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Abstract

CD40 is a member of the tumour necrosis factor receptor (TNFR) superfamily and ligation by membrane-
presented CD40 ligand (mCD40L), but not soluble agonists, causes extensive apoptosis in malignant
epithelial cells, including colorectal carcinoma (CRC) cells. This thesis aimed to unravel the precise cell
signalling pathways responsible for mCD40L-mediated apoptosis in CRC cells.

This study has provided evidence that CRC cell death by mCD40L is rapid. mCD40L activated MOMP,
cytochrome c release from mitochondria and induction of Bak/Bax within <6 hours post ligation. The pro-
apoptotic role of Bax was confirmed by shRNA-mediated Bax knockdown as this attenuated apoptosis and
decreased caspase 3/7 activity. mCD40L triggered rapid TRAIL induction and a caspase-dependent
pathway that involved caspase-10 (but not caspase-8) and caspase-9 to cause CRC cell death. Thus CD40
cross-talks with the extrinsic pathway by inducing TRAIL-mediated, caspase-10 activation, mitochondrial
disruption, tBid activation, Bak/Bax induction, and activation of caspase-9 and -3/7 to cause CRC cell death.

When the signalling pathways triggered by CD40 were studied further, we found that CD40 induced both p-
JNK and p-p38 in CRC cells which is necessary for apoptosis, and that JNK might be acting downstream of
p38. p38 and JNK directly regulated Bak/Bax and TRAIL induction at the transcriptional level. We also
showed that TRAF1, -3, and 6 were induced in CRC cells as early as 1.5 hours post ligation. Our studies
not only demonstrated a novel pattern of TRAF regulation in CRC cells but revealed for the first time that
TRAF3 has an essential role in CD40-mediated CRC cells death. TRAF3 is central in the induction of
apoptosis as its knockdown attenuates apoptosis, by abrogating p38 and JNK activation, induction of
Bak/Bax and caspase-3/7 activation. Therefore, despite the existence to a dual apoptotic pathway being
engaged in CRC cells, TRAF3 appears to be central in both signalling axes.

ROS are rapidly induced in CRC cells by CD40 in a Nox-dependent fashion and this plays an important role
in CD40-mediated Kkilling. More specifically, CD40 activation appears to result in TRAF3-dependent
p40phox activation. CD40 also regulates directly ROS scavenging mediators, as we detected reduction in
Trx-1 expression. Moreover, CD40 triggered activation of the Trx-regulated pro-apoptotic kinase ASK-1,
which provided direct molecular explanation for the importance of ROS in CD40 signalling and downstream
activation of MKKs and p38/JNK. Thus, the mCD40L-CD40-TRAF3-NOX axis utilises ROS for the activation
of ASK-1/MKK/p38/INK pro-apoptotic pathways in CRC cells.

Based on observations in this thesis and more recent findings following completion of this work, we
hypothesise that at some point the MAPK/p38/JNK pathway diverges to drive on one hand transcriptional
upregulation of TRAIL, activation of tBid and cross talk to the mitochondria, whilst the other p38/IJNK
pathway directly induces Bak/Bax to also induce MOMP and mitochondrial death, the latter being more
reminiscent of CD40-mediated cell death in UCC cells. However, unlike UCC cells were the operation of
only the latter pathway takes place means apoptosis requires a minimum of 24-36 hours to occur, in CRC
cells there is rapid amplification of the apoptotic signal and quick induction of death. To our knowledge, this
is the first demonstration of such extensive and rapid carcinoma cell apoptosis triggered by CD40 ligation.

Overall, this study has identified the intracellular signalling cascade triggered by CD40 ligation and results in
extensive apoptosis in CRC cells. It has identified a TRAF3-Nox-ROS-ASK1-MKK-p38/JNK pathway (that
activates caspase-10 and caspase-9) as the driving force that triggers both a TRAIL-associated extrinsic as
well as the intrinsic apoptotic pathways. Thus, in CRC cells CD40 induces apoptosis by pathway cross talk
which permits strikingly rapid apoptosis. These findings not only provided novel observations on the
mechanisms of apoptosis triggered by the TNSRF member CD40, and also reinforced the importance of the
quality of CD40 signal in determining functional outcome, but they have also raised interesting hypotheses
for further biological studies. Equally importantly, the findings have also assisted in the formulation of a
novel combinatorial therapeutic approach that may exploit CD40 for anticancer therapy.
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CHAPTER 1: INTRODUCTION



1.1 Apoptosis

1.1.1 General

Apoptosis or Programmed Cell Death (PCD) refers to a physiological type of cell
death involving an active process. The two terms refer to distinct and well defines
physiological processes, however often they are used interchangeably.

PCD is a term originally used to describe cells that die at a specific time and place
during development. Cell death is a genetically programmed natural phenomenon which

eliminates unnecessary cells (Pereira and Amarante &endes, 2011). Physiologically, there is

a close balance between apoptosis and the production of new cells which prevents
excessive cell proliferation and achieves homeostatic control of overall cell numbers in the
body. When apoptosis is not working cells can multiply uncontrollably and thus dysregulation
of apoptosis can be associated with cancer. Apoptosis is distinct from necrosis, which in

general is a pathological cell death; however more recent research has provided evidence for

the existence of controlled necrosis which will not be discussed here (Edinger and

Thompson, 2004).

In 1972, Kerr's team showed that, in several cell types, death is preceded by a
condensation of the nucleus and cytoplasm, fragmentation of the cell contents in apoptotic

bodies (membrane structures containing cytoplasmic and nuclear debris) and elimination of

the last components by phagocytosis (see Figure 1.1) (Kerr et al., 1972). In addition, this

type of cell death induced no inflammatory response and did not affect neighbouring cells.
Necrosis, by contrast, is in general referred to as "accidental" cell death, which occurs while
cells are exposed to extreme conditions that differ from physiological situations, such as
hypothermia, hypoxia or tissue injury. In necrosis, the cell swells and bursts the cell
membrane, discharging the cell contents into the surrounding tissue and causing a local
inflammation. This inflammation is caused by the presence of inflammatory substances and

enzymes present in the cytoplasm. Organelles (including the mitochondria and the nucleus)

remain intact throughout the process (Weedon et al., 1979). Since the characteristics

observed by Kerr contrasted with those of necrotic cells (see Figure 1.1), this group of

researchers proposed the term apoptosis, which in Greek describes the fall of leaves in

autumn, to identify this type of PCD (Kerr et al., 1972).

Currently, it is recognised that cell apoptosis is mainly characterised by cell
shrinkage, condensation of chromatin, fragmentation of the nucleus, degradation of nuclear

DNA and the formation of vesicles containing the cell debris. From a biochemical point of



view, generation of DNA fragments corresponding to multiples of 160-200bp has long been a

characteristic associated with apoptosis (Martin et al., 1994).
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A) Swelling of the organelles 1) Cell shrinking, chromatin condensation
and membrane blebbing.

2) Nuclear fragmentation and formation of
apoptotic bodies

3) Phagocytosis of the apoptotic bodies

B) Disruption of the cell membrane

Figure 1. 1 Apoptosis versus necrosis

This diagram shows the characteristics of different morphological changes in the process of cell death
by apoptosis versus necrosis) is characterized by loss of plasma membrane integrity, flocculation of
chromatin, cell lysis followe by swelling with leakage of intracellular content and disintegration of
organelles. While the apoptotic process involves alteration of membrane permeability, chromatin
condensation, cell shrinkage, formation of apoptotic bodies without disintegration of organelles
(Weedon et al., 1979).




1.1.2 Physiological roles of apoptosis

Apoptosis plays an important role in embryogenesis (and in this case it is correctly
referred to as PCD, in the morphological changes in cellular homeostasis, in atrophy in tissue
repair, in tumour regression, and in immunity. Apoptosis is critically important during various
developmental processes. For instance, both the nervous and immune system arises during
overproduction of cells. This early overproduction is then followed by the death of those cells
that were unsuccessful in establishing functional synaptic connections in the nervous system
or productive antigen specificities in the immune system. Apoptosis plays a critical role in T
cell function, and for instance in the removal of T cells during the last phase of the immune
response. In addition, during the development of the central nervous system in vertebrates,
approximately 50% of neurons degenerate during the perinatal period by PCD. This

phenomenon is controlled by specific trophic factors (Raff et al., 1993).

1.1.3 Pathological aspects of apoptosis

Dysregulation of apoptotic cell death is involved in the pathogenesis of many
diseases. In healthy tissue, there is a regulated balance between cell division and cell death.
This balance is disturbed in cancer cells, not only by unrestrained cell division but also by a

dysregulation of programmed cell death. In addition to cancer, dysfunction of apoptosis can

also lead to diseases such as neurodegeneration or autoimmune diseases (Thompson,

1995). Increased rates of apoptosis can lead to degenerative diseases such as stroke,

atheroscc HURVLY GLDEHWHV 3DUNLQVRQTV GLVHDVH DQG

apoptosis pathways may lead to proliferative diseases such as autoimmune diseases or

cancer (MacFarlane and Williams, 2004).

1.2. Molecular components of apop tosis

1.2.1 Caspases
Caspases are cysteine proteases that can be involved in the process of cell death
upon stimulation of cells by chemical factors such as physicochemical signals (UV, gamma

rays) or the deprivation of growth factors. Caspases can have a key role in the initiation and

$O]KHL

HIHFXWLRQ RI DSRSWRVLV ,Q WKH \[An&nki g1 BID Y996) V MIK HS &B R V
WKH DFWLYH VLWH F\WWHLQH ZKLOH pDVSDVHY GHILQHV WK

substrates of this family of proteases after an aspartic acid residue. These enzymes are
initially synthesised as inactive pro-enzymes (zymogens) that upon both conformational
changes and proteolytic cleavage becomes activated (as detailed in following sections). Of

note, in addition to caspases, another known protease with the same specificity as caspases
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(cleavage at aspartate residue) is Granzyme B, a serine protease contained in the granules

of cytotoxic cells (e.g. cytotoxic T lymphocytes, CTL) that initiates the apoptotic death of

target cells {Alnemri et al., 1996).

1.2.1.1 Structure and activation of caspases

The first caspase, caspase-1 or ICE, has been demonstrated in mammals by
homology with the pro-apoptotic protein Ced-3 identified in Caenorhabditis elegans (C.

elegans) (Miura et al., 1993). Fourteen different caspases have been identified so far

L;2ippens et al., 2003). All caspases have a conserved structure and are synthesised as

inactive precursors or zymogens (Parrish et al., 2013). Caspases comprise a pro-domain of

variable size and sequence located in the amino-terminal portion of the protein, a large
subunit (20kDa) in the middle of the molecule and a small subunit (10kDa) localised in the
carboxy terminal part. Some members of the caspase family have a binding domain between

the large and small subunit. The N-terminal domain appears to play a role in protein-protein

interactions and, thus, in regulating the activation of these enzymes (Thornberry, 1998
(Figure 1.2).

Caspase activation involves the proteolytic cleavage of the zymogen form at two
consensus sites for cutting the pro-domain and separating the two subunits. Caspases can

activate other caspases or substrates to form an enzymatic cascade to amplify and integrate

pro-apoptotic signals (Thornberry and Lazebnik, 1998|| Thornberry, 1998). The two sites have

different consensus cleavage caspases but they always occur after the Asp-X bond (Figure
1.2). Although the large subunit contains the catalytic domain, its activity requires binding to
the small subunit. Indeed, crystallography studies indicated that the active forms of caspase

tetramers are formed by the association of two heterodimers containing two independent

catalyticsites (Wilson et al., 1994).

Caspase activation tends to be an early event occurring during apoptosis and inhibition of
caspases by specific proteins (caspase-specific peptides) prevents the occurrence of the

morphological characteristics of apoptosis; conversely, the administration of recombinant

caspases induces apoptosis (Thornberry et al., 2000).




Figure 1. 2 Activation of caspases

Caspases are produced as inactive precursors containing a pro-domain and two subunits of
approximately 20 and 10 kDa (p20 and p10, p18 and pl2, respectively, in the examples shown). The
pro-domain of initiator caspases is longer and contains domains (such as Death Effector Domain, or
DED) important for interaction with adapter proteins. The arrows show the order of cleavage of pro-
caspases. After cleavage, the subunits associate to form the active structure, having two active sites
Amarante-Mendes and Green, 1999).




1.2.1.2 The various classes of caspases

Not all caspases act as direct, effector molecules of the dying process. Indeed, only
caspase-3, -6, -7 and -14, which have a short pro-domain, are directly involved in the
execution of apoptosis. In fact, caspase-2, -8, -9, and -10, which have a long pro-domain, are
initiators or regulatory molecules of apoptosis (Figure 1.2). These function as signalling
molecules; they are recruited to affect protein complexes via their pro-domain and are
capable of self-activation by the transducing signal to activate effector caspases. It is now
known that caspase-8 and -10 are activated by the death receptor pathway (see following
sections), whereas caspase-9 is activated by the mitochondrial apoptotic pathway

Amarante-Mendes and Green, 1999(|Gupta, 2003). This difference in the role of caspases

relates to the presence of units of protein-protein interactions, such as areas of death effector
domain (DED) (for caspase -8 and -10) or caspase recruitment domain (CARD) (for caspase
-1, -2, -4 and -9) at the pro-domain. Indeed, caspase-8 and -10 contain DEDs capable of
binding in a homophilic fashion to other DEDs present in adaptor signalling molecules. The
CARD domain in pro-caspase -1, -2, -4 and -9 is allowed in the same way to join other
caspases or other adaptor molecules. Some caspases such as caspase-1, -4, -5, -11, -12

and -13 appear to be involved as inflammation caspases probably by inducing cleavage of

the pro #nflammatory cytokines such as Interleukin-1 and Interleukin-18 {Oyadomari et al.,

2002).

1.2.1.3 Main subst rates of caspases and their cleavage

Several substrates of caspases have been identified and one of the most studied
mechanisms of activation is the nucleases leading to DNA fragmentation. These nucleases
cleave genomic DNA between nucleosomes to generate fragments of ~180 base pairs.
These nucleases are named DFF for DNA fragmentation factor in humans and CAD for
caspase-activated DNase in mice. They exist in the cell as inactive complexes because they
are associated with an inhibitory subunit. Nuclease DFF40 is complexed with the inhibitory
protein DFF45 in humans and the mouse CAD is complexed with ICAD. Normally CAD exists
as an inactive complex with ICAD (inhibitor of CAD). During apoptosis, ICAD is cleaved by

caspases such as caspase 3 to release CAD then rapid fragmentation of DNA (Figurel.2).

The endonuclease so released will generate DNA fragments of 180 base pairs (Samejima et

al., 2001).

However, it appears that, in some forms of apoptosis, this internucleosomal DNA

fragmentation is replaced by a fragmentation of high molecular weight {Kaufmann et al.,

2000). Some members of the Bcl-2 family (see following sections) may also be cleaved to be

activated; the best example of this is the Bid protein, which is cleaved by caspase -8 in
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certain conditions (Li et al.,, 1998 |Luo et al.,, 1998) (Figurel.2). The loss of cellular

morphology is probably the consequence of cleavage of cytoskeletal proteins such as

gelsolin and nuclear proteins such as nuclear laminins {Kothakota et al., 1997), and the

occurrence of budding membranes appears to be caused by cleavage of the p21l-activated

kinase (PAK-21) at the regulatory subunit and at the catalytic subunit, allowing activation

Rudel and Bokoch, 1997) (Figurel.2). Nearly 100 caspase substrates have been reported

previously, indicating the complexity of death by apoptosis (Hengartner, 2000).

1.3 Members of the Bcl -2 family

1.3.1 Structure

Members of the Bcl-2 family (B-cell leukaemia/lymphoma 2-like proteins) are
important regulators of apoptosis. This family, containing about 15 members, can be divided
into two groups according to their activity: proteins with anti-apoptotic activity and proteins
with pro-apoptotic activity. These two groups differ in their structure but they comprise four
common and conserved regions; the BH domains for "Bcl-2 homology". The regions BH1, 2
and 3 form the hydrophobic pocket capable of binding a BH3 domain from another protein;
WKH %+ GRPDLQ LV DQ D{Gsokd5aWMRE . KHOL]J

Members of the Bcl-2 family that are anti- apoptotic, such as Bcl-2, Bcl-xL, Bcl-w, Mcl-
1, A1/BFL-1 and BOO/DIVA, contain domains BH1, 2, 3 and 4 (Figure 1.3). The pro-
apoptotic members are divided into two subgroups; the first contains three domains (BH1, 2,
and 3) such as Bax, Bak, Bok/MTD, while the second group contains those with only the
BH3-domain such as Bid, Bad, Bik/NBK, BLK, HRK, and BIM (BOD), also called "BH3
proteins". The BH3 region seems to be heavily involved in the pro-apoptotic activity (Figure
1.3). The BH4 and the near region sequences present in only the anti-apoptotic proteins can
be phosphorylated. By forming complexes with other proteins, such as calcineurin (CN),

connections with other pathways of apoptosis can be initiated (Shibasaki et al., 1997). All the

proteins of the Bcl-2 family contain a hydrophobic carboxy-terminal domain of 20 amino acids

for their attachment in intracellular membranes, mostly in the mitochondria, but also in the

endoplasmic reticulum (Krajewski et al., 1993).




Figure 1. 3 Members of the Bcl -2 family

Classification of Bcl-2 family members, only some representative members are shown, and they are
found in mammals, unless otherwise stated. The BH domains are indicated (Adapted from

al., 1999).




1.3.2 Regulation of the Bcl -2 members

Members of the Bcl-2 are regulated transcriptionally and post-translationally by
cytokines or survival factors and death. In addition to the dimerisation process allowing
proteins to activate (homodimerisation) or to inhibit (heterodimerisation), other phenomena
such as post-translational modifications (phosphorylation or proteolysis) can regulate the
activity of certain members of this family. Hyper-phosphorylation of Bcl-2 appears to alter its

anti-apoptotic activity in certain cells {Chang et al., 1997). Kinases may phosphorylate Bcl-2,

an example being the c-Jun N-terminal kinase (JNK) which is activated by stress {Chang et

al., 1997).

Bad is a protein that can bind to Bcl-XL and inhibit its anti-apoptotic activity. This
connection is only allowed if the binding site of Bad is dephosphorylated. Several kinases
can phosphorylate the Bad protein. This is the case with the Akt/PKB/RAC protein, which is a
serine threonine kinase acting upstream kinase of phosphatidyl inositol triphosphate (PIP-3)
Zha et al., 1996) and cAMP dependent kinase (PKA) (Harada et al., 1999).

The Bid protein (22 kDa) is a substrate of caspase-8 and as demonstrated more
recently of caspase-10 and has to be cleaved to be active. The C-terminal 15 kDa fragment
generated by proteolysis (truncated Bid, tBid) can thus be inserted at the level of the
mitochondrial membrane, and it allows the activation of the mitochondrial pathway, thus

amplifying the signal initiated by the death receptor pathway (Li et al., 1998(|Luo et al., 1998

Milhas et al., 2005).

Bim can interact with Bcl-2 and promote the induction of apoptosis after certain
stimuli. The Bim is a protein localised at the microtubule complex in intact cells. After

induction of death by certain death signals, it dissociates from the complex and translocates

to the mitochondria without being cleaved (Puthalakath et al., 1999).

1.3.3 Mechanism of action

Most of these small Bcl-2 proteins can dimerise; therefore, this often occurs between
pro-apoptotic proteins and anti-apoptotic proteins. The regulation of apoptosis by these
proteins therefore results from the delicate balance in the expression level of pro- versus

anti-apoptotic proteins; cells expressing more pro-apoptotic proteins are susceptible to death,

while cells that do not are resistant (Hengartner, 2000).

The main function of these regulators is to control the release of pro-apoptotic factors,
such as cytochrome c, from the mitochondrial intermembrane space to the cytosol. Indeed,

the addition of pro-apoptotic proteins is sufficient to induce the release of cytochrome c; in
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contrast, the anti-apoptotic proteins prevent release of the cytochrome ¢ {Antonsson and

Martinou, 2000]|Gross et al., 1999). In addition, caspase inhibitors do not alter the release of

cytochrome c, which implies that caspases are not involved in these events. Bcl-2 appears to
be very often linked to mitochondrial membrane proteins, while others such as Bax, Bid, Bad
and Bim translocate from the cytosolic areas to the mitochondria during apoptosis. These
proteins play an important role in transducing the signal from the cytosol to the mitochondria.
The translocation of these proteins is controlled by post-translational modifications, such as

Bad de-phosphorylation or cleavage of Bid (Gross et al., 1999).

Bax is first translocated from cytosol to mitochondria. Its conformation is then

modified and the outsourcing of its amino-terminal domain allows its oligomerisation and its

insertion in the outer mitochondrial membrane (Jurgensmeier et al., 1998). This insertion

capacity appears to be related to the structural homology of family members Bcl-2 with
certain bacterial toxins, allowing them to form pores at the mitochondrion. This insertion is
indeed quickly followed by the release of cytochrome c. Other studies suggest that the
capacity for insertion is facilitated by the interaction with the voltage-dependent anion
channel (VDAC). These changes in the conformation of Bax appeared to be favoured by Bid

interaction (Eskes et al., 2000). These changes can also be reduced or prevented by Bcl-2 or

Bcl-xL, as these anti-apoptotic proteins can act by interactions with Bax (Desagher et al.,

1999). Unexpectedly, Bcl-2 also fails to inhibit Bax-induced cytochrome c release, although it

co-localises with Bax to mitochondria. Rosse and colleagues reported that cells
overexpressing both Bcl-2 and Bax show no signs of caspase activation and survive with

important amounts of cytochrome c in the cytoplasm. Also, reported that Bcl-2 can interfere

with Bax killing downstream of and independently of cytochrome c release (Rosse et al.,

1998).

Interestingly, members of the Bcl-2 family can modulate the cell cycle; indeed, Bcl-2

can promote the entry of cells in the G, phase, and block and delay their entry into the cell

cycle (Linette et al., 1996||Mazel et al., 1996). This effect is probably separate from its anti-

apoptotic activity as an alteration of its structure at the non-conserved domain allows cells to

continue the cell cycle but does not change its anti-apoptotic activity; (Uhlmann et al., 1996).
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1.4 Role of mitochondria in apoptosis

1.4.1 General

The mitochondrion plays a fundamental role in the cell, producing a large part of the
energy required by the cell, participating in calcium homeostasis, maintaining the redox
potential and intracellular pH, and playing a key role in the modulation of calsium

homeostasis and oxidative stress (Adams, 2003). This means that a major mitochondrial

dysfunction can result in programmed cell death. A change in the electron transport may be
sufficient to increase the production of oxygen free radicals and acidify the cytoplasm. Under
these conditions, electrons are no longer produced in sufficient quantity and reduction of the
synthesis of ATP results in the accumulation of lactate by stimulating glycolysis. Moreover,

the electrons released from the mitochondria can reduce oxygen superoxide ions, which are

highly reactive oxygen free radicals (Adams, 2003).

1.3.4 Role of Bcl -2 family members in the regulation of the cell cycle

1.4.2 Channel opener mechanisms

During apoptosis, water and various solutes enter the mitochondria, causing its
swelling and the release of the various constituents of the inter-membrane space into the
cytosol, while the matrix components are retained in the mitochondria through the inner
membrane and remain intact. Several models have been proposed to explain the underlying
mechanism of substance release from the mitochondria to the cytoplasm during the effector

phase of apoptosis (illustrated in Figure 1.4) and these will be discussed below.

1.4.3 The rupture of the outer mitochondrial membrane
The first model involves hyperpolarisation of the internal membrane prior to the

release of cytochrome c in some systems. This hyperpolarisation results from the failure of

the exchange between cytoplasmic ADP and mitochondrial ATP (Heiden et al., 1999). This

exchange is normally carried out by the voltage-dependent anion channels (VDAC) localised
in the outer membrane of the mitochondria and the carrier of adenylic nucleotide (ANT),
which is located in the inner membrane. This lack of exchange appears to inhibit the activity
of the F1F0 iATPase, which prevents the return of H" ions to the matrix and therefore
contributes to the hyperpolarisation. Such an increase in mitochondrial membrane potential

may cause the osmotic swelling of the matrix, resulting in the rupture of the outer

mitochondrial membrane (Heiden et al., 1999) (Figure 1.4a).
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1.4.4 The mitochondrial permeability transition pore
This model involves a second mega-channel, the mitochondrial permeability transition
pore (or MPTP). The MPTP is a non-selective channel with "high conductance”, which may

be formed by affixing transmembrane proteins residing in the inner membrane and the outer

membrane of the mitochondrion (Crompton, 1999). Different studies show that the pore is

mainly formed by the association of the ANT of VDAC and cyclophilin D (Figurel.4b). The
opening of the pore can be induced by various physiological effectors such as calcium, a
decrease in the concentration of adenine nucleotide or inorganic phosphate, the production

of oxygen free radicals or a change in pH {Crompton, 1999), and by the presence of Bax

protein.

The opening of the pore increases the permeability of the inner membrane of the
mitochondria. This leads to dissipation of the mitochondrial membrane potential (proton-
dependent), a chemical imbalance between the cytoplasm and the mitochondrial matrix and
an uncoupling of oxidative phosphorylation, thus causing an osmotic swelling which can lead
to rupture of the outer membrane. Importantly, it has been suggested that the amount of ATP
available after the opening of the pore is a key factor in the induction of death by necrosis or
apoptosis. In addition, members of the Bcl-2 family can regulate the opening of the pore. Bcl-

2 can prevent this opening (Kroemer et al., 1997|[Shimizu et al., 1998); Bax, on the other

hand, causes a drop in membrane potential mitochondrial and promotes the opening (Marzo

et al., 1998) (Figure 1.4d).

1.4.5 Pore formation by members of the Bcl -2 family
It remains unclear, however, what the chronology of events is, i.e. whether the pore
opening is the cause or the consequence of the release of cytochrome c. Indeed, several

studies have shown that the release of cytochrome ¢ can occur in the absence or before the

collapse of mitochondrial membrane potential (Bossy-Wetzel et al., 1998||Goldstein et al.,

2000). One explanation of this phenomenon is that the reversible (transient) MPTP opening

may affect the permeability of the mitochondrial outer membrane, while allowing restoration
of the mitochondrial membrane potential. In addition, the opening of the pore may be a
consequence of the inhibition of electron transport due to the release of cytochrome c,

resulting in a fall of the mitochondrial membrane potential and the level of ATP, or the

consequence of the activation of caspases (Marzo et al., 1998). Indeed, caspase inhibitors

can prevent the collapse of mitochondrial membrane potential without blocking the release of

cytochrome c (Bossy-Wetzel et al., 1998). Opening caspase-dependent MPTP could amplify

the loop through which the early release of cytochrome c induces changes at the

mitochondrial level. This model would seem to reinforce the observations made, i.e. the
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release of cytochrome c followed by a drop in mitochondrial membrane potential. Rupture of
the outer mitochondrial membrane explains the massive release of pro-apoptotic factors or

soluble inner mitochondrial membrane proteins (SIMP) contained in the mitochondria (AlF,

caspases...) (Bossy-Wetzel et al., 1998).

Nevertheless, many studies indicate that these changes would be a consequence
rather than a cause of the release of cytochrome c. Therefore, another mechanism must
allow the release of cytochrome c. The assumption of a channel capable of passing the
protein has been studied. It could be formed by some members of the Bcl-2 in view of the
strong homology of Bcl-xL with the subunit of diphtheria toxin capable of forming a
membrane pore. It has been suggested that of the Bcl-2 family such as Bax can insert
themselves, following appropriate conformational change (see previous sections), in the

outer mitochondrial membrane (Figurel.4c). Whether these proteins, consisting of a

K\GURSKRELF UHJLRQ D Q Gurburidét @y fivédamnBrkpathic helices (Schendel

et al., 1998), can be inserted into the lipid bilayer and oligomerised to form a channel that is

large enough to pass small proteins remains to be demonstrated. It has been shown that
these proteins could form a functional ion channel in synthetic lipid vesicles. These channels
are pH-dependent, have voltage and show low ionic selectivity. The properties of the

channels formed by proteins, pro-or anti-apoptotic, differ significantly (Schlesinger et al.,

1997).
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Figure 1. 4 Mechanisms of channel opening explaining the release of cytochrome ¢

Mechanisms of mitochondrial membrane permeabilization are regulated by the pro-apoptotic Bcl-2
family and other proteins. (a) Increase in mitochondrial membrane potential may cause the osmotic
swelling of the matrix, resulting in the rupture of the outer mitochondrial membrane. (b) Opening of the
MPTP (which includes among others VDAC, ANT and cyclophilin D) causes the ingress of water which
leads to the bursting of the outer membrane. (c) Formation of channels by Bax or Bak. (d) Formation
of chimeric channels, such as Bax / VDAC (from {Desagher and Martinou, 2000)).
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1.5 Pathways for the induction of apoptosis

The initiation stage of apoptosis is a reversible phenomenon in which the apoptotic
signal (-intra or -extra-cellular) is transmitted by the initiator caspases following recruitment of

adaptor molecules (Reed, 2000).

There are two main caspase-dependent signalling pathways of apoptosis: the death
receptor pathway (also known as the Extrinsic pathway) and the mitochondrial pathway (or

Intrinsic pathway) (Reed, 2000). These pathways appear to be distinct, but the Death

Receptor pathways can cross-talk with and cause apoptosis by the mitochondrial pathway
through cleavage and activation of Bid as described above (Figure 1.5). In addition to these
two classical pathways, more recently the apoptotic pathway that involves the endoplasmic

reticulum-dependent caspase-12 has been demonstrated {Oyadomari et al., 2002), and

another caspase-independent apoptotic pathway is can be initiated by the mitochondria

through the release of an apoptosis-inducing factor (AlF) (ElImore, 2007).
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Figure 1. 5 The extrinsic and intrinsic pathways of apoptosis

The receptor-mediated (extrinsic) pathway is triggered by members of the TNFR subfamily known as
the Death Receptors (such as CD95/Fas/Apo-1). Receptor-specific ligands mediate receptor
aggregation and formation of a death-inducing complex, which recruits pro-caspases via death domain
proteins associated with the receptor. The mitochondrial pathway is often activated in response to
DNA damage, involving the activation of a pro-apoptotic member of the Bcl-2 family (Bax, Bid). Pro-
and anti-apoptotic Bcl-2 family members regulate the release of cytochrome c¢ from the inner
mitochondrial membrane. Released cytochrome c¢ associates with Apaf-1, dATP and procaspase-9
forming the apoptosome. Subsequently effector caspases are activated, resulting in the cleavage of
specific substrates and cell death (Adapted from {Reed, 2000)).
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1.5.1 The death receptor pathway (the extrinsic apoptotic pathway)

The ligands, which are members of the family of tumour necrosis factor (TNF) and are
responsible for the activation of their cognate receptors, play an important role in cell
proliferation, differentiation, apoptosis, modulation of the immune response and the induction

of inflammation (Pitti et al., 1996). More than sixteen members of the TNF ligand family have
EHHQ LGHQWLILHG LQFOXGLQJ 71). ODRIKRBWIR|LG32 O\PSKRW
CD27L, CD30L, CD40L, CD137L, OX40L, RANKL, LIGHT, TWEAK, APRIL, and TL1 BAFF.
Most ligands are synthesised as transmembrane precursors before their extracellular

domains are cleaved by the action of metalloproteinases to form soluble forms. The ligands
are produced in the form of trimers and bind to receptors of the TNF receptor family (the
TNFRs), which are transmembrane proteins characterised by a cysteine-rich extracellular

pattern (on the extracellular region) and a death domain (DD) in their cytoplasmic tail.

Therefore, cell death initiated by these ligands requires receptor trimerisation (Pitti et al.,

1996).

Not all of these ligands induce cell death. Indeed, CD27L, CD30L and CD40L can be
LQYROYHG LQ FHOO VXUYLYDO XQOLNH OLJDQGV 71). )DV/ RU
of the TNF family of receptors leads to the activation of caspases and is dependent

Longthorne and Williams, 1997).

1.5.1.1 Fas (CD95, Apo -1) and Fas ligand (CD178, FasL)

Glycoprotein Fas (CD95, Apo-1) is a transmembrane receptor constitutively
expressed in the lymphocytes, while the transmembrane ligand FasL (CD95L, CD178, Apo-
1L) is induced after activation. The Fas receptor is also expressed on the surface of many
cell types. The ligand can be released from the cell surface as soluble protein, and it also has
the ability to bind with the receptor. The steps in the apoptotic pathway mediated by Fas are
shown in Figure 1.6. Binding of the ligand to its receptor results in receptor trimerisation (and
multimerisation) and activation. The cytoplasmic domain of Fas has no intrinsic enzymatic
activity but contains a death domain (DD) of 80 amino acids, enabling binding of an adaptor
protein, Fas-associated death domain (FADD). FADD also has, in addition to its DD, a death
effector domain (DED), allowing it to bind with pro-caspase-8 (ELICE or "EFADD - like ICE") or

pro-caspase-10. The formation of this complex, called Death-Inducing Signalling Complex
(DISC), initiates the enzymatic activation of apoptosis. Active caspases are released from the
complex and will activate other pro-caspases such as pro-caspase -3, -6, and -7. These

effector caspases induce activation of different substrates, causing cellular changes

characteristic of apoptosis (Gupta, 2003).

18



1.5.1.2 The TNF/TNF-R pathway

TNF-. LV VHFUHWHG SULPDULO\ E\ DFWLYDWHG PDFURSKDJF

to infection. This factor acts by binding to receptors of type 1 and 2 (TNF-R1 and TNF-R2)
and activates several signalling pathways. Both receptors are transmembrane receptors
which differ in their cytoplasmic domain. These two receptors can induce a cell survival

signal, but TNF-R1 can also cause a death signal by DD domain. The binding of TNF-. WR LWV

receptor can lead to activation of the transcription factors NF-kB and (anti-apoptotic) (Figure
1.6) and AP-1 (apoptotic) (Hsu et al., 1995).

7KH ELQGLQJ RI 71). FDXVHV WRIL&H dllowD MndirgQof Fhie
adaptor protein TRADD (TNF-R Associated death domain); this adaptor will in turn recruit
FADD through its DD domain. Similarly, as in the apoptosis induced by the Fas receptor,
caspase -8 or -10 will be activated by the DISC TNF-R1 / TRADD / FADD to act on effector
caspases -3, -6 -7 (Figure 1.7) (Boldin et al., 1996).

However, TNF-R1 can also activate an independent pathway of FADD via the
receptor interacting protein (RIP), although this route is less common than the FADD-
dependent pathway. TRADD has a field that can be associated with the RIP protein. The
latter is associated with the protein RAIDD (RIPK1 domain containing adapter with DD)
which has a CARD domain (Recruiting caspase domain); this domain also has caspases-3, -
9 and -2. Although the activation of caspase-8 and -10 is FADD dependent, activation of
caspase-2 is independent of FADD and is done through the DISC TNF-
R1/TRADD/RIP/RAIDD, as shown in Figure 1.6 (Karin and Lin, 2002).

71). FDQ DOVR LQGXFH D FHOO VXU jdsoDadaptdr pbics,
TNFR-associated factor-2 (TRAF-2) and RIP. TRAF-2 and RIP can induce cell survival by
activation of the MAP kinase pathway and the NF-kB, respectively. TNF-R2 receptor does

71)

WKUR X

QRW KDYH D F\WRSODVPLF GRPDLQ 'F-R2Heal¥ tdth .inElaQi@loQJ WR 7

TRAF-1 and -2 in the cytoplasmic tail of TNF-R2. It has been reported that TNF-R2 has an

important role that induces anti-apoptotic and inflammatory responses by TNF-R1 {Declercq

et al., 1998).

The DRS3 receptor resembles TNF-R1, and it induces apoptosis in the same way
through the proteins TRADD, FADD and caspase-8. The ligand of this receptor, Apo3L, is

close to the TNF but is synthesised constitutively in all tissues, unlike TNF which is

synthesised after activation of macrophages and lymphocytes (Choi et al., 2008|[Janeway et

al., 2001).
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Figure 1. 6 The death receptor pathway (extrinsic pathway)

Regulation of apoptosis by death receptors, Fas signalling induces apoptosis, while TNF-R1 can
induce or represses death. The case of Fas provides the simplest model of triggering apoptosis by
death receptors. In the presence of ligand (FasL), Fas trimerises and recruits, via its cytoplasmic
domain DD (death domain), the FADD (Fas Associated Death Domain) adapter with a DD-DD

interaction. FADD also contains a

DED and in turn recruits pro-caspases-8 interaction domains

between homologous DED. This activates pro-caspase-8 by means of induced proximity and leads to
the release of active caspase-8. But TNF-. E L Q G L Q J-R¥ Banralsp result in survival signals when
TRADD binds other mediators. The RIP (Receptor Interactive Protein) is essential for the activation of
the anti-apoptotic NF-kB by TNF-R1 and interferes with the binding between TRADD and FADD
(which leads to the activation of pro-caspase -8) by associating transiently TRADD. Blocking or

inhibition of the activation of NF-kap

a B plays an important role in regulating signal (survival or death)

induced by TNF-R1. (Adapted from

Gupta, 2003).
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1.5.1.3 The TRAIL (Apo -2L) receptor pathway

Similar to TNF ligands, tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL or Apo2L) is a transmembrane protein of approximately 34 kDa, which can form
trimers as with other members of the TNF family. The interaction between the TRAIL and
TRAIL-R1 receptors (DR4) and/or TRAIL/R2 (DR5, Apo-2, TRICK2) quickly induces cell
death in target cells and particularly in tumour cells (Pitti et al., 1996||Mariani et al., 1997).

TRAIL ligands and their receptors are constitutively expressed in many tissues (Pitti et al.,

1996||Mariani et al., 1997), which implies the existence of a control mechanism of apoptosis

induced by TRAIL. Ligand-binding to the receptor allows the interaction of this complex with
adaptor proteins such as FADD or TRADD (previously described in section 1.5.1).

The progress-induced signalling by the receptors TRAIL-R1 and TRAIL-R2 is similar
to that induced through FasL/Fas (Figure 1.7). Indeed, procaspase-8 is activated by
interaction of DED present in the adapter proteins as well as procaspase-8. Three other
receptors belonging to the family of TRAIL receptors have been identified: TRAIL-R3 (DcR1,
TRID, LIT), TRAIL-R4 (DcR2, TRUNDD) and osteoprotegerin (OPG). Their function as
modulators interferes with the activity of death receptors because they do not have their own
cytoplasmic domain. For this reason they are considered to be non-apoptotic and represent a

control mechanism of TRAIL-induced apoptosis (Figure 1.7). Osteoprotegerin has been

described as a soluble receptor capable of binding to TRAIL and inhibiting its action (Emery

et al., 1998).

1.5.1.4 Regulation of the Extrinsic apoptotic pathway

Apoptosis mediated by the extrinsic pathway is regulated in particular at the DISC
complex assembly or its activation. The FLIP protein (FLICE- inhibitory protein) is an isoform
of the caspase-8 containing two DED but no areas of the catalytic site. It acts by competing
with caspase-8 and -10 and preventing their recruitment at the DISC (Figure 1.6). Two FLIP
isoforms have been identified, the long (FLIP,) and the short (FLIPs) cellular form. They were
presented to bind to the CD95 DISC and thus inhibit activation of caspase 8. Both are

capable of inhibiting the induction of apoptosis induced several death receptors (CD95, TNF-

R1, DR3, and DR4), suggesting that these receptors use similar signalling pathway (Krueger

et al., 2001). FLIP over-expression induces resistance to receptor-mediated apoptosis.

Furthermore, it has been shown that FLIP could induce the activation of the transcription

factor NF-kB and the Extracellular signal-Regulated protein Kinase (ERK) signalling pathway

Kataoka et al., 2000). Therefore, these proteins act as anti-apoptotic mediators (Krueger et

al., 2001).
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Another mode of regulation relates to the receptor itself. Most of the TNFRs also exist
in a soluble form following alternative splicing or by proteolysis. These soluble forms,
therefore, compete vis-a-vis the transmembrane form of the receptor with the ligand, thus
blocking the recruitment of adaptor proteins and, therefore, activation of pro-caspases
initiators. In addition, these soluble forms have the PLAD domain (pre-ligand assembly
domain) necessary for the trimerisation of these receptors, but distinct from the ligand-
binding domain. Two studies have shown that a Fas trimer could be assembled

independently of ligand binding {Papoff et al., 1999|(Siegel et al., 2000).

1.5.1.5 Amplification of the death receptor pathway

The classical death receptor pathway occurs in cells expressing caspase-8, but in
other cell types this route can be amplified via cross-talk with the mitochondrial pathway
through the activation of Bid by caspase-8 (Figure 1.6). Indeed, caspase-8 cleaves Bid, a
member of the Bcl-2, N-terminal to the exposure of its BH3 domain level. The rapid

translocation of the truncated form of Bid from the cytosol to the mitochondrial membrane

suggests a similar association of the ligand to a specific receptor mechanism {Wang et al.,

1996). The exposure of the BH3 domain allows Bid to fit into the mitochondrial membrane

and bind Bax or other pro-apoptotic proteins. Bid causes the release of cytochrome ¢ and

induces the activation of caspase-9 before activating caspase-3 (Wang et al., 1996).

Another protein forming the junction between the two channels has been identified.
This is the BAR protein (Bifunctional Apoptosis Regulator), a regulatory protein capable of

associating with anti-apoptotic molecules Bcl-2/Bcl-xL by a SAM domain (Sterile Alpha Motif)

and caspase-8 by the DED domain {Zhang et al., 2000). Another signalling pathway of Fas

independent of caspase-8 has been proposed showing the involvement of serine-threonine

kinase RIP (receptor-interacting protein) (Pitti et al., 1996).

1.5.2 The mitochondrial pathway (the intrinsic apoptotic pathway)

1.5.2.1 The caspase -dependent mitochondrial pathway

Many stimuli, such as chemotherapeutic agents, UV radiation, cellular stress (e.g.
ODFN RI DWWDFKPHQW WR VXEVWUDWH RU uDQRLNLVY
appear to induce apoptosis via the mitochondrial pathway independent of a death receptor
pathway. The mitochondrion is an organelle comprising an outer membrane, a
transmembrane area, an inner membrane and a matrix. The inner membrane has several

proteins such as ATP synthase, the electron transport chain and the Adenylic Nucleotide

Transporter (ANT) (Zoratti and Szabo, 1995). Under normal physiological conditions, these
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three proteins allow the formation of an electrochemical gradient (membrane potential) by the
respiratory chain. The inner membrane space contains cytochrome ¢, some pro-caspases (-
2, -3, and -9), the Smac /Diablo protein, Apoptosis-Inducing Factor protein (AIF) and
endonuclease G. The outer membrane has a voltage-dependent anion channel (VDAC),

which creates a major pathway for ATP/ADP, cytochrome ¢ and other mitochondrial

metabolites through the mitochondrial outer membrane (MOM) (Shoshan-Barmatz and

Gincel, 2003). Then causes the release of these proteins into the cytoplasm, and the

permeabilisation of the inner membrane causes a change of the mitochondrial membrane

potential as well as the release of cytochrome c, which is one of the major steps in the

induction of apoptosis by the mitochondria (Figure 1.7) (Ravagnan et al., 2001).

1.5.2.2 Cytochrome ¢

Cytochrome c is encoded by a nuclear gene and is synthesised as a precursor that is
unable to participate in the induction of apoptosis. The precursor is imported into the
mitochondria where it is processed. The protein becomes globular due to cytochrome ¢
heme lyase (CCHL). Apo-cytochrome c, the precursor of cytochrome c, has relatively little

detectable secondary structure and lacks covalently attached heme compared to its mature

counterpart holocytochrome c¢ (Fisher et al., 1973). It is a nuclear gene product which is

synthesized on free cytoplasmic ribosomes and then released into a cytoplasmic pool. Its

import into mitochondria is mediated by specific binding sites (Zimmermann et al., 1981).

During import, heme is covalently attached via thioether linkages to cysteine residues, near

the amino terminus of the apo-cytochrome ¢ precursor, in a reaction which is catalysed by

the enzyme cytochrome ¢ heme lyase (CCHL) (Taniuchi et al., 1983). The process requires

heme in the reduced state (19) and is coupled to the transport of cytochrome ¢ across the
outer mitochondrial membrane. Cytochrome c is sequestered in the mitochondrial

intermembrane space where it exerts its physiological function of electron transport between

complexes Il and IV of the respiratory chain {Ravagnan et al., 2002). In 1996, Liu and

colleagues showed that cytochrome ¢ was required for activation of caspase-3 (Liu et al.,

1996a). Other studies have confirmed this by showing that the release of cytochrome ¢ and

caspase activation was blocked by the anti-apoptotic protein Bcl-2 {Kluck et al., 1997{|Yang

et al., 1997).

It is now well-established that cytochrome c released into the cytosol is the origin of

the formation of the apoptosome. Most recently, the knockout of the gene-encoding

cytochrome ¢ a confirmed the crucial importance of this protein in apoptosis (Vempati et al.,

2007). These studies show that no other cellular protein can replace cytochrome c for the

oligomerisation of Apaf-1 (Apoptotic protease activating factor-1) and activation of caspase-
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3 induced by cellular stress agents or agents targeting the mitochondria cellular stress or a

mitochondrial targeting agent. (Li et al., 2000). In most cases, the release of cytochrome ¢

is dependent on caspase activity (Bossy-Wetzel et al., 1998).

The mechanism by which cytochrome c is released, as well as its release kinetics,
has been the subject of much controversy. The release of cytochrome ¢ seems to be
dependent on the presence of Bax or Bak in the outer mitochondrial membrane. Regarding
the kKLQHWLFYVY RI WKH UHOHDVH RI F\WRFKURPH F ZRUN E\
demonstrated that it occurs rapidly and at once (Goldstein et al., 2000). It appears that the

mitochondrion integrates different signals, and once the threshold is reached, the entire
cytochrome c is released in one step. However, this observation cannot be generalised.
According to the apoptotic stimulus, depending on the cell type used and the level of
polarisation of the mitochondrial membrane, in certain cases only a proportion of
cytochrome c from a few mitochondria is released in an amount sufficient to induce caspase
activation. This observation suggests that there is a link between the release of cytochrome
c and the collapse of mitochondrial membrane potential (MMP). Goldstein et al. (2000)

showed that the release of cytochrome ¢ was done before the fall of MMP, while Heiskanen

et al. (1999) showed that these two events occur simultaneously (Goldstein et al., 2000

Heiskanen et al., 1999). However, if the release of cytochr