate 

two molecules of pyruvate (Fig. 1.4). Under aerobic conditions, pyruvate is 

converted to acetyl-CoA which is transferred to the mitochondrial matrix where it 

is metabolised by the TCA cycle (Fig. 1.5) (Bonora et al., 2012). The electron 

donors NADH and FADH2 are formed as a result of various substrate oxidation 

reactions and are then subsequently oxidised through donating their electrons to 

the electron transport chain situated in the inner mitochondrial membrane as part 

of mitochondrial oxidative phosphorylation (Fig. 1.6) (Bonora et al., 2012). This is 

coupled to the generation of a proton gradient across the mitochondrial inner 

membrane and production of ATP by ATP synthase (Okuno et al., 2011).  
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Figure 1.4: Glycolysis in non-cancer cells. 
The reaction intermediates and enzymes involved in the metabolism of glucose to 
pyruvate, showing ATP and NADH production.  

Glucose is transported into the cell by glucose transporters, for example GLUT1, 

and is phosphorylated to glucose 6-phosphate by a hexokinase (HK), utilising 

ATP. This process results in glucose not being able to leave the cell due to the 

negative charge of the phosphate group. Phosphoglucose isomerase catalyses 
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the isomerisation of glucose 6-phosphate to fructose 6-phosphate which is then 

phosphorylated by phosphofructokinase, utilising ATP, resulting in fructose 1,6-

biphosphate. The six-carbon sugar is then cleaved by aldolase into 

glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (DHAP), which 

both consist of three carbons. DHAP is an isomer of glyceraldehyde 3-phosphate 

and can readily be converted by triose phosphate isomerase. Glyceraldehyde 3-

phosphate is then oxidised by glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) using NAD+ to 1,3-biophophoglycerate resulting in the release of 

NADH. Multiple reactions including two transfers of phosphate groups to ADP 

results in the end formation of pyruvate and release of 2 ATP. The process from 

glyceraldehyde 3-phosphate to pyruvate happens twice per glucose molecule 

and therefore in total, 4 ATP and 2 NADH are produced, equating to a net value 

of 2 ATP per glucose (Berg et al., 2019; Bonora et al., 2012). 

The final steps of glucose catabolism require oxygen to be present and under 

aerobic conditions pyruvate is decarboxylated by the enzyme pyruvate 

dehydrogenase (PDH), forming acetyl-CoA which is transferred into the 

mitochondria to drive the TCA cycle (Fig. 1.5). The TCA cycle is a series of 

oxidation steps of carbon sources where NAD+ or FAD is reduced to form NADH 

or FADH2 and CO2 is released (Bonora et al., 2012). 
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Figure 1.5: The tricarboxylic acid cycle. 
The multiple enzymatic reactions of the TCA cycle in the mitochondrial matrix 
resulting in the generation of NADH, FADH2, ATP and CO2.  

Citrate, a 6-unit carbon, is formed from acetyl-CoA and oxaloacetate, catalysed 

by citrate synthase and is then isomerised to isocitrate by aconitase. Isocitrate is 

then decarboxylated and oxidised using NAD+, first to α-ketoglutarate (α-KG) in 

a reaction catalysed by isocitrate dehydrogenase (IDH) and then to succinyl-CoA, 

catalysed by α-ketoglutarate dehydrogenase. During these reactions 2 NADH 

and 2 CO2 molecules are generated. Succinyl-CoA is an energy-rich molecule 

and its cleavage to succinate by succinyl-CoA synthase generates ATP. 

Succinate is oxidised by FAD forming fumarate which is catalysed by succinate 

dehydrogenase (SDH) resulting in FADH2 release. FAD is used here as the 

oxidising power as the free energy that is released is insufficient to reduce NAD+. 

Hydration of fumarate by fumarase (FH) then forms malate which is oxidised by 

NAD+ and catalysed by malate dehydrogenase (MDH), resulting in the 

reformation of oxaloacetate (Berg et al., 2019; Bonora et al., 2012).  
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Figure 1.6: The electron transport chain and oxidative phosphorylation. 
NADH and FADH2 produced in the mitochondrial matrix during the TCA cycle are 
oxidised and electrons are transported along the complexes in the electron 
transport chain while protons are pumped into the intermembrane space. The 
protons produce a chemiosmotic gradient across the membrane, resulting in the 
activation of ATP synthase, therefore producing ATP.  

Per glucose molecule the TCA cycle results in 6 NADH, 2 FADH2, 2 ATP and 4 

CO2 molecules being released into the mitochondrial matrix. The NADH and 

FADH2 pass their electrons through a series of electron carrier/acceptor 

complexes in the electron transport chain (Fig. 1.6) to O2 as the final electron 

acceptor resulting in its reduction to water (Bonora et al., 2012). The transfer of 

electrons down the electron transport chain releases energy which is used to 

pump protons into the intermembrane space to generate a proton motif force 

which is used by ATP synthase to drive the synthesis of ATP from ADP and 

inorganic phosphate (Okuno et al., 2011). On average the whole process 

produces a net value of 36 ATP per molecule of glucose (Rich, 2003).  

As indicated by the above, NAD+/NADH play a critical role in cellular redox 

reactions and in producing ATP as the cell’s primary energy source.  



 
44 

 

1.2.2 Glucose metabolism in cancer cells 

Cancer cells require high levels of ATP to support their high proliferation rate and 

need for biomolecule synthesis for cell growth, for example DNA, RNA, proteins 

and lipids (Hammoudi et al., 2011). In contrast to non-cancer cells which generate 

most of their ATP by mitochondrial oxidative phosphorylation, paradoxically many 

cancer cells primarily generate their ATP by aerobic glycolysis rather than 

through the TCA cycle and oxidative phosphorylation (Hammoudi et al., 2011). 

Whilst aerobic glycolysis is a less efficient way of generating ATP, giving a net 

yield of 2 ATP per glucose molecule, it is a quicker way of producing ATP. To 

generate sufficient ATP, cancer cells have increased expression of glucose 

transporters on the cell surface and therefore can transport more glucose into the 

cell to be metabolised (Medina and Owen, 2002). Another alteration is that many 

of the enzymes involved in glycolysis are upregulated in cancer cells to facilitate 

the conversion of glucose to pyruvate (Sreedhar and Zhao, 2018). During the 

reduction of pyruvate to lactate by lactate dehydrogenase-A (LDH-A), NADH is 

oxidised resulting in NAD+ (Fig. 1.7). This is important as the NAD+ can be 

recycled back into the glycolytic pathway to produce more ATP and sustain a high 

glycolytic flux whilst maintaining the NAD+/NADH ratio. 
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Figure 1.7: Key events in glucose catabolism in non-cancer and cancer cells. 
Non-cancer cells predominantly produce ATP through oxidative phosphorylation  
whereas cancer cel ls predominantly produce ATP through aerobic glycolysis. 
Cancer cells reduce pyruvate to lactate catalysed by the enzyme lactate 
dehydrogenase-A (LDH-A) which regenerates NAD+ necessary to fuel a high 
glycolytic flux.   

It was originally thought that cancer cells relied on aerobic glycolysis to produce 

ATP due to mutations in enzymes involved in the TCA cycle and mitochondrial 

dysfunction, or as a way of reducing mitochondrial oxidative stress (Warburg, 

1927; Warburg, 1956). More recently, it has been shown that most cancer cells 

do also utilise oxidative phosphorylation but have a high glycolytic flux which in 

addition to providing ATP quickly, provides a source of intermediates that can be 

used for macromolecule biosynthesis (De Berardinis and Chandel, 2016). This 

alteration in glucose catabolism of cancer cells is one way that they are more 

reliant upon NAD+ and why it may be a useful target in terms of selectively 

targeting cancer cells. 
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1.2.3 Other cancer cell metabolic alterations 

In addition to the Warburg effect, a variety of other metabolic alterations have 

been observed in many cancer cells compared to their normal counterparts, 

several examples of which are summarised below. 

1.2.3.1 Glutamine addiction  

Although glutamine is a non-essential amino acid, some cancer cells cannot 

survive in the absence of exogenous glutamine. In addition to the reduced entry 

of pyruvate into the TCA cycle, cancer cells commonly show a truncated or 

interrupted TCA cycle with diversion of citrate towards lipid synthesis. However, 

the TCA cycle is also a major source of other intermediates for anabolic 

processes to aid growth and division (Choi and Park, 2018). Cancer cells 

increase the uptake of glutamine and upregulate glutaminolysis providing an 

alternative source of α-KG (Vanhove et al., 2019). Glutamine is deaminated to 

glutamate by the enzyme glutaminase which is then converted to α-KG by 

glutamine dehydrogenase. The glutamate or α-KG can be used as nitrogen or 

carbon sources in biological molecule synthesis, for example amino acid and 

nucleotide synthesis, for anaplerosis and as a mitochondrial carbon source  

(Vanhove et al., 2019). Glutamine addiction is particularly observed in cancer 

cells showing oncogenic amplification or activation of c-Myc proto-oncogene 

(Miller et al., 2012). 

1.2.3.2 Lipid metabolism  

In non-cancer cells, lipid requirements are maintained by uptake of free fatty acids 

from the bloodstream and the synthesis of fatty acids is restricted depending on 

tissue type (liver, adipose). Rapidly proliferating cancer cells require higher levels 

of lipids in order to support formation of cellular membranes. The reactivation of 

lipid synthesis through the de novo lipid synthesis pathway is observed in many 

cancer cells (Baenke et al., 2013; Currie et al., 2013). 
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1.2.3.3 Pentose phosphate pathway  

Increased flux into the pentose phosphate pathway (PPP) is commonly observed 

in cancers (Patra and Hay, 2014). The PPP predominantly produces 

ribonucleotides and is a major source of nicotinamide adenine dinucleotide 

phosphate (NADPH). NADPH is important in cancer cells to fuel anabolic 

metabolism, providing a source of reducing equivalents and sustaining reduced 

glutathione and other anti-oxidant defence mechanisms (Patra and Hay, 2014; 

Cosentino et al., 2011).  

1.2.3.4 Dependency on serine 

It has been observed that some cancer cells have elevated expression of 

enzymes involved in the de novo synthesis of the non-essential amino acid 

serine. As serine is an amino acid it is required for protein synthesis, but it is also 

required for other metabolic processes, for synthesis of glycine, glutathione and 

phospholipids (Luengo et al., 2017). Serine can also contribute to the production 

of NADPH through one carbon metabolism (folate cycle), therefore helping in 

maintaining redox homeostasis and for use in anabolic metabolism, including 

thymidine synthesis and as well as generation of S-adenosylmethionine (SAM), 

the methyl donor for DNA and histone methylation (Luengo et al., 2017).  

1.2.4 Regulation of metabolism and its dysregulation in 

cancer cells 

Whilst differences between cancer and non-cancer cells in metabolism of 

glucose, glutamine and serine as well as other metabolic pathways have been 

identified, an understanding of the molecular basis for these differences is 

needed for therapeutic exploitation.  

In normal cells, metabolic pathway utilisation and flux has generally been 

considered to be largely dependent on substrate availability and consumption, 

with many metabolic enzymes constitutively expressed (Metallo and Vander 

Heiden, 2013). Usage of particular metabolic pathways is also dependent on 

tissue type with tissue-specific expression of certain metabolic enzymes and 
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endocrine-mediated metabolic regulation ensuring organismal metabolic 

homeostasis (Metallo and Vander Heiden, 2013). Normal cell metabolism is also 

subject to additional regulation and modulation in response to both cell-intrinsic 

and extrinsic stimuli. For example, growth stimuli resulting in temporary activation 

of proto-oncogenes can lead to increased or decreased metabolic enzyme 

expression/activation, resulting in alterations in metabolic pathway flux 

(DeBerardinis, 2008). Stress stimuli such as nutrient deprivation can lead to 

activation of the tumour suppressor p53 which has multiple reported roles in the 

regulation of normal cellular metabolism (Ryan and Vousden, 2002; Maddocks et 

al., 2013). p53 for example can promote mitochondrial oxidative phosphorylation 

through the upregulation of SCO2 expression (Matoba et al., 2006) and can 

suppress glycolysis by decreasing expression of enzymes involved in the 

pathway, for example phosphoglycerate mutase (Puzio-Kuter, 2011). 

Dysregulated metabolism in cancer cells appears to be associated with 

dysregulation of metabolic enzyme expression and/or activity as well as 

dysregulation of nutrient uptake. There is now a large body of scientific evidence 

linking the inactivation of specific tumour suppressors and activating mutation of 

proto-oncogenes to cancer cell metabolic reprogramming and addictions 

(DeBerardinis et al., 2008; Puzio-Kuter, 2011; Nagarajan et al., 2016). 

The oncogenic transcription factor MYC, which is overexpressed or amplified in 

many cancers (Nagarajan et al., 2016), is known to regulate numerous metabolic 

enzymes including GLUT1, PFK and enolase, therefore increasing the rate of 

glycolysis (Shim et al., 1997; Osthus et al., 2000). MYC also promotes 

glutaminolysis (Wise et al., 2008) for example by increasing glutaminase 

expression. It also increases nucleotide synthesis and one-carbon metabolism 

through activating enzymes involved in these processes, for example serine 

hydroxymethyltransferase (Nikiforov et al., 2002; DeBerardinis et al., 2008). Ras 

oncogenes (H-Ras, K-Ras, N-Ras) also promote cancer cell metabolic 

reprogramming in part through stabilisation of MYC. Activated Ras can co-

operatively stabilise MYC through both the PI3K and Raf signalling pathways 

(White, 2013). Ras GTPase proteins work as intracellular relays of extracellular 

signals and studies have shown that cancer cells which have Ras activated show 
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increased glucose uptake and higher glycolytic flux, for example GLUT1 

expression is correlated with Ras mutated cells (Sasaki et al., 2012). The 

intermediates of glycolysis in these cells are also known to be shunted to the 

PPP, which can promote ribonucleotide synthesis (Ying et al., 2012). Ras 

activated cells are also reprogrammed to rely on glutamine as the primary carbon 

source of the TCA cycle (Son et al., 2013). Ras activated cancer cells also appear 

to upregulate autophagy and micropinocytosis to aid their survival through uptake 

of additional nutrients, for example albumin which can be taken up and be 

degraded to amino acids which can then be used in the TCA cycle (Bar-Sagi and 

Feramisco, 1986; Kimmelman, 2015). 

In addition to the metabolism of cancer cells being altered through activation of 

oncogenes such as Ras and MYC and inactivation of TSGs, it is also apparent 

that several metabolic enzymes in certain cancers are directly mutated which can 

lead to altered function. A number of cancers are known to have a mutation in 

the IDH1/2 enzymes, which are primarily involved in the conversion of isocitrate 

to α-KG and their mutation is known to promote tumorigenesis (Xiao et al., 2012). 

When IDH1/2 are mutated they result in the release of D-2hydroxyglutarate (2HG) 

and not α-KG. D-2HG is an oncometabolite which can inhibit α-KG dependent 

enzymes, which include enzymes that can alter cellular epigenetics such as the 

Jumonji (JMJD) family of lysine histone demethylases and DNA demethylases 

(Horbinski, 2013) (section 1.6.2). 

The interplay between epigenetics and metabolism is complex and reciprocal. 

Nutrient/metabolite availability can alter the epigenetic state of the cell with the 

activity of epigenetic enzymes dependent on metabolic substrate availability, for 

example histone acetylation requires acetyl CoA and deacetylation by SIRTs 

requires NAD+. Epigenetic alterations in turn can play an important role in 

regulation of metabolism where environmental influences can alter the epigenetic 

state of a cell and lead to increased/decreased expression of proteins/enzymes 

involved in metabolic pathways (Weaver et al., 2018). An example of this is that 

HK2 is upregulated in some cancers and is the result of the promoter region being 

hypomethylated, which leads to increased glycolysis (Goel et al., 2003).  
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In addition to dysregulation of cancer metabolism driven by genetic or epigenetic 

changes, the TME can induce similar metabolic alterations, for example through 

induction of hypoxia-induced HIF-1α stabilisation leading to increased expression 

of enzymes involved in the glycolytic pathway (Singh et al., 2017). 

1.2.5 Therapeutically targeting altered glucose 

metabolism 

Targeting metabolic differences between cancer and non-cancer cells as a 

therapeutic approach is appealing as many cancer cells appear to depend on 

their altered metabolism for survival or growth. In other cases, targeting could 

impact on other hallmarks of cancer, for example increased extracellular lactate 

resulting from aerobic glycolysis has been linked to promotion of cancer cell 

invasiveness and extracellular matrix remodelling (Romero-Garcia et al., 2016). 

Antimetabolites are currently used in the clinic which work to target the 

metabolism of nucleotides. They are small molecules which resemble 

metabolites involved in nucleotide synthesis and can inhibit the enzymes involved 

in the pathway, or can be incorporated into the DNA which can result in inhibition 

of DNA synthesis (Parker, 2009). The use of this type of chemotherapy as 

treatment is based on the need of cancer cells for increased DNA synthesis as 

they are usually highly proliferative, although as discussed previously not all 

cancer cells are highly proliferative and some non-cancer cells have a high 

proliferation rate, leading to dose limiting toxicities. Cancer cells also have many 

other metabolic alterations and targeting these may offer a more selective 

treatment in cancer therapy.  

Multiple proteins/enzymes involved in glucose metabolism have been shown to 

be over expressed in cancer cells (e.g. GLUT1, PDKs, PFKFB3, LDH-A) or 

different isoforms are preferentially utilised (e.g. HK2). 

The glucose transporter GLUT1 is shown to be overexpressed in many cancer 

types (Kunkel et al., 2003; Younes et al., 1996; Yamamoto et al., 1990) and 

studies have shown that inhibition of GLUT1 with antibodies reduced glucose 

uptake and decreased the proliferation rate of cancer cells and led to apoptosis; 
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it was also seen that it could potentiate the action of DNA damaging agents 

(Rastogi et al., 2007). Chemical inhibitors of GLUT1 have been developed with 

cancer cell growth being inhibited in vitro and in vivo (Zhang et al., 2010). It has 

also been shown that Phloretin, which inhibits glucose transporters can induce 

apoptosis and lead to drug resensitisation of hypoxic cancers (Cao et al., 2007). 

However, a major concern is that GLUT1 is ubiquitously expressed in normal 

tissues and non-cancer cells also rely on glucose transporters for glucose 

transport and its targeting may lead to significant on-target side effects.  

Pyruvate dehydrogenase kinases (PDK) work by inactivating the enzyme PDH 

through phosphorylation, therefore can halt the entry of pyruvate into the TCA 

cycle and oxidative phosphorylation leading to increased glycolytic flux. PDKs are 

known to be overexpressed in cancer cells and are linked to poor prognosis and 

inhibition has been shown to shift the metabolism of the cell from glycolysis to 

oxidative phosphorylation (Cui et al., 2018; Wang et al., 2019). The drug 

dichloroacetate (DCA), which is a PDK inhibitor, is currently in clinical use against 

patients that have mitochondrial diseases. In vitro and in vivo studies have shown 

that the drug can induce apoptosis in cancer cells and lead to tumour shrinkage 

(Bonnet et al., 2007). DCA has shown some toxicity through neuropathy which is 

known to be associated with the age of the patient (Kaufmann et al., 2006). 

Multiple other drugs that target PDKs have also been developed which are being 

tested in vitro and in vivo and have shown promising results, although are yet to 

be tested in the clinic (Saunier et al., 2016).  

One potential issue with targeting glucose metabolism as a targeted anti-cancer 

approach is that glycolysis is also important for normal cells and most of the 

glycolytic enzymes used are the same and their inhibition is likely to lead to 

unwanted toxicity. This indicates the need for careful selection of the glycolytic 

target. For example, phosphofructose kinase (PFK1) is essential for glycolysis 

preventing its direct targeting, however, it could be preferentially inhibited in 

cancer cells by small molecule inhibitors of PFKFB3 which is upregulated in 

cancer cells and allosterically activates PFK1 (Hay, 2016). 

Another potential route of selectively targeting cancer cells is that they utilise 

different isoforms of the HK enzyme compared to non-cancer cells. HKs catalyse 
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the first step of glycolysis by phosphorylating glucose to form glucose 6-

phosphate (Fig. 1.4). HK1 is expressed across most adult tissues whereas HK2 

is expressed in a limited number of tissues (Wilson, 2003). Interestingly cancer 

cells also show high expression of HK2, indicting a partially selective target for 

cancer cells (Wu et al., 2017; Peng et al., 2008; Pedersen et al., 2002). Patra et 

al. (2013) show that HK2 silencing in human lung and breast cancer cells reduced 

their proliferation and in mice that exhibit lung cancer, the growth of the tumour 

was reduced. Importantly these studies also showed that the systemic deletion 

of HK2 in mice did not show adverse effects. Multiple drugs have been developed 

to target HK2 which have shown promising results, where apoptosis has been 

induced in cancer cells, although some showed no effects in vivo, for example 2-

deoxyglucose (2-DG) and some had additional targets therefore did not exert 

their effects primarily through HK2 inhibition, for example lonidamine (Akins et 

al., 2018). Although many studies show the benefit of targeting HK2, it must be 

considered that HK2 is also expressed in a small subsection of non-cancer 

tissues and it must be considered what effects this may have.  

The enzyme LDH-A, which converts pyruvate to lactate, is crucial in maintaining 

cancer cells high glycolytic flux as it regenerates the NAD+ required for glycolysis 

and has been shown to be overexpressed in some cancers and is linked to poor 

prognosis (Feng et al., 2018). Importantly, in non-cancer cells, LDH-A is not 

required under normal conditions, only being utilised for anaerobic glycolysis, for 

example by muscle tissue during intense exercise. In support of this, individuals 

with an identified rare genetic deficiency in LDH-A appear healthy and without 

symptoms except for myopathy associated with exercising (Kanno et al., 1988). 

A number of independent studies identify LDH-A as a promising and selective 

anti-cancer target, both by RNAi-based approaches and through its chemical 

inhibition, with cancer cell death induced in vitro and tumour growth in vivo 

reduced (Fantin et al., 2006; Le et al., 2010; Allison et al., 2014). Multiple LDH-A 

inhibitors have been developed of varying specificity towards LDH-A compared 

to LDH-B, LDH-B preferentially catalysing the reverse metabolic reaction. 

However, to date no LDH-A inhibitor has reached the clinic, with varying issues 

including off-target toxicity due to poor selectivity and inhibition of other 

dehydrogenases and poor pharmacokinetics  
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Allison et al. (2014) have shown that LDH-A inhibition/knock-down induces 

cancer selective cell death in vitro independent of p53 status, but also, 

importantly, that it reduces the ratio of cellular NAD+ to NADH selectively in p53+/+ 

cancer cells. The latter effect resulted in cancer selective activation of the redox 

sensitive drug EO9 which suggests LDH-A targeting in combination with other 

drugs could enhance their activity and selectivity to cancer cells (Allison et al., 

2014). The ability to modulate the cellular NAD+/NADH ratio selectively in cancer 

cells raises a number of important therapeutic possibilities which are further 

explored as part of this PhD research.  
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1.3 What is NAD+ and how is it produced? 

1.3.1 What is NAD+? 

NAD is an essential metabolite which exists in a reduced (NADH) (Fig. 1.8a) or 

oxidised (NAD+) (Fig. 1.8b) form and is important for redox reactions within the 

cell (Cantó et al., 2015). NAD+ and NADH provide oxidising and reducing power 

through accepting and donating electrons respectively. As discussed in section 

1.2 NAD+ is essential for both glycolysis and the TCA cycle to proceed whilst 

NADH generated by the TCA cycle fuels oxidative phosphorylation. 

 
Figure 1.8: Chemical structure of NAD+ and NADH. 
Chemical structure of reduced (a) and oxidised (b) form of NAD. Nicotinamide 
moiety is seen in yellow and the adenine moiety in blue , both linked to individual 
ribose molecules which are attached to the phosphate backbone. Chemical changes 
between reduced and oxidised structures can be seen in red.  
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1.3.2 Sources of NAD+ 

1.3.2.1 Oxidation of NADH to NAD+ 

NADH and NAD+ are essential for cellular reduction and oxidation reactions 

respectively and are converted between each other by these redox reactions 

without being consumed. Reduction catalysed by NADH results in its oxidation to 

NAD+, and vice-versa for NAD+. The ratio of NAD+ to NADH in the cell or 

NAD+/NADH redox balance is such that there is generally more NAD+ than NADH 

therefore favouring oxidative reactions. 

1.3.2.2 Dephosphorylation of NADP+ to NAD+ 

NAD+ can also be  phosphorylated to NADP by the enzyme NAD+ kinase (Agledal 

et al., 2010). Conversely NADP+ can be dephosphorylated by NADP+ 

phosphatase back to NAD+ (Kawai and Murata, 2008). NADP+ can also be 

reduced to NADPH, these are important cofactors predominantly used in anabolic 

metabolic pathways, for example amino acid synthesis, consistent with levels of 

NADPH, providing reducing power, generally being higher than NADP+. 

1.3.2.3 Biosynthesis of NAD+ 

The biosynthesis of NAD+ in the cell can occur through two pathways, the salvage 

pathway from either nicotinamide (Nam) or nicotinic acid (NA) where the latter is 

known as the Preiss-Handler pathway (Preiss and Handler, 1958a; Preiss and 

Handler, 1958b) and the de novo pathway from tryptophan which then leads into 

the Preiss-Handler pathway (Houtkooper et al., 2010) (Fig. 1.9).  
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Figure 1.9: NAD+ biosynthesis pathways. 
Synthesis of NAD+ through the de novo pathway from tryptophan and through the 
salvage pathway from nicotinic acid (NA) (Preiss-Handler pathway, shaded in blue) 
or nicotinamide (Nam).  

In the de novo pathway tryptophan is taken up from the diet which is converted 

to quinolinic acid through multiple enzymatic reactions which then forms nicotinic 

acid mononucleotide (NAMN) and enters the Preiss-Handler pathway (Fig. 1.9). 

This is then converted to nicotinic acid adenine dinucleotide (NAAD) through 

nicotinic acid mononucleotide adenylyltransferase (NMNAT) which is then 

aminated by NAD+ synthase (NADS), resulting in NAD+ (Houtkooper et al., 2010).  

Although cells can produce NAD+ through the de novo pathway using tryptophan 

it is only a small contributor to the levels required, therefore NAD+ is also 

produced from NAD+ precursors through the Preiss-Handler and salvage 

pathways (Fig. 1.9). NAD+ precursors consist of NA, nicotinamide riboside (NR), 
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nicotinamide mononucleotide (NMN) and Nam which are all collectively termed 

niacin/vitamin B3 (Houtkooper et al., 2010).  

The conversion of Nam to NMN is catalysed by the rate limiting enzyme 

nicotinamide phosphoribosyltransferase (NAMPT) (Revollo et al., 2004) and is 

then converted to NAD+ by the enzyme NMNAT. NA is the precursor for the 

Preiss-Handler pathway and begins with the conversion of NA to NAMN through 

the enzyme nicotinic phosphoribosyltransferase (NAPRT) and is then converted 

as previously described for the de novo pathway. NR enters the pathway through 

phosphorylation to NMN by the enzyme nicotinamide riboside kinase (NRK) (Fig. 

1.9) (Bieganowski and Brenner, 2004). NMN can also efficiently be utilised as a 

precursor, bypassing the conversion from NR by NRK. 

These precursors can be attained by cells through the diet, although importantly 

Nam is also produced when NAD+ is consumed by particular cellular NAD+-

dependent enzymes that use NAD+ as a substrate and it can be recycled back 

into the NAD+ salvage pathway (section 1.4). It is estimated that the amount of 

NAD+ consumed by mammalian cells for such reactions equates to gram values 

of NAD+ precursors needing to be ingested per day. The daily recommended 

dose of NAD+ precursors is in milligram quantities, therefore NAD+ precursors 

from the diet must only contribute to a small level of the NAD+ produced, although 

insufficient supplementation can lead to the disease pellagra (Goody and Henry, 

2018). Due to this it is presumed that in mammals the main source of NAD+ is 

through the salvage pathway utilising Nam as its precursor (Houtkooper et al., 

2010). The enzyme NAMPT is rate limiting and therefore plays a major role in 

regulating the levels of cellular NAD+ (Revollo et al., 2004), which is important in 

maintaining NAD+/NADH levels for redox reactions, other NAD+-dependent 

processes (section 1.4) and for cell survival. 
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1.4 NAD+ consuming enzymes 

Although NAD+ is mainly associated with its role in providing oxidising power 

during redox reactions, it is also important for the function of some enzymes in 

the cell serving as their substrate, for example the PARP and sirtuin family of 

enzymes (Amé et al., 2004; Landry et al., 2000). The ADP-ribose moiety is 

cleaved from NAD+ and the nicotinamide moiety is released and can be recycled 

into the NAD+ salvage biosynthetic pathway. 

1.4.1 Poly (ADP-ribose) polymerase 

The PARP family consists of 18 members (Ray Chaudhuri and Nussenzweig, 

2017) with diverse functions within the cell (Ko and Ren, 2012). PARPs catalyse 

the transfer of ADP-ribose from NAD+ to proteins, therefore utilising NAD+ as a 

substrate (Chambon et al., 1963). Depending on the PARP enzyme, multiple 

ADP-ribose units may be added to a protein resulting in poly (ADP-ribose) (PAR) 

chains or a single ADP-ribose moiety may be added, both are a type of post 

translational modification (Fig. 1.10). 

 
Figure 1.10: Consumption of NAD+ by PARP. 
PARP consumes NAD+ as part of its enzymatic function releasing nicotinamide in 
the process. 

PARP1 and PARP2 enzymes are most commonly known for their roles in DNA 

repair, although more recently PARP3 has also been reported to have a role in 

DNA repair (Schreiber et al., 2002; Amé et al., 1999; Boehler et al., 2011). 
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PARP1, the founding PARP family member, is a 113kDa protein located in the 

nucleus (Vyas et al., 2013). PARP1 has two zinc finger structures which help in 

DNA binding, an auto modification domain, a domain with a nuclear localisation 

signal and a catalytic domain (Amé et al., 2004). PARP1 has an important role in 

the repair of single strand DNA breaks (Fisher et al., 2007) through base excision 

repair (BER) although it is also associated with other forms of DNA repair, for 

example, SSB repair through nucleotide excision repair (NER) and mismatch 

repair (MMR) and DSB repair through non-homologous end joining (NHEJ) and 

HR (Yelamos et al., 2011).  

During BER, PARP1 is recruited to SSBs where it promotes their repair by 

recruiting other proteins involved in the repair process, for example X-ray repair 

cross-complementing protein 1 (XRCC1) (El-Khamisy et al., 2003). It is thought 

that during BER, PARP1 is recruited to a SSB which has been created by an 

apurinic/apyrimidinic (AP) endonuclease and PARP auto-PARylates itself. This 

PARylation causes a negative charge and leads to the DNA being kept in an open 

state. PARP1 activity helps facilitate the assembly of the BER complex which 

consists of multiple proteins which include XRCC1 a scaffolding protein, DNA 

polymerase β which elongates the DNA, and DNA ligase III which repairs the nick 

in the DNA. While the complex assembles, PARP1 continues to PARylate itself, 

eventually leading to a high negative charge and disassociation from the DNA, 

allowing the BER complex to directly access the DNA (Yelamos et al., 2011) (Fig. 

1.11). 
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Figure 1.11: Recruitment of PARP1 during BER. 
During BER, DNA glycosylase detects a mispaired or damaged base in the DNA 
and removes the base. An apurinic or apyrimidinic (AP) site is then cleaved by AP 
endonuclease creating a SSB which is detected by PARP1. PARP1 binds to the 
SSB and PARylates itself, leading to a highly charged structure which keeps DNA 
in its open structure. Dur ing this process the BER complex is recruited which 
consists of many proteins including XRCC1, DNA polymerase β and DNA ligase III. 
As the complex is assembled PARP has produced enough charge to disassociate 
itself from the DNA allowing the BER complex to access the DNA. 
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1.4.1.1 Clinical use of PARP inhibitors as a single agent – 

induction of synthetic lethality 

As briefly mentioned in section 1.1.5.2, PARP inhibitors are currently being used 

in the clinic predominantly to treat patients that have cancer where the cells are 

deficient in the DNA repair mechanism HR (Jiang et al., 2019; McCann and 

Hurvitz, 2018). In 2005, Farmer et al. and Bryant et al. proposed the concept of 

synthetic lethality, where cells that were deficient in HR due to BRCA mutations 

and had BER inhibited via PARP inhibition were not viable (Farmer et al., 2005; 

Bryant et al., 2005). Multiple proteins are involved in the process of HR, including 

BRCA1 and BRCA2 (Moynahan et al., 2001; Moynahan et al., 1999). Individuals 

with a germline BRCA1/2 mutation, which is inherited in an autosomal dominant 

manner, have a higher risk of developing ovarian, breast and prostate cancer 

(Petrucelli et al., 1993). 

If SSB DNA damage occurs in cells that are BRCA mutated, these can be 

efficiently repaired by BER utilising the enzyme PARP (Yelamos et al., 2011). 

However, if BER is deficient then the SSBs can develop into DSBs and rely on a 

different DNA repair mechanism, HR. Although there are other forms of DNA 

repair these are known to be error-prone and therefore if BER and HR are absent 

then the cells cannot repair their DNA efficiently which can lead to cell death (Fig. 

1.12). 
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Figure 1.12: Schematic of synthetic lethality. 
a. SSB damage repair by BER through PARP in a ‘normal’ scenario. b. Absence of 
PARP: SSB developing into DSB and repaired by HR. c. Deficient HR and inhibition 
of PARP, induces synthetic lethality.  

In 2014, the first PARP inhibitor, olaparib, was approved by the U.S Food and 

Drugs Administration (FDA) for use as a monotherapy in patients with germline 

BRCA mutations who have advanced epithelial ovarian, fallopian tube or primary 
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peritoneal cancer that have previously had 3 or more chemotherapy treatments 

(Jiang et al., 2019). At the same time the European Medicines Agency (EMA) 

approved olaparib as a maintenance therapy in patients with germline or somatic 

BRCA mutations that had platinum sensitive, relapsed high-grade serous 

epithelial ovarian, fallopian tube or primary peritoneal cancer, who had 

complete/partial response to platinum based chemotherapy (Jiang et al., 2019). 

Since then multiple other PARP inhibitors have been approved by the FDA and 

EMA for ovarian and breast cancer treatment which are summarised in Table 1.1 

(Jiang et al., 2019; McCann and Hurvitz, 2018). More recently clinical trials have 

focused on the effects of PARP inhibitors on prostate cancer in patients who are 

HR deficient and also on pancreatic cancer (Kamel et al., 2018). 
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Table 1.1: Summary of clinically approved PARP inhibitors for single agent use.  
PARP inhibitors which have been approved by the FDA or EMA for use in patients 
that are BRCA mutant for the treatment of ovarian and breast cancer  (Jiang et al. , 
2019; McCann and Hurvitz, 2018) . 

Multiple proteins are involved in the process of HR and currently the use of PARP 

inhibitors has predominantly been focused on patients that are known to have a 

mutation in BRCA1/2. As many other proteins are involved in the HR pathway, 
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additional research is ongoing to see whether PARP inhibitors can also be used 

in patients who have mutations in other proteins that lead to a HR deficient status 

(McCabe et al., 2006). 

1.4.1.2 Combination treatments with PARP inhibitors 

There has also been interested in extending the clinical use of PARP inhibitors to 

other cancers that are not BRCA or HR deficient as part of a combinatorial 

treatment. Combinational treatment can be advantageous as a drug that has a 

high IC50 and induces unwanted toxic effects due to high drug dose could result 

in a lower IC50 when combined with other therapeutics, allowing a lower 

therapeutic dose to be administered to the patient. 

Most current chemotherapy drugs work by inducing DNA damage, therefore it 

could be advantageous to combine these with drugs that impair DNA repair such 

as PARP inhibitors, which may allow a lower dose of the DNA damaging agent 

to be used.  

Depending on the PARP inhibitor, these inhibit PARPs by slightly different 

mechanisms. This includes by direct catalytic inhibition of PARP by competing 

with NAD+ for binding to the catalytic site and/or through PARP trapping, where 

the PARP inhibitor traps PARP onto the damaged DNA and stable PARP-DNA 

complexes are formed. The PARP inhibitor olaparib has a high PARP trapping 

capability, in contrast veliparib has only weak trapping capability (Murai et al., 

2012). This has important implications in combining PARP inhibitors with different 

DNA-damaging agents. As different agents cause different types of damage, their 

repair and dependency on different repair pathways can also vary. Whilst catalytic 

PARP inhibition induces persistent SSBs and dependency on HR, a number of 

studies implicate PARPs involvement in other DNA repair mechanisms to SSB 

repair by BER (Yelamos et al., 2011). Furthermore, studies suggest that repair of 

PARP trapping is by different mechanisms to HR (Murai et al., 2012). 

A number of different DNA-damaging agents that induce different types of 

damage have been tested in combination with PARP inhibition and are 

summarised below. 
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Temozolomide (TMZ) is a monoalkylating agent which is currently used in the 

clinic primarily for the treatment of glioblastoma multiforme (GBM). TMZ reacts 

with electron donors on DNA, resulting in the covalent addition of a methyl group. 

TMZ mainly generates N7-guanine, N3-adenine and O6-guanine methyl adducts 

with O6-methylguanine being the primary cause of TMZ cytotoxicity. O6-

methylguanine is repaired by the enzyme methylguanine-DNA methyltransferase 

(MGMT) by removal of the methyl group, however, certain cancer cells lack 

MGMT. If the cells are deficient in MGMT then during DNA replication O6-

methylguanine is mispaired with thymine, which activates DNA MMR. As MMR is 

strand-specific, it recognises the thymine on the daughter strand as the ‘wrong’ 

mismatched base and is removed with O6-methylgunaine remaining in the 

parental strand, which leads to futile cycles of MMR, leading to DSBs and 

eventually cell cycle arrest or apoptosis. Cancer cells that are MGMT-deficient 

and MMR-positive are thus most sensitive to TMZ (Zhang et al., 2012) (Fig. 1.13).  

 
Figure 1.13: The primary cytotoxic mechanism of action of temozolomide. 
Mechanism of action of the alkylating agent temozolomide (TMZ) in MGMT negative 
and MMR positive cells.  

Although O6-guanine methylation is the principle cause of TMZ cytotoxicity this 

represents ~6% of TMZ-induced methylation. Most methylation is of N7-guanines 

(70%) and N3-adenines (9%). Their methylation is repaired efficiently by BER 

and therefore is not usually cytotoxic. However, as BER is PARP-dependent, 

PARP inhibitions would prevent their repair. Multiple pre-clinical studies have 

shown increased activity of TMZ when combined with PARP inhibitors (Daniel et 



 
67 

 

al., 2009; Palma et al., 2009). Based on the pre-clinical data the first clinical trial 

of a PARP inhibitor plus TMZ was carried out using rucaparib and showed that 

the combination was safe (Plummer et al., 2008). A subsequent phase II study 

against metastatic melanoma showed some myelosuppression in 54% of patients 

which prompted a 25% reduction in the TMZ dose administered however, 

encouragingly an increase in progression-free survival was observed (Plummer 

et al., 2013). 

Platinum based chemotherapy, for example cisplatin, causes intra- and inter-

strand cross-links within the DNA (Siddik, 2003). Testicular, ovarian, lung, 

bladder and cervical cancer are some of many cancers where platinum-based 

chemotherapy is currently used. The DNA adducts caused by cisplatin treatment 

block DNA replication and their repair is primarily by NER, although NHEJ, HR 

and MMR are also reported to contribute to repair of platinum/cisplatin-induced 

lesions (Rocha et al., 2018). During NER a 30nt oligonucleotide is excised where 

the damage is and is then re-filled by DNA polymerase using the intact DNA 

strand as a template. PARP1 has been reported to have a role in the repair of 

DNA damage caused by platinum-based drugs (Guggenheim et al., 2008) and 

PARP inhibitors are being used in the clinic as a secondary treatment for ovarian 

cancer that has previously responded to cisplatin (Jiang et al., 2019). Several 

pre-clinical and clinical studies have shown that PARP inhibition can lead to 

sensitisation of platinum based compounds (Michels, Vitale, Galluzzi, et al., 2013; 

Michels, Vitale, Senovilla, et al., 2013; Donawho et al., 2007; McQuade et al., 

2018). Effects may be cell context specific (Evers et al., 2008) and more recently 

Murai et al. (2014) have reported that the synergy seen in this combination is 

minimal compared to the combination of TMZ with PARP inhibitors. Nonetheless, 

the combination of platinum-based therapy and PARP inhibitors has been 

reported to provide some protection against neuropathy associated with 

platinum-based chemotherapy (McQuade et al., 2018). 

Topoisomerase 1 (Topo1) poisons such as camptothecin (CPT) trap Topo1 onto 

the DNA which leads to the DNA ‘nicks’ caused by Topo1, to enable relief of 

supercoiling, not being re-ligated, therefore inducing SSBs in the DNA (Hsiangl 

et al., 1985). One form of repair is through Topo1 excision by tyrosyl-DNA-
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phosphodiesterase (Pommier et al., 2006). PARP is crucial in recruiting tyrosyl-

DNA-phosphodiesterase and other proteins which are associated with BER, to 

the DNA damage (Plo et al., 2003; Das et al., 2014). PARP’s involvement in the 

repair of the DNA damage caused by Topo1 poisons rationalises the combination 

of PARP inhibitors and Topo1 poisons. Pre-clinical studies against 

neuroblastoma and a phase I study against adult solid tumours and lymphomas 

indicate that PARP inhibitor treatment can sensitise cells to Topo1 poisons 

(Bowman et al., 2001; Kummar et al., 2011; Daniel et al., 2009). Murai et al. 

(2014) showed that unlike TMZ where both PARP trapping and catalytic inhibition 

contributes to effects, the catalytic inhibition of PARP rather than PARP trapping 

appears responsible for increased sensitivity to CPT.  

Topoisomerase 2 (Topo2) poisons such as etoposide and doxorubicin (DOX), by 

a similar mechanism to Topo1 poisons, trap Topo2 to the DNA leading to the 

double strand ‘nicks’ caused by Topo2 not being re-ligated and therefore DSBs 

are formed (Nitiss, 2009). PARPs are not primarily involved in the repair of DSB 

damage that is induced by Topo2 poisons. PARP inhibitors in combination with 

DOX has led to potentiating effects (Park et al., 2018) although other data shows 

no effect of PARP inhibitors in combination with etoposide (Murai et al., 2014). 

Some of the combinations of PARP inhibitors and DNA damaging agents appear 

promising for particular cancer indications and may be able to give some 

improvement in survival, enabling use of PARP inhibitors as part of a 

combinatorial treatment. However, it must also be considered what effects the 

inhibition of PARP is having on non-cancer cells and tissue when combined with 

DNA-damaging agents (Chalmers, 2009). As non-cancer cells also rely on the 

DNA repair machinery, there is a risk that the combinations may lead to increased 

sensitisation of normal tissue in parallel and increased on-target side effects in 

non-cancer cells. It has been shown that oral PARP inhibitors have led to 

unwanted effects in non-cancer cells, for example myelosuppression that is dose 

limiting has been seen in some patients (Drew and Plummer, 2009). PARP 

inhibition in both cancer and non-cancer cells in combination with cytotoxic 

agents may therefore shift the dose response (Fig. 1.2b) whilst the therapeutic 

index remains as narrow as previously. One aim of this PhD research is to 
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investigate the possibility of inhibiting PARP selectively in cancer cells alone 

through its indirect metabolic inhibition as a potential way to widen the therapeutic 

index of current chemotherapeutic agents in clinical use. 

1.4.2 Sirtuins 

Another NAD+-dependent and NAD+-consuming enzyme of particular cancer 

relevance is SIRT1. It is one of 7 members of the mammalian sirtuin family and 

is closely related to the founding member Sir2 in Saccharomyces cerevisiae 

(Frye, 2000). Sir2/SIRT1 is a histone deacetylase (HDAC) (Imai et al., 2000) 

which is reliant upon NAD+ for its function (Landry et al., 2000). The consumption 

of NAD+ during removal of acetyl groups from proteins produces O-acetyl-ADP-

ribose and nicotinamide, where the latter can be recycled back into the NAD+ 

salvage pathway (Tanner et al., 2000) (Fig. 1.14).  SIRT1 not only deacetylates 

histones which can affect chromatin structure, genomic integrity and gene 

expression but also deacetylates other proteins, for example the TSG p53 and 

HIF-1α as well as other transcription factors such as FOXO4 (Lim et al., 2010; 

Vaziri et al., 2001; Motta et al., 2004). As such, SIRT1 is a major regulator of gene 

expression and transcription. 

 
Figure 1.14: Recycling of NAD+ by SIRT1. 
SIRT1 consumes NAD+ and recycles it to nicotinamide which can be re-used in the 
salvage pathway of NAD+ biosynthesis, during deacetylation. The process also 
releases an O-acetyl-ADP-ribose molecule.  

The sirtuins are involved in many different cellular processes and diseases. 

Sir2/SIRT1 has previously been shown to promote longevity with its 
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overexpression increasing the lifespan of multiple organisms including mammals 

(Kaeberlein et al., 1999; Tissenbaum and Guarente, 2001; Satoh et al., 2013). 

SIRT1 appears to have a protective role in neurodegeneration; it suppresses β-

amyloid production and is protective in Alzheimer’s disease models (Kim et al., 

2007). SIRT1 is also implicated in many other diseases including type II diabetes 

(Rahman and Islam, 2011). The focus of this thesis research on SIRT1 is on the 

therapeutic potential of targeting of SIRT1 in the cancer context, whether there 

may be a therapeutic window using a small molecule inhibitor or alternative ways 

it may be targeted. 

1.4.2.1 The role of SIRT1 in cancer development 

SIRT1 has a complex role in cancer with some research suggesting that it is 

tumour promoting (Brunet et al., 2004; Ford et al., 2005; Herranz et al., 2013; 

Zhang et al., 2016) and other research suggesting it functions as a tumour 

suppressor (Firestein et al., 2008; Wang et al., 2008). Early evidence that SIRT1 

may have tumour promoting properties came from identification of the tumour 

suppressor protein p53 as a SIRT1 substrate. p53 deacetylation by SIRT1 

downregulates p53 transcriptional activity and catalytically inactive SIRT1 

potentiated p53-induced apoptosis (Vaziri et al., 2001). Knock-down of SIRT1 by 

RNAi in multiple cancer cell lines in vitro caused cancer cell death (Ford et al., 

2005) and in vivo SIRT1 has recently been shown to promote thyroid 

carcinogenesis (Herranz et al., 2013). Increased expression of SIRT1 associated 

with worse prognosis, is also seen in many cancers, including prostate, colon and 

lung cancers (Huffman et al., 2007; Stünkel et al., 2007; Chen et al., 2014a; Chen 

et al., 2012). However, SIRT1 expression has been shown to be reduced in some 

cancer types, including in glioblastoma, bladder and ovarian cancers (Carafa et 

al., 2019). In further support of a tumour suppressor function for SIRT1, a key 

study by Firestein et al. (2008) showed that SIRT1 overexpression in mice 

predisposed to developing cancer showed reduced cancer formation. 

Whilst some of these apparently contradictory findings may be explained by 

differences depending on tissue context and genetic background, additionally a 

number of SIRT1 splice variants have recently been reported (Deota et al., 2017; 

Lynch et al., 2010; Shah et al., 2012). Similar to other splice variants, emerging 
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evidence suggests that these SIRT1 splice variants may function very differently 

to full-length SIRT1 (SIRT1-FL) (Deota et al., 2017; Lynch et al., 2010; Shah et 

al., 2012). Due to this a cautious approach must be taken when considering the 

published literature as research was conducted without knowledge of these 

variants which, in some cases, but not others, may have inadvertently been 

targeted.  

1.4.2.2 SIRT1 splice variants 

The SIRT1-Δ8 splice variant, which lacks exon 8, has a small part of the protein 

deacetylase domain missing (Fig. 1.15) and has reduced deacetylase activity 

compared to the full-length variant (SIRT1-FL) (Lynch et al., 2010). Although 

SIRT1-Δ8 appears to be ubiquitously expressed in different tissue types the 

relative abundance of SIRT1-Δ8 and SIRT1-FL varied depending on the tissue 

with increased SIRT1-Δ8 expression in the brain, foetal thymus, testis and heart. 

In support of differential regulation and interaction partners of SIRT1-Δ8 and 

SIRT1-FL, part of the binding domain for the SIRT1 repressor protein DBC1 is 

missing in SIRT1-Δ8 and no interaction could be detected by 

immunoprecipitation. Another major difference between SIRT1-FL and SIRT1-Δ8 

relates to the tumour suppressor p53, with expression of SIRT1-Δ8 being stress 

responsive and negatively regulated by p53 whereas expression of SIRT1-FL is 

not. 

Through further work on SIRT1-Δ8 Shah et al. (2012) discovered the splice 

variant SIRT1-Δ2/9. This splice variant has a deletion between exons 2 and 9 

leading to complete loss of deacetylase function as well as part of the active 

regulator of SIRT1 (AROS) binding domain and it undergoes a frameshift 

mutation resulting in a novel C-terminus. mRNA expression of SIRT1-Δ2/9 varied 

across tissue type with it being readily detected in heart, lung and pancreas, 

whereas it was undetectable in brain, breast, colon. SIRT1-Δ2/9 was seen to be 

over expressed in HCT116 p53+/+ cancer cells compared to ARPE-19 non-cancer 

cells and its expression was associated with upregulation of matrix 

metalloproteinase 2 mRNA, which has a role in metastasis (Shah et al., 2012). 
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More recently a third splice variant, SIRT1-ΔE2, that lacks exon 2, was 

discovered (Deota et al., 2017). This variant has similar deacetylase activity to 

SIRT1-FL but is a tissue specific splice variant with high levels being found in the 

brain and testis and no expression in the liver. This differential expression and 

substrate interaction screening led Deota et al. (2017) to propose that the E2 

domain has an important role in metabolic homeostasis. SIRT1-ΔE2 was shown 

to have less interaction with specific proteins that are needed in the liver whereas 

proteins that are required in the brain had the same specificity for SIRT1-ΔE2 as 

SIRT1-FL. This suggests that the E2 domain is required for protein interaction 

specificity and the tissue specific role of SIRT1 splice variants (Deota et al., 

2017). 

 
Figure 1.15: Splice variants of SIRT1. 
Exons of SIRT1-FL with functional deacetylase domain (green). p53 and NAD + 
binding domains and AROS and DBC-1 binding domains also indicated. SIRT1-Δ8, 
SIRT1-2/9 and SIRT1- ΔE2 with missing regions indicated in red.  
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The different deacetylase activities, expression and binding domains of these 

splice variants suggest different protein targets, regulation and functions for the 

different SIRT1 variant forms, possibly accounting for the complex and varying 

roles previously described for SIRT1 in different cancers. 

Whilst it has previously been noted that SIRT1-FL knock-down induces cell death 

in cancer cells in vitro but not in non-cancer cells, unanswered questions which 

will be specifically addressed here include, i) whether small molecule SIRT1 

inhibition could be a selective approach to killing cancer cells, and ii) based on 

other preliminary data (see appendix Fig. 9.1), does SIRT1 or its variants have 

any effect on cell fate/stemness of cancer or non-cancer cells. 
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1.5 NAD+ as a therapeutic target 

1.5.1 Targeting NAD+ via enzymes involved in the NAD+ 

salvage pathway  

Whilst NAD+ is an essential metabolite in both non-cancer and cancer cells, 

NAMPT, which is the rate-limiting enzyme of the NAD+ salvage pathway, is 

overexpressed in many cancers  (Yaku et al., 2018). It has attracted considerable 

attention as a potential therapeutic target due to this and suggested increased 

NAD+ turnover in cancer cells compared to non-cancer cells. 

NAMPT inhibition has been reported to inhibit cancer cell glycolysis due to 

reduced NAD+ availability for GAPDH which also reduced carbon flow into the 

TCA cycle (Tan et al., 2013), providing a mechanistic basis for observed ATP 

depletion (Hasmann and Schemainda, 2003; Watson et al., 2009). A number of 

independent studies have shown that targeting of NAMPT induces cancer cell 

death in vitro and inhibits tumour growth in vivo  (Hjarnaa et al., 1999; Matheny 

et al., 2013), with effects via the depletion of NAD+ (Olesen et al., 2008; Hasmann 

and Schemainda, 2003; Watson et al., 2009). 

These encouraging results have led to several phase I clinical trials using the 

NAMPT inhibitors GMX-1778 and FK866. However, dose-limiting 

thrombocytopenia and also gastrointestinal and retinal toxicities have been 

observed (von Heideman et al., 2010; Holen et al., 2008), these effects appear 

to be on-target. Genetic deletion of NAMPT in photoreceptor cells caused retinal 

degeneration and blindness in mice with vision loss rescued by administration of 

the NAD+ precursor NMN (Lin et al., 2016). Given that NAD+ is a vital metabolite, 

these toxicities are perhaps not surprising. Indeed, whole body NAMPT 

deficiency is embryonically lethal in mice (Revollo et al., 2007). This indicates the 

importance of dosing regime and duration such that any NAD+ depletion is not 

harmful to normal tissue yet is sufficient in cancer cells for therapeutic benefit. 

One approach has been to administer the NAD+ precursor NA together with a 

NAMPT inhibitor. Many cancer cells are known to lack the Preiss-Handler 

pathway enzyme NAPRT (see section 1.3.2.3) due its epigenetic silencing 
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whereas non-cancer cells usually express the enzyme (Duarte-Pereira et al., 

2016). Non-cancer cells therefore can produce NAD+ from NA through the Preiss-

Handler pathway whereas NAPRT-deficient cancer cells cannot. This suggests 

NAPRT expression could be used as a biomarker to select for cancers that will 

be affected by NAMPT inhibition. This combination of NAMPT inhibitor plus NA 

has been shown to rescue the toxic effects of NAMPT inhibition towards non-

cancer cells (Watson et al., 2009; Olesen et al., 2010). 

As part of this PhD research a different approach is investigated, namely short 

term NAMPT inhibition that is non-toxic as a possible way of preferentially 

depleting NAD+ in cancer cells analogous to the cancer-selective reduction in 

NAD+/NADH with LDH-A suppression (Allison et al., 2014). It is hypothesised that 

this could result in reduced activity of NAD+-dependent enzymes such as the DNA 

repair PARP enzymes selectively in cancer cells.  

1.6 Metabolism, NAD+ and epigenetics 

NAD+ biology is also intricately linked to control of gene expression via the NAD+-

dependent sirtuin family of protein and histone deacetylases (section 1.4.2). The 

sirtuins provide a link between the metabolic and redox state of the cell and 

cellular epigenetics.  

Epigenetics is the heritable modification of DNA and/or histones which does not 

affect the nucleotide sequence of DNA but can affect gene expression. Multiple 

epigenetic alterations are known which include DNA methylation, histone 

methylation, histone acetylation and histone deacetylation. The different 

enzymes that catalyse these post-translational modifications are dependent on 

metabolic substrates or co-factors, therefore linking epigenetics to cellular 

metabolism. Whilst NAD+ levels can affect sirtuin activity and therefore histone 

deacetylation, histone acetylation is dependent on acetyl-CoA as a substrate and 

methylation of DNA and histones uses SAM as a substrate (section 1.6.1). 

Ultimately, cancer is a disease of abnormal gene expression as outlined at the 

start of the introduction resulting from silencing of TSGs and inappropriate, 
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constitutive proto-oncogene activation. Whilst these changes commonly occur via 

gene mutation (genetic alterations), they can also occur via epigenetic effects.  

Growing evidence shows that variations in the metabolic state of the cell can 

influence epigenetic changes within cells (Weyandt et al., 2017; Wong et al., 

2017). Many TSGs have been shown to be epigenetically silenced in cancers 

therefore it is of interest whether these can be selectively re-activated through 

the targeting of cancer cell metabolic alterations. 

1.6.1 The rate of one-carbon metabolism alters DNA and 

histone methylation  

DNA methylation at multiple CpG sites within the promoter of a gene inhibits its 

transcription resulting in loss of gene expression. The effects of methylation of 

histones at lysine and arginine residues depends on what residues are 

methylated, for example methylated K4 of histone H3 is associated with 

transcriptionally active chromatin, whereas methylation of K9 on histone H3 

results in the heterochromatin or euchromatin (Kimura, 2013). It is known that 

some DNA methyltransferases (DNMT) are overexpressed in cancers 

(Robertson et al., 1999) and the promoter region of particular TSGs are 

commonly methylated in certain cancers (e.g. CpG island methylator phenotype 

of colorectal cancers studied by Ahmed et al., (2013)). Histone and DNA 

methylation occurs through histone methyltransferases (HMT) and DNMTs 

respectively, and both achieve methylation of substrates through similar 

mechanisms. SAM, generated by one-carbon metabolism, is used as the methyl 

provider for HMTs and DNMTs and results in release of S-adenosylhomocysteine 

which inhibits their activity. Cancer cells have been shown to have increased one-

carbon metabolism and SAM activity (Luengo et al., 2017), which can result in 

inappropriate methylation and silencing. 
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1.6.2 TCA cycle metabolites affect histone and DNA 

demethylation 

Specific enzymes have been identified that actively demethylate DNA or histones 

that are methylated at particular amino acids. The activity of these enzymes is 

affected by levels of the TCA cycle intermediates α-KG, succinate and fumarate 

(Fig. 1.5).  

DNA demethylation consists of two steps, the oxidation of 5-methylcytosine 

(5mC) to 5-hydroxymethylcytosine (5hmC) followed by its conversion to cytosine. 

The Ten-eleven Translocation (TET) family of enzymes which are 5mC 

hydroxylases catalyse the first step but are dependent on α-KG as a co-factor for 

activity (Ito et al., 2010) 

Certain lysine demethylases (KDMs) and the Jumonji family of histone 

demethylases also require α-KG as a co-factor (Wong et al., 2017). In contrast, 

succinate and fumarate inhibit the same DNA and histone demethylases by 

competitive inhibition with α-KG. Relative levels of TCA cycle intermediates α-

KG, succinate and fumarate can therefore affect both DNA demethylation and the 

demethylation of specific histone residues. Inactivating mutations in TCA cycle 

enzymes succinate dehydrogenase (SDH) or fumarase (FH) have been observed 

in certain cancers resulting in a build-up of succinate or fumarate respectively. 

SDH and FH are classic TSGs with their mutation promoting tumorigenesis by 

several different potential mechanisms (Xiao et al., 2012). This build up includes 

cancer-promoting epigenetic dysregulation due to the disruption of DNA/histone 

demethylation activities (Wong et al., 2017). In addition, SDH/FH mutation is 

associated with induction of a pseudo-hypoxic state due to HIF-1α stabilisation 

(Selak et al., 2005; Isaacs et al., 2005). HIF-1α prolyl hydroxylases that promote 

the oxygen-dependent degradation of HIF-1α are also α-KG-dependent and 

subject to inhibition by succinate and fumarate (Xiao et al., 2012). 

In other cancers, in particular gliomas, oncogenic mutation of the isocitrate 

dehydrogenase isoforms (IDH1/2) occurs. These two isoforms of IDH oxidise 

isocitrate to α-KG using NADP+. Mutations result in a halt of α-KG formation from 
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isocitrate but also lead to a gain of function where α-KG is converted to the 

oncometabolite D-2HG, which can competitively inhibit these α-KG-dependent 

DNA and histone demethylases resulting in a hypermethylated epigenetic state 

and epigenetic inactivation of TSGs (Wong et al., 2017). 

1.6.2.1 Hypoxia induces L-2HG 

L-2HG, an enantiomer D-2HG, can be produced in cells that are wild type for 

IDH1/2 under hypoxic conditions. L-2HG can also inhibit α-KG dependent 

enzymes like D-2HG and the increase in L-2HG under hypoxia can similarly result 

in increased DNA and histone methylation resulting in gene repression (Intlekofer 

et al., 2015; Oldham et al., 2015). LDH-A and MDH1/2 catalyse the reduction of 

α-KG to L-2HG under hypoxia through promiscuous substrate usage in NADH-

dependent reactions resulting in regeneration of NAD+. Intlekofer et al. (2015) 

show that inhibition of MDH has small effects on L-2HG whereas LDH-A inhibition 

leads to a decrease of the majority of L-2HG produced. 

1.6.3 Acetyl-CoA and histone acetylation 

Histone acetyltransferases (HATs) acetylate histones at lysine and arginine 

residues and this is associated with gene activation as it induces a more open 

chromatin state. Acetyl-CoA which fuels the TCA cycle and is involved in many 

metabolic pathways is a co-factor for the activity of HATs where CoA is the by-

product. The activity of HATs can therefore be influenced by metabolic pathway 

utilisation and acetyl-CoA availability. For cells to obtain cytoplasmic acetyl-CoA, 

citrate is diverted from being further metabolised by the TCA cycle and removed 

from the mitochondria and is cleaved by ATP-citrate lyase (ACL) into acetyl-CoA 

and oxaloacetate (Wellen et al., 2009). As most citrate is glucose derived, 

glucose availability and the high glycolytic flux of cancer cells can both potentially 

impact on acetyl-CoA availability and cellular histone acetylation (Wellen et al., 

2009). Knock-down of ACL has been shown to reduce global levels of histone 

acetylation and expression of genes which regulate glucose metabolism (Wellen 

et al., 2009). Cancer cells have been shown to overexpress ACL leading to 

increased acetyl-CoA and histone acetylation (Hatzivassiliou et al., 2005).  
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1.7 Rationale and aims of thesis 

Whilst targeted chemotherapeutic agents have substantially improved treatment 

outcome for some cancers, development of resistance to targeted agents can be 

a major issue due to their being perhaps ‘too targeted’ allowing some cells to 

adapt. For many cancers, conventional DNA-damaging chemotherapeutic 

agents, despite their toxicity and poor selectivity, remain the mainstay of 

treatment. 

There is an urgent need for new chemotherapeutic approaches that are both 

more selective towards cancer cells and also sufficiently potent and which act by 

a different mechanism of action to other agents, with the aim of being able to 

circumvent any acquired drug resistance.  

This thesis investigates therapeutic opportunities that differences in the 

metabolism of cancer and non-cancer cells may present and related differential 

dependencies with a focus on NAD+ metabolism and function. Whilst NAD+ is a 

vital metabolite for both non-cancer and cancer cells, based on the available 

evidence, it was hypothesised that there is opportunity for therapeutic targeting 

of NAD+ and key NAD+-related functions preferentially in cancer cells.  

Specific aims and questions explored in this thesis are as follows: - 

1. To determine whether short-term NAMPT inhibition is able to preferentially 

deplete NAD(H) from cancer cells and not from non-cancer cells and 

whether this is able to reduce NAD+-dependent PARP activity selectively 

in cancer cells (Chapter 3). 

2. To assess whether the activity of current conventional chemotherapeutic 

agents that induce DNA damage that is repaired by PARPs, can be 

potentiated selectively in cancer cells by NAMPT inhibition/cancer-

selective NAD+ depletion. i.e. can the cancer cell selectivity (or therapeutic 

index) of any conventional chemotherapeutic agents in current clinical use 

be improved? (Chapter 3) 
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3. To assess whether cancer cell dependency on the full-length variant of the 

NAD+-dependent deacetylase SIRT1 can be recapitulated with a small 

molecule SIRT1 inhibitor (Chapter 4). 

4. To examine what impact SIRT1 knock-down/inhibition has on non-cancer 

cells beyond it being dispensable for non-cancer cell survival – in particular 

how does SIRT1/SIRT1 splice variant targeting affect cancer and non-

cancer cell fate/stemness/differentiation status? (Chapter 4) 

5. To perform preliminary investigations as to whether knock-down/inhibition 

of the glycolytic enzyme LDH-A can induce cancer cell epigenetic 

alterations under normoxia and/or hypoxia – and whether this could result 

in re-expression of epigenetically silenced TSGs (Chapter 5). The 

rationale  here for hypothesising that LDH-A suppression might affect 

cancer cell epigenetics is based on recent published findings that i) LDH-

A inhibition is able to modestly reduce SIRT1 deacetylase activity towards 

the tumour suppressor p53, and, ii) LDH-A generates L-2HG metabolite 

under hypoxia which competitively inhibits α-KG-dependent histone 

demethylases. 

6. To investigate the metabolic effects of the synthetic small molecule 

KHS101 - and their likely contribution to KHS101-induced death of 

glioblastoma cancer stem-like cells but not of non-cancerous neural 

progenitors (Chapter 6). KHS101 was originally identified through a 

phenotypic chemical screen for compounds that regulate neuronal 

differentiation. This thesis aim was part of a multidisciplinary collaborative 

project with the University of Leeds and efforts to ‘target deconvolute’ 

KHS101 in the context of its GBM cytotoxicity. 

7. To evaluate KHS101 for selective cytotoxic activity against other cancer 

cell types and its likely mechanism(s) of action in these models (Chapter 

6).  
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2. Materials and methods 

2.1 Cell culture 

2.1.1 General cell culture 

All cell culture manipulations were performed in a NuAire class II biological safety 

cabinet using aseptic technique. Cell lines were cultured in antibiotic free 

complete media (Table 2.1) and kept at 37°C with 5% CO2 in a humidified NuAire 

incubator. All cells were used at low passage (passage numbers between 2-14) 

from stocks that were authenticated and certified to be free of mycoplasma by 

the supplier (ATCC or ECACC) or other indicated sources (Table 2.1). 

Cell Line Media Supplements Source 

A2780 - Human ovarian 
epithelial carcinoma 

RPMI-1640 
(Sigma-Aldrich 

#R0883) 

10% foetal bovine 
serum (Gibco), 2mM 
L-glutamine (Sigma-

Aldrich) 

ECACC 93112519 

A549 - Human lung 
epithelial carcinoma 

RPMI-1640 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC CCL-185 

ARPE-19 - Human retinal 
epithelial non-cancerous 

DMEM/F-12 
(Gibco 

#21331020) 

10% foetal bovine 
serum, 2mM L-

glutamine 
ATCC CRL-2302 

CCD 841 CoN - Human 
colon epithelial non-

cancerous 

EMEM (ATCC 
#30-2003) 

10% foetal bovine 
serum, 2mM L-

glutamine 
ATCC CRL-1790 

CP70/A2780cis - Human 
ovarian carcinoma 

(resistant to Cisplatin) 
RPMI-1640 

10% foetal bovine 
serum, 2mM L-

glutamine, 
maintenance dose of 
1µM cisplatin every 2-

3 passages 

Prof. Roger 
Phillips, University 

of Huddersfield 

GBM1 - Glioblastoma 
multiforme - Primary GBM 
(cancer stem cell model) 

Neurobasal 
media (Gibco 
#21103049) 

40ng/ml hFGF 
(Invitrogen), 40ng/ml 
rhEGF (R&D) 0.5x B-

27 Supplement 
(Invitrogen), 0.5x N-2 

supplement 
(Invitrogen) 

Dr. Heiko Wurdak, 
University of 

Leeds 

GBM4 - Glioblastoma 
multiforme - Primary GBM 
(cancer stem cell model) 

GBM11 - Glioblastoma 
multiforme - Gliosarcoma 
(cancer stem cell model) 

GBM13 - Glioblastoma 
multiforme - Primary GBM 
(cancer stem cell model) 
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GBM14 - Glioblastoma 
multiforme - Recurrent 

Giant Cell GBM (cancer 
stem cell model) 

GBM20 - Glioblastoma 
multiforme - Recurrent 
GBM (cancer stem cell 

model) 

H460 - Human large cell 
lung epithelial carcinoma 

RPMI-1640 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC HTB-177 

HCT116 p53+/+ - Human 
colorectal epithelial 

carcinoma 

DMEM (Gibco 
#61965026) 

10% foetal bovine 
serum, 2mM L-

glutamine 

Prof. Bert 
Vogelstein, John 

Hopkins University 

HCT116 p53-/- - Isogenic 
clone of HCT116 p53+/+, 

p53 null 
DMEM 

10% foetal bovine 
serum, 2mM L-

glutamine 

Prof. Bert 
Vogelstein, John 

Hopkins University 

HT-29 - Human colorectal 
epithelial adenocarcinoma 

DMEM 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC HTB-38 

MDA-MB-231 - Human 
breast epithelial 
adenocarcinoma 

DMEM 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC HTB-26 

MDA-MB-436 - Human 
breast adenocarcinoma 

RPMI-1640 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC HTB-130 

NP1 – Neural progenitor 
cells 

DMEM/F-12 

5% foetal bovine 
serum, 20ng/ml 
hFGF, 20ng/ml 

rhEGF, 0.5x B-27 
Supplement, 0.5x N-2 

supplement, 1x 
glutaMAX (Gibco). 

Dr. Heiko Wurdak, 
University of 

Leeds 

PC-3 - Human prostate 
epithelial adenocarcinoma 

RPMI-1640 
10% foetal bovine 

serum, 2mM L-
glutamine 

ATCC CRL-1435 

PNT2 - Human prostate 
epithelium non-cancerous 
(immortalised with SV40) 

RPMI-1640 
10% foetal bovine 

serum, 2mM L-
glutamine 

ECACC 95012613 

 
Table 2.1: Cell line summary. 
Summary of cell lines used with source and appropriate media with supplements .  

2.1.2 Sub-culturing of cell lines 

Maintenance of cell lines were sustained by passaging using standard 

methodology upon reaching 70-80% confluency. Media was aspirated and the 

cells were washed with phosphate buffered saline (PBS) (Gibco). To detach the 

cells, they were incubated with 0.05% or 0.25% Trypsin-EDTA (Gibco), which 

was then inhibited with the appropriate serum containing media (Table 2.1) and 
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removed by centrifugation for 3 minutes at 200g. Cells were then resuspended in 

complete media and passaged according to need.  

2.1.3 Sub-culturing of GBM and NP1 cells 

For GBM cancer stem cell-like models and NP1 cells, culture vessels were coated 

with 5µg/ml of Poly-L-Ornithine (Sigma-Aldrich) diluted in cell culture sterile H2O 

(Gibco) for at least 1 hour and 2.4µg/ml Laminin (Invitrogen) diluted in PBS before 

use. For passaging, media was aspirated from the flask and 1x TrypLE (Gibco) 

was used to detach the cells from the flask which was diluted in appropriate media 

or PBS after incubation. The cell suspension was then centrifuged for 5 minutes 

at 300g and a PBS wash was performed to ensure there was no TrypLE 

remaining. The cell pellet was then resuspended in fresh media and added to a 

pre-coated flask and placed in the incubator. 

2.1.4 Cryopreservation of cells 

In order to preserve and maintain cell line stocks of low passage number, cells 

were cryopreserved in liquid nitrogen. Cells were resuspended in complete media 

containing 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and 20% foetal 

bovine serum (FBS) and a Nalgene® Mr Frosty™ freezing container was used to 

slowly cool the cells to -80°C before transferring to a dewar containing liquid 

nitrogen for long term storage. 

2.1.5 Reviving cells from cryopreservation 

Cells were removed from liquid nitrogen and rapidly thawed in a water bath at 

37°C. The stock was then diluted in complete media to reduce the DMSO 

concentration and centrifuged for 3 minutes at 200g before resuspending in 

complete media and transferring to a flask.  

2.1.6 β-galactosidase senescence assay 

To assay cellular senescence, a β-galactosidase assay staining kit (Cell 

Signalling Technology #9860) was used. Cells in T25 flasks were washed with 
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PBS and then fixed for 15 minutes using the provided formaldehyde-based 1x 

fixative solution. β-galactosidase substrate 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-gal), which was buffered to pH 6.0 was added to the cells 

which were then incubated overnight at 37˚C in a non-humidified CO2 free 

incubator. Cell cleavage of X-gal generating a blue precipitate was then observed 

by phase contrast and bright field microscopy.   
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2.2 In vitro chemosensitivity analysis of drugs 

2.2.1 MTT chemosensitivity assay 

To assay cytotoxicity of compounds, in vitro chemosensitivity assays were 

performed. 96 well plates were seeded with cells as per Table 2.2 following cell 

counting using a haemocytometer and 24 hours later treated with a variety of 

compounds in a range of concentrations (Table 2.3). Within each plate there was 

a blank lane (media only, no cells), at least one vehicle control lane and 8 

replicates of each drug concentration. Cell seeding densities were based on 

previous determinations to ensure control cells remained in logarithmic growth by 

the assay endpoint and that a linear relationship between MTT assay end point 

absorbance and cell number was maintained. 

 
Table 2.2: Cell seeding density of a 96 well plate. 
Cell number per well of a 96 well plate for 96 hours drug treatment.  
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Table 2.3: Dose range of drugs used for chemosensitivity. 
Dose range and fold dilution of various drugs used in chemosensitiv ity assays. 

96 hours post drug exposure, cell viability was determined using the MTT assay, 

as previously described (Mosmann, 1983; Phillips et al., 1992). MTT (Fisher 

Scientific) was added directly to the media in the wells at a final concentration of 

0.5mg/ml and 4 hours later any formazan crystals that had formed were dissolved 

in DMSO (Fisher Scientific). End point absorbance was measured at 540nm 

using the BMG Labtech FLUOstar® OPTIMA plate reader and used to calculate 

the IC50 of the drugs (Allison et al., 2018). 

For all chemosensitivity assays, cell confluency and cellular phenotype at the 

different tested drug concentrations and for the vehicle control cells was 

assessed by microscopy to check for close agreement of effects on confluency 

and MTT chemosensitivity ‘absorbance readout’. This prevented potential issues 

of artefacts due to non-toxic decreased metabolism of MTT rather than its 

intended use as a surrogate readout of cytotoxicity. The sulforhodamine B (SRB) 

assay was also used for a limited number of experiments using the methodology 

described by Vichai and Kirtikara (2006) to check that similar results were 

obtained by both assays.  

For hypoxic MTT assays, cells were drug treated under normoxic conditions and 

then placed at 0.1% O2 in a Don Whitley H35 hypoxystation for 96 hours as 

described by Ahmadi et al. (2014) before removal of plates to atmospheric 

oxygen for analysis by microscopy for phenotypic effects, addition of MTT and 

further incubation for 4h at 21% O2. Whilst the efficiency of MTT conversion to 

formazan crystals may be decreased under hypoxia, it has previously been 

validated for A549, H460, MDA-MB-231 and other cell lines that the MTT assay 
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shows a linear relationship between cell number and absorbance under 21% and 

0.1% oxygen (Ahmadi et al., 2014). 

2.2.2 Rescue of FK866 toxicity studies 

In order to observe whether the cytotoxicity of FK866 was due to effects on NAD+ 

levels directly, treatment of the compound was combined with the addition of 

NAD+ precursors NA (Sigma-Aldrich) or NMN (Sigma-Aldrich). FK866 dose 

titration was combined with 10µM NA or 100µM NMN for 96 hours before MTT 

analysis as previously described (Section 2.2.1).  

2.2.3 Combination studies 

To study the effects of combining the known DNA damaging agent TMZ with 

FK866, to potentially enhance TMZ cytotoxicity, GBM1 and NP1 cells were 

seeded at 4500 and 2000 cells/well respectively and incubated for 48 hours 

before treatment. The cells were then treated with the combination of drugs for 

48 hours. FK866 was kept at a constant dose of 1nM and TMZ was diluted 2-fold 

from 800µM as per Table 2.3. An MTT assay was then completed as per section 

2.2.1. 
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2.3 Analysis of cells using the NucleoCounter® 

NC-3000™ image cytometer 

2.3.1 Quantification of cell number and viability 

Cells were harvested through trypsinisation and resuspended in PBS for 

determination of cell number and viability as per the manufacturer’s protocol 

(Chemometec; Via1-casette™ ‘viability and cell count assay’). Within the Via1-

casette, acridine orange stains the whole cell population enabling quantification 

of cell number and DAPI positive staining allows determination of non-viable 

populations. 

2.3.2 Quantification of apoptotic cells 

Cells were seeded as per Table 2.4 except for KHS101 treated cells where 

ARPE-19 cells were seeded at 4x105/T25. For combination treatments and 

KHS101, cells were treated 48 hours after seeding and for EX-527, cells were 

treated 24 hours after. For hypoxic conditions, cells were placed in a Don Whitley 

H35 hypoxystation at 0.1% O2 24 hours post seeding and drug treated 24 hours 

after exposure to the conditions. 

 
Table 2.4: Appropriate seeding density of cell lines for annexin V analysis. 

 

All cells were incubated with the treatments for 48 hours before analysis. Cells 

were harvested by trypsinisation and cell number was determined for each 
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treatment as per section 2.3.1. The annexin-V-FLUOS staining kit (Roche 

#11988549001) was used for cell staining. 4x105 cells were resuspended in 100µl 

HEPES incubation buffer containing annexin-V-fluorescein, propidium iodide (PI) 

and Hoechst 33342 all diluted 1:50, in accordance with the manufacturer’s 

instructions. Cell suspensions were incubated for 15 minutes at 37°C before 

being mixed and analysed by the NC-3000™, image cytometer. The whole cell 

population was stained with Hoechst 33342, early apoptotic cells stained with 

annexin V only and late apoptotic/necrotic cells stained with annexin V and PI. 

The HSPD1 inhibitor myrtucommulone was a kind gift from J.Jauch (Saarland 

University). Cells were treated with 10µM myrtucommulone or DMSO vehicle 

control for 48 hours before being harvested for annexin V analysis. 

2.3.3 Quantification of autophagy positive cells by image 

cytometry 

ARPE-19 and HCT116 p53+/+ cells were seeded at 3x105 and 4x105 cells/T25 

respectively and incubated for 48 hours before treatment with 7.5µM KHS101 for 

24 hours. To quantify autophagy positive cells the CYTO-ID® autophagy 

detection kit (Enzo Life Sciences #ENZ-51031-K200) was used. Cell number was 

determined as per section 2.3.1 and 1x106 cells were stained with 500µl CYTO-

ID® Green dye and Hoechst 33342 diluted 1:2000 in phenol red free media 

(Gibco) containing 5% FBS, for 30 minutes. Cell suspensions were then analysed 

using the NC-3000™ image cytometer, with CYTO-ID positive staining detected 

in fluorescence channel 1 (LED475 light source) with an emission filter 

wavelength of 560nm (bandwidth ±35nm). Hoechst 33342 staining of all cells was 

detected in the UV channel (LED365) with an emission filter wavelength of 470nm 

(bandwidth ±55nm). 

2.3.4 Cell cycle analysis 

To obtain cell cycle profiles the two-step cell cycle assay (Chemometec) was 

performed as per the manufacturer’s protocol. Single cell suspensions were 

obtained by trypsinisation and cells were then permeabilised and stained for 5 
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minutes with 10µg/ml of the fluorescent dye DAPI that binds to DNA 

stoichiometrically. Cellular DAPI staining was then quantified using a NC-3000™ 

image cytometer. 
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2.4 Metabolic flux analysis 

To assess the effect of compounds on the bioenergetic state of the cells the 

Seahorse XFp analyser (Agilent) was used. For each cell line the optimal seeding 

density was determined so that cells were ~80% confluent and in log growth 

phase. The optimal FCCP concentration was determined (Table 2.5) based on 

the concentration that induced maximal mitochondrial respiration. 

 
Table 2.5: Appropriate conditions for XFp seahorse metabolic analysis 
Optimal seeding density and FCCP concentration for i ndividual cell lines and the 
appropriate basal media supplements.  

2.4.1 Cell energy phenotype 

XFp cell culture miniplates (Agilent) were seeded with cells (Table 2.5) with the 

top and bottom wells being left blank with media only and incubated for 24 hours 

at 37˚C in a humidified 5% CO2 incubator. FK866, EX-527, KHS101 or DMSO 

vehicle control were added to the cells for 24 hours before analysis. On the day 

of analysis, the cells were washed twice with Seahorse XFp base media (pH 7.4) 

(Agilent #102353-100) containing the appropriate supplements (Table 2.5), with 

fresh media then added to a final volume of 180µl/well before an hour incubation 

in a humidified non-CO2 incubator at 37˚C. The appropriate concentration of 

‘stressor mix’, containing oligomycin (1µM) and FCCP (Table 2.5), was prepared 

just before use and loaded into a sensor cartridge (Agilent) that had been 

previously hydrated with XF calibrant (Agilent) solution overnight. The cartridge 

was then loaded onto the XFp seahorse analyser to calibrate before addition of 

the cells. Three readings of oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) were obtained under basal metabolic conditions before 
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the ‘stressor mix’ was injected and 5 readings of OCR and ECAR were obtained 

showing the metabolic stress response of the cells. Data obtained was then 

analysed using Seahorse Wave software. 

2.4.2 Rescue studies 

As per section 2.2.2 rescue studies were performed in order to see if NAD+ 

precursors NA/NMN could rescue the effects of FK866 on cellular energetics. 

10µM NA or 100µM NMN was added to the cells 12 hours post seeding and 

incubated for 12 hours before addition of FK866 for 24 hours. Cells were then 

analysed as per section 2.4.1. 

2.4.3 Mitochondria stress test after direct drug injection 

XFp cell culture mini plates were seeded with cells and prepared as per section 

2.4.1, except that they were left to incubate for 48 hours before the addition of 

drug by direct injection into the media by the XFp analyser (Fig. 2.1). KHS101 

concentrations were prepared alongside vehicle control and were loaded into the 

sensor cartridge along with 1µM oligomycin, appropriate FCCP concentration 

(Table 2.5) and 0.5µM Rotenone/Antimycin A. 

 
Figure 2.1: Mitochondrial assay injections. 
Injection timings and parameters of mitochondrial function determined by the 
Agilent mitochondrial stress test.  
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2.4.4 Glycolysis stress test after direct drug injection 

HCT116 p53+/+ cells were seeded as per Table 2.5 and incubated for 48 hours in 

normal growth media before washing with XFp base media (pH 7.4) 

supplemented with 2mM glutamine but no glucose. After 1 hour at 37°C in a non-

CO2 humidified incubator the cells were analysed on an XFp Seahorse metabolic 

analyser by the XFp glycolysis stress test assay (Agilent) modified for test 

compound injection (1µM NHI-2 final concentration or DMSO vehicle control). 

Sequential injections of 10mM glucose, 1µM oligomycin and 50mM 2-DG were 

as described by the assay instructions, enabling determination of glycolytic rate 

and capacity. 
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2.5 Cellular ATP assay 

ARPE-19 and HCT116 p53+/+ cells were seeded at 7500 cells/well (200µl) in cell 

culture-treated, white flat bottomed 96 well plates and incubated for 24 hours. 

The cells were then treated with a range of KHS101 concentrations (0.625-10µM) 

before determination of total cellular ATP levels using the Glo® Luminescent Cell 

Viability Assay kit (Promega). Following the removal of 100µl media from wells, 

100µl of freshly reconstituted CellTiter-Glo® Reagent was added and the plate 

was placed on a rocker for 2 minutes to enable cell lysis. The plate was then 

incubated in the dark at room temperature for 10 minutes before measurement 

of luminescent signal in each well using a BMG Labtech FLUOstar® OPTIMA 

plate reader. Automatic plate mode gain adjustment was performed prior to 

endpoint measurement of luminescent signal that is proportional to ATP content.   



 
95 

 

2.6 siRNA transfection 

24 hours prior to transfection, single cell suspensions of low passage number 

cells in log phase growth were seeded in T25 flaks (Table 2.6), taking care to 

ensure even cell distribution across the flasks in order to maximise transfection 

efficiency. siRNAs were diluted in Opti-MEM media (Gibco #51985026) to the 

desired concentration (100nM final concentration in a T25 as previously 

described (Ford et al., 2005)) and the Oligofectamine™ (Invitrogen) was diluted 

1:5 with Opti-MEM media and incubated at room temperature for 30 minutes. The 

diluted oligofectamine was then mixed with the diluted siRNA and left at room 

temperature for 45 minutes for liposomal vesicles to form. To remove serum from 

the cells, the T25 flasks were washed with Opti-MEM twice before 2ml of Opti-

MEM was added to each flask. 500µl of the siRNA/oligofectamine mix was then 

added to the flasks dropwise before the flasks were gently agitated in all 

directions for even cell coverage of the siRNA/liposomal mix. 4 hours later, 2.5ml 

of normal growth media containing twice the standard concentration of 

supplements and serum was added to flasks. All siRNAs (Table 2.7) used have 

been previously published and validated for selectivity and efficiency of cellular 

target knock-down in cell lines. Controls used included liposomes formulated with 

no siRNA and Silencer™ Select negative control no.1 siRNA (Invitrogen) which 

was a validated non-targeting control siRNA. 72 hours post transfection cells 

were harvested for RNA (Section 2.8) or protein (Section 2.11). 

 
Table 2.6: Cell number seeding per T25 flask for siRNA transfection. 

 
 

 
Table 2.7: siRNAs used for transfection. 
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2.7 Metabolic analysis of siRNA transfected cells 

For XFp Seahorse metabolic analysis of siRNA transfected ARPE-19 cells, cells 

were seeded in XFp cell culture miniplates (Agilent) at 1000 cells/well (80μl) in 

normal growth media and transfected in the miniplates following the methodology 

described in section 2.6. 24 hours post-seeding, 60µl of the culture media was 

removed and the cells were washed twice with 200µl Opti-MEM before addition 

of 60µl fresh Opti-MEM. 20µl of diluted oligofectamine/siRNA mix was then added 

dropwise per well with agitation resulting in a final well volume of 100µl.  4 hours 

post-transfection 50µl of normal growth medium containing three times the 

standard concentration of supplements and serum was added to wells. 72 hours 

later, transfected cells were analysed by the Agilent Cell Energy Phenotype as 

described in section 2.4.1. 
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2.8 Gene expression analysis 

2.8.1 RNA extraction from cell pellets 

T25 flasks of treated cells were harvested through trypsinisation, with cell pellets 

washed twice with PBS to remove any residual serum and culture media before 

lysis. RNA extraction from cell pellets was performed using the RNeasy mini kit 

(QIAGEN) with on-column DNase digestion. Cells were lysed in the appropriate 

volume of RLT buffer containing β-mercaptoethanol and lysates were applied to 

a QIA shredder column to homogenise the sample, which was then centrifuged 

at 12,000g for 2 minutes. The ‘flow-through’ was then mixed with 70% Ethanol at 

a 1:1 ratio and this was then applied to a RNeasy column and centrifuged at 

8000g for 15 seconds. The RW1 buffer was then added to the column as per the 

protocol and the DNase digestion step was performed with 45 minutes incubation. 

The samples were then washed with RW1 buffer and RPE buffer twice before the 

RNA was eluted with RNase free distilled water. 

2.8.2 Quantification of RNA and reverse transcription 

The concentration of RNA in eluted samples was quantified using the NanoDrop 

2000 Spectrophotometer (Thermo Scientific) by measuring absorbance at 260nm 

and using the extinction coefficient for single stranded RNA. RNA purity was 

assessed by the 260/280 and 260/230nm absorbance ratios with RNA samples 

then diluted to 0.2µg/µl with RNase-free water.  

Reverse transcription was performed using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) to generate cDNA (as per the 

manufacturers protocol).  Per reaction 10µl of RNA at 0.2µg/µl, 3.2µl Nuclease-

free H2O, 2µl 10x RT buffer, 0.8 µl 25x dNTP mix (100mM), 2µl 10x RT random 

primers, 1µl MultiScribe® Reverse Transcriptase and 1µl RNase inhibitor 

(Applied Biosystems, #N8080119) were used. One sample contained no 

MultiScribe® Reverse transcriptase in order to control for any genomic DNA 

contamination. Samples were loaded onto the DNA Engine Tetrad® 2 Peltier 
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thermal cycler and the cycling conditions were 10 minutes at 25˚C, 120 minutes 

at 37˚C, 5 minutes at 85˚C and then a hold step at 4˚C. 

2.8.3 qPCR using TaqMan™ probes 

Real-time qPCR was performed on a StepOnePlus™ Real-Time thermal cycler 

(Applied Biosystems) using Applied Biosystems™ TaqMan™ Universal PCR 

Master Mix (Applied Biosystems) or PrecisionFAST qPCR Master Mix (Primer 

Design) and inventorised TaqMan™ probes (Life Technologies) (Table 2.8).  

 
Table 2.8: TaqMan™ probes for qPCR. 

 

For both master mixes 40ng of cDNA was used. For the Applied Biosystems 

master mix a total reaction volume of 25µl was prepared, 11.25µl of cDNA, 1.25µl 

probe and 12.5µl 2x master mix (2xMM). Thermal cycling conditions were, 

incubation at 50˚C for 2 minutes, activation at 95˚C for 10 minutes then 40 cycles 

of denaturing (95˚C for 15 seconds) and annealing/extension (60˚C degrees for 

1 minute). For the Primer Design protocol, a total reaction volume of 20µl was 

used with 9µl of cDNA, 1µl of probe and 10µl of 2xMM. Thermal cycling conditions 

were, hot start activation of Taq polymerase by 95°C for 2 minutes, 40 cycles of 

denaturation at 95°C for 2 minutes and data collection at 60°C for 20 seconds. 

cDNA samples were analysed in quadruplicate (1 biological repeat) per qPCR 

with changes in gene expression of the target mRNA determined by the ΔΔCt 

method (Livak and Schmittgen, 2001). 
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2.8.4 SYBR™ Green qPCR 

For SYBR™ Green qPCR, each reaction had 40ng of cDNA in a total volume of 

30µl containing 10µl cDNA, 15µl 2x QuantiTect SYBR™ Green PCR master mix 

(Qiagen), 2.4µl RNase free distilled H2O, 1.3µl of 10µM forward primer and 1.3µl 

of 10µM reverse primer. Primers had been previously designed and verified for 

specific amplification of the cellular target cDNA (Allison et al., 2014; Ford et al., 

2005; Lynch et al., 2010) with primer sequences as described in Table 2.9. 

Thermal cycling conditions (StepOnePlus™ Real-Time thermal cycler) were 

activation at 95˚C for 15 minutes, then 40 cycles of 94˚C for 15 seconds, an 

annealing temperature of 53˚C for 30 seconds, 72˚C for 30 seconds and 75˚C for 

15 seconds. For melting curve analysis of the PCR products generated, samples 

were heated from 60˚C to 95˚C in increments of 0.3˚C in order to verify 

amplification of a specific product and lack of any primer-dimer formation. 

 
Table 2.9: Primer sequences for SYBR™ Green qPCR.  
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2.9 NAD(H) assay 

2.9.1 Determination of total cellular NAD(H) 

Cells were seeded as per Table 2.10 and incubated for 48 hours before being 

treated with 5µM KHS101 or a range of FK866 doses (0.625-10nM). 24 hours 

post drug exposure, cells were lysed in NAD(H) extraction buffer (20mM 

NaHCO3, 100mM Na2CO3, 10mM nicotinamide, 0.05% Triton-X-100) and 

sonicated on ice using a Sonics Vibra VCX130 probe sonicator at 25% amplitude 

for 10 seconds on and 1 minute off until the viscosity of the samples was reduced. 

 
Table 2.10: Appropriate seeding density of cells for cellular NAD(H) determination. 

 

A NAD(H)-dependent enzymatic cycling reaction assay was performed in order 

to quantify NAD(H) levels in the cell lysates (Umemura and Kimura, 2005). Each 

reaction was set up in a well of a  96 well plate and consisted of 168μl of cycling 

buffer (100mM TrisHCl pH8.0, 5mM EDTA, 0.5mM MTT) containing 0.4mg/ml 

alcohol dehydrogenase, 2μl of 200mM phenazine ethosulphate and 10μl of lysate 

with 20μl of 6M ethanol added in order to start the reaction (Umemura and 

Kimura, 2005). Reaction kinetics were determined by measurement of 

absorbance at 584nm every 10 seconds for 1 minute using a BMG Labtech 

FLUOstar® OPTIMA plate reader.  
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Protein concentration of each sample was obtained as per section 2.11.1. The 

linear change in absorbance was calculated and based on NAD(H) standard 

curves the NAD(H) concentration of cell lysates was calculated and normalised 

to the protein content (Umemura and Kimura, 2005). 

2.9.2 Nuclear and cytoplasmic quantification of NAD(H) 

4x105 HCT116 p53+/+ cells were seeded per T25 (5 per treatment) and incubated 

for 48 hours before being treated with 5nM FK866 or DMSO vehicle control for 

24 hours. Nuclear and cytoplasmic fractions were then prepared using a Pierce 

NE-PER™ Nuclear and Cytoplasmic Extraction Kit as per the manufacturer’s 

protocol but with minor alterations. Nuclei were lysed directly in NAD(H) 

extraction buffer and to the cytoplasmic fraction (in CERII) 1/6th volume of 

NAD(H) buffer was added. Quantification of NAD(H) was performed as described 

in section 2.9.1.  



 
102 

 

2.10 Mitochondrial GPD2 activity assay 

Mitochondrial GPD2 activity was determined as described (Orr et al., 2014) with 

minor modifications to the method. GBM1, NP1 and HCT116 p53+/+ cells in 

logarithmic phase growth (~80% confluent) were treated with 7.5µM KHS101 or 

DMSO vehicle control for 1 hour before harvesting by standard trypsinisation. 

Intact mitochondria were isolated from equivalent numbers of cells (2x107 

cells/treatment) using a mitochondria isolation kit for cultured cells (Thermo 

Fisher #89874) as per the manufacturers protocol but with minor alterations. 

KHS101 or DMSO vehicle control was added to kit reagents A and C throughout 

the mitochondrial isolation procedure. Mitochondrial pellets were resuspended in 

50µl GPD2 assay buffer (50mM KCl, 10mM TrisHCl and 1mM EDTA, pH 7.4) 

which contained fatty acid free bovine serum albumin (BSA) (1mg/ml). For 

determination of GPD2 activity each reaction was set up in a 96 well plate with 

135µl GPD2 assay buffer with fatty acid free BSA (1mg/ml), 50µl isolated 

mitochondria and 2µl of 2mM DCPIP with addition of 10µl 300mM glycerol-3-

phosphate to start the reaction. The change in absorbance was measured at 

600nm using a BMG Labtech FLUOstar® OPTIMA plate reader over a period of 

10 minutes.  
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2.11 Quantification of protein expression  

2.11.1 Preparation of cell lysates 

Total cell lysates were obtained through addition of RIPA buffer (Sigma-Aldrich) 

containing protease inhibitor (Sigma-Aldrich #P8340, 25µl per ml RIPA) and 

phosphatase inhibitor (Sigma-Aldrich #P5726, 10µl per ml RIPA) to cell pellets. 

Cell lysates were sonicated (30 seconds sonicating, 2 minutes on ice) using a 

water bath sonicator (Langford Ultrasonics) in order to shear DNA before protein 

concentration was determined. A bicinchoninic acid (BCA) protein assay (Pierce) 

was used to determine the protein concentration of samples by using a 

colorimetric assay where known BSA standards were used to determine sample 

protein concentration. Samples and 10µl of standards were pipetted into a 96 well 

plate in quadruplicate and incubated for half hour at room temperature with a 50:1 

mixture of buffer A+B as per the manufacturer’s protocol. End point absorbance 

was then measured at 584nm using a BMG Labtech FLUOstar® OPTIMA plate 

reader. Protein concentrations were calculated using a linear regression standard 

curve and 4x Laemmli solution containing β-mercaptoethanol was then added to 

the cell lysates which were then heated at 100˚C for 5 minutes.  

2.11.2 Preparation and running of SDS-PAGE gels 

SDS-PAGE gels were prepared (see appendix Table 9.1) with a 4% stacking and 

a 15% resolving gel. 40µg of protein was loaded per gel lane and the proteins 

were then resolved by electrophoresis, in Tris Glycine running buffer (Bio-Rad 

10xTGS #161-0772) at 70V for 1 hour. Once samples had entered the resolving 

gel the voltage was increased to 120V until the dye front reached the bottom of 

the gel. The protein was then transferred to nitrocellulose membrane in 1x Tris 

Glycine transfer buffer, containing 20% methanol and 0.1% SDS overnight at 

35mAmp. 
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2.11.3 Immunoblotting 

Nitrocellulose membranes were left to air-dry for 1 hour at room temperature and 

then depending on antibody specification (Table 2.11) either washed in PBS-

0.1% Tween 20 (PBT-T) or TBS-T for 5 minutes prior to being blocked for 1 hour 

in either 5% milk PBS-T or 5% milk TBS-T. As standard, all antibodies were 

diluted in 5% milk PBS-T unless specified on the data sheet where they were 

diluted in 5% BSA TBS-T. For the antibodies that required BSA as a diluent the 

nitrocellulose membranes were washed in TBS-T 3 times for 2 minutes after 

blocking. After addition of antibody the membranes were incubated while being 

agitated overnight at 4˚C. 

 
Table 2.11: Antibody dilutions and conditions for immunoblotting. 
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After primary antibody incubation the nitrocellulose membranes were washed 

three times for 5 minutes in either PBS-T or TBS-T before addition of the 

appropriate secondary antibody (Table 2.12).  

 
Table 2.12: Secondary antibody conditions for Immunoblotting. 

 

2.11.4 Immunoblotting using the LI-COR system 

For analysis of proteins through the Li-COR Odyssey® Near-Infrared Imaging 

System, fluorescently tagged secondary antibodies (Table 2.12) were used that 

were diluted in either 5% milk PBS-T or 5% milk TBS-T. The membranes were 

incubated in the dark for 1 hour at room temperature before being washed three 

times for 5 minutes with PBS-T or TBS-T.  

2.11.5 Immunoblotting using enhanced chemi-

luminescence 

For enhanced chemiluminescence (ECL) detection of proteins, horse radish 

peroxidase (HRP) conjugated secondary antibodies (Table 2.12) were used and 

diluted in 5% milk PBS-T or 5% milk TBS-T and incubated with membranes for 1 

hour before three 5 minute PBS-T/TBS-T washes. In the dark, BM 

chemiluminescence western blotting substrate (POD) (Roche) was prepared at 

1:100 ratio of reagent A and B and the membranes were incubated with this for 

1 minute. The membranes were exposed to autoradiography film (GE 

Healthcare) before being immersed in multigrade developer (Ilford) for 2 minutes, 

briefly washed in water and then transferred to rapid fixer (Ilford) solution for 2 

minutes in a dark room. Densitometric analysis of protein bands was performed 

using Image Studio Lite. 
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2.12 Quantification of cellular PARP activity 

Cells were seeded as per Table 2.13 and incubated for 48 hours before treating 

with a PARP inhibitor, FK866 or NMN for 24 hours or 48 hours. Cells were lysed 

in PARP assay extraction buffer (50µl 20xPAR assay buffer, 80µl 5M NaCl, 45µl 

20% Triton-x-100, 825µl cell culture grade H2O and 10µl HALT protease inhibitor 

per 1ml) following normalisation to cell number. Cell lysates were centrifuged for 

10 minutes at 4°C at 10,000g and the supernatant was used for analysis. A PARP 

activity ELISA assay was performed using the Trevigen PARP/Apoptosis 

colorimetric assay kit (#4684-096-K) as per the manufacturer’s protocol. Histone 

coated wells were rehydrated with 1x PAR assay buffer for 30 minutes and a MM 

without NAD+ was prepared so that PARP activity was reliant on endogenous 

NAD+ alone. Per reaction 21.25µl H2O, 1.25µl of 20x PAR assay buffer, 2.5µl 10x 

activated DNA and 25µl of lysate was pipetted into a histone coated well and 

incubated at room temperature for 30 minutes to allow for any PARP-catalysed 

PARylation of histones. Wells were then washed twice with PBS-0.1% Triton-x-

100 and twice with PBS before addition of monoclonal PAR primary antibody 

(1:1000) for 30 minutes. Wells were then washed again as described above and 

secondary antibody (1:1000) was added for 30 minutes. After incubation, 

antibody was removed and TACCS sapphire was added to the wells for 

conversion by the HRP-conjugated secondary antibody, in the dark for 15 

minutes. The reaction was then stopped using an equal volume of 0.2M HCl and 

absorbance at 455nm absorbance was measured using a BMG Labtech 

FLUOstar® OPTIMA plate reader. 

 
Table 2.13: Seeding densities for PARP ELISA assay. 



 
107 

 

2.13 Quantification of SIRT1 activity 

HCT116 p53+/+ cells were seeded at 1x106 cells per T75 and incubated for 48 

hours before addition of 10nM FK866 or DMSO vehicle control for 24 hours. Cells 

were harvested and lysed as per the PARP assay extraction method in PARP 

assay extraction buffer (minus HALT protease inhibitor) (section 2.12). In order 

to assay cellular SIRT1 activity a fluorometric SIRT1 activity assay (abcam 

#156065) was used. For each reaction 30µl of lysate or buffer control, 5µl SIRT1 

assay buffer, 5µl Fluor-substrate peptide that is specifically deacetylated by 

SIRT1 leading to a release of a fluorescent signal, 5µl H2O and 5µl developer 

were loaded into a black 96 well plate. A kinetic reading of fluorescence was 

recorded for 10 minutes to ensure the reaction was linear over its duration with 

end point fluorescent signal at 10 minutes then used to compare SIRT1 activity 

between samples. 
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2.14 Immunofluorescent and autophagy staining 

and imaging 

2.14.1 Analysis of double strand break DNA damage 

marker, phosphorylated γH2AX 

ARPE-19 and HCT116 p53+/+ cells were into 8 well chamber slides at 3.2x104 

cells/500µl and 4.4x104 cells/500 µl, respectively. 12 hours after seeding, cells 

were pre-treated with either 5nM FK866, 500nM rucaparib or DMSO vehicle 

control for 12 hours before addition of 800µM TMZ in combination with 

FK866/rucaparib for 4 hours. This was then removed and FK866/rucaparib alone 

or DMSO vehicle control containing media was replaced on to the cells for 6 hours 

to allow for DNA damage repair to occur (Fig. 2.2).  

 
Figure 2.2: Drug treatment set up for DNA damage marker analysis. 

 

To fix the cells, media was removed and ice cold methanol was added and 

incubated for 20 minutes at -20°C. The cells were then washed three times with 

PBS for 5 minutes. Staining was then either performed immediately or the fixed 
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cells were kept at 4°C with PBS. Cells were permeabilised using 0.1% triton-x-

100 in PBS for 10 minutes at room temperature followed by two quick PBS 

washes and one 5 minute incubation of PBS. 5% BSA in PBS was used to block 

non-specific antibody binding for 1 hour at 4°C before addition of phosphorylated 

γH2AX primary antibody (Millipore #05-636), diluted 1:250 in 3% BSA in PBS 

overnight at 4°C. After primary antibody incubation, cells were washed three 

times for 5 minutes with PBS before addition of Alexa Fluor 488 anti-mouse 

secondary antibody (1:250 dilution; Cell Signalling Technology #4408s) for 1 hour 

at room temperature. Secondary antibody was removed and three 5 minute PBS 

washes were performed before 1µg/ml of DAPI was added to the cells for 1 

minute before being mounted onto a glass slide using mounting media (Dako). A 

Zeiss confocal laser scanning microscope LSM880 (Zeiss) was then used to 

image the fluorescently stained cells.  

2.14.2 MAP2 cellular staining 

ARPE-19 cells were seeded into 8 well chamber slides at 8.4x103 cells/500µl. 24 

hours after seeding, cells were treated with EX-527 for 48 hours before staining. 

For KHS101, 48 hours after seeding cells were treated for 24 hours. Cells were 

fixed with 4% paraformaldehyde in PBS for 10 minutes at room temperature. The 

cells were permeabilised and blocked before addition of primary antibody MAP2 

(abcam #ab5392) diluted 1:2000 in 3% BSA in PBS as per section 2.14.1. Cells 

were then washed and Alexa Fluor 488 anti-chicken secondary antibody 

(Invitrogen #A-11039) was used diluted 1:500 in 3% BSA PBS for 1 hour before 

being stained with DAPI and mounted onto glass slides and imaged as previous 

(section 2.14.1). 

2.14.3 Live CYTO-ID® imaging of autophagic cells 

ARPE-19, HCT116 p53+/+ and HCT116 p53-/- cells were seeded into 8 well 

lumox® chamber slides (Sarstedt) at 9.6x103 cells/500µl and 1.28x104 cells/500µl 

respectively. 48 hours later the cells were treated with KHS101 for 24 hours 

before being stained with CYTO-ID® green dye (Enzo LifeSciences) diluted 

1:500 and Hoechst 33342 diluted 1:1000 in phenol red free media containing 5% 
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FBS and 2mM L-glutamine for 30 minutes at 37°C using the CYTO-ID® 

Autophagy detection kit (Enzo LifeSciences) Media was then replaced with fresh 

phenol red free media before imaging was performed using a Zeiss confocal laser 

scanning microscope LSM880. 

2.14.4 Detection of 5hmC, a marker of demethylation of 

DNA 

HCT116 p53+/+ cells were seeded into 8 well chamber slides at a density of 

2.24x104 cells/500µl. Cells were incubated for 48 hours before drug was added. 

For hypoxic conditions, cells were incubated for 24 hours under normoxic 

conditions and then 24 hours under hypoxic conditions (0.1% O2) in a Don 

Whitley H35 hypoxystation before drug addition. A dose range of NHI-2 for 48 

hours or 10µM ‘5-aza-‘2-deoxycytidine for 24 hours as a positive control were 

used to treat the cells. Cells were fixed using methanol as per section 2.14.1. To 

ensure that the DNA was not highly condensed and 5hmC on DNA would be 

accessible to the primary antibody, the cells were treated with 2N HCl for 15 

minutes (Zhong et al., 2017) and then neutralised with 100mM Tris-HCl (pH 8.5) 

for 10 minutes before blocking as per section 2.14.1. 5hmC primary antibody 

(Active Motif #39769) was diluted 1:1000 in 3% BSA in PBS and Alexa Fluor 488 

anti-rabbit secondary antibody (Cell Signalling Technology #4412s) was diluted 

1:250 in 3 % BSA in PBS. Cells were stained with DAPI and mounted onto glass 

slides and imaged as described in section 2.14.1.   
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2.15 Statistical analysis 

For statistical analysis of significance data was assessed for normal distribution 

using the Shapiro Wilk test. Following the confirmation of normal distribution an 

unpaired two tailed t-test or a one-way ANOVA was used to determine variance 

in samples. A p value of <0.05 was considered statistically significant. All 

statistical analysis was performed using GraphPad Prism. 
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3. Investigation of NAMPT suppression as 

a potential strategy to decrease PARP 

activity selectively in cancer cells 

3.1 Introduction 

As previously mentioned (section 1.1.5.1), classic chemotherapeutic drugs which 

are currently used in the clinic show poor selectivity towards cancer cells alone 

and result in dose limiting toxicities leading to unpleasant side effects in patients. 

Current research focuses on improving the treatment of cancer, including 

producing treatments that have less side effects and by combating treatment 

resistance. 

Classic chemotherapeutic drugs work by causing DNA damage which if 

extensive, or unrepaired, can lead to induction of cancer cell senescence or cell 

death, through the cellular DNA damage response. DNA damage can be repaired 

by different cellular DNA repair enzymes, such as the PARP family of repair 

enzymes (Amé et al., 2004), promoting cancer cell survival (Fig. 3.1) and 

upregulation of repair enzymes is one mechanism of chemotherapeutic drug 

resistance. Recent studies have focused of combining certain DNA damaging 

agents with PARP inhibitors to suppress DNA repair and potentiate the effects of 

the DNA damaging agents (section 1.4.1.2). Although this work is promising and 

extends utilisation of PARP inhibitors beyond synthetic lethality approaches, 

there have been issues regarding on-target side effects of PARP inhibitors in 

combination with DNA damaging agents in non-cancer cells, as these also utilise 

PARP activity to repair damaged DNA (Drew and Plummer, 2009; Chalmers, 

2009). There are several clinical trials taking place where PARP inhibitors are 

being combined with clinically used DNA damaging agents, but it is thought that 

the therapeutic window is likely to be narrow because of potential parallel 

sensitisation of normal healthy cells. 
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Figure 3.1: Schematic briefly outlining PARPs involvement in cancer cell survival. 
Current chemotherapeutic agents induce DNA damage which can be repaired by 
DNA repair enzymes, for example PARP, leading to cancer cell survival.  

PARP1 and PARP2 are mainly associated with SSB DNA repair and rely on NAD+ 

for their activity in repairing the damage (Chambon et al., 1963). Studies indicate 

that PARP activity is sensitive to physiological changes in cellular NAD+ levels 

(Ryu et al., 2018). As such, modulation of NAD+ levels may provide a potential 

strategy to indirectly inhibit PARP activity. The principle aim of this chapter was 

to test the hypothesis that it may be possible to modulate PARP activity in a 

cancer selective manner through preferential depletion of NAD+ levels in cancer 

cells. 

As many cancer cells have been shown to have increased glycolytic flux they 

require increased levels of NAD+ to fuel this (Hammoudi et al., 2011). Previous 

research by Allison et al. (2014) has shown that NADH/NAD+ balance can be 

altered in a cancer selective manner by targeting LDH-A, although this was 

dependent on p53. The ability to alter NAD(H) levels in a cancer-selective manner 

offers opportunity, as outlined above, to potentially alter the activity of enzymes 

that are dependent on NAD+, such as the DNA repair PARP enzymes and the 

sirtuins, selectively in cancer cells. One limitation of LDH-A inhibition, however, 

is p53 dependency of the observed effects. As NAD+ is produced through a 

biosynthetic pathway it is also possible that LDH-A inhibition may not adequately 

reduce NAD+ to substantially impact on PARP activity. Due to this, this thesis 

work focuses on an alternative potential strategy, namely, whether through 

inhibiting NAMPT, the rate limiting enzyme in the NAD+ biosynthetic pathway, this 

can alter NAD(H) levels in cancer cells selectively. As many cancer cells are 

observed to have increased NAMPT expression (Yaku et al., 2018), potentially 

due to their increased need for NAD+, it was hypothesised that its inhibition may 

lead to a cancer selective decrease in NAD(H) levels. 



 
114 

 

To test this, FK866, a small molecule inhibitor of NAMPT, was utilised (Hasmann 

and Schemainda, 2003). It was hypothesised that should NAMPT inhibition cause 

a cancer selective decrease in PARP activity this could then lead to decreased 

repair of damaged DNA , therefore leading to potentiation of DNA damaging 

agents in a cancer cell selective manner (Fig. 3.2).  

 
Figure 3.2: Schematic of potential cancer selective inhibition of PARP. 
Hypothesised approach of potential cancer selective inhibition of PARP leading to 
potentiation of current chemotherapeutic drugs, to cause cancer selective cell  
death.  
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3.2 Results 

3.2.1 Validation of non-cancer cell models 

ARPE-19 are human retinal epithelial non-cancer cells and have extensively 

been used in the literature as a non-cancer cell model, including use in the 

discovery of cancer selective biological and pharmaceutical agents/targets and 

for further mechanistic studies as to why this may be (Ford et al., 2005; Allison et 

al., 2014; Knight et al., 2013; Allison and Milner, 2007). They have also been 

used in numerous phenotypic drug screens for evaluating cancer cell selectivity 

of novel compounds showing in vitro anti-cancer activity (Allison et al., 2017; 

Basri et al., 2017; Kaner et al., 2016; Lord et al., 2015). PNT2 are human prostate 

non-cancer cells that have been immortalised with SV40, which have also been 

used in the literature as a non-cancer cell model (Scorey et al., 2006).  CCD 841 

CoN are human colon epithelial non-cancer cells that have also been reported in 

the literature for studying non-cancer versus cancer effects (Zhu and 

DePamphilis, 2009). Nevertheless, it was important to independently validate the 

cell lines to confirm that they were appropriate to be used as non-cancer cell 

models.  

Cellular rates of mitochondrial respiration and glycolysis were determined under 

normal cell growth conditions in ARPE-19, PNT2 and CCD 841 CoN compared 

to rates in two cancer cell lines (Fig. 3.3; non-cancer cells ▲; cancer cells ●). 

Consistent with non-cancer cells generally being less metabolically active than 

cancer cells (Hammoudi et al., 2011), all three non-cancer cell lines exhibited 

lower levels of mitochondrial respiration (1.9-fold - 7-fold lower) and glycolysis 

(1.3-fold - 2.4-fold lower) than in HCT116 p53+/+ colorectal cancer and GBM1 

glioblastoma cell lines. 



 
116 

 

 
Figure 3.3: Basal cellular energetics of non-cancer cell models compared to cancer cell 
lines. 
Cell energy phenotype analysis of ARPE-19, CCD 841 CoN and PNT2 non-cancer 
cells under basal growth conditions in comparison to HCT116 p53 +/+ cancer cells 
and GBM1 cancer ‘stem-like’ cells. Error bars show SD from 3 technical repeats, 
n=1 independent biological repeat.  

As the CCD 841 CoN cells were the most metabolically active of the three non-

cancer cell line models but have been less widely reported in the literature, they 

were also analysed for their ability to undergo replicative senescence, a 

consequence of the Hayflick limit of normal cells (Shay and Wright, 2000; Hayflick 

and Moorhead, 1961). After 15 passages (p15) CCD 841 CoN cells showed 

reduced growth following passage or serum stimulation and an enlarged cell size, 

suggesting that they were starting to senesce. In support of this, CCD 841 CoN 

cells at p17 showed increased β-galactosidase activity at acidic pH (pH 6) 

compared to earlier passage cells (Fig. 3.4). 
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Figure 3.4: Cell images of CCD 841 CoN cells at different passage numbers following 
staining for β-galactosidase activity as a marker of cellular senescence. 
Representative cell micrographs of CCD 841 CoN cells showing acidic β-
galactosidase activ ity (blue cellular staining) under bright field ( a) and phase 
contrast conditions (b). Images taken with x4 objective; 100µm scale bar. n=1 
biological repeat.  

CCD 841 CoN cells phenotypically appeared to contact inhibit upon reaching 

confluency. Contact inhibition of cell proliferation is a well known feature of non-

cancer cells whereas cancer cells lose this characteristic and continue to grow 

(Hanahan and Weinberg, 2011). In support of CCD 841 CoN contact inhibition, 

cell cycle analysis of a confluent population showed an increase in the proportion 

of cells in G1 phase and a decrease in cells in G2/M phase compared to sub-

confluent cells (Fig. 3.5). 
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Figure 3.5: Cell cycle distribution of sub-confluent and confluent CCD 841 CoN cells. 
Cell cycle profi les of CCD 841 CoN cells that were allowed to reach confluen cy and 
that of control sub-confluent cells. Mean ± SD n=1 biological repeat (3 technical 
replicates). 

ARPE-19 cells similarly appeared to contact inhibit on reaching confluency with 

a decrease in the proportion of cells in the S and G2/M phases and an increase 

in cells in the G1 phase (Fig. 3.6), consistent with cell cycle arrest and a reduced 

number of actively proliferating cells. 
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Figure 3.6: Cell cycle distribution of sub-confluent and confluent ARPE-19 cells. 
Representative cell cycle prof iles of ARPE-19 cells that were allowed to reach 
confluency and that of control sub-confluent cells (a) and quantif ication of cell cycle 
distribution (b); mean ± SD, n=1 biological repeat (3 technical replicates ).  

3.2.2 Activity and cancer cell selectivity of the NAMPT 

inhibitor FK866 

The in vitro activity of the NAMPT inhibitor FK866 (Tan et al., 2013) towards a 

panel of cancer cell lines derived from tumours of different tissue origins and 

towards several non-cancer cell models was determined by MTT 

chemosensitivity assay with quantification of IC50 values (Table 3.1, Fig. 3.7). 

Similar IC50 values were obtained by the SRB assay (e.g. Appendix Fig. 9.5) 

suggesting that IC50 values are due to cytotoxicity of the tested agent rather than 

effects of the agent on the metabolism of MTT. Additionally, for all 

chemosensitivity assays, cell confluency at the different drug concentrations 
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relative to control cells was assessed by microscopy to check that ‘absorbance 

readout’ and cellular phenotypic effects closely correlated. 

 
Table 3.1: IC50 values of FK866 towards multiple human cell lines of different tissue origin. 
Mean IC50 values ± SEM, n=3 biological repeats (8 technical replicates per 
biological repeat) of the NAMPT inhibitor FK866 in multiple non-cancer and cancer 
cell lines after 96 hours continuous FK866 exposure. NP1* human neural progenitor 
cells (ol igopotent cel ls); GBM1** g lioblastoma cancer stem cell model.  
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Figure 3.7: Summary of FK866 cytotoxicity towards a panel of non-cancer and cancer cells 
and determination of a lack of cross-resistance with cisplatin. 
a. Mean IC50 values ± SEM, n=3 biological repeats (8 technical replicates), of the 
NAMPT inhibitor FK866 in multiple cancer and non-cancer cell l ines as determined 
by MTT chemosensitivity assay. A one way ANOVA was performed where **p<0.01, 
****p<0.0001 compared to ARPE-19 and °°°°p<0.0001 compared to CCD 841 CoN 
(red indicates significantly higher) b. Average IC50 values ± SEM, n=3 biological 
repeats (8 technical replicates), of FK866 in non-cancer progenitor/stem cell-l ike 
model NP1 and cancer stem cell model GBM1. A two tailed t-test was performed 
where **p<0.01.  c. Comparison of resistance factor of A2780 and CP70/A2780cis 
cancer cells to cisplatin and FK866 (IC 50 in CP70/A2780cis cells divided by IC50 in 
A2780 cells; resistance factor >1 indicates less activity towards CP70/A2780cis 
cells than parental A2780 cells).  Data in (c) was calculated from data presented in 
Fig. 3.7a, n=3 biological repeats.  
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FK866 showed nM cytotoxicity and preferential activity to all cancer cell lines 

tested compared to ARPE-19, CCD 841 CoN and PNT2 non-cancer cell models, 

except for MDA-MB-436 and H460 cancer cells. These two lines displayed similar 

FK866 sensitivity as sub-confluent ARPE-19 and CCD 841 CoN cells (Table 3.1, 

Fig. 3.7a & 3.8). PNT2 non-cancer cells appeared to be insensitive to FK866 with 

no IC50 being reached with a highest drug concentration tested of 20µM. FK866 

also showed promising nM activity towards the patient-derived glioblastoma 

cancer stem cell-like model GBM1 (Polson et al., 2018), with activity 4.6-fold 

higher than towards patient-derived neural progenitor cells (non-cancer 

oligopotent/adult stem cell-like model (Polson et al., 2018)) (Fig. 3.7b). Compared 

to ARPE-19, CCD 841 CoN and PNT2 non-cancer cell models, FK866 activity 

towards GBM1 cells was 20-fold - 50,000-fold higher (Fig. 3.8). This selective 

activity is important given the typical chemo- and radio-resistance of CSCs 

(LaBarge, 2010) and the cancer stem cell hypothesis for the evolution of tumours 

(Tan et al., 2006; Zheng et al., 2013). 

Interestingly HCT116 p53-/- cells (see appendix Fig. 9.2 for p53 immunoblot) 

appeared ~25-fold more sensitive to FK866 than isogenic HCT116 p53+/+ cells 

(Table 3.1) which is important as p53 is known to be mutated or absent in many 

cancer cells and is often associated with worse outcome (Vogelstein et al., 2000). 

A problem associated with many ‘classic’ chemotherapeutic agents currently in 

clinical use is that cancer cells resistant to one chemotherapeutic agent also show 

cross-resistance to other agents (Gillet and Gottesman, 2010). Notably, FK866 

appears able to circumvent cisplatin-resistance mechanisms in CP70/A2780cis 

cells suggesting a different mechanism of action of FK866 to cisplatin (Fig. 3.7c, 

for IC50 values of cisplatin see appendix Table 9.2). 
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Figure 3.8: Preferential cytotoxic activity of FK866 towards cancer cells compared to non-
cancer cell models. 
Cancer cel l versus non-cancer cell selectiv ity ratios for NAMPT inhibitor FK866 in 
multiple cancer cell lines compared to ARPE-19, CCD 841 CoN and PNT2 non-
cancer cells. The selectivity index was calculated from the IC 50  values achieved 
from 3 biological repeats (8 technical replicates) using the fol lowing equation (mean 
IC50 of non-cancer cells / mean IC50 of cancer cells). A value of 1 indicates 
equitoxicity of the drug to cancer and non-cancer cells, a value of <1 indicates no 
preferential cytotoxicity to the cancer cells and a value >1 indicates preferent ial 
cytotoxicity to the cancer cells.  

The preferential cytotoxicity of FK866 towards cancer cells compared to non-

cancer cells in vitro was compared to that of FDA-approved platinate-based 

chemotherapeutic agents cisplatin, carboplatin and oxaliplatin (Fig. 3.9). As 

oxaliplatin is currently used to treat patients with colorectal cancer (Food and 

Drug Administration, 2015) activities of the three platinates and FK866 were 

tested against the HCT116 p53+/+ colorectal cancer cell line and compared 

against the human non-cancer colon cell line CCD 841 CoN (Fig. 3.9, selectivity 

indices (SI); appendix Table 9.3 for IC50 values). As shown in Fig. 3.9, oxaliplatin 

and cisplatin both resulted in SI<1, indicating their preferential cytotoxicity 

towards the non-cancer cells whereas carboplatin showed a SI of 2.2 which 

compared to a SI of 4.6 for FK866. Overall, these in vitro results indicate that 

FK866 is both potent and shows good cancer cell selectivity for this panel of cell 

lines tested. 
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Figure 3.9: Cancer cell selectivity of FK866 compared to FDA approved platinate based 
compounds. 
Cancer cel l selectivity ratios were calculated from the IC 50 values achieved from 3 
biological repeats (8 technical replicates) which compared the activity of FK866 and 
clinically used platinates (cisplatin, oxaliplatin, carboplatin) in HCT116 p53 +/+ 
cancer cells and CCD 841 CoN non-cancer cel ls after 96 hours drug exposure. SI 
= mean IC50 of non-cancer cel ls / mean IC50 of cancer cells.  

The activity of FK866 against hypoxic cancer cells compared to the same cell line 

grown under normoxic conditions was also tested as hypoxic regions of tumours 

are usually less responsive to chemotherapeutic agents and are a major cause 

of tumour recurrence and poor outcome (Phillips, 2016). FK866 cytotoxicity 

towards HCT116 p53+/+ cancer cells grown under 0.1% and 21% O2 conditions 

was compared to that of the clinically used chemotherapeutic DOX, a Topo2 

poison (appendix Table 9.4 for IC50 values). Whilst DOX was 1.6-fold less active 

against hypoxic cells which is consistent with reduced cancer cell proliferation 

under hypoxia that was evident by microscopy, interestingly FK866 showed 

similar activity (equitoxicity) against both normoxic and hypoxic cancer cells (Fig. 

3.10). 
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Figure 3.10: The effect of hypoxia on doxorubicin and FK866 cytotoxicity towards HCT116 
p53+/+ cells. 
Mean IC50 values ±SEM, n=3 biological repeats (8 technical repeats), of doxorubicin 
(DOX) (a) and FK866 (b) under normoxic and hypoxic (0.1% O 2) conditions in 
HCT116 p53+/+ cancer cells after 96 hours continuous drug exposure.  A two-tailed 
t-test was performed where ****p<0.0001, ns=not significant. c. Hypoxia selectiv ity 
ratio (IC50 normoxic cel ls / IC50 hypoxic cel ls) for DOX and FK866. A value of 1 
indicates equitoxicity of the drug under normoxic and hypoxic condit ions, a value 
of <1 indicates preferential cytotoxicity to normoxic cells and a value of >1 indicates 
preferential cytotoxicity to hypoxic cells. Values were achieved using IC 50 values 
from 3 biological repeats (8 technical replicates). 
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3.2.3 Relationship between chemosensitivity to FK866 

and cellular NAMPT expression 

To investigate whether there was any correlation between chemosensitivity to 

FK866 and cellular NAMPT protein expression, immunoblots were performed 

(Fig. 3.11) and quantified by densitometry (Fig. 3.12). 

 
Figure 3.11: Protein expression of NAMPT and associated proteins in human non-cancer 
and cancer cell lines. 
Immunoblots showing protein expression l evels of NAMPT, NAPRT, SIRT1, PARP1 
and PARylated proteins (PAR) in whole cell lysates of the indicated cell lines; actin 
was used as an endogenous loading control.  n=1 biological repeat.  
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Figure 3.12: Densitometric quantification of cellular protein expression. 
Fold change in protein expression of NAMPT, NAPRT, SIRT1, PARP1 and total 
PARylated protein (PAR) normalised to loading control actin and expressed relative 
to actin-normalised expression in ARPE-19 non-cancer cells (set as 1) of blots 
presented in Fig. 3.11 (n=1 biological repeat).  
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Figure 3.13: Protein expression of NAMPT and NAPRT compared to cellular FK866 
chemosensitivity (IC50). 
Fold change in NAMPT (a) and NAPRT (b) expression compared to FK866 mean 
IC50 values. Triangles represent non-cancer cells and circles represent individual 
cancer cell lines. Fold change in protein expression is relative to expression leve l 
in ARPE-19 non-cancer cel ls (set at 1). Black horizontal line in (b) represents no 
detectable NAPRT expression.  IC50 values are based on n=3 biological repeats 
(Table 3.1) and changes in protein expression on n=1 biological repeat.  
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All the cancer cell lines analysed showed increased protein expression of NAMPT 

compared to non-cancer cells (Fig. 3.11 & Fig. 3.12), suggesting that cancer cells 

may be more reliant on the NAMPT enzyme to sustain the levels of cellular NAD+ 

that they require. This was consistent with the increased chemosensitivity of most 

of the cancer cell lines to the NAMPT inhibitor FK866 (Fig. 3.7 & Fig. 3.8) 

compared to the non-cancer cell models. However, as shown in Figure 3.13 

within the panel of different cancer cell lines there is no clear correlation between 

levels of NAMPT expression and FK866 IC50. This likely reflects the influence of 

other factors, such as differential expression and activity of NAD+ consuming 

enzymes such as PARP1 and SIRT1, and NAPRT enzymatic activity that may 

enable compensatory restoration of NAD+ levels in response to NAMPT 

inhibition. For example, HT-29 showed the highest normalised expression of 

NAMPT (5.3-fold higher than ARPE-19 cells) but its chemosensitivity to FK866 

was lower (higher IC50) than a number of other cancer cell lines. This is possibly 

due to the fact that HT-29 express NAPRT at high levels (18-fold higher than 

ARPE-19 cells) (Fig. 3.11-3.13) and therefore may be able to compensate and 

restore NAD+ levels through the NAPRT pathway. Unexpectedly H460 and MDA-

MB-436 cancer cells showed similar chemosensitivity to ARPE-19 and CCD 841 

CoN non-cancer cells despite higher protein expression of NAMPT and SIRT1 

(Fig. 3.11 & Fig. 3.12). In the case of H460 cells, it has previously been reported 

that NAMPT is mutated at S165Y which is further away from the active site than 

other mutations which can lead to NAMPT inhibitor resistance, although it does 

lead to the unwinding of a helix in the active site, which can lead to reduced 

binding of NAMPT inhibitors. Previous research has shown that H460 S165Y 

mutant cells have a 10-fold higher FK866 IC50 compared to the parental cell line 

(Wang et al., 2014).  

It was hypothesised that MDA-MB-436 may be the most sensitive to FK866 of 

the cancer cell lines tested as these cells are BRCA1 mutated (Elstrodt et al., 

2006) and that NAMPT inhibition may be synthetically lethal with BRCA mutation. 

However, they were surprisingly less sensitive than other cancer cells with 96 

hours continuous drug exposure which may be due to very high NAPRT 

expression (Fig. 3.11 - 3.13, 16.1-fold higher NAPRT expression than ARPE-19 

cells) enabling them to compensate for NAMPT inhibition and restore cellular 
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NAD+ levels. The non-cancer prostate cells PNT2 were the least sensitive to 

FK866 with an IC50 value of >20µM which correlated with both low NAMPT 

expression, suggestive of reduced dependency, and also very high expression of 

NAPRT (15.2-fold higher compared to ARPE-19 non-cancer cells) (Fig. 3.11-

3.13), which would facilitate compensatory restoration of NAD+ levels via the 

NAPRT pathway. A2780 and CP70/A2780cis ovarian cancer cells were amongst 

the most sensitive to FK866 consistent with high expression of NAD+ consuming 

enzymes PARP1 and SIRT1 (Fig. 3.12).  

3.2.4 Cancer selective metabolic effects of NAMPT 

inhibition 

It was hypothesised that NAMPT inhibition, if this were to cause a decrease in 

total cellular NAD(H) levels, could negatively impact upon cellular glycolytic and 

mitochondrial respiration rates as both these processes are dependent on 

NAD(H) for redox electron transfer. Rates of glycolysis and mitochondrial 

respiration and reserve capacities (‘Seahorse XFp Cell Energy Phenotype’) were 

compared under normal growth conditions and after 24 hours exposure to non-

toxic FK866 doses in HCT116 p53+/+ cancer cells and ARPE-19 non-cancer cells 

(Fig. 3.14 & 3.15). Whilst HCT116 p53+/+ and ARPE-19 are both epithelial, CCD 

841 CoN cells were additionally treated with 10nM FK866 so that tissue type 

could be compared directly between cancer and non-cancer cells (colon 

epithelial) (Fig. 3.16). Reserve capacities were determined through addition of a 

metabolic stress ‘mix’ consisting of the mitochondrial uncoupler FCCP and ATP 

synthase inhibitor oligomycin. 
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Figure 3.14: Cell energy phenotype of HCT116 p53+/+ cancer cells treated with NAMPT 
inhibitor FK866. 
HCT116 p53+/+ cancer cells were treated with the indicated FK866 doses ( a-e), or 
solvent (DMSO) control, for 24 hours prior to analysis. Mean cell energy phenotypes 
± SEM, n=3 biological repeats (3 technical replicates per repeat) are shown; basal 
metabolic phenotype is indicated by closed circles; metabolic stress 
response/capacity is indicted by open circles. f. Statistical analysis comparing 
baseline oxygen consumption rate (OCR), stressed OCR, baseline e xtracellular 
acidification rate (ECAR) and stressed ECAR of DMSO control cells to FK866 
treated cells.  A two-tailed t-test was performed where *p<0.05, **p<0.01, ns=not 
significant.  
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Figure 3.15: Cell energy phenotype of ARPE-19 non-cancer cells treated with NAMPT 
inhibitor FK866. 
ARPE-19 non-cancer cells were treated with the indicated FK866 doses (a-e), for 
24 hours prior to analysis. Mean cell energy phenotypes ± SEM, n=3 biological 
repeats (3 technical replicates per repeat), are shown compared to DMSO control 
cells; basal metabolic phenotype is indicated by closed circles; metabolic stress 
response/capacity is indicated by open circles. f. Statistical analysis comparing 
base line OCR, stressed OCR, baseline ECAR and stressed ECAR of DMSO control 
cells to FK866 treated cells. A two-tailed t-test was performed where *p<0.05,  
ns=not significant.  

 
Figure 3.16: Cell energy phenotype of CCD 841 CoN non-cancer cells treated with 10nM 
FK866. 
CCD 841 CoN non-cancer cel ls were treated with 10nM FK866 for 24 hours prior to 
analysis. Mean cell energy phenotypes ± SEM, n=2 biological repeats (3 technical 
replicates per repeat), are shown compared to DMSO control cells; basal metabolic 
phenotype is indicated by closed circles; metabolic stress response/capacity is 
indicated by open circles.  

In the HCT116 p53+/+ cancer cells, reduced mitochondrial respiratory capacity 

(metabolic stress response) was observed at FK866 concentrations of 1.25nM 
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and above with a reduction in basal respiratory rate at ≥2.5nM FK866 (Fig. 3.14). 

A dose-dependent reduction in glycolytic capacity was also observed in the 

HCT116 p53+/+ cancer cells (Fig. 3.14). In contrast, in the ARPE-19 and CCD 841 

CoN non-cancer cells, rates of mitochondrial respiration and glycolysis as well as 

respiratory and glycolytic capacities appeared unaffected by 24 hours FK866 

treatment (up to 10nM FK866; Fig. 3.15 & Fig. 3.16). 

3.2.5 Ability of NAD+ precursors to rescue the effects of 

FK866 

It was important to verify that the effects of FK866 on cell survival (Fig. 3.7) were 

due to NAMPT inhibition and were not caused by off-target effects. To assess 

this, FK866 chemosensitivity assays were performed with the exogenous addition 

of NAD+ precursors NA or NMN which were hypothesised to enable rescue of 

NAD+ levels (see intro Fig. 1.9) and FK866-induced cell death. As shown in 

Figure 3.17, both NA and NMN addition were able to rescue the cytotoxic effects 

of FK866 towards HCT116 p53+/+ cancer cells. 

 
Figure 3.17: Chemosensitivity dose response for FK866 in HCT116 p53+/+ cancer cells in 
the presence or absence of NA and NMN. 
Dose response curve of HCT116 p53+/+ cancer cells after 96 hours exposure to 
FK866 alone (n=3 biological repeats, 8 technical replicates)  or in combinat ion with 
10µM NA or 100µM NMN (n=1 biological repeat, 8 technical replicates) .  



 
136 

 

Similarly, exogenous NA and to a lesser extent NMN, were able to rescue the 

effects of FK866 on cellular metabolism (Fig. 3.18), further supporting the notion 

that the observed effects of FK866 are caused by on-target inhibition of NAMPT. 

 
Figure 3.18: Cell energy phenotype of HCT116 p53+/+ cancer cells after FK866 treatment ± 
NA/NMN. 
HCT116 p53+/+ cancer cells were pre-treated with 10µM NA or 100µM NMN for 12 
hours before 2.5nM FK866 (a), 10nM FK866 (b) or DMSO solvent control was added 
for 24 hours prior to analysis. Cell energy phenotypes can be seen for each drug 
treatment, basal metabolic phenotype: closed circle; metabolic stress 
response/capacity: open circles. n=1 biological repeat,  
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3.2.6 Effects of FK866 on cellular NAD(H) 

To directly examine the effects of inhibiting NAMPT on cancer and non-cancer 

cellular NAD(H) levels, NAD(H) assays were performed following 24 hours 

treatment of cells with non-toxic doses of FK866 (see appendix Fig. 9.3 for cell 

images at 24 hours). Data is presented as a fold-change in levels of NAD(H) 

which represents total levels of NAD+ and NADH. In contrast to LDH-A targeting 

which alters the ratio between NAD+ and NADH (Allison et al., 2014), FK866 was 

found to reduce levels of  both NAD+ and NADH and by the same extent resulting 

in no change in balance or ratio between the oxidised and reduced forms. 

 
Figure 3.19: Total cellular NAD(H) reduction in cells treated with FK866. 
Average fold decrease in total cel lular NAD(H) levels ± SEM, n=3 biological repeats 
(2 technical replicates per repeat), after indicated FK866 treatments for 24 hours. 
Fold change is relative to DMSO control for indicated cell line. A one way ANOVA 
was performed where **** p<0.0001 compared to ARPE-19 non-cancer cel ls and 
ºººº p<0.0001 compared to CCD 841 CoN non-cancer cel ls. 

As shown in Figure 3.19, total cellular NAD(H) levels were preferentially reduced 

in HCT116 p53+/+ and p53-/- cancer cells compared to ARPE-19 and CCD 841 

CoN non-cancer cells following 24 hours treatment with a range of different 

FK866 doses. A statistically significant greater fold decrease in NAD(H) was seen 

in HCT116 p53+/+ and HCT116 p53-/- cancer cells compared to ARPE-19 and 
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CCD 841 CoN non-cancer cells at 2.5nM, 5nM and 10nM FK866 (p<0.0001). In 

the non-cancer cells, at a dose of 10nM FK866, levels of total NAD(H) were 

reduced by 4-fold - 5.2-fold compared to 24-fold in the HCT116 cancer cells. 

There appeared to be similar reduction of NAD(H) in p53+/+ and p53-/- cancer cells 

which is important as previous research to modulate NAD(H) via targeting of 

LDH-A reduced the ratio of NAD+ relative to NADH in p53-wild type cancer cells 

but did not have any effects in p53-/- cells (Allison et al., 2014). The ability to 

reduce NAD(H) in cancer cells of different p53 status is important as p53 is known 

to mutated or null in many cancers (Vogelstein et al., 2000).  

The effects of FK866 in additional cancer cell lines were also analysed at a single 

non-toxic dose of FK866 (10nM, see appendix Fig. 9.3 for cell images at 24 

hours). Results indicated that 10nM FK866 caused a greater decrease in NAD(H) 

in all cancer cell lines tested compared to ARPE-19 and CDD 841 CoN non-

cancer cells apart from for H460 cells which correlates with their mutated NAMPT 

status and relative insensitivity to FK866 (Fig. 3.20).  

 
Figure 3.20: Fold reduction in NAD(H) levels in multiple non-cancer and cancer cell lines 
after 10nM FK866 treatment. 
Mean fold reduction ± SEM of total cellular NAD(H) levels relative to DMSO control 
cells for multiple cell lines after 10nM FK866 treatment for 24 hours. n=3 biological 
repeats (2 technical replicates per repeat) except for MDA-MB-436 (n=1 biological  
repeat). A one way ANOVA was performed where *p<0.05, ***p<0.001, ****p<0.0001 
compared to ARPE-19 non-cancer cel ls and ºp<0.05 ºººp<0.001 ºººº p<0.0001 
compared to CCD 841 CoN non-cancer cells.  
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3.2.7 Effects of FK866 on NAD(H) in the nucleus 

As PARP DNA repair activity takes place in the nucleus (Vyas et al., 2013) it was 

important to investigate whether FK866 was able to reduce nuclear NAD(H) or 

whether the decrease in total cellular NAD(H) was due to selective depletion of 

the cytoplasmic NAD(H) pool. A nuclear and cytoplasmic fractionation after 24 

hours treatment of HCT116 p53+/+ cells with 5nM FK866 followed by a NAD(H) 

assay revealed that nuclear and cytoplasmic NAD(H) pools were similarly 

reduced by FK866 (Fig. 3.21). 

Figure 3.21: Reduction of nuclear and cytoplasmic NAD(H) pools by FK866. 
a. Fold change ± SD of NAD(H) levels in cytoplasmic and nuclear fractions of 
HCT116 p53+/+ cells after 5nM treatment of FK866 for 24 hours compared to DMSO 
control treated cells, n=3 technical replicates, n=1 biological repeat . b. Protein 
expression of cytoplasmic marker GAPDH and nuclear marker Histone H3 in both 
cell fractions.  

3.2.8 Assessment of effects of FK866 on PARP activity  

As both cytoplasmic and nuclear NAD(H) pools were reduced by FK866 

treatment (Fig. 3.21) and cellular NAD(H) decrease was greater in cancer cells 

compared to non-cancer cells (Fig. 3.19 & Fig. 3.20), it was hypothesised that 

FK866 treatment could selectively or preferentially decrease PARP activity in 

cancer cells compared to non-cancer cells.  
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Figure 3.22: Quantification of PARP activity after cellular FK866 treatment. 
Average percentage decrease ± SEM, n=3 biological repeats (4 technical replicates  
per repeat), of PARP activity in ARPE-19 non-cancer cel ls and HCT116 p53+/+ 
cancer cells after treatment with 10nM FK866 for 24 hours.  A two-tailed t-test was 
performed where *p<0.05.  

As shown in Figure 3.22 24 hours 10nM FK866 treatment reduced PARP activity 

in the HCT116 p53+/+ cancer cells by 80% compared to a 47% decrease in the 

ARPE-19 non-cancer cells (p<0.05). 

To further confirm the effects of FK866 on PARP activity, western blots were 

performed to investigate if there was any decrease in cellular protein PARylation 

levels after FK866 treatment. MDA-MB-436 cancer cells were treated with a dose 

range of FK866 for 24 hours and immunoblots were performed and quantified 

(Fig. 3.23 & Fig. 3.24). 
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Figure 3.23: Decreased protein PARylation in MDA-MB-436 cancer cells following 24 hours 
FK866 treatment. 
Western blot analysis of SIRT1, PARP1, NAPRT, NAMPT and PAR protein 
expression with actin used as a loading control, in MDA-MB-436 cancer cells treated 
with the indicated FK866 doses for 24 hours.  n=1 biological repeat.  
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Figure 3.24: Densitometric quantification of protein PARylation levels in MDA-MB-436 cells 
after 24 hours FK866 treatment. 
Fold change in PAR levels in MDA-MB-436 cancer cells after 24 hours treatment 
with the indicated FK866 doses. Levels normalised to total PARP expression and 
then to loading control actin, fold change expressed compared to DMSO control.  

NAMPT and NAPRT protein levels were unaffected by FK866 treatment whereas 

PAR levels decreased in a dose-dependent manner by up to 5.2-fold (Fig. 3.23 

& Fig. 3.24), indicative of a dose-dependent reduction in PARP activity. PARP1 

protein expression and SIRT1 levels were largely unaffected by FK866. 

To ensure that the decrease in PARP activity in Figure 3.22 was directly due to 

NAD+ depletion, a rescue study was performed using a NAD+ precursor, NMN. 

Figure 3.25 shows that the combination of FK866 plus NMN was able to rescue 

some of the effects of FK866 on PARP activity.  

 
 



 
143 

 

 
Figure 3.25: Partial rescue of decreased PARP activity, caused by FK866 treatment, by co-
treatment with NAD+ precursor NMN.  
Percentage decrease in PARP activity in HCT116 p53 +/+  cells treated with 10nM 
FK866 alone or in combination with 100µM NMN for 48 hours (n=1 biological repeat,  
n=4 technical replicates). 

3.2.9 Can FK866 potentiate current chemotherapeutic 

drugs? 

As NAD(H) levels (Fig. 3.20) and PARP activity (Fig. 3.22) were preferentially 

depleted in cancer cells compared to non-cancer cells tested, it was hypothesised 

that combined treatment of certain DNA damaging chemotherapeutic agents and 

FK866 could potentiate chemotherapeutic agent cytotoxicity selectively in cancer 

cells through cancer-selective reduction of PARP-mediated DNA repair. This was 

tested using several DNA damaging chemotherapeutic agents that are in clinical 

use which have previously been reported to be potentiated by PARP inhibition 

(see section 1.4.1.2). These included the Topo1 poison CPT (Bowman et al., 

2001; Murai et al., 2014), Topo2 poison DOX (Park et al., 2018) and the alkylating 

agent TMZ (Plummer et al., 2008; Plummer et al., 2013; Murai et al., 2014). 

Effects were compared to those obtained with combining the chemotherapeutic 

agent directly with a known FDA approved PARP inhibitor. Based on 

concentrations reported in the literature PARP inhibitors rucaparib and olaparib 

were first compared for their ability to effectively inhibit cellular PARP activity 

(García-Parra et al., 2014; Prasad et al., 2017) (Fig. 3.26).  
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Figure 3.26: Quantification of PARP activity after PARP inhibitor or FK866 treatment. 
Percentage decrease in PARP activity in ARPE-19 non-cancer cells after FK866, 
rucaparib or olaparib treatment at the indicated doses for 24 hours  (n=1 biological 
repeat, 4 technical replicates) .  

The results indicated that rucaparib reduced PARP activity greater than olaparib 

and to a similar level as FK866 at the indicated tested doses (Fig. 3.26) and of 

the two PARP inhibitors it was therefore selected for subsequent combination 

studies. Higher doses of rucaparib were not used due to reported off-target kinase 

inhibition at sub- to low micromolar concentrations (Antolín and Mestres, 2014; 

Antolin et al., 2019). 

Effects of CPT on cancer and non-cancer cell number and viability when cells 

were treated alone, or in combination with FK866 or rucaparib, are shown in 

Figure 3.27. CPT treatment alone (40nM, 48 hours) caused a significant reduction 

in cell number in both the ARPE-19 non-cancer cells and HCT116 p53+/+ cancer 

cells but when combined with FK866 or rucaparib there was no significant further 

reduction. Combination treatments had no significant effect on total cell viability 

(as assayed by the immediate cellular uptake of DAPI) compared to CPT alone. 

Interestingly however, apoptotic quantification by annexin V/propidium iodide (PI) 

staining revealed a small but statistically significant increase in the proportion of 

late apoptotic/necrotic cells in the HCT116 p53+/+ cancer cells with combined 

treatment of CPT and FK866 compared to either treatment alone (Fig. 3.28). 

Importantly, this potentiation was not observed in either of the non-cancer cell 

models or with rucaparib in combination with CPT. 
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Figure 3.27: Total cell number and viability after 48 hours camptothecin treatment of non-
cancer and cancer cell lines in the presence or absence of FK866 or PARP inhibitor 
rucaparib. 
Average total cell number relative to DMSO vehicle control treatment ( a) and % 
viability (b) ± SEM of ARPE-19 and CCD 841 CoN non-cancer cells and HCT116 
p53+/+ cancer cells after 48 hours treatment with 10nM FK866 or 500nM rucaparib 
± 40nM camptothecin (CPT). A one way ANOVA was performed where *p<0.05, 
**p<0.01, ****p<0.0001, ns=not significant, n=3 biological repeats (2 technical 
replicates). Values determined by acridine orange (cell count) and DAPI (viability) 
staining (see Methods 2.3.1).  
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Figure 3.28: Quantification of annexin V positive cells after treatment with camptothecin in 
the presence or absence of FK866 or PARP inhibitor rucaparib. 
Mean percentage (± SEM) of annexin V positive/PI negative and annexin V 
positive/PI positive ARPE-19 and CCD 841 CoN non-cancer cel ls and HCT116 
p53+/+ cancer cells after 48 hours treatment with 40nM campto thecin (CPT) in the 
presence or absence of 10nM FK866 or 500nM rucaparib as indicated.  Green bars 
represent early apoptotic cel ls (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, propidium iodide (PI) positive ). A one 
way ANOVA was performed where **p<0.01,  ****p<0.0001, ns=not significant.  
Statistical significance in total % apoptosis indicated in black and in red for the % 
of late apoptotic/necrotic cel ls. n=3 biological repeats  (2 technical replicates).  

For DOX combination studies, DOX alone caused a similar reduction in cell 

number and viability in ARPE-19 non-cancer cells and HCT116 p53+/+ cancer 

cells (Fig. 3.29) indicating poor cancer cell selectivity as a single agent. Similarly 

to CPT, DOX in combination with FK866 or rucaparib resulted in no additive or 

synergistic reduction in total cell number and had little further effect on cell 

viability (reduced from 82.4% to 76.6% in ARPE-19 cells and from 78.4% to 66% 

in HCT116 p53+/+ for DOX in combination with FK866). Importantly, however, 

DOX in combination with FK866 resulted in a small but statistically significant 

increase in the proportion of apoptotic HCT116 p53+/+ cancer cells (increased 

from 46.4% to 67.8%) whereas in the ARPE-19 or CCD 841 CoN non-cancer 

cells there was no significant change (Fig. 3.30). This indicates cancer cell 

selectivity of the potentiation effect. In contrast, the percentage of apoptotic 

HCT116 p53+/+ cells following DOX and rucaparib co-treatment were similar to 

those with DOX alone. 
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Figure 3.29: Total cell number and viability after non-cancer and cancer cell line treatment 
with doxorubicin in the presence or absence of FK866 or PARP inhibitor rucaparib.  
Mean total cell number relative to DMSO vehicle control treatment ( a) and % 
viability (b) ± SEM of ARPE-19 and CCD 841 CoN non-cancer cells and HCT116 
p53+/+ cancer cells after 48 hours treatment with 10nM FK866 or 500nM rucaparib 
± 800nM doxorubicin (DOX). A one way ANOVA was performed where *p<0.05,  
****p<0.0001, ns=not significant, n=3 biological repeats  (2 technical replicates).  
Values determined by acridine orange (cell count) and DAPI (viabil ity) staining (see 
Methods 2.3.1).  
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Figure 3.30: Quantification of annexin V positive cells after treatment with doxorubicin in 
the presence or absence of FK866 or PARP inhibitor rucaparib. 
Mean percentage (± SEM) of annexin V positive/PI negative and annexin V 
positive/PI positive ARPE-19 and CCD 841 CoN non-cancer cel ls and HCT116 
p53+/+ cancer cells after 48 hours treatment with 800nM doxorubicin  (DOX) in the 
presence or absence of 10nM FK866 or 500nM rucaparib.  Green bars represent 
early apoptotic cells (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, PI  positive). A one way ANOVA was 
performed where **p<0.01, ***p<0.001 ****p<0.0001, ns=not significant.  Statistical 
significance in total % apoptosis indicated in black and in red for the % of late 
apoptotic/necrotic cells. n=3 biological repeats  (2 technical replicates). 

The most pronounced and cancer cell selective effects on cell number and 

viability were observed when FK866 was combined with the DNA alkylating agent 

TMZ (Fig. 3.31 & Fig. 3.32). TMZ treatment alone had little or no effect on cell 

viability in the cancer and non-cancer cells tested and caused similar small but 

non-significant decreases in cell number (Fig. 3.32). In contrast, TMZ in 

combination with FK866 caused a 74.8% decrease in cell number (cf. a 23.8% 

decrease with TMZ alone) and an 80% decrease in viability (cf. a 7% decrease 

with TMZ alone) in the HCT116 p53+/+ cancer cells (Fig. 3.32; p<0.001 and 

p<0.0001, respectively cf. TMZ alone). Whereas TMZ and FK866 co-treatment 

had no synergistic or additive effects in the ARPE-19 and CDD 841 CoN non-

cancer cells, rucaparib in combination with TMZ reduced cell number in both 

HCT116 cancer cells and ARPE-19 non-cancer cells. TMZ and rucaparib had no 

significant effect on cell viability suggesting that this combination was both less 
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potent and less selective than the combination of FK866 and TMZ. Potentiation 

of TMZ by FK866 in the HCT116 cancer cells but not in the ARPE-19 or CCD 841 

CoN non-cancer cells was also evident in apoptotic assays (Fig. 3.33) whereas 

no potentiation was observed combining rucaparib with TMZ. 

 
Figure 3.31: Cell micrographs of HCT116 p53+/+ cancer cells after 48 hours treatment of 
temozolomide in the absence or presence of FK866 or PARP inhibitor rucaparib.  
Representative cell micrographs of HCT116 p53+/+ cancer cells treated with 10nM 
FK866 or 500nM rucaparib ± 800µM temozolomide (TMZ) for 48 hours. Images 
taken with x10 objective; scale bar represents 100µm. n=3 biological repeats.  
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Figure 3.32: Total cell number and viability after 48 hours temozolomide treatment of non-
cancer and cancer cell lines in the presence or absence of FK866 or PARP inhibitor 
rucaparib. 
Average total cell number relative to DMSO vehicle control treatment ( a) and % 
viability (b) ±SEM of ARPE-19 and CCD 841 CoN non-cancer cells and HCT116 
p53+/+ cancer cells after 48 hours treatment with 10nM FK866 or 500nM rucaparib 
± 800µM temozolomide (TMZ). A one way ANOVA was performed where **p<0.01, 
****p<0.0001, ns=not significant, n=3 biological repeats  (2 technical replicates).  
Values determined by acridine orange (cell count) and DAPI (viabil ity) staining (see 
Methods 2.3.1).  
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Figure 3.33: Quantification of annexin V positive cells after treatment with temozolomide 
in the presence or absence of FK866 or PARP inhibitor rucaparib. 
Mean percentage (± SEM) of annexin V positive/PI negative and annexin V 
positive/PI positive ARPE-19 and CCD 841 CoN non-cancer cel ls and HCT116 
p53+/+ cancer cells after 48 hours treatment with 800µM temozolomide (TMZ) in the 
presence or absence of  10nM FK866 or 500nM rucaparib as indicated.   Green bars 
represent early apoptotic cel ls (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annex in V positive, PI  positive). A one way ANOVA was 
performed where **p<0.01, ****p<0.0001, ns=not significant.  Statistical significance 
in total % apoptosis indicated in black and in red for the % of late apoptotic/necrotic 
cells. n=3 biological repeats (2 technical replicates). 

Similar potentiation of TMZ by FK866 was also observed in isogenic p53-null 

HCT116 cancer cells (Fig. 3.34 & Fig. 3.35) indicating that potentiation effects 

are independent of p53 status. 
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Figure 3.34: Total cell number and viability of isogenic HCT116 p53+/+ and HCT116 p53-/- 

cancer cells after combination treatments of DNA-damaging chemotherapeutic agents 
with FK866.  
Total cell number relative to DMSO control treated cells  (a) and cell viability (b) 
after 48 hours treatment with the indicated combination treatments in HCT116 
p53+/+ and HCT116 p53 - / - cancer cells, n=3 biological repeats (2 technical replicates 
per repeat) for HCT116 p53+/+  and n=1 biological repeat  (2 technical replicates) for 
HCT116 p53 - / -. Values determined by acridine orange (cell count) and DAPI 
(viability) staining (see Methods 2.3.1).  
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Figure 3.35: Quantification of annexin V positive cells after combination treatments of 
DNA-damaging chemotherapeutic agents with FK866 in HCT116 p53-/- cancer cells. 
Percentage of annexin V positive/PI negative and annexin V positive/PI positive 
HCT116 p53 - / - cancer cells after 48 hours treatment with the indicated combinat ion 
treatments. Green bars represent early apoptotic cells (annexin V positive only);  
red bars indicate late apoptotic/necrotic cells (annexin V positive, PI positive), n=1 
biological repeat (2 technical replicates).  

As chemotherapeutic drug potentiation by FK866 was most pronounced using 

the DNA-alkylating agent TMZ, it was assessed whether similar potentiation of 

TMZ by FK866 occurs in other cancer cells of different tissue origin (Fig. 3.36 & 

Fig. 3.37). In both A2780 and CP70/A2780cis cisplatin-resistant human ovarian 

cancer cells, FK866 in combination with TMZ caused a notable reduction in both 

cell number and viability (Fig. 3.36). Interestingly, rucaparib in combination with 

TMZ similarly reduced ovarian cancer cell number but had little effect on cell 

viability. Potentiation of TMZ by FK866 resulting in loss of cell viability was also 

observed in MDA-MB-231 triple negative breast cancer cells, whereas in A549 

lung cancer cells, FK866 and rucaparib in combination in TMZ both resulted in 

reduced cell number suggestive of effects on cell proliferation. Consistent with 

potentiation effects on cell viability observed by DAPI uptake (Fig. 3.36), FK866 

in combination with TMZ led to an increase in annexin V and PI positive (late 

apoptotic/necrotic) cells in A2780, CP70/A2780cis and MDA-MB-231 cancer cells 

but not in A549 lung cancer cells (Fig. 3.37). 
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Figure 3.36: Total cell number and viability in other cancer cells after 48 hours treatment 
with temozolomide in the presence or absence of FK866 or rucaparib. 
Total cell number relative to DMSO vehicle control treatment ( a) and % viabil ity (b) 
after 48 hours treatment with 5nM/10nM FK866 or 500nM rucaparib ± 800µM 
temozolomide (TMZ) in A2780, CP70/A2780cis, MDA-MB-231 and A549 cancer 
cells. n=1 biological repeat  (2 technical replicates). Values determined by acridine 
orange (cell count) and DAPI (viability) staining (see Methods 2.3.1).  
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Figure 3.37: Quantification of annexin V positive cells after 48 hours treatment with 
temozolomide in the presence or absence of FK866 or PARP inhibitor rucaparib. 
Percentage of annexin V positive/PI negative and annexin V positive/PI positive 
A2780, CP70/A2780cis MDA-MB-231 and A549 cancer cells after 48 hours of  
5nM/10nM FK866 or 500nM rucaparib ± 800µM temozolomide (TMZ). Green bars 
represent early apoptotic cel ls (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, PI positive ), n=1 biological repeat  (2 
technical replicates). 

3.2.10 Effect of FK866 in combination with microtubule 

targeting chemotherapeutic agent paclitaxel 

It was hypothesised that FK866 potentiates TMZ and certain other DNA-

damaging agents, due to a reduction of DNA repair via reduced PARP activity 

(Fig. 3.22) or by other NAD(H)-associated mechanisms resulting in enhanced 

DNA damage. On this basis, it was further hypothesised that FK866 would not 

potentiate chemotherapeutic agents acting via a different mechanism of action 

that is independent of DNA damage. As an initial assessment of this, the 

microtubule targeting agent paclitaxel, which binds to microtubule polymers 

preventing their disassembly and progression of mitosis, was tested (Weaver, 

2014). No additive or synergistic effects on cell number, apoptosis or total cell 

viability were seen when paclitaxel was combined with FK866 (Fig. 3.38 & Fig. 

3.39). 
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Figure 3.38: Cell number and viability after 48 hours treatment of cancer and non-cancer 
cells with paclitaxel in the presence or absence of FK866. 
Total cell number relative to DMSO vehicle control treatment ( a) and % cell viabi lity 
(b) after 48 hours treatment with 10nM FK866 ± 1nM paclitaxel in CCD 841 CoN 
non-cancer cel ls and HCT116 p53+/+ and HCT116 p53 - / - cancer cells, n=1 biological 
repeat (2 technical replicates). Values determined by acridine orange (cell count) 
and DAPI (viabil ity) staining (see Methods 2.3.1).  
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Figure 3.39: Quantification of annexin V positive cells after treatment with paclitaxel in the 
presence or absence of FK866. 
Percentage of annexin V positive/PI negative and annexin V positive/PI positive 
CCD 841 CoN non-cancer cells and HCT116 p53+/+ and HCT116 p53 - / - cancer cells 
after 48 hours of 10nM FK866 ± 1nM paclitaxel. Green bars represent  early 
apoptotic cells (annexin V positive only); red bars indicate late apoptotic/necrotic 
cells (annexin V positive, PI positive), n=1 biological repeat  (2 technical replicates). 

3.2.11 Potentiation of temozolomide by PARP1 knock-

down is not selective to cancer cells 

The cancer cell selective effects of TMZ in combination with FK866 on cell 

number and viability were compared with the effects of PARP1 knock-down by 

RNAi and TMZ treatment. Figure 3.40 shows the reduction in levels of PARP1 

protein by PARP1 siRNA in the HCT116 p53+/+ cancer cells 72 hours following 

siRNA transfection. 

ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells were transfected with 

PARP1 siRNA and 24 hours later were treated with TMZ for 48 hours. 
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Figure 3.40: RNAi mediated PARP1 silencing in HCT116 p53+/+ cancer cells. 
Western blot analysis of PARP1 protein in HCT116 p53+/+ cancer cel ls after PARP1 
or control siRNA transfection for 72 hours,  actin used as loading control. n=1 
biological repeat.  
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Figure 3.41: Cell micrographs after 48 hours temozolomide treatment following 
transfection with control or PARP1 siRNA. 
Representative cell images of ARPE-19 non-cancer cells (a) and HCT116 p53+/+ 
cancer cells (b) after 48 hours treatment with 800µM temozolomide (TMZ) following 
transfection with control or PARP1 siRNA. Images taken with x20 objective and 
scale bar represents 100µm. 
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Figure 3.42: Cell number and viability after RNAi-mediated PARP1 knock-down and 
temozolomide treatment.  
Average total cell number relative to control knock-down/treatment (a) and % cell 
viabi lity (b) of ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cel ls after 72 
hours following PARP1 siRNA transfection ± 800µM temozolomide (TMZ) treatment 
for 48 hours. n=1 biological repeat (2 technical replicates). Values determined by 
acridine orange (cell count) and DAPI (viab il ity) staining (see Methods 2.3.1).  
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Figure 3.43: Quantification of annexin V positive cells after RNAi-mediated PARP1 knock-
down and temozolomide treatment. 
Average percentage of annexin V positive/PI negative and annexin V positive/PI 
positive ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cel ls 72 hours 
following PARP1 or control siRNA transfection ± 48 hours 800µM temozolomide 
(TMZ) treatment. Green bars represent early apoptotic cells  (annexin V positive 
only); red bars indicate late apoptotic/necrotic cells (annexin V positive, PI 
positive), n=1 biological repeat  (2 technical replicates).  

The combination of PARP knock-down (Fig. 3.40) and TMZ had little or no effect 

on cell viability (Fig. 3.42b). In contrast, total cell number was  reduced from 

69.4% (TMZ + control siRNA) to 34.8% (TMZ + PARP siRNA) in the ARPE-19 

non-cancer cells and from 66.1% (TMZ + control siRNA) to 41.1% (TMZ + PARP 

siRNA) in HCT116 p53+/+ cancer cells. This indicates no selectivity in any 

potentiation of TMZ through targeting of PARP directly. This was also supported 

by an annexin V assay which showed a small increase in total apoptotic cells in 

both non-cancer and cancer cells in PARP1 siRNA transfected cells in 

combination with TMZ (Fig. 3.43). 

3.2.12 Reduction in NAD(H) and PARP activity and 

temozolomide potentiation in GBM1 cancer stem cell-

like cells 

As there was a clear difference in FK866 IC50 between the human cancer stem 

cell-like GBM1 model and NP1 non-cancer neural progenitor cells (oligopotent, 

‘stem-like’) cells (Table 3.1, Fig. 3.7) it was hypothesised that FK866 may be able 
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to induce similar selective effects in these models. Whether FK866 is able to 

potentiate TMZ in this context was also a very important question as TMZ is part 

of standard clinical treatment for glioblastomas.  

Similar to the cancer-selective metabolic effects of FK866 on glycolysis and 

mitochondrial respiration observed in HCT116 p53+/+ cancer cells, GBM1 cells 

that had been treated with FK866 (2.5nM) were less able to increase respiration 

and glycolysis in response to metabolic stress (Fig. 3.44b). Effects were less 

pronounced in the non-cancer NP1 cells (Fig. 3.44a).  

 
Figure 3.44: Cell energy phenotype of NP1 and GBM1 cells following 24 hours 2.5nM FK866 
treatment.  
NP1 neural progenitor cel ls (a) and the GBM1 cancer stem cell-like cell model (b) 
were treated with 2.5nM FK866 or DMSO vehicle control f or 24 hours pr ior to 
analysis. The cell energy phenotypes are shown compared to DMSO control cells;  
basal metabolic phenotype is indicated by closed circles; metabolic stress 
response/capacity is indicated by open circles. NP1, n=1 biological repeat  (3 
technical replicates). GBM1, n=2 biological repeats (3 technical replicates) with 
SEM indicated.  

Cancer selective effects on metabolism suggested that FK866 may induce 

differential effects on NAD(H) levels in NP1 and GBM1 cells. After treatment of 

the cells with a non-toxic dose of FK866 (1.25nM) for 24 hours there was a 

significant difference in NAD(H) depletion between the treated NP1 and GBM1 

cell lines (Fig. 3.45), showing selectivity of FK866. 
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Figure 3.45: Fold reduction in NP1 and GBM1 total cellular NAD(H) levels with 24 hours 
FK866 treatment. 
Mean fold reduction in total cellular NAD(H) ± SEM, n=3 biological repeats (2 
technical replicates), for GBM1 cells and NP1 neural progenitor cells after 24 hours 
treatment with 1.25nM FK866. Fold reduction is relative to DMSO control. A two-
tailed t-test was performed where *** p<0.001.  

As with ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells (Fig. 3.20) it 

was important to see if the differential effects in NAD(H) levels could affect PARP 

activity selectively.  

 
Figure 3.46: Quantification of PARP activity after 24 hours FK866 treatment. 
Mean percentage decrease ± SEM, n=2 biological repeats (3 technical replicates  
per repeat), of PARP activity in the GBM1 cancer stem cell-like cell model and NP1 
neural progenitor cel ls after 24 hours treatment with 1.25nM FK866.  
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FK866 at the tested dose did preferentially decrease PARP activity in the GBM1 

cancer stem cell-like cells compared to non-cancer NP1 progenitor cells (Fig. 

3.46; 51.2% reduction in GBM1 cf. 35.3% in NP1). This suggested that the 

addition of FK866 to DNA damaging agents could potentially result in selective 

potentiation in the GBM1 cells. 

To preliminarily examine the effects of combining the DNA damaging agent TMZ 

with either the direct PARP inhibitor rucaparib or with FK866, 48 hours 

combination chemosensitivity assays were performed (Fig. 3.47). This indicated 

promising potentiation of TMZ by FK866 selectively in the GBM1 cancer stem 

cell-like cells enabling an IC50 value to be reached for TMZ (349µM cf. >800µM 

with TMZ alone). 
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Figure 3.47: Chemosensitivity dose response to temozolomide in the presence or absence 
of FK866 or rucaparib in NP1 and GBM1 cells. 
Dose response curve of NP1 neural progenitor/oligopotent cells ( a) and the cancer 
stem cell-like cell model GBM1 (b) after 48 hours exposure to dose range of 
temozolomide (TMZ) alone or in combination with 1nM FK866 or 500nM rucaparib. 
n=1 biological repeat, (8 technical replicates).  

In an independent set of experiments, T25 flasks of GBM1 cells were treated with 

a single dose of TMZ alone or in combination with FK866 for 48 hours with effects 

on total cell number, cell viability and percentage of apoptotic cells analysed (Fig. 

3.48 & Fig. 3.49). Preliminary data (1 biological repeat) indicated enhanced 

reduction in GBM1 cell number and viability and increased levels of apoptosis 

with combined TMZ and FK866 treatment. 
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Figure 3.48: Total cell number and viability after 48 hours temozolomide treatment in GBM1 
cells in the presence or absence of FK866. 
Total cell number relative to DMSO vehicle control treatment ( a) and % viabil ity (b) 
of GBM1 cells after 48 hours treatment with 1nM FK866 ± 400µM temozolomide 
(TMZ), n=1 biological repeat  (2 technical replicates). Values determined by acridine 
orange (cell count) and DAPI (viability) staining (see Methods 2.3.1).  
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Figure 3.49: Quantification of annexin V positive GBM1 cells after treatment with 400µM 
temozolomide in the absence or presence of 1nM FK866 for 48 hours. 
a. Annexin V assay dot plots quantifying the proportion of early apoptotic and late 
apoptotic/necrotic cel ls through differential annexin V/PI staining after treatment 
with 400µM temozolomide (TMZ) in the presence or absence of 1nM FK866. Lower 
left quadrant indicates alive cells, lower right quadrant indicates early apoptotic 
cells (annexin V positive, PI negative) and upper right quadrant indicates late 
apoptotic/necrotic cells (annexin V positive, PI positive). b. Bar chart summary of 
annexin V positive and Annexin V and PI positive cells. Green bars represent early 
apoptotic cells (annexin V positive only); red bars indicate late apoptotic/necrotic 
cells (annexin V positive, propidium iodide (PI) positive), n=1 biological repeat  (2 
technical replicates). 
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The same experiments were performed in parallel in the NP1 neural progenitor 

cells to assess cancer cell selectivity of effects. As Figure 3.50 shows, FK866 in 

combination with TMZ had no discernible adverse effect on cell 

growth/confluency whereas the combination of rucaparib and TMZ clearly 

resulted in reduced cell confluency. To further investigate this, cell number and 

viability assays were performed (Fig. 3.51) which indicated that effects of TMZ 

plus rucaparib on confluency were likely to be due to reduced cell 

proliferation/growth rather than induction of cell death. Cell cycle analyses 

showed that TMZ in combination with rucaparib resulted in loss of G1 and G2/M 

subpopulations and accumulation of cells in S phase, suggesting S phase cell 

cycle arrest (Fig. 3.52). Importantly the combination of FK866 and TMZ did not 

cause these effects in NP1 cells suggesting a cancer selective effect of the 

combination compared to direct inhibition of PARP. 
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Figure 3.50: Cell micrographs of NP1 cells after 48 hours treatment with temozolomide in 
the absence or presence of FK866 or PARP inhibitor rucaparib. 
Cell images of NP1 neural progenitor cel ls after 48 hours treatment with 1nM FK866 
or 500nM rucaparib ± 400µM temozolomide (TMZ). Images taken with x10 objective 
and scale bar represents 100µm. n=3 biological repeats.  
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Figure 3.51: Total cell number and viability after 48 hours temozolomide treatment in NP1 
cells in the presence or absence of FK866 or rucaparib.  
Total cell number relative to DMSO vehicle control treatment ( a) and % viabil ity (b) 
of NP1 neural progenitor cel ls after 48 hours treatment with 1nM FK866 or 500nM 
rucaparib ± 400µM temozolomide (TMZ), n=1 biological repeat  (2 technical 
replicates). Values determined by acridine orange (cell count) and DAPI (viability) 
staining (see Methods 2.3.1).  
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Figure 3.52: Cell cycle analysis after combination treatment. 
Cell cycle profiles of NP1 non-cancer stem cell model t reated with 1nM FK866 or 
500nM rucaparib ± 400µM temozolomide (TMZ) for 48 hours. n=1 biological repeat 
(2 technical replicates).  

3.2.13 Does FK866 treatment lead to an impairment in 

DNA repair? 

Given the inhibition of PARP activity by FK866 (Fig. 3.22 & Fig. 3.46), a potential 

mechanism of action for the observed potentiation of DNA-damaging agents such 

as TMZ by FK866 is cancer cell selective reduction of PARP-mediated DNA 

repair. To assess this possibility further, an indirect assay of DNA repair was 

utilised (Allison et al., 2017) based on the detection of γH2AX phosphorylation as 
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a surrogate endpoint marker of persistent, unrepaired DNA damage. As indicated 

in Figure 2.2, cells were first pre-treated with FK866 to reduce cellular NAD(H) 

levels and then exposed to TMZ to induce SSB DNA damage which is normally 

efficiently repaired by PARP-mediated BER. TMZ was then ‘washed-out’ and the 

cells were further incubated for 6 hours to enable DNA repair followed by cell 

staining for phosphorylated γH2AX. 

 
Figure 3.53: Expression of phosphorylated gamma H2AX as a marker of DSB DNA damage 
in HCT116 p53+/+ cancer cells after FK866 pre-treatment and temozolomide exposure. 
Representative immunofluorescent images of HCT116 p53+/+ cancer cells showing 
phosphorylated gamma H2AX (green) as a marker of DSB DNA damage and nuclear 
localisation marker DAPI (blue). Pre-treatment of 5nM FK866 was performed for 12 
hours before addition of 800µM temozolomide (TMZ) for 4 hours, where this was 
then removed, and the cells were given 6 hours ‘repair -time’ before staining. Images 
taken with x63 objective and scale bar represents 20µm, n=1 biological repeat.
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Figure 3.54: Expression of phosphorylated gamma H2AX as a marker of DSB DNA damage in ARPE-19 non-cancer cells after FK866 or rucaparib 
pre-treatment and temozolomide exposure. 
Representative immunof luorescent images of ARPE-19 non-cancer cells showing phosphorylated gamma H2AX (green) as a marker of  
DSB DNA damage and nuclear localisation marker DAPI (blue). Pre -treatment of 5nM FK866 or 500nM rucaparib was performed for 12 
hours before addition of 800µM temozolomide (TMZ) for 4 hours, where this was then removed and the cells were given 6 hours ‘repair -
time’ before staining. Images taken with x40 objective and scale bar represents 20µm , n=1 biological repeat.



 
174 

 

FK866 in combination with TMZ resulted in increased phosphorylated γH2AX in 

HCT116 p53+/+ cells (Fig. 3.53) whereas this was less so for ARPE-19 non-cancer 

cells (Fig. 3.54), suggesting that the cancer cells were less able to repair DNA 

damage. This indicates the cancer cell selectivity of impaired DNA repair resulting 

from FK866 treatment. The PARP inhibitor, rucaparib, combined with TMZ 

resulted in elevated phosphorylated γH2AX in non-cancer ARPE-19 cells, further 

supporting the proposed notion that combining DNA-damaging agents with PARP 

inhibitors may lack selectivity. 

3.2.14 Effects of FK866 on SIRT1 activity  

Whilst FK866 appears able to reduce PARP-mediated DNA repair in cancer cells 

(Fig. 3.53), it was noteworthy that potentiation of TMZ cytotoxicity in cancer cells 

by rucaparib or by PARP1 knock-down was less pronounced than with FK866 

(Fig. 3. 32, Fig. 3.33, Fig. 3.42 & Fig. 3.43). This raises the possibility that other 

enzymes that utilise NAD+ may contribute to the potentiation of TMZ by FK866.  

The NAD+ dependent protein deacetylase SIRT1 has previously been reported 

to affect genome stability and DNA repair and to promote cancer cell survival in 

certain contexts (Mei et al., 2016) and effects on its activity were therefore 

investigated. 

 
Figure 3.55: Effect of FK866 on SIRT1 activity in HCT116 p53+/+ cancer cells 
Mean percentage decrease in SIRT1 activity (± SEM) in HCT116 p53+/+ cancer cells 
after 10nM FK866 treatment for 24 hours, n=2 biological repeats  (3 technical 
replicates). 
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As shown in Figure 3.55, 10nM FK866 modestly reduced SIRT1 activity in 

HCT116 p53+/+ cancer cells (17.5% decrease). In preliminary experiments using 

the SIRT1 inhibitor, EX-527 (Peck et al., 2010), in combination with TMZ, the 

combination modestly reduced cell number (Fig. 3.56a) although there was little 

effect on cell viability or percentage of apoptotic cells (Fig. 3.56b & Fig. 3.57). 

However, it is noted that 100µM EX-527 alone caused an increase in annexin V 

positive cells, which is interesting as it is known that SIRT1 knock-down causes 

HCT116 p53+/+ cancer cell death (Ford et al., 2005). 

 
Figure 3.56: Total cell number and viability of HCT116 p53-/- cells after 48 hours treatment 
with temozolomide in the absence of presence of SIRT1 inhibitor EX-527.   
Total cell number relative to DMSO vehicle control treatment ( a) and % viabil ity (b) 
of HCT116 p53 - / - cells after treatment with 800µM temozolomide (TMZ) ± 100µM 
EX-527 and DNA damaging agent TMZ for 48 hours, n=1 biological repeat  (n=2 
technical replicates).  
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Figure 3.57: Quantification of apoptosis in HCT116 p53-/- cancer cells after treatment of 
temozolomide in the presence and absence of SIRT1 inhibitor EX-527. 
Percentage of annexin V positive/PI negative and annexin V positive/PI positive 
HCT116 p53+/+ cancer cells after 48 hours treatment with 800µM temozolomide 
(TMZ) ± 100µM EX-527. Green bars represent early apoptotic cells (annexin V 
positive only); red bars indicate late apoptotic/necrotic cells (annexin V positive, PI 
positive), n=1 biological repeat  (n=2 technical replicates).  
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3.3 Discussion and Conclusions  

3.3.1 Chemosensitivity to FK866 and correlation with 

NAMPT/NAPRT expression and cellular NAD+-

consuming activity 

NAMPT inhibitor FK866 showed potent (nM) activity against the panel of cancer 

cell lines screened. Whilst FK866 activity against two of the non-cancer cell 

models used was also in the nM range with 96 hours continuous exposure, it was 

significantly less active (by >4-fold) than towards all, but two, of the eleven cancer 

cell lines analysed (Fig. 3.7 & Fig. 3.8, n=3 independent biological repeats). 

FK866 on-target toxicity, including retinal toxicity, has been reported in the 

literature in phase I clinical trials (von Heideman et al., 2010; Holen et al., 2008; 

Lin et al., 2016). However, interestingly, against a retinal epithelial non-cancer 

cell model (ARPE-19) used here, FK866 showed only modest activity compared 

to cancer cell models. Comparison of FK866 with clinically used platinates 

indicated more favourable selectivity of FK866 towards cancer cells (Fig. 3.9, n=3 

independent biological repeats). 

There has been renewed interest in the clinical use of NAMPT inhibitors as a 

single agent. The discovery that many tumours lack NAPRT while most normal 

cells express NAPRT and that administration of NA can restore NAD+ to these 

cells, but not to NAPRT-deficient tumours, suggests a favourable therapeutic 

index could be achievable at least for a subset of tumours (Duarte-Pereira et al., 

2016; Watson et al., 2009; Olesen et al., 2010). The cell line panel used here was 

analysed for NAMPT and NAPRT protein expression to see if there were any 

clear correlations with sensitivity to FK866 that might assist in selection of 

tumours most likely to be sensitive to FK866. The cancer cells all expressed 

higher levels of NAMPT than the non-cancer cell models consistent with IC50s and 

supportive of increased cancer cell dependency on NAMPT. However, within the 

cancer cell line panel further definitive correlations with differential FK866 

sensitivity were more difficult to draw although differences in NAPRT expression 

appeared to be affecting sensitivity, with high NAMPT expressing and low/no 
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NAPRT expressing cells generally being the most sensitive (Fig. 3.13). A recent 

study by Chowdhry et al. (2019) describes tumour sensitivity as largely being 

dictated by NAPRT expression, with cancers expressing high NAPRT due to 

gene amplification being highly NAPRT dependent and those with low or no 

NAPRT expression being NAMPT-dependent. Our limited cell line panel analysis 

is in broad agreement with these findings but also indicates the limitations of 

reliance of analyses of a single parameter or two (e.g. NAPRT, NAMPT 

expression). Expression levels do not always correlate strongly with activity or 

dependency, and here expression of NAD+-consuming enzymes SIRT1 and 

PARP1 and PAR levels as a surrogate measure of PARP activity were also 

analysed (Fig. 3.12 n=1 biological repeat). Interestingly, A2780 ovarian cancer 

cells, which were amongst the most sensitive lines to FK866, expressed similar 

NAMPT levels to other lines but expressed higher levels of SIRT1, PARP1 and 

PAR.  

Activity of FK866 towards the hypoxic fraction of tumours has not been previously 

reported; here preliminary in vitro results indicate equitoxic activity although 

analyses are required in other cancer cell lines and at different oxygen tensions 

as well as in other models of the TME. Against the GBM1 cancer stem cell-like 

cell model, FK866 was very active, 4.6-fold more active than against neural 

progenitors indicating potential activity against aggressive brain tumours and 

CSCs.  Interestingly, Thakur et al. (2012) previously report that leukemic cells 

that were p53 mutant or non-functional were less sensitive to FK866. In contrast, 

here it is shown that HCT116 p53-/- cells were more sensitive to FK866 than the 

isogenic parental p53+/+ cells. These results suggest possible differences 

depending on tissue type and/or genetic background of the cells but this requires 

further investigation, for example p53 knock-down/overexpression studies in 

individual cell lines. From these results it would also be interesting to observe if 

there were any differences in sensitivity of cancer cells which have other common 

cancer mutations, for example Ras.  
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3.3.2 NAMPT inhibition preferentially depletes cellular 

NAD+ and NADH from cancer cells independent of 

cancer cell p53 status and is able to deplete the nuclear 

NAD(H) pool 

24 hours FK866 treatment reduced total cellular NAD+ and NADH levels 

preferentially in cancer cell lines in a range of different tissue types (e.g. ovarian, 

colorectal, breast) compared to non-cancer cell models (Fig. 3.19 & Fig. 3.20, 

n=3 independent biological repeats). More studies are required to extend this 

analysis to a wider range of cell lines covering more tissue types to see whether 

some tissues are more sensitive than others and to see if there is heterogeneity 

in response. Importantly isogenic HCT116 cancer cells showed decreased 

NAD(H) levels independently of their p53 status, indicating a clear advantage of 

targeting NAMPT compared to LDH-A to reduce NAD+ levels (Allison et al., 2014) 

(Fig. 3.19, n=3 independent biological repeats). These cancer selective effects of 

FK866 on cellular NAD(H) levels were supported by metabolic phenotyping which 

revealed a cancer selective reduction in oxygen consumption and metabolic 

capacity (Fig. 3.14 - Fig. 3.16 n=3 independent biological repeats), which could 

be rescued by NAD+ precursors NA/NMN (Fig. 3.18, n=1 biological repeat).  

PARP DNA repair activity localises to the cell nucleus (Vyas et al., 2013) and it 

could be possible that FK866 caused a reduction in total cellular NAD(H) levels 

but without a substantial effect on NAD+ levels in the nucleus, as it is known that 

NAD+ is not free to move within the cell but is compartmentalised in pools 

(Nikiforov et al., 2015). Importantly, 5nM FK866, a dose which showed significant 

cancer-selective reduction in NAD(H), was also able to reduce the nuclear pool 

of NAD(H) by ~90% (Fig. 3.21, n=1 biological repeat). 

Previous research on NAD+ depletion has stated that a way of overcoming on 

target side effects in non-cancer cells is to supplement patients with NA, as many 

cancer cells do not express NAPRT (Duarte-Pereira et al., 2016; Yaku et al., 

2018). Interestingly here it is shown that CCD 841 CoN non-cancer cells do not 

show expression of NAPRT (Fig. 3.11, n=1 biological repeat), which was 
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unexpected, although these cells did not appear any more sensitive to NAD(H) 

depletion compared to ARPE-19 non-cancer cells which do express NAPRT. 

3.3.3 Reduction of PARP DNA repair activity selectively 

in cancer cells and improving the selectivity of current 

chemotherapeutic agents 

Having observed a preferential decrease in NAD+ the next question was whether 

this was sufficient to cause a decrease in NAD+-dependent PARP activity. This 

was likely to depend on the binding affinity or Km of PARPs for NAD+ and whether 

levels of free NAD+ were reduced below this by FK866 treatment. There are 

differing reports of the Km of PARPs for NAD+ reported in the literature and also 

of how much ‘free’ NAD(H) compared to unavailable/sequestered NAD+ there is 

in the nucleus (Houtkooper et al., 2010; Cantó et al., 2013). Nevertheless, studies 

suggest that PARP activity is sensitive to physiological changes in NAD+ 

concentration (Ryu et al., 2018). Here, several lines of evidence are provided that 

show that the decrease in NAD+ is sufficient to reduce PARP activity:  

1) FK866 reduced PARP activity of HCT116 p53+/+ cancer cells in a PARP ELISA 

assay based on PARylation of histones and to a significantly greater extent than 

in ARPE-19 non-cancer cells (Fig. 3.22).  

2) Reduction in PARP activity was partially rescued by treatment with NAD+ 

precursor NMN (Fig. 3.25). 

3) Reduced levels of total cellular protein PARylation were observed in a FK866 

dose-dependent manner whilst total PARP1 protein levels were unchanged. (Fig. 

3.23 & Fig. 3.24). 

This is the first time it has been shown that it is possible to reduce PARP activity 

preferentially  in cancer cells. Previous studies have shown that PARP inhibition 

or knock-down can potentiate the effects of some DNA damaging agents, 

however, the problem with this is likely parallel sensitisation of non-cancer cells 

and tissue (see section 1.4.1.2). The inhibition of PARP activity preferentially in 



 
181 

 

cancer cells  has the potential to potentiate some DNA damaging agents in 

cancer cells alone.  

Here the PARP inhibitor, rucaparib, or PARP knock-down by siRNA was used as 

a positive control, where the assumption was that PARP knock-down or PARP 

inhibition may potentiate the DNA damaging agents, but in both non-cancer and 

cancer cells hence the need for potential cancer-selective PARP inhibiting 

approaches such as via NAMPT inhibition. When rucaparib was combined with 

the DNA alkylating agent TMZ a reduction in cell number was seen in both non-

cancer and cancer cells (Fig. 3.27 & Fig. 3.28, n=3 independent biological 

repeats), and in neural progenitor cells TMZ in combination with rucaparib led to 

S-phase arrest (Fig. 3.52, n=1 biological repeat). Knock-down of PARP1 in 

combination with TMZ reduced cell number and modestly increased the number 

of apoptotic cells in both HCT116 p53+/+ cancer cells and ARPE-19 non-cancer 

cells (Fig. 3.42 & Fig. 3.43), indicating the lack of cancer selectivity in targeting 

PARP directly. For future studies, it would also be useful to assess the reduction 

in PARP1 mRNA and protein at the point of TMZ addition (time course of 

expression levels) as it is possible that levels of PARP1 are higher at this time 

point which may account for the modest induction of apoptosis observed. Another 

possible approach would be use of PARP1 CRISPR knock-out cells compared to 

wild-type cells which would overcome any issues of reduced levels of PARP 

enzyme being able to sufficiently sustain PARP1 DNA repair activity. 

These results partially follow what has been reported in the literature, although 

the literature indicates more pronounced effects on cell death of PARP inhibition 

with chemotherapeutic agents (Daniel et al., 2009), which may relate to dose of 

rucaparib used and differences in treatment duration and perhaps drug 

dose/timing alterations need to be considered. Differential effects have also been 

seen in potentiation of DNA damaging agents depending on which PARP 

inhibitor, as some PARP inhibitors not only catalytically inhibit PARP but also 

result in PARP trapping, which when combined with some DNA damaging agents 

has shown increased potentiation (Murai et al., 2012; Murai et al., 2014). 

Annexin V apoptotic assays revealed that FK866 was able to potentiate CPT and 

DOX in HCT116 p53+/+ cancer cells compared to ARPE-19 and CCD 841 CoN 



 
182 

 

non-cancer cells but to a much lesser extent than observed with TMZ (Fig. 3.28, 

Fig. 3.30 & Fig. 3.33, n=3 independent biological repeats). CPT is a Topo1 

inhibitor, inducing SSB which require the repair activity of PARP (see section 

1.4.1.2), and inhibition may mean that breaks are likely to remain ultimately 

leading to cell death. DOX is a Topo2 poison and induces DSB, which are less 

associated with the repair activity of PARP, although previous studies have also 

shown that PARP inhibition has led to the potentiation of Topo2 poisons (Park et 

al., 2018). Other studies indicated that this is not the case (Murai et al., 2014) and 

it is presently unclear why potentiation was less with CPT and DOX than TMZ, 

requiring further investigation. It is possible that more pronounced apoptotic 

induction or cell death would be observed with longer incubation with these 

agents, for example due to persistent DNA damage. For future studies, it would 

be beneficial to quantify apoptotic levels as part of a time course and beyond 72 

hours as well as the investigation of different concentrations of CPT and DOX. 

For apoptotic assays in the non-cancer cells where apoptosis induced remained 

relatively low following drug treatment, inclusion of a positive control (e.g. UV 

irradiation or higher concentration of cytotoxic agent) for induction of significant 

levels of apoptosis would also be beneficial.   

It has previously been reported that due to TMZ treatment inducing PARP activity 

and therefore utilising NAD+ its treatment leads to a reduction in NAD+ levels 

(Boulton et al., 1995). This may be a reason why there is greater potentiation of 

TMZ by FK866 than other DNA damaging agents. It would be interesting to 

observe whether other DNA damaging agents decrease NAD+ levels. 

The potentiation of the alkylating agent TMZ was initially tested in HCT116 p53+/+ 

cancer cells which are MGMT negative and MMR deficient (Bocangel et al., 2009; 

Perez et al., 2016). Due to MMR deficiency the cells are resistant to TMZ and 

therefore PARP is also involved in the repair of DNA damage through BER. All 

other cancer cells tested differed in MGMT and MMR status but overall their 

status resulted in the cells mainly being resistant to TMZ. It would be interesting 

to observe if TMZ can also be potentiated by FK866 in cancer cells which are 

sensitive to TMZ and have a MGMT negative and MMR proficient status (Fig. 

3.36 & Fig. 3.37).  
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In contrast to the observed potentiation of DNA damaging agents via FK866, 

paclitaxel, a mitotic spindle inhibitor, would not be expected to be potentiated by 

PARP inhibition and was assessed to see if FK866 was able to potentiate its 

activity. This showed no potentiation in the cell lines with addition of FK866 (Fig. 

3.38 & Fig. 3.39, n=1 biological repeat). This and the effects of FK866 on the 

potentiation of DNA damaging agents that cause DNA damage that requires 

PARP activity for its repair and the direct decrease in PARP activity seen with 

FK866 treatment (Fig. 3.22, n=3 independent biological repeats), highly suggests 

that the mechanism of potentiation is via inhibition of PARP DNA repair activity.  

It was hypothesised that this potentiation of TMZ in HCT116 p53+/+ cancer cells 

through FK866 was due to decreased PARP activity and therefore cells were 

unable to repair SSB damage which then led to DSB damage which ultimately 

resulted in cell death. In support of this hypothesis that the effects on viability 

were due to an inability of the treated cells to repair damaged DNA, 

phosphorylated γH2AX levels (a marker of DSB) of the cells were increased 

where cells had been pre-treated with FK866 and then exposed to TMZ 

compared to single drug treatments. Following 6 hours ‘repair time’, after TMZ 

removal, the HCT116 p53+/+ cancer cells showed enhanced levels of γH2AX 

compared to ARPE-19 non cancer cells (Fig. 3.53 & Fig. 3.54, n=1 biological 

repeat). However, additional biological repeats are required to confirm this and 

quantification of the number of phosphorylated γH2AX foci would then enable 

analysis of statistical significance of any effects. For future work, inclusion of a 

known DSB inducer (e.g. doxorubicin) alongside as a positive control would 

provide a useful comparison. The analysis of phosphorylated γH2AX over time 

after drug wash-out as a ‘surrogate’ marker of DNA repair followed published 

methodology as described in Allison et al. (2017). 

Time course assessment of single strand DNA breaks (SSBs, from t=0) via 

increased intranuclear foci of the single stranded DNA binding protein Replication 

Protein A (RPA) would enable analysis of initial basal SSB damage, induction by 

TMZ and temporal reduction following washout, or potential persistence and 

conversion to DSBs. Such analyses or the use of the alkaline and neutral comet 

assay (with drug washout) would add weight to these novel results suggesting 
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that FK866 can potentiate TMZ via decreased NAD+-dependent PARP-mediated 

DNA repair. 

TMZ is currently used for the treatment of glioblastoma in the clinic and 

importantly, potentiation of TMZ by FK866 was also observed in the GBM1 

cancer stem cell model (67% methylated at the MGMT promoter; (Polson et al., 

2018)) (Fig. 3.48 & Fig. 3.49) and not in the NP1 non-cancer cell model (Fig. 

3.51). Mechanism of action studies, including NAD(H) assay and PARP activity 

assay showed cancer selective effects and had similar outcomes as other cancer 

versus non-cancer cells. This is important as many types of glioblastoma are 

known to be resistant to TMZ and preliminary results suggest that FK866 could 

resensitise the cells to the drug. These results warrant further investigation to see 

whether the potentiation of TMZ can be observed through FK866 in other GBM 

subtypes, and to see what effect the NAMPT/NAPRT status of the cells has on 

its success. 

Importantly, here it is shown that FK866 has only a small effect on activity of the 

NAD+ dependent SIRT1 enzyme (Fig. 3.55) and that when using a SIRT1 inhibitor 

in combination with TMZ, little or no potentiation effect on cell viability is seen in 

contrast to FK866 in combination with TMZ (Fig. 3.56). Whilst this suggests 

effects of FK866 are likely to be principally due to reduced PARP activity it is 

possible that other NAD+ dependent enzymes may be contributing to this effect. 

Previous studies have shown that a combination of the PARP inhibitor olaparib 

(and the DNA damaging agent CPT) can lead to radiosensitisation of a tumour 

(Miura et al., 2012). As radiotherapy can induce damage which can lead to the 

activation of the DNA repair enzyme PARP, it would be interesting to observe 

whether FK866 treatment can enhance toxicity of radiotherapy towards cancer 

cells selectively. 

3.3.4 Conclusion  

To conclude, short term treatment with the NAMPT inhibitor, FK866, was able to 

deplete NAD(H) levels selectively in cancer cells in vitro (e.g. Fig. 3.19, n=3 

independent biological repeats), which was sufficient to cause a  decrease in 
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PARP  activity preferentially in cancer cells (Fig. 3.22, n=3 independent biological 

repeats & Fig. 3.23, n=1 biological repeat), indicating a cancer selective approach 

to deplete PARP activity. This selective decrease in PARP activity through FK866 

correlated with potentiation of DNA damaging agents in cancer cells selectively 

(e.g Fig.3.32 & Fig. 3.33, n=3 independent biological repeats). This potentiation 

is proposed to be due to the cancer cells being unable to repair DNA damage 

efficiently (Fig. 3.53 & Fig. 3.54, n=1 biological repeat), although the possibility of 

other contributing mechanisms cannot be excluded. 

For some of the cancer cell lines and experiments, additional biological replicates 

are required for confirmation of these conclusions as is evident from individual 

figure legends. However, in some such cases there are also different 

experimental approaches or ‘readouts’ lending support to particular conclusions 

(e.g. Fig. 3.36 cell number and viability measurement & Fig. 3.37 Annexin V 

apoptotic quantification which independently support the conclusion of 

potentiation of TMZ by FK866 in A2780, CP70/A2780cis and MDA-MB-231 

cancer cells). 
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4. NAD+-dependent protein deacetylase 

SIRT1 as a potential anti-cancer 

therapeutic target and constitutive 

repressor of a neuronal-like phenotype 

switch in non-cancer and cancer cells 

4.1 Introduction  

As previously discussed in section 1.4.2 SIRT1 is a histone and protein 

deacetylase that is dependent on NAD+ for its activity (Landry et al., 2000). There 

are conflicting results around targeting SIRT1 therapeutically as reports of its role 

in cancer differ. For example there are some reports of SIRT1 suppressing 

tumorigenesis (Firestein et al., 2008) and others reporting it as tumour promoting 

or critical for cancer survival (Vaziri et al., 2001; Ford et al., 2005; Zhao et al., 

2011; Herranz et al., 2013). Additionally, several splice variants of SIRT1 have 

been identified (Lynch et al., 2010; Shah et al., 2012; Deota et al., 2017) which 

likely contribute to the complexity of SIRT1 functions and its (dys)regulation in 

cancers. The existence of these splice variants could explain some of the 

apparently conflicting results in the literature depending on which experimental 

tools were used, the expression of different variants in different cells/tissues and 

which forms of SIRT1 were targeted in different studies.  

Several independent studies suggest that for some cancers at least, cancer cells 

rely on SIRT1 for their survival, with knock-down of SIRT1 full-length protein 

resulting in cancer cell death with non-cancer cell viability unaffected (Ford et al., 

2005; Zhao et al., 2011). This cancer cell SIRT1 dependency suggests it as a 

potential novel target for inducing cancer selective cell death. Further work is 

needed to understand which cancers are addicted to SIRT1, how these are 

identified as well as rationalising of its pleiotropic functions (tumour suppressing 

vs. tumour promoting). To date demonstration of the role of full-length SIRT1 

(SIRT-FL) as a cancer survival factor has been using RNAi or other genetic 
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approaches. A key aim of this chapter, particularly in light of the identification of 

multiple SIRT1 splice variants which could impact on cellular response, is 

whether similar selective cancer cell death can be recapitulated with a small 

molecule inhibitor. This is important for further validation of SIRT1 as a target and 

also because of current challenges associated with successful translation of 

RNAi-based therapeutic approaches into the clinic. There is only one FDA-

approved siRNA therapeutic to date (Kim et al., 2019). Challenges include loss 

of efficacy due to siRNA susceptibility to degradation by serum nucleases, 

inefficient payload release from carriers, cost, accessibility, safety concerns with 

viral vectors and possible disruption of endogenous RISC/RNAi (Kim et al., 2019; 

Castanotto and Rossi, 2009; Burnett et al., 2011). 

For this study, the small molecule SIRT1 inhibitor, EX-527, was used as it is ~100-

fold more selective towards SIRT1 compared to other sirtuins. Previous sirtuin 

inhibitors have been designed to target the yeast homolog Sir2 and therefore are 

not specific towards SIRT1 (Gertz et al., 2013). 

The second major aim of this chapter was further investigation of the effects of 

SIRT1 knock-down/inhibition in both non-cancer and cancer cells beyond the 

simple ‘readout’ of SIRT1 being essential for cancer cell survival and dispensable 

in non-cancer cells. Studies from the Allison group and Jo Milner’s group 

(University of York, unpublished observations) show that SIRT1-FL knock-down 

can induce a neuronal like morphology in ARPE-19 non-cancer cells suggesting 

that they undergo neuronal transdifferentiation. This is further investigated here 

using both a RNAi knock-down approach and the small molecule SIRT1 inhibitor 

EX-527. This is very relevant in a non-cancer context as a number of studies 

report SIRT1 or SIRT1 activators to have a neuroprotective role with beneficial 

effects in a number of neurodegenerative disease models (Donmez and Outeiro, 

2013). It is hypothesised that this neuronal-like phenotype/cell fate change 

induced by SIRT1-FL knock-down requires some de- and re-differentiation and 

changes in somatic reprogramming factors and/or pluripotent/stem cell factors. 

This would be important as it would support literature evidence for a role of SIRT1 

in regulation of stemness/differentiation in different contexts, for example the 

regulation of lineage differentiation of mesenchymal stem cells (Simic et al., 
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2013). In the context of the multistep progression of cancer, the cancer stem cell 

theory and the known chemoresistance of CSCs (LaBarge, 2010), therapeutic 

targets that reduce cancer stemness are sought. Here, it is tested whether SIRT1 

targeting/inhibition may induce a more differentiated state of the GBM1 cancer 

stem cell-like model.   
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4.2 Results 

4.2.1 SIRT1 knock-down induces cancer cell death in 

vitro 

SIRT-FL knock-down by siRNA induced apoptotic cell death in HCT116 p53+/+ 

cancer cells (Fig. 4.1), consistent with previous published findings (Ford et al., 

2005; Allison and Milner, 2014). Having confirmed this, it was next assessed 

whether the small molecule SIRT1 Inhibitor EX-527 was able to induce similar 

effects.  

 
Figure 4.1: RNAi mediated SIRT1 silencing and phenotypic effects in HCT116 p53+/+ cancer 
cells. 
a. Immunoblots showing SIRT1 knock-down at  the protein level in HCT116 p53+/+ 
cells, actin used as loading control. b. Quantification of annexin V positive HCT116 
p53+/+ cancer cel ls after transfection with SIRT1 siRNA for 72 hours . Green bars 
represent early apoptotic cel ls (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, PI positive) , n=1 biological repeat (3 
technical repeats).  c. Cell micrographs of HCT116 p53+/+ cancer cells 72 hours post  
SIRT1 siRNA transfection, images taken with x10 objective and scale bar indicates 
100µm. 
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4.2.2 Selectivity and activity of the small molecule 

inhibitor EX-527 

The activity of EX-527 and its selectivity towards cancer cells was initially tested 

by chemosensitivity assay (Table 4.1, Fig. 4.2 & Fig. 4.3).  

 
Table 4.1: IC50 values of EX-527 towards multiple human cell lines of different tissue origin. 
Mean IC50 values ± SEM, n=3, biological repeats (8 technical replicates), of the 
SIRT1 inhibitor EX-527 in multiple non-cancer and cancer cell l ines after 96 hours 
continuous EX-527 exposure. NP1* human neural progenitor cells (ol igopotent  
cells); GBM1** glioblastoma cancer stem cell model.  
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Figure 4.2: Summary of EX-527 cytotoxicity towards a panel of non-cancer and cancer cells 
and determination of a lack of cross-resistance with cisplatin. 
a. Mean IC50 values ± SEM, n=3 biological repeats (8 technical replicates), of the 
SIRT1 inhibitor EX-527 in multiple cancer and non-cancer cell lines as determined 
by MTT chemosensitivity assay. A one way ANOVA was performed where *p<0.05 
**p<0.01 compared to ARPE-19, °°°°p<0.0001 compared to CCD 841 CoN and 
##p<0.01, ###p<0.001 compared to PNT2 ns=not significant (red indicates 
significantly higher). b. Average IC50 values ± SEM, n=3 biological repeats  (8 
technical replicates), of EX-527 in non-cancer progenitor/stem cell-like model NP1 
and cancer stem cell model GBM1. c. Comparison of resistance factor of A2780 and 
CP70/A2780cis cancer cells to cisplatin and EX-527 (IC50 in CP70/A2780cis cel ls 
divided by IC50 in A2780 cells; resistance factor >1 indicates less activity towards 
CP70/A2780cis cells than parental A2780 cells)  (FK866 shown for comparison 
purpose).  
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EX-527 had µM activity towards cell lines with 96 hours continuous drug 

exposure. CCD 841 CoN non-cancer colon epithelial cells appeared to be the 

least sensitive to EX-527 with its IC50 significantly higher than that for all cancer 

cells tested (Fig. 4.2 & Fig. 4.3). Preferential activity of EX-527 towards the cancer 

cells was much less apparent when compared against the ARPE-19 and PNT2 

non-cancer cells however, with EX-527 cancer selectivity ratios being 2.6 or less 

for many of the cancer cells (Fig. 4.3). A statistically significant lower IC50 for EX-

527 was observed in the isogenic p53+/+ and p53-/- HCT116 colorectal cancer 

cells, the HT-29 p53 mutant colorectal cancer cells and the PC-3 prostate cancer 

cells (Muller et al., 2013) when compared against PNT2 and CCD 841 CoN non-

cancer cells (Fig. 4.2). NP1 neural progenitors appeared quite sensitive to EX-

527, however, importantly were ~2-fold less sensitive than the GBM1 cancer 

stem cell-like model (Fig. 4.2b). EX-527 showed comparable activity (1.4-fold less 

active) towards cis-resistant A2780cis ovarian cancer cells and the parental cis-

sensitive cells (Fig. 4.2c), indicative that EX-527 is largely able to circumvent 

acquired cisplatin resistance.  

 
Figure 4.3: Preferential cytotoxicity activity of EX-527 towards cancer cells compared to 
non-cancer cell models. 
Cancer cell versus non-cancer cell selectiv ity ratios for SIRT1 inhibitor EX-527 in 
multiple cancer cell lines compared to ARPE-19, CCD 841 CoN and PNT2 non-
cancer cells. The selectivity index was calculated from the IC 50  values achieved 
from 3 biological repeats (8 technical replicates)  using the fol lowing equation (mean 
IC50 of non-cancer cells / mean IC50 of cancer cells). A value of 1 indicates 
equitoxicity of the drug to cancer and non-cancer cells, a value of <1 indicates no 
preferential cytotoxicity to the cancer cells and a value >1 indicates preferent ial 
cytotoxicity to the cancer cells.  
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Selectivity of EX-527 towards HCT116 p53+/+ colon cells compared to CCD 841 

CoN non-cancer colon cells was similar to that observed with FK866 with 

improved selectivity compared to clinically used platinates cisplatin, oxaliplatin 

and carboplatin (Fig. 4.4). 

 
Figure 4.4: Cancer selectivity of EX-527 compared to FDA approved platinate based 
compounds. 
Cancer cel l selectivity ratios were calculated from the IC 50 values achieved from 3 
biological repeats (8 technical replicates) which compared the activity of EX-527 
and cl inically used platinates (cisplatin, oxaliplatin, carboplatin) in HCT116 p53 +/+  
cancer cells and CCD 941 CoN non-cancer cel ls after 96 hours drug exposure. SI 
= mean IC50 of non-cancer cells / mean IC50 of cancer cells (FK866 shown for 
comparison).  

Compared to FK866 and Topo2 inhibitor DOX, EX-527 was much less active 

towards HCT116 p53+/+ cancer cells with activity in the micromolar range rather 

than nM activity under normoxic conditions. Importantly, however, in contrast to 

DOX, activity of EX-527 appeared to be similar towards HCT116 p53+/+ cancer 

cells grown under 21% or 0.1% oxygen conditions (Fig. 4.5) although this has not 

been tested against other cancer cell lines.  



 
194 

 

 
Figure 4.5: The effect of hypoxia on doxorubicin and EX-527 cytotoxicity towards HCT116 
p53+/+ cells. 
Mean IC50 values, n=3 biological repeats (8 technical replicates)  of doxorubicin 
(DOX), FK866 and EX-527 (a) under normoxic and hypoxic conditions in HCT116 
p53+/+ cancer cells after 96 hours cont inuous drug exposure.  A two-tailed t-test was 
performed where ****p<0.0001, ns=not significant. b. Hypoxia selectivity ratio (IC50  
normoxic cel ls / IC50 hypoxic cells) for DOX, FK866 (shown for comparison purpose) 
and EX-527. A value of 1 indicates equitoxicity of the drug under normoxic and 
hypoxic conditions, a value of <1 indicates preferential cytotoxicity to normoxic cells 
and a value of >1 indicates preferential cytotoxic ity to hypoxic cells. Values were 
achieved using IC50 values from 3 biological repeats (8 technical replicates).  
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Figure 4.6: Protein expression of SIRT1 compared to cellular EX-527 chemosensitivity 
(IC50). 
Fold change in SIRT1 expression compared to EX-527 mean IC5 0 values. Triangles 
represent non-cancer cells and circles represent individual cancer cell lines. Fold 
change in protein expression relative to expression levels in ARPE-19 non-cancer 
cells (set at 1). Black dotted l ine is line of best fit where R 2 value = 0.1636. IC50  
values based on n=3 biological repeats (Table 4.1) and protein expression on n=1.  

Figure 4.6 compared cell line EX-527 IC50 values relative to SIRT1 protein 

expression. As this indicates, there is some ‘loose’ inverse correlation (for a 

cluster of the cancer cell lines) but no strict relationship and there are a large 

number of outliers (R2 = 0.1636). 

Given the excellent selective cytotoxicity of SIRT1 silencing previously reported 

(Ford et al., 2005), it was decided to analyse further the effects of EX-527 on a 

limited number of cell lines at defined doses with a shorter drug exposure time of 

48 hours. Against HCT116 p53+/+ cancer cells reduced confluency was apparent 

under the microscope at 50 and 100µM EX-527 doses (see appendix Fig. 9.4), 

whereas EX-527 appeared to have little effect against the ARPE-19 non-cancer 

cells. As Figure 4.7 shows, at 200µM EX-527 the ARPE-19 non-cancer cells 

showed some reduction in confluency compared to controls with some cells 

showing a more elongated, or ‘fibroblast-like’ morphology. In contrast, most of the 

HCT116 p53+/+ cancer cells (normoxic and hypoxic) were rounded up and floating 
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suggestive they may be undergoing cell death and for the GBM1 cancer cells cell 

confluency was substantially reduced. Effects of EX-527 on cell viability and 

number were quantified by image cytometry (Fig. 4.8). 

 
Figure 4.7: Cell micrographs of ARPE-19 non-cancer cells, HCT116 p53+/+ cancer cells 
under normoxic and hypoxic conditions and cancer stem cell-like model GBM1 after EX-
527 treatment. 
Representative cell micrographs of ARPE-19, HCT116 p53+/+ and GBM1 cells after 
48 hours treatment with 200µM EX-527 or DMSO vehicle control. Images taken with 
x10 objective and scale bar indicates 100µm (see appendix  Fig. 9.4 for other 
doses). n=3 biological repeats.  
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Figure 4.8: Total cell number and viability after 48 hours EX-527 treatment. 
Total cell number relative to DMSO vehicle control treatment ( a) and % viabil ity (b) 
of ARPE-19 non-cancer cells, HCT116 p53+/+ (normoxic and hypoxic) cancer cel ls 
and GBM1 cancer stem cell -like model after 48 hours EX-527 treatment. n=1, 
biological repeat except GBM1, n=2 biological repeats  (2 technical replicates) 
(showing ± SEM). Values determined by acridine orange (cell count) and DAPI 
(viability) staining (see Methods 2.3.1).  

EX-527 at the tested doses had no effect on cell viability of ARPE-19 non-cancer 

cells. In contrast, 200µM EX-527 was cytotoxic towards the HCT116 p53+/+ 

cancer cells and both HCT116 p53+/+ and GBM1 cancer cells showed a dose-

dependent reduction in cell number (Fig. 4.8). A similar reduction in cell viability 

was observed for the hypoxic and normoxic HCT116 p53+/+ cancer cells (Fig. 4.8) 

which was consistent with EX-527 equitoxicity in chemosensitivity assays (Fig. 
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4.2), although some difference in reduction of cell number was evident which may 

reflect the lower proliferation rate of the cells under hypoxic conditions.  

4.2.3 EX-527 induces cell death by apoptosis 

Whilst reduced cell viability indicated induction of cell death by EX-527, there are 

multiple mechanisms by which cell death can occur. One hallmark of cancers is 

evasion of apoptosis; annexin V assays were performed to investigate whether 

EX-527 cytotoxicity was via apoptosis, as has previously been reported for SIRT1 

knock-down (Fig. 4.1). Additionally, a number of the floating cells morphologically 

appeared to resemble apoptotic cells under the microscope. 
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Figure 4.9: Annexin V assay dot plots showing induction of apoptosis by SIRT1 inhibitor 
EX-527 in cancer cells and not in ARPE-19 non-cancer cells. 
Quantification of the proportion of early apoptotic and late apoptotic/necrotic cel ls 
through differential annexin V/PI staining after treatment with 200 µM EX-527 for 48 
hours in ARPE-19 non-cancer cel ls, HCT116 p53+/+ cancer cells (normoxic and 
hypoxic) and GBM1 cancer stem-like cell model. Lower left quadrant indicates alive 
cells, lower right quadrant indicates early apoptotic cells (annexin V positive, PI 
negative) and upper r ight quadrant indicates late apoptotic/necrotic cells (annexin 
V positive, PI positive).  n=1 or n=2 (GBM1) biological repeats (2 technical 
replicates). 
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Figure 4.10: Quantification of annexin V positive cells in response to treatment with SIRT1 
inhibitor EX-527. 
Bar chart summarising percentage of early apoptotic and late apoptotic/necrotic 
cells after 48 hours EX-527 treatment in the indicated cell l ines and conditions.  
Green bars represent early apoptotic cells (annexin V positive only); red bars 
indicate late apoptotic/necrotic cel ls (annexin V positive, PI positive.)  n=1 biological 
repeat, except GBM1 n=2 biological repeats (2 technical replicates) (showing ± 
SEM).  

As indicated by the raw annexin V data plots (Fig. 4.9), 200µM EX-527 selectively 

induced cancer cell apoptosis with little or no induction of apoptosis evident in 

ARPE-19 non-cancer cells. In the GBM1 cancer stem cell-like model, consistent 

with the lower 96 hours IC50 (Table 4.1), increased levels of apoptosis were also 

detected after 100µM (Fig. 4.10). 

Overall, these results indicate that the SIRT1 inhibitor EX-527 can partially 

recapitulate some of the cancer cell selective effects on survival previously 

reported with SIRT1-FL silencing. However, depending on cell/tissue context and 

with 96 hours exposure, these results suggest that selectivity with EX-527 may 

be less than with an RNAi-based approach.  

4.2.4 SIRT1-FL knock-down by siRNA and effects on 

neural stem cell and pluripotency markers 

Whilst SIRT1-FL silencing does not induce cell death of ARPE-19 cells (Ford et 

al., 2005), unpublished investigations (Allison et al. in preparation) indicate that it 
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can induce neuronal trans-differentiation of these retinal epithelial non-cancer 

cells. This seems to be dependent on expression of the SIRT1 splice variant 

SIRT1-Δ8 as summarised in the schematic shown in Figure 4.11. To investigate 

this and potential effects of targeting SIRT1/SIRT1-Δ8 on cell potency/stemness, 

ARPE-19 cells were transfected with SIRT1-FL and/or SIRT1-Δ8 splice variant-

specific siRNA. SIRT1-FL siRNA induced a neuronal-like morphology indicating 

successful siRNA transfection (Fig. 4.12). SIRT1-Δ8 siRNA transfection did not 

induce a similar phenotype and appeared to rescue the effects of SIRT1-FL 

siRNA when co-transfected, consistent with SIRT1-Δ8 being required for 

neuronal differentiation. 

 
Figure 4.11: Schematic summarising the current model for the proposed roles of SIRT1-FL 
and SIRT1-Δ8 in ARPE-19 neuronal differentiation. 
ARPE-19 human retinal epithelial non-cancer cells transdifferentiate to neuronal 
like cells when SIRT1-FL is selectively depleted and SIRT1-Δ8 remains. This 
suggests that SIRT1-FL represses the differentiation of the cells whilst SIRT1-Δ8 
is required. Based on unpublished findings (Allison et al. in preparation).  
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Figure 4.12: Cell micrographs of ARPE-19 non-cancer cells after siRNA transfections to 
selectively deplete SIRT1-FL and/or SIRT1-Δ8 mRNA. 
Cell images of ARPE-19 non-cancer cells 72 hours post transfection with the 
indicated siRNAs. Images taken with x10 objective and scale bar shows 100 µm. 
n=3 biological repeats.  

To verify that the siRNAs used successfully resulted in target mRNA knock-down, 

qPCR was performed to quantify the fold change in SIRT1-FL and SIRT1-Δ8 

mRNAs. SIRT1-FL mRNA was reduced by 84% by SIRT1-FL siRNA compared 

to control cells whereas SIRT1-Δ8 mRNA levels increased. In response to SIRT1-

Δ8 siRNA, SIRT1-Δ8 mRNA was reduced by 53%, and by 67% in co transfected 

cells (Fig. 4.13). 
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Figure 4.13: qPCR analysis of SIRT1-FL and SIRT1-Δ8 mRNA after siRNA transfection in 
ARPE-19 non-cancer cells. 
Fold change of SIRT1-FL and SIRT1-Δ8 mRNA expression in ARPE-19 non-cancer 
cells after 72 hours SIRT1-FL or SIRT1-Δ8 siRNA transfection, alone or in 
combination. n=4 technical repeats ± SD from 1 biological repeat . Levels relative 
to liposomal control (black dotted l ine).  

Given the transdifferentiation and apparently opposite effects of SIRT1-FL and 

SIRT1-Δ8 on the phenotype, it was hypothesised that SIRT1-FL/SIRT1-Δ8 

knock-down may differentially affect the expression of different stem 

cell/reprogramming factors and pluripotency markers, furthermore terminal 

cellular differentiation involves loss of cell potency/stemness.  

Having verified selective SIRT1-FL and SIRT1-Δ8 mRNA knock-down, their 

effects on expression of a number of stem cell factors/pluripotent markers were 

analysed.  

SIRT1-FL and SIRT1-Δ8 mRNA knock-down decreased OCT4 mRNA levels by 

35% and 48% respectively whilst Nanog expression was unchanged. In contrast, 

mRNA levels of the neural stem cell markers Nestin (Mangiola et al., 2007) and 

KLF4 (Qin and Zhang, 2012) were both increased by ~10-fold and ~4-fold 

respectively in response to SIRT1-FL knock-down (Fig. 4.14). The increase in 

Nestin expression was specific to SIRT1-FL knock-down, consistent with its 

selective induction of a neuronal phenotype.  
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Figure 4.14: mRNA expression of stem cell and pluripotency markers following splice 
variant specific siRNA mediated silencing of SIRT1 in ARPE-19 cells. 
Fold change of KLF4, Nestin, Nanog and OCT4 mRNA expression in ARPE -19 non-
cancer cells after 72 hours SIRT1-FL or SIRT1-Δ8 siRNA transfection. n=4 technical 
repeats ± SD from 1 biological repeat . Levels relative to liposomal control (black 
dotted line). 

To see if this effect was specific to the ARPE-19 cells or whether SIRT1-

FL/SIRT1-Δ8 targeting has similar effects in a different cell context, non-

cancerous colon cells CCD 841 CoN were similarly transfected. This was also 

performed to determine whether the CCD 841 CoN cells could be successfully 

siRNA-transfected as this has not been reported elsewhere. 

 
Figure 4.15: qPCR analysis of SIRT1-FL and SIRT1-Δ8 mRNA after siRNA transfection in 
CCD 841 CoN non-cancer cells. 
Fold change of SIRT1-FL and SIRT1-Δ8 mRNA expression in CCD 841 CoN non-
cancer cells after 72 hours SIRT1-FL or SIRT1-Δ8 siRNA transfection, alone or in 
combination. n=4 technical repeats ± SD from 1 biological repeat . Levels relative 
to negative control siRNA (black dotted line).  
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Figure 4.16: Cell micrographs of CCD 841 CoN non-cancer cells after siRNA transfection 
to selectively deplete SIRT1-FL and/or SIRT1-Δ8 mRNA. 
Cell images of CCD 841 CoN non-cancer cel ls taken 72 hours post transfection with 
the indicated siRNAs. Images taken with x10 objective and scale bar indicates 
100µm. n=2 biological repeats.  

Selective mRNA knock-down in the CCD 841 CoN cells was confirmed by qPCR 

(Fig. 4.15). Although levels of SIRT1-FL mRNA knock-down were similar in the 

ARPE-19 and CCD 841 CoN cells (84% reduction and 91% reduction 

respectively), CCD 841 CoN cells showed little or no change in cell morphology 

(Fig. 4.16). However, the ‘normal’ morphology of CCD 841 CoN cells is not 

classically epithelial and is more ‘fibroblast-like’ which could make any switch 

towards a more neuronal-like state less phenotypically apparent. To investigate 
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this further, qPCRs were performed to determine expression of the stem 

cell/pluripotent factors that were previously analysed in the ARPE-19 cells (Fig. 

4.14) as well as that of the established neuronal marker MAP1a (Nakayama et 

al., 2003). 

 
Figure 4.17: mRNA expression of neuronal marker MAP1a following splice variant specific 
siRNA mediated silencing of SIRT1 in CCD 841 CoN. 
Fold change of MAP1a mRNA expression in CCD 841 CoN non-cancer cells after 
72 hours SIRT1-FL or SIRT1-Δ8 siRNA transfection, alone or in combination. n=4 
technical repeats ± SD from 1 biological repeat . Levels relative to negative control 
siRNA (black dotted line).  

 
Figure 4.18: qPCR analysis of stem cell and pluripotency markers following splice variant 
specific siRNA mediated silencing of SIRT1 in CCD 841 CoN. 
Fold change of KLF4, Nestin, Nanog, OCT4 and c -Myc mRNA expression in CCD 
841 CoN non-cancer cells after 72 hours SIRT1-FL or SIRT1-Δ8 siRNA transfection,  
alone or in combination. n=4 technical repeats ± SD from 1 biological repeat . Levels 
relative to negative control siRNA (black dotted line).  
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SIRT1-FL knock-down in the ARPE-19 cells led to increased expression of the 

neuronal markers MAP1a and MAP2 (Allison et al. in preparation). Consistent 

with lack of morphological change of CCD 841 CoN cells after SIRT1-FL knock-

down (Fig. 4.16) there was no MAP1a induction (Fig. 4.17). Although there was 

no apparent neuronal differentiation as seen in ARPE-19 cells it was important to 

assess whether SIRT1 knock-down had any similar effects on markers of cell 

potency/somatic reprogramming. No major effects were seen on OCT4 and 

Nanog mRNA levels and neural stem cell marker Nestin was not increased after 

SIRT1-FL knock-down as seen in ARPE-19, consistent with lack of neuronal 

differentiation. The most notable change was in increase in KLF4 mRNA with 

SIRT1-Δ8 siRNA, which was increased by a similar level by SIRT1-Δ8 siRNA in 

ARPE-19 cells. However, in contrast to ARPE-19, KLF4 mRNA showed little or 

no change in expression in response to SIRT1-FL siRNA. Overall, changes in 

gene expression observed were quite small in magnitude with some unexpected 

variation (e.g. small increase in KLF4 with SIRT1-FL siRNA but not with control 

siRNA + SIRT1-FL siRNA). 

Although the effects of SIRT1 knock-down in CCD 841 CoN cells were different 

to ARPE-19 and it did not appear to induce neuronal differentiation, importantly 

SIRT1 knock-down did not induce cell death as seen in HCT116 p53+/+ cancer 

cells (Fig. 4.1). This is consistent with the reported cancer cell selectivity of 

SIRT1-FL knock-down and relative insensitivity of CCD 841 CoN non-cancer 

cells to EX-527 (Table 4.1). 

4.2.5 Small molecule chemical inhibition of SIRT1 via EX-

527 induces neuronal trans-differentiation of ARPE-19 

and CCD 841 CoN non-cancer cells 

Having observed that EX-527 was able to partially recapitulate the effects of 

SIRT1-FL knock-down on cancer versus non-cancer cell survival (Fig. 4.8 & Fig. 

4.10) the question was whether it could similarly induce neuronal 

transdifferentiation of non-cancer cells. ARPE-19 cell micrographs indicated that 

EX-527 induced a similar ‘neuronal-like’ or fibroblast-like morphology at higher 

doses suggestive of possible transdifferentiation (Fig. 4.19). 
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Figure 4.19: Cell micrographs of ARPE-19 non-cancer cells after 48 hours treatment with 
SIRT1 inhibitor, EX-527. 
Cell images of ARPE-19 non-cancer cells 48 hours post exposure to the indicated 
EX-527 doses compared to their corresponding DMSO controls. Images taken with 
x10 objective and scale bar indicates 100µm.  n=3 biological repeats.  

To assess whether or not the cells had neuronally transdifferentiated or had 

undergone transdifferentiation to another cell type with a mesenchymal 

morphology, mRNA expression of two key neuronal markers MAP1a and MAP2  

(Soltani et al., 2005; Nakayama et al., 2003)  were determined. Similar to effects 

induced by SIRT1-FL knock-down (appendix Fig. 9.1), 200µM EX-527 increased 

MAP1a and MAP2 mRNA expression by ~4.5-fold and ~12-fold respectively (Fig. 

4.20). 
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Figure 4.20: mRNA expression of neuronal markers in EX-527 treated ARPE-19 non-cancer 
cells. 
Fold change in mRNA expression of neuronal markers MAP1a and MAP2 in ARPE -
19 non-cancer cel ls after 48 hours exposure to the indicated EX-527 doses, n=4 
technical repeats ± SD from 1 biological repeat .  Levels relative to individual DMSO 
vehicle controls (black dotted li ne).  

Interestingly and in contrast to the lack of morphological change with SIRT1-FL 

knock-down in the CCD 841 CoN cells, EX-527 treatment of these cells induced 

a clear change in cell morphology with cells becoming more elongated and 

starting to resemble neuronal cells (Fig. 4.21). It was also noted that at higher 

doses of EX-527 fewer cells were evident consistent with terminal differentiation 

and cell cycle exit. 
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Figure 4.21: Cell micrographs of CCD 841 CoN non-cancer cells after 48 hours EX-527 
treatment. 
Cell images of CCD 841 CoN non-cancer cel ls 48 hours after treatment with EX-
527 at the indicated doses or DMSO vehicle control. Images taken with x10 
objective and scale bar indicates 100µm.  n=3 biological replicates.  
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qPCR analysis revealed a 2.5-fold increase in expression of the neuronal marker 

MAP1a (Fig. 4.22), suggesting that SIRT1 also promotes neuronal 

transdifferentiation of these non-cancer cells. In further support of this, mRNA 

expression of the neural stem cell marker Nestin was increased ~5.5-fold (Fig. 

4.23). Expression of somatic reprogramming/stem cell factors KFL4 and Nanog 

both increased in a dose dependent manner consistent with transdifferentiation 

of these cells whilst OCT4 expression showed a small decrease (Fig. 4.23). 

 
Figure 4.22: mRNA expression of neuronal marker MAP1a in CCD 841 CoN cells after 
treatment with EX-527 for 48 hours.  
Fold change in mRNA expression of  the neuronal marker  MAP1a in CCD 841 CoN 
non-cancer cel ls after treatment with the indicated doses of EX-527 or DMSO 
vehicle control for 48 hours.  n=4 technical repeats ± SD from 1 biological repeat. 
Levels relative to DMSO vehicle controls (black dotted line).  
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Figure 4.23: qPCR analysis of stem cell and pluripotency markers in CCD 841 CoN cells 
following EX-527 treatment. 
Fold change of KLF4, Nestin Nanog and OCT4 mRNA expression in CCD 841 CoN 
non-cancer cells after 48 hours treatment with the indicated EX -527 doses and 
DMSO vehicle control. n=4 technical repeats ± SD from 1 biological repeat . Levels 
relative to DMSO vehicle controls (black dotted line).  

4.2.6 Effects of EX-527 treatment on cancer cell 

‘stemness’ in the GBM1 cancer stem cell model. 

GBM1 cells have been extensively characterised and are considered to be cancer 

stem cell-like (Wurdak et al., 2010b). Importantly whilst EX-527 was able to 

reduce viability of the GBM1 cells (Fig. 4.10) it was also noted that cell 

morphology changed with cells phenotypically showing neurite-like projections 

(Fig. 4.24). It was therefore investigated whether EX-527 was able to alter the 

cancer stem cell-ness/differentiated state of GBM1 cells.  
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Figure 4.24: Cell micrographs of GBM1 cancer stem like cells after 48 hours EX-527 
treatment. 
Cell images of GBM1 cancer stem cell like cells 48 hours after treatment with EX -
527 at the indicated doses or DMSO vehicle control. Images taken with x10 
objective and scale bar indicates 100µm.  n=2 biological repeats.  
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Figure 4.25: Expression of stem cell markers in EX-527 treated GBM1 cells. 
Fold change in mRNA expression of stem cell markers in GBM1 cells after 48 hours 
exposure to the indicated EX-527 doses, n=4 technical repeats ± SD from 1 
biological repeat. 

mRNA expression of the neural stem cell factor Nestin, which is highly expressed 

in GBM1 cells under normal growth conditions (Wurdak et al., 2010b) was 

reduced by 3-fold by 200µM EX-527, consistent with progression towards a more 

differentiated state. Levels of OCT4 mRNA decreased whilst expression of the 

neuronal marker MAP1a increased modestly (Fig. 4.26). 

KLF4 mRNA expression was induced by ~12.6-fold with 150 and 200µM EX-527 

treatment (Fig. 4.25), consistent with KLF4 induction in CCD 841 CoN treated 

with EX-527 and ARPE-19 with SIRT1-FL knock-down, which both showed 
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neuronal transdifferentiation. SOX2 and c-Myc mRNA expression showed a small 

increase by up to 1.5-fold and 2-fold respectively with EX-527 treatment. 

 
Figure 4.26: qPCR analysis of neuronal marker expression in GBM1 cells after EX-527 
treatment. 
Fold change in MAP1a mRNA levels in GBM1 cancer stem like cells after 48 hours 
exposure to the indicated EX-527 doses, n=4 technical repeats ± SD from 1 
biological repeat. 

4.2.7 Increase in MAP2 protein expression with EX-527 

treatment 

As mRNA levels of the neuronal markers MAP1a and MAP2 were increased after 

EX-527 treatment it was important to see whether this resulted in their increased 

protein expression. ARPE-19 cells were treated with EX-527 at the indicated 

doses for the same time course (48 hours) and were then fixed.  
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Figure 4.27: Expression of the neuronal marker MAP2 in ARPE-19 cells treated with EX-
527. 
Representative immunofluorescent cell micrographs of ARPE-19 cells treated with 
the indicated EX-527 doses and DMSO control, showing the neuronal marker MAP2 
(green) and nuclear marker DAPI (blue). Images taken with x40 objective and scale 
bar indicates 20µm. n=1 biological repeat.  

Preliminary immunofluorescence analysis indicated an increase in MAP2 

expression with EX-527 treatment, with highest levels in cells with an elongated 

neuronal morphology (Fig. 4.27). 

4.2.8 Metabolic effects of SIRT1 knock-down/inhibition 

It has previously been shown that cellular differentiation can affect cell 

metabolism but also that the opposite is true, that the metabolic status of the cell 

can affect cell fate (Zheng et al., 2016; Ryu et al., 2018). As it was observed that 

SIRT1 knock-down or inhibition induced neuronal transdifferentiation it was 

assessed whether targeting SIRT1 resulted in any changes in the metabolic state 

of the cells.  

ARPE-19 and CCD 841 CoN non-cancer cells and HCT116 p53+/+ cancer cells 

were treated with EX-527 for 24 hours and their metabolic response was 

investigated using the Seahorse XFp metabolic analyser.  
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Figure 4.28: Cell energy phenotype of non-cancer and cancer cells after 24 hours EX-527 
treatment. 
ARPE-19 (a) CCD 841 CoN (b) non-cancer cells and HCT116 p53+/+ cancer cells 
(c) were treated with the indicated EX-526 doses for 24 hours prior to analysis. Cell  
energy phenotypes are shown compared to DMSO control cel ls ; basal metabolic 
phenotype is indicated by closed circles; metabolic stress response/capacity is 
indicated by open circles. n=3 biological repeats (3 technical replicates) ± SEM. 

ARPE-19 and CCD 841 CoN non-cancer cells appeared to be largely unaffected 

by 100µM EX-527 treatment (Fig. 4.28a & b), whereas 200µM EX-527 resulted 

in a more quiescent metabolic phenotype (glycolysis and oxidative 

phosphorylation were both reduced) which is consistent with their differentiated 

neuronal phenotype. As 200µM EX-527 induced toxic effects in HCT116 p53+/+ 

cancer cells which would lead to effects on metabolism, they were only analysed 

after 100µM EX-527. This dose of EX-527 led to an impairment in mitochondrial 
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respiration and during metabolic stress their ability to upregulate mitochondrial 

respiration or glycolysis was reduced compared to the DMSO control (Fig. 4.28c). 

 
Figure 4.29: Cell energy phenotype of ARPE-19 non-cancer cells after SIRT-FL siRNA 
transfection. 
ARPE-19 non-cancer cells were transfected with SIRT1-FL siRNA for 72 hours prior 
to analysis. Cell energy phenotype is shown compared to negative control siRNA 
transfected cells; basal metabolic phenotype is indicated by closed circles;  
metabolic stress response/capacity is indicated by open circles. n= 3 technical  
repeats ± SD from 1 biological replicate. 

Where ARPE-19 non-cancer cells had been transfected with SIRT1-FL siRNA, 

the rate of oxidative phosphorylation and glycolysis was decreased compared to 

the cells that had been transfected with control siRNA, showing that similarly to 

200µM EX-527 that the cells were more quiescent.  
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4.3 Discussion and Conclusions 

4.3.1 Preferential cytotoxic activity of the SIRT1 inhibitor 

EX-527 towards cancer cells in vitro, partially mimicking 

the effects of SIRT1-full length knock-down by RNAi  

The SIRT1 inhibitor EX-527 is reported to be ~100 fold more selective towards 

SIRT1 than SIRT2 or SIRT3. However, based on available mechanism of action 

data (Gertz et al., 2013), it might also be predicted to inhibit SIRT1-∆E2 and 

SIRT1-∆8 although this has not been demonstrated. Nevertheless, in 96 hours 

continuous drug exposure chemosensitivity assays EX-527 was significantly 

more active towards all ten cancer cell lines analysed compared to CCD 841 CoN 

non-cancer cells (p<0.0001) (Fig. 4.2 & Fig. 4.3, n=3 independent biological 

repeats). This included activity against seven cancer cell lines not previously 

analysed by SIRT1-FL knock-down (ovarian A2780 & CP70, prostate PC-3, lung 

H460 & A549, breast MDA-MB-231 & MDA-MB-436).  

Compared against ARPE-19 and PNT2 non-cancer cells, EX-527 showed small 

significant preferential cancer cell cytotoxicity but only towards a modest subset 

of the cancer cells tested, namely HCT116 p53+/+, HCT116 p53-/-, HT-29 and PC3 

(Fig. 4.2, n=3 independent biological repeats). In comparison with FDA-approved 

platinates (although this was restricted to HCT116 p53+/+ vs CCD 841 CoN), EX-

527 showed improved cancer cell selectivity on a par with that of FK866 (Fig. 4.4) 

indicating perhaps that it may have some therapeutic potential as a single agent 

towards certain cancers. It is presently unclear whether differences in activity 

towards different cell lines, including non-cancer cells, reflect EX-527 on-target 

effects (towards SIRT1-FL) and differential dependencies or off-target EX-527 

effects (e.g. towards SIRT1-∆E2, SIRT1-∆8, other sirtuins or other proteins). 

Different tissues have been reported to express different relative levels of the 

different splice variants (Shah et al., 2012; Lynch et al., 2010) with SIRT1-∆E2 

identified as a tissue-restrictive isoform (Deota et al., 2017) (section 1.4.2.2). The 

functional interrelationships and roles of the different variants are also not fully 
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understood with respect to redundancy or overlap of functions (adaptive 

response), opposing functions and distinct/unique functions. 

Preferential cytotoxicity of EX-527 was also observed with a shorter exposure of 

48 hours, with EX-527 inducing cancer cell apoptotic death (Fig. 4.9 & Fig. 4.10 

n=1 or n=2 biological repeats), as has previously been reported with SIRT1-FL 

knock-down (Ford et al., 2005). This was confirmed here, with SIRT1-FL knock-

down in the HCT116 p53+/+ cancer cells inducing a ~3.5 fold increase in the 

proportion of apoptotic cells (Fig. 4.1, n=1 biological repeat) which was similar to 

previously reported (Ford et al., 2005). Importantly, 48 hours 200µM EX-527 

treatment induced a comparable ~3-3.5-fold increase in apoptosis compared to 

DMSO vehicle controls in the HCT116 p53+/+ cancer cells but had little effects in 

ARPE-19 non-cancer cells (Fig. 4.9 & Fig. 4.10) suggesting improved cancer cell 

selectivity of EX-527 over a shorter exposure period. Importantly, selective 

activity was also observed against hypoxic HCT116 p53+/+ cancer cells, both by 

chemosensitivity assay (96 hours; Table 4.1 & Fig. 4.5, n=3 independent 

biological repeats) and 48 hours analyses (cell micrographs, cell counts, 

apoptotic assays; Fig. 4.7 – Fig. 4.10, n=2 biological repeats). Further 

investigations in other hypoxic cancer cells are required and at other oxygen 

tensions; interestingly, EX-527 also showed promising activity towards the GBM1 

cancer stem cell-like model (Fig. 4.7 – Fig. 4.10). 

Overall, EX-527 was able to partially recapitulate the effects of SIRT1-FL knock-

down and these results provide some validation of SIRT1-FL as a potential target 

for a subset of cancers. However, cancer cell selectivity appeared less than with 

an RNAi-based approach raising the possibility of off-target effects. With the 

advent of new genome editing technology, a CRISPR-based approach provides 

another therapeutic possibility for the future. It would be interesting to test 

whether EX-527 cancer cell cytotoxicity observed here could be rescued with 

knock-down of the transcription factor FOXO4. Previously, cancer cell apoptotic 

death induced by SIRT-FL knock-down was shown to be dependent on FOXO4 

(Ford et al., 2005; Allison et al., 2014) so this would provide an indication of what 

proportion of EX-527 cancer cell toxicity is due to on-target SIRT1-FL inhibition. 
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SIRT1 protein expression analyses indicated that the three non-cancer cell 

models all expressed lower SIRT1 levels than the cancer cell lines and there was 

some very weak inverse correlation between expression and IC50 in the cancer 

cells (Fig. 4.6). However, expression of splice variants was not analysed due to 

antibody availability and further work is required to understand which cancers are 

most dependent on SIRT1 for survival and in which contexts a sufficient 

therapeutic window may exist. Based on these findings as well as tumour 

suppressing/normal functions of SIRT1 reported in the literature (section 1.4.2), 

it may be a systemic approach to targeting SIRT1 is challenging and a loco-

regional approach or perhaps a SIRT1-based prodrug may be more appropriate. 

Thus, whilst the hypothesis that inhibition of SIRT1 is preferentially cytotoxic 

towards cancer cells is partially supported, the data suggests that this depends 

on the particular cancer cells. Additional work is required to fully understand 

which cancers may be most sensitive to SIRT1 and why. 

4.3.2 SIRT1 inhibitor EX-527 induces neuronal trans-

differentiation of ARPE-19 and CCD 841 CoN non-cancer 

cells 

SIRT1-FL knock-down by RNAi in the ARPE-19 retinal epithelial non-cancer cells 

induced a neuronal-like morphology that was rescued by SIRT1-Δ8 co-silencing 

(Fig. 4.12 & Fig. 4.13, n=1 or n=2 biological repeats), consistent with earlier 

findings (Allison et al. in preparation). These results support the model proposed 

in Figure 4.11 which suggest that SIRT1-FL constitutively suppresses neuronal 

transdifferentiation of these cells whereas SIRT1-Δ8 has an opposing function, 

being required for neuronal transdifferentiation. Importantly, EX-527 was able to 

induce similar neuronal-like morphology in the ARPE-19 cells and also in colon 

epithelial CCD 841 CoN non-cancer cells (Fig. 4.19 & Fig. 4.21, n=3 biological 

repeats) demonstrating that SIRT1-mediated regulation of cell fate or 

differentiation state was not restricted to the ARPE-19 cells. This also suggests 

that any inhibition of SIRT1-Δ8 by EX-527 is small at the tested doses as gene 

silencing experiments indicate that SIRT1-Δ8 is required for the neuronal 

phenotypic switch (Fig. 4.12). It would be interesting to further test this by 
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silencing SIRT1-Δ8 in EX-527 treated cells to see whether this prevents the EX-

527-induced neuronal phenotype. 

Importantly, further analyses showed that EX-527 induced mRNA expression of 

the commonly used neuronal markers MAP1a and MAP2 (Halpain and Dehmelt, 

2006; Dehmelt and Halpain, 2005) in the ARPE-19 and CCD 841 CoN cells (Fig. 

4.20 & Fig. 4.22, n=1 biological repeat) mimicking the effects of SIRT1-FL 

silencing in the ARPE-19 cells (appendix Fig. 9.1). This indicates that EX-527 

induces neuronal transdifferentiation and the neuronal-like/mesenchymal 

morphology is not induced epithelial-mesenchymal transition (EMT) or 

transdifferentiation to a mesenchymal cell type. Increased expression of MAP2 

protein was also evident in ARPE-19 non-cancer cells after 200µM EX-527 

exposure in more phenotypically elongated cells (Fig. 4.27). Further work is 

required to determine whether EX-527 treated cells permanently exit the cell 

cycle and terminally differentiate, or whether with EX-527 removal the 

differentiation phenotype is lost. Another key question is whether mature, 

functional neurons can be generated. This has important therapeutic implications 

with neurodegeneration being a major societal health problem. Previous research 

shows that SIRT1 has a role in neuroprotection, for example Kim et al. (2007) 

report that upregulation of SIRT1 or its activation by resveratrol, promotes 

neuronal survival and slows neurodegeneration. Here it is shown that 2 splice 

variants of SIRT1, SIRT1-FL and SIRT1-Δ8 have opposing effects on inducing 

the neuronal phenotype, with SIRT1-FL having a role in repressing the phenotype 

and SIRT1-Δ8 being required for it. Levels of SIRT1-Δ8 have previously been 

reported to be high in the brain (Lynch et al., 2010) which is interesting and 

consideration must be taken in terms of what splice variants have been targeted 

during previous studies which show that SIRT1 has a protective role in 

neurogenesis. 
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4.3.3 Effects of SIRT1-FL and SIRT1-Δ8 targeting on 

expression of stem cell and pluripotent/somatic 

reprogramming factors 

It was hypothesised that the neuronal transdifferentiation induced by SIRT1-FL 

silencing, or EX-527, may involve changes in somatic reprogramming factors or 

pluripotent/stem cell factors as it depends on some degree of de- and re- 

differentiation. In 2006, Yamanaka and colleagues showed that it was possible to 

reprogram adult somatic cells (fibroblasts) to a pluripotent stem cell state (iPSCs) 

by the exogenous addition of four transcription factors OCT4, SOX2, KLF4 and 

c-Myc (Takahashi and Yamanaka, 2006). Here, the effects of SIRT1-FL and 

SIRT1-Δ8 silencing and EX-527 on expression of somatic reprogramming factors 

and stem cell factors was assessed.  

SIRT1-FL silencing in the ARPE-19 cells caused a 10-fold increase in expression 

of the neural stem cell marker Nestin (Mangiola et al., 2007) whereas SIRT1-Δ8 

silencing had no effects (Fig. 4.14) consistent with their differential effects on 

ARPE-19 neuronal transdifferentiation. Similarly, EX-527 caused a 5.5-fold 

increase in Nestin expression in the CCD 841 CoN cells (Fig. 4.23). The effects 

of EX-527 on Nestin (and other stem cell factors) in the ARPE-19 cells is yet to 

be investigated. SIRT1-FL silencing in the ARPE-19 cells and EX-527 treatment 

in the CCD 841 CoN cells both also caused an increase in mRNA expression of 

the somatic reprogramming factor KLF4 but a small decrease in OCT4 (Fig. 4.14 

& Fig. 4.23). A ~2.5-fold increase in Nanog expression was also observed with 

200µM EX-527 treatment in the CCD 841 CoN cells (Fig. 4.23). Overall, these 

results indicate changes in stem cell/somatic reprogramming factors which are 

consistent with transition to a different neuronal differentiation state via a more 

progenitor state. It is currently unclear how SIRT1-FL silencing/inhibition results 

in these changes in expression, but it is hypothesised that they may be caused 

by epigenetic changes at the gene promoters given SIRT-FL function as a histone 

and protein deacetylase.   

In the case of retinal pigment epithelia (RPE), RPE cellular senescence and cell 

loss is a major cause of age-related macular degeneration (AMD) which can lead 
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to blindness (Kozlowski, 2012). There is interest as to whether differentiated RPE 

or other retinal cells could be reprogrammed to iPSC. Following de-differentiation, 

the ability to promote neuronal differentiation, for example by inhibiting SIRT1 

(these results), rather than mesenchymal differentiation to adipocytes or 

chondrocytes (Salero et al., 2012) could potentially be used to facilitate 

restoration of the retina in AMD or after injury.  

4.3.4 Inhibition of SIRT1 reduces ‘stemness’ of GBM1 

cancer stem cell-like cells 

ARPE-19 retinal epithelial non-cancer cells and CCD 841 CoN colon epithelial 

non-cancer cells actively proliferate in vitro. SIRT1 inhibitor EX-527 appears to 

induce their transdifferentiation to a non-proliferative neuronal-like phenotype 

(Fig. 4.19 & Fig. 4.21), raising the possibility that SIRT1 inhibition might affect 

cancer cell ‘stemness’. Targeting of CSCs is a major research priority due to 

growing evidence of their contribution to poor outcome (LaBarge, 2010). Previous 

research has shown that colon CSCs show high levels of SIRT1 and that its 

knock-down can result in a decrease in OCT4 and Nanog cancer stem cell 

markers, on the other hand SOX2 for example did not show a decrease (Chen et 

al., 2014b). GBM1s are characterised in the literature as being a cancer stem 

cell-like model due to their high expression of the neural markers Nestin and 

SOX2 and also they have the ability to self-renew and undertake multilineage 

differentiation (Wurdak et al., 2010b; Mangiola et al., 2007; Gangemi et al., 2009; 

Pollard et al., 2009). Interestingly, EX-527 treatment of the GBM1 cells resulted 

in substantially reduced confluency and cell number compared to controls (Fig. 

4.7, Fig. 4.8a, n=2 biological repeats) and some apoptosis (Fig. 4.9 & Fig. 4.10, 

n=2 biological repeats). However, there was also evidence of a change in 

morphology of adhered cells with some increased neurite-like projections 

suggestive of neuronal-like differentiation (Fig. 4.7 & Fig. 4.24). Consistent with 

progression to a more differentiated state, expression of somatic reprogramming 

factor KLF4 was increased by ~12-13 fold by 150 and 200µM EX-527 (Fig. 

4.25b). The functional consequences of this are unclear as KLF4 has been 

reported to promote glial/astrocyte differentiation (Qin and Zhang, 2012). c-Myc 
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expression was also increased by up to 2-fold (Fig. 4.25) and a modest increase 

in neuronal marker MAP1a was also observed (Fig. 4.26). Further work is 

warranted to determine whether cells fully differentiate and to which neuronal 

lineage and to assess effects of EX-527 as well as SIRT1-FL and SIRT1-Δ8 

knock-down on the differentiation and stemness of the other GBM cancer stem 

cell-like models. Nevertheless, these results suggest the potential of EX-527 as 

a differentiation-inducing therapeutic agent. 

4.3.5 Metabolic effects of suppressing SIRT1 

In the more metabolically active HCT116 p53+/+ cancer cells 100µM EX-527 

reduced cellular mitochondrial respiration and glycolysis and cellular capacity to 

respond to metabolic stress (Fig. 4.28, n=3 biological repeats). SIRT1 is reported 

in the literature to have complex roles in metabolism through its cellular 

substrates and depending on tissue context (Li, 2013). It deacetylates both HIF-

1α and HIF-2α, p53, and also the transcriptional co-activator PGC1α with which 

it co-localises to mitochondria implicating a role in regulation of mitochondrial 

biogenesis (Knight and Milner, 2012). Under fasting conditions SIRT1 can 

decrease the activity of phosphoglycerate mutase, leading to inhibition of 

glycolysis (Hallows et al., 2012). 

Metabolic flux analysis of ARPE-19 and CCD 841 CoN non-cancer cells under 

normal growth conditions indicated a ‘quiescent’ energy phenotype consistent 

with their non-cancer status (Fig. 4.28, n=3 biological repeats). 200µM EX-527 

treatment further promoted this ‘quiescent’ phenotype which is consistent with 

cell cycle exit/terminal differentiation (Fig. 4.28) and SIRT1-FL knock-down in 

ARPE-19 non-cancer cells similarly resulted in more quiescent metabolic state 

(Fig. 4.29, n=1 biological repeat). It will be interesting to observe whether SIRT1-

Δ8 knock-down or co-silencing with SIRT1-FL results in similar or different 

metabolic effects and whether these might be causally linked to the differentiation 

phenotype observed or a consequence of the differentiation phenotype or simply 

of SIRT1 targeting. Recently Ryu et al. (2018) showed that increased cytosolic 

NAD+ and reduced nuclear NAD+ resulted in adipocyte differentiation, whilst 
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increased  nuclear NAD+ sustained a preadipocyte state because of ADP-

ribosylation and inactivation of an adipogenic transcription factor.  

4.3.6 Conclusions  

The SIRT1 small molecule inhibitor EX-527 induced cancer selective cell death 

by apoptosis in a subset of cancer cell lines validating SIRT1-FL knock-down 

studies and feasibility with a small molecule inhibitor (Fig. 4.2, n=3 biological 

repeats & Fig. 4.7 - 4.10, n=2 biological repeats). In a non-cancer cell context, 

the data obtained suggests that EX-527 induces neuronal transdifferentiation of 

both ARPE-19 retinal epithelial and CCD 841 CoN colon epithelial cells extending 

previous SIRT1-FL ARPE-19 studies (Fig. 4.19-4.23). This was associated with 

induction of the neural stem cell marker Nestin and expression of neuronal 

markers MAP1a and MAP2. Preliminary data suggests that EX-527 is able to 

reduce stemness of GBM1 cancer stem cell-like cells with decreased expression 

of Nestin evident. However, additional work such as analysis of protein levels of 

neuronal and stem cell markers is required as well as further biological replicates 

for some experiments. 
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5. Epigenetic effects of supressing LDH-A 

and the therapeutic potential to re-

express epigenetically silenced tumour 

suppressor genes 

5.1 Introduction  

It is well known that in cancer cells many genes are epigenetically silenced or 

activated differentially to their non-cancer equivalents. There is therefore focus 

on developing drugs that can alter the epigenetic status of cancer cells which may 

lead to re-activation of silenced TSGs or silencing of activated oncogenes. 

Epigenetic therapy currently consists of DNA methylation inhibitors and/or 

histone deacetylation inhibitors. These result in hypomethylated DNA and histone 

acetylation respectively leading to a more open chromatin structure and therefore 

more active genes. 5’azacytidine and 5’aza-2’-deoxycytidine which are DNMT 

inhibitors and suberoylanilidehydroxamic acid and romidepsin (a depsipeptide) 

which are HDAC inhibitors are currently approved by the FDA for use as single 

treatments for some forms of cancer (Ahuja et al., 2016). There are also multiple 

ongoing clinical trials which are investigating the effects of combining HDAC 

inhibitors with DNMT inhibitors and also the use of them alongside clinically 

available cancer therapies (Ahuja et al., 2016). Although these drugs have been 

approved by the FDA for use in the clinic, as with many other approved 

chemotherapeutic drugs they lack specificity towards cancer cells leading to dose 

limiting side effects. A key consideration is what these drugs are doing to the 

epigenetic state of non-cancer cells. 

Identifying treatments that selectively alter the epigenetic state of cancer cells 

and not non-cancer cells to cause re-expression of epigenetically silenced TSGs 

or silence activated oncogenes, may lead to better patient outcome. Therefore, 

the aim of this chapter was to preliminary investigate possible approaches to 
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target/reverse cancer cell epigenetic alterations specifically without affecting the 

epigenetics of non-cancer cells. 

SIRT1 is an NAD+-dependent histone and protein deacetylase (section 1.4.2) and 

an established epigenetic regulator of cellular transcriptional activity both through 

the direct deacetylation of histones and of chromatin-modifying enzymes (e.g. 

p300 HAT) (Bouras et al., 2005). One of the primary substrates of SIRT1 is 

acetylated K9 of histone H3 which is an active chromatin mark and associated 

with transcriptional activation (Vaquero et al., 2004). When the residue is 

deacetylated it is available for methyl addition which promotes a more condensed 

chromatin structure and is associated with transcriptional silencing. SIRT1 has 

also been reported to deacetylate H3K14 and H4K16 (Zhang and Kraus, 2010). 

Whilst there have been a number of ‘epigenetic therapy’ studies on the class I, II 

an IV HDACs, which are not dependent on NAD+ for deacetylase activity, there 

have been few studies on targeting SIRT1 as a potential way of altering the 

epigenetics of cancer cells. An important study by Pruitt et al. (2006) report that 

shRNA-mediated knock-down of SIRT1 or inhibition using the S. cerevisiae Sir2 

inhibitor splitomicin leads to the reactivation of several epigenetically silenced 

TSGs. Used in combination with DNMT inhibitors or the class I/II HDAC inhibitor 

TSA, this led to a synergistic increase in gene expression. The SIRT1 inhibitor 

used in this study was splitomicin which is not specific towards the mammalian 

SIRT1 orthologue alone. Nevertheless, the findings are very promising and 

suggest SIRT1 as a potential target to re-activate TSGs, however, possible 

unwanted effects of SIRT1 silencing or inhibition on non-cancer gene expression 

were not analysed. In chapter 4 it is shown that the activity and cancer cell vs. 

non-cancer cell selectivity of selective SIRT1 inhibitor EX-527 varies depending 

on the non-cancer/cancer cell line, which may be due to differences in the 

epigenetics of the different cell lines. Inhibition of SIRT1 in a cancer selective 

manner would be useful in terms of potentially altering cancer cell epigenetics 

without on-target side effects in non-cancer cells. 

LDH-A knock-down/inhibition, through cancer selective NADH increase and 

NAD+ decrease, can modestly decrease SIRT1 activity in a cancer selective 

manner, although as previously mentioned is dependent on the p53 status of the 
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cell (Allison et al., 2014). It was hypothesised that supressing LDH-A may 

therefore, via its effects on SIRT1 activity, provide a way for cancer selective 

alteration of histone acetylation/epigenetic state (Fig. 5.1). 

 
Figure 5.1: Schematic of hypothesised model of the effects of LDH-A knock-
down/inhibition on histone acetylation. 
Inhibition or knock-down of LDH-A results in a cancer selective reduction in 
NADH/NAD+ ratio which modestly decreases SIRT1 activity (Allison et al. , 2014), 
leading to the possibi lity that LDH-A targeting can alter acetylation status of 
histones and gene expression.  

In addition, another potential mechanism by which LDH-A could impact on 

epigenetics has emerged. It has been reported that under hypoxic conditions 

LDH-A and MDH1/2 through promiscuous substrate use, catalyse the reduction 

of α-KG to L-2HG (Intlekofer et al., 2015; Oldham et al., 2015). L-2HG is an 

oncometabolite which is known to competitively antagonise and inhibit α-KG 

dependent TET enzymes involved in the demethylation of DNA and also the α-

KG dependent Jumonji family of lysine histone demethylases (see section 1.6.2). 

Due to this, methylation of DNA and specific histones regulated by the Jumonji 

family of demethylases could increase, which may result in a more condensed 

chromatin structure and gene repression (Fig. 5.2). 

As mentioned in section 1.6.2 the TET enzymes catalyse the first step of the 

demethylation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) 

and this process relies on α-KG for its action (Ito et al., 2010). Different members 

of the α-KG dependent Jumonji family of histone demethylases have specificity 

for different methylated lysines. This includes KDM4C which specifically 

demethylates the repressive histone mark tri-methylated H3K9 and has been 

shown to be inhibited by L-2HG (Intlekofer et al., 2015). 
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Figure 5.2: Schematic summarising the role of LDH-A and MDH1/2 in generation of L-2HG 
under hypoxia and possible downstream effects of this. 
LDH-A and MDH1/2 are reported to catalyse α-KG reduction to L-2HG under hypoxic 
conditions. L-2HG inhibits α-KG-dependent TET enzymes involved in DNA 
demethylation and α-KG-dependent histone demethylases (KDMs), leading to 
increased DNA and histone methylation.   

Based on these findings it was hypothesised that there are two potential 

mechanisms by which LDH-A knock-down/inhibition might selectively affect the 

epigenetic state of cancer cells i) via cancer selective SIRT1 inhibition under 

normoxia/hypoxia and ii) specifically under hypoxia via inhibition of L-2HG 

oncometabolite production. 
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5.2 Results 

5.2.1 LDH-A knock-down in HCT116 p53+/+ cancer cells 

leads to alterations in histone modifications 

HCT116 p53+/+ cancer cells were initially chosen to assess whether LDH-A 

targeting has any epigentic effects as it has previously been shown that LDH-A 

silencing in these cells can modestly reduce SIRT1 activity (Allison et al., 2014).  
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Figure 5.3: Immunoblots showing changes in key histone modifications in HCT116 p53+/+ 
cancer cells in response to LDH-A silencing by RNAi. 
a. Western blot analysis of the effects of LDH-A silencing on histone modifications 
H3K9me3 and H3K9ac in HCT116 p53+/+ cells under normoxic  and hypoxic 
conditions 72 hours post  transfection with LDH-A siRNA. Histone H3 and actin 
shown as loading controls. n=1 biological repeat. b. Densitometric quant if ication of 
H3K9ac and H3K9me3 protein levels after transfection of HCT116 p53 +/+ cel ls with 
LDH-A siRNA under normoxic and hypoxic conditions. Levels are normalised to total 
H3 and expressed as a fold change relative to levels in control siRNA transfected 
cells under normoxic condit ions.  

Immunoblots (Fig. 5.3) showed that LDH-A protein expression was decreased 

after LDH-A siRNA transfection by 58% under normoxic conditions and 62% 

under hypoxic conditions. Interestingly under hypoxic conditions, LDH-A knock-
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down in HCT116 p53+/+ cancer cells resulted in a decrease in total levels of the 

repressive histone mark trimethylated lysine 9 (K9) of histone H3 (H3K9me3) 

(1.7-fold decrease) and an increase in levels of the active histone mark acetylated 

H3K9 (H3K9ac) (by 1.7-fold) compared to control cells (Fig. 5.3). This is 

consistent with reduced L-2HG levels under hypoxia and reduced inhibition of α-

KG dependent demethylases as a result of LDH-A depletion. However, it has not 

been experimentally tested whether LDH-A knock-down does indeed cause a 

decrease in L-2HG. Some modest effects were also observed under normoxic 

conditions with total levels of trimethylated H3K9 increasing slightly in response 

to LDH-A siRNA and levels of acetylated H3K9 showing a concomitant small 

decrease (Fig. 5.3).    

The other notable and unexpected change was an increase in total acetylated 

H3K9 under hypoxic conditions compared to normoxia. Interestingly, protein 

levels of the deacetylase SIRT1, which is known to deacetylate this specific lysine 

on H3 (Vaquero et al., 2004) were also reduced under hypoxia possibly 

accounting for the increased acetylated K9 levels observed. 

 
Figure 5.4: Cell micrographs of HCT116 p53+/+ cancer cells after LDH-A knock-down. 
Cell images taken 72 hours post LDH-A or control siRNA transfection under 
normoxic (21% O2) and hypoxic (0.1% O2) conditions in HCT116 p53+/+ cancer cells.  
Images taken with x10 objective and scale bar indicates 100µm. n=2 biological 
repeats.  
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Phenotypically partial LDH-A depletion by RNAi resulted in reduced cell number 

and an increase in the number of floating birefringent cells (Fig. 5.4) suggestive 

of reduced cell growth and increased death. This is consistent with previous 

studies (Ford et al., 2005). At present it is unclear whether the observed 

epigenetic effects of LDH-A knock-down and potential effects on epigenetically 

regulated TSG and oncogenes are causally related to the reduced cell 

number/death observed. 

5.2.2 Effects of LDH-A inhibition on levels of 5-

hydroxymethylcytosine (5hmC), a marker of DNA 

demethylation 

The effects of LDH-A knock-down on methylated and acetylated K9 of H3 under 

hypoxia are consistent with an L-2HG/α-KG-related mechanism (Fig. 5.2) and 

increased activity of KDMs and TET enzymes, raising the possibility of effects of 

LDH-A knock-down/inhibition on DNA methylation. To assess this further, effects 

of the LDH-A small molecule inhibitor NHI-2 (Granchi et al., 2013) on levels of 

5hmC were assessed.  

NHI-2 has previously been shown to selectively inhibit LDH-A (5-fold preferential 

activity towards LDH-A cf. LDH-B in cell-free assays) (Granchi et al., 2013) and 

to reduce the cancer cell NAD+:NADH ratio in p53 wild-type cancer cells 

consistent with LDH-A inhibition. To further test the cellular selectivity of NHI-2 

towards LDH-A, the effects of acute cellular exposure to NHI-2 on glycolysis and 

oxygen consumption were determined using the Seahorse XFp metabolic 

analyser (Fig. 5.5). Acute cellular exposure to 1µM NHI-2 modestly reduced 

glycolytic rate in HCT116 p53+/+ cancer cells (Fig. 5.5a) and glycolytic capacity 

(Fig. 5.5b) consistent with inhibition of LDH-A glycolytic activity whereas no 

effects on mitochondrial respiration (OCR) (Fig. 5.5c) were observed.  
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Figure 5.5: Acute metabolic response of HCT116 p53+/+ cancer cells to LDH-A inhibitor, 
NHI-2. 
HCT116 p53+/+ cancer cel ls were analysed for immediate metabolic effects of 1µM 
NHI-2 exposure compared with DMSO vehicle control, as determined using the XFp 
glycolytic stress test. Mean glycolytic rate (a), capacity (b) and oxygen consumption 
rate (OCR) (c) were recorded. n=3 technical repeats ± SD from 1 biological repeat . 

As a positive control for increased levels of 5hmC, cells were treated with the 

DNA demethylating agent 5’-aza-2’deoxycytidine (decitabine). Whilst 5’-aza-

2’deoxycytidine results in DNA demethylation principally through sequestering 

and inhibition of DNMTs, studies have shown that 5’-aza-2’deoxycytidine 

increases 5hmC levels, although this can be cell-context specific (Vető et al., 

2018; Sajadian et al., 2015). 

In the HCT116 p53+/+ cells, 24 hours treatment with 5’-aza-2’deoxycytidine 

increased 5hmC nuclear staining with punctate foci apparent in nuclear regions 
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that stained less intensely with nuclear dye DAPI (DAPI binding preference for 

AT-rich dsDNA) (Fig. 5.6). However, some positive staining was also evident 

outside the nucleus in both treated and control cells, suggesting some non-

specific binding and that immunofluorescence conditions could be further 

optimised.  

 
Figure 5.6: Analysis of 5-hydroxymethylcytosine in HCT116 p53+/+ cancer cells treated with 
‘5-aza-‘2-deoxycytidine.  
Representative immunofluorescent images of HCT116 p53+/+ cancer cells showing 
expression of 5-hydroxymethylcytosine (5hmC) (green) after treatment with 10µM 
‘5-aza-‘2-deoxycytidine for 24 hours, fixed cells counterstained with DAPI (blue).  
x63 objective; scale bar indicates 10µm. n=1 biological repeat.  

HCT116 p53+/+ cells were treated with several different concentrations of LDH-A 

inhibitor NHI-2 for 48 hours and effects on 5hmC levels were similarly assessed 

for possible effects of LDH-A inhibition on DNA demethylation (Fig. 5.7). In 

contrast to the increase in 5hmC with 5-aza-‘2-deoxycytidine treatment, there 

was no discernible induction of 5hmC in response to any of the tested NHI-2 

concentrations. This was the case both for cells treated under normoxia and also 

under hypoxic conditions (Fig. 5.7) where effects on histone demethylation were 

earlier observed (Fig. 5.3). 

 
 
 
 
 



 
237 

 

 
Figure 5.7: Analysis of 5-hydroxymethylcytosine in HCT116 p53+/+ cancer cells treated with 
NHI-2 under different O2 tensions. 
Representative immunofluorescent images of HCT116 p53+/+ cancer cells showing 
expression of 5-hydroxymethylcytosine (5hmC) (green) after treatment with LDH 
inhibitor NHI-2 at the indicated doses for 48 hours under normoxic (21% O 2) and 
hypoxic conditions (0.1% O 2), f ixed cells counterstained with DAPI (blue) . x63 
objective and scale bar represents 20µm. n=1 biological repeat.  



 
238 

 

5.2.3 Epigenetic effects of targeting LDH-A in other 

cancer cell lines 

The epigenetic effects of LDH-A knock-down were next examined in MDA-MB-

231 triple negative breast cancer cells, to assess whether there are similar effects 

on histone modifications as observed in the HCT116 p53+/+ colorectal cancer 

cells. In addition, it has previously been reported that the cell-cell adhesion 

molecule E-cadherin, a TSG, is epigenetically silenced in MDA-MB-231 cells 

(Chao et al., 2010). Furthermore, work by Pruitt et al. (2006) have shown that E-

cadherin mRNA expression can be re-activated following knock-down of 

deacetylase SIRT1. It was hypothesised that modifications of histones via LDH-

A knock-down may also lead to the re-expression of E-cadherin. 

As Figure 5.8 shows, in the absence of any knock-down, comparing histone 

modification levels under normoxic and hypoxic conditions, as in the HCT116 

p53+/+ cells, basal total levels of acetylated H3K9 increased. In contrast to the 

HCT116 p53+/+ cells, however, levels of trimethylated H3K9 also increased. In 

response to LDH-A silencing, under normoxic conditions levels of trimethylated 

H3K9 decreased (1.4-fold) whereas levels of acetylated H3K9 increased 

modestly. These effects are broadly consistent with what one might expect with 

a reduction in SIRT1 deacetylase activity as a result of LDH-A silencing (Allison 

et al., 2014) although this has not been investigated further and other 

mechanisms may be at play. Under hypoxia, a reduction in trimethylated H3K9 

was also observed but this was also the case for acetylated H3K9 levels. 
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Figure 5.8: Effects of LDH-A silencing by RNAi on histone modifications in MDA-MB-231 
triple negative breast cancer cells. 
a. Western blot analysis of LDH-A/B protein levels, and histone modifications 
H3K9me3 and H3K9ac in MDA-MB-231 cancer cells after LDH-A si lencing by RNAi 
for 72 hours; histone H3 as loading control . n=1 biological repeat.  b. Densitometric 
quantif ication of H3K9me3 and H3K9ac protein expression after LDH-A RNAi 
treatment under normoxic and hypoxic conditions. Levels normalised to total H3 
and fold change expressed compared to normoxic siRNA negative control.  

To see if the LDH-A inhibitor, NHI-2, induces similar effects to LDH-A knock-down 

in the MDA-MB-231 cells under normoxic conditions, the cells were treated with 

NHI-2 for 48 hours and then harvested for analysis of histone modifications by 

immunoblotting (Fig. 5.9). 
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Figure 5.9: Effects of LDH-A inhibitor NHI-2 on histone modifications in MDA-MB-231 triple 
negative breast cancer cells. 
a. Western blot analysis of LDH-A/B protein levels, and histone modifications 
H3K9me3 and H3K9ac in MDA-MB-231 cancer cells treated with NHI -2 at the 
indicated doses for 48 hours;  histone H3 as loading control . n=1 biological repeat.  
b. Densitometric quantif ication of H3K9me3 and H3K9ac protein expression after 
NHI-2 treatment under normoxic (21% O 2) conditions. Levels normalised to total H3 
and fold change expressed compared to DMSO control.  

Effects were dose-dependent and modest, however, similar to the effects 

observed with LDH-A knock-down under normoxic conditions (Fig. 5.8), 25µM 

NHI-2 resulted in a small reduction in total levels of trimethylated H3K9 and an 

increase in acetylated H3K9 (Fig. 5.9).  

These results in the MDA-MB-231 cancer cells, whilst reporting total levels of two 

key histone H3 modifications rather than epigenetic modifications at specific gene 

promoters, suggest that targeting LDH-A may result in a less repressive 

epigenetic state (total levels of H3K9me3 decrease (repressive histone mark), 

levels of H3K9ac increase (active histone mark)). Whilst requiring further 

investigation, this in turn increases the likelihood that LDH-A targeting could 

potentially provide a means to re-activate epigenetically silenced TSGs such as 

E-cadherin in certain cell contexts. 
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5.2.4 SIRT1 inhibitor EX-527 induces re-expression of 

epigenetically silenced E-cadherin in MDA-MB-231 

cancer cells 

Prior to investigation of effects of targeting LDH-A on epigenetically silenced E-

cadherin in the MDA-MB-231 cells, it was determined whether the SIRT1 

inhibitor, EX-527, was able to re-activate expression of E-cadherin. Previously, 

Pruitt et al. (2006) reported that SIRT1 shRNAs and the yeast Sir2 inhibitor 

splitomicin induce expression of E-cadherin mRNA in MDA-MB-231 cancer cells 

(Pruitt et al., 2006). As seen in Figure 5.10 qPCR analysis shows that the SIRT1 

small molecule inhibitor EX-527 was also able to induce gene expression of 

epigenetically silenced TSG E-cadherin in a dose- and time- dependent manner. 

mRNA levels increased by >50-fold with 200µM EX-527 treatment for 48 hours. 
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Figure 5.10: qPCR analysis of E-cadherin mRNA expression in MDA-MB-231 cancer cells 
after EX-527 treatment. 
Fold change in E-cadherin (CDH1) mRNA expression in MDA-MB-231 cells after 
exposure to the indicated EX-527 doses for 24 (a) and 48 hours (b). n=4 technical 
repeats ± SD from 1 biological replicate. 

Phenotypically, the MDA-MB-231 cells became more elongated with EX-527 

treatment, with a notable reduction in cell number following 48 hours treatment 

also evident compared to vehicle control cells (Fig. 5.11). EX-527 did not appear 

to induce cell death as it does in the HCT116 p53+/+ cancer cells (Fig. 4.8 & Fig. 

4.10) consistent with its higher 96 hours IC50 towards MDA-MB-231 cells (Fig. 

4.2), although viability was not directly assayed. This suggested that the reduced 

cell number may be due to inhibition of cell growth or cell cycle effects. 

Unexpectedly, the observed morphological change was not to a more classically 

epithelial-like state suggesting other effects of EX-527 beyond re-expression of 

E-cadherin, although the migratory potential of the cells was not assessed. 
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Figure 5.11: Cell micrographs of MDA-MB-231 after 24 and 48 hours exposure to SIRT1 
inhibitor EX-527. 
Cell images of MDA-MB-231 cells treated with EX-527 at the indicated doses for 24 
and 48 hours. Images taken with x10 objective and scale bar indicates 100µm.  n=2 
biological repeats 
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5.2.5 E-cadherin re-expression with EX-527 treatment in 

hypoxic MDA-MB-231 cancer cells 

The ability of SIRT1 inhibition or knock-down to re-activate epigenetically 

silenced genes under hypoxic conditions has not previously been reported in the 

literature. Given the typical chemo- and radio-resistance of hypoxic cancer cells 

and also commonly an increased migratory phenotype (Muz et al., 2015), the 

question was whether EX-527 could induce expression of epigenetically silenced 

E-cadherin under hypoxic conditions. As Figure 5.12 shows, 100µM EX-527 

treatment for 48 hours induced E-cadherin mRNA levels in hypoxic MDA-MB-231 

cells by 2.3-fold whereas at this concentration little induction was observed under 

normoxic conditions.  

 
Figure 5.12: qPCR analysis of E-cadherin under normoxic and hypoxic conditions.  
Fold change in E-cadherin (CDH1) mRNA expression in MDA-MB-231 cancer cells 
after 48 hours exposure to 100µM EX-527 under normoxic and hypoxic conditions,  
n=4 technical repeats ± SD from 1 biological replicate.  

MDA-MB-231 cells cultured under hypoxic conditions appeared to grow more 

slowly than a parallel culture grown under normoxic conditions (Fig. 5.13) and 

were more elongated/mesenchymal in morphology. Morphology appeared similar 

or more pronounced with EX-527 treatment. 
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Figure 5.13: Cell micrographs of MDA-MB-231 after 48 hours EX-527 exposure under 
normoxic and hypoxia. 
Cell images of MDA-MB-231 cancer cells after 48 hours treatment with 100µM EX-
527 under normoxic (21% O 2) and hypoxic (0.1% O2) conditions. Images taken with 
x10 objective and scale bar indicates 100µm. n=2 biological repeat.  

5.2.6 Effects of targeting LDH-A on E-cadherin 

expression 

Having observed re-activation of epigenetically silenced E-cadherin by SIRT1 

inhibition (Fig. 5.10) and induction of active histone markers by LDH-A knock-

down/inhibition (Fig. 5.8 + Fig. 5.9), effects of targeting LDH-A on E-cadherin 

expression was assessed. As Figure 5.14 shows, LDH-A siRNA reduced LDH-A 

mRNA levels by 64% compared to control siRNA under normoxic conditions. 

Under hypoxia, LDH-A mRNA levels were increased consistent with upregulation 

of LDH-A by HIF-1α but with mRNA levels reduced by LDH-A siRNA to similar 

levels as silencing under normoxia. Importantly expression of E-cadherin mRNA 

increased by 2.3-fold in MDA-MB-231 cells in response to LDH-A silencing under 

normoxic conditions. No increase was seen under hypoxic conditions consistent 

with complex effects seen on histone modifications under hypoxia (decreased 

H3K9me3 and decreased H3K9ac). Although LDH-A silenced MDA-MB-231 cells 
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under normoxia showed increased E-cadherin at the mRNA level, immunoblot 

analysis failed to detect E-cadherin at the protein level (Fig. 5.15).  

 
Figure 5.14: qPCR analysis of LDH-A and E-cadherin mRNA expression in MDA-MB-231 
cells after RNAi mediated silencing of LDH-A. 
Fold change in LDH-A (a) and E-cadherin (CDH1) (b) mRNA expression in MDA-
MB-231 after transfection with LDH-A or control siRNA for 72 hours under normoxic 
(21% O2) and hypoxic (0.1% O2) condit ions. n=4 technical repeats ± SD from 1 
biological replicate.  
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Figure 5.15: Protein expression of E-cadherin after LDH-A knock-down in MDA-MB-231 
cancer cells. 
Immunoblots showing any potential re-expression of E-cadherin protein in MDA-
MB-231 cancer cells after LDH-A or control siRNA transfection for 72 hours under 
normoxic (21% O2) and hypoxic (0.1% O2) conditions. HCT116 p53+/+ epithelial 
cancer cells shown as a positive control for cel ls that express E -cadherin. Histone 
H3 shown as loading control and LDH-A shown to confirm reduction in LDH-A 
protein by LDH-A siRNA. n=1 biological repeat.  

Phenotypically the number of MDA-MB-231 cells appeared reduced following 

LDH-A silencing compared to siRNA control and cell morphology was altered but 

notably differently to that with EX-527 (Fig. 5.16). 
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Figure 5.16: Cell micrographs of MDA-MB-231 cells after LDH-A knock-down. 
Cell images of MDA-MB-231 cancer cells 72 hours post LDH-A or control siRNA 
transfection under normoxic (21% O 2) and hypoxic (0.1% O2) conditions. Images 
taken with x10 objective and scale bar indicates 100µm.  n=2 biological repeat.  

Effects on E-cadherin expression were also analysed following treatment of 

MDA-MB-231 cells with NHI-2 given its effects on total levels of trimethylated 

H3K9 (Fig. 5.9). No major effects on E-cadherin expression at the mRNA levels 

were seen after NHI-2 treatment (Fig. 5.17) or at the protein level (Fig. 5.18). 
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Figure 5.17: qPCR analysis of E-cadherin mRNA levels in MDA-MB-231 cancer cells after 
NHI-2 treatment for 48 hours. 
Fold change in LDH-A (a) and E-cadherin (CDH1) (b) mRNA expression in MDA-
MB-231 cancer cells after treatment with NHI -2 or DMSO vehicle control at the 
indicated doses for 48 hours. n=4 technical repeats ± SD from 1 biological replicate. 
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Figure 5.18: Protein expression of E-cadherin in MDA-MB-231 cancer cells after NHI-2 
treatment for 48 hours. 
Immunoblot analysis of potential E-cadherin protein re-expression in MDA-MB-231 
cancer cells after treatment with NHI -2 or DMSO vehicle control at the indicated 
doses for 48 hours. HCT116 p53+/+ cells shown as a positive control of E-cadherin 
expression. Histone H3 shown as loading control.  n=1 biological repeat. 

5.2.7 Effect of EX-527 treatment combined with LDH-A 

knock-down on E-cadherin expression under hypoxic 

conditions 

Under hypoxia, EX-527 induced E-cadherin mRNA expression (Fig. 5.12) 

whereas LDH-A silencing had little or no effect (Fig. 5.14). It was hypothesised 

that epigenetic effects of targeting LDH-A may not be sufficient to induce 

expression but that combination with EX-527 enhanced expression could be 

observed. 
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Figure 5.19: qPCR analysis of E-cadherin mRNA expression in MDA-MB-231 cancer cells 
after EX-527 treatment in the presence or absence of LDH-A knock-down. 
Fold change in E-cadherin (CDH1) mRNA levels in MDA-MB-231 cancer cel ls after 
48 hours treatment with 100µM EX-527 in the absence or presence of LDH-A knock-
down for 72 hours under normoxic (21% O 2) and hypoxic (0.1% O2) conditions. n=4 
technical repeats ± SD from 1 biological replicate. 

As shown in Figure 5.19 the combination of LDH-A knock-down and inhibition of 

SIRT1 with EX-527 under hypoxia did lead to a modest increase in E-cadherin 

mRNA expression compared to EX-527 treatment or LDH-A knock-down alone.  

5.2.8 EX-527 treatment of MDA-MB-231 cancer cells 

induces expression of neuronal markers- an effect that 

is partially mirrored by LDH-A knock-down 

Whilst EX-527 treatment of MDA-MB-231 cancer cells and LDH-A knock-down 

induced mRNA expression of epigenetically silenced E-cadherin, no E-cadherin 

protein was detectable and there was no evidence of increased cell-cell contacts 

or development of a more epithelial-like morphology. Indeed, in response to EX-

527 it was noted that the cells became more elongated, mesenchymal like or 

more neuronal like cells (Fig. 5.11), which corresponded with what was seen 

when ARPE-19 and CCD 841 CoN non-cancer cells were treated with EX-527 

(Fig. 4.19 & Fig. 4.21). 
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Figure 5.20: qPCR analysis of neuronal markers in MDA-MB-231 cancer cells after EX-527 
treatment. 
Fold change in MAP1a and Nestin mRNA levels in MDA-MB 231 cancer cells after 
treatment with indicated EX-527 doses or DMSO vehicle control for 24 (a) and 48 
hours (b), n=4 technical repeats ± SD from 1 biological replicate. 

To see whether this change in morphology might be due to neuronal 

transdifferentiation as seen in ARPE-19 and CCD 841 CoN non-cancer cells, 

qPCR analysis was performed to examine the mRNA levels of the neuronal 

markers MAP1a and neural stem cell marker Nestin. MAP1a mRNA levels were 

increased up to 16-fold and 6-fold in MDA-MB-231 cancer cells after 24 and 48 

hours exposure to 200µM EX-527 respectively. Nestin mRNA levels were also 

increased after 24 hours EX-527 but as with MAP1a at 48 hours the increase was 

less (Fig. 5.20). 
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A change in morphology was also noted when LDH-A knock-down was performed 

in the MDA-MB-231 cells (Fig. 5.16), although less resembling a neuronal 

morphology compared to that with EX-527 treatment. qPCR analysis in Figure 

5.21 showed that MAP1a and Nestin mRNA levels were both increased by 2.6 

and 2.2-fold and 1.5 and 5.5-fold after LDH-A knock-down under normoxic and 

hypoxic conditions, respectively.  

 
Figure 5.21: qPCR analysis of neuronal marker mRNA levels after LDH-A knock-down in 
MDA-MB-231 cancer cells. 
Fold change in MAP1a and Nestin mRNA levels in MDA-MB-231 cancer cel ls after 
LDH-A or control siRNA transfection for 72 hours under normoxic (21% O 2) and 
hypoxic (0.1% O2) conditions. n=4 technical repeats ± SD from 1 biological 
replicate. 
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5.3 Discussion and conclusions  

5.3.1 Suppressing LDH-A increases global levels of 

acetylated K9 of histone H3 and reduces global levels of 

trimethylated H3K9 but with cancer cell heterogeneity 

It was hypothesised that targeting of the glycolytic enzyme LDH-A, could provide 

a potential way of reversing cancer cell epigenetic modifications, such as 

epigenetic silencing of TSGs without the epigenetics of non-cancer cells also 

being affected. Whilst initial investigations here were restricted to two cancer cell 

line models and non-cancer cells have not been analysed for lack of any effects, 

preliminary proof-of-principle is provided that targeting LDH-A can impact on 

cellular histone modifications (via use of a validated LDH-A siRNA and small 

molecule inhibitor (Allison et al., 2014). However, additional biological replicates 

are required to confirm this and whilst the data is broadly supportive of the 

hypothesis that LDH-A can affect cancer cell epigenetics, more work is required 

to investigate the mechanisms responsible as discussed below. 

In HCT116 p53+/+ colorectal cancer cells, LDH-A knock-down by RNAi under 

hypoxic conditions (0.1% O2) resulted in a decrease in trimethylated K9 of H3, 

which is known to be a repressive transcriptional mark and an increase in 

acetylated H3K9, which is associated with active gene transcription and a more 

open chromatin structure (Kimura, 2013) (Fig. 5.3). These results are consistent 

with the model proposed in Figure 5.2, that LDH-A knock-down under hypoxic 

conditions reduces levels of the oncometabolite L-2HG being produced leading 

to reduced inhibition of the α-KG dependent Jumonji family of lysine histone 

demethylases. Whilst this would account for the global decrease in trimethylated 

H3K9 and enable acetylation of demethylated K9 residues, L-2HG levels have 

not been measured and it is possible that other mechanisms may be responsible. 

In the triple negative breast cancer cell line MDA-MB-231, LDH-A knock-down in 

hypoxic cells also reduced trimethylated H3K9 levels but acetylated K9 levels 

also decreased (Fig. 5.8). Further experiments are required to confirm the 
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reproducibility of these findings in both HCT116 p53+/+ and MDA-MB-231 cells 

and also to examine effects of LDH-A targeting under hypoxia on trimethylated 

H3K9/acetylated H3K9 in a range of other cancer cell lines. Direct measurement 

of L-2HG levels, for example by GC-MS (Oldham et al., 2015) would allow 

correlation of any histone methylation effects with changes in L-2HG levels. 

To further dissect the mechanism(s) involved, and the proposed role of changes 

in L-2HG levels, it would be interesting to assess whether artificial restoration of 

L-2HG levels, for example using a cell-permeable L-2HG derivative (Oldham et 

al., 2015) was able to reverse the global reduction in trimethylated H3K9 levels. 

The enzyme L-2HG dehydrogenase catalyses the oxidation of L-2HG to α-KG 

and similarly it could be overexpressed in cells to see if this can recapitulate the 

effects of LDH-A knock-down. 

Effects of targeting LDH-A on acetylated/methylated K9 were also examined 

under normoxic conditions (Fig. 5.3, Fig. 5.8 & Fig. 5.9). In the HCT116 p53+/+ 

cells, there was little effect of LDH-A knock-down with a very small decrease in 

acetylated H3K9 and a small increase in trimethylated H3K9 observed, however, 

this is not consistent with the model proposed in Figure. 5.1. In contrast, in MDA-

MB-231 cells a small increase in global levels of acetylated H3K9 with a 

concomitant decrease in trimethylated H3K9 was observed both with LDH-A 

silencing and with NHI-2 treatment (Fig. 5.8 & Fig. 5.9), which would be consistent 

with a reduction in SIRT1 activity due to reduced NAD+ levels (Fig. 5.1). 

Previously, however, it has been reported that reduced NAD+ relative to NADH 

caused by LDH-A targeting is dependent on wild-type p53 and is not observed in 

p53-null cells (Allison et al., 2014). Interestingly, though, possible effects on 

NADH/NAD+ have not been examined in p53 mutant cells. MDA-MB-231 cells 

have a missense mutation resulting in an amino acid substitution (R280K) (Bae 

et al., 2014). Importantly, some p53 mutations are reported to confer novel, gain 

of function including R280K substitution (Bae et al., 2014). It would be worthwhile 

to assess what effect LDH-A targeting has on NADH/NAD+, nuclear NAD+ and 

SIRT1 activity in these cells. Although LDH-A knock-down did not globally 

increase acetylated H3K9 levels in the HCT116 p53+/+ cells, previously reported 

effects on SIRT1 activity were modest and focused on p53 as a substrate (Allison 
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et al., 2014). Nevertheless, it is possible that LDH-A silencing and decreased 

SIRT1 activity results in localised increases in acetylated H3K9 at individual gene 

promoters that are not discernible with analysis of total/global acetylated H3K9 

levels. 

The other notable observation from analysis of global acetylated/methylated 

H3K9 was increased total levels of acetylated H3K9 under hypoxia compared to 

normoxia in both the HCT116 p53+/+ and MDA-MB-231 cells (Fig. 5.3 & Fig. 5.8). 

This correlates with reduced total levels of SIRT1 protein under hypoxia (0.1% 

O2) in the HCT116 p53+/+ cells (Fig. 5.3) and it will be interesting to assess 

whether this is a general phenomenon and/or is also observed in the MDA-MB-

231 cells. 

Effects of the LDH-A inhibitor NHI-2 on global levels of 5hmC in the HCT116 

p53+/+ cells under normoxic and hypoxic conditions were also examined by 

immunofluorescence. In line with the model presented in Figure 5.2 and LDH-A 

catalysed generation of L-2HG under hypoxia, it was hypothesised that with LDH-

A suppression, activity of α-KG-dependent TET enzymes would increase leading 

to increased levels of 5hmC. However, no increase in nuclear 5hmC staining was 

evident under hypoxia in response to increasing doses of NHI-2 (Fig. 5.7). Whilst 

this might suggest that L-2HG levels were perhaps not sufficiently decreased by 

NHI-2 treatment for significant release of TET enzyme from inhibition to 

detectably increase global 5hmC, 5hmC generally proved difficult to detect, 

including under normoxia (Fig. 5.6 & 5.7). TET enzymes are often downregulated 

in cancer cells compared to normal cells (Rasmussen and Helin, 2016) and 

immunofluorescence conditions appeared suboptimal with high background 

staining also observed. As a positive control, 5’aza-2’-deoxycytidine was used, 

however, here strong non-nuclear staining was also observed which may relate 

to use of hydrochloric acid to denature the DNA and increase epitope accessibility 

of the 5hmC antibody (Zhong et al., 2017). These results are thus considered 

inconclusive. For future studies, it is proposed that cells engineered to 

overexpress TET enzymes could be used as a positive control for 5hmC with the 

first question then being whether hypoxic conditions could detectably reduce 

5hmC levels before analysis of effects of LDH-A targeting. It would also be 
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beneficial to stain for 5mC to assess changes in DNA methylation. Other 

methodological approaches for analysis of changes in global levels of 5hmC/5mC 

that could be used include dot blots and TET-assisted bisulfide sequencing (TAB-

seq) (Yu et al., 2012). 

5.3.2 Re-expression of epigenetically silenced E-

cadherin is induced by SIRT1 inhibitor EX-527 under 

normoxic and hypoxic conditions and by LDH-A 

silencing under normoxic conditions 

Previously Pruitt et al. (2006) have reported that SIRT1 shRNA and Sir2 inhibitor 

splitomicin can induce re-expression of epigenetically silenced TSGs, for 

example E-cadherin and SFRP1, in MDA-MB-231 cancer cells. Given the 

decrease in global levels of the repressive chromatin mark H3K9me3 and 

increase in active mark H3K9Ac in response to LDH-A suppression in the MDA-

MB-231 cells (Fig. 5.8 & 5.9), it was hypothesised that LDH-A knock-down might 

similarly induce silenced TSGs.  

Using the SIRT1 inhibitor EX-527 as a positive control, effects of siRNA-mediated 

LDH-A knock-down on expression of silenced E-cadherin was analysed in the 

MDA-MB-231 cells. In support of previous findings of Pruitt et al. (2006), the more 

selective SIRT1 inhibitor EX-527 increased E-cadherin mRNA expression by 

>50-fold with 48 hours treatment (Fig. 5.10). E-cadherin is an essential cell-cell 

adhesion molecule in epithelial tissue and is an integral component of adhesive 

cell-cell junctions (adherens and desmosomes) (Pećina-Šlaus, 2003). Loss, or 

reduction, of E-cadherin expression in epithelial cancers is associated with 

associated with reduction in cell-cell contacts, EMT, and increased migratory and 

metastatic potential (Pećina-Šlaus, 2003). The ability to induce re-expression of 

silenced E-cadherin with a specific SIRT1 inhibitor is therefore important given 

that most cancer deaths are caused by metastases.  

Effects of EX-527 on E-cadherin mRNA expression were also analysed in hypoxic 

MDA-MB-231 cells (Fig. 5.12) as hypoxic cancer cells are commonly more 

migratory and metastatic (Araos et al., 2018). Importantly, here it is shown for the 
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first time that SIRT1 targeting is able to induce re-expression of E-cadherin in 

hypoxic cancer cells. Further studies are required, however, to assess whether 

E-cadherin protein is expressed and what effect SIRT1 targeting has on cell 

migration. 

However, as outlined in the introduction (section 5.1), cancer cell selectivity of the 

SIRT1 inhibitor EX-527 is variable and relatively modest (Fig. 4.3) and more 

selective ways to induce changes in the cancer epigenome and re-express TSGs 

would be advantageous. Importantly, LDH-A knock-down in normoxic MDA-MB-

231 cells increased E-cadherin mRNA expression by ~2.3 fold (Fig. 5.14). Whilst 

this induction is very small compared to that observed with EX-527, proof-of-

principle is provided that LDH-A targeting is able to induce re-expression of an 

epigenetically silenced TSG. Although LDH-A siRNA treatment modestly 

increased E-cadherin mRNA levels, E-cadherin protein expression could not be 

detected by immunoblotting (Fig. 5.15). Further work is required to assess effects 

of LDH-A versus SIRT1 targeting on histone modifications, DNA methylation and 

recruitment of the transcriptional apparatus (e.g. pol II) at the E-cadherin 

promoter by ChIP. It might be that LDH-A targeting has more pronounced effects 

on E-cadherin expression in other cancer cell types/lines or it maybe it could be 

used as part of a combinatorial strategy to improve the cancer cell selectivity of 

other epigenetic modifiers. Indeed, LDH-A siRNA used in combination with low 

dose EX-527 treatment was able to increase expression of E-cadherin mRNA in 

hypoxic MDA-MB-231 cells (Fig. 5.12). LDH-A silencing alone was insufficient to 

induce silenced E-cadherin in hypoxic MDA-MB-231 cells (Fig. 5.14) and it would 

be interesting to compare epigenetic modifications at the E-cadherin promoter 

under normoxic and hypoxic conditions. Given the model proposed in Figure 5.2, 

it may be that MDH1/2 is able to partially compensate for LDH-A suppression in 

the generation of L-2HG and more pronounced epigenetics effects (e.g. 

increased 5hmC) may be observed with co-silencing of LDH-A and MDH1/2. 
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5.3.3 LDH-A knock-down induces expression of neural 

stem cell factor Nestin and neuronal marker MAP1a in 

MDA-MB-231 breast cancer cells 

MDA-MB-231 breast cancer cells are classified as a mesenchymal stem-like triple 

negative breast cancer (TNBC) subtype (Lehmann et al., 2011). Whilst the SIRT1 

inhibitor EX-527 caused a >50-fold increase in E-cadherin mRNA expression, 

morphologically cells appeared more mesenchymal- or neuronal-like rather than 

more epithelial (Fig. 5.11), with a reduction in cell number also evident. EX-527 

induces ARPE-19 retinal epithelial and CCD 841 CoN colon epithelial non-cancer 

cells to undergo neuronal transdifferentiation (Chapter 4). It was hypothesised 

that SIRT1 inhibition may be promoting progression of poorly differentiated MDA-

MB-231 cancer cells towards a neuronal/neural differentiation state. In support of 

this, mRNA expression of the neural stem cell marker Nestin was increased by 

up to ~2.5-fold (Fig. 5.20a) and neuronal marker MAP1a by up to 16-fold (Fig. 

5.20b). Similarly, but to a lesser extent, Nestin mRNA and MAP1a mRNA were 

also induced by LDH-A knock-down (by ~2-2.5-fold, Fig. 5.21) in both normoxia 

and hypoxia suggesting that LDH-A silencing may reduce SIRT1 activity in these 

cells. It would be interesting to determine what effect SIRT1 inhibition and LDH-

A targeting has on epigenetic modifications at the Nestin and MAP1a promoters 

in the MDA-MB-231 cells and also in the non-cancer cell models. Whilst Nestin 

and MAP1a are not TSGs, the ability to potentially selectively alter their 

expression to promote a more differentiated (neuronal) phenotype may be 

therapeutically advantageous or if cancer cell stemness is reduced.  

5.3.4 Future work 

For future investigations, more in-depth epigenetic analyses would be beneficial 

as measurement of total/global levels of particular histone modifications or 

5hmC/5mC does not provide information as to the epigenetic state at individual 

gene promoters. There is also the possibility of SIRT1/LDH-A targeting impacting 

on other DNA-related processes such as DNA damage/repair if promoting a more 

open chromatin structure. RNAseq would enable identification of epigenetically 
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silenced TSGs in different cell contexts and any effect of SIRT1 and/or LDH-A 

targeting on their expression, with ChIPseq or TABseq enabling epigenetic 

modifications at individual TSG promoters to be analysed on a genome-wide 

scale. Another limitation of this work was that analyses of histone modifications 

were restricted to acetylated H3K9 and trimethylated H3K9 and other activating 

and repressive histone modifications should also be analysed.  

Whilst the effects of LDH-A targeting on expression of the epigenetically silenced 

TSG E-cadherin were much less than with SIRT1 inhibitor EX-527, it may be that 

effects of suppressing LDH-A are more pronounced at other silenced TSGs. 

Indeed, it is possible that cancer cell selective death induced by prolonged LDH-

A knock-down in different cancer cell contexts (Allison et al., 2014) could be partly 

linked to re-expression of pro-apoptotic silenced TSGs.  

It would also be beneficial to assess whether NAMPT suppression, which can 

deplete NAD+ preferentially in cancer cells independent of p53 status (Chapter 

3), in combination with LDH-A suppression can results in enhanced cancer-

selective reduction of SIRT1 activity than LDH-A targeting alone. 

5.3.5 Conclusions 

Preliminary evidence is presented which suggests that targeting of the glycolytic 

enzyme LDH-A can affect the cancer cell epigenome and could potentially, either 

alone or in combination with other approaches, provide a mechanism to re-

activate epigenetically silenced TSGs selectively in cancer cells. In two cancer 

cell lines in vitro, LDH-A silencing by RNAi resulted in reduced global levels of 

trimethylated H3K9 and increased acetylated H3K9 that are associated with more 

transcriptionally active chromatin (Fig. 5.3, n=1 biological repeat & Fig. 5.8, n=1 

biological repeat). The mechanisms of action are likely to be via those proposed, 

through decreased SIRT1 activity or decreased L-2HG or a combination of both, 

however, this has yet to be experimentally verified. LDH-A silencing modestly 

increased mRNA expression of epigenetically silenced TSG E-cadherin under 

normoxic conditions and under hypoxic conditions in combination with a low dose 

of SIRT1 inhibitor EX-527 (Fig. 5.14, n=1 biological repeat & Fig. 5.19, n=1 

biological repeat). It was also able to induce expression of neuronal lineage 
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markers in MDA-MB-231 breast cancer cells, partially mimicking effects of SIRT1 

inhibition and indicating a likely SIRT1-dependent mechanism (Fig. 5.20, n=1 

biological repeat & Fig. 5.21, n=1 biological repeat). 

As indicated, the data presented in this chapter, whilst highly novel, is preliminary 

and ‘pump-priming’ in nature and conclusions made are subject to confirmation 

by additional biological repeats. Due to the different themes linked to the NAD(H) 

metabolome being investigated as part of this thesis and running concurrently, 

due to lack of time, most of the results from this chapter have been conducted 

only once.   
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6. Effects of small molecule KHS101 on 

glioblastoma cells in vitro and its 

therapeutic potential for selective 

targeting of other cancer types 

 

6.1 Introduction 

Previous chapters have focused on the use of targeted approaches with the aim 

of inhibiting or depleting a particular intracellular protein target linked to NAD+ 

functions and hypothesised to result in cancer cell selective effects. This chapter 

investigates a synthetic small molecule, KHS101, that was identified through a 

chemical phenotypic screen for molecules that can induce neuronal 

differentiation of rat hippocampal neural progenitor cells (Warashina et al., 2006; 

Wurdak et al., 2010a). Here, KHS101 is investigated for its effects on cellular 

metabolism and anti-cancer therapeutic potential.  

KHS101 can cross the blood brain barrier and is reported to have neurogenic 

properties in the adult rat brain (Wurdak et al., 2010a). Treatment of rat 

hippocampal neural progenitor cells with KHS101 in vitro and in vivo specifically 

leads to their neuronal differentiation and not astrocytes or oligodendrocytes (Fig. 

6.1). Target deconvolution studies by Wurdak et al. (2010a) indicate that KHS101 

induces neuronal differentiation of rat neural progenitor cells by KHS101 binding 

to transforming acidic coiled coil containing protein (TACC3). TACC3 is important 

in mitotic spindle formation and cell cycle progression and its knock-down was 

able to recapitulate the neuronal KHS101 phenotype (Wurdak et al., 2010a). 
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Figure 6.1: Effects of KHS101 treatment in neural progenitor cells. 
KHS101 treatment of rat neural progenitor cells promotes their neuronal 
differentiation whereas differentiation to astrocytes or oligodendrocytes is inhibited 
(Wurdak et al. , 2010a).  

More recent work by the Wurdak group, in part through collaboration with 

ourselves, shows that KHS101 induces autophagy and cell death in multiple 

glioblastoma (GBM) subtypes and not in non-cancer adult neural progenitor cells 

(Polson et al., 2018). Here, it is investigated how the GBM cells die and whether 

the autophagy is likely to be the cause of death or a pro-survival stress response. 

Affinity-based target ID and mechanism of action studies by Leeds suggest that 

the phenotypic effects of KHS101 in GBM cells are not via TACC3 but through 

inhibition of the mitochondrial heat shock protein 1 (HSPD1(Hsp60)) (Polson et 

al., 2018). HSPD1 is a molecular chaperone important for the correct folding of 

mitochondrial proteins (Bross and Fernandez-Guerra, 2016). Amongst effects 

observed by the Wurdak group, metabolomics analyses revealed reduced levels 

of DHAP and increased levels of glycerol-3-phosphate (G3P) (Polson et al., 

2018). Based upon this, it was hypothesised that KHS101, via HSPD1, may 

perturb the mitochondrial G3P shuttle (Fig. 6.2), which is important in selective 

tissues (Mráček et al., 2013) for the re-oxidisation of cytosolic NADH without 

lactate accumulation. Investigations have begun here at Huddersfield into this, 

and the potential inhibition of mitochondrial G3P dehydrogenase (GPD2) by 

KHS101 and perturbation of cellular NAD+/NADH and ATP generation. In 

addition, it is investigated whether the effects of KHS101 can be recapitulated 

with a recently reported inhibitor of HSPD1 of different chemical structure to 

KHS101 as part of the target validation of HSPD1 (Wiechmann et al., 2017). 
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Figure 6.2: The glycerol-3-phosphate shuttle. 
Mitochondrial glycerol-3-phosphate dehydrogenase (GPD2) is located on the outer 
surface of the inner mitochondrial membrane and catalyses the oxidation of G3P to 
dihydroxyacetone phosphate (DHAP) using FAD as an electron acceptor. This is 
coupled to the reduction of DHAP to G3P by cytoplasmic GPD1 using NADH as an 
electron donor which results in regeneration of NAD + from NADH. In this way 
reducing equivalents are transferred f rom the cytoplasm to the mitochondria and 
into mitochondrial oxidative phosphorylation.  

Another important and unexplored question investigated here was whether 

KHS101 might have selective cytotoxic activity against other cancer cell types 

and, if so, whether the mechanistic bases for this are similar to or different from 

those in the GBM context. It was hypothesised that KHS101 may induce similar 

selective death in other cancer cell types which would indicate a potential strategy 

to extend the therapeutic application of KHS101, or a similar molecule, beyond 

glioblastoma to a broader range of cancer types.  
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6.2 Results 

6.2.1 Vacuolisation induction and metabolic effects of 

KHS101  

Treatment of patient derived GBM1 glioblastoma cells with KHS101 resulted in 

the appearance of intracellular vacuoles (Fig. 6.3), in agreement with studies at 

the University of Leeds (Wurdak group). Further investigation revealed these to 

be autophagic vacuoles that are induced by KHS101 in GBM cell models but not 

in non-cancerous human neural progenitor cells (NP1) (Polson et al., 2018). 

 
Figure 6.3: Cell micrographs of GBM1 cancer cells after treatment with 7.5µM KHS101 for 
24 hours. 
Cell images of the GBM1 cancer stem cell- like model after 7.5µM KHS101 treatment 
for 48 hours. White arrow indicating vacuoles. Images taken with x10 and x40 
objectives, scale bar indicates 100µm. n=3 biological repeats.  

Whilst autophagy is commonly regarded as a mechanism of cell death, it can be 

induced by cellular stress such as starvation, hypoxia and low ATP levels and in 

such circumstances may promote cell survival (Das et al., 2018). It was 

hypothesised that the autophagy observed might be a survival or metabolic stress 

response. As part of the process of ‘target deconvolution’ of KHS101 it was 
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therefore investigated whether KHS101 had any effects on GBM1 or NP1 cellular 

bioenergetics. The rates of glycolysis and mitochondrial respiration and reserve 

capacities were compared under normal growth conditions and after 24 hours 

exposure to 7.5µM KHS101. 24 hours KHS101 treatment diminished the basal 

OCR (mitochondrial respiration) of GBM1 cells by 5-fold whereas basal glycolytic 

rates (ECAR) were unchanged (Fig. 6.4). The non-cancer NP1 cells also had 

decreased basal oxygen consumption but to a lesser extent than in the GBM1 

cells (reduced by 1.8-fold in the NP1 cells). Importantly, the NP1 cells showed 

upregulated glycolysis in response to KHS101 and their decreased oxygen 

consumption, with the glycolytic rate increased to its maximum capacity (Fig. 

6.4a). This was presumed to be a compensatory metabolic response in the NP1 

cells to partially impaired mitochondrial respiration in order to try and sustain 

cellular energy levels. In contrast, in the GBM1 cells there was no compensatory 

increase in glycolysis and following KHS101 treatment both glycolytic and 

mitochondrial respiratory capacity appeared to be severely impaired (Fig. 6.4b). 

Overall, these results are consistent with a selective autophagic response in the 

GBM1 cancer cells correlating with impaired ability to metabolically compensate 

to decreased mitochondrial respiration by increasing glycolysis and the 

preferential toxicity of KHS101 (Polson et al., 2018). 
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Figure 6.4: Cell energy phenotype of NP1 and GBM1 cells after KHS101 treatment. 
NP1 neural progenitor (ol igopotent) non-cancer cells (a) and GBM1 cancer stem- 
like cells (b) treated with 7.5µM KHS101 for 24 hours pr ior to analysis. Mean cell  
energy phenotypes are shown compared to DMSO vehicle control cells; basal 
metabolic phenotype is indicated by closed circles; metabolic stress 
response/capacity is indicated by open circles,  n=1 biological repeat  (3 technical 
replicates per repeat). 

6.2.2 KHS101 induces GBM1 cancer cell death by 

apoptosis 

Given the respiratory dysfunction induced by KHS101 in GBM1 cells and lack of 

glycolytic compensatory response, this led to the assumption that the autophagy 

phenotype was a pro-survival catabolic response to sustain cellular 

bioenergetics. At a later time-point of 48 hours, under the microscope a number 

of the KHS101 treated cells morphologically resembled apoptotic cells with some 

membrane blebbing and apoptotic-like bodies visible. Indeed, staining of cells 

with annexin V and PI and cytometric analysis showed a significant increase in 

the number of apoptotic GBM1 cells following KHS101 treatment (Fig. 6.5), 

indicating that KHS101 induces GBM1 apoptotic cell death. 
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Figure 6.5: Quantification of annexin V positive GBM1 cells after treatment with 7.5µM 
KHS101 in the absence or presence of the autophagy inhibitor bafilomycin for 48 hours. 
a. Annexin V assay dot plots quantifying the proportion of early apoptotic and late 
apoptotic/necrotic cel ls through differential annexin V/PI staining after treatment 
with 7.5µM KHS101 in the absence or presence of 10nM bafilomycin for 48 hours.  
Lower left quadrant indicates alive cells, lower right quadrant indicates early 
apoptotic cells (annexin V positive, PI negative) and upper right quadrant indicates 
late apoptotic/necrotic cells (annexin V positive,  PI positive). b. Bar chart showing 
mean percentage of annexin V positive GBM1 cells ± SEM, n=3 biological repeats 
(2 technical replicates), in response to 7.5µM KHS101 in the absence or presence 
of 10nM bafilomycin for 48 hours compared to DMSO control treated cells. Green 
bars represent early apoptotic cells (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, PI positive ).  
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To further dissect the role of autophagy, GBM1 cells were treated with KHS101 

and the late stage autophagy inhibitor bafilomycin. The basis for doing this was 

that if autophagy is promoting cell death its inhibition would increase cell survival. 

As Figure 6.5 shows, KHS101-induced apoptosis is modestly increased in the 

presence of autophagy inhibitor bafilomycin indicating that apoptosis is not 

autophagy-dependent and suggesting that autophagy has a pro-survival role. 

6.2.3 Mechanism of action of KHS101 in glioblastoma 

cells 

Commercial analysis (Human Metabolome Technologies Inc.) of intracellular 

metabolites using capillary electrophoresis mass spectrometry (Wurdak group) 

provided further insight into KHS101-induced metabolic perturbation. Analyses of 

metabolite levels after 30 minutes 7.5µM KHS101 treatment in NP1 and GBM1 

cells revealed a dramatic reduction in levels of G3P shuttle metabolite DHAP and 

increased G3P selectively in the GBM1 cells. Given the inability of KHS101-

treated GBM1 cells to metabolically compensate for reduced mitochondrial 

respiration by upregulating glycolysis (Fig. 6.4) and reduced levels of G3P shuttle 

metabolite DHAP (Polson et al., 2018), this led us to speculate that KHS101 may 

be affecting the activity of the mitochondrial G3P shuttle enzyme GPD2. GPD2 

coupled with cytosolic GPD1 activity can regenerate cytosolic NAD+ which is 

important for high glycolytic flux (Mráček et al., 2013) and the shuttle transfers 

reducing equivalents from the cytosol to the mitochondria (from cytosolic NADH 

to mitochondrial FADH2; Fig. 6.2). A GPD2 activity assay revealed that acute 

KHS101 treatment for 1 hour significantly reduced GPD2 activity of GBM1 cells 

(63% decrease) and had little or no effect on non-cancer NP1 cells (Fig. 6.6). 
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Figure 6.6: Decrease in GPD2 activity after KHS101 treatment. 
Percentage decrease in GPD2 activity in GBM1 cancer stem like cells and NP1 non -
cancer ol igopotent cells after 1 hour treatment with 7.5µM KHS101. n=3 biological 
repeats (1 technical repeat) for GBM1 (±SEM) and n=1 biological repeat  (1 technical 
repeat) for NP1. A two-tailed t-test was performed where *p<0.05. 

Given the functions of the G3P shuttle, it was hypothesised that KHS101-induced 

inhibition of GPD2 may perturb cellular NADH:NAD+ balance. 5µM KHS101 

treatment for 24 hours did not affect total NAD(H) levels but reduced the NADH 

levels relative to NAD+ by 68% in the GBM1 cells and by 37% in the NP1 cells. 

 
Figure 6.7: Decrease in NADH levels relative to NAD+ following 24 hours KHS101 treatment.  
Percentage decrease in NADH/NAD+ ratio in GBM1 cancer stem like cells and NP1 
non-cancer stem like cells treated with 5µM KHS101 for 24 hours , n=1 biological 
repeat, (2 technical replicates).  
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Dysregulated NADH:NAD+ balance (Fig. 6.7) and attenuated mitochondrial 

respiration and glycolysis (Fig. 6.4) in the GBM1 cells led us to further speculate 

that they are unable to sustain cellular ATP levels hence the autophagic 

phenotype. In support of this, KHS101 treatment resulted in a time-dependent 

increase in levels of phosphorylated AMP-activated protein kinase (AMPK) in the 

GBM11 glioblastoma model (Fig. 6.8). AMPK is phosphorylated and activated in 

response to low energy (high cellular AMP and ADP relative to ATP) and can also 

stimulate autophagy (Hardie, 2011). 

 
Figure 6.8: Expression of phosphorylated AMPK in GBM11 after KHS101 treatment. 
Immunoblot analysis of phosphorylated AMPK and total AMPK in GBM11 cancer 
stem-like cell model 4, 8 and 12 hours post exposure to 7.5µM KHS101 or DMSO 
vehicle control, actin shown as loading control.  n=1 biological repeat.  

6.2.4 HSPD1 inhibitor myrtucommulone recapitulates 

the GBM-selective lethal effects of KHS101 

Further studies by the Wurdak group using an affinity-based pull-down assay and 

proteomics identified that the mitochondrial chaperone HSPD1 specifically 

interacts with KHS101 (Polson et al., 2018). Additional investigations suggested 

that KHS101 binds to HSPD1 disrupting its function resulting in selective mis-

aggregation of mitochondrial and glycolytic enzymes (Polson et al., 2018). 

Whilst studies suggested that the selective toxicity of KHS101 towards GBM 

models was due to inactivation of HSPD1, it was important to independently 

validate this. It was possible that other unidentified cellular target(s)/interaction 

partner(s) of KHS101 were required or responsible for the lethal phenotype. The 

effects of the natural product myrtucommulone (MC) that has been recently 
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identified as a selective HSPD1 inhibitor (Wiechmann et al., 2017), and is of 

different chemical structure to KHS101, was tested to see if it could recapitulate 

the effects of KHS101. As Figure 6.9 shows, 48 hours 10µM MC treatment 

induced apoptotic cell death in each of six different patient-derived GBM models 

tested that are representative of different GBM subtypes but it had little effect 

towards non-cancerous neural progenitors. 

 
Figure 6.9: Quantification of annexin V positive cells after 10µM myrtucommulone 
treatment.  
Mean percentage ± SEM, of annexin V and PI positive patient derived GBM cancer 
cell models and NP1 neural progenitor non-cancer cells after treatment with 10µM 
myrtucommulone (MC) for 48 hours. Green bars represent early apoptot ic cells 
(annexin V positive only); red bars indicate late apoptotic/necrotic cel ls (annexin V 
positive, PI positive). Two-tailed t-tests were performed where *p<0.05, **p<0.01,  
ns=not significant, n=3 biological repeats  (2 technical replicates).  

6.2.5 Investigation of KHS101 activity against other 

cancer cell types 

Whilst KHS101 appears to be a very promising small molecule for selective 

targeting of glioblastoma cells without adverse effects on non-cancerous brain 

cells (Polson et al., 2018), it has not been tested against other cancer types. 

KHS101 was therefore tested in chemosensitivity assays against a panel of 

different cancer cell lines of different tissue type for any preferential activity 

compared to non-cancer cell models (Table 6.1).  
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Table 6.1: IC50 values of KHS101 towards multiple human cell lines of different tissue 
origin. 
Mean IC50 values ± SEM, n=3 biological repeats (8 technical replicates per repeat),  
of the small molecule KHS101 in multiple non-cancer and cancer cel l lines after 96 
hours continuous exposure to KHS101.  
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Figure 6.10: Summary of KHS101 cytotoxicity towards a panel of non-cancer and cancer 
cells and lack of cross-resistance with cisplatin. 
a. Mean IC50 values ± SEM, n=3 biological repeats  (8 technical replicates  per 
repeat), of the small molecule KHS101 in multiple cancer and non -cancer cel l l ines 
as determined by MTT chemosensitivity assay .  A one way ANOVA was performed 
where ****p<0.0001 compared to ARPE-19, °°°°p<0.0001 compared to CCD 841 
CoN and ##p<0.01, ###p<0.001, ####p<0.0001 compared to PNT2 non cancer 
cells. b. Comparison of resistance factor of A2780 and CP70/A2780cis cancer cells 
to cisplatin and KHS101 (FK866 and EX-527 shown for comparison) ( IC5 0 in 
CP70/A2780cis cells divided by IC5 0 in A2780 cells; resistance factor >1 indicates 
less activity towards CP70/A2780cis cells than parental A2780 cells).  

As summarised in Figure 6.10, KHS101 was significantly more active against all 

the cancer cells tested compared to ARPE-19, CCD 841 CoN and PNT-2 non-

cancer cell models (except for MDA-MB-436 versus PNT2). Interestingly KHS101 
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appeared to be 1.8-fold more active towards HCT116 p53-/- cells compared to 

isogenic HCT116 p53+/+ cells. Although KHS101 was less toxic towards the 

cisplatin resistant CP70/A2780cis cancer cell line than the cisplatin-sensitive 

parental line (A2780) it is important to note that the resistance factor was ~4-fold 

lower than that with Cisplatin (Fig. 6.10a & appendix Table 9.2) (resistance factor 

of 2.5 compared to 10). 

 
Figure 6.11 Preferential cytotoxicity of KHS101 towards cancer cells compared to non-
cancer cell models. 
Cancer cell versus non-cancer cell selectivity ratios for KHS101 in multiple cancer 
cell l ines compared to ARPE-19, CCD 841 CoN and PNT-2 non-cancer cel ls. The 
selectivity index was calculated from the IC 50 values achieved from 3 biological 
repeats (8 technical replicates) using the following equation (mean IC50 of non-
cancer cel ls / mean IC50 of cancer cells). A value of 1 indicates equitoxicity of the 
drug to cancer and non-cancer cells, a value of <1 indicates no preferential 
cytotoxicity to the cancer cells and a value >1 indicates preferential cytotoxicity to 
the cancer cells.  

Importantly, KHS101 activity (Table 6.1) and in vitro cancer cell selectivity (Fig. 

6.11) was broadly comparable to that of KHS101 towards the GBM models and 

NP non-cancerous neural progenitors (GBM1 IC50 2.23µM; NP1 >20µM, NP2 

18.24µM; (Polson et al., 2018)). As with FK866 and EX-527, the cancer cell 

selectivity of KHS101 was compared to FDA-approved platinate based 

chemotherapeutic agents cisplatin, carboplatin and oxaliplatin (Fig. 6.12). 
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KHS101 was 13.6-fold more selective towards the HCT116 p53+/+ colorectal 

cancer cells compared to CCD 841 CoN non cancer colon cells. 

 
Figure 6.12: Cancer cell selectivity of KHS101 compared to FDA approved platinate based 
compounds. 
Cancer cel l selectivity ratios were calculated from the IC 50 values achieved from 3 
biological repeats (8 technical replicates) which compared the activity of KHS101 
and cl inically used platinates (cisplatin, oxaliplatin , carboplatin) in HCT116 p53+/+  
cancer cel ls and CCD 841 CoN non-cancer cells after 96 hours exposure. SI = mean 
IC50 of non-cancer cells / mean IC50 of cancer cells (FK866 and EX-527 shown for 
comparison purposes).  

Polson et al. (2018) had previously reported that KHS101 had equitoxic activity 

to GBM1 cells under 5% O2 tension. Interestingly, in the HCT116 p53+/+ cancer 

cell model, KHS101 was 3.9-fold less active under hypoxic conditions of 0.1% O2 

compared to atmospheric 21% O2 (Fig. 6.13). 
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Figure 6.13: The effect of hypoxia on doxorubicin and KHS101 towards HCT116 p53+/+ cells. 
Mean IC50 values, n=3 biological repeats (8 technical replicates)  of doxorubicin 
(DOX), FK866, EX-527 and KHS101 (a) under normoxic (21% O2) and hypoxic (0.1% 
O2) conditions in HCT116 p53+/+ cancer cells after 96 hours continuous drug 
exposure. Two-tailed t-tests were performed where *p<0.05, ****p<0.0001.  b. 
Hypoxia selectivity ratio (IC50 normoxic cells / IC50 hypoxic cells) for DOX, FK866, 
EX-527 (shown for comparison purpose) and KHS101. A value of 1 indicates 
equitoxicity of the drug under normoxic and hypoxic conditions, a value of <1 
indicates preferent ial cytotoxicity to normoxic cel ls and a value of >1 indicates 
preferential cytotoxicity to hypoxic cells. Values were achieved using IC 50 values 
from 3 biological repeats (8 technical replicates). 
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6.2.6 Mechanism(s) of action of KHS101 towards other 

cancer cell types 

Although KHS101 showed promising preferential activity towards other cancer 

cell types in vitro, this could be by similar or different mechanisms to those in 

glioblastomas. Here, effects of KHS101 towards the HCT116 p53+/+ colorectal 

cancer cell line and the experimentally amenable ARPE-19 non-cancer cell 

model were further investigated.  

Over 96 hours, KHS101 was 13.6-fold more active towards the HCT116 cells 

(Table 6.1) which displayed a similar IC50 to the GBM1 cells (Polson et al., 2018). 

48 hours exposure to 7.5µM KHS101 induced pronounced apoptosis in the 

GBM1 cells (Fig. 6.5) with 70% of cells staining annexin V-positive. Interestingly, 

however, in a preliminary experiment in the HCT116 p53+/+ cells whilst there was 

some induction of apoptosis, <50% of cells stained positive for annexin V with 

background levels of apoptosis in control cells also being quite high (Fig. 6.14b). 

31% of the KHS101 treated HCT116 p53+/+ cells appeared early apoptotic 

suggesting that there may be time-dependent differences compared to GBM1 

cells in any apoptotic response to KHS101. At this time point, any differential 

apoptotic response between ARPE-19 and HCT116 p53+/+ cells was also quite 

modest, however, further biological repeats and evaluation at later time points is 

warranted.  A more notable difference between the ARPE-19 and HCT116 cells 

following 48 hours KHS101 treatment was observed in cell number with a 27% 

decrease in the ARPE-19 non-cancer cells  and a 67% decrease in the HCT116 

p53+/+ cancer cells (Fig. 6.14a) suggesting differential impairment of cell growth. 
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Figure 6.14: Percentage cell number and annexin V positive cells after KHS101 treatment 
in ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells. 
Percentage total cell number relative to DMSO vehicle control ( a) after 48 hours 
exposure to 7.5µM KHS101 or DMSO vehicle control. b. Percentage of annexin V 
positive/PI negative and annexin V positive/PI positive ARPE -19 non-cancer cells 
and HCT116 p53+/+ cancer cells after 48 hours exposure to 7.5µM KHS101. Green 
bars represent early apoptotic cells (annexin V positive only); red bars indicate late 
apoptotic/necrotic cells (annexin V positive, propidium iodide (PI) positive). n=1 
biological repeat, (2 technical replicates).  

Another key question was whether KHS101 induces autophagy. Interestingly, 

whilst not visible at low magnification, at higher magnification small cytosolic 

vacuoles, that could be autophagic, were visible in KHS101-treated HCT116 

p53+/+ cancer cells at 24 hours (Fig. 6.15). Unexpectedly, dark ‘particulates’ or 

‘speckles’ were also evident in the cytosol of both ARPE-19 and HCT116 p53+/+ 

cells.  

To directly assess whether autophagy was induced in HCT116 p53+/+ and ARPE-

19 cells, cells were stained with the fluorescent dye ‘CYTO-ID’ (Enzo 

LifeSciences). CYTO-ID is a cationic amphiphilic tracer dye and is reported to 

specifically label autophagic compartments with minimal staining of lysosomes 

(Chan et al., 2012). Both ARPE-19 and HCT116 p53+/+ cells showed increased 

CYTO-ID staining following KHS101 treatment (Fig. 6.16a) with 54% and 61% of 

cells respectively staining positively for CYTO-ID (Fig.6.16b).  
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Figure 6.15: Cell micrographs of ARPE-19 and HCT116 p53+/+ cancer cells after KHS101 
treatment. 
Cell images of ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells after 24 
hours treatment with 7.5µM KHS101. Images taken with x10 and x40 objectives and 
scale bars indicates 100µm. White arrow indicating vacuoles in HCT116 p53 +/+ 
cancer cells.  n=3 biological repeats.  
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Figure 6.16: Image cytometry analysis of KHS101 and DMSO vehicle control treated cells 
stained with the autophagic dye CYTO-ID. 
a. Histogram of ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells treated 
with 7.5µM KHS101 (red) or DMSO vehicle control (black) for 24 hours that  were 
then analysed for CYTO-ID positive labelling. b. Bar chart quantifying mean 
percentage of ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cel ls that are 
staining positively for CYTO-ID having been treated with 7.5µM KHS10 or DMSO 
vehicle control for 24 hours. Average determined fol lowing quadrant gating of 
CYTO-ID positive cells. n=3 biological repeats (2 technical replicates) ±SEM, a two 
tailed t-test was performed where ns=not significant. 

In addition to image cytometry analysis, the effects of a range of different KHS101 

concentrations on CYTO-ID staining was analysed by fluorescent microscopy 

(Fig. 6.17 & Fig. 6.18). CYTO-ID staining was cytoplasmic and punctate and 

increased with KHS101 treatment in ARPE-19 non-cancer and isogenic p53+/+ 

and p53 null HCT116 cancer cells in a dose dependent manner. Overlay images 

of fluorescent CYTO-ID staining with bright-field cell images indicated co-

localisation of the green fluorescent CYTO-ID staining to vacuoles (Fig. 6.19).  
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Figure 6.17: Expression of CYTO-ID as a marker of autophagy in HCT116 cancer cells that 
have been treated with KHS101 for 24 hours. 
Representative f luorescent cel l images of HCT116 p53+/+ and HCT116 p53 - / - cancer 
cells that have stained positive for CYTO-ID (green) and nuclear marker Hoechst 
(blue) after treatment with indicated KHS101 doses or DMSO vehicle control for 24 
hours. Images taken with x40 objective and scale bar indicates 20µm.  n=1 biological 
repeat.  
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Figure 6.18: Expression of CYTO-ID as a marker of autophagy in ARPE-19 non-cancer cells 
that have been treated with KHS101 for 24 hours. 
Representat ive f luorescent cell images of ARPE-19 non-cancer cells that have 
stained positive for CYTO-ID (green) and nuclear marker Hoechst (blue) after 
treatment with indicated KHS101 doses or DMSO vehicle control for 24 hours. 
Images taken with x40 objective and scale bar indicates 20µm.  n=1 biological 
repeat.  
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Figure 6.19: Localisation of CYTO-ID staining to vacuoles in HCT116 p53+/+ cancer cells 
treated with 7.5µM KHS101 or DMSO vehicle control.  
Representative f luorescent and bright field (BF) cell images of HCT116 p53 +/+ cells 
after KHS101 treatment for 24 hours showing localisat ion of CYTO -ID staining 
(green) to the vacuoles seen in the cells. Nuclear Hoechst staining (blue). Images 
taken with x40 objective and scale bar indicates 20µm or 5µm.  n=1 biological 
repeat.  

To further confirm the induction of autophagy by KHS101 in these cells, whole 

cell lysates were prepared and the levels of the autophagic marker LC3-II (Tanida 

et al., 2008) were analysed by immunoblotting (Fig. 6.20). For comparison, levels 

of LC3-I (non-lipidated LC3) and LC3-II (lipidated LC3) were also determined in 

the NP1 and GBM1 cells. The GBM1 cells treated with KHS101 showed 

increased levels of LC3-II relative to control cells and to treated NP1 cells (Fig. 

6.20), consistent with preferential autophagy induction by KHS101 in the GBM1 

cells (Polson et al., 2018). KHS101 preferentially induced LC3-II expression in 
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the HCT116 p53+/+ cancer cells by 9.8-fold compared to ARPE-19 non-cancer 

cells (Fig. 6.20). 

 
Figure 6.20: Quantification of the autophagy marker LC3-II in cells after 5µM KHS101 
treatment for 24 hours. 
a. Immunoblot analysis of LC3-I and LC3-II protein expression in ARPE-19 non-
cancer cells, HCT116 p53+/+ cancer cells, NP1 neural progenitor non-cancer cells 
and GBM1 cancer stem like cells after 24 hours exposure to 5 µM KHS101, actin 
shown as loading control. b. Densitometric analysis quantifying the expression of 
LC3-II. Levels normalised to actin, fold change expressed compared to each DMSO 
vehicle control. n=1 biological repeat.  

6.2.7 Does KHS101 produce differential effects on 

cellular metabolism in other cancer and non-cancer 

cells? 

KHS101 treatment of the GBM1 cancer stem cell-like model and NP1 neural 

progenitor non-cancer cells showed that NP1 cells could compensate for the 
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effects of KHS101 on oxidative phosphorylation by upregulating glycolysis, 

whereas GBM1 cells could not (Fig. 6.4). It was hypothesised that this may also 

be true for ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells. 

 
Figure 6.21: Cell energy phenotype of ARPE-19 non-cancer cells and HCT116 p53+/+ cancer 
cells after KHS101 treatment. 
ARPE-19 non-cancer cel ls and HCT116 p53+/+ cancer cel ls were treated with 7.5µM 
KHS101 24 hours prior to analysis. Cell energy phenotypes are shown compared to 
DMSO vehicle control treated cells (a) (b), basal metabolic phenotype is indicated 
by closed circles; metabolic stress response/capacit y is indicated by open circles. 
Percentage metabolic potential of KHS101 treated ARPE-19 (c) and HCT116 p53+/+ 
(d) cells compared to DMSO control treated cells, showing % change in ECAR and 
OCR compared to baseline (black dotted line).  n=1 biological repeat, (3 technical 
replicates). 
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7.5µM KHS101 treatment for 24 hours led to major effects on basal oxygen 

consumption in the HCT116 p53+/+ cancer cells (decreased by 11-fold compared 

to 7-fold in the ARPE-19 non-cancer cells) (Fig. 6.21). Furthermore, the HCT116 

p53+/+ cancer cells showed compete loss of respiratory capacity whereas ARPE-

19 cells retained some respiratory capacity and were able to increase 

mitochondrial respiration in response to FCCP and oligomycin mix (Fig. 6.21). 

The basal rate of glycolysis appeared modestly increased in ARPE-19 non-

cancer cells but not in HCT116 p53+/+ cancer cells.  

Metabolic effects of KHS101 were also determined following immediate cell 

exposure (XFp metabolic analyser, direct injection). The OCR of HCT116 p53+/+ 

cancer cells after direct injection of both KHS101 doses (2.5µM and 7.5µM) was 

reduced compared to DMSO control, with greater effects being seen for the 

higher KHS101 dose (Fig. 6.22a & Fig. 6.23a). Alongside this the ECAR was 

increased after KHS101 treatment indicating that the cells were compensating 

from decreased mitochondrial respiration by upregulating glycolysis (Fig. 6.22b 

& Fig. 6.23b). For HCT116 p53+/+ cells treated with 2.5µM KHS101, injection of 

ATP synthase inhibitor oligomycin indicated some ATP production from 

mitochondrial respiration (37% of control cells) whereas 7.5µM KHS101 treated 

cells (direct injection) showed no mitochondrial ATP production. 
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Figure 6.22: Mitochondrial stress test response of HCT116 p53+/+ cancer cells following 
direct injection of 2.5µM KHS101 into growth medium. 
HCT116 p53+/+ cells were injected with 2.5µM KHS101 or DMSO control. Oxygen 
consumption rate (OCR) (a) and extracellular acidification rate (ECAR) (b) is shown 
in response to various injections, ATP synthase inhibitor ; oligomycin, uncoupling 
agent; FCCP, and mix of complex I inhibitor;  rotenone and complex III inhibitor;  
antimycin A. n=3 technical repeats (showing ± SD) from 1 biological repeat .  
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Figure 6.23: Mitochondrial stress test response of HCT116 p53+/+ cancer cells following 
direct injection of 7.5µM KHS101 into growth medium. 
HCT116 p53+/+ cells were injected with 7.5µM KHS101 or DMSO control. Oxygen 
consumption rate (OCR) (a) and extracellular acidification rate (ECAR) (b) is shown 
in response to various injections, ATP synthase inhibitor;  oligomycin, uncoupling 
agent; FCCP, and mix of complex I inhibitor;  rotenone and complex III inhibitor;  
antimycin A. n=3 technical repeats (showing ± SD) from 1 biological repeat .  

6.2.8 Differential effects linked to aerobic glycolysis of 

KHS101 treatment of HCT116 and GBM1 cancer cells 

The HCT116 p53+/+ cancer cells, following the injection of KHS101 (2.5 or 7.5µM) 

into the growth media, showed a ~2-fold increase in ECAR indicative of increased 

aerobic glycolysis (Fig. 6.22b & Fig. 6.23b). This increased rate appeared to be 
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largely maintained over the short duration of these assays and after 24 hours 

KHS101 treatment ECAR was at the level of control cells although glycolytic 

capacity was decreased (Fig. 6.21). Overall, these observations are consistent 

with the HCT116 p53+/+ cancer cells being able to partially compensate for 

decreased oxidative phosphorylation by increasing glycolysis, but that this cannot 

be sustained longer-term at high levels.  

In further support of a KHS101-induced glycolytic compensatory response in the 

HCT116 p53+/+ cancer cells, 48 hours post KHS101 treatment, interesting 

differences in media colour between KHS101 treated and DMSO control cells 

was observed. The media of KHS101 treated HCT116 p53+/+ cells had become 

notably more yellow compared to DMSO control cells and compared to KHS101 

treated ARPE-19 and GBM1 cells (Fig. 6.24). The change in media colour 

suggesting a lowering of media pH is consistent with increased aerobic glycolysis 

and lactate release. 

 
Figure 6.24: Images of media colour change of T25 flasks of cells treated with KHS101. 
Representative differential colour in media of T25 flasks of GBM1 cancer stem like 
cells, HCT116 p53+/+ cancer cells and ARPE-19 non-cancer cells treated with 7.5µM 
KHS101 for 48 hours (n=2 biological repeats).  

6.2.9 KHS101 treatment differentially affects ATP levels 

in cancer and non-cancer cells 

Given the dramatic reduction in oxidative phosphorylation and impaired glycolytic 

capacity in HCT116 p53+/+ cancer cells following 24 hours KHS101 treatment 
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(Fig. 6.21), it was hypothesised that they may be unable to sustain cellular ATP 

levels. 

 
Figure 6.25: Effects of KHS101 on total cellular ATP levels. 
Average percentage of total cellular ATP levels ± SEM, n=4 biological repeats (8 
technical replicates per repeat), of ARPE-19 non-cancer and HCT116 p53+/+ cancer 
cells after treatment with the indicated doses of  KHS101 for 20 hours.  Two-tailed t-
tests were performed where *p<0.05, ***p<0.001.  

Analysis of total cellular ATP levels showed that at all doses of KHS101 tested 

(except 0.625µM) there was a significant decrease in total cellular levels of ATP 

in the HCT116 p53+/+ cancer cells compared to the ARPE-19 non-cancer cells 

(Fig. 6.25). This indicates that the HCT116 p53+/+ cancer cells are less able to 

sustain cellular bioenergetics and energy production than the ARPE-19 non-

cancer cells which is consistent with the increased cytotoxicity of KHS101 

towards the cancer cells (Table 6.1, Fig. 6.10 & Fig. 6.11). 

6.2.10 Expression of potential downstream targets of 

KHS101 in a cell line screen 

As it had previously been noted that KHS101 reduced GPD2 activity and worked 

through interacting and inhibiting HSPD1 function in GBM1 cells it was important 

to compare levels of these proteins in other non-cancer and cancer cells. The 

levels of MDH2 were also analysed as this is part of the malate-aspartate shuttle 

which like the G3P shuttle can transfer NAD+/NADH. 
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Figure 6.26: Protein expression of potential downstream targets of KHS101 in untreated 
non-cancer and cancer cell lines. 
Immunoblots showing protein expression of HSPD1, GPD2, and MDH2 in whole cell  
lysates of the indicated cell l ines, actin was used as an endogenous loading control.  
n=1 biological repeat.   
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Figure 6.27: Densitometric quantification of cellular protein expression.  
Fold change in protein expression of HSPD1, GPD2 and MDH1 normalised to 
loading control actin and expressed relative to actin -normalised expression in 
ARPE-19 non-cancer cel ls (set as 1) data from Fig. 6.26, n=1 biological repeat.  

Immunoblots and densitometric quantification revealed that HSPD1 expression 

was higher in all cancer cells compared to non-cancer cells except for MDA-MB-

231 (Fig. 6.26 & Fig. 6.27), suggestive of potential increased dependency. GPD2 

(multiple bands) and MDH2 were detected in cell lines but varied in expression 

across cancer and non-cancer cells.  
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6.2.11 Action of KHS101 on GPD2 activity and NAD(H) in 

HCT116 p53+/+ cancer cells. 

Given the increased expression of GPD2 in the HCT116 p53+/+ cells compared 

to ARPE-19 non-cancer cells, a GPD2 assay was performed to see if, as in GBM1 

cells, KHS101 inhibited GPD2 activity. As shown in Figure 6.28, a preliminary 

experiment indicated that GPD2 activity was decreased by 57% in HCT116 p53+/+ 

cancer cells after 1 hour exposure to 7.5µM KHS101. 

 
Figure 6.28: Percentage decrease in GPD2 activity after KHS101 treatment. 
Percentage decrease in GPD2 activity in HCT116 p53+/+ cancer cells after 1 hour 
treatment with 7.5µM KHS101. n=1 biological repeat , (1 technical replicate)  

Effects on NAD(H) were also analysed as previously performed for NP1 and 

GBM1 cells (Fig. 6.7). HCT116 p53+/+ cells were treated with 5µM KHS101 for 24 

hours alongside CCD 841 CoN non-cancer cells and an NAD(H) assay was 

performed. Analysis showed that in the HCT116 p53+/+ cancer cells NADH/NAD+ 

ratio was reduced by 75% indicating pertubation of the NAD+/NADH redox 

balance, whereas in the CCD 841 CoN non-cancer cells it was modestly 

increased by 35% (Fig. 6.29). 
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Figure 6.29: Decrease in NADH levels relative to NAD+ following 24 hours KHS101 
treatment. 
Percentage decrease in NADH/NAD+ ratio in CCD 841 CoN non-cancer cel ls and 
HCT116 p53+/+ cancer cel ls after treatment with 5µM KHS101 for 24 hours , n=1 
biological repeat (2 technical replicates).  

6.2.12 Cytoplasmic ‘speckles’/particulates induced by 

KHS101 

In GBM1 cancer cells, KHS101 causes selective protein aggregation linked with 

the inhibition of HSPD1 chaperone function (Polson et al., 2018). In ARPE-19 

non-cancer and HCT116 p53+/+ cancer cells treated with KHS101 for 24 hours, 

dark ‘speckles/putative aggregates’ were visible in the cytoplasm of cells at high 

magnification (Fig. 6.30 & Fig. 6.31). Whilst it is currently unknown what these 

dark ‘speckles’ are, it was hypothesised that these may relate to KHS101 induced 

protein aggregation. 
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Figure 6.30: Cell micrographs of ARPE-19 non-cancer cells treated with various KHS101 doses for 24 hours.  
Cell images of ARPE-19non-cancer cel ls treated with the indicated KHS101 doses for 24 hours. Images taken with x10 and x40 objectives, 
scale bar indicates 100µm. n=3 biological repeats.  



 
297 

 

 
Figure 6.31: Cell micrographs of HCT116 p53+/+ cancer cells treated with various KHS101 doses for 24 hours. 
Cell images of HCT116 p53+/+ cancer cells treated with the indicated KHS101 doses for 24 hours. Images taken with x10 and x40 
objectives, scale bar indicates 100µm.  n=3 biological repeats.  
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To investigate further whether protein aggregation might occur after KHS101 

treatment in other cells as per GBM1 cells, expression of C/EBP homologous 

protein (CHOP), a marker of the unfolded protein response (Nishitoh, 2012) was 

analysed by western blot alongside other proteins of interest. CHOP levels varied 

in both ARPE-19 non-cancer cells and HCT116 p53+/+ cancer cells depending on 

KHS101 dose, but there was induction in both cell lines at higher doses (Fig. 6.32 

& Fig. 6.33).  

 
Figure 6.32: Protein expression of CHOP and other proteins of interest in ARPE-19 non-
cancer cells after treatment with various KHS101 doses. 
Immunoblots showing protein expression of CHOP, HSPD1, phosphorylated AMPK, 
total AMPK and PARP1 in ARPE-19 non-cancer cells treated with indicated KHS101 
doses for 24 hours. Actin was used as an endogenous loading control.  n=1 
biological repeat. 
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Figure 6.33: Protein expression of CHOP and other proteins of interest in HCT116 p53+/+ 
cancer cells after treatment with various KHS101 doses. 
Immunoblots showing protein expression of CHOP, HSPD1, phosphorylated AMPK, 
total AMPK and PARP1 in HCT116 p53+/+ cancer cells treated with indicated 
KHS101 doses for 24 hours. Actin was used as an endogenous loading control.  n=1 
biological repeat.  

Expression of the proposed target, HSPD1 appeared unaffected in both cell lines 

along with total PARP1 levels. PARP1 cleavage to an 89kDa fragment by 

caspases (Gobeil et al., 2001) is commonly used to assess apoptosis and it can 

clearly be seen that at 30µM of KHS101 in HCT116 p53+/+ cancer cells that there 

is a 90-100kDa band (Fig. 6.33), suggesting cells are undergoing apoptosis but 

not in the ARPE-19 cells (Fig. 6.32). Phosphorylated AMPK levels were increased 

in HCT116 p53+/+ cells at all KHS101 doses compared to ARPE-19 non-cancer 

cells (Fig. 6.32), this is consistent with selective ATP deficiency in the HCT116 

p53+/+ cancer cells (Fig. 6.25). 
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Figure 6.34: Densitometric quantification of phosphorylated AMPK. 
Comparison of phosphorylated AMPK protein levels in ARPE -19 non-cancer cells 
and HCT116 p53+/+ cancer cells treated with the indicated doses of KHS101 for 24 
hours. Levels normalised to total AMPK and then to actin loading control. Levels 
expressed compared to DMSO control.  

6.2.13 KHS101 induces neuronal differentiation of ARPE-

19 non-cancer cells 

KHS101 has previously been reported to have  neurogenic properties and can 

induce neuronal differentiation of rat neural progenitor cells (Wurdak et al., 

2010a). It was hypothesised that KHS101 may have similar effects in human 

ARPE-19 non-cancer cells which could partly account for reduced cytotoxicity 

compared to cancer cells. As seen in Figure 6.30 increasing doses of KHS101 

induces a neuronal-like change in morphology in the ARPE-19 cells after 24 

hours treatment. To confirm that the phenotype was of neuronal type, mRNA 

levels of MAP1a were examined with expression levels found to increase as the 

dose of KHS101 increased (Fig. 6.35a). The mRNA expression of Nestin, KLF4 

and OCT4 were also examined which were all decreased after KHS101 treatment 

consistent with a more differentiated phenotype (Fig. 6.35b). 
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Figure 6.35: qPCR analysis of neuronal and stem cell markers in ARPE-19 non-cancer cells 
after KHS1001 treatment. 
Fold change in neuronal marker MAP1a (a) stem cell markers (OCT4, KLF4, Nestin) 
(b) in ARPE-19 non-cancer cells after treatment with various KHS101 doses or 
DMSO vehicle control for 24 hours. n=4 technical repeats ± SD  from 1 biological 
repeat.  

Protein expression of another neuronal marker MAP2 was also investigated. 

Preliminary analysis by immunofluorescence indciated an increase in expression 

with KHS101 treatment (Fig. 6.36). 
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Figure 6.36: Expression of neuronal marker MAP2 in ARPE-19 non-cancer cells treated 
with KHS101. 
Representative immunofluorescent cell images of ARPE-19 non-cancer cells 
showing MAP2 protein expression (green) and nuclear marker DAPI (blue) after 
treatment with 20µM KHS101 for 24 hours. Images taken with x40 objective and 
scale bar indicates 20µm. n=1 biological repeat.  
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6.3 Discussion and conclusions  

6.3.1 Induction of apoptotic cell death by KHS101 and 

HSPD1 inhibitor myrtucommulone in GBM cell models 

Glioblastomas (GBM) are one of the deadliest types of brain cancer. They are 

highly aggressive and infiltrative with a particularly poor response to treatments 

and a poor survival rate (<5% survival 5 years after diagnosis) (Carlsson et al., 

2014). Development of new and more effective therapeutic approaches is an 

urgent priority. GBM tumours also show considerable inter- and intra-tumoral 

heterogeneity which contributes to the therapeutic challenges. This has led to the 

classification of different GBM molecular subtypes based on (epi)genetic features 

and gene expression signatures (Verhaak et al., 2010). 

It is also apparent that glioblastomas contain a subpopulation of CSCs or cancer 

stem cell-like cells that share similarities with neural stem cells, which are highly 

tumorigenic and are a likely cause of intratumoral heterogeneity (Lee et al., 2018; 

Dirks, 2010). Previous work by Heiko Wurdak and colleagues identified the small 

molecule KHS101 as being able to induce neuronal differentiation of rat neural 

progenitor cells (Wurdak et al., 2010a). This led to their asking whether KHS101 

might have similar effects on GBM cancer stem-like cells and be able to induce 

their neuronal differentiation and half GBM growth (Wurdak et al., 2010a). 

Unexpectedly, KHS101 appeared cytotoxic rather than cytostatic towards 

multiple GBM cancer stem cell-like models and, instead, across the diverse 

models representing different subtypes, a pronounced vacuolisation phenotype 

was observed (Polson et al., 2018).  

The vacuoles induced which were found to be autophagic, were not induced in 

non-cancerous human neural progenitor cells and KHS101 showed selective 

activity in chemosensitivity assays towards GBM cells (Polson et al., 2018). The 

GBM vacuolisation phenotype was readily reproducible in our hands (Fig. 4.3). A 

key question, however, was why KHS101 induced autophagy and whether this 

was the cause of GBM cell death (autophagic cell death) or whether it might be 

a pro-survival response. Autophagy (literally meaning ‘self eating’) is a catabolic 
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process and can be induced by metabolic stress such as starvation enabling 

energy generation through breakdown of macromolecules (Glick et al., 2010). 

Cellular bioenergetics analyses revealed that 24 hours KHS101 treatment 

severely reduced oxygen consumption (mitochondrial respiration) of GBM1 cells 

(Fig. 6.4). In non-cancer NP1 cells, oxygen consumption was also reduced by 

KHS101, however, glycolytic rate was increased. In contrast, GBM1 cells showed 

no increase in glycolysis and reduced glycolytic capacity (Fig. 6.4b). The lack of 

compensatory glycolytic response in the GBM1 cells and activation of ‘low ATP 

sensing’ AMPK (Fig. 6.8) and reduced cellular ATP levels (Fig. 6.25, n=4 

biological repeats) lent support to the hypothesis that autophagy may be part of 

a pro-survival response to rescue the bioenergetics of the cell. Further analyses 

showed that by 48 hours, KHS101 induced significant apoptotic cell death with 

inhibition of autophagy using bafilomycin unable to rescue apoptosis (Fig. 6.5). 

Further experiments would be beneficial, for example with different timings or use 

of other, early stage autophagy inhibitors, however, overall the results suggest a 

pro-survival rather than a pro-death role of autophagy. 

Target pull-down by the Wurdak group and further functional studies suggested 

that KHS101-mediated disruption of mitochondrial chaperone HSPD1 function 

was responsible for the autophagic phenotype (Polson et al., 2018). Importantly, 

myrtucommulone, a selective HSPD1 inhibitor recently reported in the literature, 

was able to provide independent chemical validation, with induction of autophagy 

(Polson et al., 2018) and apoptosis in all 6 GBM cell models (representing 

different GBM subtypes) but not in NP1 cells (Fig. 6.9). 

6.3.2 Decrease in GPD2 activity with acute KHS101 

exposure and perturbation of cellular NADH/NAD+ 

balance  

Whilst HSPD1 functional inhibition provided a logical mechanistic explanation for 

inhibited mitochondrial respiration, it was initially less clear why glycolysis may 

also be impaired. However, with 30 minutes KHS101 exposure, substantially 

elevated G3P levels and decreased DHAP levels were observed suggesting 

disruption of the G3P shuttle which connects glycolysis and mitochondrial 
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respiration. One function in different tissue contexts of the G3P shuttle is re-

oxidation of cytosolic NADH (Fig. 6.2) which generates NAD+ that is required to 

fuel glycolysis (Mráček et al., 2013). Here, 1 hour KHS101 treatment of NP1 and 

GBM1 cells reduced activity of the G3P shuttle enzyme GPD2 in the GBM1 

cancer cells by 63% whereas no inhibition was seen in the NP1 non-cancer cells 

(Fig. 6.6, n=3 biological repeats GBM1; n=1 biological repeats NP1). Due to the 

reduction in GPD2 activity it was hypothesised that cellular NADH/NAD+ balance 

may be disturbed. Interestingly, examination of total cellular NADH and NAD+ 

levels revealed that NADH levels were decreased by 68% compared to NAD+ in 

the GBM1 cells and to a lesser extent of 37% in the NP1 non-cancer cells (Fig. 

6.7). This was the opposite of what was predicted based on GPD2 inhibition, 

however, it is also worth noting that it was total cellular levels of NADH and NAD+ 

that were examined. In future experiments, cytosolic NADH/NAD+ and 

mitochondrial NADH/NAD+ ratios should be compared either following subcellular 

fractionation or through use of genetically encoded fluorescent NADH/NAD+ 

sensors (Zhao and Yang, 2016). Nevertheless, the data indicates perturbation of 

NADH/NAD+ and the increase in NAD+ is consistent with it not being consumed 

by glycolysis. In addition to KHS101 inducing mis-aggregation of mitochondrial 

enzymes through its effects on the mitochondrial HSPD1 chaperone, proteomics 

analysis identified several glycolytic enzymes in KHS101-induced aggregates 

which might account for the impairment of glycolysis (Polson et al., 2018) There 

is growing evidence of substrate channelling in metabolic regulation. Formation 

of transient multi-enzyme assemblies to facilitate substrate channelling might 

explain how a mitochondrial chaperone could result in glycolytic enzyme 

aggregation (Sweetlove and Fernie, 2018). 

6.3.3 Cancer selective activity of KHS101 towards other 

cancer cell types  

Against the 6 GBM cancer cell models, 96 hours exposure to KHS101 resulted in 

IC50 values ranging from 0.97-5.05µM compared to >20µM in the non-cancer NP1 

cell line (Polson et al., 2018). Consistent with lack of evident normal tissue toxicity 

in vivo (Polson et al., 2018), here KHS101 also showed relative inactivity towards 

three other non-cancer cell models (Table 6.1, n=3 biological repeats). ARPE-19 
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retinal epithelial and CCD 841 CoN colon epithelial non-cancer cells showed 

similar IC50 values ~15-16µM although PNT2 prostate cells appeared more 

sensitive (7.6 µM). All 10 cancer cell lines tested were more sensitive to KHS101 

than ARPE-19 or CCD 841 CoN cells (IC50s ranging from 0.62-8.6µM) (Fig. 6.10 

& Fig. 6.11) indicating potential for therapeutic use of KHS101 towards other 

cancer types. Interestingly KHS101 appeared more cytotoxic to HCT116 p53-/- 

cancer cells compared to the isogenic HCT116 p53+/+ cells, this was similarly 

observed with FK866 (Fig. 3.7) and requires further investigation as to why, with 

use of p53 knockdown or re-expression studies. There was a 2.5-fold difference 

in IC50 between the cisplatin resistant CP70/A2780cis cancer cells and the 

cisplatin sensitive A2780 cancer cells (Fig. 6.10b) compared to a 10-fold 

difference seen with cisplatin, indicating potential of KHS101 for treating tumours 

resistant to cisplatin. 

6.3.4 Induction of autophagy by KHS101 in HCT116 

cancer cells and ARPE-19 non-cancer cells 

In support of a similar mechanism of action of KHS101 in other cancer cell types, 

HCT116 p53+/+ cancer cells that had been treated with KHS101 for 24 hours 

contained small vacuoles visible by phase contrast microscopy (Fig. 6.15). To 

verify that these vacuoles were autophagic, several different techniques were 

used including analysis of CYTO-ID positive staining (Chan et al., 2012) by both 

image cytometer and fluorescence microscopy and quantification of LC3-II levels. 

Consistent with the induction of autophagy by KHS101, levels of staining with 

autophagic dye CYTO-ID (Chan et al., 2012) were notably increased in response 

to 24 hours KHS101 treatment although unexpectedly this was the case in both 

HCT116 p53+/+ cancer cells and ARPE-19 non-cancer cells (Fig. 6.16a). 

Quantification of ‘CYTO-ID positive’ cells after quadrant gating indicated similar 

levels in HCT116 p53+/+ cancer cells and ARPE-19 non-cancer cells following 

KHS101 treatment (Fig. 6.16b, n=3 biological repeats). Analyses by confocal 

microscopy showed dose-dependent increases in CYTO-ID fluorescent staining 

in HCT116 p53+/+ and p53-/- cells and ARPE-19 non-cancer cells in response to 

KHS101 treatment although these were not formally quantified. Staining was 
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cytoplasmic, punctuate and co-localised with vacuoles indicating staining 

specificity (Fig. 6.17-Fig. 6.19). The increase in CYTO-ID fluorescence in the 

HCT116 p53-/- cells suggests that KHS101-induced autophagy is not p53-

dependent which is important as p53 is widely reported to activate autophagy 

(White, 2016). This also suggests that the increased sensitivity of the HCT116 

p53-/- cells to KHS101 compared to their isogenic p53+/+ cells (Table 1.1) is not 

due to lack of pro-survival autophagy induction although it is possible there are 

differences in absolute levels.  

Quantification of LC3-II levels by immunoblotting showed increased levels in the 

HCT116 p53+/+ cancer cells compared to the ARPE-19 non-cancer cells after 24 

hours 5µM KHS101 treatment (Fig. 6.20, n=1 biological repeat). These findings 

differed to the similar levels of staining seen by CYTO-ID analysis instead 

suggesting increased levels of autophagy in the HCT116 p53+/+ cancer cells than 

in the ARPE-19 non-cancer cells. Indeed, increased KHS101-induced LC3-II 

levels in the HCT116 p53+/+ cancer cells compared with the ARPE-19 cells were 

similar to, or more pronounced than, the LC3-II difference between GBM1 and 

NP1 cells which were assayed in parallel (Fig. 6.20). 

It should be noted that differences in intensity among cells classed as CYTO-ID 

‘positive’ were not analysed. For future quantitative autophagy studies, it would 

also be beneficial to perform kinetic measurements to determine autophagic flux. 

As the gold standard for autophagy detection, it would also be useful to carry out 

transmission electron microscopy to see whether intracellular double–

membraned autophagosomes containing electron dense material are visible. 

These differences obtained with CYTO-ID staining compared with LC3-II indicate 

the need for further experiments and quantitative analyses to determine whether 

there is preferential autophagy induction in the cancer cells or not. To determine 

whether autophagy in these cells is actually pro-survival, future work including 

use of an autophagy inhibitor for example bafilomycin or 3-MA should also be 

performed as done in the GBM1 cells (Fig. 6.5).  
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6.3.5 Glycolytic compensation and differential effects on 

cellular ATP levels of KHS101 treatment in HCT116 p53+/+ 

and ARPE-19 cells 

24 hours KHS101 treatment induced similar effects on core cellular metabolism 

in the HCT115 p53+/+ cancer cells and ARPE-19 non-cancer cells (Fig. 6.21) as 

was see in the GBM1 cancer cells and NP1 non-cancer cells (Fig. 6.4). In the 

HCT116 p53+/+ cancer cells the basal rate of mitochondrial respiration was 

severely diminished (11-fold) with no compensatory increase in glycolysis. In the 

much less metabolically active ARPE-19 cells, basal respiration was also 

decreased (7-fold) but a very modest increase in basal glycolysis was also 

evident. Interestingly, however, immediately following KHS101 cellular exposure, 

HCT116 p53+/+ cancer cells increased glycolysis (>2-fold) indicating a glycolytic 

compensatory response (Fig. 6.22 & Fig. 6.23). In further support of this, where 

HCT116 p53+/+ cancer cells had been treated with KHS101 for 48 hours the 

colour of the culture media was visibly more yellow in colour than control cells 

(Fig. 6.24) despite reduced cell number (Fig. 6.14). This colour change suggests 

acidification of the media which could be caused by increased lactate release into 

the media due to increased glycolysis to compensate for decreased mitochondrial 

respiration. Further studies are required to analyse lactate levels in the media 

after KHS101 treatment; interestingly, KHS101-treated GBM1 cells did not show 

a similar change in media colour (Fig. 6.24). These results also suggest that 

combining KHS101 with LDH-A inhibition could be more cytotoxic towards the 

HCT116 cancer cells and this would be worthy of investigation although there is 

a risk of increased cytotoxicity to non-cancerous cells also. 

A significant decrease in cellular ATP levels was observed in the HCT116 p53+/+ 

cancer cells compared to ARPE-19 non-cancer cells with 20 hours KHS101 

treatment over a range of different KHS101 concentrations (Fig. 6.25, n=4 

biological repeats). Levels of phosphorylated AMPK were also elevated with 

KHS101 treatment to a greater extent in the HCT116 p53+/+ cancer cells 

compared to ARPE-19 non-cancer cells (Fig. 6.32-Fig. 6.34). These results 

suggest that the HCT116 p53+/+ cancer cells were less able to metabolically 
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compensate for attenuated mitochondrial respiration than ARPE-19 non-cancer 

cells; this may also relate to their very different basal metabolic activity. 

6.3.6 Decreased GPD2 activity in HCT116 cells and 

differential HSPD1 expression 

It was hypothesised that if KHS101 was working through a similar mechanism of 

action then GPD2 activity may be decreased in other cancer cells upon treatment. 

1 hour cellular KHS101 exposure induced a decrease in GPD2 activity in the 

HCT116 p53+/+ cancer cells (Fig. 6.28, n=1 biological repeat) which was similar 

to what was observed in the GBM1 cells (Fig. 6.6). Further analyses in additional 

cancer cells are required as well as in other non-cancer cells to see if any 

reduction in activity is cancer selective. Analysis of GPD2 protein levels indicated 

its expression in all cell lines tested however levels appeared variable with 

multiple bands detected on SDS-PAGE of similar molecular weight of different 

intensity in different cell line lysates (Fig. 6.26). Further work is needed to 

investigate whether all these bands are specific and whether they correspond to 

different GPD2 isoforms or different post-translationally modified GPD2. 

Interestingly, NADH:NAD+ levels were decreased with 24 hours KHS101 

treatment in the HCT116 p53+/+ cancer cells (Fig. 6.29) similar to what was 

observed in the GBM1 cells (Fig. 6.7), consistent with perturbed metabolism and 

inability to sustain ATP levels (Fig. 6.25).  

Analysis of HSPD1 indicated modestly increased protein expression (by ~2-fold) 

in most of the cancer cell lines in the cell line panel compared to expression in 

the non-cancer cell models, except for MDA-MB-231 (Fig. 6.26, n=1 biological 

repeat). While this may be suggestive of increased HSPD1 dependency of the 

cancer cells, future studies are required where HSPD1 is directly targeted, for 

example using myrtucommulone or through HSPD1 silencing by RNAi, to see if 

this recapitulates effects and cancer cell selectivity of KHS101. 

Overall, the results are supportive of the hypothesis that KHS101 has selective 

cytotoxic activity towards cancer cells via metabolic effects (evidence presented 

of induction of autophagy, inhibition of mitochondrial respiration and depleted 
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ATP). However, further repeats are required to confirm involvement of the GPD2 

shuttle and perturbed total cellular balance of NADH/NAD+.  

6.3.7 Cytoplasmic protein aggregates induced by 

KHS101 

In both HCT116 p53+/+ cancer cells and ARPE-19 non-cancer cells a striking 

consequence of KHS101 treatment was the appearance of numerous 

cytoplasmic ‘speckles/aggregates’ visible by phase contrast microscopy at high 

magnification (Fig. 6.15, Fig. 6.30 & Fig. 6.31, n=3 biological repeats). It was 

hypothesised that these ‘speckles’ may be protein aggregates resulting from 

inhibition of HSPD1 chaperone function by KHS101. Western blot analysis of the 

unfolded protein response marker (UPR), CHOP (Nishitoh, 2012) showed a small 

increase in levels at higher KHS101 doses in both the HCT116 p53+/+ cancer cells 

and ARPE-19 non-cancer cells (Fig. 6.32 & 6.33). More detailed investigation of 

effects of KHS101 on both the mitochondrial UPR and endoplasmic reticulum 

UPR would be informative. To further elucidate whether the ‘speckles’ are protein 

aggregates and their subcellular localisation, specific fluorescent stains for 

different organelles could be used together with thioflavin T which has been used 

as a fluorescent label for protein aggregates such as amyloid fibrils (Xue et al., 

2017). Proteomics-based ID of (mis)aggregated proteins resulting from KHS101 

treatment and differences between cancer and non-cancer cells, or in total levels 

of protein aggregation would further facilitate understanding of KHS101 cancer 

selectivity. There may also be important differences in aggregation kinetics or 

rates of clearance (e.g. by autophagy or UPR).  

6.3.8 Induction of neuronal differentiation by KHS101 in 

ARPE-19 retinal epithelial non-cancer cells 

In addition to the appearance of cytoplasmic ‘aggregates’, ARPE-19 non-cancer 

cells treated with higher doses of KHS101 (≥20μM) for 24 hours showed a clear 

change in morphology (Fig. 6.30) that was similar to that observed in response 

to the SIRT1 inhibitor EX-527 (Fig. 4.19). Cell number was reduced suggestive 

of possible cell cycle exit and cells were more elongated in morphology. Since 
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KHS101 has previously been shown to induce neuronal differentiation of rat 

hippocampal neural progenitor cells (Wurdak et al., 2010a) it was hypothesised 

that KHS101 may be inducing neuronal transdifferentiation of human ARPE-19 

cells. In support of this, mRNA of neuronal marker MAP1a was increased > 5-

fold by 25μM KHS101 (Fig. 6.35) and MAP2 protein expression was increased 

(Fig. 6.36). As Wurdak et al. (2010a) show that KHS101-induced neuronal 

differentiation in the rat is due to its binding to TACC3, it will be interesting to 

determine whether knock-down of TACC3 in ARPE-19 cells induces a similar 

neuronal phenotype and increase in MAP1a and MAP2. 

6.3.9 Conclusions 

Here it shown that KHS101 induces apoptotic cell death of GBM1 cells (Fig. 6.5, 

n=3 biological repeats) with HSPD1 inhibitor myrtucommulone able to 

recapitulate this in all 6 GBM cancer stem cell-like models (Fig. 6.9, n=3 biological 

repeats). Evidence is presented suggesting that KHS101-induced autophagy 

(Fig. 6.16, n=3 biological repeats, Fig. 6.17, 6.18, 6.20, n=1 biological repeat) is 

a pro-survival metabolic stress response to diminished respiration and energy 

deficiency (e.g. Fig. 6.25, n=4 biological repeats, Fig. 6.4, 6.8, 6.21 - 6.23, n=1 

biological repeat). Specific effects of KHS101 in GBM1 and HCT116 cancer cells 

include reduced activity of G3P shuttle enzyme GPD2 and perturbed 

NADH:NAD+ balance (Fig. 6.6, n=3 biological repeats, Fig. 6.7, 6.28, 6.29, n=1 

biological repeat). Importantly, selective cytotoxic activity of KHS101 is also 

observed towards a range of cancer cell lines of different tissue type (Fig. 6.10, 

n=3 biological repeats) raising the possibility of therapeutic potential of KHS101 

against multiple cancer types and not just glioblastomas. Mechanism of action 

studies suggest a similar mechanism of action in other cancer cells to that in GBM 

cells with attenuation of mitochondrial function and autophagy induction (Fig. 

6.16, 6.17, 6.21-6.23, n=1 biological repeat) which preliminary data suggests is 

independent of p53 status (Fig. 6.17, n=1 biological repeat). Cytoplasmic 

‘speckles’ detected (Fig. 6.15, 6.30, 6.31, n=3 biological repeats) are 

hypothesised to be due to disruption of HSPD1 chaperone function and be protein 

aggregates. A notable difference in the metabolic response of HCT116 cancer 

cells to KHS101 treatment compared to GBM cells is short-term elevated 
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glycolysis (Fig. 6.22 - Fig. 6.24  n=1 or n=2 biological repeats) as a likely 

compensatory response suggesting that its co-targeting could be therapeutically 

beneficial. Preliminary data suggests that KHS101, akin to its neurogenic effects 

towards rat neural progenitor cells, can promote neuronal transdifferentiation of 

human ARPE-19 non-cancer cells (Fig. 6.30, n=3 biological repeats, Fig. 6.35, 

6.36, n=1 biological repeat) which has important implications for potential 

KHS101 therapeutic application outside of cancer treatment.  

For some of the experiments, additional biological replicates are required for 

confirmation of these conclusions and to enable testing for statistical significance 

as is evident from individual figure legends. However, as indicated above, it 

should also be noted for some of these findings, use of independent experimental 

approaches or ‘readouts’ (whilst lacking in n=3 biological replicates) lend support 

and confidence to some of the findings and avoid potential issues of reproducible 

false negative or false positive results that can sometimes be obtained through 

reliance on a particular experimental methodology. 
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7. Summary and perspectives 

The focus of this research was to investigate potential cancer cell molecular 

vulnerabilities, or differential dependencies of cancer versus non-cancer cells, 

linked to NAD+ biology. The underlying hypothesis was that fundamental 

differences in NAD+ biology/function exist between cancer and non-cancer cells 

and that these could potentially be exploited for improved and/or novel 

chemotherapeutic approaches. As outlined in the introduction of this thesis, 

chemotherapy remains an essential part of cancer treatments today but is also a 

major cause of treatment failure. The development of chemotherapeutic 

approaches that are sufficiently selective towards cancer cells and sufficiently 

potent are major ongoing challenges. There is also a continued debate as to the 

‘best’ approach for current anti-cancer drug discovery and development. Whilst 

classic chemotherapeutic drugs are potent but lack good selectivity to cancer 

cells, targeted therapies are selective but can lack the potency that classic 

chemotherapeutics display and for both approaches development of drug 

resistance is problematic. 

Here, several novel therapeutic approaches have been identified or explored 

linked to NAD+ biology and experimentally dissected to differing extents in an in 

vitro context, which are outlined and further assessed below. 

1. Most classic chemotherapeutic drugs have a small therapeutic index and 

are not selective to cancer cells alone. Previous research has shown that 

the use of PARP inhibitors alongside DNA damaging agents can increase 

their potency. The issue with this is that non-cancer cells also require 

PARPs for efficient repair of certain types of DNA damage and increased 

toxicity to non-cancer cells is likely with combining PARP inhibitors with 

DNA damaging agents. Here data is presented suggesting that PARP 

activity can be selectively decreased in cancer cells compared to non-

cancer cells through modulation of NAD+ levels through use of the NAMPT 

inhibitor, FK866. Importantly, the combination of FK866 with selective 

DNA damaging agents resulted in drug potentiation and enhanced 

cytotoxicity towards cancer cells whereas there was no potentiation of 
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effect towards non-cancer cells. Longer term assays (e.g. clonogenic 

assays) would be useful to determine whether cancer cell selectivity and 

potency is sustained following drug treatment and washout. In vivo studies 

are also required, however, these findings suggest a possible way of 

improving the cancer selectivity and therapeutic index of current 

chemotherapeutic drugs enabling the use of a more effective dose and/or 

fewer side effects. More extensive preclinical studies are also required to 

understand why some chemotherapeutic agents that induce DNA damage 

that is repaired by PARP are potentiated (e.g. TMZ) but others are not or 

much less so. This may be due to repair by other compensatory DNA 

repair pathways. It is also possible that potentiation by FK866 of TMZ and 

other DNA damaging agents is via other or additional mechanisms to 

decreased PARP activity. An ‘omics’ based approach may provide 

unbiased insight here or combination effects could be analysed in a PARP-

null background. 

 

2. RNAi-mediated knock-down of NAD+-dependent deacetylase SIRT1 has 

previously been reported to induce apoptosis in multiple cancer cell lines 

whilst non-cancer cell viability is unaffected. However, the impact of the 

existence of a number of SIRT1 splice variants on this and targeting SIRT1 

via a small molecule has not previously been investigated. Here it is shown 

that the small molecule inhibitor of SIRT1, EX-527, can recapitulate effects 

of full-length SIRT1 knock-down although cancer selective activity with 96 

hours EX-527 exposure depended on cell line and was less than expected. 

This may relate to duration of exposure and testing of other dose durations 

would be worthwhile and whether these effects are on- or off-target. 

 

Importantly, SIRT1 suppression also appeared to affect non-cancer and 

cancer cell differentiation status. Inhibition of SIRT1 in two different non-

cancer cell models induced a neuronal-like phenotype and gene 

expression changes consistent with neuronal transdifferentiation. Further 

studies are required to determine whether functional neurons can be 

formed and the reversibility of any cell fate change as well as the 

mechanistic bases for these effects. mRNA changes suggestive of 
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reduced stemness/potency and progression towards a neuronal fate were 

also observed in GBM cancer stem cell-like cells. Further verification of 

this is required including a direct stem cell assay and inhibition of SIRT1 

for longer duration to see whether more pronounced mRNA changes as 

well as changes in protein expression indicative of neuronal differentiation 

are observed. Nevertheless, these preliminary results suggest SIRT1 

inhibition may have therapeutic potential of for targeting the cancer stem 

cell fraction of tumours.  

 

3. Many TSGs are epigenetically silenced in cancer cells and one potential 

approach to treating cancer is to induce their re-expression. However, 

current epigenetic agents lack selectivity towards cancer cells which raises 

issues of likely toxicity or adverse gene expression changes in non-cancer 

cells as targeting may alter their epigenetic status also. Here suppression 

of glycolytic enzyme LDH-A is shown to induce global alterations in histone 

H3 modifications that are associated with a more transcriptionally active 

state. It was also able to cause a modest increase in mRNA expression of 

epigenetically silenced TSG E-cadherin although effects at the E-cadherin 

promoter were not analysed. This research identifies LDH-A as a potential 

novel target for selective modification of the cancer cell epigenome. Future 

work will investigate whether its targeting is sufficient to promote re-

expression of epigenetically silenced tumour suppressors without adverse 

epigenetic effects on non-cancer cells or whether through a combinatorial 

approach it can improve selectivity of other epigenetic modifiers. 

 

4. Small molecule KHS101 is selectively cytotoxic towards multiple patient-

derived glioblastoma (GBM) cell models in vitro with the viability of non-

cancerous neural progenitor cell lines unaffected (Polson et al., 2018). 

KHS101 also reduced tumour growth in mouse xenograft models (Polson 

et al., 2018). Here, it was shown that KHS101 induces apoptotic cancer 

cell death with induction of autophagy a likely pro-survival metabolic 

response to diminished respiration. Mechanism of action studies here 

indicated cancer cell selective inhibition of G3P shuttle enzyme GPD2 

consistent with mitochondrial chaperone HSPD1 as the identified target of 
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KHS101. KHS101 also perturbed NAD+/NADH balance and cancer cells 

were unable to sustain cellular ATP levels. KHS101 also showed 

promising in vitro cancer selective activity towards other cancer cell lines 

of different tissue type suggesting therapeutic potential of KHS101, or 

another HSPD1-targeting small molecule, against other cancer types in 

addition to GBM.  KHS101 mechanism of action seemed similar in other 

cancer cell lines but further experiments are required to validate HSPD1 

as the relevant target.  

Further research is required to build on these in vitro proof-of-principle studies, 

and in particular whether the key findings observed here ‘stand up’ or can 

translate into an in vivo setting or, the ultimate aim, into a clinical setting.  

For these in vitro studies, the cancer cell line panel screened was composed of 

established lines derived from epithelial tumours of different tissue origin, in some 

cases with several cell lines derived from the same tissue. Whilst this provided 

some indication of the likely relevance of the different putative cancer cell targets 

in different contexts and broad versus restricted (e.g. tissue type-specific) anti-

cancer activity of the small molecule inhibitors, the panel was quite small. 

Evaluation of a larger panel of cancer cell lines would be beneficial to assess 

heterogeneity of response. p53 null and p53 wild-type isogenic cancer clones 

(HCT116) were utilised, however, including additional paired isogenic lines would 

enable analyses of the impact of other common genetic lesions on response 

together with RNAi-based knock-down or CRISPR knock-out/in approaches. 

Non-cancer cell models used were also epithelial but were not necessarily of 

matched tissue type, however, given the systemic nature of chemotherapy this 

was still informative as an initial assessment of toxicity towards normal cells. 

Whilst cancer cell lines are highly amenable to experimental manipulation and 

dissection of the consequences of any targeting, expression of putative targets in 

cell lines and in clinical cancer and healthy tissue can vary. It would therefore be 

beneficial in future studies to analyse the expression of proposed targets, and of 

any emerging factors that may influence response to targeting, in tissue 

microarrays or clinical specimens. 



317 
 

Another limitation of the ‘reductionist’ approach used here is that the impact of 

the tumour microenvironment (TME) on cellular response to targeting has yet to 

be considered. Prior to assessing some of the proposed cancer cell 

vulnerabilities/targeting strategies in an in vivo setting, a better and more ethical 

strategy (3Rs) perhaps would be to first examine for efficacy in different in vitro 

models of the TME. It is well documented that both physico-chemical aspects of 

the TME and also heterotypic cell interactions can profoundly affect cancer cell 

metabolism and potentially response to targeting (Hanahan and Coussens, 

2012). The use of in vitro models which mimic different aspects of the TME will 

enable analysis of how these different aspects can affect the target(s) and 

response. 

Future investigation of hypoxia and varying oxygen tension is one element that 

may be explored. EX-527 and FK866 were equitoxic at 21% and 0.1% O2 

however within the TME different oxygen tensions exist depending on the 

distance of the cancer cells from a blood vessel. For our cells cultured in 

‘normoxic’ conditions atmospheric O2 tension (21% O2) was used for 

convenience, although it is known that within the body normoxic tissue O2 tension 

is usually well below this (Carreau et al., 2011). Polson et al. (2018) showed that 

KHS101 had equitoxic activity when comparing cells grown under 21% O2 and 

5% O2. Here, activity of KHS101 in cells cultured at 21% O2 and 0.1% O2 were 

compared and the cells cultured at 0.1% O2 were found to be less sensitive to 

KHS101. This indicates the importance of testing multiple O2 tensions on 

response and to compare this to a more physiologically normal O2 tension. 

However, it should also be noted that in the pathophysiological TME, cancer cells 

are also prone to fluctuating oxygen tensions as the leaky and poorly formed 

blood vessels can commonly become temporarily blocked and then re-open. The 

effects of fluctuating oxygen tension on chemosensitivity to the different small 

molecule inhibitors tested here would be interesting to evaluate as well as oxygen 

tensions where there is likely to be less of an effect on cell proliferation than at 

0.1% O2. 

Another important component of the TME is the presence of other cell types. For 

example, work by Michael Lisanti and colleagues suggests that for certain breast 
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cancers, stromal fibroblast cells in the TME are metabolically subverted by the 

breast cancer cells (Pavlides et al., 2009). This indicates the potential need for 

analyses and comparison of targeting efficacy in co-cultures versus individual 

cultures. Another important cell type found in the TME is cancer stem cells 

(CSCs) and these are often found in hypoxic regions of tumours. CSCs are a 

major therapeutic challenge and are typically resistant to both traditional 

chemotherapy and radiotherapy. Non-cancer adult stem cells are cells that have 

the capability to self-renew and develop into differentiated cells of a tissue type, 

which is important for homeostatic control in tissues that undergo high cell 

turnover. CSCs are hypothesised to originate from adult stem cells or from the 

progenitors of stem cells where either have acquired additional genetic 

mutations. CSCs also have the capability to self-renew and therefore lead to 

additional CSCs and progeny which differentiate into different cell types within a 

tumour. Therapies must ensure that the whole CSC population is eliminated to 

guarantee effective treatment. Patients could show an initial good response to 

treatment and almost all cancer cells may be eliminated but if CSCs remain it can 

lead to tumour recurrence (Tan et al., 2006). As current traditional cancer 

therapies usually work to target the rapid proliferation of the cells, they are not 

successful against targeting the slower proliferative CSCs, which raises issues in 

terms of treatment effectiveness (Zheng et al., 2013). Although the GBM stem 

cell-like models have been utilised here, there is a need for evaluation of the 

proposed therapeutic approaches against other CSC models.  

A general concept that is emerging from multiple independent studies of the TME 

is that it increases cancer cell plasticity (Hanahan and Coussens, 2012). Recent 

collaborative studies that I was lucky to be involved in that are not reported in this 

thesis have shown that GBM cells can be chemically induced to form connections 

that enable intercellular transfer of organelles. When GBM cells were treated with 

a chemical inhibitor of RHO-associated serine/threonine kinase proteins (ROCK), 

a connecting network between the cells through neurite-like projections was 

induced. GBM cells were able to traffic lysosomes and mitochondria between 

cells through these projections (da Silva et al., 2019). Whilst this was artificially 

induced, it is possible that similar ‘networks’ may form in the context of the TME. 

Given that KHS101 impairs mitochondrial function, formation or induction of such 
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a ‘network’ in the TME might enable cancer cell survival if ‘healthy’ mitochondria 

could traffic to these cells, which could potentially lead to KHS101 resistance. It 

would be interesting to see if inhibition of ROCK can induce similar networking in 

other cancer cells.  

Another consideration is the possibility of transfer or ‘sharing’ of NAD+ or other 

metabolites between cells in such a ‘connected network’ if levels are depleted in 

some cells but not in others. It has also been reported that NAMPT can be 

secreted from cells and found extracellularly in the bloodstream (eNAMPT) and 

be taken up by other cells through extracellular vesicles increasing NAD+ 

synthesis in cells it is transferred to (Yoshida et al., 2019). With the more efficient 

vasculature of normal tissues compared to tumours this may help to circumvent 

any toxicity of NAMPT inhibition in normal cells through restoration of NAMPT 

function, but it could also reduce efficacy of NAMPT inhibitors towards cancer 

cells. 

This research also indicates several different cellular targets and small molecule 

inhibitors that induce or influence neuronal (trans)differentiation. The results 

presented in Chapter 4 show that SIRT1 inhibition and/or SIRT1-FL knock-down 

promotes neuronal transdifferentiation of two non-cancer cell models whereas 

SIRT1-∆8 knock-down prevented neuronal transdifferentiation induced by SIRT1-

FL knock-down. In Chapter 6, KHS101 was shown to have a similar effect to 

SIRT1 inhibition inducing a neuronal-like phenotype and increasing expression 

of neuronal markers MAP1a and MAP2. Previously, KHS101 has been shown to 

induce neuronal differentiation of rat NPCs due to binding of TACC3 (Wurdak et 

al., 2010a) although the role of TACC3 in this context (human retinal epithelial 

cells) has not been determined. A key question for future investigations is whether 

these are independent pathways to neuronal differentiation or whether they are 

interlinked - whether SIRT1 inhibition affects TACC3 function and whether SIRT1 

inhibition or SIRT1-∆8 expression is required for KHS101-induced neuronal 

differentiation. This is also relevant in the context of SIRT1 inhibition (EX-527) 

also promoting a neuronal-like morphology/differentiation phenotype and 

expression of neuronal markers in MDA-MB-231 breast cancer cells and in GBM1 

cells. It will be interesting to see whether TACC3 knock-down recapitulates this 
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or whether in combination with EX-527 a more pronounced phenotype is 

observed suggesting potential as a part of an anti-cancer differentiation therapy.  

To summarise, this PhD research identifies a number of potential opportunities 

linked to the NAD+ metabolome for selective therapeutic targeting of cancer cells 

or improving the effectiveness or selectivity of existing approaches. Whilst in vitro 

proof-of-principle is mostly provided, these targets/approaches now require 

investigation in more physiologically relevant models in particular taking into 

account the impact of different aspects of the TME before possible in vivo studies. 
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9. Appendix 

 
Figure 9.1: qPCR analysis of SIRT1-FL, SIRT1-Δ8, MAP1a and MAP2 mRNA (data generated 
by S.J.Allison) 
Relative mRNA levels of SIRT1-FL, SIRT1-Δ8, MAP1a and MAP2 after transfection 
of ARPE-19 non-cancer cel ls with SIRT1-FL and SIRT1-Δ8 siRNA alone or in 
combination for 72 hours.  Lamin A/C mRNA levels are shown as the housekeeper 
gene. 
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Table 9.1: Constituents for 4% and 15% SDS-PAGE gels for Immunoblotting. 

 

 
Figure 9.2: Protein expression of p53 in HCT116 p53+/+ and HCT116 p53-/- cancer cells.  
Immunoblot showing differential p53 protein expression in HCT116 p53 +/+ and 
HCT116 p53 - / - cancer cel ls. Actin was used as an endogenous loading contr ol.  

 
Table 9.2: IC50 values of cisplatin in CP70/A2780cis and A2780 cancer cells. 
Mean IC50 value ± SEM (n=3 biological repeats) of cisplatin in CP70/A2780cis 
(cisplatin resistant) and A2780 (cisplatin sensit ive)  cancer cel ls after 96 hours 
continuous drug exposure.  

 
 
 
 

15% Resolver (20ml) 4% Stack (20ml)

ddH2O 6.28ml 13.5ml

Tris 5ml 1.5M pH8.7 2.9ml 1.5M pH8.7

40% acrylamide 7.5ml 2ml

2% bis-acrylamide 0.8ml 1.2ml

10% SDS 200µl 240µl

TEMED 20µl 20µl

APS 200µl 240µl
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Table 9.3: IC50 values of FDA-approved platinates in HCT116 p53+/+ cancer cells and CCD 
841 CoN non-cancer cells. 
Mean IC50 value ± SEM (n=3 biological repeats) of FDA-approves platinates,  
Cisplatin, Oxaliplatin and Carboplatin in HCT116 p53 +/+ cancer cel ls and CCD 841 
CoN non-cancer cel ls after 96 hours cont inuous exposure.  

 
Table 9.4: IC50 values of doxorubicin in HCT116 p53+/+ cancer cells under normoxic and 
hypoxic conditions. 
Mean IC50 value ± SEM (n=3 biological repeats) of doxorubicin  (DOX) in HCT116 
p53+/+  cancer cells under normoxic and hypoxic conditions after 96 hours cont inuous 
drug exposure.  
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Figure 9.3: Cell micrographs of non-cancer and cancer cells treated with 10nM FK866 for 
24 hours. 
Cell images of the indicated non-cancer and cancer cel l lines treated with 10nM 
FK866 or DMSO control for 24 hours, showing no apparent toxic effects. Images 
taken with 10x objective and scale bar shown 100µm. 
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Figure 9.4: Cell micrographs of ARPE-19 non-cancer cells, HCT116 p53+/+ cancer cells 
under normoxic and hypoxic conditions and cancer stem-cell like model GBM1 after EX-
527 treatment. 
Cell images of ARPE-19, HCT116 p53+/+ and GBM1 cells after 48 hours treatment 
with the indicated EX-527 doses or DMSO control. Images taken with 10x objective 
and scale bar indicates 100µm. 

 
Figure 9.5: Comparison of IC50 values of FK866 in HT-29 cancer cells achieved through 
chemosensitivity assay via SRB or MTT staining. 
Average IC50 values ± SEM, n=3 biological repeats for MTT and n=2 biological 
repeats for SRB (8 technical replicates per repeat) of FK866 in HT -29 cancer cells. 


