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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 killing. 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/JNK 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/JNK 
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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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‐Mendes, 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 
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view, generation of DNA fragments corresponding to multiples of 160-200bp has long been a 

characteristic associated with apoptosis (Martin et al., 1994).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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). 
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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, 

atherosclerosis, diabetes, Parkinson‘s disease and Alzheimer‘s disease, while inhibition of 

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

cancer (MacFarlane and Williams, 2004). 

1.2. Molecular components of apoptosis 

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 

execution of apoptosis. In the term ‗caspase‘ (proposed by (Alnemri et al., 1996), the ‗C‘ is 

the active site cysteine while ‗aspase‘ defines the strict specificity of cleavage of the 

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). 
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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 p12, 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). 
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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–inflammatory cytokines such as Interleukin-1 and Interleukin-18 (Oyadomari et al., 

2002). 

1.2.1.3 Main substrates 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 (Figure1.2). 

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) (Figure1.2). 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 p21-activated 

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

(Rudel and Bokoch, 1997) (Figure1.2). 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; 

the BHγ domain is an amphipathic α helix (Gross et al., 1999). 

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). 
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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 (Gross et 
al., 1999).  
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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 c (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 G0 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).  

  



12 
 

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–ATPase, 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 (Figure1.4b). 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 c 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 (AIF, 

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 (Figure1.4c). Whether these proteins, consisting of a 

hydrophobic region and a helix alpha (α) surrounded by five amphipathic 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). 



15 
 

 

Figure 1. 4 Mechanisms of channel opening explaining the release of cytochrome c  

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 (AIF) (Elmore, 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 

been identified, including TNFα, FasL, TRAIL (APO- βL), lymphotoxin α, lymphotoxin , 

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 

involved in cell survival, unlike ligands TNFα, FasL or TRAIL. Death induced by the members 

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 (FLICE or "FADD - 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). 
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1.5.1.2 The TNF/TNF-R pathway 

TNF-α is secreted primarily by activated macrophages and lymphocytes in response 

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-α to its 

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). 

The binding of TNFα causes trimerisation of TNF-R1 and allows binding of the 

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). 

TNFα can also induce a cell survival signal through two types of adaptor proteins, 

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 

not have a cytoplasmic domain (DD), but TNFα binding to TNF-R2 leads to the interaction of 

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 DR3 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-α binding to TNF-R1 can also 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-kappa 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 (FLIPL) 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 c 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. 

lack of attachment to substrate or ‗anoikis‘) and lack of growth factors (‗death by neglect‘), 

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 Szabò, 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 c, 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 c 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 c 

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 c 

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 c precursor, in a reaction which is catalysed by 

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

heme in the reduced state (19) and is coupled to the transport of cytochrome c 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 III and IV of the respiratory chain (Ravagnan et al., 2002). In 1996, Liu and 

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

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

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 c seems to be 

dependent on the presence of Bax or Bak in the outer mitochondrial membrane. Regarding 

the kinetics of the release of cytochrome c, work by Douglas Green‘s team has 

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 c 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 cytochrome c occurs before the fall of 

MMP, this implies that the mitochondrion maintains its MMP with a group of cytochrome c 

which remained associated with the respiratory chain. There are therefore two groups in 

mitochondrial cytochrome c; a large quantity of cytochrome c would be in free form in the 

intermembrane space and would allow a small amount to ensure the release of 

mitochondrial respiration in the first group so as to maintain production of ATP required for 

the formation of the apoptosome (Martinou et al., 2000). 
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Figure 1. 7 The mitochondrial pathway of apoptosis 

Many pro-apoptotic signals converge on mitochondria leading to the release of many of the 
intermembrane space proteins under the control of proteins of the Bcl2 family. Cytochrome c (cyt c) 
induces caspase activation execution (caspases-3 and -7) via the apoptosome. Smac/Diablo and 
Omi/HtrA2 neutralise caspase inhibition induced by the IAP (inhibitor of apoptosis protein) execution. 
AIF (apoptosis inducing factor) and endoG (endonuclease G) are involved in the degradation of DNA 
execution independent of caspase activity (adapted from (Ravagnan et al., 2002). 
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1.5.2.3 The protein Apaf-1 

Apaf-1 (Apoptotic protease for activating factor-1) is a protein of approximately 

130kDa comprising a caspase recruitment domain (CARD domain) in the amino terminal 

part, a region having high homology to Ced-4 and C-terminal domain containing several 

WD40 repeats (WD40 domains) that are involved in protein-interactions proteins (Cain et al., 

2002). The WD40 repeats are necessary for binding to cytochrome c, but they are not 

sufficient. The WD domain also plays an important role in the recruitment of pro-caspase-3. 

The CARD domain of Apaf-1 is not exposed in normal conditions and therefore cannot 

interact with caspase-9; however, in the presence of ATP and cytochrome c, Apaf-1 changes 

conformation and can interact with caspase-9 through the exposure CARD domain as shown 

in Figure 1.8 (Li et al., 1997). In 2000, previous years, several Apaf-1 isoforms have been 

identified in tumor cell lines, but their expression in tissues and ability to activate procaspase-

9 remain poorly characterized. Several studies have reported that Apaf-1 has at least six 

splice isoforms in human cells (Li et al., 1997). Also, some studies have been reported to 

have at least six splice isoforms in human cells. Apaf-1XL and Apaf-1L have the ability to 

cleave procaspase-9, binding with cytochrome C.  Apaf-1 cDNAs cloned from Hela cells, 

Apaf-1M, and Apaf-1S, and Apaf-1 mRNA in normal tissues including prostate also has been 

reported (Walke and Morgan, 2000, Fu et al., 2001, Perkins et al., 2000). 

1.5.2.4 The formation of the apoptosome 

The apoptosome involved in apoptosis induced by mitochondria consists of Apaf-1, 

cytochrome c, and procaspase-9, which is a protein complex of ~700kDa in size (Figure 1.8). 

In the cytosol, cytochrome c interacts with the carboxy terminal domain of Apaf1 (Hu et al., 

1998b) and allows the presence of nucleotides to unmask the key areas of Apaf1, the WD40 

domains and CARD domain. The WD40 domains allow multimerization of Apaf-1 and the 

CARD domain can recruit the initiator caspase pro-caspase-9 via its own CARD domain 

(Cain et al., 2001). The three-dimensional structure of the apoptosome has been solved by 

cryo-electron microscopy (Acehan et al., 2002). The apoptosome is formed by seven Apaf1 

molecules that interact with each other at their N-terminus to form a wheel-like structure (the 

―wheel of death‖). The CARD domains of Apaf1 monomers are at the center of the 

apoptosome that is, as the DISC, an inducer of proximity used to locally concentrate pro-

caspase-9. Association between Apaf-1 and pro-caspase-9 forms a holoenzyme complex 

resulting in active caspase-9 by self-dimerization and proteolytic cleavage and also increases 

its enzymatic activity (Rodriguez and Lazebnik, 1999). Caspase-9 was has been described 

as capable of cleaving in both the cytoplasm and in the apoptosome, but the active caspase-

9 is actually the one related to the apoptosome (Rodriguez and Lazebnik, 1999).The 
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autoproteolytic cleavage of caspase-9 is at its residue D315, although it should be noted that 

this cleavage is not required for its activity but it is a reflection of its activation (Rodriguez and 

Lazebnik, 1999). Once activated, caspase-9 can then cleave executionercaspases like 

caspase-3 and -7 (Acehan et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. 8 The formation of the apoptosome and its inactivation 

In the cytoplasm, cytochrome c intreacts with the WD40 domain of the protein Apaf1, causing a 
conformational change that allows the oligomerization of Apaf1 as heptamer. The CARD domain of 
Apaf1 molecules are at the center of the apoptosome and will be able to recruit procaspases 9. This 
arrangement of Apaf1 CARD domains can concentrate procaspases 9, which promotes their activation 
by dimerization. The various stages of training apoptosome are inhibited by several antiapoptotic 
proteins. HSP27 inhibits binding cytochrome c to Apaf1. HSP70 and 90 inhibit multimerization of 
Apaf1. HSP70 and inhibits the recruitment of procaspase 9. Adapted from (Acehan et al., 2002). 
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1.5.2.5 Role of ATP in apoptosis 

The integrity of the mitochondrial membrane is often altered during apoptosis induced 

by the mitochondrion, which causes a reduction in ATP production accompanied by the 

release of apoptotic factors in the cytosol. Furthermore, apoptosis is a process requiring 

energy, including the apoptosome formation (Figure 1.8) for the condensation of the 

chromatin, for the fragmentation of DNA but also to transport molecules to the  nucleus (Kass 

et al., 1996, Richter et al., 1996).  

1.5.3 Regulation of caspase-dependent pathways 

1.5.3.1 The inhibitors of apoptosis proteins (IAPs) 

The IAPs are proteins that inhibit cell death by preventing cleavage of caspases and 

therefore their activity (Fesik and Shi, 2001) (Figure1.8). They were originally described as 

inhibitors of viral, but unlike the other two viral proteins, which are CrmA bovine smallpox 

virus and baculovirus p35 protein, the IAPs are the only ones with homologous proteins in 

mammals. The IAPs comprise one or more BIR (baculoviral IAP repeat) domains that are 

essential for their anti-apoptotic activity and allow binding to caspases. Each BIR domain has 

distinct functions and a binding specificity to caspases (Verhagen et al., 2001). The BIR2 

domain inhibits caspase -3 and -7, while the BIR3 domain inhibits the activity of caspase -9 

(Ekert et al., 2001). 

XIAP (X-linked inhibitor-of-apoptosis protein) is one of the best known of this family of 

molecules and it can inhibit the activation of the initiator caspase-9 as well as the effector 

caspases -3 and -7. Indeed, it can bind to active caspase -9 and has the ability to act on 

caspase-3 or caspase-7, thus blocking the apoptotic pathway (Deveraux et al., 1999, Wei et 

al., 2008). 

1.5.3.2. Inhibitors of IAPs 

Smac (Second Mitochondria-derived Activator of Caspase) and its counterpart 

DIABLO (Direct IAP Binding protein with Low pI) and have similarities with the Grim Reaper 

and HID Drosophila proteins. These block the anti-apoptotic activity of the IAP, as does 

Smac/DIABLO in mammals (Du et al., 2000, Verhagen et al., 2000) (Figure 1.8). 

Smac/DIABLO is highly expressed in the heart, liver, kidneys, spleen and in several cancer 

cell lines. It is synthesised in the cytoplasm as a precursor of 239 amino acids and is 

exported into the mitochondrion by means of its 55 amino acid N-terminal mitochondrial 

localisation signal (MLS). Once in the new compartment, the localisation signal is cleaved 

and the protein acquires its pro-apoptotic activity by homo-dimerising (Chai et al., 2000). Its 



29 
 

release from the mitochondria is induced by many apoptotic stimuli and controlled by 

members of the Bcl-2 family (Adrain et al., 2001). Smac/DIABLO was the first identified 

protein to directly inhibit the functions of IAPs; it is also linked to the death receptor pathway 

(Srinivasula et al., 2001). Smac/DIABLO interacts by binding IAPs with the third BIR domain 

(BIR3) of XIAP; in this way it prevents the binding of IAPs to caspase -3, -7 and -9. XAF-1 

(XIAP associated factor 1) is a protein capable of activating other caspases by inhibiting IAPs 

(Figure 1.8). Unlike Smac/DIABLO, XAF-1 is a continuously active nuclear protein which has 

a zinc finger domain allowing it to interact directly with XIAP. Its expression seems to be 

reduced in some cancer cell lines (Liston et al., 2001). 

Smac and XAF-1 are not the only inhibitory proteins known to target IAPs. More 

recently Omi/HtrA2 (high temperature requirement protein A2) was identified as a new 

inhibitory protein (Martins et al., 2002, Verhagen et al., 2001) (Figure 1.8). The precursor 

HtrA2 is 50kDa protein in which the N-terminal part contains the MLS. This is cleaved after 

being imported into the mitochondria and then generates a protein of 36 kDa. HtrA2 belongs 

to the family of serine proteases that are conserved during evolution. In normal human cells, 

HtrA2 is contained in the mitochondrial intermembrane space, but following apoptosis 

induction with various agents such as staurosporine, TRAIL, or UV irradiation, it is released 

into the cytosol. In the cytosol, HtrA2 binds to XIAP and IAPs in the same manner as Smac 

/DIABLO and facilitates caspase activation. HtrA2 induces apoptosis by two different 

mechanisms, the first by inhibition of IAPs to caspase activation, and the second by the 

serine protease activity independent of caspase (Hegde et al., 2002, Suzuki et al., 2001). 

1.5.3.3 Other regulatory proteins 

Other complex proteins involved in the regulation of the apoptotic signal exist in other 

"strategic sites" of the cell, such as the endoplasmic reticulum, the Golgi apparatus, the 

lysosomes or the nucleus (Ferri and Kroemer, 2001). Like the activity of the XAF-1 protein 

recently described, the nucleus also has a role in the regulation of apoptosis and it does not 

suffer the events used to remove the cell. Another nuclear protein DESD (DED-containing 

DNA-binding protein) exerts its anti-apoptotic activity by inhibiting the activation of caspase-6 

or by blocking transcription. This protein seems to be modulated by another protein called 

DEDAF (DED- associated factor), which is also able to bind to FADD and caspase -8 or -10 

and promote the formation of the DISC (Zheng et al., 2001). 

Members of the Bcl-2 family (Bcl-2, Bax, Bid, Bak) can also regulate the mitochondrial 

pathway by acting on the release of cytochrome c (Hu et al., 1998a). Hu and his colleagues 

have demonstrated that Bcl-xL interacts with caspase-9 and Apaf-1, and also in that study 
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showed that Bcl-xL inhibits the maturation of caspase-9 that was mediated by Apaf-1, a 

process that was conserved from nematodes to humans (Hu et al., 1998a). 

In addition to that, the heat shock proteins or Hsp are also both inducers and 

inhibiting factors of apoptosis (Figure 1.9). Various studies show that the Hsp-70 and Hsp-90 

can bind to the CARD domain of Apaf-1, thus preventing the oligomerisation and activation of 

pro-caspase-9 (Pandey et al., 2000, Saleh et al., 2000). Hsp-27 blocks the oligomerisation of 

Apaf-1 by binding to cytochrome c (Bruey et al., 2000). 
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Figure 1. 9 Events regulated by Heat shock proteins (HSPs) in the mitochondrial pathway  

Extracellular signals (Survival signals) or stresses (Death signals) congregate to control the 
mitochondria mediated pathway to caspase activation and apoptosis. HSPs intervene at multiple 
points within this pathway; upstream of the associated mitochondrial changes to regulate the 
engagement and/or progression of apoptotic events. HSP-mediated potentiation of a signalling 
pathway is depicted as a direct interaction between the HSP and its target (+) Adapted from (Beere, 
2004). 
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1.5.4 The caspase-independent mitochondrial pathway 

Several proteins in the intermembrane space can induce apoptosis directly without 

activation of caspases. This is the case in the induction of apoptotic factor (AIF) and 

Endonuclease G (Endo G) which, when released from mitochondria, translocate to the 

nucleus causing chromatin condensation and cleavage of DNA thus generating large 

fragments of DNA (Figure 1.7) Lorenzo et al., 1999). 

1.5.4.1 The AIF 

The AIF factor was identified several years ago by Guido Kroemer‘s team (Susin et 

al., 1999, Cande et al., 2002). The AIF gene is located on chromosome X and encodes a 

protein of 57kDa. AIF is a flavoprotein consisting of three domains: the MLS sequence at the 

amino-terminal side, a sequence of 27 amino acids and a domain with oxidoreductase 

activity of carboxy-terminal 485 amino acids (Lorenzo et al., 1999). The precursor of the AIF 

(67 kDa) is synthesised in the cytoplasm and then imported into the mitochondria (Susin et 

al., 1999). Once in the intermembrane space, the MLS sequence is cleaved and the protein 

changes its conformation while incorporating the prosthetic group FAD (Flavin adenine 

dinucleotide). This is probably a bifunctional protein with an oxidoreductase activity and pro-

apoptotic role (Ye et al., 2002). 

After cell exposure to pro-apoptotic stimuli, AIF translocates from the intermembrane 

space into the cytosol and to the nucleus (Susin et al., 2000). This usually precedes the 

release of cytochrome c. The mechanism by which the AIF translocates to the cytosol is still 

unknown. Transport to the nucleus could be due to a nuclear localisation sequence. The 

effect of the AIF as an apoptogenic molecule has been studied both in vitro and in vivo. In 

vitro it has been shown that the AIF translocates through the cytoplasm to the nucleus, the 

place where it leads to chromatin condensation and DNA degradation into large fragments of 

50 kbp condensations; this is a direct interaction with DNA without sequence specificity (Ye 

et al., 2002). This interaction is mainly by its carboxy-terminal domain, and it may be 

modulated by the level of translocation to the nucleus and is greater during the phase of 

condensation during the late phase of formation of apoptotic bodies (Ye et al., 2002). 

In addition, the effects of AIF are negated by over-expression of Bcl-2 and are the 

same in cells with or without caspase activities: the action of AIF is thus independent of 

caspases. AIF can also be inhibited by an endogenous protein, Hsp70 (Ravagnan et al., 

2001). This has been shown in vitro by chromatin condensation and in vivo by the nuclear 

and mitochondrial level overexpression of Hsp70. The action of Hsp70 is due to apoptosis by 

firstly inhibiting the formation of the apoptosome as Hsp70 binds to Apaf-1. But 
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overexpression of Hsp70 in cells not expressing caspase also prevents cell death; this 

suggests that Hsp70 can bind to other proteins such as AIF. The binding of Hsp70 to Apaf-1 

and AIF appears to be by the binding domain of Hsp70 ATP present, without intervention of 

Hsp70 chaperone activity (Ravagnan et al., 2001). 

Many aspects of the function of AIF are still unknown, including its mode of action on 

DNA, its oxidoreductase activity and its signal transduction. The DNA condensation observed 

during apoptosis may be explained by the direct interaction of the DNA- AIF (Ye et al., 2002). 

Indeed, this interaction could alter the structure of chromatin and promote nucleases such as 

topoisomerase II or cyclophilin, which also generate fragments of 50kb similar to those 

obtained after induction of AIF. These fragments correspond to the loop-like structures at the 

level of chromatin (Widlak and Garrard, 2009, Samejima et al., 2001). 

1.5.4.2 Endonuclease G 

Endonuclease G is a highly conserved non-specific nuclease (Li et al., 2001). It is 

encoded by a nuclear gene and probably involved in the replication of the mitochondrial 

genome. During apoptosis, endonuclease G passes through the outer membrane of the 

mitochondria and translocated into the nucleus (van Loo et al., 2001). Endonuclease G can 

act with exo-nuclease and the DNase I in the nucleus to generate DNA fragments of higher 

molecular weight (Widlak et al., 2001), but it can also generate oligonucleosomal fragments 

(Samejima et al., 2001). 
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1.6 Reactive oxygen species (ROS) 

ROS represent an intensive area of current research due to their role as signalling 

molecules in pathways controlling an array of aspects of cellular physiology. This concept 

has been there ever since it was essentially brought out in the 1990s when it was found that 

hydrogen peroxide was mandatory in cytokine, hormone (such as insulin), growth factor, as 

well as AP-1 and NF-κB signalling (Finkel, 1998). 

Not before long, many reports pointed out that H2O2 may endorse phosphatase 

inactivation using cysteine oxidation and gave reasonable biochemical mechanisms in which 

ROS could be capable of imposing on signalling routes (Rhee et al., 2000). Simultaneous 

with these preliminary findings on ROS signaling, the common concept of the mitochondrion 

being the ―powerhouse of the cell‖ was contested with the unearthing that letting loose of 

cytochrome c regulates apoptosis (Liu et al., 1996b). The notion that a mitochondrial 

protein that is involved in oxidative phosphorylation similarly takes a major part in 

signalling pathway, unlocked the likelihood that metabolism-related signaling is a 

rather common but not unique system. Even though it was evident that metabolism 

was controlled by cellular signalling pathways, it was however not greatly valued that 

metabolism could react to control signalling. Cytochrome c‘s two-fold role implied a 

cross-talk between mitochondrial metabolism and signaling pathways. It could possibly 

be that the release of mitochondrial ROS was a different way of this cross-talk (Liu et al., 

1996b). 

The first studies to check this likelihood brought out that mitochondria emit H2O2 

under physiological hypoxia to initiate the transcription factor hypoxia inducible 

factor1 (HIF-1), which is essential for metabolic adaptation in low oxygen (Chandel 

et al., 1998). After that, mitochondrial release of H2O2 appeared to initiate c-Jun N-

terminal kinase1 (JNK1), p53, and NF-κB (Chandel et al., 2000, Nemoto et al., 2000). There 

have been a lot of reports that brought out the significance of ROS-dependent signaling in 

numerous systems (Collins et al., 2012). When brought together, this information proposed 

that the release of ROS represents an important mode of communication (amid mitochondrial 

role) and other cellular processes to sustain homeostasis and encourage adaptation to 

constant stress (Collins et al., 2012). 
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1.6.1 Mitochondria-generated ROS 

ROS are superoxide molecules that are formed from oxygen (O2) and can easily 

oxidize other molecules. The majority of the intracellular ROS originate from superoxide (O2
•-

), which is made by the one electron reduction of O2. Superoxide is changed into hydrogen 

peroxide (H2O2) by superoxide dismutases (SODs) (Collins et al., 2012). 

There are several location that have been identified to generate O2
•- in mitochondria 

(Brand, 2010); although exactly how ROS levels are regulated in vivo is still unclear. What is 

interesting to note is that whereas these ROS generating locations can deposit O2
•- into the 

mitochondrial matrix, merely place IIIQo (on complex III) and glycerol-3-

phosphatedehydrogenase can emit O2
•- in to the inter membrane space. The inter 

membrane space has higher chances of accessing the cytosol because all ROS 

have to do is traverse the external mitochondrial membrane but the matrix ROS has 

to traverse the internal and the external mitochondrial membranes (Muller et al., 

2004). This then means that O2
•- which is generated from site IIIQo and glycerol-3-

phosphate dehydrogenase could have an advantage when it comes to signalling 

ability in the cytosol. Despite all this knowledge, more research is required to 

determine which places/sites of ROS production are physiologically significant 

(Muller et al., 2004). 

1.6.2 Mitochondrial ROS are tightly regulated           

            Very tight regulation of ROS levels is essential especially because the quantities of 

ROS can deduce specificity and role when it comes to their capability to engage in 

physiological cell signaling (Figure 1.10). This then means that signaling ability of ROS is 

maintained on numerous levels (Muller et al., 2004). 

            To begin with, antioxidant enzymes are able to remove ROS. As mentioned 

earlier, SODs transform O2
•- to H2O2. While SOD1 is found in the mitochondrial inter 

membrane space and cytoplasm, SOD2 is found in the mitochondrial matrix, whereas 

SOD3 is tied to the extracellular matrix. Peroxiredoxin enzymes (PRXs), glutathione 

peroxidases enzyme (GPXs) together with catalase enzymes, have the ability to 

remove H2O2. Mammalian cells express six PRX isoforms together with PRX3 and 

PRX5 in the mitochondria. PRXs perform this by going through oxidation by H2O2 at a 

functional site cysteine and thereafter reduction by thioredoxin, thioredoxin 

reductase, and NADPH. The available eight GPXs are oxidized by H2O2 and then 

subsequently reduced by glutathione (GSH). Catalases are located in peroxisomes. 

How quick these antioxidant enzymes react with H2O2 (rateconstant, k) and the 
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concentration of H2O2 and enzyme, concentrations of H2O2 remain poorly 

characterised. On the other hand, peroxiredoxins have elevated rate constant and 

this is the reason they are believed to be behind scavenging nanomolar levels of 

H2O2 linked with signalling. GPXs too have the same rate constants however, they are 

only vital when there is higher intracellular concentration of H2O2, and this is when 

GPXs is able to start to compete with PRXs for substrate (Winterbourn and Hampton, 

2008). This shows that PRXs are important for switching ROS signaling off as GPXs are 

important for cushioning elevated levels of ROS to a level which the cell cannot be destroyed 

and also stimulate signaling stress responses. Catalases have very low affinity for hydrogen 

peroxide and are limited to peroxisomes. The control of actions and expression levels 

of these antioxidants take place in many ways and in different operation so as to 

deal with ROS levels (Winterbourn and Hampton, 2008). 

Besides control of ROS scavenging, controlling ROS generation could modify the 

signaling ability of ROS. The factors that control electron transport chain ETC 

production of ROS in vivo are not completely comprehended. Most of what is 

currently understood is ;as a result of research that involved mitochondria and cel ls  

(Murphy, 2009). It has been discovered that what largely regulates ROS generation is the 

redox state of the ETC. For instance, hindering ETC electron carriers results in them being 

decreased, as a result more of superoxide is produced. An additional significant cause 

of ROS generation is the proton motive force (pmf) which is made up of an electrical 

gradient (ѱ mitochondrial membrane potential) and chemical gradient (pH) through the 

internal mitochondrial membrane. The pmf is produced when protons are removed out 

of the matrix into the inter membrane space by complexes I, III, and IV as electrons 

are shifted across the ETC. When there is pmf is increased it results in more ROS 

being generated (Echtay et al., 2002). 

Finally, the signalling ability of ROS could be modified by mitochondrial localization. 

ROS are molecules that have a short life span and thus one way to improve their 

competence is by co-localisation of their site of  generation and their site of signalling role. 

In theory, the quantity of mitochondria in the cell has the ability to modify the quantity of ROS 

generated and as a result, also modify their intracellular function. Nevertheless, the 

mitochondrial biogenesis factor increases expression of antioxidant enzymes to upfold 

redox (St-Pierre et al., 2006). 
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Figure 1. 10 Mitochondria Produce ROS for signalling  

Superoxide (O2
.-) is generated at the mitochondrial respiratory chain and emitted into both the matrix 

and intermembrane space. Matrix superoxide is converted to hydrogen peroxide (H2O2) by superoxide 
dismutase 2 (SOD2); this hydrogen peroxide can diffuse through both inner and outer mitochondrial 
membranes to access the cytosol or be converted to water (H2O) by glutathione peroxidases (GPX) or 
peroxiredoxins (PRX). Inter-m;embrane space superoxide can exit the mitochondria through voltage-
dependent anion channels (VDAC) and be converted to hydrogen peroxide in the cytosol by 
superoxide dismutase 1 (SOD1). The cytosol also possesses glutathione peroxidases and 
peroxiredoxins that can reduce hydrogen peroxide to water. Cytosolic hydrogen peroxide is believed 
to be the primary form of signalling ROS in the cell, where it can oxidize protein thiol residues 
(Winterbourn and Hampton, 2008). 

1.6.3 Physiological targets of ROS 

There is a lot of evidence that ROS can result in reversible post translational 

protein modifications to precisely control signaling pathways. H2O2 can oxidise thiol 

groups (-SH) on cysteine residues to develop sulphenic acid ( -SOH), which is able to 

bond with GSH to turn it into a glutathionylated form (-SSG), with neighboring thiols to 

create a disulphide bond ( -SS-), it could also with amides to create amide (-SN-) (Finkel, 

2012). All these alterations could have an effect on the actions of the target protein thus 

changing its operation in a signaling pathway. Phosphatases seem to be vulnerable to 

control by ROS because they have a reactive cysteine which is their active site. It prevents 

their de-phosphorylation activity (Rhee et al., 2000). PTP1b, PTEN, and MAPK 

phosphatases are a good example of phosphatases that can be controlled in such 

a way (Rhee et al., 2000). 
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1.6.4 Mechanisms of ROS generation and their role as signalling molecules 

        The NADPH oxidase (Nox) protein family contains several isoforms, namely 

NOX1, NOX2, NOX3, NOX4, and NOX5 also, in parallel, two members appointed 

DUOX1 and DUOX2 (dual oxidase) (De Deken et al., 2000, Dupuy et al., 1999). 

These enzymes share the ability to transport electrons through the plasma membrane to 

produce superoxide and other reactive oxygen species (ROS) (Genestra, 2007). 

The NOX produce ROS by electron transfer from NADPH to O2 through an FAD heme 

group which then results into O2•-. The reactive oxygen species or ROS (Reactive Oxygen 

Species) are small molecules including oxygen-derived oxygen radicals: superoxide anions 

(O2
•-), hydroxyl radicals (OH•), hydroperoxyl (HOO•) peroxyl (RO2

•) and alkoxyl (RO•) but also 

non-radical as hypochlorous acid (HOCl) compounds, ozone (O3), singlet oxygen (1O2) and 

hydrogen peroxide (H2O2) (Genestra, 2007). O2
•- is changed to H202 by superoxide dismutase 

(SOD) and when H2O2 reacts with metal ions it creates water or OH•- or otherwise could be 

altered to H2O via glutathione peroxidase catalase, as shown in Figure1.11 (Winterbourn and 

Hampton, 2008, Paletta-Silva et al., 2013, Terada, 2006). 

 

Figure 1. 11 The formation and elimination of ROS 

The oxygen approves an electron; it generates superoxide anion which is very reactive. Superoxide 
anion is changed to hydrogen peroxide via superoxide dismutase (SOD). Hydroxyl radicals are 
created when hydrogen peroxide receives electrons. The hydroxyl radicals are converted to water by 
means of Glutathione peroxidase catalase. Figure adopted from (Terada, 2006). 

 

           ROS intracellular concentration seems to control stress survival or apoptotic 

responses. There is evidence to suggest that low levels of ROS means that they are being 

utilised inside the cell as signaling mediators for natural homeostasis (frequently 

proliferation); moderate levels (even though linked to proliferation) could trigger a stress 

response, making cells to adapt through the expression of anti-oxidants, while high levels of 

ROS at a pro-apoptotic limit, primarily harm cellular structural elements and dynamically 
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prompt pathways of apoptosis - see Figure 1.12 (Jiang et al., 2011, Sena and Chandel, 

2012, Terada, 2006). 

 
 

Figure 1. 12 Balance shifts in ROS levels alter cellular homeostasis 

The generation of low ROS in ordinary throughout cell homeostasis while the elevated volume 
resulted into cellular adaptation like growth in anti-oxidant expression through NF-κB and Ref-1 
pathways. Elevated levels of ROS / oxidative stress trigger pathways of apoptosis or cell senescence 
found in p38 or JNK pathways (Adopted from Terada, 2006). 

 

1.6.5 ROS and malignant transformation 

The ability of tumor cells to utilise oncogene activation and tumor suppressor 

mutation to positively control tumour development appears to be associated with ROS-linked 

signalling (Dang, 2012). Recent evidence has indicated that de novo activation of the 

oncogenes epidermal growth factor receptor (EGFR) HER-1 and -2 receptors (Trachootham 

et al., 2006) and H-Ras elevates the in vitro division rate of tumour cells which coincides with 

an abundance of high ROS concentrations (Choudhary et al., 2010, Choudhary et al., 2011, 

Choudhary and Wang, 2009). Additionally, the over-expression of the leukotriene B4 

receptor 2 (LTB4R2) gene amplifies NOX-1 and -4 expression, and produces elevated  levels 

of oxidative stress in vitro and in vivo (Kim et al., 2009, Shimada et al., 2009). In agreement 

with these results, the in vivo attenuation of ROS stimulating genes NOX-1 and alkylated 

DNA healing protein alkB homolog 8 (ALKBH8) lessen oxidative stress (Shimada et al., 

2009). Mitochondrial cytochrome B gene (MT-CYB) increases oxidative stress, NF-κB 

activation, Cyclin-D1 and type IV collagenase, which enhaces the exceedingly malignant 

properties of tumour cells in vivo (Dasgupta et al., 2008). This shows that there is a very 
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strong connection between oncogene activation and the generation of oxidative stress in 

epithelial cells (Shimada et al., 2009). 

The elevated energy requirements that is vital for extreme cell division after oncogene 

activation makes the mitochondria generate ROS as a natural secondary product which 

results in oxidative stress (Chung et al., 2009, Trachootham et al., 2009, Trachootham et al., 

2006). The extra ROS triggers additional DNA damage (mutations) as well as  triggering cell 

survival and proliferation pathways via NF-κB and Ref-1, which repeatedly endorse 

carcinogenesis (Angkeow et al., 2002, Li et al., 2009, Weinberg et al., 2010). To add on to 

that, it has been proposed that oxidative stress could leaves the cells in the state of H202 and 

on the positive side, alter the tumor micro-environment for sustained growth (Schmielau and 

Finn, 2001). Thus, uncontrolled ROS generation could encourage numerous elements that 

are hallmarks of cancer development (Schmielau and Finn, 2001). 

However, in spite of the advantages provided by ROS-mediated signalling, the 

sustained oxidative stress in response to hyper proliferative signaling simultaneously results 

in the cell‘s disadvantage because it can be ‗pushed‘ toward ROS-related pro-apoptosis. In 

fact, it has been revealed that de novo oncogene expression stimulates normal cells 

following cisplatin or H2O2 treatment and that this is due to increased JNK signaling mediated 

by a ROS level rise (Benhar et al., 2001, Trachootham et al., 2006). 

While they get used to the increased metabolic requirements, cancer cells have to 

control their basal ROS concentrations by over-expression of antioxidants so as to inhibit or 

prevent cell death. Evidence for this has been provided by experiments that demonstrated a 

significant effect for the compound -phenyl ethyl isothiocyanate (PITC). This is a chemical 

which interrupts the cell‘s key antioxidant protein Glutathione (GSH). The pharmacological 

inhibitor PITC, when used in combination with cisplatin, has been shown to be highly 

effective in more aggressive tumors over cisplatin treatment alone, because more aggressive 

tumour cells are highly reliant on the elimination of metabolic ROS via the essential GSH 

antioxidant defense (Trachootham et al., 2006). The disparity in ROS between normal cells 

and malignant cells throughout carcinogenesis provides a novel therapeutic target as the 

biochemical modification of ROS, the high levels of which are necessary for tumor cell 

growth, might represent a tumour-specific therapeutic opportunity (Wang and Choudhary, 

2011). 
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1.6.6 Cancer cell antioxidant defence against ROS 

1.6.6.1 General 

Tumour cells acquire resistance to chemotherapeutic drugs because they alter their 

intracellular environment (Shannon et al., 2003). Given that ROS-regulated oxidative stress 

is vital to cancer development, tumour cells adapt by increasing the expression of the 

antioxidant protein families Glutathione (GSH) and Thioredoxin (Trx), thus upholding 

intracellular ROS concentrations that are lower than the critical pro-apoptotic limit that 

pushes them in the direction of cell death (Raffel et al., 2003, Godwin et al., 1992). This 

increased expression protects cancer cells from the activation of oxidative stress receptive 

ASK1 kinase, the continued activation of JNK (Liu and Min, 2002), and the opening of PTPs 

in the mitochondria, as every single one of these could potentially activate apoptotic death 

(Damdimopoulos et al., 2002). To add on to that, Trx and GSH are located in the 

mitochondria, in which they stabilize mitochondrial levels of oxidative stress and inhibit cell 

apoptosis beside the antioxidant enzymes like cytochrome c (Aon et al., 2012). The 

important roles of Trx and GSH in regulating oxidative stress and ROS-induced cell 

apoptosis, and thus their impact on cancer development, are becoming increasingly 

appreciated (Damdimopoulos et al., 2002). 

1.6.6.2 Glutathione (GSH) 

GSH is stimulated by the combinations of Glutathione S-transferases (GSTps), 

together which are described as excessively expressed in numerous malignancies (Pljesa-

Ercegovac et al., 2011). The elevated GSH and GSTp proteins function so as to shield 

cancer cells from ROS releasing agents that include chemotherapy, radiotherapy and 

oxidative stress-inducing cancer drugs (Kato et al., 2000). This renders the GSH system a 

target for pharmacological intervention which may permit the differential targeting of tumour 

cells by ROS-mediated cell death, as they are operating at conditions of high oxidative stress 

in comparison to their normal counterparts (Estrela et al., 2006, Trachootham et al., 2006). In 

view of the fact that GSTp is a biological inhibitor of JNK and ASK1 (Simic et al., 2009) it has 

been proposed that GSH reduction may also alter the responses of tumour cells to TNFR 

mediated apoptosis (Estrela et al., 2006); nevertheless, there have not been any clinical 

experiments that have employed this method. Overall, however, GSH inhibition in 

combination with tumour apoptosis-stimulating molecules represents a new possibility of 

cancer therapies (Ortega et al., 2011). 

JNK activation is based on its release from its biological inhibitor protein GSTp as 

ROS results in disulphide bond creation and dimerization (Adler et al., 1999) as described in 
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Figure 1.13. In vivo research has confirmed that genetic knockout of GSTp weakens JNK 

initiation and in accordance with this, mice deficient in GSTp show constitutive initiation of 

JNK (and thereafter AP-1), which is what is behind the elevated expression of antioxidant 

enzymes, so as to protect the cell from oxidative stress (Elsby et al., 2003). The elevated 

expression of GSTp has been seen in carcinomas, such as that of the bladder (UCC); it has 

been suggested that increased GSTp expression could inhibit the initiation of apoptotic 

pathways and thus result in tumours that are unaffected by ROS-inducing chemotherapeutic 

drugs (Simic et al., 2009). To add on to that, bladder cancer cells also exceedingly express 

superoxide dismutase (SOD), which as descrived above is an enzyme which enables the 

conversion of superoxide anion to hydrogen (Hempel et al., 2009). 

 

 

Figure 1. 13 The regulation of JNK by GSTp 

Monomeric GSTp prevents JNK actions and therefore the activation of c-Jun. Elevated oxidative 
stress which also means increased ROS results in GSTp to detach from JNK giving way for it to 
initiate c-Jun activation and provoke cellular apoptosis (for more explanation see 5.3.2). The figure 
was redrawn from (Simic et al., 2009).  
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1.6.6.3 Thioredoxin (Trx) 

The human Thioredoxin (Trx) system includes Trx and Trx reductase which function 

as antioxidants to regulate cellular redox reactions. It has been shown that Trx can 

translocate from the cytoplasm to the nucleus when oxidative stress occurs to enable 

initiation/activation of transcription factors NF-κB, AP-1 and p53 (Hirota et al., 1999, Ueno et 

al., 1999). Oxidative stress just as it is similar to other outer stresses, results in activation of 

ROS sensitive MAPK signalling pathways which coordinate the apoptotic response (Apel and 

Hirt, 2004) and the most noticeable target associated with is mitogen activated protein 

kinase-kinase-kinase (MAPKKK) apoptosis signaling kinase-1 (ASK1). Under normal 

conditions, reduced Trx binds to and inhibits ASK-1. When ROS levels increase, Trx is 

oxidized by ROS (oxidative stress), it is released from the N-terminus of ASK1 and after this 

ASK1 homo-oligomerises and auto-phosphorylates at residue Thr845 (Liu and Min, 2002) as 

shown in Figure 1.14 . 

Clinically, excessive expression of Trx has been found for instance in colon tumours 

and this has been associated with more aggressive tumours, diminishing sensitivity to 

chemotherapy and general diminished survival rates (Raffel et al., 2003). This reduces 

patient‘s prognosis since it triggers the generation of VEGF and Ref-1 which are associated 

with angiogenesis and cell survival (Noike et al., 2008). It has been shown that cancer 

patients have Trx blood plasma levels and this is also linked with more generation of VEGF. 

Therefore, preventing Trx by employing novel pharmacological Trx inhibitors like, such as 

PX-12, has been suggested as a cancer therapeutic agent that aims at reducing Trx and 

VEGF in cancer patients (Baker et al., 2006). Clinical testing has revealed some success 

following intravenous infusions of PX-12 (Ramanathan et al., 2009) although this required 

significant lengths of infusion time (Ramanathan et al., 2011). It has been recommended that 

new research should aim at new generation Trx inhibitors if these are ever to be utilized as 

mono-therapies (Ramanathan et al., 2011). 
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Figure 1. 14 The regulation of ASK1 by thioredoxin (Trx) 

Upon oxidative stress ROS oxidizes thioredoxin that ensures release from ASK1. ASK1 is then auto 
phosphorylated and drives apoptosis or cell stress responses.  The figure is redrawn from (Biswas et 
al., 2006). 
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1.7 CD40 and its ligand CD154 (CD40L) 

In 1984, the CD40 antigen was first identified by an antibody raised against a urinary 

bladder carcinoma that was also found to bind B cells (Karmann et al., 1995, Koho et al., 

1984, Paulie et al., 1984). In 1985 and 1986, it was detected by a monoclonal antibody 

(mAb) interacting with carcinomas and B cells (mAb S2C6, antigen p50 (Paulie et al., 1985)), 

and an antibody showing co-stimulatory effects for B lymphocyte proliferation (mAb G28-5, 

antigen Bp50 (Clark and Ledbetter, 1986, Paulie et al., 1985). This antigen was labelled 

CDw40 in 1986 at the Third International Workshop on Leukocyte Antigens in Oxford, and in 

1989 at the Fourth Workshop in Vienna it was documented as CD40. Stamenkovic and 

colleagues isolated a cDNA clone encoding CDw40 from a mammalian cell expression 

library (Stamenkovic et al., 1989). The cDNA encodes a polypeptide with structural 

similarities to several growth factor receptors and an extensive similarity to nerve growth 

factor (NGF) receptor (Johnson et al., 1986, Radeke et al., 1987). 

CD40 is known to be expressed on different cells in the immune system, such as B 

cells, dendritic cells, basophils, eosinophils and monocytes. CD40 can, furthermore, be 

detected on endothelial cells, keratinocytes, smooth muscle cells, epithelial cells and 

fibroblasts (Kooten and Banchereau, 1997, Schönbeck and Libby, 2001, van Kooten and 

Banchereau, 2000). Its cognate ligand, CD40 ligand (CD40L), also common known as 

CD154, is mainly transiently expressed on activated T-cells, but it can also be found on 

basophils, eosinophils, monocytes, macrophages, dendritic cells, NK cells, B lymphocytes, 

platelets, mast cells, endothelial cells, smooth muscle cells and epithelial cells (Schönbeck 

and Libby, 2001). A common feature of all these cells is that the CD154 expression is non-

constitutive but can be rapidly induced upon activation. CD40 ligand (also known as gp39, T-

BAM, or TRAP) was first described as a membrane protein on activated T cells (Armitage et 

al., 1992, Hollenbaugh et al., 1992).  

1.7.1 Structure of CD40 

CD40, the high-affinity receptor of CD40L, is a 48kDa Type I transmembrane protein 

belonging to the family of TNF receptors (Andre et al., 2002a). The CD40 gene is found in 

the region of chromosome 20, q12.13.2 and consists of 9 exons with a total length of 16.3 kb 

(Grimaldi et al., 1992). Exon I encodes the promoter sequence of the protein exons II-VI for 

the extracellular domain, exon VII for the transmembrane domain and exons VIII and IX 

encode the intracellular domain of CD40. The final total protein contains 255 amino acids; 

the majority (171 amino acids) forms the extracellular region of the molecule (Naismith and 

Sprang, 1998), with the C-terminal domain being located in the intracellular region and the N-
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terminal domain found in the extracellular side. The extracellular region of CD40 is mainly 

composed of a repetitive sequence rich in cysteine residues (20 in total), which are divided 

into four areas, each comprising an arrangement of two subdomains of a total of four (A1, 

A2, B1 and B2) (Figure 1.15). This arrangement is typical of proteins belonging to the family 

of TNF receptors (van Kooten and Banchereau, 2000). 

 
 

Figure 1. 15 Structure of the gene and the human CD40 protein 

 A) The CD40 gene contains 9 exons encoding the extracellular, transmembrane and 
intracellular domains of the protein (leader sequence= promoter; EC = Extracellular; TM= 
transmembrane; IC= intracellular). B) The CD40 protein is composed mainly of a long 
extracellular domain containing a sequence of 20 cysteine residues (horizontal lines) divided 
into four areas each comprising two sub-areas. Adapted from (van Kooten and Banchereau, 
2000). 

Some confusion as to the exact arrangement of multimeric CD40 present on the membrane 

surface still exists. Some investigators have reported the presence of CD40 as dimers, while 

others reported an assembly of three CD40 molecules (trimer) constitutively in trimeric form 

on the cell surface via PLAD, a pre-ligand-binding assembly domain. (Chan et al., 2000). 
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1.7.2 Structure of CD40L 

CD40L (CD154) is a Type II transmembrane protein of 39kDa in size belonging to the 

TNF superfamily (Abou-Saleh et al., 2009). The gene of CD40L is located in the q26.3-27.1 

region of chromosome X, a fragment with a length 13 kb (Chakrabarti et al., 2005). It consists 

mainly of five exons; exon I encodes the transmembrane and intracellular region of CD40L, 

whereas exons II -V encode the extracellular region of the molecule (Figure 1.16). 

 
 

 

Figure 1. 16 Structure of the gene and protein of human CD40L 

The gene encoding CD40L contains 5 exons coding for different regions of the protein (IC=intracellular 
TM= transmembrane, extracellular=EC). Schematic structure (left), and crystallographic representation 
(right). Protein CD40L (monomer). The extracellular region of the molecule comprises the C-terminal 
domain, whereas the N-terminal domain is found in the intracellular region. This organisation is typical 
of proteins belonging to the TNF family. Adapted from (van Kooten and Banchereau, 2000). 

CD40L protein consists of 261 amino acids and comprises a C-terminal domain 

located in the extracellular region and a N- terminal domain in the intracellular region of the 

CD40L molecule (Chakrabarti et al., 2007). Although CD40L is a type II transmembrane 

protein, it appears to form a multimeric complex composed of three monomers (trimer) 

associated with the cell membrane (Xia et al., 2010). This structure would facilitate its 

interaction with CD40, most probably as a trimer, to allow induction of intracellular signals. 

Besides the membrane form, there is also a form of soluble CD40L (sCD40L) circulating in 

the blood. This form is almost exclusively an enzymatic cleavage at the membrane following 

platelet activation and remains a functional trimer of 18kDa (Li et al., 2008). 
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1.8 Interaction of CD40 with CD40L 

The structure of the extracellular part of CD154 has been resolved by X-ray 

crystallography (Karpusas et al., 1995). It consists of two beta sheets with jellyroll topology 

that forms a symmetric homotrimer. The crystal structure of CD154 and the CD40 model has 

been used together with site-directed mutagenesis to identify five CD40 residues, Y82, D84, 

N86, E74 and E117, and five CD154 residues, K143, Y145, Y146, R203 and Q220, which 

are important for the CD40-CD154 interaction (Bajorath, 1998, Bajorath et al., 1995, Bajorath 

and Aruffo, 1997). Thus, the CD154 binding site has been shown to be located in the second 

and third domains of CD40. It has been suggested that polar interaction between the basic 

residues on the CD154 and the acidic residues on CD40 plays an important role in this 

interaction (Singh et al., 1998). Currently, there are two models of possible interaction 

between CD40L and CD40 receptor. CD40 is a complex formed of either three molecules 

(trimer) constitutively associated with the membrane, or simply an assembly of three 

individual molecules (monomers) not associated with the ability to trimerise the following 

binding of CD40L. Thus, the first interaction model suggested that CD40L (always trimeric) 

promotes the formation of a homotrimeric complex of CD40 following its interaction with it 

(Figure 1.17A) (Anand et al., 2003). This would eventually troop the association of 

cytoplasmic adapter proteins and induction of intracellular signals. Furthermore, in the 

second model of interaction, CD40 is already found in the form of a trimer level of the 

membrane, thereby increasing its affinity for the stoichiometric CD40L, also a trime (Figure 

1.17B) (Anand et al., 2003). This last interaction hypothesis is currently the most commonly 

accepted in the literature, since it appears to be supported by a large amount of experimental 

data. Certainly the most compelling evidence in favour of the latter statistic is based on an 

elegant study demonstrating that all receptors associated with the TNF family, including 

CD40, are found as trimers pre-assembled at the plasma membrane via the PLAD domain 

(Chan et al., 2000), contrary to the original view of oligomerisation receptor upon binding of 

CD40L (Anand et al., 2003). 
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Figure 1. 17 The two models of interaction between CD40L and CD40  

A) The first interaction model of CD40L (always trimeric) promotes the formation of a homotrimeric 
complex. B) CD40 is found already in the form of a trimer level of the membrane, thereby increasing 
its affinity for the stoichiometric CD40L. Adapted from (Anand et al., 2003). 
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1.8.1 Other receptors of CD40L 

CD40 was long considered to be the only receptor for CD40L. However, three other 

receptors have been identified, in particular integrins αIIb γ, Mac-1 and α5 1. Although 

CD40 remains the main high-affinity receptor of CD40L, these other partners seem to 

perform a very special function in various pathophysiological conditions. αIIb γ integrin was 

identified as a receptor for CD40L on the platelet surface, and the interaction between these 

two seems to promote platelet activation and stabilisation of the platelet thrombus in vivo 

(Andre et al., 2002b, Prasad et al., 2003). The interaction is possible between CD40L and 

αIIb γ through the KGD domain (Lysine-Aspartic acid-Glycine) of CD40L. Most integrin 

receptors αIIb , have at least one KGD and αIIb  contains a recognition domain for this 

pattern, allowing their interaction domain. Mac-1 is the major integrin involved in the 

adhesion of monocytes and neutrophils to the activated endothelium during inflammation and 

is also a receptor for CD40L. This interaction promotes the adhesion and transmigration of 

leukocytes at the atherosclerotic plaque, and it is involved in neointimal formation, a key 

component of atherosclerosis (Li et al., 2008). The exact residues involved in this interaction 

are still unknown, but it seems that CD40L interacts with Mac-1 in its active conformation. 

Finally, integrin α5 1 is the main fibronectin receptor and was more recently identified as one 

of the other receptors of CD40L (Leveille et al., 2007). 

1.9 Role of CD40/CD40L in immune system 

In previous sections of this chapter, the function of CD40-CD40L in different cell types 

was introduced. In this section, a comprehensive discussion of the main physiological 

functions of the CD40/CD40L system will be undertaken, which will include details on its 

involvement in humoral immunity (antibody production), cellular immunity and regulation of 

inflammatory mediators, and more specifically its involvement in the induction of apoptosis  

(Ma and Clark, 2009). 

1.9.1 Humoral immunity 

Humoral immunity is associated with B cells and antibody production, which requires 

close involvement of T lymphocytes and APCs, such as dendritic cells. Together, these 

factors ultimately lead to the differentiation of B cells into plasma cells and the production of 

immunoglobulins (for example; IgA, IgE, IgG and IgM) (Ma and Clark, 2009). The importance 

of the CD40/CD40L axis in humoral immunity was demonstrated mainly by three 

approaches: first, by clinical manifestations and symptoms observed in patients with hyper 

IgM (HIM) syndrome, (Aruffo et al., 1993, Allen et al., 1993, Korthäuer et al., 1993); secondly, 

by the genetic approach (deletion of the genes for CD40 and CD40L) (Renshaw et al., 1994, 
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Castigli et al., 1994, Xu et al., 1994); and, finally, by the use of blocking peptides or 

antibodies directed against the complex CD40/CD40L (Foy et al., 1994, Van den Eertwegh et 

al., 1993). Each of these approaches, as highlighted by several studies, points to the same 

conclusion, i.e. the absence of the CD40/CD40L interaction leads to a severe defect in the 

production of the immunoglobulins IgG, IgA and IgE (that is to say, thymus-dependent T cells 

response) in response to a pathogenic infection, without affecting the T cell- independent 

immune response (Ma and Clark, 2009) 

The CD40/CD40L complex occupies a critical role in humoral immunity through its 

involvement in the interactions between dendritic cells (or APC), T cells and B lymphocytes 

in the immune response cells (Figure 1.18). These cell interactions are characterised 

primarily by two important steps, namely activation of T cells via the APCs (dendritic cells in 

particular) and the activation and differentiation of B lymphocytes into plasma cells via their 

interaction with activated T cells and dendritic cells (Ma and Clark, 2009). Figure1.18 

illustrates the cellular interactions in humoral immunity and highlighting the importance of the 

CD40/CD40L complex in this process (Ma and Clark, 2009). 

 
 

Figure 1. 18 Role of CD40/CD40L interactions in humoral immunity 

The CD40/CD40L complex occupies a critical role in humoral immunity through its association in the 
interactions between dendritic cells (or APC), T-lymphocyte and B- lymphocytes in the immune 
response cells. Adapted from (Ma and Clark, 2009) 
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The exposure to a pathogenic agent (eg. bacterial infection) leads to activation of CD40 on 

the dendritic cells (Liang et al., 2009, Hellman and Eriksson, 2007). The dendritic cells were 

subsequently able to interact with CD40L-activated T cells, increasing the expression of co-

stimulatory molecules CD80/CD86 and B7-1/B7-2, and promoting the release of IL-12 and 

IL-10 by dendritic cells (Cella et al., 1996, Caux et al., 1994, Ma and Clark, 2009). The 

cellular responses are intimately involved in the differentiation of T cells into Th1 effector 

cells, regulatory T and Th17 (Th1 IL-12 and IL-10, and regulatory T Th17) (Iezzi et al., 2009, 

Bettelli et al., 2006, Veldhoen et al., 2006). Subsequently, the interaction of CD40L on T cell 

effector CD40 B cells induces the release of IL-2 and IL-4 by T effector cells (Natural killer 

cells) effectives. Meanwhile, the CD40/CD40L complex is also involved in the interaction of 

dendritic cells with B lymphocytes. This interaction facilitates the secretion of Stimulator 

Protein of B lymphocytes ("B lymphocyte Stimulator protein", BLyS or BAFF) and a 

proliferation-inducing ligand (APRIL) by dendritic cells which, in conjunction with IL- 2 and IL-

4 released by T lymphocytes, promotes differentiation of B lymphocytes into immunoglobulin-

producing plasma cells (DeKruyff et al., 1993, Craxton et al., 2003). 

It is important to note that it is difficult to put a precise chronological order to these 

events since, in reality; these interactions are bidirectional and may take place in concurrent 

ways. To conclude, the dendritic cells, T lymphocytes and B lymphocytes are able to interact 

simultaneously, indicating the need to consider these cellular responses as a whole and not 

as separate elements. In short, the CD40/CD40L axis is an integral element in the 

cooperation between the different elements in the humoral response and antibody 

production. 
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1.9.2 CD40/CD40L in cell mediated immunity 

As mentioned above, the CD40/CD40L axis was originally discovered on cells 

involved in immunity, such as T and B lymphocytes. The CD40 receptor is expressed 

constitutively on professional antigen-presenting cells such as B cells (B-lymphocyte) (Valle 

et al., 1989, Clark, 1990, Stamenkovic et al., 1989), and it also expressed early and 

throughout development (Uckun et al., 1990). Thus, it activates T cells (both CD4+ or CD8+) 

(Ware et al., 1991, Indzhiia et al., 1992), monocytes (van Kooten and Banchereau, 2000), 

macrophages/microglia (Gerritse et al., 1996), dendritic cells (van Kooten and Banchereau, 

2000), platelets (Inwald et al., 2003) and is expressed on epithelial cells (Ruggiero et al., 

1996), fibroblasts (See figure 1.19) (Yellin et al., 1995), endothelial cells and carcinomas 

(Schönbeck and Libby, 2001). 

The CD40 receptor is frequently expressed in the form of a doublet consisting of 

protein 43 to 47kDa (Clark and Ledbetter, 1986, Braesch-Andersen et al., 1989). Although 

the form in which the receptor is expressed may depend on the cell type (BERG et al., 1996), 

it is certain that its expression is constitutive in most cell types. CD40 is found in lipid rafts 

(Kaykas et al., 2001, Pham et al., 2002). In addition, cytokines such as IFN- , IL-1, IL-3, IL-4, 

TNF-α and GM-CSF (granulocyte macrophage colony-stimulating factor) may increase its 

expression (reviewed in (Schönbeck and Libby, 2001), while transforming growth factor-  

(TGF- ) inhibits the increase in the degradation of the mRNA of CD40 (Nguyen et al., 1998). 

As mentioned above, the CD40 receptor and CD40 ligand were originally discovered 

in the cells involved in immunity, such as B lymphocytes and T lymphocytes (Armitage et al., 

1992, Lederman et al., 1992). Indeed, this receptor and its ligand are present in most of cells 

of the immune system and they have an important role in inflammation in addition to a pivotal 

role in immune reactions. Table 1.1 summarises the expression of CD40 and CD40L in the 

various cells of the vascular cells (Yellin et al., 1995). 
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Figure 1. 19 Expression of CD40 and CD40 ligand on different cells types 

Different cells have abilty to express CD40 and its ligand. The interaction of CD40 with CD40L causes 
to express of different proteins and triggers the activation of different signalling patwys in different cells 
in the body (Gormand et al., 1999). 
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1.9.2.1 B Lymphocytes 

The role of CD40/CD40L complex in B cells is crucial to the humoral immune 

response. B cells constitutively express CD40 interacting with the CD40L on T cells activated 

in the presence of antigens in any infection. This interaction, in the presence of cytokine 

released by T cells (IL-4, IL-2 and IL-10), induces the proliferation and differentiation of B 

lymphocytes into plasma cells and antibody production, as shown in Figure 1.20 (Aruffo et 

al., 1993). CD40/CD40L interaction seems sufficient by itself to induce the production of IgG 

and IgA antibodies, while a co-stimulation in the presence of IL-4 is necessary particularly for 

the production of antibody IgE (Armitage et al., 1993, Spriggs et al., 1992). 

In the absence of the CD40/CD40L interaction, B cells produce only IgM, as observed 

in patients suffering from syndrome HIGM (Hyper IgM syndrome) (Hill and Chapel, 1993). 

Furthermore, in the activated B cell, the CD40/CD40L interaction induces the release of 

cytokines IL-6, IL-10 and TNF-α (Boussiotis et al., 1994), an increase in the intercellular 

adhesion molecule-1 (ICAM-1) associated with lymphocyte function- antigen-1 (LFA-1), 

vascular cell adhesion molecule-1 (VCAM-1) (Barrett et al., 1991, Rousset et al., 1991) and 

increased major histocompatibility protein complex-1 and-2 (MHC-I and MHC-II), (Khanna et 

al., 1997, Klaus et al., 1994), all of which facilitate the proliferation and differentiation of these 

cells into plasma cells. Interestingly, B lymphocyte‘ expression of CD40L also appears to be 

involved in a positive feedback loop, since CD40L expressed on one B cells can in turn 

interact with CD40 of another B cell, thereby facilitating activation and differentiation of B 

lymphocytes (Clodi et al., 1998, Grammer et al., 1995). CD40 activation would then be more 

involved in the differentiation of these cells into memory B cells (Gray et al., 1997, Pound and 

Gordon, 1997). 
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Figure 1. 20 Role of CD40/CD40L complex in the B lymphocytes and antibody production 

CD40/CD40L interaction appears necessary by itself to induce the production of IgA, IgE and 
IgG antibodies. B)  In the non-appearance of the CD40/CD40L interaction, B cells produce 
only IgM Adapted from (Lievens et al., 2009). 
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1.9.2.2 T Lymphocytes 

T cells require the presence of two main signals in order to induce their full activation. 

The first signal (Signal 1) comes from the interaction of the T cell receptor (TCR) with peptide 

MHC molecules on antigen-presenting cells (APC). The second (Signal 2) is called co-

stimulatory and is mainly via the CD28/B7 complex and CD40/CD40L – in fact the 

CD40/CD40L signal is sometimes referred to as Signal 3 (Lievens et al., 2009). This co-

stimulatory signal is essential to the proliferation, differentiation and survival of T cells (van 

Essen et al., 1995, Grewal et al., 1995). The first signal induces the expression of CD40L in 

the T cell membrane, and it subsequently interacts with CD40 on APCs cells, such as B 

cells, macrophages or dendritic cells. This bidirectional interaction enhances the activation of 

T cells and promotes their proliferation and differentiation into effector (mature) T cells (van 

Essen et al., 1995). Activated T lymphocyte also expresses CD40, but its exact involvement 

in the function of these cells remains poorly characterised. On the other hand, it appears that 

CD40 is involved in the interaction of T lymphocytes with CD4+ and CD8+ cells. The 

interaction of CD40 with CD40L on the CD8+ and CD4+ allows differentiation of CD8+ 

lymphocytes into memory cells, as with B lymphocytes (Bourgeois et al., 2002). 

1.9.2.3 Monocytes / Macrophages 

The role of CD40/CD40L complex in the function of monocytes is well documented. 

Monocytes constitutively express CD40 and, as APC, they are able to interact with the 

CD40L of T cells (Cella et al., 1996, Schönbeck and Libby, 2001). This interaction is 

bidirectional, so that the monocyte promotes activation of T cells which, in turn, induce the 

activation and differentiation of monocytes into macrophages. Binding of CD40L on the T 

lymphocytes to CD40 on monocytes and macrophages leads to the release of several 

cytokines (IL-12, IL-1 , IL-6, IL-8 and TNF-α (Alderson et al., 1993, Wagner et al., 1994) and 

Metalloproteinase Matrix (MMPs), (MMP-1 MMP-2, MMP-3 and MMP-9) (Mach et al., 1997, 

Malik et al., 1996), an increase of co-stimulatory molecules ICAM-1, LFA-3, B7-1 and B7-2 

(Kiener et al., 1995) and secretion of tissue factor and nitric oxide (NO) (Mach et al., 1997). 

These biological effects are essential to the immunity-related, inflammatory and angiogenic 

function of these cells. Most biological effects of CD40L on monocytes are due to its 

interaction with CD40, although other receptors on the surface of these cells are able to 

induce various cellular responses, especially Mac-1. Indeed, it was recently demonstrated 

that the interaction of CD40L/Mac-1 promotes the adhesion and migration of monocytes to 

the endothelium, and the release of myelo-peroxidases during the inflammatory response 

(Zirlik et al., 2007). Activation of monocytes increases membrane expression of CD40, as 

well as CD40L. The precise function of CD40L in these cells is still unknown, but it may be 

http://en.wikipedia.org/wiki/Metalloproteinase
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involved in monocyte/monocyte interactions via CD40. This interaction would amplify the 

activation and differentiation of monocytes, increasing their secretory function (Suttles and 

Stout, 2009). 

1.9.2.4 Dendritic cells 

The dendritic cell (DC) occupies a central place in the immune system. The CD40-

CD40L interaction on DC, mainly as a co-stimulatory factor, promotes the activation of T 

lymphocytes.  Activation of DC, such as that observed in the presence of pathogens, causes 

a significant increase in DC cell surface CD40. This receptor is able to interact with the 

CD40L on activated T cells, increasing the expression of co-stimulatory molecules 

CD80/CD86 and B7-1/B7-2, and it promotes the release of the IL-12 by DC (Cella et al., 

1996, Caux et al., 1994). These cellular responses are intimately involved in the 

differentiation of T lymphocytes for Th1 immune responses (Shepherd and Kerkvliet, 1999, 

Iezzi et al., 2009). In addition, CD40L is functionally expressed by in response DC-CD40 

ligation  (Pinchuk et al., 1996). DC CD40 ligation by T-cell-CD40L, primes DC cells to 

become effective antigen presenting cells (APC) via upregulation of MHC class II molecules 

and CD80/CD86 (Ma and Clark, 2009) and CD40-CD40L co-simulation is essential for the 

activation of DC in response to pathogen associated molecular patterns (PAMPs) (Sacks and 

Noben-Trauth, 2002). Additionally, CD40L is functionally expressed by DC in response CD40 

ligation (Pinchuk et al., 1996). In such manner, DC have been shown in vitro to utilise 

membrane CD40L (mCD40L) in order to mediate their cytotoxic effect effects towards 

urothelial cell carcinomas (UCC) and colorectal carcinomas (CRC), therefore, CD40 is not 

only essential for DC activation, but for their ability to induce CD40-mediated cell cytotoxicity 

(Hill et al., 2008b). DC also express CD40L, but in small quantities compared to CD40. 

Although the exact function of CD40L dendritic cells remains to be fully verified, it appears to 

be involved in bidirectional interaction between dendritic cells and B lymphocytes (Bergtold et 

al., 2005, Wykes and MacPherson, 2000). 
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1.9.2.5 Neutrophils 

Neutrophils are among the first vascular cells recruited to inflammatory sites and are actively 

involved in the immune mechanisms of the body. Vanichakarn et al. have demonstrated that 

activated neutrophils express CD40 and this appears to play an important role in 

platelet/neutrophil interactions (Vanichakarn et al., 2008). In addition, platelets are able to 

activate neutrophils through the release of soluble CD40L that follows their stimulation. 

sCD40L induces secretion of ROS in neutrophils, which in turn promotes the activation of 

platelets reciprocally. Furthermore, the results of the study by Li et al indicated that the 

interaction of platelets with neutrophils increases expression of Mac-1 and high levels of 

sCD40L, and that neutrophils promote platelet aggregate formation and neointimal formation 

following vascular injury (Li et al., 2008). 

1.9.2.4 Platelets 

Platelets play a fundamental role in haemostasis but also actively participate in 

inflammatory reactions by inflammatory cytokines, growth factors and MMPs. The resting 

platelets constitutively express CD40, whereas CD40L is present in the membrane upon cell 

activation (Henn et al., 1998). The study by Henn et al. first demonstrated the importance of 

the CD40/CD40L complex function in platelets (Henn et al., 1998). They showed that CD40L 

on activated platelets is able to interact with the CD40 on endothelial cells and monocytes to 

induce a significant inflammatory reaction. In particular, this interaction increases the 

expression of some proteins such as Intercellular Adhesion Molecule-1 ICAM-1 (CD54), 

Vascular Cell Adhesion Molecule-1 VCAM-1 (CD106), and E-selectin protein (CD62E); it also 

promotes the release of the Monocyte chemo-attractant protein-1 (MCP-1/CCL2), IL-6, IL-8, 

and induces the production of MMP-9. Moreover, it was also demonstrated that platelet 

sCD40L is involved in stabilising the thrombus through its interaction with integrin αIIb γ 

(Andre et al., 2002b). Little information exists about the role of platelet CD40, but it seems 

that the stimulation of platelets by sCD40L induces the release of Regulated on Activation, 

Normal T Cell Expressed and Secreted (RANTES) and the production of reactive oxygen 

species (ROS) (Chakrabarti et al., 2005, Danese et al., 2004). 

1.9.2.6 Endothelial cells  

CD40/CD40L occupies a prominent position in the activation of endothelial cells and 

smooth muscle cells. Endothelial cells express CD40 and CD40L. Activation of CD40 on 

endothelial cells contributes significantly to their inflammatory role (Karmann et al., 1995). In 

particular, this binding induces expression of adhesion molecules ICAM-1, VCAM-1 and E-
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selectin, and it causes the release of cytokines such as IL-1, IL-6, IL-8, MCP-1, the 

macrophages inflammatory protein-1α (MIP-1α) and RANTES (Rizvi et al., 2008, Bavendiek 

et al., 2002). Endothelial cells are actively involved in the mechanisms of angiogenesis, and 

the CD40/CD40L axis seems to occupy a more important place in this phenomenon 

(Karmann et al., 1995). 

First, the activation of endothelial cells by CD40L promotes the synthesis and 

secretion of MMP-1, MMP-2 and MMP-9 which are involved in the digestion of the 

extracellular matrix, a key step in angiogenesis (Mach et al., 1999). In addition, CD40 

activation triggers the secretion of vascular endothelial growth factor (VEGF) by endothelial 

cells, which is essential to the initiation and progression of angiogenesis mechanisms (Melter 

et al., 2000). Additionally, the binding of CD40 on endothelial cells promotes the expression 

of cyclooxygenase-2 (COX-2), which has a pro-angiogenic activity via the induction of the 

basic fibroblast growth factor (bFGF) (Schonbeck et al., 1999). The CD40/CD40L complex is 

involved in the pro-coagulant function of endothelial cells. Consequently, it was 

demonstrated that ligation of CD40 via CD40L induces the synthesis and release of tissue 

factor from endothelial cells, (Bavendiek et al., 2002), which triggers the activation of the 

coagulation cascade and platelet activation (Schonbeck et al., 1999). 

1.9.2.7 Smooth muscle cells 

The role of the CD40/CD40L dyad in smooth muscle cells is less well documented, 

but it appears that CD40L is able to trigger the activation of signalling pathways involved in 

the mitogenic activity of these cells. It also particularly activates the Src tyrosine kinase 

pathway, which leads to the secretion of cytokines such as MCP-1 and IL-8 (Hermann et al., 

2002, Mukundan et al., 2004). In addition, the activation of the CD40 receptor of this cell 

leads to the degradation of collagen through the interstitial matrix and also via MMPs, which 

have the ability to promote proliferation and migration of these cells (Horton et al., 2001, 

Newby, 2007). 
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1.9.2.8 Epithelial cells 

Young and colleagues first discovered CD40 expression on epithelial cells of human 

nasopharynx, tonsil and ectocervical tissue by using immunohistochemical analysis, as well 

as cultured epithelial cells and several epithelial cell lines (Young et al., 1989), while CD40 

ligand (CD154) expression has been observed on epithelial cells of the glomerulus as well as 

the proximal tubule. Yellin and colleagues reported initially that CD40 also expressed in 

normal kidney, and expressed on parietal epithelial cells (Yellin et al., 1995). Cruickshank 

and co-workers reported that intestinal epithelial cells, which encounter enteric antigens, 

express CD40 together with other co-stimulatory molecules; however, these cells were 

unable to promote mitogen- or antigen-driven activation of CD4+ T cells (Yellin et al., 1995). 

The presence of CD40 on diseased cells and its absence on unaffected epithelium as 

well as its inducibility by pro-inflammatory cytokines, e.g., IFN-α, indicated a role for epithelial 

CD40 in the development of carcinomas/epithelial neoplastic at sites of chronic inflammation 

(Stamenkovic et al., 1989), a hypothesis also supported by the later finding that a large 

majority of nasopharyngeal carcinoma cells expressed CD40 (Zong et al., 1991). More 

studies of CD40 distribution in the human thymus revealed that cortical and medullary thymic 

epithelial cells express this receptor in situ and, inducible through pro-inflammatory cytokines 

such as IL-1, TNF-α, or IFN-y, also in vitro (Galy and Spits, 1992, Patel et al., 1995). Further 

studies established that CD40 expressed on these thymic epithelial cells offers co-stimulation 

for clonal expansion of CD4+ thymocytes (Briscoe et al., 1998). In addition to neoplastic and 

thymic epithelial cells, normal human bronchial epithelial cells constitutively express CD40 in 

situ (Gormand et al., 1999). 
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Table 1. 1 Expression of CD40/CD40L axis in the cells of the immune vascular system 

Cell Type 
CD40 CD40L 

Form of CD40L 
Active   Inactive Active Inactive 

B lymphocytes +++ +++ ++ +++ Membrane 

T lymphocytes - +++ - +++ Membrane, soluble 

Monocytes / Macrophages + +++ + +++ Membrane 

Platelets ++ +++ - +++ Membrane, soluble 

Endothelial cells + +++ + + Membrane 

Smooth Muscle Cells +++ ND + ND Membrane 

Dendritic cells - +++ + + Membrane 

Neutrophils + +++ + + Membrane 

- Non expressed; +, weakly expressed; ++, moderately expressed, +++, strongly expressed, ND, 
undocumented.  
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1.10 Intracellular signalling pathways induced by CD40 

Since CD40 lacks intrinsic signalling activity, adapter molecules and TNF receptor 

associated factors (so-called TRAFs) are required for signal transduction by a CD40-CD154 

interaction (Schönbeck and Libby, 2001). The TRAF- family consists of six members, five of 

which (TRAF 1, 2, 3, 5, 6) depend on cell type and function to bind CD40 (Zapata, 2003). In 

endothelial cells, the association of TRAF2 and CD40 causes activation of pro-inflammatory 

signalling pathways (Mukundan et al., 2004). 

 

The specificity of the CD40 signal transduction is influenced not simply by the 

interaction with the different TRAFs. Rather, in this case, the localisation of the receptor 

plays an important role. CD40 is located in and on special membrane micro domains called 

―lipid rafts―. After CD40 CD154 interaction, the majority of CD40 in the lipid rafts are 

translocated, where the receptor is then associated with the various TRAFs (Arron et al., 

2002). The lipid raft-dependent association of TRAF2 with CD40 leads to the formation of 

pro-inflammatory cytokines (such as MCP-1) that the arteriosclerosis (Arron et al., 2002, 

Chen et al., 2006). 

The various cellular responses mediated by CD40/CD40L interaction are related to 

the activation of specific intracellular signalling pathways. CD40 is the main receptor 

promoting signalling, and there is still relatively little information about the precise signalling 

pathways triggered following activation by CD40L especially in epithelial cells (Georgopoulos 

et al., 2006). The binding of CD40 with CD40L causes the recruitment of adapter proteins, 

called TRAFs, in the cytoplasmic tail of the CD40 molecule (Bishop et al., 2007). Cellular 

relocation of TRAFs and their interaction with CD40 triggers the activation of several 

signalling pathways, which include the main pathway of NF-KB, the MAPK pathway (p38, 

JNK and Akt), the PI3 kinase pathway, and others (Davies et al., 2005, Elgueta et al., 2009). 

Any intracellular signalling induced by CD40 depends almost exclusively on TRAFs, but can 

be independent of TRAFs signalling pathways, such as the pathway of STAT5 resulting from 

the direct association of Janus kinase 3 (JAK3) with CD40 (Säemann et al., 2003, Säemann 

et al., 2002). Figure 1.21 summarises the main signalling pathways that result from the 

activation of CD40 as well as the function of the different members of the family of TRAFs in 

the activation of different signalling pathways triggered (Elgueta et al., 2009). 
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Figure 1. 21 The different signalling pathways induced by CD40  

Each member of the family of TRAFs has a separate function, but they sometimes overlap. The 
majority of signalling pathways of interaction between CD40 and CD40L depends on the activation of 
TRAFs, but there are also TRAF independent channels, such as the STAT5 pathway (Elgueta et al., 
2009). 
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1.10.1 Structure of TRAFs 

The TRAFs family consists of six members, named TRAF1 to TRAF6. The TRAFs 

consist of a C-terminal carboxyl named TRAF-C, a rich domain leucine zipper, TRAF-N, and 

two areas rich in zinc motifs, named zinc fingers and zinc ring, with the exception of TRAF-1 

which is devoid of both zinc areas (Figure 1.22) (Arch et al., 1998). The TRAF-C domain is 

involved in binding to TRAFs of CD40, whereas the N-TRAF domain is responsible for the 

homo- and hetero-dimerisation interactions of TRAFs (for example TRAF2/TRAF3 

interaction). The zinc-rich domains are involved in the recruitment and identifying additional 

proteins, such as kinases and transcriptional factors (Arch et al., 1998). 

Following the binding of CD40L to CD40, the TRAFs are, directly or indirectly via 

other TRAF members, recruited to the cytoplasmic tail of the CD40 molecule. The protein 

sequence involved in the interaction of TRAFs with CD40 differs from one member to 

another; thus, there is no consensus on the sequence responsible for this interaction, 

although some sequences have been found to overlap between some members, such as 

TRAF2 and TRAF3 (McWhirter et al., 1999, Ni et al., 2000). 

 

  
 

Figure 1. 22 Structures of TRAFs    

The schematic represents the structural organisation of the TRAFs. Currently six different TRAFs are 
known. All TRAFs are characterized by a C-terminally-located TRAF domain. TRAF proteins have a 
highly conserved C-terminus, through which they bind to the receptors and can interact with other 
TRAFs. The TRAFs family consists of six members: A) TRAF1, which is devoid of both zinc areas   
(Zinc fingers and Zinc ring) B) TRAF2 to TRAF6 which contain those domains. 
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1.10.2 TRAF1 

Following the activation of CD40, TRAF1 protein expression is significantly increased 

(Zapata et al., 2000, Schwenzer et al., 1999). Since TRAF1 has no motif of a zinc-rich 

domain, it seems to be involved in regulating the signalling of other members of TRAFs 

(Bishop et al., 2007). The binding site of TRAF1 on CD40 overlaps with that of TRAF2 and 

TRAF3, and it appears that TRAF1 is only able to interact weakly with CD40, in the absence 

of the involvement of TRAF2 (Pullen et al., 1998). At the level of B lymphocytes and APCs, 

TRAF1 deficiency causes a decrease in the recruitment of TRAF2 to the CD40 and an 

increase in the enzymatic degradation of the receptor (Xie et al., 2006, Arron et al., 2002). In 

addition, it appears that the recruitment of TRAF1 and TRAF2 is required for complete 

activation of the NF-kB pathway, since the dual genetic deletion of both members generates 

a stronger attenuation of the activation of NF-kB, compared to the individual gene deletion of 

one or any of these members (Xie et al., 2006). 

1.10.3 TRAF2 

TRAF2 is one of the most studied members and its main role is the activation of p38 

(MAPK), Akt, JNK and ERK1/2. Hostager et al. (2003) and Yeh et al. (1997) demonstrated 

that, in fibroblasts and B cells of the embryo in TRAF2-deficient mice, the activation of these 

signalling pathways was significantly inhibited after the binding of CD40L to CD40 (Hostager 

et al., 2003, Yeh et al., 1997). In addition, the recruitment of TRAF2 induces recruitment of 

protein kinase mitogen-activated kinase-1 (MEKK1) to the cytoplasmic tail of CD40 after 

CD40 ligation, which is an essential step in the activation of ERK1/2 proteins and activation 

of kinases JNK and p38 (Gallagher et al., 2007). At the level of B lymphocytes, TRAF2 also 

seems to participate in the activation of NF-kB, in collaboration with TRAF6. On the other 

hand, the interaction of one or the other with CD40 seems sufficient to induce activation of 

NF-kB. This was confirmed by results showing that the deficiency of TRAF2 or TRAF6 does 

not cause abnormality in the activation of NF-kB, but the double deletion of these two 

members induced severe inhibition of this pathway at the level of B lymphocytes. TRAF2 

also seems to participate in the activation of NF-kB, in collaboration with TRAF6. However, 

the interaction of one or the other with the CD40 seems sufficient to induce the activation of 

NF-kB This was confirmed by studies showing that the deficiency of TRAF2 or TRAF6 does 

not cause abnormality in activation of NF-kB, but the double deletion of these two members 

causes severe inhibition of this pathway (Hsing et al., 1997, Rothe et al., 1995, Yeh et al., 

1997). 

Despite its important role in the activation of signalling pathways induced by CD40, 

TRAF2 also appears to have a negative regulatory function (Gardam et al., 2008). Its 
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involvement as a negative regulator of signalling via CD40 comes from its constitutive 

interaction with TRAF3 (Figure 1.23). The interaction of TRAF2/TRAF3 allows proteins cIAP1 

and cIAP2 to degrade NIK protein, which inhibits activation of the NF-kB and promotes 

apoptosis (Vallabhapurapu et al., 2008, Zarnegar et al., 2008). Moreover, the removal of an 

accumulation of TRAF2 generates NIK in B cells (Vince et al., 2007). Following stimulation 

with CD40L, this protein complex is destabilized and TRAF2/TRAF3 is recruited to the CD40, 

which allows TRAF2 to activate NF-kB.  Degradation of TRAF2 (Self degradation) and 

TRAF3 (via cIAP1 / 2), has a role in the releasing and allow NIK to activate NF-kB. In short, 

cIAP1/2 occupy a dual function, that of degradation of NIK in the basal condition and the 

degradation of TRAF3 upon binding of CD40L. Meanwhile, TRAF2 also performs a dual 

function, i.e. that of its inhibitory role of NF-kB activation via its interaction with TRAF3, and 

its activator role of the NF-kB following its interaction with CD40 and its subsequent 

degradation (Bishop et al., 2007, Brown et al., 2002, Zarnegar et al., 2008). 
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Figure 1. 23 Illustration of the dual function of TRAF2 in the regulation of NF-kB  

TRAF2  functions A) Inhibitory role of NF-kB activation via its interaction with TRAF3, B) Activator role 
of the NF-kB following its interaction with CD40 and its subsequent degradation (Adapted from 
(Elgueta et al., 2009). 
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1.10.4 TRAF3  

TRAF3 was first known as an adaptor molecule that interacts with the cytoplasmic tail 

of CD40 and the EBV oncoprotein LMP-1 (latent membrane protein-1) (Cheng et al., 1995, 

Mosialos et al., 1995). Nevertheless, Inoue et al. reported that TRAF3 associates with other 

TNF-Receptor superfamily proteins such as CD27, CD30, 4-1BB, OX40, LT- R, ATAR, 

AITR, and RANK (Inoue et al., 2000); it has also been demonstrated that TRAF3 plays 

different roles for various receptor functions in in vitro culture systems (Hostager and Bishop, 

1999). 

 

TRAF3 blocks the activation of NF-κB induced by CD40 and TNFRβ overexpression 

(Rothe et al., 1995). TRAF3 negatively regulates CD40-stimulated antibody secretion, 

however, whether the inhibition of NF-κB mediates this response is not clear (Hostager and 

Bishop, 1999). This implication is supported by experiments showing that removal of the 

protein in B cells increases the activation of NF-kB and JNK following stimulation by CD40L 

(He et al., 2007, Xie et al., 2004).  In addition, mice deficient in TRAF3 demonstrate an 

intracellular accumulation of the protein NIK (Xie et al., 2004, Vallabhapurapu et al., 2008, 

Zarnegar et al., 2008). However, it was demonstrated that overexpression of TRAF3 in 

epithelial cells promotes activation of the NF-kB pathway, contrary to B cells (Propst et al., 

2002), while Urbich et al. suggest that TRAF3 has dichotomous  functions depending on the 

cell type (Urbich et al., 2001). 

1.10.5 TRAF4 

TRAF4 was initially known as a protein localised in the nuclei of breast cancer cells, 

and it has also been detected in the cytoplasm of the cells (Régnier et al., 1995, Glauner et 

al., 2002). TRAF4 is barely expressed by vascular cells. It is more important in neuronal cell 

physiology and during embryogenesis (Masson et al., 1998, Regnier et al., 1997). Moreover, 

TRAF4 seems unable to interact with CD40 (Krajewska et al., 1998). Paradoxically, TRAF4 

has been implicated in promoting apoptotic pathways mediated by p53, yet has been 

observed to inhibit Fas-mediated cell death (Sax and El-Deiry, 2003, Fleckenstein et al., 

2003). Expression of TRAF4 in T cells is dependent on stimulators of the NF-kB pathway 

(Glauner et al., 2002). 
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1.10.6 TRAF5 

Very little information exists regarding the role of TRAF5 in CD40-mediated signalling. 

TRAF5 is unable to interact directly with CD40, but it appears to form a heterodimer with 

TRAF3 to facilitate activation of the NF-kB (Bishop et al., 2007). This was demonstrated in B 

cells where TRAF5 deficiency by the use of small interfering RNA (siRNA) significantly 

reduces the activation of the NF-kB, resulting in the reduction of expression of co-stimulatory 

molecules and antibody production by these cells (Hauer et al., 2005, Nakano et al., 1999). 

1.10.7 TRAF6  

TRAF6 plays an important role in the signalling pathways triggered by CD40 and also 

has a specific binding site for this function (Bishop et al., 2007) and can have several (often 

opposing) functions. Recently, TRAF6 has been shown to induce apoptosis via interaction 

with caspases and its activation by a RING domain-dependent mechanism (He et al., 2006). 

Interestingly, however, Benson and colleagues have shown that CD40 can defend B cells 

from CD95-mediated apoptosis by inhibition of caspase activation via TRAF6 and the 

PI3K/Akt pathway (Benson et al., 2006). 

In human epithelial cells treated with small specific interfering RNA for TRAF6, 

activation of NF-kB pathways, p38, JNK and Akt is significantly reduced or even completely 

inhibited following stimulation with CD40L, demonstrating the fundamental importance of this 

TRAF member (Davies et al., 2005). TRAF6 interacts directly with TRAF2 to regulate the 

activation of NF-kB. This close collaboration between TRAF2 and TRAF6 does not seem to 

depend on the interaction with the CD40 receptor since, even in the presence of the deletion 

of the binding domain of TRAF6 to CD40, TRAF6 is still able to interact indirectly with CD40 

through its direct interaction with TRAF2 and activate several important signalling pathways 

(Rowland et al., 2007). Under these conditions (where the binding domain is removed from 

CD40), activation of CD40 leads to expression of CD80 receptor and activation of the JNK 

pathway, in contrast to the total deficiency of TRAF6 protein in B cells (Rowland et al., 2007). 

This suggests that an important function of TRAF6 is connected to its indirect interaction with 

CD40, via its binding to TRAF2. One of the other important functions of TRAF6 lies in the 

PI3K pathway activation and subsequent activation of Akt, which protects against apoptosis 

(Arron et al., 2001, Davies et al., 2004). 
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1.11. The mitogen activated protein kinases (MAPKs) 

MAPKs are serine threonine kinase activated by phosphorylation at threonine and 

tyrosine residues. These proteins are part of phosphorylation cascades that have been 

described in many species including mammals (L'Allemain, 1994). Many stimuli activate the 

MAPK cascades including hormones, growth factors and stressors. MAPK cascades are 

involved in signaling pathways leading to mitosis, proliferation, differentiation, cell growth, 

gene expression and cell death in response to extracellular signals (Johnson and Lapadat, 

2002a, Zhang and Liu, 2002). 

1.11.1 General structure 

The MAPK family comprises 5 groups of kinases. Three groups have been widely 

studied, which include: Extracellular signal regulated kinases 1 and 2 (ERK), c- Jun N-

terminal kinases (JNK) 1, 2 and 3 (or stress-activated protein kinase, SAPK)) and the 

pγ8MAPK α, , ƴ and δ. Two other groups are less well known and their roles in cell 

signaling remains unclear; these are Extracellular signal regulated kinases the 3 and 4 and 

Extracellular signal regulated kinase 5 (Coulombe and Meloche, 2007). Downstream, the 

phosphorylated MAPK activate transcription factors such as c-myc, c-Jun or ATF2 but can 

also activate other kinases upstream and downstream of the MAPK cascade, thus refining 

the regulation of signaling pathways (Whitmarsh, 2007). 

Upstream signaling pathways activating the MAPK are numerous. To a large extent, 

they are activated by small G proteins of the Ras superfamily that activate MAPK kinase 

kinases such as Raf proteins (Chong et al., 2003). The MAPKKKs phosphorylate serine and 

threonine residues at the patterns Ser-xxx-Ser/Thr MAPK kinases such as MEK. Finally, 

MAPKK MAPKs phosphorylate at xxx -Tyr-Thr residues which in turn phosphorylate Pro-xxx-

Ser/Thr pattern transcription factors or other proteins of the signaling pathways (Biondi and 

Nebreda, 2003). 

1.11.2 ERK 1/2 

Extracellular signal regulated kinase (ERK) 1 and 2, which are 42 and 44kDa in size, 

respectively, were the first MAPK characterised and are the most studied. They are activated 

by growth factors, hormones, osmotic shock, cytokines, GPCR (G-protein coupled receptors 

heterotrimeric) and phorbol esters. They play a major role in cell proliferation and 

differentiation (Kang and Sucov, 2005, Kim et al., 2007). Activation of the ERK pathway 

leads to induction of genes leading to cellular hypertrophy, increased protein synthesis and 

the formation of sarcomeres (Aokl et al., 2000, Kim et al., 2007). 
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1.11.3 JNK 1/2 (SAPK) 

Three isoforms of c-Jun N-teminal kinase (JNK) or stress-activated MAP kinase 

(SAPK) have been characterised and are activated in response to many stimuli such as 

physical stress (heat, UV, osmotic shock), chemical factors (pH, ROS), metabolic factors 

(ischemia), biological factors (bacterial proteins, cytokines). The JNK cascade follows the 

traditional pattern of MAPK activation with MAPKKK (MEKK1-4) that activate MAPKK 

(MKK4, MKK7) activating the MAPK (Figure 1.24). As with ERK, JNK activation leading to 

gene expression by phosphorylation of transcription factors including c-Jun, ATF-2, Elk-1, 

MEF-2. JNK pathways predominate in cellular responses initiated by adrenergic G-protein 

coupled receptors and tyrosine kinase receptors such as the receptors for growth factors. 

The JNKs are involved in the activation of apoptosis, but apart from their pro-apoptotic role, 

they can also also have anti-apoptotic functions depending on the cell type and the nature of 

the stimulation. Their roles in cell physiology are numerous and depend on the area studied. 

They are involved in the development of the nervous system as in the regulation of insulin 

and obesity but also in hypertrophy and heart failure  (Brancho et al., 2003, Derijard et al., 

1995). 

1.11.4 The p38/MAPK 

Four isoforms of the p38 serine threonine kinases are activated by the MAPK 

signalling pathways, namely p38α/Mpkβ/CSBP, pγ8 , pγ8δ/SAPK4 and pγ8 /SAPKγ. 

Stimulation of p38 shows similarities to JNK. At first, these two MAPKs were grouped under 

the term SAPK. Stimuli such as osmotic shock, or UV irradiation, oxidative stress  and 

anticancer agents can activate the cascade of p38 phosphorylation. Different stimuli can 

activate MAPKKK (ASK, TAK, PTKs), which activate MAPKK (MEK3, MEK6 MAPKK) but 

also other cascades (such as MEK4, MEKK1, 2 and 5, ASK), allowing them to phosphorylate 

p38. As with other MAPKs,. p38 kinases are activated by phosphorylation of threonine and 

tyrosine residues of their activation loop TGY by MAPKK kinases MKK3, 4 and 6 (Brancho et 

al., 2003, Derijard et al., 1995). The MAPKKs involved in the p38 pathway are TAK1 

ASK1/MAPKKK5, MUK/DLK/ZPK, MEKK4 and MLK3 (Zarubin and Jiahuai, 2005). The p38 

pathway plays an important role in the induction of genes involved in the inflammatory 

response (Kontoyiannis et al., 2001) and in the neuronal differentiation of myoblasts (Puri et 

al., 2000). The p38 pathway is also involved in apoptosis induced by Fas (Juo et al., 1997), 

by the loss of cell anchorage (Cardone et al., 1997) and may play a synergistic role with the 

JNK pathway in the induction of apoptosis (Xia et al., 1995). 

The pathway of MAPK1/3 is composed of a multi-module complex where the protein 

kinases Raf, MEK and MAPK1/3 are activated in a cascade by sequential phosphorylation. 
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The stimulation of Ras coupled membrane receptors, such as growth factor receptors, 

activates the MAPK1/3 pathway, by a complex mechanism involving both phosphorylation 

and dephosphorylation. MAPK1/3 kinases transmit the signal generated by the receptor by 

phosphorylating a variety of substrates in different subcellular compartments, which leads to 

the execution of various biological functions such as cell proliferation, cell differentiation and 

cell migration (Katz et al., 2007). 
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Figure 1. 24 The stress kinase pathway JNK/p38 MAPK  

Signalling pathways triggered by the JNK and p38 kinases which belong to the family of SAPK (for 
stress-activated protein kinase). JNK and p38 pathways are activated by various extracellular stress 
and inflammatory cytokines. JNK/p38MAPK kinase pathways are composed of a multi-module 
complex having various protein kinases activated by phosphorylation in a hierarchical order: MKKK 
activate MKK MAPK which ultimately activate JNK and/or p38  (Brancho et al., 2003). 

  

 

 

 
 

 

 

 

 

 

 

 
 

 
 

 
 

 

 

 

 

 

 

ASK  

MLK  

MKK /  

JNK1/2/3 

MKK4 

P38 

MKK7 MKK3/6 

TAK  MKK /  

Inflammatory cytokines, oxidative stress, osmotic 

stress, and x- rays 

Inflammatory response, differentiation, and apoptosis 



75 
 

1.13 Induction of apoptosis by the CD40 

A plethora of studies have demonstrated the importance of the CD40/CD40L system 

in apoptosis induction. However, the effect of CD40 ligation appears to be cell type and 

context-specific, as it induces either a pro-apoptotic or an anti-apoptotic effect (cell survival), 

depending on the cell type and/or its state. In general, activation of CD40 in B cells and T 

cells induces an anti-apoptotic signal and cell survival (Banchereau et al., 1991, Lomo et al., 

1997). Meanwhile, activation of several tumour cell lines, including B lymphoblastic, causes 

cellular apoptosis (Henriquez et al., 1999, Baker et al., 1998). 

As discussed above, the binding of CD40 in B cells generates the proliferation, 

differentiation and survival of these cells. Indeed, the blocking of CD40/CD40L interaction, by 

genetic or pharmacological approaches, prevents differentiation of B lymphocytes into 

plasma cells and causes cell death (apoptosis) (Clark and Ledbetter, 1986, Klaus et al., 

1997). The anti-apoptotic effects observed following activation of CD40 in B cells are 

primarily via an increase in anti-apoptotic proteins Bcl-xL, A20, Bfl-1, Mcl-1, and cFLIP 

(Figure 1.25). These factors protect against cell apoptosis in response to certain extrinsic 

apoptotic agents such as IgMs, FasL (Fas ligand) and TNF, and intrinsic agents, such as 

mitochondrial damage (Zhang et al., 1996). 

Unlike normal B cells, activation of CD40 on B lymphoblastoid and some tumour cells 

cause significant anti-proliferative and apoptotic effects. In response to CD40L, Bax, Bak and 

Bik apoptotic proteins are found to increase, thereby promoting the activation of caspase-3 

(Figure 1.25) (Szocinski et al., 2002, Tong et al., 2001). Furthermore, the activation of CD40 

on tumour cells also promotes the binding of FasL and TNF to their respective receptors, 

resulting in the increase of caspase 8 and cell apoptosis (Garrone et al., 1995, Wingett et al., 

1998). 
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Figure 1. 25 Mechanisms involved in apoptotic and anti-apoptotic effects mediated by the 
activation of CD40.  

Binding of CD40 in B cells prevents apoptosis through the extrinsic and intrinsic pathways. The 
intrinsic pathway comprises an increase in Bcl-xL anti- apoptotic factors, Mcl-1 and Bfl-1, which 
inhibits the activation of cytochrome c/Apaf-1/caspase-9 complex and the activation of caspase-3. 
Activation of CD40 also increases the apoptosis inhibitor protein survivin and also inhibits caspase-3. 
The extrinsic pathway of activation is from protein FLIP and their inhibitory effects on the activation of 
the TNF receptors and FasL, respectively. Unlike B cells, activation of CD40 on tumour cells causes 
the activation of the apoptotic proteins Bax, Bak and Bik, and promotes the binding of FasL and TNF 
to their receptors, while promoting cell death. Adapted from (Dallman et al., 2003). 

CD40L 
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1.13.1 Role of CD40/CD40 in apoptosis of the tumour 

As discussed in Section 1.5.3 of this chapter, the activation of CD40 on several 

tumour cell lines induces pro-apoptotic signals, causing cell death. For example, stimulation 

of B lymphoma cells, multiple myeloma cells and Burkitt's lymphoma cells with CD40L 

significantly reduces cell survival and proliferation, both in vitro and in vivo (in mice) 

(Henriquez et al., 1999, Baker et al., 1998). These anti-proliferative effects were also 

demonstrated in solid tumours, such as carcinomas of the bladder, ovary and skin. 

Georgopoulos  and colleagues demonstrated that membrane CD40 ligand (mCD40L) can 

induce apoptosis via a direct mechanism, while soluble CD40L did not induce apoptosis 

(Georgopoulos et al., 2006). Moreover, Georgopoulos and colleagues demonstrated that 

activation of the CD40 receptor on colorectal cancer cells in vitro via mCD40L causes high 

levels of death (Georgopoulos et al., 2007). Indeed, the treatment of carcinomas by a 

recombinant form of CD40L inhibits malignant cell proliferation and significantly increases the 

lifespan in mice (Tong et al., 2001, Eliopoulos et al., 1996, Ghamande et al., 2001, von 

Leoprechting et al., 1999) according to these observations we endeavour to understand the 

mechanism of CD40 ligation in colorectal cancer in order to develop effective cancer therapy.   

1.13.2 Cancer 

At first glance, the CD40/CD40L complex appears to facilitate the development and 

progression of cancer, as noted by the high levels of expression of these proteins on the 

surface of many tumour cells (Tong et al., 2001, Baxendale et al., 2005, Van den Oord et al., 

1996). For example, it was demonstrated that tumour cell non-Hodgkin's lymphoma, chronic 

lymphocytic leukaemia and burkitt lymphoma exploit the CD40/CD40L system as a tool of 

survival and cell growth, primarily through signage of NF-kB (Challa et al., 2002). In addition, 

there is a positive correlation between the expression of CD40L levels on certain tumour 

cells and the degree of aggressiveness and evolution of these cells (Van den Oord et al., 

1996). However, after a review of the function of this complex in the pathophysiology of 

cancer, one arrives at the conclusion that the CD40/CD40L axis occupies a negative role in 

the pathogenesis of cancer. Admittedly, the most definitive finding supporting this 

observation comes from the symptoms observed in patients with XHIM syndrome (a genetic 

mutation causing a severe abnormality of the interaction of CD40L with CD40), in which 

there is a high frequency of several lymphomas and carcinomas (Hayward et al., 1997). 

Indeed, many tumour cells seek to deregulate the CD40/CD40L system in order to maintain 

their growth and survival, such as CD4+ T lymphocytes of patients with chronic lymphocytic 

leukaemia trying to suppress their expression membrane CD40L, or by enzymatic cleavage 

or by a defect in membrane mobilisation following the activation (Cantwell et al., 1997). 

http://www.ncbi.nlm.nih.gov/pubmed?term=Georgopoulos%20NT%5BAuthor%5D&cauthor=true&cauthor_uid=16429118
http://www.ncbi.nlm.nih.gov/pubmed?term=Georgopoulos%20NT%5BAuthor%5D&cauthor=true&cauthor_uid=16429118
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These compensatory mechanisms serve to avoid the anti-tumour effects of cytotoxic T 

lymphocytes and natural killer cells (NK) in the immune response. In addition, Hock et al. 

reported that patients with acute myelogenous (or myeloid) leukaemia (AML) and multiple 

myeloma have high levels of soluble receptor CD40 (sCD40) in their circulation, thus 

reducing the cellular response to CD40L and correlating with a poor prognosis in these 

patients (Cantwell et al., 1997).  

The mechanisms by which the CD40/CD40L axis contributes negatively to tumour 

progression appear to be well characterised, and they include indirect and direct effects on 

the tumour cell. First, the CD40/CD40L complex is intimately linked to the production of 

cytotoxic T lymphocytes and NK cells that act directly on tumour cells to induce their cell 

death (indirect effects) (Loskog and Eliopoulos, 2009). Moreover, the binding of CD40 on 

tumour cells triggers a pro-apoptotic signal, which promotes cell death and leads to 

increased adhesion molecules and membrane proteins, such as the transporter antigen 

peptide-1 (TAP-1) (Cromme et al., 1994). This connection thus facilitates the recognition and 

interaction of anti-tumour immune cells (direct effects) (Loskog and Eliopoulos, 2009). 
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1.13 Colorectal Cancer   

1.13.1 General  

The colon is the name given to the last part of the intestine, which has a length of 

about 1.80 meters (6 feet) and is located between the small intestine and the rectum. The 

colon, also called the large intestine, ends in the rectum (Figure 1.26). Colon cancer and 

rectal cancer, commonly called colorectal cancer, is the third form of cancer most common 

cancers worldwide (Pisani et al., 1999, Fodde, 2002, Midgley and Kerr, 1999). In 2012, the 

World health Organisation (WHO) reported that ―Colorectal cancer is the third most common 

cancer in men (746,000 cases, 10.0% of the total) and the second in women (614,000 cases, 

9.2% of the total) worldwide. Almost 55% of the cases occur in more developed regions 

http://www.cssanz.org/index.php/news. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 26 shows structure of the large intestine.  

http://www.nlm.nih.gov/medlineplus/ency/imagepages/19220.htm 

1.13.2 Causes 

The causes of cancer are still not well established. In some cases, genes that 

determine the activity of a cell mutate and begin to give instructions that cause the 

uncontrolled growth of tissue. The main risk factor, which is the most obvious warning signal, 

is the presence of colorectal polyps. These benign growths that are occur within the colon. 

http://www.cssanz.org/index.php/news
http://www.nlm.nih.gov/medlineplus/ency/imagepages/19220.htm
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Polyps in the shape of a small ball placed on a rod which forms a protrusion in the inner wall 

of the colon (Levin et al., 2008). They may cause rectal bleeding, but the blood is generally 

masked in the stool. Each new polyp has a 2.5% risk of becoming cancerous in the first 5 

years and 24% after 20 years. Larger polyps are more likely to become malignant as well as 

some people exhibit more than one polyp (Ham et al., 2010) (Figure 1.27). There are 

different stages of development of colorectal cancer; these stages are distinguished, 

depending on the degree of spread of cancer; Stage 0: at this stage The tumour is in situ, 

which means it is very superficial and does not invade the sub-mucosa, lymph nodes are not 

achieved and that there is no metastasis remotely. Stage I: the tumour invades the second 

layer (sub-mucosa) or the muscle layer (muscular) in the wall of the colon or rectum, lymph 

nodes are not affected and there is no distant metastasis. Stage II: The cancer cells through 

several layers of the wall of the colon or rectum, but no node is reached and there is no 

metastasis. Stage III: Cancer cells have spread to the lymph nodes near the tumour, and 

spread beyond the colon or rectum or spread to neighbouring organs such as the liver and 

lung (Shelton, 2002).  

 

 

Figure 1. 27 Colonoscopy of CRC with multiple polyps  

This figure shows images from a colonoscopy demonstrating colon and rectal cancer with multiple 
polyps: (A) Rectum (B) Multiple polyps in sigmoid colon – adopted from (Ham et al., 2010)). 
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1.13.3 Treatment and Prevention  

There are three forms of treatment possible in case of colon cancer: surgery, 

radiation and chemotherapy. Surgery is usually recommended treatment to cure colon 

cancer, but it is only suitable for people suffering from these disease stages 1-3. If the 

disease is diagnosed at stage 3, radiotherapy or chemotherapy is then associated with 

surgery. 

Immunogenic therapy may be a new therapeutic option for colon cancer and distant organ 

metastasis. Immunogenic therapy using immuno-stimulatory molecules to enhance anti-

tumoral immunity may be effective at treating cancer. 

The CD40 ligand (CD40L) is a type II membrane protein that belongs to the tumour 

necrosis factor (TNF) family, is predominantly expressed on CD4+ T cells, and binds the 

CD40 receptor on the membrane of antigen-presenting cells (APCs) (Roy et al., 1993, 

Grewal and Flavell, 1998). The interaction between CD40L and CD40 plays a crucial role in 

the activation of APC and in the initiation of both humoral and cellular immune responses 

(Bennett et al., 1998, Schoenberger et al., 1998). Therefore, gene transfer of CD40L has 

been proposed as an effective means of treating malignancies. Moreover, CD40 ligation 

triggers TNF, TRAIL and FasL induction in tumour cells which result in tumour cell death. It 

has also been reported that tumour specific T cells can be activated by CD40 ligation. 

Furthermore, CD40 ligation stimulates antigen presenting cells and natural killer cells to 

mediate cytotoxicity in tumour cells. In addition, cytokine secretion such as TNFα, cytokines, 

T helper cell activation, major histocompatibility induction and antigen presentation are other 

outcomes of CD40 ligation (Eliopoulos and Young, 2004). Collectively, because of its ability 

and both enhance immune responses and at the same time because of its capacity to induce 

direct cytotoxic effects on tumour cells Cd40 represents as very promising therapeutic target, 

for a variety of cancers involving CRC (Georgopoulos et al., 2007).      
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1.14 Aims   

The main aim of this project was to for the first time provide a comprehensive 

understanding of the mechanisms of CD40 killing in CRC cells by unravelling the signaling 

events that underpin the capability of membrane CD40 ligand to stimulate CD40-mediated 

apoptosis in CRC cells.  

More specifically: 

 Chapter 3: Utilize a co-culture system to induce mCD40L-mediated CD40 ligation 

in CRC cells and optimise a number of assays for the detection of CD40 mediated 

apoptosis.   

 Chapter 4: Using apoptosis detection assays, immunoblotting, pharmacological 

inhibitors and retrovirus-mediated shRNA-based RNA interference (RNAi) to 

study for the first time the regulation of key intracellular signalling components 

involved in pro-apoptotic mCD40L-induced CD40 signalling in CRC cells and 

provide functional evidence for a role of these components in apoptosis.  

 Chapter 5:  Provide a detailed understanding of the involvement of the ROS 

pathway in CD40 apoptosis by examining the extent of ROS generation, 

activation of NADPH oxidases as mediators of ROS generation and CD40-

mediated apoptosis and potential CD40-mediated modulation of antioxidant 

pathways to influence the activation of downstream apoptotic signaling pathways.  
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CHAPTER 2: MATERIALS AND METHODS 
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2. Material and Methods 

2.1 General 

All practical work was carried out in the School of Applied Sciences, at the University 

of Huddersfield in the X1/17 and XB/07 laboratories.  

2.2 Suppliers  

Commercial suppliers and manufacturers are indicated at the first mention of the reagent or 

equipment in the text. A comprehensive list of all suppliers is provided in Appendix I.  

2.3 Disposable plasticware 

Sterile and non-sterile plasticware was obtained from different suppliers (Sarstedt, 

Fisher Scientific, Greiner Bio-One or Alpha Laboratories). Non-sterile, disposable plasticware 

was sterilised by autoclaving in a Prior Clave/London Autoclave at 121°C under presser (2 

Bar) for 15 minutes and then left to dry at room temperature. 

2.4 Stock solutions 

All chemical reagents were either of analytical or tissue culture grade as appropriate 

for the experiment and were supplied by Sigma Aldrich unless otherwise stated. General 

laboratory stock solutions were prepared in the laboratories with deionised water (dH2O). All 

solutions which were used in tissue culture were prepared with ultra-pure water from a 

LabStar Ultra Violet purification unit. Heat stable solutions were sterilised by autoclaving at 

121°C (1 bar) for 15 minutes. Otherwise to ensure lack of contamination, solutions were also 

filter sterilised using Acrodisc (VWR) low-protein binding Tuffryn® HT syringe filters with a 

pore size of 0.2µm. 

2.5 Reagents 

2.5.1 Primary antibodies  

Primary antibodies used in this study are illustrated in the following Table 2.1. These 

antibodies were aliquoted in eppendorf tubes (10µl) and stored as recommended by the 

manufacturer until required. Working stock antibody solutions were prepared by diluting stock 

antibodies with TBS-Tween buffer (Tween20; Sigma Aldrich). This was dependent on the 

type of antibody. 
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Table2. 1 Primary antibodies 

Antigen 
Catalogue no/ 

Clone 
Host Supplier (product of) Dilution Application 

Molecular weight 

(kDa) 

Human CD40L AF617 Rabbit R&D systems 1:500 in TBS Tween20 
0.1% FC, WB 37 

TRAF3 sc-949 / c20 Rabbit Insight Bio (Santa Cruz) 1:250 in TBS Tween20 
0.1% 

WB, IP, IF, FCM 
and ELISA 65 

TRAF1 sc-7186 / h-186 Rabbit Insight Bio (Santa Cruz) 
1:500 in TBS Tween20 

0.1% 
WB, IP, IF and 

ELISA 52 

TRAF6 sc-8409 Mouse Insight Bio (Santa Cruz) 1:500 in TBS Tween20 
0.1% 

WB, IP, IF, IHC(P) 
and ELISA 60 

Phospho-
SEK1/MKK4 

(Ser457) 
#4514 (C36C11) Rabbit New England Biolabs (NEB)/Cell 

Signalling Technology (CST) 
1:1000 in TBS, 5% w/v 
BSA, 0.1% Tween20 WB, FC 44 

Phospho-MKK7 
(Ser271/Thr275) #4171 Rabbit NEB (CST) 1:1000 in TBS, 5% w/v 

BSA, 0.1% Tween20 WB 48 

JNK/SAPK #9258 Rabbit NEB (CST) 1:1000 in TBS, 5% w/v 
BSA, 0.1% Tween20 WB 46, 54 

Phospho-ASK1 
(Ser967) #3794 Rabbit NEB (CST) 1:1000 in TBS, 5% w/v 

BSA, 0.1% Tween20 WB 155 

Phospho-JNK/SAPK 
(Thr183/Tyr185) 255 (G9) Mouse NEB (CST) 

1:500 in TBS, 5% w/v 
non-fat dry milk, 0.1% 

Tween20 
WB, IP IF, FC 

46 (phospho-
JNK1) 54 

(Phospho-JNK2/3) 
Cytochrome C (H-

104) sc-7159 Mouse Insight Bio (Santa Cruz) 1:500 in TBS Tween20 
0.1% 

WB, IP, IF and 
ELISA 15 

ASK1 #3762 Rabbit NEB (CST) 1:1000 in TBS, 5% w/v 
BSA, 0.1% Tween20 WB 155 

BAX 2282-MC-100 (YTH-
2D2) 

Mouse R&D systems (Trevigen) 1:500 in TBS 0.1% 
Tween20 

WB, IP 23 

Bcl-2 2291-MC-100 (YTH-
8C8 Mouse R&D systems (Trevigen) 1:500 in TBS 0.1% 

Tween20 WB, IP 25 

BAK AF816 Rabbit R&D systems 1:500 in TBS 0.1% 
Tween20 WB 28 

Phospho-p40phox 
(Thr154) #4311 Rabbit NEB (CST) 1:500 5% w/v BSA, 

0.1% Tween20 WB 40 



86 
 

Human Thioredoxin #2285S Rabbit NEB (CST) 1:500 5% w/v BSA, 
0.1% Tween20 WB 12 

-actin 
Clone AC15 A5441 - 2ML Mouse Sigma 1:20,000 in0.1% 

Tween20 WB 42 

CD40 Sc-13128/ (H Mouse NEB(CST) 1:500 in0.1% Tween20 WB 43 

CK18 C8541 Mouse Sigma-Aldrich 1:2000 in0.1% Tween20 WB 45 

CK18 081213 Mouse Invitrogen 1:1000 in 0.1% Tween20 WB 45 
TRAIL 3219 Rabbit NEB (CST) 1:500 in 0.1% Tween 20 WB 28 
FasL 4273 Rabbit NEB (CST) 1:500 in 0.1% Tween 20 WB 26, 40 

CK8/18 889257A Mouse Invitrogen 1.1000 in 0.1% Tween 
20 WB 52/48 

Phospho-P38 4511 Mouse NEB (CST) 1.500 in 0.1% Tween 20 WB 40 
DR5 8074 Rabbit NEB (CST) 1.500 in 0.1% Tween 20 WB 40, 48 

Bid (Human specific) 2002 Rabbit NEB (CST 1:250 0.1% tween 20 WB 15-22 
A table listing all primary antibodies used in this study, their catalogue number, host origin, supplier or manufacturer, optimal dilution, type of blocking buffer and 
the range of their applications is shown here. (Abbreviations - WB: Western blotting, IP: Immunoprecipitation, IF:Immunofluorescence, FC: Flow cytometry). 
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2.5.2 Secondary antibodies  

For detection of all monoclonal antibodies the Molecular probes Alexa Fluor® 680 Goat anti-
mouse IgG (H+L) antibody was used (Invitrogen Cat # A21057). Detection of all polyclonal 
antibodies was achieved using the Goat anti-Rabbit IgG IRDYE800 antibody (Tebu-bio Cat # 
039611-132-122). Fluorochrome conjugated secondary antibodies were titrated prior to use 
and are listed in Table 2.2. 

 

Table 2. 2 Secondary antibodies 

Antigen 
Catalogue no/ 

Clone 
Host 

Supplier 
(product of) 

Dilution Application 

Mouse 
IgG A21057 Rabbit Invitrogen 1:10,000 in TBS 

0.1% Tween20 WB 

Rabbit IgG 039611-132-122 Goat Tebu-bio 1:10,000 in TBS 
0.1% Tween20 

WB 

Goat IgG 

Alexa 680 
A-21084 Donkey Invitrogen 1.10,1000 in TBS 

0.1% Tween20 WB 

All secondary antibodies, which used in the current study, their catalogue number, host origin, 
supplier or manufacturer, optimal dilution, type of blocking buffer and the range of their 
applications. (Symbols - WB: Western blotting). Fluorescence detection of antibodies at 
wavelengths 680nm and 800nm was performed using the Licor Odyssey Infra-red imaging 
system. When not in use antibodies were stored in the dark at 4°C. 

 

2.5.3 Agonists & antagonists 

Pharmalogical agonists and antagonists (Table 2-3) were reconstituted in either tissue 

culture grade dimethyl sulphoxide (DMSO; Sigma) or sterile distilled water (dH20) according to 

the manufacturer‘s instructions. This was stored in single use aliquots at -20°C as 

recommended. Prior to use, all compounds were titrated using the cell viability assay (CellTiter 

96® AQueous One Solution Cell Proliferation Assay; Promega, UK, Cat # G3581) to determine 

the effective and non-toxic dosage. All reagents used in this study were purchased from the 

indicated supplier.  
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Table2. 3 Agonists & antagonists 

Compound Target Supplier Stock concentration Effective concentration 

N-acetyl L-cysteine (NAC) ROS Sigma 30mM (culture media) 30mM 
DPI NADPH Oxidase Sigma 10mM (DMSO) 0.5µM 
SP600125 JNK Enzo 20mM (DMSO) 5µM 
NDGA AP-1 Sigma 20mM (DMSO) 5µM 
SB202190 p38 Sigma 20mM (DMSO) 5µM 
PX-12 Thioredoxin Sigma 20mM (DMSO) 1-3µM 
Diethyl Maleate Gluthathione Sigma 6.45 Molar 75µM 
Staurosporine Protein Kinases Sigma 100µM 1-10µM 
Caspase-8 Inhibitor Caspase-8 R&D systems 20mM 25µM 
Caspase-9 Inhibitor Caspase-9 R&D systems 20mM 100µM 
Caspase-10 Inhibitor Caspase-10 R&D systems 20mM 100µM 
General caspase Inhibitor (Z-VAD) Caspases R&D systems 20mM 100µM 
Hydrogen peroxide N/A Sigma 9.79M 100µM-3200µM 
G28-5 CD40 N/A 1.1mg/ml 10µg/ml 

NOK1 FasL (CD95L) Gift of Prof Yagita, 
Japan 1mg 100µg 

RIK2 TRAIL Gift of Prof Yagita, 
Japan 1mg 100µg 

Agonists and antagonists used in this study, their target molecule, the supplier, the stock and effective concentrations are shown. 
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2.6 Tissue culture 

2.6.1 General 

All tissue culture work was undertaken using aseptic techniques within a HEPA 

filtration CellGard class II biological safety cabinet (NUAIRE). Prior to and after use, internal 

working areas within the hood were disinfected using 70% (w/v) ethanol (Fisher). To do so 

99% Ethanol was diluted appropriately (150ml: 350ml) with purified autoclaved dH20. Internal 

hood spillages were disinfected using Mikrozid® (Gompel Healthcare Cat# 32644) and this 

was also used for a monthly routine sterilisation. Any unwanted cells, exhausted media or 

solutions were aspirated into a large conical flask containing 10% (w/v) Virkon and were then 

left for a minimum of 30 minutes before being decanted and washed into sewage.  

All cell culture reagents were of tissue culture grade, and were a product of Sigma 

unless otherwise stated. To separate cells from solution, cell suspensions were spun for 5 

minutes at 1500 RPM (210 RCF) using a Hettich Zentrifugen Universal 320 bench top 

centrifuge. Cell counts were performed from cell suspensions using a Marienfield Neubauer 

improved bright line haemocytometer before cells were seeded at the required cell density. 

When cells were not being manipulated they were kept in an Iso class 5 Nuaire Autoflow direct 

heat CO2 incubator with a HEPA filtration system at 37°C in a 5% CO2 humidified atmosphere 

(incubator contained dH2O supplemented with Sigma clean (Sigma cat# S5525-40Z). Cultured 

cells were routinely observed by phase contrast microscopy using an EVOS XL (PeqLab) 

inverted microscope at x100 magnification. 

2.6.2 Cryo-preservation and recovery of cell lines 

Cells were cryo-preserved and kept in liquid nitrogen in a Statebourne storage dewar 

at -196°C. For cryopreservation of cell lines, cultures were collected as for passaging (as 

explained in section 2.6.3) and collected by centrifugation. The cell pellet was re-suspended in 

the appropriate ice-cold growth medium supplemented with 10% (v/v) FBS and 10% (v/v) 

dimethylsulphoxide (DMSO) at a cell density not less than 1x106 cells/ml. Cells were aliquoted 

in a total of 1-1.5ml to polypropylene cryovials (Sarstedt) and then transferred to an ice-cold 

Nalgene ―Mr Frosty‖ (Fisher) containing β50ml of isopropanol (Fisher) to control the cooling 

rate to 1°C per minute. Cells were then placed within a -80°C freezer for 4-6 hours prior to 

transfer to liquid nitrogen.  

Cells were recovered by thawing rapidly at 37°C, before 5-10ml of pre-warmed growth 

medium was added. Cells were centrifuged at 1500RPM/210g for 5 minutes and then seeded 

to tissue culture flasks as required. 
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2.6.3 Carcinoma cell culture 

In this study three colorectal cancer cell lines were used; HCT116 which naturally 

expresses CD40 receptor on the cell membrane (as shown in Chapter 3), SW480 were used 

as negative control (as they do not express CD40) and SW480-CD40, which is an SW480 

isogenic derivative that was transduced with a CD40-expressing retrovirus to express CD40 

(Georgopoulos et al., 2007, Hill et al., 2008a). The malignant bladder carcinoma cell line was 

also often used as a positive control for CD40 ligation studies as previously (Georgopoulos et 

al., 2007, Hill et al., 2008a). 

HCT116 was initially grown in complete DMEM 10% FBS but was then adapted in D:R 

medium with 1% L-Glutamine, supplemented with 5% FBS (adaptation of cells is shown in 

Chapter γ). All colorectal cancer cells were maintained in a 50:50 (v/v) mixture of Dulbecco‘s 

modified eagle medium (DMEM Sigma cat # D6546-6X500ML) and Roswell Park Memorial 

Institute 1640 (RPMI Sigma cat # R0883-6X500ML) (referred to as D:R medium). This medium 

was supplemented with 5% fetal calf serum (FCS Biosera cat # S1810/500) and 1% L-

Glutamine (Sigma cat #G7513-100ML). The SW480-CD40 cell line was grown in D:R medium 

with 1% L-glutamine, supplemented with 10% FBS, and 1.0mg/ml G418, while the original line 

SW480 was cultured in D:R medium without antibiotic (G418). All cell lines were maintained in 

T75 flasks with 12-14ml medium or T25 flasks in 5ml medium and were incubated at 37ºC 

under 5% CO2. All cell lines were sub-cultured every 2 to 3 days, when they were 80-95% 

confluent. At all times cell lines were cultured in the above mentioned medium and incubated 

at 37°C in 5% CO2 unless otherwise stated. 

For routine passaging, cells were collected by washing with 0.1% (w/v) EDTA in 

phosphate buffered saline (PBS) (without Ca and Mg) free (Invitrogen Cat# 14200-067) for 5 

minutes and then addition of Trypsin-EDTA (Sigma Cat# T41474-20ml) in Calcium and 

Magnesium free Hanks-balanced salt solution (HBSS, Sigma Cat# H9394-6X500ML) until 

cells detached from culture flask. Trypsin was inactivated by the re-addition of the respective 

serum-supplemented culture medium when cells were re-suspended.  

 

2.6.4 Murine fibroblast (3T3) cell culture 

The mouse fibroblast cell line NIH3T3 has been previously stably transfected with two 

expression plasmids, the first one bearing the sequences coding for CD40L and Neomycin  

resistance gene (3T3-CD40L cells) and the second with Neomycin resistance alone (3T3-Neo 

cells) as described in Bugajska et al. (2002). During routine culture, these 3T3 derivatives 

were maintained in D:R supplemented with 10% FCS, 1% L-Glutamine (DR: 10%FCS/1% L-
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G) and 0.5µg/ml G418 (Invivogen Cat# ant-gn-1; supplied by Source BioScience LifeSciences) 

to ensure cells maintained transgene expression. At all times cell lines were cultured in the 

mentioned medium and incubated at 37°C in 5% CO2 unless otherwise stated. 3T3 cells were 

harvested and passaged as carcinoma cells with the exemption of a very short 0.1% (w/v) 

EDTA in PBS treatment, as extended periods risked cell detachment.  

2.7 Molecular Biology 

2.7.1 shRNA design 

Short hairpin RNA (shRNA) sequences were designed using the Invitrogen siRNA 

design tool (http//rnaidesigner.invitrogen.com/rnaiexpress) and incorporating BamHI and 

EcoR1 overhangs as well as an internal MluI restriction site to aid in selection of positive 

clones. A minimum of two shRNA oligos were created improving probability of successful 

knockdown. Some designed shRNAs were based using published literature and some created 

using the online design tool from Invitrogen. 

2.7.2 Cloning 

Molecular cloning, transformation of competent E.coli, and purification of plasmid DNA 

was previously performed by Dr Nik Georgopoulos at the Leeds Institute of Molecular 

Medicine (LIMM), Cancer Research UK, St James Hospital (University of Leeds). A range of 

shRNAs were created using the designed oligonucleotides (supplied by Eurofins, former MWG 

Biotech) shown in Table 2-4. 
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 Table2. 4 shRNA Oligonucleotides 

TARGET 

mRNA 
Complete sequence (target) of Oligonucleotides (orientated 5’ to 3’) Design source 

TRAF3 
GATCCGAGTCAGGTTCCGATGATCTTCAAGAGAGATCATCGGAACCTGACTCTTTTTTACGCGTG (TRAF3siR1-for) 
AATTCACGCGTAAAAAAGAGTCAGGTTCCGATGATCTCTCTTGAAGATCATCGGAACCTGACTCG (TRAF3siR1-rev) 

Liao et al., 2004 

TRAF3 
GATCCGCCCACTGGAGAGATGAATTTCAAGAGAATTCATCTCTCCAGTGGGCTTTTTTACGCGTG (TRAF3siR2-for) 
AATTCACGCGTAAAAAAGCCCACTGGAGAGATGAATTCTCTTGAAATTCATCTCTCCAGTGGGCG (TRAF3siR2-rev) 

Invitrogen design tool 

BAX 
GATCCGCATGGAGCTGCAGAGGATGTTCAAGAGACATCCTCTGCAGCTCCATGTTTTTTACGCGTG (BaxsiR1-for) 
AATTCACGCGTAAAAAACATGGAGCTGCAGAGGATGTCTCTTGAACATCCTCTGCAGCTCCATGCG (BaxsiR1-rev) 

Ray and Almasan 
2003 

BAX 
GATCCGGTGCCGGAACTGATCAGATTCAAGAGATCTGATCAGTTCCGGCACCTTTTTTACGCGTG (BaxsiR2-for) 
AATTCACGCGTAAAAAAGGTGCCGGAACTGATCAGATCTCTTGAATCTGATCAGTTCCGGCACCG (BaxsiR2-rev) 

Bidere et al., 2003 

The table shows the forward and reverse oligonucleotides for the construction of shRNA delivery vectors and expression by retroviral transduction using the 
pSIREN RetroQ system.  
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2.7.3 RNAi delivery plasmid 

RNAi ready pSIREN RetroQ (Clontech) is a self-inactivating retroviral expression 

vector designed to express shRNAs via a U6 promoter. The vector encodes a 5‘ long 

terminal repeat (LTR) containing a cytomegalovirus type 1 (CMV) enhancer region and a 

mouse sarcoma virus (MSV) promoter to drive transcription of the RNA packaging signal 

Ψ+, shRNA of interest and Puromycin resistance cassette in eukaryotic cells. When 

expressed in the packaging cell line PT67, the plasmid will produce infectious but 

replication-incompetent viral particles which lack the structural genes necessary for virus 

formation and can infect a wide host range but cannot replicate. Insertion of the target 

shRNA sequence is via BamHI and EcoRI restriction sites (Figure 2.1).  

 

Figure 2. 1 pSIREN RetroQ plasmid vector  

pSIREN RetroQ plasmid is based on the Moloney mouse leukemia virus (MMLV) and can be used for 
targeted gene silencing using RNAi. Oligonucleotides encoding short-hairpin RNA sequences can be 
cloned between the BamHI and EcoRI restriction enzyme sites. Plasmid is then propagated in 
competent E.coli bacteria using the ColE1 origin of replication ColE1ORI) and successfully 
transformed cells are selected via expression of the ampicillin resistance gene (Ampr). Upon 
transfection into the packaging cell line, PT67, the RNA packaging signal (Ψ+), shRNA of interest and 
Puromycin resistance cassette (Puror) is transcribed via a 5‘ long terminal repeat (LTR) containing a 
cytomegalovirus type 1 (CMV) enhancer region and a mouse sarcoma virus (MSV) promoter. During 
reverse transcription of the retroviral RNA, the γ‘ LTR is copied and replaces the 5‘ LTR, resulting in 
inactivation of the 5‘ LTR CMV enhancer sequences. Vector is then packaged and the resulting 
retroviral particles can be utilised in a variety of mammalian cells. In target cells, expression of the 
short hairpin RNA and Puror is driven via a U6 promoter, an RNA polymerase III-dependant 
promoter. Imaged reproduced from the Clontech pSIREN RetroQ manual PT3737-5.  
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2.8 Methodologies for induction of CD40 ligation 

CD40 receptor ligation for the experiments described in this study was carried out by 

membrane CD40L. Delivery of membrane-presented CD40L (mCD40L) was achieved by 

co-culture of 3T3CD40L cells (mCD40L) with CD40-positive target epithelial cells. As a 

negative control, epithelial cells were co-cultured with equal numbers of 3T3Neo cells 

(Controls). mCD40L and Control cells were growth arrested by treatment with 10 µg/ml of 

Mitomycin C (Sigma) for two hours in D:R before they were washed, harvested and seeded 

into 96 well plates at 1x104 cells/well or in 10cm2 culture dishes at 3x106/dish, for apoptosis 

detection assays and preparation of protein lysates, respectively. After mCD40L and Control 

cells were attached to either both 96 wells plates or dishes (in most cases following 

overnight incubation), epithelial cells were added at a ratio of 0.8 or 1.0 of epithelial cells, as 

optimised in this study (and detailed in Chapter 3). More specifically, 1x104 epithelial cells 

were seeded into 3T3 cell-containing 96 well plates and 3x106 cells were seeded into 10cm2 

culture dishes, respectively.  

 

2.9 Detection of cell growth, death (apoptosis) and reactive oxygen 

species (ROS) production  

2.9.1 General 

Previously published guidelines regarding the use and interpretation of assays for 

monitoring cell death (Galluzzi et al., 2009)  have recommended that a minimum of two 

assays are utilised for the detection of cell apoptosis. The current research made use of a 

cell proliferation assay (MTS) in addition to four apoptosis detection-specific assays; a) 

CytoTox-Glo b) caspase 3/7 activation  c) DNA fragmentation and d) the loss of cell 

membrane integrity were all used as markers for apoptosis.  

These assays were based on measurement of absorbance, fluorescence or 

luminescence. 96 well Nunc white, tissue treated culture plates (Fisher cat # TKT-186-

010C) were used for luminescence and fluorescent based assays, 96 well Costar 

transparent tissue treated culture plates (Fisher Cat # TKT-186-010C) for absorbance, and 

96 well ELISA microplates (Greiner bio one Cat # 655101) for ELISA. For most assays 

epithelial cells were co-cultured with either 3T3-CD40L (mCD40L) or 3T3-Neo (Control) 

cells. To calculate cell death background fluorescence and luminescence readings were 
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subtracted pairwise as appropriately, (e.g. ―mCD40L/EJ – mCD40L‖ and ―Control/EJ – 

Control‖ readings). The exemption was DNA fragmentation as this was unnecessary due to 

the pre-labelling of target epithelial cells. Finally, in all experiments blank controls were 

included as appropriate. 

 

2.9.2 Detection of cell growth (biomass) 

 Detection of cell viability via determination of cell biomass was assessed using the 

CellTiter 96® AQueous One Solution Cell Proliferation assay. The CellTiter 96® AQueous One 

Solution Cell Proliferation assay involves the use of the MTS tetrazolium (yellow) which is 

reduced to a formazan derivative (brown Colour) by respiring cells. The observed change in 

colour is proportional to the total number of viable/proliferating cells. Epithelial cells were 

plated into 96 well plates with 6 replicate wells and then left to adhere overnight before the 

addition of culture medium containing pharmacological agonists or inhibitors. 20µl of 

CellTiter 96® AQueous One Solution was added to appropriate wells and plates were 

incubated at 37°C in 5% CO2 for a total of four hours. Total levels of formazan formation/cell 

viability were assessed using a FLUOstar OPTIMA (BMG Labtech) plate reader at a 

wavelength of 492nm and data was acquired using MARS software (BMG Labtech) and 

assessed using Microsoft Excel. Cell viability was calculated as percentage viability in 

comparison to controls using the following formula: (T/C) x100, where T= treated cells and 

C= controls cells.  
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Figure 2. 2 The structure of MTS tetrazolium and its reaction product   

This assay is a colorimetric method containing only one solution reagent consist of a new tetrazolium 
compound includes 3-(4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyle)-2H-
tetrazolium, inner salt: MTS and also contains phenazine ethosufate (PES), which uses as an 
electron coupling reagent that can bind with MTS to form a constant solution. This reagent can be 
reduced by cells into coloured product which is soluble in the medium which is known as formazan. 
The number of living/viable cells proportional with the absorption resulting of the interaction 
(formazan colour).  
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2.9.3 Detection of apoptosis using caspase3/7 assays 

The activation of Caspases 3/7 is a well-established feature of cell apoptosis. Caspases 3 

and 7 target a specific amino acid sequence located on many proteins which leads to overall 

cell demise by an organised apoptotic event. The activation of Caspases 3/7 was 

determined using the SensoLyte® Homogenous AFC Caspase-3/7 substrate (Anaspec Cat 

# 71114, supplied by Cambridge Bioscience), or the caspase3/7-Glo substrate assay 

(Promega Cat # g8091).  

 

2.9.3.1 SensoLyte® Homogenous AFC Caspase-3/7 assay 

The assay utilises the cleavage of the recognition sequence of caspase -3 and -7 

that is Asp-Glu-Val-Asp (DEVD). The SensoLyte® Homogeneous AFC Capase-3/7 assay kit 

uses Ac-DEVD-AFC as the fluorogenic indicator for assaying caspase-3/7 activity. Upon 

caspase-3/7-mediated cleavage, Ac-DEVD-AFC generates the AFC fluorophore which has 

bright blue fluorescence and can be detected at Excitation / Emission = 380nm/500nm. The 

degree of production of the strongly fluorescent fluorophore is relative to total levels of 

caspase-3/7 activation as shown in figure 2.3.  

Epithelial cells were treated with membrane CD40 agonist in 96 well plates as 

described in section 2.8 before the addition of 50µl SensoLyte® Homogenous AFC 

Caspase-3/7 substrate. Fluorescence was measured using a FLUOstar OPTIMA (BMG 

Labtech) plate reader using Excitation/Emission 355nm/520nm filters, following calibration 

of the reader using the Gain function on the MARS software to ensure the measurements 

were taken within the dynamic range of the instrument. Plates were kept away from light 

and left at room temperature (RT) overnight after which fluorescence measurements were 

taken. To account for background created by fibroblasts, these were cultured alone and 

their relative fluorescent units (RFU) subtracted from the representative co-culture in a pair 

wise fashion (as explained in Section 2.9.1).  
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Figure 2. 3 Proteolytic cleavage of Ac-DEVD-AFC substrate  

The amount of fluorescent product generated is proportional to the amount of caspase-3/7 cleavage 
activity present in the sample. Cleavage of the weakly-fluorescent caspase-3/7 Ac-DEVD-
aminoluciferin substrate Z-DEVD by Caspase-3/7 to create the strongly fluorescent compound.  

2.9.3.2 Caspase-Glo® 3/7 Assay 

The assay utilises a pro-luminescent caspase-3/7 DEVD-aminoluciferin substrate 

and a thermostable luciferase in a reagent optimized for caspase-3/7 activity, luciferase 

activity and cell lysis. As the cells are lysed in situ, the luminescence can be detected 

immediately after substrate addition.  

Epithelial cells were treated with membrane CD40 agonist as described in section 2.8 

before the addition of 50µl caspase 3/7-Glo substrate. Luminescence was detected using a 

FLUOstar OPTIMA (BMG Labtech) plate reader, following calibration of the reader using the 

Gain function on the MARS software to ensure the measurements were taken within the 

dynamic range of the instrument. Plates were kept away from light and left at RT for 15 

minutes before measurements were taken. Data was acquired using MARS software (BMG 

Labtech) and analysed by Microsoft Excel. 

2.9.4 Detection of cell death using the CytoTox-Glo™ assay 

The CytoTox-Glo assay is based on detection of the activity of a proprietary, specific 

protease normally present inside cells. During apoptosis, as the cell membrane is 

compromised the protease is released and it cleaves the AAF-Glo™ substrate thus 

generating a luminescence signal (Figure 2.4). The intensity of the luminescence signal 

indicates the degree of apoptotic cells in a population. Before the experiment, all reagents 



 
 

99 
 

were thawed at room temperature and all components mixed to ensure homogeneity. The 

CytoTox-GloTM cytotoxicity reagent was prepared by transferring the contents of one bottle 

of assay buffer to the AAF-GloTM substrate bottle, and then mixed to ensure homogeneity. 

The Lysis reagent was prepared by transferred 33 µl from digitonin to 5ml assay buffer. 

Epithelial cells were treated with membrane CD40 agonist as described in section 

2.8 before the addition of 50µl CytoTox-Glo substrate. Luminescence was detected using a 

FLUOstar OPTIMA (BMG Labtech) plate reader, following calibration of the reader using the 

Gain function on the MARS software to ensure the measurements were taken within the 

dynamic range of the instrument. Plates were kept away from light and left at RT for 15 

minutes before measurements were taken. Data was acquired using MARS software (BMG 

Labtech) and analysed by Microsoft Excel. In cases where the percentage of dead cells was 

calculated the detergent Digitonin was added to lyse all cells according to the 

manufacturer‘s recommendations and a further reading was taken 15 minutes initial 

readings taken. To calculate percentage cell death the equation used was: (Background-

corrected RLU before digitonin / background-corrected RLU after digitonin) x100, where 

RLU indicates relative luminescence units.   

 

Figure 2. 4 The principle of the CytoTox-Glo
TM 

assay 

The first cleavage of luminogenic AAF-GloTM substrate occurs by dead-cell protease activity and the 
second cleavage, and a substrate for luciferaase (aminoluciferin) is released resulting in the 
luciferase-mediated production of light. 
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2.9.5 Detection of apoptosis using the DNA fragmentation ELISA 

The fragmentation of DNA is often a hallmark of apoptosis and the DNA 

fragmentation ELISA assay uses 5-bromo-2'-deoxyuridine (BrdU) specific antibodies to 

detect BrdU-labelled fragments of DNA. Greater amounts of fragmented DNA labelled with 

BrdU represent a greater number of cells that have undergone apoptosis (the principle of 

the assay is schematically illustrated in Figure 2.5).   

Exponentially growing epithelial cells were loaded with the DNA labelling agent BrdU 

for β hours at a concentration of 10µM according to the manufacturer‘s instructions. Cells 

were then treated with mCD40L by co-culture as described in section 2.8. An ELISA plate 

was coated with an anti-DNA antibody and then blocked to remove any non-specific binding 

sites. After washing of the ELISA plate to remove any blocking buffer, supernatants from cell 

cultures were added; these may contain DNA fragments pulsed with BrdU. The labelled 

fragments of DNA stick to the plate via the anti-DNA antibody and then a secondary, 

enzyme-linked antibody that specifically recognises BrdU was added. Finally, an enzyme 

substrate was added which is converted into a blue colour by the secondary, enzyme-linked 

antibody. The increased amount of colour change is relative to the amount of secondary 

antibody bound to BrdU labelled fragments of DNA. Diluted sulphuric acid (H2SO4) was 

used to stop the reaction after sufficient colour change, and following this, a deep yellow 

colour represented the degree of cell apoptosis. The plates were used to measure 

absorbance at using a 455-10nm filter on a FLUOstar OPTIMA (BMG Labtech) plate reader. 

Data was acquired using MARS software and analysed by Microsoft Excel. Although 

background controls were included to ensure the accuracy of measurements taken, no 3T3 

cell alone background controls were necessary for this assay, as only epithelial cells were 

pulsed with the DNA labelling agent BrdU.  Staurosporine was used as positive control (5µM).   

   

% of apoptotic cells = a ge  cell  +Kille  cell a ge  cell+ a i e  x  
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Figure 2. 5 Principle of DNA fragmentation assay.  

Microtiterplate was coated with anti DNA antibody, BrdU-labelled fragments of DNA from co-culture 
supernatants which are fixed and denaturing by using microwave at 500watt for 5 minutes this was 
followed by the secondary antibody (anti-Brdu-Fab). Plate was incubated 90 minutes at room 
temperature and substrate was added. Once yellow colour was developed, sulphuric acid was added 
to stop the reaction. 
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2.9.6 Detection of Reactive oxygen species using H2DCFDA 

6-carboxy-β', 7‘-dichlorodihydrofluorescein diacetate (H2DCFDA) (Invitrogen Cat # 

c2938) is a cell permeable, chemically-reduced, acetylated form of fluorescein used as an 

indicator for reactive oxygen species (ROS) in cells. This non-fluorescent molecule is readily 

converted to a green-fluorescent form when the acetate groups are removed by intracellular 

esterases and ROS-associated oxidation within the cell. As it is oxidation sensitive, 

H2DCFDA was reconstituted in oxygen-free conditions (in a nitrogen environment) before 

aliquoting and storage at -80°C, as recommended by the manufacturer. 

Epithelial cells were treated with membrane CD40 agonist as described in section 

2.8. Notably, however, when co-cultures were performed, 3T3 fibroblasts used in this 

instance were not growth-arrested using Mitomycin C. Following co-culture, cells were first 

washed with PBS to remove any culture medium and were then treated with 1µM of 

H2DCFDA in pre warmed (37°C) PBS for 30 minutes 37°C in 5% CO2. The reduced forms of 

the substrate lack any fluorescence until acetyl groups are removed by intracellular 

esterases and oxidation is occurring in the cell. When this occurs the charge of the 

molecules makes it much less likely to leave the cell and it also emits detectable 

fluorescence. Following treatment with H2DCFDA for the indicated time periods, 

fluorescence was measured on a FLUOstar OPTIMA (BMG Labtech) plate reader at 

Excitation 485nm/Emission 520nm, following calibration of the reader using the Gain 

function on the MARS software to ensure the measurements were taken within the dynamic 

range of the instrument.  

2.10 SDS-PAGE and Immunoblotting (Western Blotting) 

2.10.1 General  

Western bolting is a powerful technique widely used in different fields in biological 

research to detect specific proteins throughout a cell lysate. Proteins from within a cell 

lysate can be gently extracted and maintained in buffers to ensure their integrity. Under 

denaturing conditions multiple proteins are size fractionated using SDS-PAGE, a form of gel 

electrophoresis. As electrophoretic any technique enables the SDS-PAGE separation of the 

particles made according to their electrical charge and to identical loads according to their 

size.  
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SDS-PAGE separation was performed under denaturing conditions due to the 

addition of SDS (sodium dodecyl sulfate). SDS is a strong detergent having a long 

hydrophobic hydrocarbon tail and a negatively charged end. It interacts with the protein in its 

hydrocarbon portion binder their hydrophobic regions. By binding to the protein, SDS 

prevents its folding and imparts a net negative charge. The native structure of the protein is 

denatured and an apparent negative charge is imparted to the protein. In the presence of 

SDS, the protein will thus have a negative apparent charge, so they all will migrate towards 

the anode. This means that only the molecular weight of the protein is factor separation. The 

proteins having a small molecular weight will be retained within the pores of the 

polyacrylamide gel and therefore will migrate farther than larger. Indeed, electrophoresis 

utilises the electrophoretic mobility of proteins to run them down a gel and specific gel pores 

separate them by size and charge. Proteins separated by this method are then transferred 

toward a transfer membrane which has high binding affinity for them. Stably bound to a 

membrane, size fractionated and denatured proteins are detected using epitope specific 

primary antibodies. A near-infrared (NR) fluorophore conjugated secondary antibody raised 

against the primary antibody is then added to the membrane and the membrane is scanned 

using an infrared scanner.  

2.10.2 Co-culture and treatment to investigate intracellular signalling 

3T3-Neo and 3T3-CD40L cell which express their CD40L surface were treated with 

MMC as explained in section (2.8). Cells were cultured in dish 10cm2 at 3x106 cells/. 

(Duplicate dishes for every cell line 5ml each) Figure2.6. All dishes were incubated at 37ºC 

and 5% CO2 for 24hours. The medium was replaced by SW480-CD40 (5 ml; 3.0 x106 

cells/dish) and dishes were incubated at 37ºC and 5% CO2 for the required times (6, 12 and 

24hrs). Upon completion of incubation time lysates were made as explained in section 

(2.10.3). Protein concentration was measured in every lysates as explained in section 

(2.12.3). Lyastes were also used in immuonoblotting to detect intracellular protein 

expression in target cell (CRC cells). 
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A 

   
B 

                

Figure 2. 6 Co-culture of CRC cells with 3T3 fibroblasts; 3T3-CD40L (A) and 3T3Neo   

 

2.10.3 Protein extraction  

Co-cultures of mCD40L and Control cells with target epithelial cells were grown in 

10cm2 culture dishes and lysed in situ. In some cases (where stated) cultures were 

maintained in the presence of pharmacological agonist/antagonists as indicated. Culture 

medium was aspirated and cell sheets were washed 2x in ice-cold D-PBS to remove any 

excess proteins. 20µl of ice-cold 2x sodium dodecyl sulphate (SDS) buffer (Appendix II) 

containing 2mg/ml DTT and 0.2%(v/v) protease inhibitor cocktail set 3 (Calbiochem) was 

pipetted onto the cell monolayer and the cells were scraped using a cell scraper (Fisher 

Cat# FB55199) into a lysate solution. The solution was then transferred to a chilled micro-

centrifuge tube kept on ice. Samples were sonicated using an ultrasonic probe (Sonics 

Vibra cell) for 10-second bursts until lysate resembled froth like consistency it was then 

cooled on ice for 30 minutes. The lysates were centrifuged at 12,000-14000g, 4°C for 30 

minutes to pellet the insoluble material, before aliquoting the supernatant and storing at -

20°C.  

2.12.4 Protein Quantification 

The protein concentration of each sample was determined using a Coomassie 

protein reagent assay kit (Pierce cat# PN23236). Samples were diluted 4:46 in dH2O and 

10µl was a liquoted in quadruplicates into a transparent 96-well flat bottomed plate. A seven 

point standard curve of 0-1mg/ml (0, 25, 125, 250, 500, 750 100µg/ml) BSA (Pierce Cat# 

PN23208) was included on each plate. 200µl of ambient temperature Coomassie reagent 

was added to each well and mixed gently by pipetting. The absorbance was then measured 

3T3-CD40L +  

CRC cells  

3.0x10
6
/dish   

3T3-Neo +  

CRC cells  

3.0x10
6
/dish/ 
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using a FLUOstar OPTIMA (BMG Labtech) plate reader at Abs 595nm against a dH2O 

Control. MARS analysis software 2.0 (BMG Labtech) was used to plot a standard curve for 

the BSA and to estimate the protein concentration for each lysate (Appendix III).  

2.10.5 SDS-Polyacrylamide gel Electrophoresis (SDS-PAGE) 

20-40µg of protein lysate was made up to 13µl with dH2O then this was totalled to 

20µl by the addition of 5µl 4x lithium dodecyl sulphate sample buffer (LDS; Invitrogen Cat# 

NP0007) and 2µl of 10x reducing agent (500mM Dithiothreitol) (Invitrogen Cat#NP0009). 

The sample was denatured by heating 10 minutes in a 70°C water bath. 10-well NuPAGETM 

Novex electrophoresis pre-cast gels (Invitrogen Cat# NP0321) were placed into an Xcell 

SurelockTM mini-cell upright electrophoresis tank (Invitrogen). 200ml and 600ml of 1x 

NuPAGETM MES SDS running buffer (Invitrogen Cat# NP0002) was poured into the inner 

and outer chambers, respectively. 200µl of NuPAGETM antioxidant (Invitrogen Cat # 

NP0005) was added to the inner chamber prior to loading of the samples. 5µl of All-Blue 

Precision Plus ProteinTM standard (Bio-Rad #161-0373) was loaded alongside the samples 

as a marker of protein size (Figure 2.7) and gel was run at 200V for 35 minutes. 

 

 

Figure 2. 7 Precision plus Protein standard  

All Blue standards are a mixture of ten blue-stained recombinant proteins (10–250 kD), including 
three reference bands (25, 50, and 75 kDa. 
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2.10.6 Electrophoretic membrane transfer 

Electrophoretically-seperated proteins were transferred onto Immobilon-FLTM 

polyvinylidine difluoride membrane (PVDF; Millipore) using an Xcell IITM blot module 

(Invitrogen). PVDF membranes were dipped in methanol, rinsed in dH2O and then soaked in 

0.5x ―Towbin‖ transfer buffer with 20% (v/v) methanol along with the required number of 

blotting pads and WhatmanTM filter paper (Fisher). The gel membrane sandwich was 

assembled cathode to anode as follows; 2x blot pads, filter paper, gel, PVDF membrane, 

filter paper and 2x blot pads (as shown in figure 2.7). The blot module was secured into the 

Xcell SureLockTM Mini-Cell and filled with transfer buffer. The outer chamber was filled with 

ice-cold dH2O and the transfers were performed on ice at 25V for 2 hours.  

A  B  

Figure 2. 8 A and B. Single sandwich and double sandwich.  

The diagram illustrates protein transfer during immunoblotting 

2.10.7 Membrane immunolabelling and visualisation using the Li-Cor Odyssey 

system 

To minimise non-specific binding, membranes were blocked in 50:50 (v/v) Odyssey 

blocking buffer (Li-Cor Cat# 927-4000):10mM TBS pH 7.6 at ambient temperature on a 

plate rocker for 1 hour. Membranes were then probed with 5-8ml of pre-titrated primary 

antibody diluted in TBS+0.1% (v/v) Tween-20. All primary antibody incubations were 

performed on a rocking platform overnight at 4°C. Membranes were then washed 3 x 5 

minutes in TBS+0.1% (v/v) Tween-20 prior to addition of 10ml appropriate infra-red 

secondary antibodies (Table 2-2) for 1 hour at ambient temperature on a rocker in. 
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Membranes were washed as for primary antibody and then washed 1x for 5 minutes with 

TBS prior to visualization using an OdysseyTM Infra-red Imaging system (Li-Cor). Where 

available, a positive control lysate known to express the protein of interest was included. 

Equal loading of epithelial lysate was verified using an antibody raised against the house 

keeping genes Cytokeratin 8 or 18 (or both, depending on the specificity of the antibody 

used). Densitometry was performed using Odyssey V3.1 software (Li-Cor) and protein 

expression was normalised relative to Cytokeratin 8/18, cytokeratin 8 and cytokeratin 18.  

2.11 Flowcytometry 

2.11.1 Background  

Flow cytometry is used to analyse the chemical and physical characteristics of 

particles a technology, and interestingly used in immunology to highlight and count 

molecules or dead or alive cells by making them pass through a laser. The particles move at 

high speed in the laser beam, and a computer analysis of their physical characteristics and 

their number. Using flow cytometry to study cell morphology is determined and used to 

highlight any cell defects. This technique uses widespread in haematology, oncology and 

immunology. 

2.11.2 Flow Cytometric Detection of CD40  

To detect CD40 receptor on CRC cell surface, one monolayer about 80-85% 

confluent cells was harvested from flask by trypsinisation, spin to collect the cells and 

suspended again with 5 ml of DR medium. The cells were counted by using 

haemocytometer, then 1x106 ,  cells were collected and re-suspended in 400µl of  Facs 

buffer  (1X  PBS/1% FBS). Then divided to four tubes 100µl was added to each tube; two 

for non-stain (NS), one for PE (Phycoerythrin) and one for CD40 antibody. 10 µl of diluted 

PE stain was added to the one tube used as negative control (diluted 1/10 in FACS buffer), 

and 15 µl of CD40 antibody (direct without dilution) added to the Ab tube to detect CD40, 

and the other two tubes without addition for non-stain (To detect live and death cells). Then 

all tubes incubated 25 minutes at 4ºC. All tubes were washed with 700µl of FACS buffer 

then centrifuged at 15 RPM for 5 minutes in 25ºC. Then 400µl of FACS buffer was added to 

each tube and all tubes mexed very well and read using flow cytometry, and data analysed 

by in Cyte 26 guava software (Millipore). 
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2.12 Separation of subcellular fractions for Western Blotting 

2.12.1 Nuclear fractionation 

In order to determine the localisation of certain proteins in response to CD40 ligation, 

the nuclei of cells were isolated using the Fisher Nuclear extraction kit (Fisher cat# 

PN78833) as instructed by the manufacturer. Nuclear pellets from co-cultures carried out in 

10cm2 dishes (3x106 3T3 cells and 3x106 epithelial cells) were lysed with the provided lysis 

buffer and were processed in the same manner as for normal cell lysates and 

immunoblotting (Section 2.12). The kit also allows the isolation of the Cytoplasmic proteins 

which are used to compare the localisation of proteins between the nucleus and cytoplasm. 

Nuclear fractions and cytoplasmic fractions of cell cultures were screened for the presence 

of CD40, which is cytoplasmic only, to validate separation of the two cellular compartments. 

The required primary and secondary antibodies were added and then membranes were 

scanned as normal for western blotting techniques. 

2.12.2 Mitochondrial fractionation  

Part of the intrinsic pathway that executes cell death involves release of Cytochrome 

C from the mitochondrial matrix. In order to examine this phenomenon the mitochondria 

were isolated from co-cultures performed in 10cm2 dishes (3x106 3T3 cells and 2.7x106 

epithelial cells) using a Dounce homogeniser (Fisher 11582443) and centrifugation as 

instructed by the manufacturers of the Millipore mitochondrial isolation kit (Cat # MT1000). 

Mitochondrial pellets were then lysed as instructed and processed the same way as for 

normal cell lysate and Western Blotting. The kit also allows the isolation of the Cytoplasmic 

proteins which are used to compare the localisation of proteins. Mitochondrial fractions of 

cell cultures were screened for the presence of Bcl-2 a protein located in the mitochondrial 

membrane and Cytochrome c a protein found within the mitochondrial matrix. Cytoplasmic 

fractions were also tested for Cytochrome C to determine any release and also for the 

cytoplasm-specific protein GAPDH. All antibodies for related proteins were supplied along 

with the kit along with recommended dilution factors. Appropriate primary and secondary 

antibodies were added and then membranes were scanned as normal for western blotting 

techniques.2.15 Mycoplasma testing Mycoplasma spp. contamination is a huge problem in 

eukaryotic cell culture and can lead to unreliable experimental results (Capes‐Davis et al., 

2010). All cell lines were routinely tested for intracellular bacteria Mycoplasma spp. using 

the MycoProbe™ Mycoplasma detection assay (R&D systems Cat # CUL001B) which is 
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designed for screening of cultured cells. This assay detects Mycoplasma 16S ribosomal 

RNA (rRNA) using a colorimetric signal amplification system with sensitivity comparable to 

PCR. The assay was performed as recommended by the manufacturer‘s instructions which 

involved sample preparation in 96 well plates, and an ELISA based detection of 16S 

Ribosomal RNA and signal detection at absorbance 492nm measured on a FLUOstar 

OPTIMA (BMG Labtech) plate reader. Results were compared to positive control samples 

that were included in the kit.  

 

2.13 Statistical analysis 

Data analysis was carried out using Excel® (Microsoft) and as the mean of all 

replicates (minimum 5-6), with error bars representing ± the standard error of mean 

(S.E.M.). Statistical analysis was performed using Minitab 15 statistical software. Two tailed, 

paired or unpaired t-tests were used to compare two sample means with levels of 

significance cited in the text. Comparisons were assumed to be biologically significant 

where P<0.05. 
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CHAPTER 3: Optimization of experimental techniques to 

investigate CD40-mediated apoptosis in CRC cells 
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3.1 Background 

CD40, a member of the tumour necrosis factor receptor (TNFR) family, is expressed 

in a variety of epithelial cells. Furthermore CD40 can be detected on endothelial cells, 

keratinocytes, smooth muscle cells, and fibroblast cells (Kooten and Banchereau, 1997, 

Schönbeck and Libby, 2001, van Kooten and Banchereau, 2000). Though its cognate ligand 

CD40L, which also is known as CD154, is mainly expressed on activated T-cells, it can also 

be found on basophils, eosinophils, monocytes, macrophages, dendritic cells, neutral killer 

cells, B lymphocytes, platelets, mast cells, endothelial cells, smooth muscle cells and in 

some cases epithelial cells (Schönbeck and Libby, 2001). 

Previous studies have reported that CD40 engagement by CD40 agonists has the 

potential to regulate tumour cell growth (Eliopoulos and Young, 2004, Tong and Stone, 

2003). Although a number of studies have shown that soluble CD40 agonists can induce 

growth inhibition in carcinoma cells of various origins (as reviewed by (Vonderheide, 2007, 

Tong and Stone, 2003), these agonists are mainly growth inhibitory or weakly pro-apoptotic 

and only become significantly pro-apoptotic by pharmacological intervention (Hess and 

Engelmann, 1996, Afford et al., 2001, Ahmed-Choudhury et al., 2003, Bugajska et al., 

2002). By contrast, previous work in our laboratory has demonstrated that unlike soluble 

agonists (soluble trimeric CD40L or agonistic anti-CD40 antibody) which are weakly pro-

apoptotic (Bugajska 2002; Georgopoulos 2007), membrane-presented CD40L is a highly 

pro-apoptotic signal (Shaw et al 2005; Georgopoulos et al 2006; Georgopoulos et al 2007; 

Hill et all 2008) that induces extesnive apoptosis in malignant cells but not their normal 

epithelial counterparts (Bugajska 2002; Shaw et al 2005).  

In order to achieve CD40 ligation by membrane CD40 ligand (mCD40L), epithelial 

(target) cells are co-cultured with third-party (effector) cells engineered to express 

membrane CD40L. At the beginning of this research, and following the move of the 

Georgopoulos laboratory to Huddersfield University, it was essential to ensure the 

reproducibility of the co-culture system and to establish and optimise a series of 

experimental techniques for the detection of apoptosis for use with this co-culture system, 

that would permit accurate and reliable detection and quantification of mCD40L-mediated 

apoptosis based primarily on 96-well plate format assays. In addition, optimisation of 

immunoblotting techniques for use in the co-culture system for CRC cells was equally 

essential. 
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3.2 Co-culture model for CD40 ligation by mCD40L 

For the ligation of CD40 on target cells, a membrane CD40 ligand signal was 

delivered by their co-culture with pharmacologically growth-arrested effector cells (See 

section 2.10). The effector cells (killer cells) are murine fibroblasts (NIH3T3) that have been 

genetically manipulated to express membrane CD40L (Bugajska et al., 2002). Throughout 

this thesls effector cells displaying CD40L on their membrane were termed ―γTγCD40L‖ 

cells. To ensure that 3T3CD40L cells retained CD40L expression (due to possible culture-

related genetic drift) continuous culture in the presence of G418 antibiotic (0.5mg/ml)  was 

performed, as a neomycin resistance gene was co-transfected as part of the CD40L gene 

expression construct. Homologous NIH3T3 cells with a gene cassette conferring G418 

resistance only were used as negative (background) controls and therefore from this point 

will be termed ―γTγNeo‖ cells throughout this study.  
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3.3 Objectives 

The objectives of this chapter were: 

- To demonstrate the expression of CD40 ligand by the effector (killer) cells and expression 

of CD40 receptor on the target cells (CRC cells) employed in this study for use in the co-

culture system.  

- To use this in vitro co-culture system and optimise its use for a variety of experimental 

techniques for the detection of mCD40L-mediated apoptosis in colorectal cancer (CRC) 

- To perform optimisation of immunoblotting techniques for epithelial cell protein detection 

using the co-culture system.  
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3.4 Confirmation of CD40 and CD40L expression 

For the purpose of performing co-cultures as described above, it was essential to 

ensure that effector and target CRC cells expressed CD40L and CD40, respectively. CD40 

on CRC cells lines and CD40L on 3T3 fibroblasts were detected by Western blotting. This 

study confirmed CD40 was expressed on CRC cells HCT116. SW480 cells are CD40-

negative in agreement with previous findings (Georgopoulos 2007), however retrovirus-

transduced derivatives expressing de novo CD40 as previously described were CD40-

positive (Figure 3.1), as was the positive control UCC line EJ as previously (Bugaska 2002; 

Georgopoulos 2007; Hill 2008). CD40 expression on these cells was also confirmed by flow 

cytometry, as shown in Figure 3.2.  

CD40L expression on 3T3 fibroblasts (3T3Neo and 3T3CD40L) was detected by 

western blotting. CD40L was detected in 3T3CD40L cells, while 3T3Neo showed no 

detectable of CD40L expression as shown in Figure 3.3.  
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             Figure 3. 1 Expression of CD40 detected by Western blotting 

Western blot analysis for CD40 expression in CRC cells (HCT116, SW480 and SW480-CD40 
cells) as well as the UCC line EJ). Total amount of protein loading was 20µg/well. The 
membranes were incubated with primary antibody (CD40 H-10 mouse monoclonal IgG 
diluted 1:500). Secondary antibody used was goat-anti mouse IgG, Alexa 680 dilution 
1:10000. -actin (AC-15-A5441) was used as specificity and loading control, the membrane 
was incubated with the antibody diluted at 1:50000 and secondary antibody goat-anti mouse 
IgG Alexa 680 diluted 1:10000. Membranes were scanned on Licor Odyssey Infra-Red 
Imaging System and images are shown in black and white. 
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Figure 3. 2 Flow cytometric analysis of CD40 expression  

Expression of CD40 receptor on the cell surface of CRC and EJ cells was detected by flow cytometry 
(section 1.12). Cells were cultured till approximately 80% confluent and were harvested by 
trypsinisation. Cells were counted and adjusted at 0.25 x106 cells/100µl of FACS buffer. Cells were 
incubated with PE-conjugated mouse anti-human CD40, and a control PE-conjugated isotype-
matched contorl Ab was also used. Cells were acquired on a Guava EasyCyte flow cytometer and 
results analysed using GuavaSoft software. A and B overlay histograms show SW480-CD40 and 
HCT116, which are positive for CD40 expression. C histogram show SW480 negative control cells for 
CD40 expression whereas, EJ cells in histogram D represent a positive control for CD40 expression. 
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Figure 3. 3 Expression of membrane CD40 ligand (mCD40L) on 3T3 effector cells by western 
blotting 

Western blot analysis for CD40L expression in 3T3s (3T3-Neo and 3T3CD40L). Total amount of 
protein loading was 20µg/well. The membranes were incubated with primary antibody (CD40 
ligand/TNFSFS antibody monoclonal Anti human was diluted 1:500). Secondary antibody used was 
donkey-anti goat IgG, Alexa 680 dilution 1:10000. -actin (AC-15-A5441) was used as specificity and 
loading control, the membrane was incubated with the antibody diluted at 1:50000 and secondary 
antibody goat-anti mouse IgG Alexa 680 diluted 1:10000. Membranes were scanned on Licor 
Odyssey Infra-Red Imaging System and images are shown in black and white. 
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3.5 Optimisation of experimental techniques (apoptosis assays) for 

the detection of mCD40L-mediated cell death 

According to previously published guidelines regarding the use and understanding of 

assays for detecting cell death (Galluzzi et al., 2009), it is recommended that at least two 

independent assays are used for the detection and demonstration of of apoptotic cell death. 

Moreover, previous studies into CD40-mediated apoptosis by the Georgopoulos group 

(Georgopoulos et al., 2007, Bugajska et al., 2002, Georgopoulos et al., 2006, Shaw et al., 

2005, Hill et al., 2008b) generally have used assays that a) involved use of radioactive 

precursors (such as the JAM test of DNA fragmentation, b) did not permit high-throughput 

96-well plate-based analysis (Annexin V/PI), and c) were not very sensitive (thus had a 

short linear dynamic range).  

Therefore, one of the aims of this study was to employ assays that would address these 

issues and weaknesses. The apoptosis assays optimised for the detection of CD40-

mediated cell death in this study were mainly the commercially available CytoTox-Glo 

cytotoxicity assay and the Sensolyte Homogenous Caspase3/7 assay (Materials and 

Methods). In addition, the DNA fragmentation ELISA assay assay was also investigated for 

its efficacy and practicality in this study.  

3.5.1 Detection of mCD40L-induced apoptosis using the CytoTox-Glo assay 

3.5.1.1 Optimization of apoptosis assays – detection of cell death and 

determination of optimal cell densities for the detection of CD40-mediated 

apoptosis 

The CytoTox-Glo assay was tested for its ability to detect CD40-mediated apoptosis 

using the co-culture system. Co-cultures were carried out and the assay was performed as 

detailed in Section 2.10. An important consideration for these experiments was that the 

CytoTox-Glo assay does not distinguish specifically between dead epithelial cells and 

effector (3T3CD40L and 3T3Neo) cells during co-culture. In order to account for background 

RLU attributable to 3T3CD40L and 3T3Neo cells, in addition to experimental replicates that 

contained co-cultured cell populations, 3T3CD40L and 3T3Neo cultures alone were 

included, and their luminescence measured following substrate addition. Therefore, pair-

wise subtraction of background readings was performed for each type of co-culture. 

3T3CD40L alone readings were subtracted from the appropriate co-culture RLU; e.g. 
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[(3T3CD40L/HCT116 – 3T3CD40L)] allowing the deduction of background-corrected RLU. 

For the control (3T3Neo) was treated in the same way to calculate the background 

corrected RLU, i.e.. [(3T3Neo/HCT116 – 3T3Neo)].  

It has been demonstrated previously by our group that CD40 ligation by membrane 

CD40L can induce apoptosis in carcinoma cells particularly in colorectal cancer cells 

(Georgopoulos 2007). In this study, different CRC cell numbers were used to optimise cell 

death via CD40 ligation. The target cells were co-cultured by seeding onto fibroblasts in 

white plates at different densities (8x103, 1x104, and 1.2x104 cells/well) with 3T3CD40L and 

3T3Neo. As mentioned in the Materials and Methods chapter 3T3s cell were treated with 

mitomycin C (MMC) to avoid artifacts of cell overgrowth; they were initially seeded at 1x104 

cells/well as previously determined (Georgopoulos et al., 2006, Georgopoulos et al., 2007). 

In this study, co-culture with 3T3CD40L resulted in high levels of death in HCT116 cells with 

1x104 cells/well, whilst lower level of death was detected with others (8x103 and 1.2x104 

cells/well), as shown in figure 3.4 where results are presented as background corrected 

RLU (A) and also presented as fold change (B).  
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Figure 3. 4 Optimization of apoptosis assay using different cell number of target cells for 
detection of CD40-mediated apoptosis 

1x104 cells/well of mouse fibroblast (3T3Neo and 3T3CD40L) were co-cultured in 96 well white plates 
with colorectal cancer cells (HCT116) seeded at different number of cells 8x103, 1x104 and 1.2x104 in 
DR medium supplemented with 5% FCS and 1% L-glutamine. Plates were incubated for 24 hours at 
37ºC/5% CO2. 50µl of CytoTox-Glo substrate were added and then plates were incubated 15 minutes 
and luminescence was measured by a FLUOStar Optima plate reader and background-corrected 
RLU readings deduced as described in the Materials and methods. Bars correspond to mean values 
of 4-6 replicates ± SD, ***p-value ≤0.001/**p-value ≤0.01. A) Background corrected RLU readings of 
CytoTox-Glo for HCT116/3T3CD4L and HCT116/3T3Neo. B) Fold change against control of 
background corrected RLU readings of CytoTox-Glo for HCT116.   

0

20000

40000

60000

80000

R
LU

 

HCT116/3T3CD40L

HCT116/3T3Neo

** 

*** ** 

0

0.4

0.8

1.2

1.6

2

F
o

ld
 c

h
a

n
g

e
 a

g
a

in
st

 c
o

n
tr

o
l 

 

Cell density 

A 

B 



 
 

121 
 

3.5.1.2 CD40 ligation by mCD40L for 24 hours causes extensive CRC cell 

apoptosis 

Whilst performing further explorative experiments, it became apparent that the 

CytoTox-Glo assay was extremely sensitive and that background RLU arising from low level 

spontaneous in vitro cell death of target (epithelial) cells was significantly interfering with 

assay sensitivity. To reduce such ‗noise‘, it was ensured that target cells were harvested 

only during their log phase of growth. This use of ‗healthier‘ epithelial cells led to significant 

reductions in background RLU and allowed the cell apoptosis induced by 3T3CD40L 

(mCD40L) to be better detected (not shown).  

Another important consideration related to the effector 3T3 cells (3T3CD40L and 

3T3Neo). As these cells were treated with Mitomycin C to induce growth arrest, it was 

essential to ensure that this was efficient and they showed non-mitotic properties whilst 

remaining metabolically active (See section 2.10). If this treatment was insufficient, it could 

result in the continued growth of effector cells and such culture overgrowth, increased levels 

of spontaneous death and would interfer with the assay output. It was found that cell cycle 

arrest in combination with minimal cell toxicity was best achieved when 3T3CD40L or 

3T3Neo cells were MMC treated during their log phase of growth and at approximately 50% 

confluency (data not shown). 

Collectively, incorporation of these modifications and improvements in the 

experimental methodologies, led to a dramatic improvement in the results obtained using 

this assay, in comparison to earlier findings. Following these improvements. the results 

obtained following  background correction of relative luminescence unite (RLU) revealed a 

high level of death in both HCT116 and SW480-CD40 as shown in Figure 3.5 a and b. In 

addition, results are shown as fold change (from raw RLU data in Figure 3.5) by comparing 

3T3CD40L/HCT116 or 3T3CD40L/SW480-CD40 versus 3T3Neo/HCT116 or 

3T3Neo/SW480-CD40 co-cultures shown in Figure 3.6.  

Georgopoulos and colleagues have previously demonstarted mCD40L-mediated 

apoptosis in bladder carcinoma (EJ) and colorectal cancer cells (HCT116 and Colo320) 

(Georgopoulos et al., 2007, Georgopoulos et al., 2006, Bugajska et al., 2002) by also using 

Annexin V/PI and flow cytometry to demonstrate that maximal CD40-induced apoptosis 

occurred approximately 72 hours post CD40 ligation. Annexin V/PI is based on the detection 

of % cell apoptosis relying on the translocation of phosphatidylserine to the cell membrane, 
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while CytoTox-Glo depends on the exposure of substrate to a protease released during the 

loss of cell membrane integrity as shown previsouly in section 2.9.4 figure 2.4. Whilst both 

events (phosphatidylserine translocation and disruption of membrane integrity) are integral 

to apoptosis, it was important to determine the optimal time-point post CD40 ligation to 

perform CytoTox-Glo assays and whether perhaps an earlier time point might be more 

suitable. Although apoptosis by the Cytotox Glo assay was still detectable at 48 (or even 72) 

hours (data not shown), in this study results showed that mCD40L resulted in rapid cell 

death detected optimally at 24 hours post-ligation.  
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Figure 3. 5 mCD40L mediated apoptosis detection using CytoTox-Glo 

1x104 CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 MMC-treated mouse 
fibroblast cells 3T3CD40L (mCD40L) or 3T3Neo (Control) in DR medium supplemented with 5% FCS 
and 1%LG in white 96-well plates. 50µl CytoTox-Glo substrate was added after 24 hours incubation 
at 37ºC/5% CO2. After 15 minutes incubation at room temperature, luminescence was measured by 
plate reader and background-corrected. RLU readings deduced as described in material and 
methods. Bars correspond to mean values of 4-6 replicates ± SD, ***p-value<0.001. The figure 
shows background corrected RLU readings of CytoTox-Glo for HCT116/mCD4L and 
HCT116/Control, and the background corrected RLU readings of CytoTox-Glo for SW480-CD40. 

  

0

5000

10000

15000

20000

25000

30000

mCD40L Control

R
LU

 

HCT116 

0

10000

20000

30000

40000

50000

60000

mCD40L Control

R
LU

 

SW480-CD40 



 
 

124 
 

 

 

 

Figure 3. 6 Detection of mCD40L-mediated apoptosis by Cytotox Glo (expressed as fold 
change against control). 

Results from Figure 3.5 are presented as fold increase for 3T3CD40L co-cultures in comparison to 
controls (3T3Neo).  
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3.5.1.3 Determination of percentage of cell death 

In addition to using the detection of luminescence by the CytoTox-Glo assay as a 

surrogate marker of apoptosis, the assay may also be used to determine the percentage of 

apoptosis. When percentage of cell death was calculated (as detailed in Section 2.9.4) it 

was found that in line with previous results by our group (Georgopoulos et al., 2006, 

Georgopoulos et al., 2007) mCD40L results in approximately 75-85% cell death, which 

corresponds to a fold change of ~2.5-3.0 (Figure 3.7).  

Membrane-CD40L can stimulate apoptosis in malignant cells (Bugajska et al., 2002, 

Georgopoulos et al., 2007, Georgopoulos et al., 2006)  Previous studies by Georgopoulos et 

al have been reported that co-culture of urothelial carcinoma cells (UCC) with membrane-

CD40L resulted in at least 60-70% apoptosis of the tumor cells at 48-72hrs as detected 

using Annexin V-FITC/PI and flow cytometry (Georgopoulos et al., 2006). In the present 

study, co-culture of SW480-CD40 with 3T3CD40L resulted in ~84.50% death for 

3T3CD40L/HCT116 compared with control 35.74% as shown in figure 3.7a. As for the other 

cell line SW480-CD40,  the precentage of cell death was 76.48% compared with control 

33.83% as shown in figure 3.7b. For these experiments the Cyto Tox-Glo asses was used 

and percentage of death was calculated as described in the Materials and methods.  
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Figure 3. 7 Percentage of mCD40L-mediated cell death (based on the Cytotox Glo assay) 

1x104 colorectal cancer cells (HCT116 and SW480-CD40) were co-cultured with 1x104 MMC treated 
3T3CD40L (mCD40L) and 3T3Neo (control) in white 96 well plates in DR medium supplemented with 
5% FBS and 1%  L-glutamine. After 24 hours of co-culture, CytoTox-Glo test was used to detect 
apoptosis in colorectal cancer cells (HCT116) as described in chapter 2 (Materials and Methods). 
Percentage cell death was calculated for A) HCT116 co-cultures and B) SW480-CD40 co-cultures at 
24 hours post-ligation.  Bars correspond to mean values of 4-6 replicates ± SD, ***p-value ≤0.001. 
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3.5.2 Detection of apoptotic cell death using the SensoLyte caspase-3/7 assay 

For optimisation of the caspase detection assay, staurosporine was used as a 

positive control. Staurosporine is a DMSO soluble compound derived from Streptomyces 

Staurosporeus that inhibits a range of protein kinases essential for normal cell function. 

Staurosporine is often used as a positive control to induce apoptosis by the intrinsic 

pathway via MOMP and caspase-3/7 activation, as previously described by our group 

(Chopra et al., 2009) and others (Zhang et al., 2004). As shown in HCT116 cells treated 

with staurosporine, the compound caused the activation of caspase-3/7 activity in a dose-

dependent manner (see appendix IV).  

Most recent studies indicate that caspases 3 and 7 have some overlapping, but also 

some distinct roles in programmed cell death (apoptosis), which includes the extrinsic and 

intrinsic (mitochondrial) pathway (Lakhani et al., 2006). Caspase 3 has an important role in 

driving DNA fragmentation and morphological changes of apoptosis, while caspase 7 plays a 

minor role in these possesses (Lakhani et al., 2006). In this study we measured the caspase 

3/7 activity in colorectal carcinoma cells after co-culture for 24, 48, and 72 hours. The results 

demonstrated that interaction between mCD40L (3T3-CD40L) and the target cells HCT116 

and SW480-CD40 induced caspase 3/7 activity in CRC cells (see below). For the analysis of 

results from these assays, the same principle, as in the CytoTox-Glo assays (Section 3.4.1), 

was employed, which involved a) appropriate calculations for background 3T3 cell-related 

readings and b) the optimisation of target cell ‗health‘ and effector cell MMC treatment 

(Section 3.4.1.1 & 3.4.1.2).  

Georgopoulos et al (2006) had previously shown using FAM FLICA caspase 

detection assays and flow cytometry that Caspase-3 becomes active within 48 hours post 

CD40 ligation, which also coincided with the detection of DNA fragmentation (Georgopoulos 

et al., 2006), a direct downstream consequence of caspase activation during apoptosis. In 

this study the detection of caspase 3/7 activity was carried out at 24, 48 and 72 hours post 

ligation in 3T3CD40L/HCT116 or 3T3CD40L/SW480-CD40 co-cultures compared with 

3T3Neo/HCT116 or 3T3Neo/SW480-CD40 ones. At 24 hours post CD40 ligation only little 

caspase 3/7 activity could be detected (Figure 3.8). However, by 48 hours there was a 

marked increase in caspase activity (Figure 3.9) which was sustained at even slightly higher 

levels even at 72 hours of co-culture (Figure 3.10), with an approximately 2.5-3.5 fold 

increase consistently detectable.  
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Figure 3. 8 Detection of CD40-induced caspase 3/7 activation after 24hours post-ligation 

1x104cells/well colorectal carcinoma cells (HCT116 and SW480-CD40) were co-cultured with 1x104 

cells/well of mouse fibroblasts (3T3CD40L and 3T3Neo) in 96 well plates in DR medium 
supplemented with 5% FCS and 1% L-glutamine. Plates were incubated for 24 hours at 37ºC/5% 
CO2. 50µl substrate of the Anaspec assay was added to each well and then plates were incubated 60 
minutes in the dark and fluorescence was measured and background-corrected RFU (Relative 
Fluorescence Units) calculated as described in the Materials and methods. Bars correspond to mean 
values of 4-6 replicates ± SD ***p-value ≤0.001. A) Background corrected RFU readings of caspase 
3/7 activity for HCT116 and SW480-CD40/3T3CD4L and HCT116 and SW480-CD40/3T3Neo. B) 
Fold change against control was calculated by using background corrected RFU readings of caspase 
3/7 activity for HCT116 and SW480-CD40.  
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Figure 3. 9 Detection of CD40 induced caspase 3/7 activation after 48hours co-culture 

1x104cells/well colorectal carcinoma cells (HCT116 and SW480-CD40) were co-cultured with 1x104 

cells/well of mouse fibroblasts (3T3CD40L and 3T3Neo) in 96 well plates in DR medium 
supplemented with 5% FCS and 1% LG. Plates were incubated for 48 hours at 37ºC/5% CO2. 50µl 
substrate of the Anaspec assay was added to each well and then plates were incubated 60 minutes 
in the dark and fluorescence was measured and background-corrected RFU (Relative Fluorescence 
Units) calculated as described in the Materials and methods. Bars correspond to mean values of 4-6 
replicates ± SD ***p-value ≤0.001. A) Background corrected RFU readings of caspase γ/7 activity for 
HCT116 and SW480-CD40/3T3CD4L and HCT116 and SW480-CD40/3T3Neo. B) Fold change 
against control was calculated by using background corrected RFU readings of caspase 3/7 activity 
for HCT116 and SW480-CD40.  
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Figure 3. 10 Detection of CD40 induced caspase 3/7 activation after 72hours co-culture 

1x104cells/well colorectal carcinoma cells (HCT116 and SW480-CD40) were co-cultured with 1x104 

cells/well of mouse fibroblasts (3T3CD40L and 3T3Neo) in 96 well plates in DR medium 
supplemented with 5% FCS and 1% LG. Plates were incubated for 72 hours at 37ºC/5% CO2. 50µl 
substrate of the Anaspec assay was added to each well and then plates were incubated 60 minutes 
in the dark and fluorescence was measured and background-corrected RFU (Relative Fluorescence 
Units) calculated as described in the Materials and methods. Bars correspond to mean values of 4-6 
replicates ± SD ***p-value ≤0.001. A) Background corrected RFU readings of caspase γ/7 activity for 
HCT116 and SW480-CD40/3T3CD4L and HCT116 and SW480-CD40/3T3Neo. B) Fold change 
against control was calculated by using background corrected RFU readings of caspase 3/7 activity 
for HCT116 and SW480-CD40.  
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3.5.3 DNA fragmentation detection following CD40 ligation by mCD40L in CRC 

cells 

  
Previous studies have demonstrated that membrane-CD40L can induce extensive 

cell death in CRC cells (60-70%) which were confirmed in this study. In addition to the 

detection of apoptosis by Cytotox-Glo (as a surrogate marker of loss of membrane integrity) 

and SensoLyte/Anaspec (for the detection of caspase activity), cell death (apoptosis) was 

also measured by means of a DNA fragmentation ELISA assay (see section 2.9.5). Results 

obtained from such experiments indicated that a high level (and high percentage) of death 

based on DNA fragmentation was observed in HCT116 cells (80% compared with 35.5% for 

controls) (Figure 3.11a/b), similar to results for SW480-CD40 cells (83.70% in comparison to 

33.50% for controls) (Figure. 3.12a/b).  

Although the DNA fragmentation assay used is a reliable, well characterised method 

to assess cell death (Bugajska et al., 2002, Georgopoulos et al., 2006, Shaw et al., 2005), it 

detects only one of the hallmarks of apoptosis. Moreover, apoptosis activated by members 

of the TNFR superfamily is not always accompanied by DNA fragmentation, as previous 

studies have demonstrated in colorectal cells by other groups (Wilson and Browning, 2002) 

and in bladder cancer cells in our laboratory (Steele et al., 2006). More importantly, for this 

work, although the DNA fragmantation test gave similar results to the CytoTox-Glo assay, it 

was however less cost-effective, and though reliable, was particularly laborious in 

comparison to the other assays. Therefore, for the majority of apoptosis detection 

experiments carried out in this work (following chapters), the Cytotox-Glo and 

SensoLyte/caspase-detection assays were mainly used (and confirmation using DNA 

fragmentation performed where appropriate).  
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Figure 3. 11 DNA fragmentation assay for the detection of apoptosis in HCT116 cells mediated 
by mCD40L 

1X104 BrdU labeled CRC cells (HCT116) was co-cultured with 1x104/well 3T3CD40L (mCD40L) or 
3T3Neo (Control) (5µM staurosporine was used as positive control for cells alone). Absorbance (455-
10nm) was measured by a plate reader and percentage was calculated as described in Chapter 2 
(Materials and Methods). Data are represented means ± S.D for two to three experiments. ***P 
≤0.001 DNA fragmentation of co-cultures of CRC cells with 3T3CD40L was statistically significantly 
higher (in comparison to controls) in all cell lines. Raw data are presented in A and percentage cell 
death in B (calculated as described in the Materials and Methods).  
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.   

 

 

 

 Figure 3. 12 DNA fragmentation assay for detection of apoptosis in SW480-CD40 cells 
mediated by mCD40L 

1X104 BrdU labeled CRC cells (SW480-CD40) was co-cultured with 1x104/well 3T3CD40L (mCD40L) 
or 3T3Neo (Control) (5µM staurosporine was used as positive control for cells alone). Absorbance 
(455-10nm) was measured by a plate reader and percentage was calculated as described in Chapter 
2 (Materials and Methods). Data are represented means ± S.D for two to three experiments. ***P 
≤0.001 DNA fragmentation of co-cultures of CRC cells with 3T3CD40L was statistically significantly 
higher (in comparison to controls) in all cell lines. Raw data are presented in A and percentage cell 
death in B (calculated as described in the Materials and Methods).  
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3.6 Optimisation of immunoblotting (Western blotting) for protein 

detection using co-cultures   

 
As described previously for urothelial cell-3T3 fibroblast co-cultures (Georgopoulos 

et al 2006), preparation of whole cell lysates from co-cultures and performing Western 

blotting poses a challenge, as the lysate contains a mixture of proteins from both effectors 

(fibroblasts) and target (epithelial) cells. For this purpose, and as detailed previously 

(Georgopoulos et al 2006), expression of epithelial-specific markers (cytokeratins) has been 

employed to ensure equal loading based on cytokeratin (CK) expression.   

Routine immunoblotting experiments that were performed to detect CK expression 

showed that CRC cell lines HCT116 and SW480-CD40 undergo rapid and extensive 

apoptosis, evident by the progressive loss of epithelial lysate in co-culture protein extracts 

(indicated by the reduction in expression of epithelial marker Cytokeratin CK8, 18, and 8/18 

within less than 12 hours post-CD40 ligation, with severe loss of CK8 and CK8/18 observed 

by 24 hours as shown in Figures 3.13 and 3.14, respectively. Moreover, it was clear that as 

3T3Neo co-cultures progressed, there was a progressive increase in epithelial lysate in 

such control cultures. Therefore, it was essential to ensure that equal loading could be 

achieved for both 3T3Neo and 3T3CD40L co-cultures. For this purpose, densitometric 

analysis (using LiCor Odyssey Infra-Red imaging software) was carried out for all prepared 

lysates from such co-cultures. This allowed the correction (following cytokeratin band 

intensity-based normalisation) of gel loading for all subsequent experiments. As shown in 

Figures 3.15a and 3.15b, equal expression of CK in HCT116 and SW480-CD40 co-cultures 

was achieved.  
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Figure 3. 13 Detection of protein expression based on CK8 in CRC cells following co-culture   

Western blot analysis of cytokeratin 8 expression in CRC cells (SW480-CD40 and HCT116) after 
incubation with 3T3 Neo and 3T3CD40L. Total amount of protein was loaded was 20µg/well. The 
membranes were incubated with primary cytokeratin 8 monoclonal mouse monoclonal IgG (diluted 
1:1000) and secondary antibody goat-anti mouse IgG, Alexa 680 (dilution 1:10000). -actin AC-15-
A5441 was used as specificity and loading control, membranes were incubated with primary 
monoclonal antibody (diluted 1:20000) and secondary antibody goat-anti mouse IgG Alexa 680 
(diluted 1:10000). The membranes were scanned and images shown in black and white. 
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Figure 3. 14 Detection of protein expression based on CK8/18 in CRC cells following co-
culture 

Western blot analysis of cytokeratin 8 and 18 expression in CRC cells (SW480-CD40 and HCT116) 
after incubation with 3T3 Neo and 3T3CD40L. Total amount of protein was loaded was 20µg/well. 
The membranes were incubated with primary cytokeratin 8/18 for HCT116 and CK18 of SW480-
CD40 monoclonal mouse monoclonal IgG (diluted 1:1000) and secondary antibody goat-anti mouse 
IgG, Alexa 680 (dilution 1:10000). -actin AC-15-A5441 was used as specificity and loading control, 
membranes were incubated with primary monoclonal antibody (diluted 1:20000) and secondary 
antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000). The membranes were scanned and 
images shown in black and white. 

Keys: N: 3T3Neo                                                L: 3T3CD40L                                       S: SW480-CD40 
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Figure 3. 15  Detection of 8 and CK18 after normelise the amount of protein expression in CRC 
cells  

Western blot analysis of cytokeratin 8 and 18 expression in CRC cells (SW480-CD40 and HCT116) 
after incubation with 3T3 Neo and 3T3CD40L. Amount of normalize lysates were loaded was 
20µg/well following correction by using densitometry of the band of cytokeratin in CRC cells before 
correction. The membranes were incubated with primary cytokeratin 8 for HCT116 and CK18 of 
SW480-CD40 monoclonal mouse monoclonal IgG (diluted 1:1000) and secondary antibody goat-anti 
mouse IgG, Alexa 680 (dilution 1:10000). -actin was used as specificity and loading control, 
membranes were incubated with primary monoclonal antibody (diluted 1:20000) and secondary 
antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000). The membranes were scanned and 
images shown in black and white. An A and B show the equal loading of CK8 and CK18 for both 
HCT116 and SW480-CD40. 

Keys:  NH: 3T3Neo co-cultured with HCT116                 LH: 3T3CD40L cocultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40         LS: 3T3CD40L cocultured with SW480-CD40 
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3.7 Summary: 

 The main objective of this chapter was to confirm that the fidelity of co-culture 

system for stimulation of CD40 in CRC cells in vitro and establish a number of cell 

cytotoxicity and caspase activity detection assays.   

 Two main death assays were used for the detection of mCD40L-mediated 

death:  

 The CytoTox-Glo assay to detect loss of cell membrane integrity and 

subsequent apoptosis  

 The Sensolyte Homogenous caspase-3/7 assay to detect caspase 3/7 

activity in apoptotic cells. 

 The DNA fragmentation test was also used to detect cell death and 

provide an additional confirmatory assay. 

 The results have confirmed that CRC (target) cells expressed CD40 by western 

blotting; this was also confirmed by using Flow cytometry.  

 Immunoblotting also confirmed that 3T3CD40L cells (killer/effector cells) expressed 

CD40 ligand compared with 3T3Neo, which were used as a negative isogenic 

control.    

 The results indicated for the first time that CD40-mediated CRC cell death 

happened very rapidly (within less than 24 hours post CD40 ligation, approximately 

between 6 and 12 hours post ligation).  

 Routine immunoblotting experiments performed to detect cytokeratin (CK) 

expression also provided indirect evidence that CD40+ve CRC cell lines undergo 

rapid and extensive apoptosis evident by the progressive loss of epithelial lysate in 

co-culture protein extracts. In particular, the results demonstrated rapid and 

extensive loss of CK8 and CK8/18 observed at 12 and even more at 24 hours in 

CRC cells. 

 Densitometric analysis, normalisation and subsequent lysate loading correction to 

confirm equal amount of CRC cells protein (based on CK8 or CK18 band intensity) 

permitted the establishment of the appropriate methodologies in order to follow 

CD40-mediated signalling in CRC cells.  
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CHAPTER 4: Investigation into the activation and 

functional involvement of key intracellular mediators in 

CD40-mediated apoptosis in CRC cells 
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4.1 Objectives  

The specific aims of this chapter were: 

 To optimise immunoblotting methods for the correct and sensitive detection of 

intracellular proteins associated with CD40-mediated apoptosis. 

 

 To perform retrovirus-mediated transduction of CRC cell lines and optimise the 

selection of carcinoma cells expressing virally-transduced shRNAs for RNAi-

mediated protein knockdown. 

 

 To utilize RNAi, immunoblotting and cell death assays to determine the functional 

role of key intracellular mediators, for instance whether TRAF3 regulates a) JNK 

phosphorylation, b) Bak and Bax induction and c) CD40-mediated apoptosis overall. 

 

 To employ specific pharmacological inhibitors to determine whether JNK/p38 

regulate a) Bak and Bax expression and b) CD40-mediated apoptosis. 

 

 To delineate the precise nature of the molecular pathways of cell death through  

o a) RNAi-mediated reduction of Bax, immunoblotting and cell death assays, 

and  

o b) loss of mitochondrial membrane permeability by cell fractionation 

(cytoplasm and mitochondria). 
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4.2 Expression of TRAF -1, -3 and -6 following CD40 ligation in CRC 

cells 

The mechanisms of CD40 signalling, particularly the role of TRAF adaptor 

molecules, have been mainly studied in the context of CD40-mediated B cell activation 

(Bishop, 2004); however, a lot less is known with regards to CD40 signalling in epithelial 

cells. In fact, relatively little is known in terms of the role of the TRAFs as proximal signalling 

activators in non-lymphoid cells at all. Depending on the cell context, the TRAFs orchestrate 

a diverse range of cell responses such as proliferation, differentiation or apoptosis (Bishop, 

2004).  

Despite the ability of CD40 to induce extensive and rapid apoptosis in CRC cells, as 

shown previously (Georgopoulos et al., 2007, Hill et al., 2008a) and extensively 

characterised in this thesis using multiple assays, no investigations have so far examined 

which of the TRAFs may be regulated by CD40 and play a functional role in apoptosis. It 

has been previously demonstrated in urothelial carcinoma cells lines (UCC) lines that CD40 

ligation by mCD40L (but not soluble agonists) specifically promotes the expression of 

TRAF1, TRAF2 and TRAF3 (Georgopoulos et al., 2006), but how mCD40L triggers CD40 

TRAF signalling in CRC cells, remain unexplored. Of note, due to the inability of soluble 

agonists (e.g. agonistic antibody G28-5) to induce any apoptosis in CRC cells 

(Georgopoulos et al., 2007, Hill et al., 2008a), this project focused on ligation of CD40 by 

membrane ligand (mCD40L).  

This study screened only for TRAFs which have been implicated in CD40 

signalling. To do so, CRC cell lines were co-cultured with control and mCD40L expressing 

effector cells and TRAF adaptor protein expression was investigated by immunoblotting 

using human specific antibodies. Following co-culture with mCD40L-effectors, both 

HCT116 and SW480-CD40 CRC cell lines showed rapid and dramatic increases in TRAF1 

expression after 6, 12 and 24 hours compared with co-culture with the control cells as 

shown in Figure 4.1. Immunoblotting also showed the induction of TRAF3, which was 

markedly and rapidly increased as early as 1.5 hour, with further increases at 3, 6, 12 and 

maximal expression occurring 24 hours post CD40 ligation in both HCT116 and SW480-

CD40 as shown in Figure 4.2.  Interestingly, there was also rapid but very transient 

induction of TRAF6 expression with high expression levels observed after 1.5 hours in 

HCT116 cells but the expression disappeared at 3, 6, and 24 hours.  
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Similar trends of TRAF expression were observed in the transduced SW480-CD40 

cells. In fact, there was a near identical pattern of TRAF1 (Figure 4.1) and TRAF3 (Figure 

4.2) regulation to that observed in HCT116 cells. However, the pattern of TRAF6 protein 

expression showed some difference, as in SW480-CD40 cells, TRAF6 expression after the 

3 hour time point did not disappear but showed marked reduction as shown in Figure 4.3. 

Although an explanation for such minor differences in TRAF expression could not be 

provided, a good degree of similarity was observed between naturally CD40 expressing 

(HCT116) and engineered, de novo CD40 expressing (SW480-CD40) CRC cell lines, 

suggesting that the proximal signalling events triggered following CD40 by mCD40L 

appear to be similar. 
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Figure 4. 1 The regulation of TRAF1 expression by CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish, and co-cultured with 3x106 

cells /dish MMC treated fibroblast cells 3T3-Neo (N) or 3T3-CD40L (L). Co-cultured cells were 
incubated for various times, 3, 6, 12 and 24 hours in DR 5% supplemented with 5% of FCS and 1% 
L-glutamine in 10cm2 culture dishes. After each of incubation time period, cells were lysed by using 
2x SDS-lysis buffer and protein concentration determined. Whole lysates, following normalisation on 
the basis of CK8 and CK18 expression (see chapter 3) were separated under denaturing conditions 
by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. 
The membrane was probed for overnight at 4ºC with primary polyclonal antibody (anti-TRAF1) in 
TBS/Tween 0.1% (1:250 dilution) and then with an anti CK8 and anti-CK18 antibody in TBS/Tween 
0.1% (1:2000 dilution). The membrane was then incubated for one hour with secondary antibody 
[goat anti-rabbit IgG IRDye 800nm (1:10000 dilution)] for TRAF1 detection and with goat anti-mouse 
antibody Igg IRDye 680 (1:10000 dilution) for CK8 and CK8/18. Antibody binding was visualised at 
700nm using an OdysseyTM Infra-red Imaging system (CK8/18 and CK8 were used as loading 
controls).   
  
Key:   NH: 3T3Neo co-cultured with HCT116         LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40     LS: 3T3CD40L cocultured with SW480-CD40 
            L:  3T3CD40L                                              
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Figure 4. 2 The regulation of TRAF3 expression by CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish, and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, 12 and 24 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine 
in 10cm2 culture dishes. After each of incubation time, cells were lysed using 2x SDS-lysis buffer and 
protein concentration determined. Whole lysates, following normalisation on the basis of CK8 and 
CK18 expression (see chapter 3) were separated under denaturing conditions by SDS-PAGE using 
4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The membrane was 
probed for overnight at 4ºC with primary polyclonal antibody (anti-TRAF3) in TBS/Tween 0.1% (1:250 
dilution) and then with an anti-CK8 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 
(1:10000 dilution) for TRAF3 detection and with goat anti-mouse antibody IgG IRDye 680 (1:10000 
dilution) for CK8 and CK18. Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system (CK8 and CK18 were used as loading controls).    

Key:   NH: 3T3Neo co-cultured with HCT116              LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 
           L: 3T3CD40L 
 
 
 
 
 
 
 
 
 
 



 
 

145 
 

 

Figure 4. 3 The regulation of TRAF6 expression by CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish, and co-cultured with 3x106 

cells /dish MMC treated fibroblast cells 3T3-Neo (N) or 3T3-CD40L (L). Co-cultured cells were 
incubated for various times, 1.5, 3, 6, 12, and 24 hours in DR 5% supplemented with 5% of FCS and 
1% L-glutamine, in 10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x 
SDS-lysis buffer and protein concentration determined. Whole lysates, following normalisation on the 
basis of CK8 and CK18 expression (see chapter 3) were separated under denaturing conditions by 
SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The 
membrane was probed for overnight at 4ºC with primary monoclonal antibody (anti-TRAF6) in 
TBS/Tween 0.1% (1:250 dilution) and then with an anti CK8/18 and anti-CK8 antibody in TBS/Tween 
0.1% (1:2000 dilution). The membrane was then incubated for one hour with secondary antibody 
[goat anti-mouse IgG IRDye 680nm (1:10,000 dilution)] for TRAF6 detection and with goat anti-
mouse antibody IgG IRDye 680 (1:10000 dilution) for CK8 and CK8/18. Antibody binding was 
visualised at 700nm using an OdysseyTM Infra-red Imaging system (CK8/18 and CK8 were used as 
loading controls).    

Key:   NH: 3T3Neo co-cultured with HCT116           LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 
            L:  3T3CD40L                                                     H: HCT116  
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4.3 Expression of MKK4 and MKK7 during CD40-mediated 

apoptosis in CRC cells 

The regulation of pro-apoptotic transcriptional activators, such as JNK and p38, by 

upstream MAPKKs (and particularly MKK4 and MKK7) is well documented (Wagner and 

Nebreda, 2009). The MAPK pathway is an important key signal transduction regulating 

apoptosis, cell proliferation and differentiation. This is a successive complex 

phosphorylation cascade involving a large number of proteins. The MAPK pathway may be 

separated into three groups of proteins: MAPKKK (MAP kinase kinase kinase), the MAPKKs 

(MAP kinase kinase) and MAPK (MAP kinase). The principle of their activation is simple: 

activated MAPKKKs activate MAPKK by loop phosphorylation of two seryl residues. The 

MAPKKs turn trigger the MAPK (JNK and p38) phosphorylation by a tyrosyl and threonyl 

phosphorylation. MAPKKs proteins include MKK-3, -4, 6, and -7 as well as MEK1/2. MKK3 

activates p38 MAPK alpha and beta (p38-α, and – ) while MKK6 can activate both isoforms 

equally. CD40-mediated MKK3/6 and p38 activation have been shown important for IL-6 

and IL-10 monocyte secretion during inflammation (Inoue et al., 2004). Furthermore, it has 

been shown that MKK4 is mainly activated by environmental stress and MKK7 by cytokines; 

MKK4 and MKK7 activate JNK in response to external stimuli, whilst it has been reported 

that MKK4 and MKK7 phosphorylate members of the family of p38 in vitro when 

overexpressed. (Davis, 2000). No studies have investigated or demonstrated a link between 

CD40-mediated MKK -4 or -7 JNK or p38 activation, although activation of JNK in CD40-

mediated apoptosis has been reported by our laboratory and others (Elmetwali et al., 2010b, 

Georgopoulos et al., 2006).  

This work for the first time aimed to examine whether MKK4 and/or MKK7 are active 

during CD40 signalling. Immunoblotting using human phospho-specific antibodies 

demonstrated that MKK4 was activated in response to mCD40L as shown by its 

phosphorylation at Ser257 (Figure 4.4); phosphorylation of MKK4 was detected within 3 

hours in both HCT116 and SW480-CD40. MKK4 expression further increased 6 hours post 

CD40 interaction but then decreased after 12 hours while completely disappearing at 24 

hours, indicating a relatively transient mode of activation (Figure 4.4). Interestingly this 

pattern of expression was essentially identical in both HCT116 and SW480-CD40 cells.   

Previous studies have been reported that both MKK4 and MKK7 are required for full 

activation of JNK in vitro (Fleming et al., 2000, Kishimoto et al., 2003). Also some studies 

showed that loss of MKK7 in fibroblasts cells leads to increase proliferation suggesting a 
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role for this kinase in negatively regulating growth (Wada and Penninger, 2004). Similarly to 

MKK4, phospho-MKK7 dramatically increased within 1.5 hours post CD40 ligation in both 

CRC cell lines. MKK7 expression was readily detectable  in SW480-CD40 at 3, 6, 24 hours 

post CD40 ligation, while in the HCT116 cells it decreased 6 hours post CD40 ligation 

(Figure 4.5). Therefore these findings demonstrate for the first time that CD40 ligation 

induces activation of both MKK4 and MKK7 in CRC cells.   

 

4.4 Expression of JNK and p38 MAPK during CD40-mediated 

apoptosis in CRC cells 

MAP kinases are activated through phosphorylation by MAP kinase kinases (MKK or 

MAP2K) which themselves are stimulated by MAP kinase kinase kinase (MAP3K) located 

most upstream (see Figure 1.24); for example, JNK is primarily activated by two upstream 

kinases MKK4 and MKK7 (Weston and Davis, 2002, Dhanasekaran and Reddy, 2008, 

Kyriakis and Avruch, 2012).. Activated JNK stimulates the transcription factor c-Jun, which 

can then form the complex of transcription factors AP-1 (complex transcription-factor 

activator protein) by homodimerization or heterodimerization by partnering with another 

family member factors Jun and Fos transcription. AP-1 has a ubiquitous distribution and 

controls, the expression of metalloproteinases (MMP), inflammatory cytokines etc. The 

same activation cascades exist for the other two MAPK: MEK1 and MEK2 activate ERK1 

and ERK2 as MKK3 / 6 activate p38 MAP kinase. The activation of MAPK is closely 

controlled (temporally and spatially) in each cell and its inactivation is dependent on serine / 

threonine phosphatase, tyrosine phosphatase, and dual specificity phosphatases (dual-

specificity phosphatases; DUSP).  

As mentioned above, CD40 ligation by mCD40L has been shown to activate JNK in 

UCC cells (Georgopoulos et al., 2006), whilst a number of previous studies have reported 

that activation of the JNK pathway is usually associated with the regulation of cell death 

(Sabapathy and Wagner, 2004, Johnson and Lapadat, 2002b). Furthermore, activation of 

the p38 pathway is also generally associated with the activation of transcription factors and 

protein kinases involved in the regulation of differentiation and inflammatory response and 

also cell death (Zhang and Liu, 2002). This study aimed to decipher whether JNK and/or 

p38 (collectively known as stress activated protein kinases) were activated during CD40 

mediated apoptosis in CRC cells. Immunoblotting demonstrated that JNK phosphorylation 
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occurs within1.5 hours post CD40 ligation for HCT116 then this expression was attenuated 

after 6 hours (Figure 4.6). By contrast, in SW480-CD40 cells there was rapid JNK 

phosphorylation occurring within 1.5 hours, which was sustained until peaking at 12 hours 

post mCD40L treatment (Figure 4.6). Also by immunoblotting, expression of activated p38 

MAPK was shown in both CRC cell lines. The detection of p-p38 following CD40 ligation 

was rapid, increasing in HCT116 and SW480-CD40 within 1.5 hours after mCD40L-CD40 

interaction, and in both cases reaching maximal expression at 12 hours (Figure 4.7). 
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Figure 4. 4 The activation of MKK4 following CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (3, 6, 12 and 24 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine, in 
10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer and 
protein concentration determined. Whole lysates, following normalisation on the basis of CK8 and 
CK18 expression (see chapter 3) were separated under denaturing conditions by SDS-PAGE using 
4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The membrane was 
probed for overnight at 4ºC with primary polyclonal antibody (anti-p-MKK4) in TBS/Tween 0.1% 
(1:500 dilution) and then with an anti-CK8 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 
dilution). The membrane was then incubated for one hour with secondary antibody [goat anti-rabbit 
IgG IRDye 680 (1:5000 dilution)] for MKK4 detection and with goat anti-mouse antibody IgG IRDye 
680 (1:10000 dilution) for CK8 and CK18. Antibody binding was visualised at 700nm and 800nm 
using an OdysseyTM Infra-red Imaging system (CK8 and CK18 were used as loading controls). 

Key:   NH: 3T3Neo co-cultured with HCT116                 LH: 3T3CD40L cocultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40      LS: 3T3CD40L cocultured with SW480-CD40 
            L: 3T3CD40L           
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Figure 4. 5 The activation of MKK7 following CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (3, 6, 12 and 24 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine, in 
10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer and 
protein concentration determined. Whole lysates, following normalisation on the basis of CK8 and 
CK18 expression (see chapter 3) were separated under denaturing conditions by SDS-PAGE using 
4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The membrane was 
probed for overnight at 4ºC with primary polyclonal antibody (anti-p-MKK7) in TBS/Tween 0.1% 
(1:500 dilution) and then with an anti-CK8/18 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 
dilution). The membrane was then incubated for one hour with secondary antibody [goat anti-mouse 
IgG IRDye 680 (1:10,000 dilution)] for MKK7 detection and with goat anti-mouse antibody IgG IRDye 
680 (1:10000 dilution) for CK8/18 and CK18. Antibody binding was visualised at 700nm and 800nm 
using an OdysseyTM Infra-red Imaging system (CK8/18 and CK18 were used as loading controls). 

Key:  NH: 3T3Neo co-cultured with HCT116            LH: 3T3CD40L cocultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40     LS: 3T3CD40L cocultured with SW480-CD40 
            L: 3T3CD40L                                     
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Figure 4. 6 The activation of JNK following CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, 12 and 24 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine, 
in 10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer 
and protein concentration determined. Whole lysates, following normalisation on the basis of CK8 
and CK18 expression (see chapter 3) were separated under denaturing conditions by SDS-PAGE 
using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The membrane 
was probed for overnight at 4ºC with primary monoclonal antibody (anti-p-JNK) in TBS/Tween 0.1% 
(1:500 dilution) and then with an anti-CK18 and anti-CK8/18 antibody in TBS/Tween 0.1% (1:2000 
dilution). The membrane was then incubated for one hour with secondary antibody [goat anti-mouse 
IgG IRDye 680nm (1:10,000 dilution)] for p-JNK detection and with goat anti-mouse antibody IgG 
IRDye 680 (1:10000 dilution) for CK18 and CK8/18. Antibody binding was visualised at 700nm using 
an OdysseyTM Infra-red Imaging system (CK8/18 and CK8 were used as loading controls). 

Key:  NH: 3T3Neo co-cultured with HCT116            LH: 3T3CD40L cocultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 
           S: SW480-CD40 
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Figure 4. 7 The activation of p38 following CD40 ligation   

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells /dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, and 12 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine in 
10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer and 
protein concentration determined. Whole lysates, following normalisation on the basis of CK8 and 
CK18 expression (see chapter 3) were separated under denaturing conditions by SDS-PAGE using 
4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membranes. The membrane was 
probed for overnight at 4ºC with primary monoclonal antibody (anti-p-p38) in TBS/Tween 0.1% (1:500 
dilution) and then with an anti-CK8 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody [goat anti-rabbit IgG IRDye 
800nm (1:10,000 dilution)] for p-p38 detection and with goat anti-mouse antibody IgG IRDye 680 
(1:10000 dilution) for CK8 and CK18. Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system (CK8 and CK18 were used as loading controls). 

Key:   NH: 3T3Neo co-cultured with HCT116         LH: 3T3CD40L cocultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40  LS: 3T3CD40L cocultured with SW480-CD40 
            L: HCT116                                                            S: SW480-CD40 

  

A 

B 



 
 

153 
 

4.5 mCD40L-induces activation of the extrinsic pathway of 

apoptosis: induction of the TRAIL pathway 

 

Earlier studies have reported that CD40-mediated apoptosis of some types of 

carcinoma cells may involve up-regulation of death receptors and ligands, specifically FasL 

and TRAIL (Eliopoulos et al., 2000), thus implying a CD40 signalling cross-talk with the 

extrinsic pathway for the induction of cell death in come cell types. Yet, no such finding was 

reported in UCC cells where a direct intrinsic pathway of apoptosis has previously been 

reported (Georgopoulos et al., 2006). Immunoblotting experiments showed that CD40 

ligation mediates rapid induction of the death ligand TRAIL within 1.5 hours in CRC cell 

lines. This expression of TRAIL continued at 3, 6, and 12 hours post ligation (Figure 4.8).  In 

contrast to the TRAIL observation, a FasL specific antibody was unable to detect induction 

of FasL expression for the same series of time points (Figure 4.9). Interestingly, when 

TRAIL receptor expression was also examined, TRAIL-RII (DR5) was found to be 

upregulated at 3 and 6 hours in both CRC cell lines (Figure 4.10).  

As these findings implied a cross-talk mechanism, the cleavage of Bid was also 

investigated. To detect the cleavage of Bid in vitro, a specific polyclonal antibody was used, 

and the results showed that, when HCT116 cells were treated with mCD40L to induce 

apoptosis, Bid was cleaved to t-Bid a truncated form known to induce apoptosis by 

mitochondrial cross-talk and by facilitating Bak/Bax activation. The cleavage of Bid occurred 

in the early stage of apoptosis in HCT116 (1.5 hours) (Figure 4.11). For unknown reasons 

SW480-CD40 showed no presence of t-Bid (not shown), however the functional significance 

of Bid cleavage was explored and confirmed in HCT116 cells, following the completion of 

this thesis, using a Bid-specific shRNA (see general Discussion). 
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4.5.1 mCD40L-mediated induction of TRAIL and FasL in CRC cells does not 

occur in a paracrine/juxtacrine fashion 

As TRAIL was detected to be upregulated, its functional significance in CD40-mediated 

apoptosis was addressed. For this purpose, CytoTox-Glo assays were performed with CRC 

cells treated with mCD40L in the presence of antagonistic antibodies RIK2 and NOK-1, 

which block TRAIL and FasL, respectively. The blocking antibodies had no effect on 

mCD40L-induced apoptosis at 10µg/ml in both cell lines and levels of apoptosis remained 

significant (p>0.05) (Figure 4.12). A previous study by Steele et al from our laboratory 

showed that the RIK2 antibody efficiently blocks TRAIL-mediated apoptosis when soluble 

preperations of TRAIL are applied to carcinoma cells (Steele et al., 2006). The lack of any 

reduction in CD40-mediated apoptosis in the presence of RIK2 implies that during CD40-

mediated apoptosis, TRAIL is possibly cytotoxic via an autocrine, but not 

paracrine/juxtacrine mechanism. In support of this, we confirmed also lack of surface TRAIL 

expression (following the completion of this thesis, using flow cytometry – Chris Dunnill 

unpublished observations). Following the completion of this thesis we also used a TRAIL 

siRNA to fully decipher whether TRAIL ligand was playing a functional role in CD40 

mediated apoptosis (see general discussion). As for blocking of FasL by using NOK1 

monoclonal antibody, co-culture with mCD40L cells and FasL blocking antibody (NOK1) as 

would be expected did not block apoptosis in HCT116 and SW480-CD40 (p>0.05) as shown 

in Figure 4.12.  
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Figure 4. 8 Induction of TRAIL expression by CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish, and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, and 12 hours) in DR 5% FCS and 1% LG in 10cm2 culture dishes. After each of 
incubation time, cells were lysed using 2x SDS-lysis buffer and protein concentration determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membranes. The membrane was probed for overnight at 4ºC with 
primary polyclonal antibody (anti-TRAIL) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-
CK8 antibody for HCT116 and anti-CK18 for SW480-CD40 in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 
(1:10000 dilution) for TRAIL detection and with goat anti-mouse antibody IgG IRDye 680 (1:10000 
dilution) for CK8 and CK18. Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system (CK8 and CK18 were used as loading controls).    

Key:   NH: 3T3Neo co-cultured with HCT116           LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40   LS:3T3CD40L cocultured with SW480-CD40 
            L: HCT116                                                             S: SW480-CD40 
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Figure 4. 9 Induction of FasL expression by CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, and 12 hours) in DR 5% FCS and 1% LG in 10cm2 culture dishes. After each of 
incubation time, cells were lysed using 2x SDS-lysis buffer and protein concentration determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membranes. The membrane was probed for overnight at 4ºC with 
primary polyclonal antibody (anti-FasL) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-
CK8 antibody for HCT116 and SW480-CD40 in TBS/Tween 0.1% (1:2000 dilution). The membrane 
was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 (1:10000 
dilution) for FasL detection and with goat anti-mouse antibody IgG IRDye 680 (1:10000 dilution) for 
CK8. Antibody binding was visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging 
system (CK8 was used as loading control).    

Key:  NH: 3T3Neo co-cultured with HCT116          LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40  LS:3T3CD40L cocultured with SW480-CD40 
            L: HCT116                                                             S: SW480-CD40 
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Figure 4. 10 Induction of TRAIL-R2 (DR5) expression in CRC Cells by CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, and 12 hours) in DR 5% FCS and 1% LG in 10cm2 culture dishes. After each of 
incubation time, cells were lysed using 2x SDS-lysis buffer and protein concentration determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membranes. The membrane was probed for overnight at 4ºC with 
primary polyclonal antibody (anti-DR5) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 
and CK18 for HCT116 for SW480-CD40 antibody in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 
(1:10000 dilution) for TRAIL-R2 (DR5) detection and with goat anti-mouse antibody IgG IRDye 680 
(1:10000 dilution) for CK8. Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system (CK8 and CK18 were used as loading controls).    

Key:   NH: 3T3Neo co-cultured with HCT116             LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40     LS: 3T3CD40L cocultured with SW480-CD40 
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Figure 4. 11 Induction of t-Bid expression by CD40 ligation 

HCT116 (H) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 MMC treated fibroblasts 
3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated time points (1.5, 3, 6, 
and 12 hours) in DR 5% FCS and 1% LG in 10cm2 culture dishes. After each of incubation time, cells 
were lysed using 2x SDS-lysis buffer and protein concentration determined. Whole lysates, following 
normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated by under 
denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a 
PVDF membranes. The membrane was probed for overnight at 4ºC with primary polyclonal antibody 
(anti-t-Bid) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 in TBS/Tween 0.1% 
(1:2000 dilution). The membrane was then incubated for one hour with secondary antibody goat anti-
rabbit IgG IRDye 800 (1:10000 dilution) for t-Bid detection and with goat anti-mouse antibody IgG 
IRDye 680 (1:10000 dilution) for CK8. Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system (CK8 was used as loading control).    

Key:   NH: 3T3Neo co-cultured with HCT116              LH: 3T3CD40L cocultured with HCT116 
             L: 3T3CD40L 
  

NH NH NH NH LH LH LH L 

12h 1.5h 

LH 

6h 3h 

HCT116 

t-Bid 

Ck8/18 

KDa 

15 

48/52 

 Time (h) 
 

 

 



 
 

159 
 

 

 

 

Figure 4. 12 Effect of blocking antibodies NOK1 and RIK2 on CD40-mediated apoptosis 

1x104 CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 MMC treated 3T3CD40L 
and 3T3Neo fibroblasts in 96 well plates in DR medium supplemented with 5% FCS and L-glutamine 
± 10 µg/ml  of NOK1 and RIK2 (or isotype control IgG mAb) to block FasL and TRAIL respectively. 
After 24 hour, apoptosis was measured by CytoTox-Glo assay. 50µl of substrate was added, 
luminescence measured (as described in the Materials and methods) and background-corrected 
relative luminescence unit (RLU) readings deduced by pair-wise subtraction of mCD40L and Control 
cell from the respective Co-cultures.Panel A and B show fold change against control and antibodies 
were blocked the ligands (TRAIL and FasL) in co-cultures for both HCT116 and SW480-CD40 
compared with control. Data shows no significant differences in both cell lines (HCT116 and SW480-
CD40). Bars show mean ± SD of 4-5 replicates and results are representative of three experiments. 
Results are presented as fold change and calculated as described in chapter 2. (Non-significant; 
p>0.05 
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4.6 CD40-mediated apoptosis involves both intrinsic and extrinsic 

mechanisms 

Previous studies in UCC cells reported that CD40 ligation activates apoptosis via 

activation of caspase-9 but not caspase-8 (Georgopoulos et al., 2006). In this project, 

functional investigations of caspases were performed using biochemical caspase inhibitors. 

CytoTox-Glo apoptosis assays were performed in mCD40L-treated HCT116 cells in the 

presence of caspase-8, -9, -10 inhibitors (Z-IETD, Z-LEHD, and Z-VEVD respectively) as 

well as pan-caspase inhibitor (z-VAD). Notably, inhibition of caspase-9 resulted in dramatic 

attenuation of apoptosis. Apoptosis of CRC cells (HCT116) following co-culture with 

mCD40L cells was also nearly completely blocked by the pan-caspase inhibitor z-VAD 

confirming that CD40-mediated apoptosis in CRC cells is caspase-dependent. More 

specifically, inhibitors of caspases 9 and 10 (Z-LEHD and Z-VEVD, respectively) caused 

less marked yet highly significant reductions in apoptosis (Figure 4.13) whereas a caspase-

8 inhibitor (Z-IETD) had no effect on cell death in HCT116 at all (Figure 4.14).  

 

It is well established that Bak and Bax regulate apoptotic cell death by facilitating 

MOMP, subsequent cytochrome c release and activation of caspase-9 during the intrinsic 

pathway (Kroemer et al., 2007). Because of this, we examined expression of Bak and Bax 

following CD40 ligation in CRC cells. In what would support an intrinsic mediated 

mechanism of cell apoptosis, it was found that CD40 engagement caused the marked and 

rapid induction of Bak within 3, 6, 12, and 24 hours in HCT116. In SW480-CD40 this 

occurred even faster than 3 hours (1.5 hours) and continued gradually increased expression 

at 6 to 12 hours (Figure 4.15). Also Bax protein expression was detected in HCT116 within 6 

hours post interaction with mCD40L and this continued at 12 and 24 hour time points. In 

contrast with SW480-CD40 has rapid expression of Bax at 1.5 and this gradually increased 

following CD40 ligation (Figure 4.16). 

We also next examined whether apart from an increase in Bak/Bax expression there 

was induction of MOMP and release of cytochrome c. mCD40L-treated HCT116 and 

SW480-CD40 cells tested 6 hours post-ligation (as this is when optimal Bak and Bax 

expression was detected – see figures 4.15 and 4.16) and then the mitochondrial and 

cytosolic fractions were separated as described in section 2.13.2 in the Methods.  Further, 

fractions for control and mCD40L treated cells were screened for mitochondrial cytochrome 
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c, mitochondrial Bcl-2 and cytoplasmic GAPDH through immunoblotting (Figure 4.17). 

mCD40L caused CRC cells to induce MOMP and cytochrome c release into their cytoplasm 

thus confirming a role for the mitochondria in the induction of CD40-mediated apoptosis. 

This is in agreement with previous studies in UCC cells that demonstrated that CD40 

engagement by mCD40L induces expression of the pro-apoptotic molecules Bak and Bax, 

whilst down-regulating anti-apoptotic Bcl-2 protein (Bugajska et al., 2002). 
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Figure 4. 13 Effect of caspase -9 and -10 inhibition on CD40 ligation by mCD40L   

1x104 cells/well CRC cells (HCT116) were co-cultured with1x104 cells/well MMC treated 3T3CD40L 
and 3T3Neo fibroblasts in 96 well plates in DR /5% FCS / L-glutamine ± 100µM of caspase -9 (Z-
LEHD-FMF) or -10 (Z-AEVD-FMK) inhibitor and general caspases inhibitor (z-VAD). After 24 hour at 
37ºC / 5% CO2, apoptosis was measured by CytoTox-Glo assay.  50µl of substrate was added, 
luminescence measured (as described in the Materials and methods) and background-corrected 
relative luminescence unit (RLU) readings deduced by pair-wise subtraction of mCD40L and Control 
cell from the respective Co-cultures. Figure shows fold change against control and caspase -9 and -
10 inhibitor inhibit apoptosis in HCT116. Bars show mean fold change of apoptosis ± SD of 4-5 
replicates and results are representative of three experiments. Stats: ** P<0.01, paired student t-test, 
HCT116 compared with control cells. 
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Figure 4. 14 Effect of caspase -8 inhibition on CD40 ligation   

1x104 cells/well CRC cells (HCT116) were co-cultured with1x104 cells/well MMC treated 3T3CD40L 
and 3T3Neo fibroblasts in 96 well plates in DR /5% FCS / L-glutamine ± 100µM of caspase -8 
inhibitor (Z-IETD-FMK) inhibitor and general caspases inhibitor (z-VAD) used as positive control. 
After 24 hour at 37ºC / 5% CO2, apoptosis was measured by CytoTox-Glo assay.  50µl of substrate 
was added, luminescence measured (as described in the Materials and methods) and background- 
corrected relative luminescence unit (RLU) readings deduced by pair-wise subtraction of mCD40L 
and Control cell from the respective Co-cultures. Results show fold change against control and 
caspase -8 inhibitor did not inhibit apoptosis and there is no significant difference between control 
and caspase -8 inhibitor. Bars show mean fold change of apoptosis ± SD of 4-5 replicates and results 
are representative of three experiments. Stats:  NS p>0.07/ ***p<0.001, paired student t-test, 
HCT116 compared with control cells. 
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Figure 4. 15 The activation of Bak following CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, 12 and 24 hours) in DR / 5%FCS / 1%L-glutamine in 10cm2 culture dishes. 
After each of incubation time, cells were lysed using 2x SDS-lysis buffer and protein concentration 
determined. Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see 
chapter 3) were separated under denaturing conditions by SDS-PAGE using 4 -12% (w/v) Bis-Tris 
gels and then immunoblotted onto a PVDF membrane. The membrane was probed for overnight at 
4ºC with primary monoclonal antibody (anti-Bak) in TBS/Tween 0.1% (1:500 dilution) and then with an 
anti-CK8/18 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 dilution). The membrane was then 
incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 (1:10000 dilution) for 
Bak detection and with goat anti-mouse antibody IgG IRDye 680 (1:10000 dilution) for CK8/18 and 
CK8/18. Antibody binding was visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging 
system (CK8/18 and CK18 were used as loading controls).    

Key:  NH: 3T3Neo co-cultured with HCT116             LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 
            L: 3T3CD40L   
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Figure 4. 16 The activation of Bax following CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 
MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time points (1.5, 3, 6, 12 and 24 hours) in DR / 5%FCS / 1%L-glutamine in 10cm2 culture dishes. 
After each of incubation time, cells were lysed using 2x SDS-lysis buffer and protein concentration 
determined. Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see 
chapter 3) were separated under denaturing conditions by SDS-PAGE using 4 -12% (w/v) Bis-Tris 
gels and then immunoblotted onto a PVDF membrane. The membrane was probed for overnight at 
4ºC with primary monoclonal antibody (anti-Bax) in TBS/Tween 0.1% (1:500 dilution) and then with an 
anti-CK8/18 and anti-CK18 antibody in TBS/Tween 0.1% (1:2000 dilution). The membrane was then 
incubated for one hour with secondary antibody goat anti-mouse IgG IRDye 680 (1:10000 dilution) for 
Bax detection and with goat anti-mouse antibody IgG IRDye 680 (1:10000 dilution) for CK8/18 and 
CK8/18. Antibody binding was visualised at 700nm using an OdysseyTM Infra-red Imaging system 
(CK8/18 and CK18 were used as loading controls).    

Key:   NH: 3T3Neo co-cultured with HCT116            LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 
            L: 3T3CD40L 
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Figure 4. 17 Induction of MOMP by mCD40L in CRC cells 

HCT116 cells (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 
3x106 cells/dish MMC treated fibroblast cells 3T3-Neo (N) or 3T3-CD40L (L). Co-cultured cells were 
incubated for 6 hours, in DR /5% FCS and 1% LG, in 10cm2 culture dishes. After incubation, cells 
were harvested by trypsinisation and processed accordingly to the manufacturer‘s protocol (Merck 
mitochondrial isolation kit see section 2.11.2). After that protein concentration determined. 
Cytoplasmic and mitochondrial fraction were separated under denaturing conditions by SDS-PAGE 
using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The membrane 
was probed for overnight at 4ºC with primary polyclonal antibody; an anti-Cytochrome C) in 
TBS/Tween 0.1% (1:500 dilution), anti-GAPDH antibody in TBS/Tween 0.1% (1:1000 dilution) and 
anti-Bcl-2 antibody in TBS/Tween 0.1% (1:500 dilution). The membrane was then incubated for one 
hour with goat anti-rabbit IgG Alexa 800 (1:10000 dilution) to detection of Cytochrome C and one 
hour with goat anti mouse to detect both GAPDH and Bcl2 (loading controls for cytosolic and 
mitochondrial fractions respectively). Antibody binding was visualised at 700nm and 800nm using an 
OdysseyTM Infra-red Imaging system.  

 Key;  NH: 3T3Neo co-cultured with HCT116             LH: 3T3CD40L co-cultured with HCT116 
             NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L co-cultured with SW480-CD40 
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4.7 Use of shRNA-based RNAi by retrovirus-mediated delivery to 

study the functional role of intracellular mediators in CD40-

mediated apoptosis 

Short-hairpin RNAs (shRNAs) are a form of RNA interference (RNAi) and are used 

as a mechanism to specifically knockdown proteins of interest (Rao et al., 2009). A panel of 

retroviral shRNA expression vectors were prepared (Section 2.7.1) for the stable knockdown 

of proteins of interest for functional studies, including TRAF3 (below) and Bax. Replication-

incompetent retroviral particles were used to transduce the target CRC cell line HCT116 (as 

explained in section 2.8.4). For selection of stable shRNA HCT116 expressers, puromycin 

antibiotic selection was used, as the viral expression cassette comprises a puromycin 

resistance gene (section 2.7.2).  

 

The CellTiter 96® AQueous One Solution Cell Proliferation assay (section 2.9.2) was 

used to perform titration experiments to determine adequately cytotoxic concentrations of 

puromycin for selection of antibiotic-resistant cell populations, following viral transductions. 

This proliferation assay involves the use of MTS tetrazolium (yellow) which is reduced to a 

formazan derivative (brown) by respiring cells. The increased absorbance at 492nm occurs 

due to the colour change induced by viable cells as they produce electron coupling reagents 

such as NADH that reduce a formazan substrate (yellow-brown). Following the combination 

of results from such pre-titration experiments (Figure 4.18) and routine phase contrast 

microscopic examination during antibiotic treatment, it was found that a concentration of 

0.25µg/ml of puromycin concentration effectively perished non-transduced control HCT116 

cells after several days, whilst allowing the proliferation of their virally-transduced 

counterparts. Figure 4.19 shows representative results for experiments involving HCT116 

transduction with a retrovirus expressing TRAF3 shRNA (to be discussed in detail in 

subsequent sections).  
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4.7.1 The role of TRAF3 in CD40-mediated apoptosis 

After retroviral transduction for the expression of an shRNA for knockdown of TRAF3 

(Table 2.4), HCT116 cells were selected in puromycin as previously described (section 

4.1.1); for the purposes of this thesis, HCT116 derivatives bearing the TRAF3 shRNA will be 

termed TRAF3-KD cells. The ability of the designed shRNAs to knockdown TRAF3 protein 

expression in TRAF3-KD cells was confirmed by immunoblotting (Figure 4.20). 

Densitometric analysis was also used to confirm that, the expression of TRAF3 was reduced 

after 1.5 and 3 hours CD40 ligation compared with control as illustrated in Table 4.1 and 

Figure 4.21.   

 

As TRAF3 protein is induced only when CD40 was engaged by mCD40L to give a 

pro-apoptotic signal in UCC cells (Georgopoulos et al., 2006) it was next determined 

whether this is the case in CRC cell lines. Results demonstrated that TRAF3-KD cells had a 

significant reduction (P<0.05) of apoptosis compared with HCT116 as determined by 

CytoTox-Glo assays (Figure 4.22). This was further confirmed using the caspase-3/7 

activation-based apoptosis assay, where TRAF3 knockdown led to a significant reduction 

(P<0.05) also in caspase-3/7 activity (Figure 4.23).  
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Figure 4. 18 HCT116 and TRAF3-KD cell proliferation following treatment with a range of 
puromycin concentrations  

1x104 HCT116-TRAF3-KD and HCT116 cells were seeded in 96 well plates and then treated with the 
indicated concentrations of puromycin antibiotic in DR/5%FCS/1%L-G for 24 hours. 20µl of CellTiter 
96® AQueous One Solution was added to appropriate wells and plates were incubated at 37°C in 5% 
CO2 for a total of four hours. To assess cell viability, total levels of formazan formation were 
measured using a FLUOstar OPTIMA (BMG Labtech) plate reader at a wavelength of 492nm. Bars 
correspond to mean absorbance values of 5-6 technical replicates ± SEM and results are 
representative of three independent experiments.  
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Figure 4. 19 Antibiotic (Puromycin) selection of transduced HCT116 cells with TRAF3 shRNA-expressing retrovirus 

 Transduced and non-transduced HCT116 cells were cultured in DR/5%FCS/1%L-G supplemented with 0.25µg/ml puromycin compared 
with non-treated cells as control (the transduced cells shown here are cells in which an anti-TRAF3 shRNA is expressed, denoted TRAF3-KD). 
HCT116 were also cultured with DR/5%FCS/1%L-G alone to demonstrate their normal growth pattern (Control). Note non-resistant HCT116 
perish from the flask within 24 hours, however resistant cell populations continue to proliferate. Images are representative phase contrast 
micrographs (taken at 100x magnification).  

                           TRAF3-KD (0.25µg/ml)                       HCT116 (0.25µg/ml) 
    

                                                                           
 
                                                                                     Control (No antibiotic) 
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Figure 4. 20 The effect of TRAF3 knockdown on the regulation of TRAF3 expression following 
CD40 ligation  

3x106 control HCT116 cells (H) and HCT116 cells expressing TRAF3 shRNA (TRAF3-KD) were co-
cultured with 3x106 MMC treated mCD40L (L) and Controls (N) for 1.5 and 3 hours in DR / 5%FCS / 
1%L-glutamine in 10cm2 culture dishes in order to lyse with 2X SDS-lysis buffer. Whole lysates, 
following normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated 
under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted 
onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary polyclonal 
antibody (anti-TRAF3) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 antibody in 
TBS/Tween 0.1% (1:2000 dilution). The membrane was then incubated for one hour with secondary 
antibody [goat anti-rabbit IgG IRDye 800nm (1:10000 dilution)] for TRAF3 detection and with goat 
anti-mouse antibody IgG IRDye 680 (1:10000 dilution) for CK8 (used as loading control).  

Key:  NH: 3T3Neo co-cultured with HCT116           LH: 3T3CD40L cocultured with HCT116 
            L: 3T3CD40L         
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Table 4. 1 Densitometric analysis to calculate fold change in TRAF3 protein expression 

Densitometry was used to normalise data using Cytokeratin 8 as the loading Control. Readings 
represent band intensity values generated by the LiCor Odyssey analysis software. Data was 
normalised against densitometry values for Controls and then fold change was calculated by the 
following equation: mCD40L/HCT116 ÷ Control/HCT116. BC - blank corrected. The table above is 
representative of the values obtained from the blot shown in Figure 4.20. 

 

 

 

Figure 4. 21 Densitometric analysis to calculate fold change in TRAF3 protein expression 
following shRNA-mediated knockdown 

Densitometry was used to normalise data using Cytokeratin 8 as the loading Control. Readings 
represent band intensities values generated by the LiCor Odyssey analysis software. Data was 
normalised against densitometry values for Controls and then fold change was calculated by the 
following equation (mCD40L/HCT116 ÷ Control/HCT116). BC - blank corrected. The table above is 
representative of values shown in Figure 4.20. 
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Figure4. 22 Effect of shRNA-mediated TRAF3 knockdown on CD40-induced apoptosis  

1x104 colorectal cancer cells (HCT116 and TRAF3-KD cells) were cocultured with 1x104 MMC 
treated 3T3CD40L (mCD40L)  and 3T3Neo (control) in white 96 well plates in DR medium 
supplemented with 5% FBS and 1%  L-glutamine. After 24 hours of coculter, CytoTox-Glo test was 
used to detect apoptosis in colorectal cancer cells (HCT116) as discribed in chepter 2 (Materials and 
Methods). Background corrected RLU readings deduced by substraction of mCD40L from coculture 
[(3T3CD40L + HCT116) – 3T3CD40L] and control [(3T3Neo + HCT116) -3T3Neo]. Bars show mean 
flod change of apoptosis ± S.D of 4 to 6 replicates and results are representative of three 
experiments. Results show significant differences between HCT116/3T3CD40L versus TRAF3-
KD/3T3CD40L indicated by **p<0.01 for HCT116 cells and TRAF3-KD cells.  
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Figure 4. 23 Effect of TRAF3 protein knockdown on caspase-3 and -7 activation during CD40-
mediated apoptosis  

1x104 HCT116 and TRAF3-KD cells were co-cultured with 1x104 MMC treated mCD40L or Controls in 
DR medium supplemented with 5% FCS and 1%L-glutamine in white 96-well plates. 50µl of 
SensoLyte 3/7 substrate  was added after 48 hours, fluorescence measured (as described in the 
Materials and methods) and background-corrected reletive fluorescence unit (RFU) readings 
deduced by pair-wise subtraction of mCD40L and Control values from respective co-cultures. Bars 
show mean fold change of caspase 3 and 7 activity ± S.D of 4 to 6 replicates and results are 
representative of three experiments. Stats: ** p<0.01, paired student t-test, HCT116 compared with 
knockdown cells. 
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4.7.2 Role of TRAF3 in the induction of JNK and p38 MAPK 

Previous studies on CD40-induced p38 (Sutherland et al., 1996, Salmon et al., 1997) 

and JNK (Elmetwali et al., 2010b, Georgopoulos et al., 2006, Li et al., 1996) activation 

indicated that CD40 may induce TRAF3-mediated activation of the kinase activities of these 

MAPKs protein. Moreover, TRAF3 appeared to play a critical role in CD40-induced up-

regulation of a variety of signal transduction mediators. 

TRAF3-KD cells were first used to investigate whether TRAF3 regulated 

downstream JNK activation during CD40-mediated apoptosis. As shown in Figure 4.24, 

TRAF3–KD cells had reduced activation of JNK within 3 and 6 hours post CD40 ligation 

compared with HCT116. Also, the results showed that TRAF3 regulates the expression of 

p38 at 6 hours post CD40 ligation as TRAF3 knockdown abolished the p38 phosphorylation 

normally observed in the HCT116 cells (Figure 4.25). These findings demonstrated for the 

first time a critical role for TRAF3 in the activation of p38 and particularly JNK.  

4.7.3 Role of TRAF3 in the expression of Bax  

As CD40 ligation by mCD40L causes the expression of Bax and because UCC cells 

following TRAF3 knockdown have decreased mCD40L susceptibility (Georgopoulos et al., 

2006), it was hypothesised that TRAF3 stabilisation may also regulate Bax expression. 

TRAF3-KD cells were used to explore this possibility. Results demonstrated conclusively 

that TRAF3-mediated signalling regulates the expression of pro-apoptotic regulator Bax, as 

TRAF3 knockdown completely abrogated the Bax expression that is normally seen in 

HCT116 (Figure 4.26). The complete inhibition of CD40-mediated Bax protein induction by 

TRAF3 knockdown suggested that loss of TRAF3 interferes with the induction of apoptosis 

in CRC cells.   
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Figure 4. 24 The role of TRAF3 knockdown on p-JNK  following CD40 ligation  

3x106 CRC cells [HCT116 (H)] and HCT116 cells expressing TRAF3 sh RNA (TRAF3-KD) were co-
cultured with 3x106 MMC treated mCD40L (L) and Controls (N) for 3 and 6 hours in DR / 5%FCS / 
1%LG in 10cm2 culture dishes in order to lyse with 2X SDS-lysis buffer. Whole lysates, following 
normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated under 
denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a 
PVDF membrane. The membrane was probed for overnight at 4ºC with primary monoclonal 
antibody/goat anti-mouse antibody (anti-p-JNK) in TBS/Tween 0.1% (1:500 dilution) and then with an 
anti-CK8 antibody in TBS/Tween 0.1% (1:2000 dilution). The membrane was then incubated for one 
hour with secondary antibody [goat anti-mouse IgG IRDye 680 (1:10000 dilution)] for p-JNK detection 
and membrane was incubated with goat anti-mouse antibody IgG IRDye 680 (1:10000 dilution) for 
CK8 (used as loading control).  

Key:  NH: 3T3Neo co-cultured with HCT116         LH: 3T3CD40L cocultured with HCT116 
            L: 3T3CD40L                                                                    
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Figure 4. 25 The role of TRAF3 knockdown on p-p38 expression following CD40 ligation   

 3x106 control HCT116 cells (H) and HCT116 cells expressing TRAF3 shRNA (TRAF3-KD) were co-
cultured with 3x106 MMC treated mCD40L (L) and Controls (N) for 3 and 6 hours in DR / 5%FCS / 
1%L-glutamine in 10cm2 culture dishes in order to lyse with 2X SDS-lysis buffer. Whole lysates, 
following normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated 
under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted 
onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary polyclonal 
antibody (anti-p-p38) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 antibody in 
TBS/Tween 0.1% (1:2000 dilution). The membrane was then incubated for one hour with secondary 
antibody [goat anti-rabbit IgG IRDye 800nm (1:10000 dilution)] for p-p38 detection and with goat anti-
mouse antibody IgG IRDye 680 (1:10000 dilution) for CK8 (used as loading control).  

Key:  NH: 3T3Neo co-cultured with HCT116         LH: 3T3CD40L cocultured with HCT116 
            L: 3T3CD40L                                                                                   
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Figure 4. 26 Effect of shRNA-mediated TRAF3 knockdown on Bax induction during CD40-
mediated apoptosis  

3x106 HCT116 and TRAF3-KD and cells were co-cultured with 3x106 MMC treated mCD40L and 
Controls for 3 hours in DR/5%FCS/1%L-G and 10cm2 culture dishes prior to lysis with 2X SDS-lysis 
buffer. Whole lysates, following normalisation on the basis of CK8 expression (see chapter 3) were 
under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted 
onto a PVDF membrane. The membrane was probed overnight with an anti-Bax antibody (1:500 
dilution) and then with an anti-CK8 antibody (1:2000 dilution). The membrane was incubated for one 
hour with goat anti-mouse IgG IRDye 680 (1:10000 dilution) for the detection of CK8 (loading control) 
and Bax. Antibody binding was visualised at 700nm using an OdysseyTM Infra-red Imaging system.  

Key:  NH: 3T3Neo co-cultured with HCT116          LH: 3T3CD40L cocultured with HCT116 
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4.8 Role of JNK and p38 MAPK in CD40-mediated apoptosis in CRC 

cells 

In light of the finding above that JNK and p38 are activated in response to CD40 

ligation by mCD40L and that TRAF3 regulates apoptosis and the expression of both p38 

and particularly JNK, it was determined whether these phosphoproteins have a direct role 

on CD40-mediated apoptosis. Inhibition of both JNK by JNK inhibitor (SP600125) and p38 

by p38 MAPK inhibitor (SB202190) led to a significant reduction (P<0.001) of apoptosis in 

HCT116 and SW480-CD40 as determined by CytoTox-Glo death detection assays as 

shown in Figures 4.27 and 4.28. In addition to this, JNK inhibition significantly reduced 

(p<0.001) caspase-3/7 activity in both HCT116 and SW480-CD40 (Figures 4.29). Also the 

p38 inhibitor reduced caspase 3/7 activity during CD40-mCD40L ligation as determined by 

caspase 3/7 activity assay in both cell lines HCT116 and SW480-CD40 (Figure 4.30). The 

results showed a significant (p< 0.001) reduction of caspase 3/7 activity of SB202190 

treated cells compared with non-treated during CD40 activation.  

4.8.1 Effects of JNK and p38 inhibitors on JNK and p38 expression in CRC 

cells 

To find out the events that occur when the inhibition of JNK and p38 MAPK proteins in the 

CRC cells after mCD40L ligation by using JNK and p38 inhibitor (SP600125 and SB202190 

respectively), immunoblotting experiment was used with specific human antibodies to detect 

JNK and p38 expression. Results demonstrated that JNK inhibition by SP600125 reduced 

p-JNK expression, but did not stop p38 MAPK expression in CRC cells (HCT116 and 

SW480-CD40) within 3 and 6 hours post CD40 ligation as shown in Figures 4.31 and 4.32. 

By contrast, interestingly, inhibition of p38 by SB202190 clearly blocked not only p38 

activation but also expression of p-JNK within 3 and 6 hours post CD40L ligation in both cell 

line compared with positive control as shown in Figures 4.31 and 4.32. The significance of 

these findings remains unknown, however this result suggests that p38 may function 

upstream of JNK. 
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4.8.2 Role of JNK and p38 MAPK in the induction of TRAIL 

A possible role for JNK and/or p38 in TRAIL expression was also investigated using 

their respective inhibitors. Immunoblotting showed that CD40-mediated induction of TRAIL 

proteins in HCT116 and SW480-CD40 cells was completely inhibited by pharmacological 

inhibition of both JNK (SP600125) and p38 (SB202190). These findings imply that the 

expression of TRAIL is blocked by both inhibitors within 3 and 6 hours post CD40 ligation 

(Figure 4.33), and thus TRAIL is most likely to be transcriptionally regulated by the action of 

JNK and p38. These results suggest that SAPKs play a key role in regulation of many 

downstream pro-apoptotic events in CRC CD40 mediated apoptosis.  

 

4.8.3 Role of JNK and p38 MAPK in the induction of mitochondrial pathway 

pro-apoptotic proteins Bak and Bax 

Specific pharmacological inhibitors of JNK (SP600125) and p38 MAPK (SB202190) 

were used to inhibit apoptosis, and it was determined whether this would also prevent the 

expression of Bak and Bax in CRC cells treated with mCD40L. Both inhibitors JNK and p38 

inhibitors (SB600125 and SP202190) completely reduced Bak protein expression at 3 and 6 

hours in CRC cells as shown in Figure 4.34. Additionally, inhibition of JNK and p38 MAPK 

by SP600125 and SB202190 respectively, also significantly reduced Bax expression in 

HCT116 after CD40 ligation (Figure 4.35a). During inhibition of JNK and P38, only moderate 

inhibition of Bax protein was detected by immunoblotting in SW480-CD40 compared with 

HCT116 as shown in Figure 4.35b. Collectively however, results indicated that p38 and JNK 

play functional roles in regulation of Bak and Bax and this is in line with previous results 

showing that they also directly regulate apoptosis in this context.  
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Figure 4. 27 The effect of pharmacological inhibition of JNK on CD40-mediated apoptosis 

1x104 cells/well CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 cells/well MMC 
treated (3T3CD40L and 3T3Neo) fibroblasts in 96 well plates in DR medium supplemented with 5% 
FCS and L-glutamine ± 5µM JNK inhibitor (SP600125). After 24 hour at 37ºC/ 5%CO2, apoptosis was 
measured using the CytoTox-Glo assay. After incubation, 50µl of substrate was added to each well, 
and luminescence was measured. Background corrected RLU readings deduced by pair-wise 
subtraction of mCD40L and Control values from respective co-cultures. Panels A and B show fold 
change against control in HCT116 and SW480-CD40 cells, respectively. Bars show mean ± S.D for 
4-5 technical replicates (p<0.001) expressed as fold activity in mCD40L-treated cells versus negative 
control. Results were calculated as described in Chapter 2 (Materials and Methods). 
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Figure 4. 28 The effect of pharmacological inhibition of p38 on CD40-mediated apoptosis   

1x104 cells/well CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 cells/well MMC 
treated (3T3CD40L and 3T3Neo) fibroblasts in 96 well plates in DR medium supplemented with 5% 
FCS and L-glutamine ± 5µM p38 inhibitor (SB202190). After 24 hour at 37ºC/ 5%CO2, apoptosis was 
measured using the CytoTox-Glo assay. After incubation, 50µl of substrate was added to each well, 
and luminescence was measured. Background corrected RLU readings deduced by pair-wise 
subtraction of mCD40L and Control values from respective co-cultures. Panels A and B show fold 
change against control in HCT116 and SW480-CD40 cells, respectively. Bars show mean ± S.D for 
4-5 technical replicates (p<0.001) expressed as fold activity in mCD40L-treated cells versus negative 
control. Results were calculated as described in Chapter 2 (Materials and Methods). 
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Figure 4. 29 The effect of pharmacological inhibition of JNK on CD40-induced caspase-3/7 
activation 

1x104 cells/well CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 cells/well MMC 
treated 3T3CD40L and 3T3Neo fibroblasts in 96 well plates in DR medium supplemented with 5% 
FCS and L-glutamine ± 5µM JNK inhibitor (SP600125). After 48 hour at 37ºC/5%CO2, 50µl of 
SensoLyte 3/7 substrate was added, fluorescence measured (as described in the Materials and 
methods) and background-corrected relative fluorescence unit (RFU) readings deduced by pair-wise 
subtraction of mCD40L and Control cell from the respective co-cultures. Bars show mean fold change 
of caspase 3/7 activity ± SD of 4-5 technical replicates and results are representative of three 
experiments. Stats: ** P<0.01, paired student t-test, HCT116 compared with control cells.  
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 Figure 4. 30The effect of pharmacological inhibition of p38 MAPK on CD40-induced caspase-
3/7 activation 

1x104 cells/well CRC cells (HCT116 and SW480-CD40) were co-cultured with 1x104 cells/well MMC 
treated 3T3CD40L and 3T3Neo fibroblasts in 96 well plates in DR medium supplemented with 5% 
FCS and L-glutamine ± 5µM p38 inhibitor (SB202190). After 48 hour at 37ºC/5%CO2, 50µl of 
SensoLyte 3/7 substrate was added, fluorescence measured (as described in the Materials and 
methods) and background-corrected relative fluorescence unit (RFU) readings deduced by pair-wise 
subtraction of mCD40L and Control cell from the respective co-cultures. Bars show mean fold change 
of caspase 3/7 activity ± SD of 4-5 replicates and results are representative of three experiments. 
Stats: ** P<0.01, paired student t-test, HCT116 compared with control cells.  
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Figure 4. 31 Effect of pharmacological inhibitors of JNK and p38 on JNK phosphorylation 
following CD40 ligation  

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 

MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time periods (3, 6 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine ± 5µM 
SP600125 (JNK inhibitor) and 5 µM SB202190 (p38 inhibitor) in 10cm2 culture dishes. After 
incubation, cells were lysed using 2x SDS-lysis buffer and protein concentration was determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary 
monoclonal antibody (p-JNK) in TBS/Tween 0.1% (1:250 dilution) and then with an anti-CK8 antibody 
for HCT116 and CK18 for SW480CD40 in TBS/Tween 0.1% (1:2000 dilution). The membrane was 
then incubated for one hour with secondary antibody goat anti-mouse IgG IRDye 680 (1:10000 
dilution) for p-JNK detection and with goat anti-mouse IgG Alexa 680 (1:10,000 dilution) for the 
detection of CK18.  A shows HCT116, B shows SW480-CD40 co-culture experiments. Antibody 
binding was visualised at 700nm using an OdysseyTM Infra-red Imaging system (CK8 and CK18 were 
used as loading controls in A and B, respectively).  

Key:  NH: 3T3Neo co-cultured with HCT116             LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40       LS: 3T3CD40L cocultured with SW480-CD40 
 +ve: 3T3CD40L cocultured with CRC cells (no inhibitor)  
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Figure 4. 32 Effect of pharmacological inhibitors of JNK and p38 on p38 phosphorylation 
following CD40 ligation 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 

MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time periods (3, 6 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine ± 5µM 
SP600125 (JNK inhibitor) and 5 µM SB202190 (p38 inhibitor) in 10cm2 culture dishes. After 
incubation, cells were lysed using 2x SDS-lysis buffer and protein concentration was determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary 
monoclonal antibody (p-p38) in TBS/Tween 0.1% (1:250 dilution) and then with an anti-CK8 antibody 
for HCT116 and CK18 for SW480CD40 in TBS/Tween 0.1% (1:2000 dilution). The membrane was 
then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 (1:10000 
dilution) for p-p38 detection and with goat anti-mouse IgG Alexa 680 (1:10,000 dilution) for the 
detection of CK18.  A shows HCT116, B shows SW480-CD40 co-culture experiments. Antibody 
binding was visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging system (CK8 and 
CK18 were used as loading controls in A and B, respectively).  

  Key:  NH: 3T3Neo co-cultured with HCT116            LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40     LS: 3T3CD40L cocultured with SW480-CD40 
 +ve: 3T3CD40L cocultured with CRC cells (no inhibitor) 
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Figure 4. 33 Effect of pharmacological inhibitors of JNK and p38 on TRAIL expression during 
CD40-mediated apoptosis 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 

MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time periods (3, 6 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine ± 5µM 
SP600125 (JNK inhibitor) and 5µM SB202190 (p38 inhibitor) in 10cm2 culture dishes. After 
incubation, cells were lysed using 2x SDS-lysis buffer and protein concentration was determined. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) 
were separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary 
polyclonal antibody (anti-TRAIL) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 
antibody for HCT116 and CK18 for SW480-CD40 in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 
(1:10000 dilution) for TRAIL detection and with goat anti-mouse IgG Alexa 680 (1:10,000 dilution) for 
the detection of CK8 and CK18.  A shows HCT116, B shows SW480-CD40 co-culture experiments. 
Antibody binding was visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging system 
(CK8 and CK18 were used as loading controls in A and B, respectively).  

Key:  NH: 3T3Neo co-cultured with HCT116          LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40   LS:3T3CD40L cocultured with SW480-CD40 
 +ve: 3T3CD40L cocultured with CRC cells (no inhibitor) 
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Figure 4. 34 Effect of pharmacological inhibitors of JNK and p38 on Bak induction during CD40-
mediated apoptosis 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 

MMC treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated 
time periods (3, 6 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine ± 5µM 
SP600125 (JNK inhibitor) and 5 µM SB202190 (p38 inhibitor) in 10cm2 culture dishes. After 
incubation, cells were lysed using 2x SDS-lysis buffer and protein concentration was determined. 
Whole lysates, following normalisation on the basis of CK8 or CK18 expression (see chapter 3) were 
separated under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The membrane was probed overnight at 4ºC with primary 
polyclonal antibody (anti-Bak) in TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 
antibody for HCT116 and CK8/18 for SW480-CD40 in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody goat anti-rabbit IgG IRDye 800 
(1:10000 dilution) for Bak detection and with goat anti-mouse IgG Alexa 680 (1:10,000 dilution) for 
the detection of CK8/18. A shows HCT116, B shows SW480-CD40 co-culture experiments. Antibody 
binding was visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging system (CK8 and 
CK8/18 were used as loading controls in A and B, respectively).  

Key:  NH: 3T3Neo co-cultured with HCT116            LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40    LS: 3T3CD40L cocultured with SW480-CD40 

+ve: 3T3CD40L cocultured with CRC cells (no inhibitor) 
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Figure 4. 35 Effect of pharmacological inhibitors of JNK and p38 on Bax induction during 
CD40-mediated apoptosis 

HCT116 (H) and SW480-CD40 (S) cells were seeded at 3x106 cells/dish and co-cultured with 3x106 MMC 
treated fibroblasts 3T3-Neo (N) or 3T3-CD40L (L). Co-cultures were incubated for the indicated time 
periods (3, 6 hours) in DR 5% supplemented with 5% of FCS and 1% L-glutamine ± 5µM SP600125 (JNK 
inhibitor) and 5 µM SB202190 (p38 inhibitor) in 10cm2 culture dishes. After incubation, cells were lysed 
using 2x SDS-lysis buffer and protein concentration was determined. Whole lysates, following 
normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated under denaturing 
conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF 
membrane. The membrane was probed overnight at 4ºC with primary monoclonal antibody (anti-Bax) in 
TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 antibody for HCT116 and CK8/18 for SW480-
CD40 in TBS/Tween 0.1% (1:2000 dilution). The membrane was then incubated for one hour with 
secondary antibody goat anti-mouse IgG IRDye 680 (1:10000 dilution) for Bax detection and with goat anti-
mouse IgG Alexa 680 (1:10000 dilution) for the detection of CK8/18. A shows HCT116, B shows SW480-
CD40 co-culture experiments. Antibody binding was visualised at 700nm and 800nm using an OdysseyTM 

Infra-red Imaging system (CK8 and CK8/18 were used as loading controls in A and B, respectively).  

Key:  NH: 3T3Neo co-cultured with HCT116              LH: 3T3CD40L cocultured with HCT116 
            NS: 3T3Neo co-cultured with SW480-CD40  LS: 3T3CD40L cocultured with SW480-CD40 
 +ve: 3T3CD40L cocultured with CRC cells (no inhibitor) 
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4.9 The role of Bax in CD40-mediated apoptosis 

  4.9.1 The knockdown of Bax using shRNA-mediated RNAi  

The functional role of the pro-apoptotic mitochondrial protein Bax in CD40-mediated 

apoptosis was investigated through shRNA-mediated RNAi. HCT116 cells were transduced 

with a retrovirus expressing Bax-specific shRNA (see Table 2.4). Following the combination 

of results from pre-titration experiments (Figure 4.36) and routine phase contrast 

microscopic examination during antibiotic treatment, it was found that a concentration of 

0.25µg/ml of puromycin concentration effectively perished non-transduced control HCT116 

cells after 72 hours of treatment. These derivatives will be referred to as Bax-KD.  

Of note, an interesting observation during the preparation of the Bax knockdown cell 

line (HCT116) was that following initial selection in antibiotic (Puromycin) and establishment 

in culture, the functional knockout cells demonstrated increased growth rates in comparison 

to control cells The increased growth rates appeared to be due to attenuation of 

spontaneous, culture stress-related apoptosis in vitro (Figure 4.37).  

 

 4.9.2 Bax knockdown attenuates CD40-mediated apoptosis 

Having established the Bax-KD cells, experiments were performed to examine 

whether the induction of Bax was of functional importance in CD40 killing. The ability of the 

designed shRNAs to knockdown Bax protein expression in Bax-KD cells was confirmed by 

immunoblotting (Figure 4.38). Densitometric analysis was also used to confirm that, the 

expression of Bax was reduced after 6 hours CD40 ligation compared with control as 

illustrated in Table 4.2 and Figure 4.39.   

Using CytoTox-Glo experiment assays, it was demonstrated that Bax knockdown 

significantly (p<0.01) reduced the apoptosis in CRC cells (HCT116) compared with control 

(Figure 4.40). Moreover, the results also showed that Bax inactivation significantly (p<0.001) 

abolished the activation of caspase 3/7 activity during CD40 mediated apoptosis Figure 

4.41); these findings suggested that Bax plays an important role during CD40-mediated 

apoptosis and thus may also be used as downstream marker of apoptosis mediated by JNK 

and TRAF3.  
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Figure 4. 36 HCT116 and Bax-KD cell proliferation following treatment with a range of 
puromycin concentrations 

1x104 HCT116-Bax-KD cells/ well and HCT116 cells/well were seeded in a transparent TC treated 96 
well plate and then treated with the indicated concentrations of puromycin antibiotic in 
DR/5%FCS/1%L-G for 24 hours. 20µl of CellTiter 96® AQueous One Solution was added to 
appropriate wells and plates were incubated at 37°C in 5% CO2 for a total of four hours. To assess 
cell viability, total levels of formazan formation were measured using a FLUOstar OPTIMA (BMG 
Labtech) plate reader at a wavelength of 492nm. Bars correspond to mean absorbance values of 5-6 
technical replicates ± SEM and results are representative of three independent experiments. 
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Figure 4. 37 Antibiotic (Puromycin) selection of transduced HCT116 cells with Bax shRNA-expressing   retrovirus 

Transduced and non-transduced HCT116 cells were cultured in DR/5%FCS/1%L-G supplemented with 0.25µg/ml puromycin compared with non-
treated cells as control (the transduced cells shown here are cells in which an anti-Bax shRNA is expressed, denoted Bax-KD. HCT116 were also 
cultured with DR/5%FCS/1%L-G alone to demonstrate their normal growth pattern (Control). Note non-resistant HCT116 perish from the flask 
within 24 hours, however resistant cell populations continue to proliferate. Images are representative phase contrast micrographs (taken at 100x 
magnification). 

                          Bax-KD (0.25µg/ml)                                     HCT116 (0.25µg/ml) 

 
                                                                            Control (No antibiotic) 
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Figure 4. 38 The role of Bax knockdown in the regulation of Bax  during CD40-mediated 
apoptosis. 

3x106 control HCT116 cells (H) and HCT116 cells expressing Bax shRNA (Bax-KD) were co-cultured 
with 3x106 MMC treated mCD40L (L) and Controls (N) for 3 hours in DR / 5%FCS / 1%L-glutamine in 
10cm2 culture dishes in order to lyse with 2X SDS-lysis buffer. Whole lysates, following normalisation 
on the basis of CK8 expression (see chapter 3) were separated under denaturing conditions by SDS-
PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The 
membrane was probed overnight at 4ºC with primary monoclonal antibody (anti-Bax) in TBS/Tween 
0.1% (1:500 dilution) and then with an anti-CK8 antibody in TBS/Tween 0.1% (1:2000 dilution). The 
membrane was then incubated for one hour with secondary antibody [goat anti-rabbit IgG IRDye 
800nm (1:10000 dilution)] for Bax detection and with goat anti-mouse antibody IgG IRDye 680 
(1:10000 dilution) for CK8 (used as loading control).  

Key:  NH: 3T3Neo co-cultured with HCT116             LH: 3T3CD40L cocultured with HCT116 
            L:  3T3CD40L         
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HCT116 Bax-KD 

Time (h) 3 3 

Co-culturs NH LH NH LH 

Background band intensity 1010.23 1968.45 856.14 958.14 

CK8 BC band intensity 2245.45 2301.29 2014.58 2289.35 

Fold change 1.94852 1.11914 

 

Table 4. 2 Densitometric analysis to calculate fold change in Bax protein expression 

Densitometry was used to normalise data using Cytokeratin 8 as the loading Control. Readings 
represent band intensity values generated by the LiCor Odyssey analysis software. Data was 
normalised against densitometry values for Controls and then fold change was calculated by the 
following the equation (mCD40L/HCT116 ÷ Control/HCT116). BC - blank corrected. The table above 
is representative of the values obtained from the blot shown in Figure 4.38. 

 

 

 

  

Figure  4. 39 Densitometric analysis to calculate fold change in Bax protein expression following shRNA-
mediated knockdown 

Densitometry was used to normalise data using Cytokeratin 8 as the loading Control. Readings 
represent band intensities values generated by the LiCor Odyssey analysis software. Data was 
normalised against densitometry values for Controls and then fold change was calculated by the 
following equation (mCD40L/HCT116 ÷ Control/HCT116). BC - blank corrected. The table above is 
representative of values shown in Figure 4.38. 
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Figure 4. 40 Effect of shRNA-mediated Bax knockdown on CD40-induced apoptosis  

1x104 colorectal cancer cells/well (HCT116 and Bax-KD cells) were cocultured with 1x104 MMC 
treated 3T3CD40L (mCD40L) and 3T3Neo (control) in white 96 well plates in DR medium 
supplemented with 5% FBS and 1%  L-glutamine. After 24 hours of co-culture, the CytoTox-Glo 
assay was used to detect apoptosis in colorectal cancer cells (HCT116) as described in Chapter 2. 
Background corrected RLU readings deduced by substraction of mCD40L from coculture 
[(3T3CD40L + HCT116) – 3T3CD40L] and control [(3T3Neo + HCT116) -3T3Neo]. Bars show mean 
fold change ± S.D of 4 to 6 replicates and results are representative of three experiments. Results 
show significant differences between HCT116/3T3CD40L versus Bax-KD/3T3CD40L indicated by 
***p-value ≤0.001 for HCT116 cells and Bax-KD cells.  
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Figure 4. 41 Effect of Bax knockdown on caspase-3 and 7 activation during CD40-mediated 
apoptosis  

1x104 HCT116 and Bax-KD cells were co-cultured with 1x104 MMC treated mCD40L or Controls in 
DR medium supplemented with 5% FCS and 1%L-glutamine in white 96-well plates. 50µl of 
SensoLyte 3/7 substrate  was added after 48 hours, fluorescence measured (as described in the 
Materials and methods) and background-corrected reletive fluorescence unit (RFU) readings 
deduced by pair-wise subtraction of mCD40L and Control values from respective co-cultures. Bars 
show mean fold change of caspase 3 and 7 activity ± S.D of 4 to 6 replicates and results are 
representative of three experiments. Stats: *** p<0.001, paired student t-test, HCT116 compared with 
Bax knockdown cells. 
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4.10 Summary:  

 The main objective of this chapter was to identify the intracellular signalling 

mediators involved in CD40-induced signalling in CRC cells  

 

 Western blotting results demonstrated induction of TRAF1 in CRC cells at 6, 12 and 

24 hours following mCD40L-mediated CD40 ligation. 

 

 Dramatic and rapid induction of TRAF3 expression was observed at 1.5 hours with 

further increases at 3, 6, 12 and maximal expression occurring 24 hours post CD40 

ligation in CD40+ve CRC cell lines. 

 

 Interestingly, mCD40L-CD40 interaction caused rapid induction of TRAF6 at 1.5 

hours in CRC cell lines, however, the increase in TRAF6 expression was only 

temporary and TRAF6 expression was rapidly lost, thus indicating a transient effect.  

 

 Western blot experiments demonstrated that pro-apoptotic MAP kinases MKK4 and 

MKK7 were activated in response to mCD40L-CD40 ligation in CRC cell lines. 

 

 JNK activation (phosphorylation) occured rapidly following CD40 ligation within 1.5 

hours in CRC cell lines. 

 

 Detection of activated p-p38 following CD40 ligation was also rapid, being detectable 

in both HCT116 and SW480-CD40 cells within 1.5 hours. 

 

 The results have demonstrated that proapoptotic CD40 ligation in CRC cells induced 

both Bax and Bak expression. 

 

 By using pharmacological inhibitors, the results also documented that JNK and p38 

MAPK induced cell death involves the mitochondrial (intrinsic) pathway, requiring the 

pro-apoptotic Bax member of the Bcl-2 family to activate caspase-9.  

 

 The results have provided direct evidence that CD40-mediated cell death is 

dependent on activation of caspase-9 but also caspase-10, but not caspase-8, thus 

implying cross talk with an extrinsic, caspase-10 associated pathway. Apoptosis of 
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CRC cells was completely blocked by the pan-caspase inhibitor z-VAD (which 

confirmed that CD40-mediated apoptosis in CRC cells is entirely caspase-

dependent), as well as by specific inhibitors of caspases -9 and -10. 

 

 It was found that Bid was cleaved to t-Bid and cleavage of Bid occurred in the early 

stage of apoptosis in CRC cells lines at 1.5 hours, thus confirming the existence of a 

cross talk with an extrinsic apoptotic pathway.  

 

 Immunoblotting experiments showed that CD40 ligation mediated rapid induction of 

TRAIL expression within 1.5 hours of activation in CRC cell lines and it was 

sustained even at γ, 6, and 1β hours. 

 

 Induction of TRAIL receptor expression was also observed as a consequence of 

CD40 ligation, with TRAIL-RII (DR5) detected through immunoblotting at γ and 6 

hours in both CRC cell lines. 

 

 This is the first ever report that p38 and JNK are induced by CD40 which in turn 

activates TRAIL to induce a caspase-10-dependent pathway.  

 

 The results have demonstrated that cell death is caspase-dependent and that CD40 

triggers both intrinsic as well as extrinsic apoptotic cascades, as apoptosis involved  

- a) TRAIL/TRAIL-R induction and caspase-10 activation   

- b) Bak/Bax up-regulation, cytochrome c release and caspase-9     

activation. 

 

 The results indicated that in CRC cells mCD40L triggers rapid induction of apoptosis 

in less than 1β hours. Interestingly, CD40-induced, TRAIL-associated death appears 

to take place not by paracrine (juxtacrine) signalling but in an endogenous 

(autocrine) fashion (as indicated by well established, blocking antibodies). 

 

 Stable, retrovirus mediated TRAF3 knockdown caused significant reduction in 

apoptosis as determined by CytoTox-Glo assays and reduced the activity of caspase 

-3/-7 post CD40 ligation in CRC cells. 
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 Western blot results documented that TRAF3 KD abrogates JNK and p38 MAPK 

phosphorylation and completely abrogate Bax expression. 

 

 In short, the results have indicated that uniquely in CRC cells, CD40 ligation triggers 

rapid and dramatic cytotoxicity via a novel, cross-talk mechanism with the extrinsic 

apoptotic pathway. 
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CHAPTER 5: Reactive oxygen species and CD40-mediated 

apoptosis in CRC cells  
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5.1 Rationale for the study of ROS and antioxidant defence in CD40 

signalling 

 As discussed in Chapter 1, ROS are natural secondary products of mitochondrial 

oxidative metabolism, however they act as messengers to homeostatically stabilise cell 

proliferation and survival (Ray et al., 2012, Terada, 2006). ROS are elevated when reacting 

to extracellular stress for example cytokines, bacterial invasion and xenobiotics as to alert 

the cell that it is necessary to adapt (Jiang et al., 2011). In situations when ROS are not 

adequately ‗managed‘ by antioxidants, a cellular state forms that is called ‗oxidative stress‘ 

which often results in macromolecular damage (Sharma et al., 2004). At the same time its 

chronic persistence is involved in malignant transformation because it harms the DNA and, 

as a result, mediating an elevated rate of oncogene and/or tumor suppressor mutations 

(Valko et al., 2004). The controlling significance of oxidative stress is clinically demonstrated 

by an upsurge in cancer risks by way of mutation in the cellular antioxidants GSH and Trx. 

Yet, paradoxically, a lot of more advanced cancers over-express antioxidants in order to 

guard themselves against oxidative stress taking place due their extraordinary great energy 

generation demands (Halliwell, 2007). It has thus been hypothesised that tumours use 

continuous oxidative stress to initialize cell signaling pathways that support malignant 

transformation. 

 Nonetheless, it is similarly well known that ROS initialization performs significantly in 

pro-apoptotic responses (Biswas et al., 2006, Circu and Aw, 2010) and first and foremost 

those that involve mitochondrial pathways. Thus, collectively, ROS activation embodies a 

‗double-edged sword‘ (Pan et al., 2009), supporting increased proliferation ability at early 

stages of malignant transformation yet increasing sensitivity to pro-apoptotic signals due to 

oxidative stress ‗pushing‘ cells towards a ‗pro-apoptotic threshold‘. In other words, it has 

been suggested that tumour cells could be pushed over a pro-apoptotic ‗ROS limit‘ when 

compared to the other normal cells (Raj et al., 2011, Wang and Choudhary, 2011). Even 

though there are numerous factors to bear in mind in cellular redox management, there 

exists overall agreement that: a) diminished/low levels of ROS are a benchmark for normal 

cell homeostasis, b) elevated ROS levels initiate stress-responsive cell signaling pathways 

such as NF-κB and JNK, and lastly c) elevated ROS/oxidative stress can initiate cell 

apoptosis (D‘Autreaux and Toledano, β007, Terada, 2006). 

Most of the members of the TNFR superfamily use ROS to control cell survival and 

apoptosis by initializing oxidative stress responsive MAPK signaling pathway (Shen and 
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Pervaiz, 2006). The generation of is most of the time as a result of receptor-TRAF 

interaction with NADPH oxidases (Li et al., 2005, Ha and Lee, 2004, Chandel et al., 2001), 

which perform a critical role in ROS production (Jiang et al., 2011). A limited amount of 

evidence has suggested that CD40 ligation produces ROS through the 5-lipoxygenase 

pathway (Ha et al., 2011) and a TRAF3-NADPH oxidase association has in the past been 

suggested (Ha and Lee, 2004). B-cells research reveals that low levels of CD40 cross-

linking produces low levels of ROS and initiate NF-κB, however on the other hand enhanced 

receptor cross-linking produces elevated oxidative stress, prompting the initiation of JNK 

(Ha et al., 2011).  

Oxidative stress is associated with the positive regulation of apoptotic pathways as it 

directly activates responsive proteins (Circu and Aw, 2010). As discussed in the 

Introduction, oxidative stress results in activation of ASK1 by means of Thioredoxin release 

and auto phosphorylation (Liu and Min, 2002) and the initiation of MAPKs by means of their 

release from dual-specificity MAPK phosphatases (DS-MKPs) (Bermudez et al., 2010). 

Correspondingly, oxidative stress permits the initiation of JNK via GSTp discharge (Simic et 

al., 2009) and enhances AP-1 activity (Biswas et al., 2006), and there is evidence that 

reveals that pro-apoptotic members of the Bcl-2 family, like Bak/Bax are also altered by 

oxidative stress (Steckley et al., 2007, Tomiyama et al., 2006), as it is the same with 

enzymatic initiators of cell death, the caspases (Circu and Aw, 2010). In light of this 

evidence, it was hypothesised that ROS-associated signaling could possibly have a huge 

impact on CD40-mediated cell death in CRC cells.  

Up to this day, there are no comprehensive exploration functions of CD40-mediated 

ROS stimulation in apoptosis in cells of an epithelial origin. Because of this reason, the co-

culture system (Figure 3.1) together with apoptosis assays and immunoblotting methods 

were employed to examine in order, the likely stimulation of ROS by mCD40L and to 

understand the exact function of ROS production in the outcome of CD40 ligation in CRC 

cells.  
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5.2 Objectives 

The specific aims of this chapter are: 

 To optimise assays for the detection of ROS generation and investigate whether 

ROS are elevated as a result of CD40 ligation in CRC cells. 

 To utilize immunoblotting and cell death assays as well as pharmacological inhibitors 

to examine whether NADPH oxidases could be the crucial mediator of ROS 

generation and CD40-mediated apoptosis. 

 To define whether CD40 ligation modulates antioxidant pathways to influence the 

activation of ASK1 and downstream apoptotic signaling pathways.  
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5.3 The optimisation of ROS detection in CRC cells 

 

As explained above, this study aimed to provide detailed and functional evidence 

that mCD40L-induced apoptosis is dependent on production of ROS. To investigate the 

possibility of ROS production in CRC cell death the ROS detection fluorescent marker 6-

carboxy-β', 7‘-dichlorodihydrofluorescein diacetate (H2DCFDA) was used. 

  

The oxidation of 2,‘ 7‘ dichlorofluorescein (H2DCF) to β‘-7‘dichlorofluorescein (DCF) 

has been used rather widely for the quantitation of H2O2.  The di-acetate form, H2DCFDA 

and its acetomethyl ester H2DCFDA-AM are taken up by cells where nonspecific cellular 

esterases act upon it to cleave off the lipophilic groups, causing in a charged compound 

believed to be trapped inside the cell. Oxidation of H2DCF by ROS converts the molecule to 

β‘, 7‘ dichlorodihydrofluorescein (DCF), which is highly fluorescent (Figure 5.1).  The 

described wavelengths for the measurement of DCF fluorescence are 498 nm for excitation 

and 520 nm for emission. Initially, DCF was thought to be specific for hydrogen peroxide 

(H2O2), but current evidence has shown that other ROS such as nitrate and hypochlorous 

acid can oxidise H2DCF (Hoffman et al., 2008).  Most importantly is the fact that H2O2-

dependent oxidation of H2DCF requires ferrous iron (Rothe and Valet, 1990).  In addition, as 

H2DCF is no longer ionic it is not precluded from migrating out of the cell and accumulating 

in the media, where it is free to interact with oxidants.  

In initial experiments the two CRC cell lines HCT116 and SW480-CD40  were used 

to determine the concentration of H2DCFDA that would sensitively determine levels of 

intracellular ROS and discriminate between the different cell lines (as excessive amounts of 

reagent resulted in misleadingly high fluorescence levels in these cell lines) (Figure 5.2). By 

accounting for fluorescence background arising from differences in cell line dependent 

metabolism and division rate (which affects confluency) relative fluorescent values derived 

from treatment with H2DCFDA were optimised based on natural ‗auto-fluorescence‘ of the 

two cell lines HCT116 and SW480-CD40. During a long series of pre-titration experiments 

for the optimisation of conditions including a) H2DCFDA concentration, b) incubation periods 

and c) ROS activators as positive controls (staurosporine), it was found that the 

concentration of 0.5µM H2DCFDA sensitively and consistently discriminated between 

intracellular concentrations of ROS (Figure 5.3); these optimised methods for ROS detection 

were applied for all experiments.  
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Figure 5. 1 The principle of ROS detection using H2DCFDA 

6-carboxy-β', 7‘-dichlorodihydrofluorescein diacetate (H2DCFDA) is a derivative of reduced 
fluorescein that has cell permeability. The reduced forms of fluorescein lack any fluorescence until 
acetyl groups are removed by intracellular esterase(s) and oxidation is occurring within the cells. 
When this occurs the charge of the molecules makes it much less likely to leave the cell and also 
emits detectable fluorescence. The levels of fluorescence intensity deduced are therefore an 
indication of the intracellular concentration of ROS. Adapted from (Held, 2010) 
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Figure 5. 2 Optimisation experiments for the measurement of ROS production using H2DCFDA  

1x104 CRC cells/well (HCT116 and SW480-CD40) were plated for 24 hours in DR/5%FCS/1%L-G in 
white 96-well plates. The next day all wells were washed with PBS and the reagent at different 
concentrations was added and an incubation of 30 minutes at 37ºC in 5%CO2 was carried out 
Fluorescence was measured by using a plate reader at Excitation 485nm/Emission 520nm in the 
presence of PBS. Bars represent mean RFU values for 6-8 technical replicates ± S.D and results are 
representative of three independent experiments.  
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Figure 5. 3 Optimisation experiments for measurement of ROS activation in CRC cells 
(measurement of auto-fluorescence)  

1x104 CRC cells/well (HCT116 and SW480-CD40) were plated for 24 hours in DR/5%FCS/1%L-G in 
white 96-well plates. The next day all lines were assessed for their relative autofluorescence at 
Excitation 485nm/Emission 520nm in the presence of PBS. Bars represent mean RFU values for 6-8 
technical replicates ± S.D and results are representative of three independent experiments. 
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5.4 The induction of ROS by mCD40L in CRC cells 

This study further determined whether the optimised system for ROS detection could 

be used to demonstrate ROS induction as a consequence of mCD40L-CD40 engagement, 

as reported by others (Bhogal et al., 2012, Ha and Lee, 2004, Ha et al., 2011). Target cells 

(HCT116 / SW48CD40) were first screened for ROS elevation using the co-culture methods 

for CD40-mCD40L interaction (section 3.1.1) following fluorescence (RFU) 3T3 cell-

associated background correction, as described previously for cell death assays (section 

3.4.1.1). Preliminary experiments showed optimal detection of ROS at 2.5 hours post CD40 

ligation, significantly greater (p<0.05) degree of ROS production compared with the controls 

(Figure 5.4). (p<0.001) However, the earlier time points of 1.5, 2 hour ligation were 

investigated. 
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Figure 5. 4 mCD40L-mediated ROS induction in CRC cells 

1x104 cells/well HCT116 or SW480-CD40 were co-cultured with 1x104 3T3-CD40L (mCD40L) or 3T3-
Neo (Controls) in DR/5%FCS/1%L-G in white 96-well plates. Cells were first washed with PBS to 
remove any culture medium and were then treated with 0.5µM of H2DCFDA in pre warmed (37°C) 
PBS for 30 minutes 37°C in 5% CO2. Background-corrected RFU readings were deduced by pair-wise 
subtraction of mCD40L and Control cells from the respective co-culture. Bars represent mean RFU 
values for 5-6 technical replicates ± SEM and results are representative of three independent 
experiments. 
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5.5 The role of ROS in CD40-mediated cell death 

To determine whether ROS-mediated oxidative stress is essential to mCD40L- 

mediated apoptosis, the aim was to induce CD40 activation in the CRC cell lines 

HCT116 and SW480-CD40 by co-cultures as previously (Figure 3.1) in the presence of 

the antioxidant/ROS scavenger N-acetyl L-cysteine (NAC).  

To ensure that the optimal concentration of NAC was used so that it did not interfere 

with cell viability, pre-titration experiments were carried out using the CellTiter 96® 

AQueous One Solution Cell Proliferation assay to determine an effective dose for both the 

effector (killer) cells (3T3-CD40L and 3T3-Neo controls) (Figure 5.5) and target (CRC) 

cells (HC116 and SW480-CD40) (Figure 5.6). It was observed that doses of 2.5 and 

5mM were well tolerated by CRC cells; however, higher concentrations of NAC 

appeared toxic to CRC cells even though they well tolerated by the effector cells. 

Based on these optimisation experiments, addition of 2.5mM and 5mM NAC during 

co-culture completely and significantly (p<0.001) attenuated mCD40L-mediated 

apoptosis as determined by CytoTox-Glo assays (Figure 5.7).  
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Figure 5. 5 Determination of effective dose of NAC on effector (killer) cells (3T3- CD40L / 3T3-
Neo) 

1x104 cells/well were seeded in 96 well plate in DR medium supplemented with 5% FBS and 
1%LG. Cells were incubated overnight in 37⁰C/ 5% CO2. Then the cells were treated with 
different concentrations of NAC. After 24hours incubation, 20µl of CellTiter 96® AQueous One 
Solution was added to appropriate wells and plates were incubated at 37°C in 5% CO2 for a 
total of four hours. By using a plate reader at a wavelength of 492nm, absorbance was 
measured to know. Bars correspond to mean absorbance values of 5-6 technical replicates ± 
SEM and results are representative of three independent experiments. 
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Figure 5. 6 Determination of effective dose of NAC on CRC cells (HCT116/SW480-CD40) 

1x104 cells/well were seeded in 96 well plate in DR medium supplemented with 5% FBS and 1%LG. 
Cells were incubated overnight in 37⁰C/ 5% CO2. Then the cells were treated with different 
concentrations of NAC. After 24hours incubation, 20µl of CellTiter 96® AQueous One Solution was 
added to the appropriate wells and plates were incubated at 37°C in 5% CO2 for a total of four hours. 
By using a plate reader at a wavelength of 492nm, absorbance was measured. Bars correspond to 
mean absorbance values of 5-6 technical replicates ± SEM and results are representative of three 
independent experiments. 
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Figure 5. 7 Effect of the antioxidant NAC on CD40-mediated apoptosis  

CRC cells (HCT116) were co-cultured at density 1x104cells/well with either 1x104 cells/well MMC 
treated fibroblast cells (3T3CD40L and 3T3Neo) in DR medium supplemented with 5%FCS/1% L-
glutamine. 2.5mM and 5mM of NAC was added to co-culture in 96 well plates and incubated for 24 
hours at 37ºC and 5%Co2. After the incubation time, apoptosis was measured by using CytoTox-Glo. 
50µM of substrate was added and then luminescence was measured by plate reader then 
background-corrected RLU reading deduced by pair-wise subtraction of mCD40L and control cell 
from the respective co-culture (Materials and methods). Bars presented mean RLU value for 5-6 
replicates ± S.D and results are representative of three experiments; ***p-value ≤ 0.001 and 
**p<0.01. A and B show background corrected raw data and fold change, respectively.   
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5.6 The role of NADPH oxidase in CD40-mediated cell death 

As it has been reported that CD40 may generate ROS in malignant B-cells via TRAF3 

and Nox (Ha and Lee, 2004) it was assumed that this may also happen in epithelial CRC 

carcinoma cells.  

Following initial pre-titration experiments (using the Cell Titer 96® AQueous One Solution 

Cell Proliferation assay) to determine an effective dose, as shown in Figure 5.8 for killer 

cells (3T3-CD40L and 3T3-Neo) and Figure 5.9 for target cells (HCT116 and SW480-

CD40), the highly specific Nox inhibitor DPI was added during in co-culture 3T3 and CRC 

cell co-cultures. The addition of DPI completely abrogated mCD40L-induced cell death in 

comparison to the control, as determined by CytoTox-Glo death detection assays in both 

HCT116 and SW480-CD40 cells (Figures 5.10 and 5.11). In addition to a significant 

reduction in apoptosis (p<0.001), DPI significantly reduce the activity of caspase-3/7 in 

CRC cells (HCT116 and SW480-CD40) (Figures 5.12 and 5.13) (p-value <0.05). These 

data suggest for the first time that CD40-mediated death by mCD40L in carcinoma cells is 

dependent on ROS induction by Nox.  

Immunoblotting was used to determine whether ROS production may be linked to the 

association of TRAF3 with the specific Nox subunit p40-phox as observed by others (Ha 

and Lee, 2004). Results implied that CD40 engagement generates ROS through p40-phox 

as this was phosphorylated by 1.5, 3, 6, 12 hours post CD40 ligation, however no changes 

were seen in the control (Figure 5.14). Although strictly no direct interaction of TRAF3 and 

p40-phox was demonstrated here, the results strongly imply that a similar mechanism for 

ROS production by CD40-mediated recruitment of TRAF3/Nox may occur in both malignant 

B-cells (Ha and Lee, 2004) and carcinoma (CRC) cells.  

Previous studies have indicated that the possible mechanism(s) for the CD40 induced 

production of ROS following activation of TRAF3 (Ha and Lee, 2004). The immunoblotting 

results on TRAF3-KD cells lysate co-culture with 3T3CD40L COMPARED WITH CONTROL 

(HCT116) also demonstrate that CD40-linked TRAF3 probably mediates the activation of 

NADPH oxidase via the recruitment of p40phox. As shown in Figure 5.15, TRAF3-KD 

completely abrogated p40phox expression subsequent to CD40 ligation. This result suggest 

that CD40 ligation produces ROS by the TRAF3 dependent motivation of NADPH oxidase  

(NOX) , and that ROS link the CD40 ligation to promote signalling events. 
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Interestingly, when CD40 ligation was initiated in CRC cells in the presence of the Nox 

inhibitor DPI, the activation of TRAF3 was severely diminished.  (Figure 5.16) thus implying 

a role for ROS in the stabilisation of TRAF3 in the first place.  

In addition to a significant reduction in apoptosis (p<0.001), DPI also prevented 

expression one of the pro-apoptotic protein Bax, as determined by western blotting (Figure 

5.17). These results suggested that CD40-mediated death by membrane CD40L ligand in 

CRC cells is dependent on ROS induction triggered by NOX.   
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Figure 5. 8 Determination of effective dose of DPI on effector (killer) cells (3T3-
CD40L/ 3T3Neo) 

1x104 cells/well were seeded in 96 well plates in DR medium supplemented with 5% FBS 
and 1%LG. Cells were incubated overnight in 37⁰C/ 5% CO2. Then the cells were treated 
with different concentrations of DPI compared with control (Untreated cells). After 24hours 
incubation, 20µl of CellTiter 96® AQueous One Solution was added to the appropriate wells 
and plates were incubated at 37°C in 5% CO2 for a total of four hours. By using a plate 
reader at a wavelength of 492nm, absorbance was measured. Bars correspond to mean 
absorbance values of 5-6 technical replicates ± SEM and results are representative of 
three independent experiments. 
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Figure 5. 9 Determination of effective dose of DPI on target cells (HCT116/ SW480-CD40) 

1x104 cells/well were seeded in 96 well plate in DR medium supplemented with 5% FBS and 
1%LG. Cells were incubated overnight in 37⁰C/ 5% CO2. Then the cells were treated with 
different concentrations of DPI compared with control (Untreated cells). After 24hours incubation, 
20µl of CellTiter 96® AQueous One Solution was added to the appropriate wells and plates were 
incubated at 37°C in 5% CO2 for a total of four hours. By using a plate reader at a wavelength of 
492nm, absorbance was measured. Bars correspond to mean absorbance values of 5-6 technical 
replicates ± SEM and results are representative of three independent experiments.  
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Figure 5. 10 NADPH oxidase (Nox) inhibition by DPI reduces CD40-mediated apoptosis 
in HCT116 cells 

CRC cells (HCT116) were co-cultured at density 1x104cells/well with 1x104 cells/well MMC-
treated fibroblasts (3T3CD40L and 3T3Neo) in DR medium supplemented with 5%FCS/ 1% 
L-glutamine. 0.125µM of DPI was added to the cultures in 96 well plates and incubated for 24 
hours at 37ºC and 5%CO2. After the incubation time, apoptosis was measured by using 
CytoTox-Glo by adding 50µM of substrate then luminescence was measured by a plate 
reader then background-corrected RLU reading deduced by pair-wise subtraction of mCD40L 
and control cells from the respective co-culture (Materials and methods). Bars represent 
mean RLU value for 5-6 replicates and results representative of three experiments; p-value ≤ 
0.001. A and B show background corrected readings and fold change in luminescence, 
respectively, following CD40 ligation in the HCT116 cell line.  
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Figure 5. 11 NADPH oxidase (Nox) inhibition by DPI reduces CD40-mediated 
apoptosis in SW480-CD40 cells 

CRC cells (SW480-CD40) were co-cultured at density 1x104cells/well with 1x104 cells/well 
MMC-treated fibroblasts (3T3CD40L and 3T3Neo) in DR medium supplemented with 
5%FCS/ 1% L-glutamine. 0.125µM of DPI was added to the cultures in 96 well plates and 
incubated for 24 hours at 37ºC and 5%CO2. After the incubation time, apoptosis was 
measured by using CytoTox-Glo. 50µM of substrate was added and then luminescence was 
measured by a plate reader then background-corrected RLU reading deduced by pair-wise 
subtraction of mCD40L and control cell from the respective co-culture (Materials and 
methods). Bars represent mean RLU value for 5-6 replicates and results representative of 
three experiments; p-value ≤ 0.001. A and B show background corrected readings and fold 
change in luminescence, respectively, following CD40 ligation in the SW480-CD40 cell line.  
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Figure 5. 12 NADPH oxidase (Nox) inhibition reduces caspases 3/7 activity in the 
HCT116 cell line following CD40 ligation  

CRC cells (HCT116) were co-cultured at density 1x104cells/well with either 1x104 cells/well 
MMC treated fibroblast cells (3T3CD40L and 3T3Neo) in DR medium supplemented with 
5%FCS/ 1% L-glutamine. 0.125µM of DPI was added to the cultures in 96 well plates and 
incubated for 24 hours at 37ºC and 5%Co2. After the incubation time, caspase 3/7 activity was 
assessed by using SensoLyte 3/7 reagent was added after 48 hours, fluorescence measured 
(Materials and methods) then background-corrected RFU reading deduced by pair-wise 
subtraction of mCD40L  and control cells from the respective co-culture. Bars represent mean 
RFU value for 5-6 replicates and results representative of three experiments; p-value ≤ 0.001. 
A and B show background corrected and fold change respectively for caspase 3/7 activity of 
NADPH oxidase inhibition by antioxidant following CD40 ligation.  
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Figure 5. 13 NADPH oxidase (Nox) inhibition reduces caspases 3/7 activity in the 
SW480-CD40 cell line following CD40 ligation 

CRC cells (SW480-CD40) were co-cultured at density 1x104cells/well with 1x104 cells/well 
MMC-treated fibroblasts (3T3CD40L and 3T3Neo) in DR medium supplemented with 
5%FCS/ 1% L-glutamine. 0.125µM of DPI was added to the cultures in 96 well plates and 
incubated for 48 hours at 37ºC and 5%Co2. After the incubation time, caspase 3/7 activity 
was assessed by using SensoLyte 3/7 reagent that was added after 48 hours, fluorescence 
measured (Materials and methods) then background-corrected RFU readings deduced by 
pair-wise subtraction of mCD40L and control cells from the respective co-culture. Bars 
represent mean RFU value for 5-6 replicates and results representative of three 
experiments; p-value ≤ 0.001. A and B show background corrected and fold change 
respectively for caspase 3/7 activity of NADPH oxidase inhibition following CD40 ligation.  
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Figure 5. 14 p40-phox phosphorylation induced by mCD40L  

HCT116 (H) and SW480-CD40 (S) cells were seeded at density 3x106 cells/dish, and co-
cultured with 3x106 MMC-treated 3T3-Neo (N) or 3T3-CD40L (L), as indicated. Co-cultured 
cells were incubated for various times 1.5, 3, 6, 12 hours in DR5% supplemented with 5% of 
FCS and 1% L-glutamine in 10cm2 culture dishes. After each incubation time, cells were lysed 
by using 2x SDS-lysis buffer. After that protein concentration was determined. Whole lysates, 
following normalisation on the basis of CK8 and CK18 expression (see chapter 3) were 
separated by western blotting under denaturing conditions by SDS-PAGE using 4-12% (w/v) 
Bis-Tris gels and then immunoblotted onto a PVDF membrane. The PVDF membrane was 
probed overnight at 4ºC with primary monoclonal antibody (anti-p40phox) in TBS/Tween 0.1% 
(1:250 dilution) and then with an anti-CK8 antibody for HCT116 and CK18 antibody for SW480-
CD40 in TBS/Tween 0.1% (1:2000 dilution). The membranes were then incubated for one hour 
with secondary antibody [goat anti-rabbit IgG IRDye 800 (1:10000 dilution)] for p40phox 
detection and with goat anti-mouse antibody IgG IRDye 680(1:10000 dilution) for CK8 and 
CK18. Antibody binding was visualised at 700nm and 800 using an OdysseyTM Infra-red 
Imaging system. 

 Keys: NH: 3T3Neo co-cultured with HCT116                LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40   LS: 3T3CD40L co-cultured with SW480-CD40 
            L: 3T3CD40L  
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Figure 5. 15 The role of TRAF3 knockdown on p40phox  following CD40 ligation  

3x106 CRC cells [HCT116 (H)] and HCT116 cells expressing TRAF3 sh RNA (TRAF3-KD) were co-
cultured with 3x106 MMC treated mCD40L (L) and Controls (N) for 3 and 6 hours in DR / 5%FCS / 
1%LG in 10cm2 culture dishes in order to lyse with 2X SDS-lysis buffer. Whole lysates, following 
normalisation on the basis of CK8 and CK18 expression (see chapter 3) were separated by western 
blotting under denaturing conditions by SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The membrane was probed for overnight at 4ºC with primary 
monoclonal antibody/goat anti-mouse antibody (anti-p40phox) in TBS/Tween 0.1% (1:520 dilution) and 
then with an anti-CK8 antibody in TBS/Tween 0.1% (1:2000 dilution). The membrane was then 
incubated for one hour with secondary antibody [goat anti-mouse IgG IRDye 680 (1:10000 dilution)] 
for p- p40phox detection and membrane was incubated with goat anti-mouse antibody IgG IRDye 680 
(1:10000 dilution) for CK8 (used as loading control).  

Keys: NH: 3T3Neo co-cultured with HCT116                      LH: 3T3CD40L co-cultured with HCT116 
           L:  3T3CD40L   
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Figure 5. 16 The Nox inhibitor DPI prevents the induction of TRAF3 following mCD40L-
mediated CD40 ligation  

3x106 MMC-treated 3T3-Neo (N) and 3T3-CD40L (L) were co-cultured with either 3x106 of HCT116 
cells (H) and SW480-CD40 (S). Co-cultured cells were incubated with 0.125µM DPI for 1.5 and 3 
hours. In control experiments, cells were co-cultured in the absence of DPI. Cell lysates were 
prepared and whole lysates, following normalisation on the basis of CK8 expression (see chapter 3) 
were loaded by western blotting. Cell proteins were separated under denaturing conditions by SDS-
PAGE using 4-12% (W/V) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The PVDF 
membrane was probed overnight at 4ºC with primary polyclonal antibody (anti-TRAF3 antibody) in 
TBS/Tween 0.1% (1:500) and then with an anti-CK8 antibody for HCT116 [A] and CK18 for SW480-
CD40 [B] (1:2000 dilution). The membrane was incubated for one hour with goat anti-rabbit IgG Alexa 
800 (1:10000) for TRAF3 detection and one hour with goat anti-mouse IgG Alexa 680 (1:10000) for 
CK8 detection. Antibody binding was visualised at 700nm and 800nm using an OdysseyTM infra-red 
Imaging system.  

Keys: NH: 3T3Neo co-cultured with HCT116                    LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40           LS: 3T3CD40L co-cultured with SW480-CD40 
           L:  3T3CD40L                                                              DPI: Diphenyleneiodonium  
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Figure 5. 17 Nox inhibitor DPI prevents mCD40L-mediated induction of Bax  

3x106 MMC-treated 3T3-Neo (N) and 3T3-CD40L (L) were co-cultured with either 3x106 of HCT116 
cells (H) and SW480-CD40 (S). Co-cultured cells were incubated with 0.125µM DPI for 3 and 6 hours. 
In control experiment, cells were co-cultured with in the absence of DPI. Cell lysates were prepared 
and whole lysates, following normalisation on the basis of CK18 and CK8/18 expression (see chapter 
3) were resolved by western blotting. Cell proteins were separated under denaturing conditions by 
SDS-PAGE using 4-12% (W/V) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The 
PVDF membrane was probed overnight at 4ºC with primary monoclonal antibody (anti-Bax antibody) 
in TBS/Tween 0.1% (1:500) and then with an anti-CK8/18 antibody for HCT116 as shown in A, while 
CK18 was used for SW480-CD40 as shown in B (1:2000 dilution). The membrane was incubated for 
one hour with goat anti-mouse IgG Alexa 680 (1:10000) for the detection Bax, CK8/18 and CK18. 
Antibodies binding were visualised at 700nm and 800nm using an OdysseyTM infra-red Imaging 
system.  

Keys: NH: 3T3Neo co-cultured with HCT116                    LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40          LS: 3T3CD40L co-cultured with SW480-CD40 
           L:  3T3CD40L            
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5.7 The role of ASK1 in CD40-mediated cell death  

Apoptosis signal-regulating kinase 1 (ASK1) is a member of the MAP3K (MAPKKK) 

family, which activates the MAPKK family, including MKK4 and MKK7 and MAPK such as 

JNK and p38 pathways (Takeda et al., 2011, Ichijo et al., 1997). ASK1 is specifically 

activated in response to different types of stress, such as ROS, TNF-α, lipopolysaccharide 

(LPS), and ER stress, and has pivotal roles in a wide variety of cellular responses, including 

apoptosis, differentiation, and inflammation (Ichijo et al., 1997, Nishitoh et al., 2002). 

Therefore, the extreme stimulation and dysregulation of ASK1 are closely linked to various 

diseases such as cancer and arteriosclerosis.  

In this project, the role of ASK1 in apoptosis following CD40-CD40L interaction was 

investigated. Immunoblotting showed that the activation of CD40 on CRC cells by its 

membrane ligand activated the expression of ASK1 within 1.5 hours post CD40 ligation 

(Figure 5.18).  Moreover, inhibition of apoptosis by using DPI (0.125µM) attenuated ASK1 

activation as shown in Figure 5.19  

Previous studies (Ha and Lee, 2004) have showed that ROS generation is triggered 

by CD40 ligation in B cells and recent work in our laboratory (Chris Dunnill, PhD thesis) in 

bladder (UCC) cells has demonstrated that ROS is important for early CD40-mediated 

signalling events that lead to the activation of JNK. In particular, Nox-generated ROS appear 

to be involved in the activation of JNK as inhibition of ROS production and subsequent JNK 

activation was achieved using DPI treatment.  Reducing elevation of ROS by pre-treating 

HCT116 and SW480-CD40 cells with 0.125µM DPI significantly reduced CD40 ligation-

induced phosphorylation of JNK (Figure 5.20). Thus implying that CD40 induces TRAF3 and 

NOX in a co-ordinated manner to activate ROS release and trigger subsequent ASK1 and 

JNK activation.  

5.8 Effect of CD40 ligation on Thioredoxin (Trx) expression  

As mentioned above, it was shown that CD40-mediated apoptosis triggers the 

activation of ASK1. ASK1 is regulated by Trx which under physiological ROS levels 

physically binds ASK1 and inhibits its auto-phosphorylation and thus activation. During 

oxidative stress, Trx scavenges ROS, however in doing so it releases ASK1 which 

undergoes activation via auto-phosphorylation at Thr845 (Soga et al., 2012).  

Based on the findings shown in this and the previous chapter, it was hypothesised 

that ROS elevation mediates Trx/ROS-‗occupancy‘ for rapid release of ASK1 within a few 

hours post-ligation. Moreover, recent findings in our laboratory in bladder (UCC) cells have 
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demonstrated that CD40 ligation can efficiently down-modulate Trx-1 expression during the 

course of CD40 ligation (Chris Dunnill, PhD thesis). Thus, immunoblotting was used to 

examine the expression of Trx over a 24 hour time window. Interestingly, it was found that 

Trx expression appeared to be moderately reduced by CD40 ligation particularly in HCT116 

cells. Notably also, there was a gradual increased expression of Trx in the Controls (HCT116 

and SW480-CD40/ 3T3-Neo) (Figure 5.21) suggesting that during in vitro cell culture, tumour 

cells progressively increase Trx possibly as a cyto-protective mechanism against their 

sustained oxidative stress associated with proliferation signaling. 
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Figure 5. 18 Activation of ASK1 evident by activatory Thr845 residue phosphorylation in 
response to mCD40L   

HCT116 (H) and SW480-CD40 (S) cells were seeded at density 3x106 cells /dish, and co-cultured with 
3x106 cells/dish MMC-treated 3T3-Neo (N) or 3T3-CD40L (L), as indicated. Co-cultures were 
incubated for 1.5, 3, and 6 hours in DR 5% supplemented with 5% of FCS and 1% L-glutamine, using 
10cm2 culture dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer and 
protein concentration was determined. Whole lysates, following normalisation on the basis of CK8 and 
CK18 expression (see chapter 3) were separated by western blotting under denaturing conditions by 
SDS-PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The 
PVDF membrane was probed for overnight at 4ºC with primary polyclonal antibody (anti-p-Ask1) in 
TBS/Tween 0.1% (1:250 dilution) and then with an anti-CK8 and CK18 antibody in TBS/Tween 0.1% 
(1:2000 dilution). The membrane was then incubated for one hour with secondary antibody [goat anti-
rabbit IgG IRDye 800 (1:10000 dilution)] for p-Ask1 detection. Also, membranes were incubated with 
[goat anti-mouse IgG IRDye 680 (1:10000 dilution) to detect CK8 and CK18. Antibody binding was 
visualised at 700nm and 800nm using an OdysseyTM Infra-red Imaging system. CK8/18 and CK8 were 
used as loading controls for HCT116 and SW480-CD40.    

Keys: NH: 3T3Neo co-cultured with HCT116                   LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40          LS: 3T3CD40L co-cultured with SW480-CD40 
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Figure 5. 19 The Nox inhibitor DPI blocks mCD40L-mediated ASK1 induction  

3x106 MMC-treated 3T3-Neo (N) and 3T3-CD40L (L) were co-cultured with both 3x106 of HCT116 
cells (H) or SW480-CD40 (S) shown in panels A and B, respectively. Co-cultures were incubated with 
0.125µM DPI for 3 and 6 hours. In control experiments, cells were co-cultured in the absence of DPI. 
Whole lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3)  
were separated under denaturing conditions by SDS-PAGE using 4-12% (W/V) Bis-Tris gels and then 
immunoblotted onto a PVDF membrane. The PVDF membrane was probed overnight at 4ºC with 
primary polyclonal antibody (anti-ASK1 antibody) in TBS/Tween 0.1% (1:500) and then with an anti-
CK8/18 antibody for HCT116 as shown in A, while CK18 was used for SW480-CD40 as shown in B 
(1:2000 dilution). The membrane was incubated for one hour with goat anti-mouse IgG Alexa 680 
(1:10000) for the detectionASK1, CK8/18 and CK18. Antibody binding was visualised at 700nm and 
800nm using an OdysseyTM infra-red Imaging system.   

Keys: NH: 3T3Neo co-cultured with HCT116                  LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40          LS: 3T3CD40L co-cultured with SW480-CD40 
           L:  3T3CD40L                                                         DPI: Diphenyleneiodonium       

A 

B 
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Figure 5. 20 The effect of DPI on mCD40L-mediated JNK activation   

3x106 MMC treated mouse fibroblasts cells (3T3-Neo (N) and 3T3-CD40L (L) were co-cultured with 
either 3x106 of HCT116 cells (H) and SW480-CD40 (S) shown in panels A and B, respectively. Co-
cultured cells were incubated with 0.125µM DPI for 1.5 and 3 hours. In control experiment, cells were 
co-cultured in the absence of DPI. Cell lysates were prepared by using lysis buffer and then Whole 
lysates, following normalisation on the basis of CK8 and CK18 expression (see chapter 3) were 
loaded by western blotting. Cell proteins were separated under denaturing conditions by SDS-PAGE 
using 4-12% (W/V) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The PVDF 
membrane was probed overnight at 4ºC with primary monoclonal antibody (anti-phspho-JNK antibody) 
in TBS/Tween 0.1% (1:500) and then with an anti-CK8 antibody for HCT116 [A] and CK18 for 
SW480-CD40 [B] (1:2000 dilution). The membrane was incubated for one hour with goat anti-mouse 
IgG Alexa 680 (1:10000) for p-JNK, CK8 and CK18. Antibody binding was visualised at 700nm and 
800nm using an OdysseyTM infra-red Imaging system.   

Keys: NH: 3T3Neo co-cultured with HCT116                  LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40           LS: 3T3CD40L co-cultured with SW480-CD40 
           L:  3T3CD40L                                                          DPI: Diphenyleneiodonium   

A 

B 
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Figure 5. 21 The effect of CD40 ligation on thioredoxin-1 (Trx-1) expression   

HCT116 (H) and SW480-CD40 (S) cells were seeded at density 3x106 cells /dish, and co-cultured with 
3x106 MMC-treated 3T3-Neo (N) or 3T3-CD40L (L) as indicated. Co-cultures were incubated for 3, 6, 
12 and 24 hours in DR 5% supplemented with 5% of FCS and 1% L-glutamine, in 10cm2 culture 
dishes. After each of incubation time, cells were lysed by using 2x SDS-lysis buffer and protein 
concentration was determined. Whole lysates, following normalisation on the basis of CK8 and CK18 
expression (see chapter 3) were separated by western blotting under denaturing conditions by SDS-
PAGE using 4-12% (w/v) Bis-Tris gels and then immunoblotted onto a PVDF membrane. The PVDF 
membrane was probed for overnight at 4ºC with primary polyclonal antibody (anti-thioredoxin-1) in 
TBS/Tween 0.1% (1:500 dilution) and then with an anti-CK8 antibody in TBS/Tween 0.1% (1:2000 
dilution). The membrane was then incubated for one hour with secondary antibody [goat anti-rabbit 
IgG IRDye 800 (1:10000 dilution)] for thioredoxin detection. Antibody binding was visualised at 700nm 
and 800nm using an OdysseyTM Infra-red Imaging system CK8/18 and CK8 were used as loading 
control for HCT116 and SW480-CD40, respectively.    

Keys: NH: 3T3Neo co-cultured with HCT116                  LH: 3T3CD40L co-cultured with HCT116 
           NS: 3T3Neo co-cultured with SW480-CD40           LS: 3T3CD40L co-cultured with SW480-CD40 
           L: 3T3CD40L  
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5.9 Summary:  

The results presented in this chapter provided a series of observations on the 

mechanisms of mCD40L-mediated apoptosis: 

 

 The objective of this chapter was to further characterise the intracellular signalling 

pathway responsible for CD40-induced apoptosis in CRC cells by studying the role of 

ROS and associated signalling mediators.   

 

 CD40 ligation promoted rapid generation of reactive oxygen species in CRC cells. 

ROS production after CD40 ligation in CRC cells was detected with H2-DCFDA at 30 

min post ligation. 

 

 The results demonstrated that the ability of the NADPH oxidase inhibitor DPI and the 

ROS scavenger NAC to prevent mCD40L-induced apoptosis is linked to their ability 

to prevent the induction of ROS and thus oxidative stress. 

 

 DPI decreased the level of caspase -3 and -7 activity in CRC cells post CD40 ligation 

thus providing direct evidence for the role of the Nox family in CD40-mediated death. 

 

 Immunoblotting showed that mCD40L induced rapid phosphorylation of Nox enzyme 

subunit p40phox.  

 

 Collectively, the results provided evidence that mCD40L-mediated ROS generation is 

dependent on the induction of the p40phox sub-unit. 

 

 mCD40L induced TRAF3-mediated p40phox activation, which was detected rapidly 

at 1.5 hours post CD40 ligation. Hence TRAF3 may trigger ROS production via its 

interaction with p40phox. 

 

 TRAF3 KD prevented the expression of p40phox after 3 hours post CD40 ligation. 

 

 Inhibition of NOX by pharmacological drug (DPI) abrogated TRAF3 induction at 3 

hours following mCD40L ligation thus indicating the importance of Nox-mediated 

ROS generation in potential stabilisation of TRAF3. 

 

 Inhibition of NOX by DPI also abrogated Bax induction in CRC cells. 
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 For the first time ASK1 phosphorylation in response to mCD40L-mediated CD40 

ligation was also demonstrated and it occurred at 1.5 hours which is the point when 

maximal ROS elevation was detected. 

 

 Inhibition of NOX by DPI abrogated ASK1 induction at 3 and 6 hours as determined 

by immunoblotting in CRC cells. 

 

 Inhibition of Nox reduced JNK expression in CRC cells post CD40 ligation.  

 

 The results also demonstrated that Thioredoxin-1 (Trx) expression appeared to be 

abrogated by mCD40L-CD40 ligation beginning with low expression at 6 hours with a 

further gradual decrease over 12, and 24 hours intervals. 

 

 The results demonstrated that NOX has an important role in regulation cell apoptosis 

in response to the mCD40L-CD40 ligation. 

 

 Results suggested that for the first time CD40-mediated death by membrane CD40 

ligand in carcinoma cells is dependent on ROS induction by NOX and it involves 

activation of ASK-1 which in turns would be expected to trigger MKK activation and 

subsequent phosphorylation of JNK and p38 (as reported in the previous chapter). 
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CHAPTER 6: Discussion  
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6.1 Thesis background and rationale  

It has been widely reported that CD40 ligation by CD40 agonists has the potential to regulate 

tumour epithelial cell growth (reviewed by (Eliopoulos and Young, 2004, Tong and Stone, 

2003). However, accumulating evidence suggests that the ‗quality‘ of the CD40 signal is very 

important in the functional outcome of CD40 ligation. In fact, although a number of studies 

have shown that soluble CD40 agonists can induce growth inhibition in carcinoma cells of 

various origins (reviewed by (Tong and Stone, 2003, Vonderheide, 2007), these agonists are 

at best weakly pro-apoptotic and only become significantly pro-apoptotic by pharmacological 

intervention (Bugajska et al., 2002, Afford et al., 2001, Ahmed-Choudhury et al., 2003, 

Eliopoulos et al., 2000, Hess and Engelmann, 1996). By contrast, work from our laboratory 

has demonstrated that CD40 ligation by cell-surface presented agonists and membrane 

CD40L (mCD40L) induces extensive apoptosis in carcinoma cells (Bugajska et al., 2002, 

Georgopoulos et al., 2007, Georgopoulos et al., 2006, Hill et al., 2008a). whilst sparing their 

normal epithelial counterparts (Lievens et al., 2009, Shaw et al., 2005, Bugajska et al., 2002). 

The necessity to deliver the signal in membrane, rather than soluble form, to achieve 

maximal pro-apoptotic capacity has also been supported by more recent work by Young and 

colleagues (Elmetwali et al., 2010a, Elmetwali et al., 2010b).  

Previous work from our laboratory has provided evidence that mCD40L, but not 

soluble agonist, consitututes a strong pro-apoptotic signal in CRC cells (Georgopoulos et al., 

2007, Hill et al., 2008a); however the mechanisms responsible for the induction of apoptosis 

remain unknown. In order to achieve CD40 ligation by membrane ligand (mCD40L) 

experimentally, target, epithelial cells are co-cultured with third-party cells engineered to 

express CD40L. At the beginning of this project, and following the move of the Georgopoulos 

laboratory to Huddersfield University a) it was essential to ensure the reproducibility of the 

co-culture system and thus b) part of the work aimed to establish and optimise a series of 

experimental techniques, for use with this co-culture system, that would permit accurate and 

reliable detection and quantification of mCD40L-mediated apoptosis based on 96-well plate 

format assays. 
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6.2 The mechanisms of mCD40L-mediated apoptotic death in CRC 

cells 

 The main aim of this thesis was to elucidate the molecular nature of CD40 signalling, 

i.e. the precise signalling pathways responsible for the activation of apoptosis in CRC cells. 

Whilst building on previous studies in our laboratory, this work has for the first time provided 

functional evidence for a TRAF3-Nox-ASK1-MKK4-JNK/p38 signalling pathway that drives 

CD40-induced CRC cell death and shown for the first time that unlike for instance urothelial 

cells, in CRC cells CD40 induces both intrinsic and extrinsic apoptotic mechanisms. The 

work has thus provided provided an explanation for the rapid nature of CD40-mediated death 

in CRC cells in comparison to other types of carcinoma cells. Of note, although previous 

work in our laboratory has studied the role of CD40 ligation in normal epithelial cells, as 

normal human colonic epithelial cells are CD40-negative both in vivo and in vitro (Gelbmann 

et al., 2003, Cruickshank et al., 2004), this study focused on the effect of CD40 ligation on 

malignant (CRC) cells. The following sections will discuss these observations in more detail.  

Besides the novelty of the observations presented here relating to CD40 and more 

generally the TNFR field, it is important to emphasise that unlike the vast majority of 

available studies reporting on the role of critical pro-apoptotic mediators, such as MKKs and 

p38/JNK and their interactions in apoptotic signalling, the present study has analysed the 

expression and functional roles of such signalling mediators in a ‗natural‘ system. This is 

based on endogenous protein expression and not engineered over-expression, which is the 

case with virtually all TNFR (and CD40) studies reported in the literature.  

 

6.3 Membrane CD40L (mCD40L) induces rapid activation of both intrinsic and 

extrinsic pathways of apoptosis 

This study has provided for the first time evidence that unlike the mechanism of 

CD40-mediated apoptosis in malignant urothelial (UCC) cells that is relatively slow 

(apoptosis requires over 36 hours to be detectable) (Bugajska et al., 2002) and appears to 

involve purely the intrinsic apoptotic pathway (Georgopoulos et al., 2006), CRC cell death 

triggered by mCD40L is rapid and occurs within less than 12 hours and it involves both 

apoptotic pathways, i.e. both the intrinsic and exstrinsic pathways.  

It is well established that the BCL-2 family of proteins, and particularly pro-apoptotic 

Bak and Bax can form oligomers and insert themselves stably into the mitochondrial outer 

membrane permeabilisation to induce MOMP and subsequently apoptosis (Chipuk and 

Green, 2008). Furthermore, previous studies have suggested that mCD40L can induce the 
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expression of Bak and Bax proteins (Bugajska et al., 2002, Georgopoulos et al., 2006). 

Moreover, recent studies in our laboratory have investigated the precise regulation and 

functional role of Bax and Bak in mCD40L-mediated apoptosis in UCC cells (Dunnill et al, in 

preparation). Those studies showed that Bak and Bax are activated by 24 hours post CD40 

ligation and are critical in CD40 killing in UCC cells. Interestingly, in agreement with these 

recent findings, in this project we confirmed that mCD40L-CD40 interaction activated MOMP, 

release of cytochrome c from mitochondria and induction of Bax and Bak, but this occured 

far more rapidly (within less than 6 hours). In addition, the current study has confirmed the 

pro-apoptotic role of Bax by shRNA-mediated protein knockdown as Bax knockdown 

attenuated CRC cell apoptosis mediated by CD40, and decreased caspase 3/7 activity. 

Previous studies have indicated that CD40-mediated apoptosis in hepatocytes 

requires induction of the Fas pathway (Afford et al., 2001, Afford et al., 1999). whilst a report 

using carcinoma cells showed that CD40 ligation may induce up-regulation of death receptor 

and ligand, specifically FasL and TRAIL (Eliopoulos et al., 2000). TRAIL and FasL are 

members of TNF-superfamily trigger apoptosis by binding to Fas (CD95), the DR4 (TRAIL-

R1) and/or DR5 (TRAIL-R2) respectively. Upon binding, death receptors recruit death 

domain of Fas associated with the adaptor molecule (FADD), caspase-8 and triggering of the 

protease in an apoptosis inducing signalling complex death (DISC), which in turn triggers the 

apoptotic pathway (Sayers, 2011). Due to the rapid nature of cell death in CRC cells we 

hypothesised that apoptosis might be amplified by engaging an additional pathway, in light of 

the speed by which for instance TRAIL induces apoptosis in carcinoma cells, as shown 

previously by our group (Steele et al., 2006).  

This study found that mCD40L-mediated CD40 ligation triggered rapid TRAIL 

induction (but not FasL upregulation) in CRC cells. Furthermore, TRAIL receptor expression 

(TRAIL-RII (DR5)) was also induced. Studies carried out following the completion of this work 

involving siRNA-mediated knockdown of TRAIL have suggested a partial role for TRAIL in 

apoptosis (unpublished observations). Moreover, this work suggested that TRAIL activates 

caspase-10 (but not caspase-8) and caspase-9 to cause extensive CRC cell death. Although 

classically TNF ligands activate mainly a caspase-8 associated extrinsic pathway, TRAIL-

mediated caspase-10 (and not caspase-8) activation to induce caspase-3/7 and cell death 

has previously been reported (Sprick et al., 2002, Sprick et al., 2000, Engels et al., 2005). 

Interestingly also, CD40-induced TRAIL-associated death appears to take place not by 

paracrine signalling (as anti-TRAIL blocking antibody did not affect apoptosis) but in 

endogenous/autocrine fashion, which is in agreement with our previous observation for a role 

of ‗intracellularly-signalling‘ TRAIL ligand in carcinoma cells (Steele et al., 2006).  
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These findings are suggestive for the first time of a signalling cross-talk between 

extrinsic and intrinsic apoptosis pathways in CRC cells, a finding supported by the 

observation that Bid is rapidly cleaved into t-Bid following CD40 ligation. Importantly, recent 

studies carried out following the completion of this work that have involved shRNA-mediated 

Bid knockdown demonstrated that complete knockdown of Bid results in 50% reduction of 

CD40 mediated apoptosis (unpublished observations). Collectively, our findings suggest that 

CD40 cross-talks with the extrinsic apoptotic pathway by inducing TRAIL-mediated, caspase-

10 (but not caspase-8) activation, mitochondrial disruption, tBid activation, Bak/Bax 

induction, and activation of caspase-9 and caspase-3/7 to cause extensive and rapid CRC 

cell death. However, TRAIL-induced apoptosis appears to be partially driving CD40-mediated 

death (findings presented here and unpublished data mentioned above).  

Despite the current findings on CD40-mediated apoptosis, it would be interesting to 

further investigate the role of mitochondria in apoptosis. Of interest would be the involvement 

of other mitochondrial death-related mediators, such as BH3-only proteins, or to study 

whether release of AIF or Endo G or SMAC/DIABLO (Norberg et al., 2010) may take place 

during apoptosis. SMAC/DIABLO shRNA-expressing retroviruses are available in our 

laboratory and could be used to produce HCT116 derivatives for future investigations. A 

good candidate for BH3-only protein exploration would be PUMA as it has been shown that it 

is important in p53-mediated induction of intrinsic apoptosis and it activates Bax during 

oxidative stress to induce apoptosis (Steckley et al., 2007).  

6.4 Unravelling the precise signalling pathways of pro-apoptotic 

CD40 signalling: role of JNK and p38 

The ‗stress‘ MAPK signaling pathways, and particularly those driven by pγ8 and JNK, 

can play an important role in the control of cell death. c-Jun N-terminal kinase/ stress kinase 

(JNK) can play a critical role in activating apoptosis (Shen and Pervaiz, 2006). JNK can be 

activated by several different stimuli including growth factors (Walsh et al., 2002), cytokines 

(Raingeaud et al., 1995) and stress factors (Nishitani and Matsumoto, 2006). JNK kinases 

are activated by phosphorylation of threonine and tyrosine residues of their activation loop by 

MAPKK kinases and particularly MKK4 and MKK7, which are themselves activated as 

several MAPKK kinases (such as ASK-1) (Kyriakis and Avruch, 2001, Kyriakis and Avruch, 

2012). On the other hand, p38 kinase isoforms can be activated by phosphorylation of 

threonine and tyrosine residues of their activation loop by MAPK kinases MKK3, 4 and 6 

(Brancho et al., 2003, Derijard et al., 1995). The MAPKKKs involved in the p38 and JNK 

pathway are mainly ASK1 and MLK3 (Zarubin and Jiahuai, 2005).   
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We showed here for the first time that CD40 induced rapid upregulation of both p-JNK 

and p-p38 in CRC cells. Although the activation of JNK is in agreement with mCD40L-

mediated JNK activation in UCC cells (Georgopoulos et al., 2006), in this work interaction of 

mCD40L with CD40 on CRC cells caused both JNK and p38 activation and we also showed 

that this activation is necessary for apoptosis, whilst our functional blocking studies implied 

that JNK might be acting downstream of p38 in the CD40 signalling axis (p38 activates JNK, 

which in turn induces apoptosis, while JNK does not appear to activate p38) – although 

further experiments would be required to definitively clarify this.  

JNK and p38 MAPK activation mediated by mCD40L directly regulated Bax and Bak 

expression hence these pro-apoptotic mediators appear to be induced transcriptionally rather 

than being stabilised at the protein level. Similary, p38 and JNK appeared to be responsible 

for TRAIL induction in a similar fashion. We have also shown that that cytochrome c was 

released during CD40-mediated apoptosis, so we speculate that this protein in turns creates 

a complex (apoptosome) using Apaf1 and pro-caspase-9, and that this complex then 

proceeds to activate caspase-3/7 (and CAD) through the mitochondrial pathways of cell 

death (Shiozaki et al., 2002).   

6.5 Insights into the regulation (and functional role) of TRAFs and 

MAP2Ks in mCD40L-induced CRC cell apoptosis  

 Having identified for the first time that CD40-mediated signalling in CRC cells 

engages both extrinsic and intrinsic pathways with p38 and JNK being responsible for 

induction of apoptosis by Bak and Bax, which is triggered at least in part by TRAIL induction, 

t-Bid mediated cross-talk to mitochondria, and induction of caspase-10 and caspase-9 

dependent death, the study sought to identify the precise, more receptor-proximal (early), 

CD40-induced signalling events.  

As described previously (Introduction), the signals induced by CD40 are partly 

mediated through a family of proteins. These molecules include members of the TRAF family 

(TRAF-1, -2, -3, -4, -5, -6) (Aggarwal, 2000). Several studies have demonstrated that ligation 

of CD40 leads to quick recruitment of these TNFR-associated factors (TRAFs) molecules 

from the cytoplasm to the receptor's cytoplasmic domain. TRAF1, TRAF-2, TRAF5, and 

TRAF6 tend to act as positive regulators of CD40L-CD40 signalling, whereas TRAF3 has 

been implicated as a negative regulator (Hauer et al., 2005). However virtually all such 

studies, with the exception of TRAF regulation by CD40 in normal and malignant urothelial 

cells reported by our laboratory (Georgopoulos et al 2006; Dunnill et al, manuscript in 
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preparation), are reports on CD40-mediated effects in lymphoid cells (Bishop et al., 2002, 

Bishop, 2004, Bishop et al., 2007).  

Here we show for the first time that TRAF1, -3, and 6 were induced by mCD40L-

CD40 interactions in CRC cells. Our findings documented that the regulation of TRAF3 and -

6 by mCD40L was rapid as TRAF induction was observed as early as 1.5 hour post receptor 

ligation. Our studies have not only demonstrated a novel pattern of TRAF regulation in CRC 

cells but have also revealed for the first time that TRAF3 has an essential role in CD40-

mediated CRC cells death as shown by stable TRAF3 knockdown experiments. 

TRAF3 is a CD40-associated adaptor protein which relays signals for the activation of 

MAPKs. In general, such signals can generate multifaceted cell responses ranging from 

epithelial cell death to cell growth and survival (Häcker et al., 2011). TRAF3 has been shown 

in some instances to trigger growth inhibition, yet in others apoptotic signals in epithelial 

based models, although the mechanistic explanations for this are largely unknown 

(Eliopoulos et al., 1996, Dadgostar and Cheng, 2000). The ability of TRAF3 to mediate 

apoptotic signals is likely to be mediated by lipid raft formation (Dadgostar and Cheng, 2000) 

with more recent evidence suggesting that this process may be directly dependent on ROS-

mediated receptor clustering via acid sphingomyelinase activation and ceramide production 

(Zhang et al., 2007, Zhang et al., 2006).  

Based on expression detection analysis and stable shRNA-mediated knock-down 

experiments, this study has provided evidence for the first time that TRAF3 plays a critical 

role in CD40-mediated apoptosis (see Chapter 4) and has shown that mCD40L-CD40 

interactions cause TRAF3 induction in CRC cell lines that naturally express CD40 or are 

engineered to express the receptor. Although the study focused exclusively on mCD40L as a 

ligation signal, soluble CD40 agonists do not stabilise TRAF3 as effectively as does 

membrane agonist, further supporting the notion that CD40 cross-linking is a key factor for 

high TRAF3 expression (Elmetwali et al., 2010b, Georgopoulos et al., 2006). Moreover, we 

have shown that TRAF3 is central in the induction of apoptosis as not only does it attenuate 

apoptosis, but it also specifically abrogates 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 of these signalling axes. These 

findings have therefore provided novel insights into a molecule the function of which in both 

normal and maligant epithelial cells has remained relatively unknown; they are also in 

agreement with a central role for TRAF3 in CD40-mediated UCC cell death (Georgopoulos et 

al 2006; Dunnill et al, manuscript in preparation), even though the precise molecular 

pathways driving CD40-mediated apoptosis in UCC and CRC cells appear to be distinct. 
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Finally, we also showed that CD40 ligation induced activation of MAPKKs MKK4 and MKK7 

as shown by immunoblotting. These results are also in agreement with our recent findings in 

UCC cells (Dunnill et al, manuscript in preparation) where we showed that MKK4 and MKK7 

are induced by CD40 in a TRAF3-dependent fashion, with MKK4 being critical in apoptosis.  

It should be noted that because of the previously reported important role of TRAF3 in 

CD40 killing in UCC cells (Georgopoulos et al 2006; Dunnill et al, manuscript in preparation) 

this study did not examine the functional role of other TRAFs in CD40-mediated apoptosis. 

Of interest would particularly be the role of TRAF6. Notably, we have previously reported that 

CD40 ligation does not appear to induce TRAF6 in UCC cells although it does induce TRAF1 

(Georgopoulos et al., 2006), yet TRAF1 induction appears to be a ‗consequence‘ of CD40 

ligation (our unpublished observations). Identifying whether TRAF6 is induced at the 

transcriptional or post-transcriptional level should form part of future work, whilst it would be 

important that such studies identify whether TRAF6 loss regulates CD40-mediated signalling 

and thus apoptosis in CRC cells.  

Therefore, collectively, we have demonstrated for the first time that CD40 triggers a 

signalling pathway that activates TRAF3 and in turn that appears to be responsible for 

activation of MKK4 and MKK7. And although future studies should also address whether it is 

MKK4 or MKK7 (or both) that are responsible for downstream signalling, it is tempting to 

speculate that one of these or both (as in UCC cells) trigger downstream activation of p38 

and JNK to activate pro-apoptotic CD40 signalling.  Interestingly, these findings did not 

reveal precisely how TRAF3 is linked with/activates the MKK4/7-p38/JNK signalling axis, i.e. 

which MAP3K is responsible for triggering MKK and subsequently p38/JNK activation. We 

believe that our findings in Chapter 5 have provided the molecular basis for this and 

identified the missing MAP3K (discussion below).   

6.6 The role of ROS and Nox in CD40-mediated pro-apoptotic 

signalling during CRC cell apoptosis  

ROS were originally thought to be molecules that caused cell damage, through lipid, 

protein and DNA oxidation. Yet, it is now widely recognised that they also play a crucial, 

secondary messenger role in activating intracellular signalling pathways (Terada, 2006). In 

fact, ROS are implicated in most of the hallmarks of cancer proposed by (Hanahan and 

Weinberg, 2011)Hanahan and Weinberg (2011) due to their diverse effects on cellular 

molecules and processes such as angiogenesis, invasion and proliferation(Paletta-Silva et 

al., 2013).  
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ROS are molecules derived from oxygen often produced by the NADPH oxidase 

(NOX) proteins, the family of ‗professional‘ ROS producers (Jiang et al., 2011). The family of 

NADPH oxidases in humans is composed of 7 members: NOX1 to NOX5, DUOX1 and 

DUOX2 (De Deken et al., 2000, Dupuy et al., 1999). Although the structures of the various 

isoforms of NOX are highly homologous, their tissue distributions, cellular and subcellular 

and their activation mechanisms, and therefore their physiological functions, are very 

different (Bedard and Krause, 2007). Nox may induce ROS in response to chemotherapeutic 

agents and members of the TNR-superfamily such as TNF-α or lymphotoxin (such as 

lymphotoxin-  receptor) (LT R) (You et al., 2006), and this may be used to specifically target 

tumours cell due to their already raised oxidative stress state (Benhar et al., 2001, Jin et al., 

2008). Moreover, CD40 engagement by soluble CD40 agonist (sCD40L) has been reported 

to trigger the production of ROS in B-cells and normal hepatocytes, which is mediated 

through the action of NOX (Bhogal et al., 2012, Ha and Lee, 2004, Wheeler and DeFranco, 

2012).  

As shown in Chapter 5, ROS are rapildy induced in CRC cells by CD40 in what 

appears to be a Nox-dependent phenomenon and this plays an important role in CD40-

mediated killing. More specifically, CD40 activation appears to result in TRAF3-dependent 

p40phox activation as shown by p-p40phox immunoblotting experiments and functional, 

shRNA-mediated TRAF3 knockdown. We also show for the first time that CD40 regulates 

directly ROS scavenging mediators, as we detected modest yet clear reduction in Trx-1 

expression. In agreement with the observations, 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.   

Although an unequivocal role for TRAF3 in the recruitment of Nox has not been 

provided, the work shown here has strongly implicated a TRAF3-Nox interaction in CD40-

killing, which is in agreement with a previous study in malignant B cells (Ha and Lee, 2004). 

In addition to performing co-immunoprecipitation studies to investigate whether TRAF3 and 

Nox indeed interact during mCD40L-induced signalling, the possible role of ROS in lipid raft 

formation should equally be explored in future work, as it appears that Nox activity shown in 

this thesis in CRC cells and ROS induction in UCC cells (Dunnill and Georgopoulos, 

unpublished observations) are necessary for TRAF3 stabilisation.  

Through stable, shRNA-mediated TRAF3 knockdown it has been shown by this study 

that mCD40L-induced phosphorylation of p38 and JNK and apoptosis is TRAF3 driven. As 

mentioned, it has been suggested that TRAF3 signalling may be dependent on lipid raft 

formation and its cell membrane interaction with Nox to generate ROS (Bhogal et al., 2012, 
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Ha and Lee, 2004, Wheeler and DeFranco, 2012). Thus, in light of the importance of ROS in 

apoptosis, the current study determined that a TRAF3-Nox functional link may underpin 

CD40-signalling responses, which is in agreement with our recent observations in maligant 

urothelial (UCC) cells (Dunnill et al, manuscript in preparation).  

It has been shown that CD40‘s intracellular domain recruits TRAFγ for NOX 

interaction via one of several sub-units, namely p40phox (Ha and Lee, 2004). These findings 

regarding TRAF3-Nox interactions were reported in B-cells via their overexpression. This 

study, and without being based on over-expression, suggests that this phenomenon may 

also occur in epithelial cells. Also in this study, through use of the Nox inhibitor DPI, it was 

shown that NOX inhibition prevents ASK-1 activation, expression of pro-apoptotic Bcl-2 

members Bax, and mCD40L-induced apoptosis suggesting that most probably p40phox 

regulates CD40-mediated cell death via ROS production and ASK-1 mediated p38/JNK 

activation. In support of this there are more recent reports that phospho-p40phox has a 

specific role of ROS production in endothelial cells (Fan et al., 2009), thus enforcing this 

common mechanism between Nox mediated ROS production. Finally, and despite not 

demonstrating a direct physical interaction between Nox and TRAF3, the importance of the 

ROS pathway in CD40 apoptosis is further supported by the observation that stable TRAF3 

knockdown attenuated p40phox phosphorylation by CD40 ligation.  

Although DPI is not a specific inhibitor of the p40phox Nox subunit, but a universal 

Nox inhibitor, clearly DPI prevented CD40-induced CD40-mediated death (shown here) as 

well as ROS generation (subsequently demonstrated following completion of the current 

thesis – Dunnill et al, in preparation). This has provided evidence that mCD40L-CD40-

TRAF3-NOX interaction utilises ROS for the activation of ASK-1/MKK/p38/JNK pro-apoptotic 

pathways in CRC cells. Future work should target p40-phox specifically through shRNA 

knockdown in order to firmly establish its role in CD40-mediated apoptosis.  

 ASK1 is a MAPγK that ‗sits‘ at the top of the MKK4/JNK signalling pathway 

responding primarily to oxidative cell stress mediated by reactive oxygen species (ROS). 

ASK1 is normally suppressed by a redox protein known as thioredoxin (Trx) making it an 

inactive protein kinase. Trx binds ASK1 through a reduced intramolecular disulphide bridge, 

however the bonds are broken through oxidation, and in turn ASK1 auto-phosphorylates at 

Thr845 to become an active signalling kinase (Soga et al., 2012). Our findings that CD40 

induced TRAF3 dependent p40phox activation, caused Trx down-regulation, and triggered 

ASK-1 phosphorylation are in agreement with our recent observations in UCC cells (Dunnill 

et al, in preparation) where we also showed that stable, retrovirus mediated ASK-1 protein 
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knockdown fully blocked CD40 apoptosis. It would be important that similar studies are 

carried out to study whether this is the case in CRC cells. 

 The above observations combined with the results presented in this study, provide 

novel mechanistic explanations on the molecular nature of the CD40 signalling ‗blackbox‘. It 

appears therefore that, despite the partial differences in the downstream signalling 

components and exact apoptotic pathways (intrinsic and/or extrinsic) that mediate apoptosis, 

induction of ROS by Nox, down-regulation of Trx and activation of ASK-1 may represent the 

core signalling component that drives CD40-mediated apoptotis. In UCC cells, abrogation of 

ASK1 via shRNA mediated knockdown not only prevented mCD40L-induced apoptosis, but 

also abrogated the phosphorylation of JNK (Dunnill et al, in preparation). Future studies in 

CRC cells could provide support to these observations and may confirm the universality of 

these mechanisms.  

Also such experiments will help clarify the exact point in the CD40 signalling axis 

where the MAPK pathways diverge. More specifically, as tBid and TRAIL knockdown appear 

to partially aborgate apoptosis (unpublished observations), 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/JNK 

pathway directly induces Bak/Bax to also induce MOMP and mitochondrial death, the latter 

being more reminescent of CD40-mediated cell death in UCC cells (Dunnill et al, in 

preparation). However, unlike UCC cells were the operation of only the latter pathway takes 

place means apoptosis requires a minimum of 24-36 hours to take place, in CRC cells there 

is rapid amplification of the pro-apoptotic signal and quick induction of cell death. To our 

knowledge, this is the first demonstration of such extensive and at the same time rapid 

carcinoma cell apoptosis triggered by CD40 ligation.    
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6.7 Future directions: utilising the CD40 pathway for therapeutic 

purposes 

The ability of CD40 ligation to induce such extensive and rapid apoptosis in CRC 

cells has clear therapeutic promise. However, the requirement to use membrane presented 

ligand poses significant therapeutic obstacles if CD40 is to be used as a therapeutic target in 

colorectal cancer therapy. We have previously shown that soluble CD40 agonist has little 

pro-apoptotic activity in CRC cells (Georgopoulos et al., 2007); Dunnill and Georgopoulos, 

unpublished observations) therefore a therapeutic approach that can render a soluble CD40 

agonist functionally equivalent to mCD40L would be an ideal therapeutic approach.  

However, whilst this project was taking place, work in our laboratory has led to a new 

combinatorial approach that involved treatment of carcinoma cells with soluble CD40 agonist 

(‗biologic‘) in combination with a pharmacological inhibitor of Trx  (pharmaceutic) that in 

combination a) elevated reactive oxygen species (ROS) and b) blocked anti-apoptotic 

Thioredoxin (Trx)-mediated cyto-protection (against ROS) – this formed part of the 

―Combinatorial use of Tumour Necrosis Factor Receptor agonists with pharmacological 

inhibitors of Thioredoxin proteins for carcinoma therapy‖, patent application # 1γ019β8.6.  

Based initially on the urothelial model, work in our laboratory showed that 

pharmacological Trx inhibition sensitised tumour cells to soluble CD40 agonists, that when 

normally used alone are non-cytotoxic to UCC cells (Bugajska et al., 2002). Notably, the 

soluble-agonist/Trx inhibitor combinatorial treatment was functionally equivalent to mCD40L-

induced CD40 ligation. Importantly, following completion of this thesis, it was found that CRC 

cell lines were even more sensitive to this combinatorial therapy than were UCC cells. This 

observation is interesting as Trx inhibitors have been suggested to hold promise for the 

treatment of CRC over other epithelial tumours (Lincoln et al., 2003). Therefore the 

administration of Trx inhibitors combined with soluble CD40 agonists merits further pre-

clinical testing to determine its universal efficacy not only against UCC, but also in CRC. In 

fact, were currently testing the efficacy of this combinatorial approach in SW480-CD40 

versus SW480 mouse xenografts in immunodeficient mice in collaboration with Prof Alan 

Melcher (LICAP, University of Leeds).  
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6.8 Concluding remarks  

This study has for the first time identified the intracellular signalling cascade that is 

triggered by CD40 ligation and results in extensive apoptosis in CRC carcinoma cells 

summarised schematically in figure 6.1. It has identified a TRAF3-Nox-ROS-ASK1-MKK-

p38/JNK pathway (that activates caspase-10 and caspase-9) as being the driving force that 

triggers both a TRAIL-associated extrinsic as well as the intrinsic apoptotic pathways. Thus 

in CRC cells CD40 demonstrates ability to induce apoptosis by pathway cross talk which 

permits strikingly rapid apoptosis. These findings have 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 therapeutic avenue that may exploit 

CD40 for anticancer therapy. 
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Figure 6. 1 Fintracellular signalling triggered by CD40 ligation in CRC  

Intracellular signalling triggered by CD40 ligation and results in extensive apoptosis in CRC carcinoma 

cells. It has identified a TRAF3-Nox-ROS-ASK1-MKK-p38/JNK pathway (that activates caspase-10 

and caspase-9) as being the driving force that triggers both a TRAIL-associated extrinsic as well as 

the intrinsic apoptotic pathways. Thus, in CRC cells CD40 demonstrates the ability to induce apoptosis 

by pathway cross talk which permits strikingly rapid apoptosis.  
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Appendix I  

List of Suppliers 

Supplier Webpage/Address 
Alpha labs www.alphalabs.co.uk  

                Autogen Bioclear UK Ltd Holly Ditch Farm, Mile Elm, 
BD Biosciences www.bdbiosciences.com/eu  

BDH Supplied by VWR 
Bio-Rad Laboratories Ltd www.bio-rad.com  

Biosera www.biosera.com  

Calbiochem Supplied by Merck 
Cambridge Bioscience www.bioscience.co.uk  

Clontech (Takara Bio Inc) www.clontech.com  

ENZO www.enzolifesciences.com  

Falcon Supplied by VWR 
Fisher Scientific UK Ltd www.fisher.co.uk  

Gompels healthcare www.gompels.co.uk  

Greiner Bio-one Ltd www.greinerbioone.com/en/england/start/ 
Insight Biotechnology Ltd www.insightbio.com  

Invitrogen Ltd www.invitrogen .com 
Invivogen www.invivogen.com  

Jencons-PLS Supplied by VWR International 
Li-Cor Biosciences UK Ltd www.licor.com  

Merck www.merck.co.uk  

Microsoft Corporation www.microsoft.com  

Millipore www.merckmillipore.co.uk  

Molecular Probes Supplied by Invitrogen 
Nalgene Europe Ltd Supplied by Fisher Scientific 
New England Biolabs (UK) www.neb.uk.com  

Pierce Supplied by Thermo Scientific 
Promega UK Ltd www.promega.com  

Qiagen Ltd www.qiagen.com  

Roche Diagnostics Ltd www.roche.co.uk/portal/uk/diagnostics  

Santa Cruz Biotechnology Supplied by Insight Biotechnology Ltd 
Sigma-Aldrich Company www.sigmaaldrich.com  

Starstedt Ltd www.sarstedt.com  

Statebourne Cryogenics www.statebourne.com  

Sterilin Ltd Supplied by Fisher 
Tebu-bio www.tebu-bio.co.uk  

ThermoFisher Scientific www.fisher.com  

VWR international www.vwr.com  

 

  

http://www.alphalabs.co.uk/
http://www.bdbiosciences.com/eu
http://www.bio-rad.com/
http://www.biosera.com/
http://www.bioscience.co.uk/
http://www.clontech.com/
http://www.enzolifesciences.com/
http://www.fisher.co.uk/
http://www.gompels.co.uk/
http://www.insightbio.com/
http://www.invivogen.com/
http://www.licor.com/
http://www.merck.co.uk/
http://www.microsoft.com/
http://www.merckmillipore.co.uk/
http://www.neb.uk.com/
http://www.promega.com/
http://www.qiagen.com/
http://www.roche.co.uk/portal/uk/diagnostics
http://www.sigmaaldrich.com/
http://www.sarstedt.com/
http://www.statebourne.com/
http://www.tebu-bio.co.uk/
http://www.fisher.com/
http://www.vwr.com/
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Appendix II 

Reagents  

1- Phosphaste Buffer Saline (PBS) (Invitrogen 14200-67) 

Compound Concentration 

137mM Sodium Chloride NaCl 

2.7mM Potassium Chloride KCl 

3.2mM Disodium hydrogen phosphate Na2HPO4 

147mM Potassium hydrogen phosphate KH2PO4 

pH 7.2 dissolved in autoclaved dH2O. Prepared from 10X solution 

 

2- 2x SDS lysis buffer: 

Amount(volume or mass) Material 

10 ml (2% W/V) Glycerol (Sigma) 

1 gram (2% W/V) SDS 

6.25 ml   (Stock 1M Tris-HCl 

0.42g /200mM  Sodium fluoride (NaF)(Sigma) 

0.446g Sodium pyrophosphate tetrabasic 

2mM  Sodium Orthovandate 
Up to total volume of 50ml Deionised water 

Chemicals used in preparation of SDS sample buffer. To dissolve all chemicals, use 
magnetic heat block to and magnetic flea then store at -20C in 2.5ml or aliquots.  

 

3- Standards: Cat# PN23208 

Standards Concentrations µg/ml BSA/ volume 

bovine serum albumin (BSA) 125, 250, 500, 750, 1000, 1500, 2000/ 
3.5ml each 

Diluted in 0.9% saline and preserved with 0.05% sodium azide 
 

 

4- Tris Buffered Saline (TBS) 

Volume  or Weight Chemical 

1.21g Tris (Hydroxy methyl amino methan) 

8.18g Sodium hydrochloride (NaCl) (Sigma) 

Made up to 1 L by deionised water              pH 7.4   
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5-  TBS-Tween 
Volume  or Weight Chemical 

1.21g Tris (Hydroxy methyl amino methane) 

8.18g Sodium hydrochloride (NaCl) (Sigma) 

Made up to 1 L by deionised water, and pH was adjusted (pH 7.4) then 1ml of 
Tween-20 was added.  

   

6- Transfer Buffer  
Volume  or Weight Chemicals 

1.45g Tris( 12mM) 

7.2g Glycine(96mM) 

200ml Methanol (20%) 

Make up to 1 litter by deionised water (*made fresh on day of use*) 

     

7- The CellTiter 96® Cell proliferation assay 

Volume   Chemicals 

100ml CellTiter 96 

 
Cell Proliferation Assay 5,000 assays  

CellTiter 96® AQueous One Solution  

G3581 
Ready to use / 20µl/well- store the reagent at -20C for long term storage or for short up 

to 6 week at 4C protected from the light  

  (www.promega.com)  
8- Caspase 3/7 activity reagents 

Components Volume 
Store 

components 
Caspase 3/7 substrate 270 µl -20 ºC 

AFC, Fluorescence reference standard 20µl (in 10mM DMSO) -20 ºC 
Ac-DEVD-CHO a Known caspase 3/7 

inhibitor 5 mM DMSO solution 15 µl -20 ºC 

Assay buffer 30ml 4 ºC 
DTT 1ml -20 ºC 

Lysis buffer 20ml 4 ºC 
 The chemical compound used in the measurement of caspase 3/7 activity. 
(www.anaspec,com)   

9-  CytoTox-GloTM Cytotoxicity reagents  

Component  Bottle/Size  Storge Cat # 

Assay Buffer  5 x10ml  

-20 ºC 

 

G9291 AAF-GloTM substrate(Alanyle alanyl-phenylal alanyl-amino luciferin  5 bottles 

Digitonin  175 µl 

  (www.promega.com)  

http://www.promega.com/
http://www.anaspec,com/
http://www.promega.com/
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Appendix III  

The concentrations of protein for all lysates; (3T3-CD40, 3T3-neo, and SW480-

CD40) are shown in the Table. 

 3T3Neo 3T3CD40L SW480-CD40 

µg/ml 8010.849 6871.365 4819.18 

µg/µl 8.01 6.87 4.82 

Volume with20µg 2.50 2.91 4.15 

dH2O 10.50 10.09 8.85 

Sample volume 13 13 13 

Reducing Agent 2 2 2 

LDS Sample buffer 5 5 5 

Total (µl) 20 20 20 

Protein concentration in different cell lysates. The table also indicates the amount of other 

reagents added to the lysates preparation for western blotting. 

 

 

Standard curve (4-parameter-fit to measure protein concentration in different cell 

lines (3T3-CD40L, 3T3-Neo, and SW480-CD40).  
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Appendix IV  

Caspase 3/7 activity with different concentration of staurosporine  

HCT116/3T3-CD40L HCT116/3T3-Neo HCT116/staurosporine(5) HCT116/staurosporine(2.5) HCT116/staurosporine (1) HCT116/3T3-Neo 

16571 6779 17471 16210 12994 6446 

16422 6862 17222 15534 12400 6709 

16433 6680 18643 16065 12118 6506 

17233 6344 17123 16141 12215 6314 

16664.75 6666.25 17614.75 15987.5 12431.75 6493.75 
284.125 161.125 514.125 226.75 281.125 113.75 

 

 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

HCT116/3T3-CD40L HCT116/3T3-Neo HCT116/staurosporine

(5µM)

HCT116/staurosporine

(2.5µM)

HCT116/staurosporine

(1µM)

R
F

U
 



 

253 
 

References 

 
ABOU-SALEH, H., YACOUB, D., THÉORÊT, J.-F., GILLIS, M.-A., NEAGOE, P.-E., 

LABARTHE, B., THÉROUX, P., SIROIS, M. G., TABRIZIAN, M. & THORIN, E. 
2009. Endothelial progenitor cells bind and inhibit platelet function and 
thrombus formation. Circulation, 120, 2230-2239. 

ACEHAN, D., JIANG, X., MORGAN, D. G., HEUSER, J. E., WANG, X. & AKEY, C. 
W. 2002. Three-dimensional structure of the apoptosome: implications for 
assembly, procaspase-9 binding, and activation. Molecular cell, 9, 423-432. 

ADAMS, J. M. 2003. Ways of dying: multiple pathways to apoptosis. Genes & 
Development, 17, 2481-2495. 

ADLER, V., YIN, Z., FUCHS, S. Y., BENEZRA, M., ROSARIO, L., TEW, K. D., 
PINCUS, M. R., SARDANA, M., HENDERSON, C. J. & WOLF, C. R. 1999. 
Regulation of JNK signaling by GSTp. The EMBO journal, 18, 1321-1334. 

ADRAIN, C., CREAGH, E. M. & MARTIN, S. J. 2001. Apoptosis-associated release 
of Smac/DIABLO from mitochondria requires active caspases and is blocked 
by Bcl-2. The EMBO journal, 20, 6627-6636. 

AFFORD, S. C., AHMED-CHOUDHURY, J., RANDHAWA, S., RUSSELL, C., 
YOUSTER, J., CROSBY, H. A., ELIOPOULOS, A., HUBSCHER, S. G., 
YOUNG, L. S. & ADAMS, D. H. 2001. CD40 activation-induced, Fas-
dependent apoptosis and NF-ÎºB/AP-1 signaling in human intrahepatic biliary 
epithelial cells. The FASEB Journal, 15, 2345-2354. 

AFFORD, S. C., RANDHAWA, S., ELIOPOULOS, A. G., HUBSCHER, S. G., 
YOUNG, L. S. & ADAMS, D. H. 1999. CD40 activation induces apoptosis in 
cultured human hepatocytes via induction of cell surface fas ligand expression 
and amplifies fas-mediated hepatocyte death during allograft rejection. The 
Journal of experimental medicine, 189, 441-446. 

AGGARWAL, B. B. 2000. Tumour necrosis factors receptor associated signalling 
molecules and their role in activation of apoptosis, JNK and NF-κB. Annals of 
the rheumatic diseases, 59, i6-i16. 

AHMED-CHOUDHURY, J., RUSSELL, C. L., RANDHAWA, S., YOUNG, L. S., 
ADAMS, D. H., AFFORD, S. C. & CHOUDHURY, J. A. 2003. Differential 
induction of nuclear factor-kappaB and activator protein-1 activity after CD40 
ligation is associated with primary human hepatocyte apoptosis or intrahepatic 
endothelial cell proliferation. Mol Biol Cell, 14, 1334-45. 

ALDERSON, M. R., ARMITAGE, R. J., TOUGH, T. W., STROCKBINE, L., 
FANSLOW, W. C. & SPRIGGS, M. K. 1993. CD40 expression by human 
monocytes: regulation by cytokines and activation of monocytes by the ligand 
for CD40. The Journal of experimental medicine, 178, 669-674. 

ALLEN, R. C., ARMITAGE, R. J., CONLEY, M. E., ROSENBLATT, H., JENKINS, N. 
A., COPELAND, N. G., BEDELL, M. A., EDELHOFF, S., DISTECHE, C. M. & 
SIMONEAUX, D. K. 1993. CD40 ligand gene defects responsible for X-linked 
hyper-IgM syndrome. Science, 259, 990-993. 

ALNEMRI, E. S., LIVINGSTON, D. J., NICHOLSON, D. W., SALVESEN, G., 
THORNBERRY, N. A., WONG, W. W. & YUAN, J. 1996. Human ICE/CED-3 
protease nomenclature. Cell, 87, 171. 

AMARANTE-MENDES, G. & GREEN, D. 1999. The regulation of apoptotic cell 
death. Brazilian journal of medical and biological research, 32, 1053-1061. 



 

254 
 

ANAND, S. X., VILES-GONZALEZ, J. F., BADIMON, J. J., CAVUSOGLU, E. & 
MARMUR, J. D. 2003. Membrane-associated CD40L and sCD40L in 
atherothrombotic disease. THROMBOSIS AND HAEMOSTASIS-
STUTTGART-, 90, 377-384. 

ANDRE, P., NANNIZZI-ALAIMO, L., PRASAD, S. K. & PHILLIPS, D. R. 2002a. 
Platelet-derived CD40L the switch-hitting player of cardiovascular disease. 
Circulation, 106, 896-899. 

ANDRE, P., PRASAD, K. S., DENIS, C. V., HE, M., PAPALIA, J. M., HYNES, R. O., 
PHILLIPS, D. R. & WAGNER, D. D. 2002b. CD40L stabilizes arterial thrombi 
by a γ integrin–dependent mechanism. Nature medicine, 8, 247-252. 

ANGKEOW, P., DESHPANDE, S. S., QI, B., LIU, Y. X., PARK, Y. C., JEON, B. H., 
OZAKI, M. & IRANI, K. 2002. Redox factor-1: an extra-nuclear role in the 
regulation of endothelial oxidative stress and apoptosis. Cell death and 
differentiation, 9, 717-725. 

ANTONSSON, B. & MARTINOU, J.-C. 2000. The Bcl-2 protein family. Experimental 
cell research, 256, 50-57. 

AOKI, H., RICHMOND, M., IZUMO, S. & SADOSHIMA, J. 2000. Specific role of the 
extracellular signal-regulated kinase pathway in angiotensin II-induced cardiac 
hypertrophy in vitro. Biochem. J, 347, 275-284. 

AON, M. A., STANLEY, B. A., SIVAKUMARAN, V., KEMBRO, J. M., O'ROURKE, B., 
PAOLOCCI, N. & CORTASSA, S. 2012. Glutathione/thioredoxin systems 
modulate mitochondrial H2O2 emission: An experimental-computational study. 
The Journal of general physiology, 139, 479-491. 

APEL, K. & HIRT, H. 2004. Reactive oxygen species: metabolism, oxidative stress, 
and signal transduction. Annu. Rev. Plant Biol., 55, 373-399. 

ARCH, R. H., GEDRICH, R. W. & THOMPSON, C. B. 1998. Tumor necrosis factor 
receptor-associated factors (TRAFs)—a family of adapter proteins that 
regulates life and death. Genes & development, 12, 2821-2830. 

ARMITAGE, R. J., FANSLOW, W. C., STROCKBINE, L., SATO, T. A., CLIFFORD, 
K. N., MACDUFF, B. M., ANDERSON, D. M., GIMPEL, S. D., DAVIS-SMITH, 
T. & MALISZEWSKI, C. R. 1992. Molecular and biological characterization of 
a murine ligand for CD40. Nature, 357, 80-82. 

ARMITAGE, R. J., MACDUFF, B., SPRIGGS, M. & FANSLOW, W. 1993. Human B 
cell proliferation and Ig secretion induced by recombinant CD40 ligand are 
modulated by soluble cytokines. The Journal of Immunology, 150, 3671-3680. 

ARRON, J. R., PEWZNER-JUNG, Y., WALSH, M. C., KOBAYASHI, T. & CHOI, Y. 
2002. Regulation of the subcellular localization of tumor necrosis factor 
receptor–associated factor (TRAF) 2 by TRAF1 reveals mechanisms of 
TRAF2 signaling. The Journal of experimental medicine, 196, 923-934. 

ARRON, J. R., VOLOGODSKAIA, M., WONG, B. R., NARAMURA, M., KIM, N., GU, 
H. & CHOI, Y. 2001. A positive regulatory role for Cbl family proteins in tumor 
necrosis factor-related activation-induced cytokine (trance) and CD40L-
mediated Akt activation. Journal of Biological Chemistry, 276, 30011-30017. 

ARUFFO, A., FARRINGTON, M., HOLLENBAUGH, D., LI, X., MILATOVICH, A., 
NONOYAMA, S., BAJORATH, J., GROSMAIRE, L. S., STENKAMP, R. & 
NEUBAUER, M. 1993. The CD40 ligand, gp39, is defective in activated T cells 
from patients with X-linked hyper-IgM syndrome. Cell, 72, 291-300. 

BAJORATH, J. 1998. Detailed comparison of two molecular models of the human 
CD40 ligand with an x-ray structure and critical assessment of model-based 



 

255 
 

mutagenesis and residue mapping studies. Journal of Biological Chemistry, 
273, 24603-24609. 

BAJORATH, J. & ARUFFO, A. 1997. Construction and analysis of a detailed three‐
dimensional model of the ligand binding domain of the human B cell receptor 
CD40. Proteins: Structure, Function, and Bioinformatics, 27, 59-70. 

BAJORATH, J., MARKEN, J. S., CHALUPNY, N. J., SPOON, T. L., SIADAK, A. W., 
GORDON, M., NOELLE, R. J., HOLLENBAUGH, D. & ARUFFO, A. 1995. 
Analysis of gp39/CD40 interactions using molecular models and site-directed 
mutagenesis. Biochemistry, 34, 9884-9892. 

BAKER, A. F., DRAGOVICH, T., TATE, W. R., RAMANATHAN, R. K., ROE, D., 
HSU, C.-H., KIRKPATRICK, D. L. & POWIS, G. 2006. The antitumor 
thioredoxin-1 inhibitor PX-12 (1-methylpropyl 2-imidazolyl disulfide) decreases 
thioredoxin-1 and VEGF levels in cancer patient plasma. Journal of Laboratory 
and Clinical Medicine, 147, 83-90. 

BAKER, M. P., ELIOPOULOS, A. G., YOUNG, L. S., ARMITAGE, R. J., GREGORY, 
C. D. & GORDON, J. 1998. Prolonged phenotypic, functional, and molecular 
change in group I Burkitt lymphoma cells on short-term exposure to CD40 
ligand. Blood, 92, 2830-2843. 

BANCHEREAU, J., DE PAOLI, P., VALLE, A., GARCIA, E. & ROUSSET, F. 1991. 
Long-term human B cell lines dependent on interleukin-4 and antibody to 
CD40. Science, 251, 70-72. 

BARRETT, T. B., SHU, G. & CLARK, E. A. 1991. CD40 signaling activates 
CD11a/CD18 (LFA-1)-mediated adhesion in B cells. The Journal of 
immunology, 146, 1722-1729. 

BAVENDIEK, U., LIBBY, P., KILBRIDE, M., REYNOLDS, R., MACKMAN, N. & 
SCHÖNBECK, U. 2002. Induction of tissue factor expression in human 
endothelial cells by CD40 ligand is mediated via activator protein 1, nuclear 
factor κB, and Egr-1. Journal of Biological Chemistry, 277, 25032-25039. 

BAXENDALE, A. J., DAWSON, C. W., STEWART, S. E., MUDALIAR, V., 
REYNOLDS, G., GORDON, J., MURRAY, P. G., YOUNG, L. S. & 
ELIOPOULOS, A. G. 2005. Constitutive activation of the CD40 pathway 
promotes cell transformation and neoplastic growth. Oncogene, 24, 7913-
7923. 

BEDARD, K. & KRAUSE, K. H. 2007. The NOX family of ROS-generating NADPH 
oxidases: physiology and pathophysiology. Physiol Rev, 87, 245-313. 

BEERE, H. M. 2004. The stress of dying': the role of heat shock proteins in the 
regulation of apoptosis. Journal of Cell Science, 117, 2641-2651. 

BENHAR, M., DALYOT, I., ENGELBERG, D. & LEVITZKI, A. 2001. Enhanced ROS 
production in oncogenically transformed cells potentiates c-Jun N-terminal 
kinase and p38 mitogen-activated protein kinase activation and sensitization 
to genotoxic stress. Molecular and cellular biology, 21, 6913-6926. 

BENNETT, S. R., CARBONE, F. R., KARAMALIS, F., FLAVELL, R. A., MILLER, J. F. 
& HEATH, W. R. 1998. Help for cytotoxic-T-cell responses is mediated by 
CD40 signalling. Nature, 393, 478-480. 

BENSON, R. J., HOSTAGER, B. S. & BISHOP, G. A. 2006. Rapid CD40‐mediated 
rescue from CD95‐induced apoptosis requires TNFR‐associated factor‐6 and 
PI3K. European journal of immunology, 36, 2535-2543. 

BERG, T., HASBOLD, J., LAVALETTE, C. R., DÖPP, E., DIJKSTRA, C. & KLAUS, 
G. 1996. Properties of mouse CD40: differential expression of CD40 epitopes 
on dendritic cells and epithelial cells. Immunology, 88, 294-300. 



 

256 
 

BERGTOLD, A., DESAI, D. D., GAVHANE, A. & CLYNES, R. 2005. Cell surface 
recycling of internalized antigen permits dendritic cell priming of B cells. 
Immunity, 23, 503-514. 

BERMUDEZ, O., PAGÃ¨S, G. & GIMOND, C. 2010. The dual-specificity MAP kinase 
phosphatases: critical roles in development and cancer. American Journal of 
Physiology-Cell Physiology, 299, C189-C202. 

BETTELLI, E., CARRIER, Y., GAO, W., KORN, T., STROM, T. B., OUKKA, M., 
WEINER, H. L. & KUCHROO, V. K. 2006. Reciprocal developmental pathways 
for the generation of pathogenic effector TH17 and regulatory T cells. Nature, 
441, 235-238. 

BHOGAL, R. H., WESTON, C. J., CURBISHLEY, S. M., ADAMS, D. H. & AFFORD, 
S. C. 2012. Activation of CD40 with platelet derived CD154 promotes reactive 
oxygen species dependent death of human hepatocytes during hypoxia and 
reoxygenation. PloS one, 7, e30867. 

BIONDI, R. & NEBREDA, A. 2003. Signalling specificity of Ser/Thr protein kinases 
through docking-site-mediated interactions. Biochem. J, 372, 1-13. 

BISHOP, G. A. 2004. The multifaceted roles of TRAFs in the regulation of B-cell 
function. Nature Reviews Immunology, 4, 775-786. 

BISHOP, G. A., HOSTAGER, B. S. & BROWN, K. D. 2002. Mechanisms of TNF 
receptor-associated factor (TRAF) regulation in B lymphocytes. Journal of 
leukocyte biology, 72, 19-23. 

BISHOP, G. A., MOORE, C. R., XIE, P., STUNZ, L. L. & KRAUS, Z. J. 2007. TRAF 
proteins in CD40 signaling. TNF Receptor Associated Factors (TRAFs). 
Springer. 

BISWAS, S., CHIDA, A. S. & RAHMAN, I. 2006. Redox modifications of 
proteinâ€―thiols: emerging roles in cell signaling. Biochemical pharmacology, 
71, 551-564. 

BOLDIN, M. P., GONCHAROV, T. M., GOLTSEVE, Y. V. & WALLACH, D. 1996. 
Involvement of MACH, a Novel MORT1/FADD-Interacting Protease, in 
Fas/APO-1-and TNF Receptor–Induced Cell Death. Cell, 85, 803-815. 

BOSSY-WETZEL, E., NEWMEYER, D. D. & GREEN, D. R. 1998. Mitochondrial 
cytochrome c release in apoptosis occurs upstream of DEVD-specific caspase 
activation and independently of mitochondrial transmembrane depolarization. 
The EMBO Journal, 17, 37-49. 

BOURGEOIS, C., ROCHA, B. & TANCHOT, C. 2002. A role for CD40 expression on 
CD8+ T cells in the generation of CD8+ T cell memory. Science, 297, 2060-
2063. 

BOUSSIOTIS, V. A., NADLER, L. M., STROMINGER, J. L. & GOLDFELD, A. E. 
1994. Tumor necrosis factor alpha is an autocrine growth factor for normal 
human B cells. Proceedings of the National Academy of Sciences, 91, 7007-
7011. 

BRAESCH-ANDERSEN, S., PAULIE, S., KOHO, H., NIKA, H., ASPENSTRÖM, P. & 
PERLMANN, P. 1989. Biochemical characteristics and partial amino acid 
sequence of the receptor-like human B cell and carcinoma antigen CDw40. 
The Journal of Immunology, 142, 562-567. 

BRANCHO, D., TANAKA, N., JAESCHKE, A., VENTURA, J.-J., KELKAR, N., 
TANAKA, Y., KYUUMA, M., TAKESHITA, T., FLAVELL, R. A. & DAVIS, R. J. 
2003. Mechanism of p38 MAP kinase activation in vivo. Genes & 
development, 17, 1969-1978. 



 

257 
 

BRAND, M. D. 2010. The sites and topology of mitochondrial superoxide production. 
Exp Gerontol, 45, 466-72. 

BRISCOE, D. M., ALEXANDER, S. I. & LICHTMAN, A. H. 1998. Interactions between 
T lymphocytes and endothelial cells in allograft rejection. Current opinion in 
immunology, 10, 525-531. 

BROWN, K. D., HOSTAGER, B. S. & BISHOP, G. A. 2002. Regulation of TRAF2 
signaling by self-induced degradation. Journal of Biological Chemistry, 277, 
19433-19438. 

BRUEY, J.-M., DUCASSE, C., BONNIAUD, P., RAVAGNAN, L., SUSIN, S. A., DIAZ-
LATOUD, C., GURBUXANI, S., ARRIGO, A.-P., KROEMER, G. & SOLARY, 
E. 2000. Hsp27 negatively regulates cell death by interacting with cytochrome 
c. Nature cell biology, 2, 645-652. 

BUGAJSKA, U., GEORGOPOULOS, N. T., SOUTHGATE, J., JOHNSON, P. W. M., 
GRABER, P., GORDON, J., SELBY, P. J. & TREJDOSIEWICZ, L. K. 2002. 
The effects of malignant transformation on susceptibility of human urothelial 
cells to CD40-mediated apoptosis. Journal of the National Cancer Institute, 94, 
1381-1395. 

CAIN, K., BRATTON, S. B. & COHEN, G. M. 2002. The Apaf-1 apoptosome: a large 
caspase-activating complex. Biochimie, 84, 203-214. 

CAIN, K., LANGLAIS, C., SUN, X.-M., BROWN, D. G. & COHEN, G. M. 2001. 
Physiological concentrations of K+ inhibit cytochrome c-dependent formation 
of the apoptosome. Journal of Biological Chemistry, 276, 41985-41990. 

CANDE, C., CECCONI, F., DESSEN, P. & KROEMER, G. 2002. Apoptosis-inducing 
factor (AIF): key to the conserved caspase-independent pathways of cell 
death? Journal of cell science, 115, 4727-4734. 

CANTWELL, M., HUA, T., PAPPAS, J. & KIPPS, T. J. 1997. Acquired CD40-ligand 
deficiency in chronic lymphocytic leukemia. Nature medicine, 3, 984-989. 

CAPES‐DAVIS, A., THEODOSOPOULOS, G., ATKIN, I., DREXLER, H. G., 
KOHARA, A., MACLEOD, R. A., MASTERS, J. R., NAKAMURA, Y., REID, Y. 
A. & REDDEL, R. R. 2010. Check your cultures! A list of cross‐contaminated 
or misidentified cell lines. International journal of cancer, 127, 1-8. 

CARDONE, M. H., SALVESEN, G. S., WIDMANN, C., JOHNSON, G. & FRISCH, S. 
M. 1997. The regulation of anoikis: MEKK-1 activation requires cleavage by 
caspases. Cell, 90, 315-323. 

CASTIGLI, E., ALT, F. W., DAVIDSON, L., BOTTARO, A., MIZOGUCHI, E., BHAN, 
A. K. & GEHA, R. S. 1994. CD40-deficient mice generated by recombination-
activating gene-2-deficient blastocyst complementation. Proceedings of the 
National Academy of Sciences, 91, 12135-12139. 

CAUX, C., MASSACRIER, C., VANBERVLIET, B., DUBOIS, B., VAN KOOTEN, C., 
DURAND, I. & BANCHEREAU, J. 1994. Activation of human dendritic cells 
through CD40 cross-linking. The Journal of experimental medicine, 180, 1263-
1272. 

CELLA, M., SCHEIDEGGER, D., PALMER-LEHMANN, K., LANE, P., 
LANZAVECCHIA, A. & ALBER, G. 1996. Ligation of CD40 on dendritic cells 
triggers production of high levels of interleukin-12 and enhances T cell 
stimulatory capacity: TT help via APC activation. The Journal of experimental 
medicine, 184, 747-752. 

CHAI, J., DU, C., WU, J.-W., KYIN, S., WANG, X. & SHI, Y. 2000. Structural and 
biochemical basis of apoptotic activation by Smac/DIABLO. Nature, 406, 855-
862. 



 

258 
 

CHAKRABARTI, S., BLAIR, P. & FREEDMAN, J. E. 2007. CD40-40L signaling in 
vascular inflammation. Journal of Biological Chemistry, 282, 18307-18317. 

CHAKRABARTI, S., VARGHESE, S., VITSEVA, O., TANRIVERDI, K. & 
FREEDMAN, J. E. 2005. CD40 ligand influences platelet release of reactive 
oxygen intermediates. Arteriosclerosis, thrombosis, and vascular biology, 25, 
2428-2434. 

CHALLA, A., ELIOPOULOS, A. G., HOLDER, M. J., BURGUETE, A. S., POUND, J. 
D., CHAMBA, A., GRAFTON, G., ARMITAGE, R. J., GREGORY, C. D. & 
MARTINEZ-VALDEZ, H. 2002. Population depletion activates autonomous 
CD154-dependent survival in biopsylike Burkitt lymphoma cells. Blood, 99, 
3411-3418. 

CHAN, F. K.-M., CHUN, H. J., ZHENG, L., SIEGEL, R. M., BUI, K. L. & LENARDO, 
M. J. 2000. A domain in TNF receptors that mediates ligand-independent 
receptor assembly and signaling. Science, 288, 2351-2354. 

CHANDEL, N. S., MALTEPE, E., GOLDWASSER, E., MATHIEU, C. E., SIMON, M. 
C. & SCHUMACKER, P. T. 1998. Mitochondrial reactive oxygen species 
trigger hypoxia-induced transcription. Proc Natl Acad Sci U S A, 95, 11715-20. 

CHANDEL, N. S., MCCLINTOCK, D. S., FELICIANO, C. E., WOOD, T. M., 
MELENDEZ, J. A., RODRIGUEZ, A. M. & SCHUMACKER, P. T. 2000. 
Reactive oxygen species generated at mitochondrial complex III stabilize 
hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing. J 
Biol Chem, 275, 25130-8. 

CHANDEL, N. S., SCHUMACKER, P. T. & ARCH, R. H. 2001. Reactive oxygen 
species are downstream products of TRAF-mediated signal transduction. 
Journal of Biological Chemistry, 276, 42728-42736. 

CHANG, B. S., MINN, A. J., MUCHMORE, S. W., FESIK, S. W. & THOMPSON, C. B. 
1997. Identification of a novel regulatory domain in Bcl-xL and Bcl-2. The 
EMBO journal, 16, 968-977. 

CHEN, Y., CHEN, J., XIONG, Y., DA, Q., XU, Y., JIANG, X. & TANG, H. 2006. 
Internalization of CD40 regulates its signal transduction in vascular endothelial 
cells. Biochemical and biophysical research communications, 345, 106-117. 

CHENG, G., CLEARY, A. M., YE, Z.-S., HONG, D. I., LEDERMAN, S. & 
BALTIMORE, D. 1995. Involvement of CRAF1, a relative of TRAF, in CD40 
signaling. Science, 267, 1494-1498. 

CHIPUK, J. E. & GREEN, D. R. 2008. How do BCL-2 proteins induce mitochondrial 
outer membrane permeabilization? Trends in cell biology, 18, 157-164. 

CHOI, K.-S., SONG, E.-K. & YIM, C.-Y. 2008. Cytokines secreted by IL-2-activated 
lymphocytes induce endogenous nitric oxide synthesis and apoptosis in 
macrophages. Journal of leukocyte biology, 83, 1440-1450. 

CHONG, H., VIKIS, H. G. & GUAN, K.-L. 2003. Mechanisms of regulating the Raf 
kinase family. Cellular signalling, 15, 463-469. 

CHOPRA, B., GEORGOPOULOS, N. T., NICHOLL, A., HINLEY, J., OLEKSIEWICZ, 
M. B. & SOUTHGATE, J. 2009. Structurally diverse peroxisome 
proliferatorâ€• activated receptor agonists induce apoptosis in human 
uroâ€epithelial cells by a receptorâ€independent mechanism involving 
storeâ€• operated calcium channels. Cell proliferation, 42, 688-700. 

CHOUDHARY, S., RATHORE, K. & WANG, H.-C. R. 2010. FK228 and oncogenic H-
Ras synergistically induce Mek1/2 and Nox-1 to generate reactive oxygen 
species for differential cell death. Anti-cancer drugs, 21, 831-840. 



 

259 
 

CHOUDHARY, S., RATHORE, K. & WANG, H.-C. R. 2011. Differential induction of 
reactive oxygen species through Erk1/2 and Nox-1 by FK228 for selective 
apoptosis of oncogenic H-Ras-expressing human urinary bladder cancer J82 
cells. Journal of cancer research and clinical oncology, 137, 471-480. 

CHOUDHARY, S. & WANG, H.-C. R. 2009. Role of reactive oxygen species in 
proapoptotic ability of oncogenic H-Ras to increase human bladder cancer cell 
susceptibility to histone deacetylase inhibitor for caspase induction. Journal of 
cancer research and clinical oncology, 135, 1601-1613. 

CHUNG, J. S., LEE, S. B., PARK, S. H., KANG, S. T., NA, A. R., CHANG, T.-S., KIM, 
H. J. & YOO, Y. D. 2009. Mitochondrial reactive oxygen species originating 
from Romo1 exert an important role in normal cell cycle progression by 
regulating p27Kip1 expression. Free radical research, 43, 729-737. 

CIRCU, M. L. & AW, T. Y. 2010. Reactive oxygen species, cellular redox systems, 
and apoptosis. Free Radical Biology and Medicine, 48, 749-762. 

CLARK, E. A. 1990. CD40: a cytokine receptor in search of a ligand. Tissue antigens, 
36, 33-36. 

CLARK, E. A. & LEDBETTER, J. A. 1986. Activation of human B cells mediated 
through two distinct cell surface differentiation antigens, Bp35 and Bp50. 
Proceedings of the National Academy of Sciences, 83, 4494-4498. 

CLODI, K., ASGARY, Z., ZHAO, S., KLICHE, K. O., CABANILLAS, F., ANDREEFF, 
M. & YOUNES, A. 1998. Coexpression of CD40 and CD40 ligand in B‐cell 
lymphoma cells. British journal of haematology, 103, 270-275. 

COLLINS, Y., CHOUCHANI, E. T., JAMES, A. M., MENGER, K. E., COCHEME, H. 
M. & MURPHY, M. P. 2012. Mitochondrial redox signalling at a glance. J Cell 
Sci, 125, 801-6. 

COULOMBE, P. & MELOCHE, S. 2007. Atypical mitogen-activated protein kinases: 
structure, regulation and functions. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research, 1773, 1376-1387. 

CRAXTON, A., MAGALETTI, D., RYAN, E. J. & CLARK, E. A. 2003. Macrophage-
and dendritic cell—dependent regulation of human B-cell proliferation requires 
the TNF family ligand BAFF. Blood, 101, 4464-4471. 

CROMME, F., AIREY, J., HEEMELS, M., PLOEGH, H., KEATING, P., STERN, P. L., 
MEIJER, C. & WALBOOMERS, J. 1994. Loss of transporter protein, encoded 
by the TAP-1 gene, is highly correlated with loss of HLA expression in cervical 
carcinomas. The Journal of experimental medicine, 179, 335-340. 

CROMPTON, M. 1999. The mitochondrial permeability transition pore and its role in 
cell death. Biochem. j, 341, 233-249. 

CRUICKSHANK, S., MCVAY, L., BAUMGART, D., FELSBURG, P. & CARDING, S. 
2004. Colonic epithelial cell mediated suppression of CD4 T cell activation. 
Gut, 53, 678-684. 

D‘AUTREAUX, B. & TOLEDANO, M. B. β007. ROS as signalling molecules: 
mechanisms that generate specificity in ROS homeostasis. Nature Reviews 
Molecular Cell Biology, 8, 813-824. 

DADGOSTAR, H. & CHENG, G. 2000. Membrane localization of TRAF 3 enables 
JNK activation. Journal of Biological Chemistry, 275, 2539-2544. 

DALLMAN, C., JOHNSON, P. & PACKHAM, G. 2003. Differential regulation of cell 
survival by CD40. Apoptosis, 8, 45-53. 

DAMDIMOPOULOS, A. E., MIRANDA-VIZUETE, A., PELTO-HUIKKO, M., 
GUSTAFSSON, J.-Ã. K. & SPYROU, G. 2002. Human mitochondrial 



 

260 
 

thioredoxin involvement in mitochondrial membrane potential and cell death. 
Journal of Biological Chemistry, 277, 33249-33257. 

DANESE, S., DE LA MOTTE, C., REYES, B. M. R., SANS, M., LEVINE, A. D. & 
FIOCCHI, C. 2004. Cutting edge: T cells trigger CD40-dependent platelet 
activation and granular RANTES release: a novel pathway for immune 
response amplification. The Journal of Immunology, 172, 2011-2015. 

DANG, C. V. 2012. Links between metabolism and cancer. Genes & Development, 
26, 877-890. 

DASGUPTA, S., HOQUE, M. O., UPADHYAY, S. & SIDRANSKY, D. 2008. 
Mitochondrial cytochrome B gene mutation promotes tumor growth in bladder 
cancer. Cancer research, 68, 700-706. 

DAVIES, C. C., MAK, T. W., YOUNG, L. S. & ELIOPOULOS, A. G. 2005. TRAF6 is 
required for TRAF2-dependent CD40 signal transduction in nonhemopoietic 
cells. Molecular and cellular biology, 25, 9806-9819. 

DAVIES, C. C., MASON, J., WAKELAM, M. J., YOUNG, L. S. & ELIOPOULOS, A. G. 
2004. Inhibition of phosphatidylinositol 3-kinase-and ERK MAPK-regulated 
protein synthesis reveals the pro-apoptotic properties of CD40 ligation in 
carcinoma cells. Journal of Biological Chemistry, 279, 1010-1019. 

DAVIS, R. J. 2000. Signal transduction by the JNK group of MAP kinases. 
Inflammatory Processes:. Springer. 

DE DEKEN, X., WANG, D., MANY, M.-C., COSTAGLIOLA, S., LIBERT, F., 
VASSART, G., DUMONT, J. E. & MIOT, F. 2000. Cloning of two human 
thyroid cDNAs encoding new members of the NADPH oxidase family. Journal 
of Biological Chemistry, 275, 23227-23233. 

DECLERCQ, W., DENECKER, G., FIERS, W. & VANDENABEELE, P. 1998. 
Cooperation of both TNF receptors in inducing apoptosis: involvement of the 
TNF receptor-associated factor binding domain of the TNF receptor 75. The 
Journal of Immunology, 161, 390-399. 

DEKRUYFF, R. H., RIZZO, L. V. & UMETSU, D. T. Induction of immunoglobulin 
synthesis by CD4< sup>+</sup> T cell clones.  Seminars in immunology, 
1993. Elsevier, 421-430. 

DERIJARD, B., RAINGEAUD, J., BARRETT, T., WU, I.-H., HAN, J., ULEVITCH, R. J. 
& DAVIS, R. J. 1995. Independent human MAP-kinase signal transduction 
pathways defined by MEK and MKK isoforms. Science, 267, 682-685. 

DESAGHER, S. & MARTINOU, J.-C. 2000. Mitochondria as the central control point 
of apoptosis. Trends in cell biology, 10, 369-377. 

DESAGHER, S., OSEN-SAND, A., NICHOLS, A., ESKES, R., MONTESSUIT, S., 
LAUPER, S., MAUNDRELL, K., ANTONSSON, B. & MARTINOU, J.-C. 1999. 
Bid-induced conformational change of Bax is responsible for mitochondrial 
cytochrome c release during apoptosis. The Journal of cell biology, 144, 891-
901. 

DEVERAUX, Q. L., LEO, E., STENNICKE, H. R., WELSH, K., SALVESEN, G. S. & 
REED, J. C. 1999. Cleavage of human inhibitor of apoptosis protein XIAP 
results in fragments with distinct specificities for caspases. The EMBO 
Journal, 18, 5242-5251. 

DHANASEKARAN, D. N. & REDDY, E. P. 2008. JNK signaling in apoptosis. 
Oncogene, 27, 6245-6251. 

DU, C., FANG, M., LI, Y., LI, L. & WANG, X. 2000. Smac, a mitochondrial protein that 
promotes cytochrome c–dependent caspase activation by eliminating IAP 
inhibition. cell, 102, 33-42. 



 

261 
 

DUPUY, C., OHAYON, R., VALENT, A., NOËL-HUDSON, M.-S., DÈME, D. & 
VIRION, A. 1999. Purification of a Novel Flavoprotein Involved in the Thyroid 
NADPH Oxidase CLONING OF THE PORCINE AND HUMAN cDNAs. Journal 
of Biological Chemistry, 274, 37265-37269. 

ECHTAY, K. S., MURPHY, M. P., SMITH, R. A., TALBOT, D. A. & BRAND, M. D. 
2002. Superoxide activates mitochondrial uncoupling protein 2 from the matrix 
side. Studies using targeted antioxidants. J Biol Chem, 277, 47129-35. 

EDINGER, A. L. & THOMPSON, C. B. 2004. Death by design: apoptosis, necrosis 
and autophagy. Current opinion in cell biology, 16, 663-669. 

EKERT, P. G., SILKE, J., HAWKINS, C. J., VERHAGEN, A. M. & VAUX, D. L. 2001. 
DIABLO promotes apoptosis by removing MIHA/XIAP from processed 
caspase 9. The Journal of cell biology, 152, 483-490. 

ELGUETA, R., BENSON, M. J., DE VRIES, V. C., WASIUK, A., GUO, Y. & NOELLE, 
R. J. 2009. Molecular mechanism and function of CD40/CD40L engagement 
in the immune system. Immunological reviews, 229, 152-172. 

ELIOPOULOS, A. G., DAVIES, C., KNOX, P. G., GALLAGHER, N. J., AFFORD, S. 
C., ADAMS, D. H. & YOUNG, L. S. 2000. CD40 induces apoptosis in 
carcinoma cells through activation of cytotoxic ligands of the tumor necrosis 
factor superfamily. Molecular and cellular biology, 20, 5503-5515. 

ELIOPOULOS, A. G., DAWSON, C. W., MOSIALOS, G., FLOETTMANN, J. E., 
ROWE, M., ARMITAGE, R. J., DAWSON, J., ZAPATA, J., KERR, D. J. & 
WAKELAM, M. 1996. CD40-induced growth inhibition in epithelial cells is 
mimicked by Epstein-Barr Virus-encoded LMP1: involvement of TRAF3 as a 
common mediator. Oncogene, 13, 2243-2254. 

ELIOPOULOS, A. G. & YOUNG, L. S. 2004. The role of the CD40 pathway in the 
pathogenesis and treatment of cancer. Current opinion in pharmacology, 4, 
360-367. 

ELMETWALI, T., SEARLE, P. F., MCNEISH, I., YOUNG, L. S. & PALMER, D. H. 
2010a. CD40 ligand induced cytotoxicity in carcinoma cells is enhanced by 
inhibition of metalloproteinase cleavage and delivery via a conditionally-
replicating adenovirus. Molecular cancer, 9, 52. 

ELMETWALI, T., YOUNG, L. S. & PALMER, D. H. 2010b. CD40 ligand-induced 
carcinoma cell death: a balance between activation of TNFR-associated factor 
(TRAF) 3-dependent death signals and suppression of TRAF6-dependent 
survival signals. The Journal of Immunology, 184, 1111-1120. 

ELMORE, S. 2007. Apoptosis: a review of programmed cell death. Toxicologic 
pathology, 35, 495-516. 

ELSBY, R., KITTERINGHAM, N. R., GOLDRING, C. E., LOVATT, C. A., 
CHAMBERLAIN, M., HENDERSON, C. J., WOLF, C. R. & PARK, B. K. 2003. 
Increased constitutive c-Jun N-terminal kinase signaling in mice lacking 
glutathione S-transferase Pi. Journal of Biological Chemistry, 278, 22243-
22249. 

EMERY, J. G., MCDONNELL, P., BURKE, M. B., DEEN, K. C., LYN, S., 
SILVERMAN, C., DUL, E., APPELBAUM, E. R., EICHMAN, C. & DIPRINZIO, 
R. 1998. Osteoprotegerin is a receptor for the cytotoxic ligand TRAIL. Journal 
of Biological Chemistry, 273, 14363-14367. 

ENGELS, I. H., TOTZKE, G., FISCHER, U., SCHULZE-OSTHOFF, K. & JÄNICKE, 
R. U. 2005. Caspase-10 sensitizes breast carcinoma cells to TRAIL-induced 
but not tumor necrosis factor-induced apoptosis in a caspase-3-dependent 
manner. Molecular and cellular biology, 25, 2808-2818. 



 

262 
 

ESKES, R., DESAGHER, S., ANTONSSON, B. & MARTINOU, J.-C. 2000. Bid 
induces the oligomerization and insertion of Bax into the outer mitochondrial 
membrane. Molecular and cellular biology, 20, 929-935. 

ESTRELA, J. M., ORTEGA, A. & OBRADOR, E. 2006. Glutathione in cancer biology 
and therapy. Critical reviews in clinical laboratory sciences, 43, 143-181. 

FAN, L. M., TENG, L. & LI, J.-M. 2009. Knockout of p47phox uncovers a critical role 
of p40phox in reactive oxygen species production in microvascular endothelial 
cells. Arteriosclerosis, thrombosis, and vascular biology, 29, 1651-1656. 

FERRI, K. F. & KROEMER, G. 2001. Organelle-specific initiation of cell death 
pathways. Nature Cell Biology, 3, E255-E263. 

FESIK, S. W. & SHI, Y. 2001. Controlling the caspases. Science, 294, 1477-1478. 
FINKEL, T. 1998. Oxygen radicals and signaling. Curr Opin Cell Biol, 10, 248-53. 
FINKEL, T. 2012. From sulfenylation to sulfhydration: what a thiolate needs to 

tolerate. Science signaling, 5, pe10. 
FISHER, W. R., TANIUCHI, H. & ANFINSEN, C. B. 1973. On the role of heme in the 

formation of the structure of cytochrome c. Journal of Biological Chemistry, 
248, 3188-3195. 

FLECKENSTEIN, D. S., DIRKS, W. G., DREXLER, H. G. & QUENTMEIER, H. 2003. 
Tumor necrosis factor receptor-associated factor (TRAF) 4 is a new binding 
partner for the p70S6 serine/threonine kinase. Leukemia research, 27, 687-
694. 

FLEMING, Y., ARMSTRONG, C. G., MORRICE, N., PATERSON, A., GOEDERT, M. 
& COHEN, P. 2000. Synergistic activation of stress-activated protein kinase 
1/c-Jun N-terminal kinase (SAPK1/JNK) isoforms by mitogen-activated protein 
kinase kinase 4 (MKK4) and MKK7. Biochem J, 352 Pt 1, 145-54. 

FODDE, R. 2002. The APC gene in colorectal cancer. Eur J Cancer, 38, 867-71. 
FOY, T. M., LAMAN, J. D., LEDBETTER, J. A., ARUFFO, A., CLAASSEN, E. & 

NOELLE, R. J. 1994. gp39-CD40 interactions are essential for germinal center 
formation and the development of B cell memory. The Journal of experimental 
medicine, 180, 157-163. 

FU, W.-N., KELSEY, S. M., NEWLAND, A. C. & JIA, L. 2001. Apaf-1XL is an inactive 
isoform compared with Apaf-1L. Biochemical and biophysical research 
communications, 282, 268-272. 

GALLAGHER, E., ENZLER, T., MATSUZAWA, A., ANZELON-MILLS, A., OTERO, 
D., HOLZER, R., JANSSEN, E., GAO, M. & KARIN, M. 2007. Kinase MEKK1 
is required for CD40-dependent activation of the kinases Jnk and p38, 
germinal center formation, B cell proliferation and antibody production. Nature 
immunology, 8, 57-63. 

GALLUZZI, L., AARONSON, S. A., ABRAMS, J., ALNEMRI, E. S., ANDREWS, D. 
W., BAEHRECKE, E. H., BAZAN, N. G., BLAGOSKLONNY, M. V., 
BLOMGREN, K. & BORNER, C. 2009. Guidelines for the use and 
interpretation of assays for monitoring cell death in higher eukaryotes. Cell 
Death & Differentiation, 16, 1093-1107. 

GALY, A. & SPITS, H. 1992. CD40 is functionally expressed on human thymic 
epithelial cells. The Journal of Immunology, 149, 775-782. 

GARDAM, S., SIERRO, F., BASTEN, A., MACKAY, F. & BRINK, R. 2008. TRAF2 
and TRAF3 signal adapters act cooperatively to control the maturation and 
survival signals delivered to B cells by the BAFF receptor. Immunity, 28, 391-
401. 



 

263 
 

GARRONE, P., NEIDHARDT, E.-M., GARCIA, E., GALIBERT, L., VAN KOOTEN, C. 
& BANCHEREAU, J. 1995. Fas ligation induces apoptosis of CD40-activated 
human B lymphocytes. The Journal of experimental medicine, 182, 1265-
1273. 

GELBMANN, C., LEEB, S., VOGL, D., MAENDEL, M., HERFARTH, H., 
SCHÖLMERICH, J., FALK, W. & ROGLER, G. 2003. Inducible CD40 
expression mediates NFκB activation and cytokine secretion in human colonic 
fibroblasts. Gut, 52, 1448-1456. 

GENESTRA, M. 2007. Oxyl radicals, redox-sensitive signalling cascades and 
antioxidants. Cellular signalling, 19, 1807-1819. 

GEORGOPOULOS, N. T., MERRICK, A., SCOTT, N., SELBY, P. J., MELCHER, A. & 
TREJDOSIEWICZ, L. K. 2007. CD40-mediated death and cytokine secretion 
in colorectal cancer: A potential target for inflammatory tumour cell killing. 
International journal of cancer, 121, 1373-1381. 

GEORGOPOULOS, N. T., STEELE, L. P., THOMSON, M. J., SELBY, P. J., 
SOUTHGATE, J. & TREJDOSIEWICZ, L. K. 2006. A novel mechanism of 
CD40-induced apoptosis of carcinoma cells involving TRAF3 and JNK/AP-1 
activation. Cell Death & Differentiation, 13, 1789-1801. 

GERRITSE, K., LAMAN, J. D., NOELLE, R. J., ARUFFO, A., LEDBETTER, J. A., 
BOERSMA, W. & CLAASSEN, E. 1996. CD40-CD40 ligand interactions in 
experimental allergic encephalomyelitis and multiple sclerosis. Proceedings of 
the National Academy of Sciences, 93, 2499-2504. 

GHAMANDE, S., HYLANDER, B. L., OFLAZOGLU, E., LELE, S., FANSLOW, W. & 
REPASKY, E. A. 2001. Recombinant CD40 ligand therapy has significant 
antitumor effects on CD40-positive ovarian tumor xenografts grown in SCID 
mice and demonstrates an augmented effect with cisplatin. Cancer research, 
61, 7556-7562. 

GLAUNER, H., SIEGMUND, D., MOTEJADDED, H., SCHEURICH, P., HENKLER, 
F., JANSSEN, O. & WAJANT, H. 2002. Intracellular localization and 
transcriptional regulation of tumor necrosis factor (TNF) receptor‐associated 
factor 4 (TRAF4). European Journal of Biochemistry, 269, 4819-4829. 

GODWIN, A. K., MEISTER, A., O'DWYER, P. J., HUANG, C. S., HAMILTON, T. C. & 
ANDERSON, M. E. 1992. High resistance to cisplatin in human ovarian cancer 
cell lines is associated with marked increase of glutathione synthesis. 
Proceedings of the National Academy of Sciences, 89, 3070-3074. 

GOLDSTEIN, J. C., WATERHOUSE, N. J., JUIN, P., EVAN, G. I. & GREEN, D. R. 
2000. The coordinate release of cytochrome c during apoptosis is rapid, 
complete and kinetically invariant. Nature Cell Biology, 2, 156-162. 

GORMAND, F., BRIERE, F., PEYROL, S., RACCURT, M., DURAND, I., AIT-YAHIA, 
S., LEBECQUE, S., BANCHEREAU, J. & PACHECO, Y. 1999. CD40 
expression by human bronchial epithelial cells. Scandinavian journal of 
immunology, 49, 355-361. 

GRAMMER, A. C., BERGMAN, M. C., MIURA, Y., FUJITA, K., DAVIS, L. S. & 
LIPSKY, P. E. 1995. The CD40 ligand expressed by human B cells 
costimulates B cell responses. The Journal of Immunology, 154, 4996-5010. 

GRAY, D., BERGTHORSDOTTIR, S., VAN ESSEN, D., WYKES, M., POUDRIER, J. 
& SIEPMANN, K. Observations on memory B-cell development.  Seminars in 
immunology, 1997. Elsevier, 249-254. 

GREWAL, I. S. & FLAVELL, R. A. 1998. CD40 and CD154 in cell-mediated immunity. 
Annual review of immunology, 16, 111-135. 



 

264 
 

GREWAL, I. S., XU, J. & FLAVELL, R. A. 1995. Impairment of antigen-specific T-cell 
priming in mice lacking CD40 ligand. Nature, 378, 617-620. 

GRIMALDI, J. C., TORRES, R., KOZAK, C., CHANG, R., CLARK, E., HOWARD, M. 
& COCKAYNE, D. 1992. Genomic structure and chromosomal mapping of the 
murine CD40 gene. The Journal of Immunology, 149, 3921-3926. 

GROSS, A., MCDONNELL, J. M. & KORSMEYER, S. J. 1999. BCL-2 family 
members and the mitochondria in apoptosis. Genes & development, 13, 1899-
1911. 

GUPTA, S. 2003. 90af3b9d5fa3c62deaa4c9c4abe7d9d. Int J Oncol, 22, 15-20. 
HA, Y. J. & LEE, J. R. 2004. Role of TNF receptor-associated factor 3 in the CD40 

signaling by production of reactive oxygen species through association with 
p40phox, a cytosolic subunit of nicotinamide adenine dinucleotide phosphate 
oxidase. The Journal of Immunology, 172, 231-239. 

HA, Y. J., SEUL, H. J. & LEE, J. R. 2011. Ligation of CD40 receptor in human B 
lymphocytes triggers the 5-lipoxygenase pathway to produce reactive oxygen 
species and activate p38 MAPK. Experimental & molecular medicine, 43, 101-
110. 

HÄCKER, H., TSENG, P.-H. & KARIN, M. 2011. Expanding TRAF function: TRAF3 
as a tri-faced immune regulator. Nature Reviews Immunology, 11, 457-468. 

HALLIWELL, B. 2007. Oxidative stress and cancer: have we moved forward? 
Biochem. j, 401, 1-11. 

HAM, Y. C., KIM, I. M., YUN, J., PARK, S. S., SHIN, D. G. & KANG, S. K. 2010. 
Synchronous Multiple Colorectal Cancer Occurring in Polyposis. Journal of the 
Korean Society of Coloproctology, 26, 80-84. 

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next generation. 
Cell, 144, 646-674. 

HARADA, H., BECKNELL, B., WILM, M., MANN, M., HUANG, L. J.-S., TAYLOR, S. 
S., SCOTT, J. D. & KORSMEYER, S. J. 1999. Phosphorylation and 
inactivation of BAD by mitochondria-anchored protein kinase A. Molecular cell, 
3, 413-422. 

HAUER, J., PÜSCHNER, S., RAMAKRISHNAN, P., SIMON, U., BONGERS, M., 
FEDERLE, C. & ENGELMANN, H. 2005. TNF receptor (TNFR)-associated 
factor (TRAF) 3 serves as an inhibitor of TRAF2/5-mediated activation of the 
noncanonical NF-κB pathway by TRAF-binding TNFRs. Proceedings of the 
National Academy of Sciences of the United States of America, 102, 2874-
2879. 

HAYWARD, A. R., LEVY, J., FACCHETTI, F., NOTARANGELO, L., OCHS, H. D., 
ETZIONI, A., BONNEFOY, J.-Y., COSYNS, M. & WEINBERG, A. 1997. 
Cholangiopathy and tumors of the pancreas, liver, and biliary tree in boys with 
X-linked immunodeficiency with hyper-IgM. The Journal of Immunology, 158, 
977-983. 

HE, J. Q., OGANESYAN, G., SAHA, S. K., ZARNEGAR, B. & CHENG, G. 2007. 
TRAF3 and its biological function. TNF Receptor Associated Factors (TRAFs). 
Springer. 

HE, L., WU, X., SIEGEL, R. & LIPSKY, P. E. 2006. TRAF6 regulates cell fate 
decisions by inducing caspase 8-dependent apoptosis and the activation of 
NF-κB. Journal of biological chemistry, 281, 11235-11249. 

HEGDE, R., SRINIVASULA, S. M., ZHANG, Z., WASSELL, R., MUKATTASH, R., 
CILENTI, L., DUBOIS, G., LAZEBNIK, Y., ZERVOS, A. S. & FERNANDES-
ALNEMRI, T. 2002. Identification of Omi/HtrA2 as a mitochondrial apoptotic 



 

265 
 

serine protease that disrupts inhibitor of apoptosis protein-caspase interaction. 
Journal of Biological Chemistry, 277, 432-438. 

HEIDEN, M. G. V., CHANDEL, N. S., SCHUMACKER, P. T. & THOMPSON, C. B. 
1999. Bcl-x< sub> L</sub> Prevents Cell Death following Growth Factor 
Withdrawal by Facilitating Mitochondrial ATP/ADP Exchange. Molecular cell, 
3, 159-167. 

HEISKANEN, K. M., BHAT, M. B., WANG, H.-W., MA, J. & NIEMINEN, A.-L. 1999. 
Mitochondrial Depolarization Accompanies Cytochrome cRelease During 
Apoptosis in PC6 Cells. Journal of Biological Chemistry, 274, 5654-5658. 

HELD, P. 2010. An introduction to reactive oxygen species. BioTek White Paper. 
HELLMAN, P. & ERIKSSON, H. 2007. Early activation markers of human peripheral 

dendritic cells. Human immunology, 68, 324-333. 
HEMPEL, N., YE, H., ABESSI, B., MIAN, B. & MELENDEZ, J. A. 2009. Altered redox 

status accompanies progression to metastatic human bladder cancer. Free 
Radical Biology and Medicine, 46, 42-50. 

HENGARTNER, M. O. 2000. The biochemistry of apoptosis. Nature, 407, 770-776. 
HENN, V., SLUPSKY, J. R., GRÄFE, M., ANAGNOSTOPOULOS, I., FÖRSTER, R., 

MÜLLER-BERGHAUS, G. & KROCZEK, R. A. 1998. CD40 ligand on activated 
platelets triggers an inflammatory reaction of endothelial cells. Nature, 391, 
591-594. 

HENRIQUEZ, N. V., FLOETTMANN, E., SALMON, M., ROWE, M. & RICKINSON, A. 
B. 1999. Differential responses to CD40 ligation among Burkitt lymphoma lines 
that are uniformly responsive to Epstein-Barr virus latent membrane protein 1. 
The Journal of Immunology, 162, 3298-3307. 

HERMANN, A., SCHRÖR, K. & WEBER, A.-A. 2002. CD40 ligand (CD40L) does not 
stimulate proliferation of vascular smooth muscle cells. European journal of 
cell biology, 81, 213-221. 

HESS, S. & ENGELMANN, H. 1996. A novel function of CD40: induction of cell death 
in transformed cells. The Journal of experimental medicine, 183, 159-167. 

HILL, A. & CHAPEL, H. 1993. X-linked immunodeficiency. The fruits of cooperation. 
Nature, 361, 494-494. 

HILL, K. S., ERRINGTON, F., STEELE, L. P., MERRICK, A., MORGAN, R., SELBY, 
P. J., GEORGOPOULOS, N. T., O'DONNELL, D. M. & MELCHER, A. A. 
2008a. OK432-activated human dendritic cells kill tumor cells via CD40/CD40 
ligand interactions. The Journal of Immunology, 181, 3108-3115. 

HILL, K. S., ERRINGTON, F., STEELE, L. P., MERRICK, A., MORGAN, R., SELBY, 
P. J., GEORGOPOULOS, N. T., O'DONNELL, D. M. & MELCHER, A. A. 
2008b. OK432-activated human dendritic cells kill tumor cells via CD40/CD40 
ligand interactions. J Immunol, 181, 3108-15. 

HIROTA, K., MURATA, M., SACHI, Y., NAKAMURA, H., TAKEUCHI, J., MORI, K. & 
YODOI, J. 1999. Distinct Roles of Thioredoxin in the Cytoplasm and in the 
Nucleus A TWO-STEP MECHANISM OF REDOX REGULATION OF 
TRANSCRIPTION FACTOR NF-ÎºB. Journal of Biological Chemistry, 274, 
27891-27897. 

HOFFMAN, A., SPETNER, L. & BURKE, M. 2008. Ramifications of a redox switch 
within a normal cell: its absence in a cancer cell. Free Radical Biology and 
Medicine, 45, 265-268. 

HOLLENBAUGH, D., GROSMAIRE, L., KULLAS, C., CHALUPNY, N., BRAESCH-
ANDERSEN, S., NOELLE, R., STAMENKOVIC, I., LEDBETTER, J. & 
ARUFFO, A. 1992. The human T cell antigen gp39, a member of the TNF 



 

266 
 

gene family, is a ligand for the CD40 receptor: expression of a soluble form of 
gp39 with B cell co-stimulatory activity. The EMBO journal, 11, 4313. 

HORTON, D. B., LIBBY, P. & SCHÖNBECK, U. 2001. Ligation of CD40 on vascular 
smooth muscle cells mediates loss of interstitial collagen via matrix 
metalloproteinase activity. Annals of the New York Academy of Sciences, 947, 
329-336. 

HOSTAGER, B. S. & BISHOP, G. A. 1999. Cutting edge: contrasting roles of TNF 
receptor-associated factor 2 (TRAF2) and TRAF3 in CD40-activated B 
lymphocyte differentiation. The Journal of Immunology, 162, 6307-6311. 

HOSTAGER, B. S., HAXHINASTO, S. A., ROWLAND, S. L. & BISHOP, G. A. 2003. 
Tumor necrosis factor receptor-associated factor 2 (TRAF2)-deficient B 
lymphocytes reveal novel roles for TRAF2 in CD40 signaling. Journal of 
Biological Chemistry, 278, 45382-45390. 

HSING, Y., HOSTAGER, B. S. & BISHOP, G. A. 1997. Characterization of CD40 
signaling determinants regulating nuclear factor-kappa B activation in B 
lymphocytes. The Journal of Immunology, 159, 4898-4906. 

HSU, H., XIONG, J. & GOEDDEL, D. V. 1995. The TNF receptor 1-associated 
protein TRADD signals cell death and NF-κB activation. Cell, 81, 495-504. 

HU, Y., BENEDICT, M. A., WU, D., INOHARA, N. & NÚÑEZ, G. 1998a. Bcl-XL 
interacts with Apaf-1 and inhibits Apaf-1-dependent caspase-9 activation. 
Proceedings of the National Academy of Sciences, 95, 4386-4391. 

HU, Y., DING, L., SPENCER, D. M. & NÚÑEZ, G. 1998b. WD-40 repeat region 
regulates Apaf-1 self-association and procaspase-9 activation. Journal of 
Biological Chemistry, 273, 33489-33494. 

ICHIJO, H., NISHIDA, E., IRIE, K., TEN DIJKE, P., SAITOH, M., MORIGUCHI, T., 
TAKAGI, M., MATSUMOTO, K., MIYAZONO, K. & GOTOH, Y. 1997. Induction 
of apoptosis by ASK1, a mammalian MAPKKK that activates SAPK/JNK and 
p38 signaling pathways. Science, 275, 90-94. 

IEZZI, G., SONDEREGGER, I., AMPENBERGER, F., SCHMITZ, N., MARSLAND, B. 
J. & KOPF, M. 2009. CD40–CD40L cross-talk integrates strong antigenic 
signals and microbial stimuli to induce development of IL-17-producing CD4+ 
T cells. Proceedings of the National Academy of Sciences, 106, 876-881. 

INDZHIIA, L. V., YAKOVLEVA, L. A., OVERBAUGH, J., LICCIARDI, K. A., 
CHIKOBAVA, M. G., KLOTZ, I. N., TORRES, R., INDZHIIA, V. O., LAPIN, B. 
A. & CLARK, E. A. 1992. Baboon T cell lymphomas expressing the B cell-
associated surface proteins CD40 and Bgp95. Journal of clinical immunology, 
12, 225-236. 

INOUE, J.-I., ISHIDA, T., TSUKAMOTO, N., KOBAYASHI, N., NAITO, A., AZUMA, S. 
& YAMAMOTO, T. 2000. Tumor necrosis factor receptor-associated factor 
(TRAF) family: adapter proteins that mediate cytokine signaling. Experimental 
cell research, 254, 14-24. 

INOUE, Y., OTSUKA, T., NIIRO, H., NAGANO, S., ARINOBU, Y., OGAMI, E., 
AKAHOSHI, M., MIYAKE, K., NINOMIYA, I. & SHIMIZU, S. 2004. Novel 
regulatory mechanisms of CD40-induced prostanoid synthesis by IL-4 and IL-
10 in human monocytes. The Journal of Immunology, 172, 2147-2154. 

INWALD, D. P., MCDOWALL, A., PETERS, M. J., CALLARD, R. E. & KLEIN, N. J. 
2003. CD40 is constitutively expressed on platelets and provides a novel 
mechanism for platelet activation. Circulation research, 92, 1041-1048. 

JANEWAY, C. A., TRAVERS, P., WALPORT, M. & SHLOMCHIK, M. J. 2001. 
Macrophage activation by armed CD4 TH1 cells. 



 

267 
 

JIANG, F., ZHANG, Y. & DUSTING, G. J. 2011. NADPH oxidase-mediated redox 
signaling: roles in cellular stress response, stress tolerance, and tissue repair. 
Pharmacological Reviews, 63, 218-242. 

JIN, S., RAY, R. M. & JOHNSON, L. R. 2008. TNF-Î±/cycloheximide-induced 
apoptosis in intestinal epithelial cells requires Rac1-regulated reactive oxygen 
species. American Journal of Physiology-Gastrointestinal and Liver 
Physiology, 294, G928-G937. 

JOHNSON, D., LANAHAN, A., BUCK, C. R., SEHGAL, A., MORGAN, C., MERCER, 
E., BOTHWELL, M. & CHAO, M. 1986. Expression and structure of the human 
NGF receptor. Cell, 47, 545-554. 

JOHNSON, G. L. & LAPADAT, R. 2002a. Mitogen-activated protein kinase pathways 
mediated by ERK, JNK, and p38 protein kinases. Science, 298, 1911-1912. 

JOHNSON, G. L. & LAPADAT, R. 2002b. Mitogen-activated protein kinase pathways 
mediated by ERK, JNK, and p38 protein kinases. Science, 298, 1911-2. 

JUO, P., KUO, C. J., REYNOLDS, S. E., KONZ, R. F., RAINGEAUD, J., DAVIS, R. 
J., BIEMANN, H.-P. & BLENIS, J. 1997. Fas activation of the p38 mitogen-
activated protein kinase signalling pathway requires ICE/CED-3 family 
proteases. Molecular and cellular biology, 17, 24-35. 

JURGENSMEIER, J. M., XIE, Z., DEVERAUX, Q., ELLERBY, L., BREDESEN, D. & 
REED, J. C. 1998. Bax directly induces release of cytochrome c from isolated 
mitochondria. Proceedings of the National Academy of Sciences, 95, 4997-
5002. 

KANG, J.-O. & SUCOV, H. M. 2005. Convergent proliferative response and divergent 
morphogenic pathways induced by epicardial and endocardial signaling in 
fetal heart development. Mechanisms of development, 122, 57-65. 

KARIN, M. & LIN, A. 2002. NF-κB at the crossroads of life and death. Nature 
immunology, 3, 221-227. 

KARMANN, K., HUGHES, C., SCHECHNER, J., FANSLOW, W. C. & POBER, J. S. 
1995. CD40 on human endothelial cells: inducibility by cytokines and 
functional regulation of adhesion molecule expression. Proceedings of the 
National Academy of Sciences, 92, 4342-4346. 

KARPUSAS, M., HSU, Y.-M., WANG, J.-H., THOMPSON, J., LEDERMAN, S., 
CHESS, L. & THOMAS, D. 1995. 2 å crystal structure of an extracellular 
fragment of human CD40 ligand. Structure, 3, 1031-1039. 

KASS, G., ERIKSSON, J., WEIS, M., ORRENIUS, S. & CHOW, S. 1996. Chromatin 
condensation during apoptosis requires ATP. Biochem. J, 318, 749-752. 

KATAOKA, T., BUDD, R., HOLLER, N., THOME, M., MARTINON, F., IRMLER, M., 
BURNS, K., HAHNE, M., KENNEDY, N. & KOVACSOVICS, M. 2000. The 
caspase-8 inhibitor FLIP promotes activation of NF-κB and Erk signaling 
pathways. Current Biology, 10, 640-648. 

KATO, T., DUFFEY, D. C., ONDREY, F. G., DONG, G., CHEN, Z., COOK, J. A., 
MITCHELL, J. B. & VAN WAES, C. 2000. Cisplatin and radiation sensitivity in 
human head and neck squamous carcinomas are independently modulated by 
glutathione and transcription factor NFâ€• ÎºB. Head & neck, 22, 748-759. 

KATZ, M., AMIT, I. & YARDEN, Y. 2007. Regulation of MAPKs by growth factors and 
receptor tyrosine kinases. Biochimica et Biophysica Acta (BBA)-Molecular Cell 
Research, 1773, 1161-1176. 

KAUFMANN, S. H., MESNER, P. W., SAMEJIMA JR, K., TONÉ, S. & EARNSHAW, 
W. C. 2000. [1]-Detection of DNA Cleavage in Apoptotic Cells. Methods in 
enzymology, 322, 3-15. 



 

268 
 

KAYKAS, A., WORRINGER, K. & SUGDEN, B. 2001. CD40 and LMP‐1 both signal 
from lipid rafts but LMP‐1 assembles a distinct, more efficient signaling 
complex. The EMBO journal, 20, 2641-2654. 

KERR, J. F., WYLLIE, A. H. & CURRIE, A. R. 1972. Apoptosis: a basic biological 
phenomenon with wide-ranging implications in tissue kinetics. Br J Cancer, 26, 
239-57. 

KHANNA, R., COOPER, L., KIENZLE, N., MOSS, D. J., BURROWS, S. R. & 
KHANNA, K. K. 1997. Engagement of CD40 antigen with soluble CD40 ligand 
up-regulates peptide transporter expression and restores endogenous 
processing function in Burkitt's lymphoma cells. The Journal of Immunology, 
159, 5782-5785. 

KIENER, P. A., MORAN-DAVIS, P., RANKIN, B. M., WAHL, A. F., ARUFFO, A. & 
HOLLENBAUGH, D. 1995. Stimulation of CD40 with purified soluble gp39 
induces proinflammatory responses in human monocytes. The Journal of 
Immunology, 155, 4917-4925. 

KIM, E. Y., SEO, J. M., CHO, K. J. & KIM, J. H. 2009. Ras-induced invasion and 
metastasis are regulated by a leukotriene B4 receptor BLT2-linked pathway. 
Oncogene, 29, 1167-1178. 

KIM, H. S., CHO, J. W., HIDAKA, K. & MORISAKI, T. 2007. Activation of MEK–ERK 
by heregulin- 1 promotes the development of cardiomyocytes derived from 
ES cells. Biochemical and biophysical research communications, 361, 732-
738. 

KISHIMOTO, H., NAKAGAWA, K., WATANABE, T., KITAGAWA, D., MOMOSE, H., 
SEO, J., NISHITAI, G., SHIMIZU, N., OHATA, S., TANEMURA, S., ASAKA, 
S., GOTO, T., FUKUSHI, H., YOSHIDA, H., SUZUKI, A., SASAKI, T., WADA, 
T., PENNINGER, J. M., NISHINA, H. & KATADA, T. 2003. Different properties 
of SEK1 and MKK7 in dual phosphorylation of stress-induced activated protein 
kinase SAPK/JNK in embryonic stem cells. J Biol Chem, 278, 16595-601. 

KLAUS, G. G., CHOI, M. S., LAM, E. W.-F., JOHNSON-LEGER, C. & CLIFF, J. 
1997. CD40: a pivotal receptor in the determination of life/death decisions in B 
lymphocytes. International reviews of immunology, 15, 5-31. 

KLAUS, S. J., BERBERICH, I., SHU, G. & CLARK, E. A. CD40 and its ligand in the 
regulation of humoral immunity.  Seminars in immunology, 1994. Elsevier, 
279-286. 

KLUCK, R. M., BOSSY-WETZEL, E., GREEN, D. R. & NEWMEYER, D. D. 1997. 
The release of cytochrome c from mitochondria: a primary site for Bcl-2 
regulation of apoptosis. Science, 275, 1132-1136. 

KOHO, H., PAULIE, S., BEN-AISSA, H., JÓNSDÓTTIR, I., HANSSON, Y., 
LUNDBLAD, M.-L. & PERLMANN, P. 1984. Monoclonal antibodies to antigens 
associated with transitional cell carcinoma of the human urinary bladder. 
Cancer Immunology, Immunotherapy, 17, 165-172. 

KONTOYIANNIS, D., KOTLYAROV, A., CARBALLO, E., ALEXOPOULOU, L., 
BLACKSHEAR, P. J., GAESTEL, M., DAVIS, R., FLAVELL, R. & KOLLIAS, G. 
2001. Interleukin‐10 targets p38 MAPK to modulate ARE‐dependent TNF 
mRNA translation and limit intestinal pathology. The EMBO journal, 20, 3760-
3770. 

KOOTEN, C. V. & BANCHEREAU, J. 1997. Functions of CD40 on B cells, dendritic 
cells and other cells. Current opinion in immunology, 9, 330-337. 

KORTHÄUER, U., GRAF, D., MAGES, H. W., BRIÈRE, F., PADAYACHEE, M., 
MALCOLM, S., UGAZIO, A. G., NOTARANGELO, L. D., LEVINSKY, R. J. & 



 

269 
 

KROCZEK, R. A. 1993. Defective expression of T-cell CD40 ligand causes X-
linked immunodeficiency with hyper-IgM. 

KOTHAKOTA, S., AZUMA, T., REINHARD, C., KLIPPEL, A., TANG, J., CHU, K., 
MCGARRY, T. J., KIRSCHNER, M. W., KOTHS, K. & KWIATKOWSKI, D. J. 
1997. Caspase-3-generated fragment of gelsolin: effector of morphological 
change in apoptosis. Science, 278, 294-298. 

KRAJEWSKA, M., KRAJEWSKI, S., ZAPATA, J. M., VAN ARSDALE, T., 
GASCOYNE, R. D., BERERN, K., MCFADDEN, D., SHABAIK, A., HUGH, J. & 
REYNOLDS, A. 1998. TRAF-4 expression in epithelial progenitor cells. 
Analysis in normal adult, fetal, and tumor tissues. The American journal of 
pathology, 152, 1549. 

KRAJEWSKI, S., TANAKA, S., TAKAYAMA, S., SCHIBLER, M. J., FENTON, W. & 
REED, J. C. 1993. Investigation of the subcellular distribution of the bcl-2 
oncoprotein: residence in the nuclear envelope, endoplasmic reticulum, and 
outer mitochondrial membranes. Cancer Research, 53, 4701-4714. 

KROEMER, G., GALLUZZI, L. & BRENNER, C. 2007. Mitochondrial membrane 
permeabilization in cell death. Physiological reviews, 87, 99-163. 

KROEMER, G., ZAMZAMI, N. & SUSIN, S. A. 1997. Mitochondrial control of 
apoptosis. Immunology today, 18, 44-51. 

KRUEGER, A., BAUMANN, S., KRAMMER, P. H. & KIRCHHOFF, S. 2001. FLICE-
inhibitory proteins: regulators of death receptor-mediated apoptosis. Molecular 
and cellular biology, 21, 8247-8254. 

KYRIAKIS, J. M. & AVRUCH, J. 2001. Mammalian mitogen-activated protein kinase 
signal transduction pathways activated by stress and inflammation. 
Physiological reviews, 81, 807-869. 

KYRIAKIS, J. M. & AVRUCH, J. 2012. Mammalian MAPK signal transduction 
pathways activated by stress and inflammation: a 10-year update. 
Physiological reviews, 92, 689-737. 

L'ALLEMAIN, G. 1994. Deciphering the MAP kinase pathway. Progress in growth 
factor research, 5, 291-334. 

LAKHANI, S. A., MASUD, A., KUIDA, K., PORTER, G. A., JR., BOOTH, C. J., 
MEHAL, W. Z., INAYAT, I. & FLAVELL, R. A. 2006. Caspases 3 and 7: key 
mediators of mitochondrial events of apoptosis. Science, 311, 847-51. 

LEDERMAN, S., YELLIN, M., KRICHEVSKY, A., BELKO, J., LEE, J. & CHESS, L. 
1992. Identification of a novel surface protein on activated CD4+ T cells that 
induces contact-dependent B cell differentiation (help). The Journal of 
experimental medicine, 175, 1091-1101. 

LEVEILLE, C., BOUILLON, M., GUO, W., BOLDUC, J., SHARIF-ASKARI, E., EL-
FAKHRY, Y., REYES-MORENO, C., LAPOINTE, R., MERHI, Y., WILKINS, J. 
A. & MOURAD, W. 2007. CD40 ligand binds to alpha5beta1 integrin and 
triggers cell signaling. J Biol Chem, 282, 5143-51. 

LEVIN, B., LIEBERMAN, D. A., MCFARLAND, B., SMITH, R. A., BROOKS, D., 
ANDREWS, K. S., DASH, C., GIARDIELLO, F. M., GLICK, S. & LEVIN, T. R. 
2008. Screening and Surveillance for the Early Detection of Colorectal Cancer 
and Adenomatous Polyps, 2008: A Joint Guideline from the American Cancer 
Society, the US Multi‐Society Task Force on Colorectal Cancer, and the 
American College of Radiology*†. CA: a cancer journal for clinicians, 58, 130-
160. 

LI, G., SANDERS, J. M., BEVARD, M. H., SUN, Z., CHUMLEY, J. W., GALKINA, E. 
V., LEY, K. & SAREMBOCK, I. J. 2008. CD40 ligand promotes Mac-1 



 

270 
 

expression, leukocyte recruitment, and neointima formation after vascular 
injury. The American journal of pathology, 172, 1141-1152. 

LI, H., ZHU, H., XU, C.-J. & YUAN, J. 1998. Cleavage of BID by caspase 8 mediates 
the mitochondrial damage in the Fas pathway of apoptosis. Cell, 94, 491-501. 

LI, J.-M., FAN, L. M., CHRISTIE, M. R. & SHAH, A. M. 2005. Acute tumor necrosis 
factor alpha signaling via NADPH oxidase in microvascular endothelial cells: 
role of p47phox phosphorylation and binding to TRAF4. Molecular and cellular 
biology, 25, 2320-2330. 

LI, K., LI, Y., SHELTON, J. M., RICHARDSON, J. A., SPENCER, E., CHEN, Z. J., 
WANG, X. & WILLIAMS, R. S. 2000. Cytochrome c deficiency causes 
embryonic lethality and attenuates stress-induced apoptosis. Cell, 101, 389-
399. 

LI, L. Y., LUO, X. & WANG, X. 2001. Endonuclease G is an apoptotic DNase when 
released from mitochondria. Nature, 412, 95-99. 

LI, P., NIJHAWAN, D., BUDIHARDJO, I., SRINIVASULA, S. M., AHMAD, M., 
ALNEMRI, E. S. & WANG, X. 1997. Cytochrome c and dATP-dependent 
formation of Apaf-1/caspase-9 complex initiates an apoptotic protease 
cascade. Cell, 91, 479-489. 

LI, Q., SPENCER, N. Y., OAKLEY, F. D., BUETTNER, G. R. & ENGELHARDT, J. F. 
2009. Endosomal Nox2 facilitates redox-dependent induction of NF-ÎºB by 
TNF-Î±. Antioxidants & redox signaling, 11, 1249-1263. 

LI, Y.-Y., BACCAM, M., WATERS, S. B., PESSIN, J. E., BISHOP, G. A. & 
KORETZKY, G. A. 1996. CD40 ligation results in protein kinase C-
independent activation of ERK and JNK in resting murine splenic B cells. The 
Journal of Immunology, 157, 1440-1447. 

LIANG, H., RUSSELL, R. S., YONKERS, N. L., MCDONALD, D., RODRIGUEZ, B., 
HARDING, C. V. & ANTHONY, D. D. 2009. Differential effects of hepatitis C 
virus JFH1 on human myeloid and plasmacytoid dendritic cells. Journal of 
virology, 83, 5693-5707. 

LIEVENS, D., EIJGELAAR, W. J., BIESSEN, E., DAEMEN, M. & LUTGENS, E. 2009. 
The multi-functionality of CD40L and its receptor CD40 in atherosclerosis. 
Thromb Haemost, 102, 206-214. 

LINCOLN, D. T., EMADI, E. M., TONISSEN, K. F. & CLARKE, F. M. 2003. The 
thioredoxin-thioredoxin reductase system: over-expression in human cancer. 
Anticancer research, 23, 2425-2433. 

LINETTE, G. P., LI, Y., ROTH, K. & KORSMEYER, S. J. 1996. Cross talk between 
cell death and cell cycle progression: BCL-2 regulates NFAT-mediated 
activation. Proceedings of the National Academy of Sciences, 93, 9545-9552. 

LIPPENS, S., VANDENBROECKE, C., VAN DAMME, E., TSCHACHLER, E., 
VANDENABEELE, P. & DECLERCQ, W. 2003. Caspase-14 is expressed in 
the epidermis, the choroid plexus, the retinal pigment epithelium and thymic 
Hassall's bodies. Cell Death & Differentiation, 10. 

LISTON, P., FONG, W. G., KELLY, N. L., TOJI, S., MIYAZAKI, T., CONTE, D., 
TAMAI, K., CRAIG, C. G., MCBURNEY, M. W. & KORNELUK, R. G. 2001. 
Identification of XAF1 as an antagonist of XIAP anti-Caspase activity. Nature 
cell biology, 3, 128-133. 

LIU, X., KIM, C. N., YANG, J., JEMMERSON, R. & WANG, X. 1996a. Induction of 
apoptotic program in cell-free extracts: requirement for dATP and cytochrome 
c. Cell, 86, 147-157. 



 

271 
 

LIU, X., KIM, C. N., YANG, J., JEMMERSON, R. & WANG, X. 1996b. Induction of 
apoptotic program in cell-free extracts: requirement for dATP and cytochrome 
c. Cell, 86, 147-57. 

LIU, Y. & MIN, W. 2002. Thioredoxin promotes ASK1 ubiquitination and degradation 
to inhibit ASK1-mediated apoptosis in a redox activity-independent manner. 
Circulation research, 90, 1259-1266. 

LOMO, J., BLOMHOFF, H. K., JACOBSEN, S. E., KRAJEWSKI, S., REED, J. C. & 
SMELAND, E. B. 1997. Interleukin-13 in combination with CD40 ligand 
potently inhibits apoptosis in human B lymphocytes: upregulation of Bcl-xL 
and Mcl-1. Blood, 89, 4415-4424. 

LONGTHORNE, V. L. & WILLIAMS, G. T. 1997. Caspase activity is required for 
commitment to Fas‐mediated apoptosis. The EMBO journal, 16, 3805-3812. 

LORENZO, H. K., SUSIN, S. A., PENNINGER, J. & KROEMER, G. 1999. Apoptosis 
inducing factor (AIF): a phylogenetically old, caspase-independent effector of 
cell death. Cell Death & Differentiation, 6. 

LOSKOG, A. S. & ELIOPOULOS, A. G. The Janus faces of CD40 in cancer.  
Seminars in immunology, 2009. Elsevier, 301-307. 

LUO, X., BUDIHARDJO, I., ZOU, H., SLAUGHTER, C. & WANG, X. 1998. Bid, a 
Bcl2 interacting protein, mediates cytochrome c release from mitochondria in 
response to activation of cell surface death receptors. Cell, 94, 481-490. 

MA, D. Y. & CLARK, E. A. The role of CD40 and CD154/CD40L in dendritic cells.  
Seminars in immunology, 2009. Elsevier, 265-272. 

MACFARLANE, M. & WILLIAMS, A. C. 2004. Apoptosis and disease: a life or death 
decision. EMBO reports, 5, 674-678. 

MACH, F., SCHÖNBECK, U., BONNEFOY, J.-Y., POBER, J. S. & LIBBY, P. 1997. 
Activation of monocyte/macrophage functions related to acute atheroma 
complication by ligation of CD40 induction of collagenase, stromelysin, and 
tissue factor. Circulation, 96, 396-399. 

MACH, F., SCHÖNBECK, U., FABUNMI, R. P., MURPHY, C., ATKINSON, E., 
BONNEFOY, J.-Y., GRABER, P. & LIBBY, P. 1999. T lymphocytes induce 
endothelial cell matrix metalloproteinase expression by a CD40L-dependent 
mechanism: implications for tubule formation. The American journal of 
pathology, 154, 229-238. 

MALIK, N., GREENFIELD, B. W., WAHL, A. F. & KIENER, P. A. 1996. Activation of 
human monocytes through CD40 induces matrix metalloproteinases. The 
Journal of Immunology, 156, 3952-3960. 

MARIANI, S. M., MATIBA, B., ARMANDOLA, E. A. & KRAMMER, P. H. 1997. 
Interleukin 1 beta-converting enzyme related proteases/caspases are involved 
in TRAIL-induced apoptosis of myeloma and leukemia cells. J Cell Biol, 137, 
221-9. 

MARTIN, S. J., GREEN, D. R. & COTTER, T. G. 1994. Dicing with death: dissecting 
the components of the apoptosis machinery. Trends in biochemical sciences, 
19, 26-30. 

MARTINOU, J.-C., DESAGHER, S. & ANTONSSON, B. 2000. Cytochrome c release 
from mitochondria: all or nothing. Nature cell biology, 2, E41-E43. 

MARTINS, L. M., IACCARINO, I., TENEV, T., GSCHMEISSNER, S., TOTTY, N. F., 
LEMOINE, N. R., SAVOPOULOS, J., GRAY, C. W., CREASY, C. L. & 
DINGWALL, C. 2002. The serine protease Omi/HtrA2 regulates apoptosis by 
binding XIAP through a reaper-like motif. Journal of Biological Chemistry, 277, 
439-444. 



 

272 
 

MARZO, I., BRENNER, C., ZAMZAMI, N., SUSIN, S. A., BEUTNER, G., BRDICZKA, 
D., RÉMY, R., XIE, Z.-H., REED, J. C. & KROEMER, G. 1998. The 
permeability transition pore complex: a target for apoptosis regulation by 
caspases and Bcl-2–related proteins. The Journal of experimental medicine, 
187, 1261-1271. 

MASSON, R., RÉGNIER, C. H., CHENARD, M.-P., WENDLING, C., MATTEI, M.-G., 
TOMASETTO, C. & RIO, M.-C. 1998. Tumor necrosis factor receptor 
associated factor 4 (TRAF4) expression pattern during mouse development. 
Mechanisms of development, 71, 187-191. 

MAZEL, S., BURTRUM, D. & PETRIE, H. T. 1996. Regulation of cell division cycle 
progression by bcl-2 expression: a potential mechanism for inhibition of 
programmed cell death. The Journal of experimental medicine, 183, 2219-
2226. 

MCWHIRTER, S. M., PULLEN, S. S., HOLTON, J. M., CRUTE, J. J., KEHRY, M. R. 
& ALBER, T. 1999. Crystallographic analysis of CD40 recognition and 
signaling by human TRAF2. Proceedings of the National Academy of 
Sciences, 96, 8408-8413. 

MELTER, M., REINDERS, M. E., SHO, M., PAL, S., GEEHAN, C., DENTON, M. D., 
MUKHOPADHYAY, D. & BRISCOE, D. M. 2000. Ligation of CD40 induces the 
expression of vascular endothelial growth factor by endothelial cells and 
monocytes and promotes angiogenesis in vivo. Blood, 96, 3801-3808. 

MIDGLEY, R. & KERR, D. 1999. Colorectal cancer. Lancet, 353, 391-9. 
MILHAS, D., CUVILLIER, O., THERVILLE, N., CLAVÉ, P., THOMSEN, M., LEVADE, 

T., BENOIST, H. & SÉGUI, B. 2005. Caspase-10 triggers Bid cleavage and 
caspase cascade activation in FasL-induced apoptosis. Journal of Biological 
Chemistry, 280, 19836-19842. 

MIURA, M., ZHU, H., ROTELLO, R., HARTWIEG, E. A. & YUAN, J. 1993. Induction 
of apoptosis in fibroblasts by IL-1 -converting enzyme, a mammalian homolog 
of the C. elegans cell death gene< i> ced-3</i>. Cell, 75, 653-660. 

MOSIALOS, G., BIRKENBACHT, M., YALAMANCHILL, R., VAN ARSDALE, T., 
WARE, C. & KLEFF, E. 1995. The Epstein-Barr virus transforming protein 
LMP1 engages signaling proteins for the tumor necrosis factor receptor family. 
Cell, 80, 389-399. 

MUKUNDAN, L., MILHORN, D. M., MATTA, B. & SUTTLES, J. 2004. CD40-
mediated activation of vascular smooth muscle cell chemokine production 
through a Src-initiated, MAPK-dependent pathway. Cellular signalling, 16, 
375-384. 

MULLER, F. L., LIU, Y. & VAN REMMEN, H. 2004. Complex III releases superoxide 
to both sides of the inner mitochondrial membrane. J Biol Chem, 279, 49064-
73. 

MURPHY, M. P. 2009. How mitochondria produce reactive oxygen species. Biochem 
J, 417, 1-13. 

NAISMITH, J. H. & SPRANG, S. R. 1998. Modularity in the TNF-receptor family. 
Trends in biochemical sciences, 23, 74-79. 

NAKANO, H., SAKON, S., KOSEKI, H., TAKEMORI, T., TADA, K., MATSUMOTO, 
M., MUNECHIKA, E., SAKAI, T., SHIRASAWA, T. & AKIBA, H. 1999. 
Targeted disruption of Traf5 gene causes defects in CD40-and CD27-
mediated lymphocyte activation. Proceedings of the National Academy of 
Sciences, 96, 9803-9808. 



 

273 
 

NEMOTO, S., TAKEDA, K., YU, Z. X., FERRANS, V. J. & FINKEL, T. 2000. Role for 
mitochondrial oxidants as regulators of cellular metabolism. Mol Cell Biol, 20, 
7311-8. 

NEWBY, A. C. 2007. Metalloproteinases and vulnerable atherosclerotic plaques. 
Trends in cardiovascular medicine, 17, 253-258. 

NGUYEN, V. T., WALKER, W. S. & BENVENISTE, E. N. 1998. Post‐transcriptional 
inhibition of CD40 gene expression in microglia by transforming growth factor‐

. European journal of immunology, 28, 2537-2548. 
NI, C.-Z., WELSH, K., LEO, E., CHIOU, C.-K., WU, H., REED, J. C. & ELY, K. R. 

2000. Molecular basis for CD40 signaling mediated by TRAF3. Proceedings of 
the National Academy of Sciences, 97, 10395-10399. 

NISHITANI, Y. & MATSUMOTO, H. 2006. Ethanol rapidly causes activation of JNK 
associated with ER stress under inhibition of ADH. FEBS letters, 580, 9-14. 

NISHITOH, H., MATSUZAWA, A., TOBIUME, K., SAEGUSA, K., TAKEDA, K., 
INOUE, K., HORI, S., KAKIZUKA, A. & ICHIJO, H. 2002. ASK1 is essential for 
endoplasmic reticulum stress-induced neuronal cell death triggered by 
expanded polyglutamine repeats. Genes & development, 16, 1345-1355. 

NOIKE, T., MIWA, S., SOEDA, J., KOBAYASHI, A. & MIYAGAWA, S.-I. 2008. 
Increased expression of thioredoxin-1, vascular endothelial growth factor, and 
redox factor-1 is associated with poor prognosis in patients with liver 
metastasis from colorectal cancer. Human pathology, 39, 201-208. 

NORBERG, E., ORRENIUS, S. & ZHIVOTOVSKY, B. 2010. Mitochondrial regulation 
of cell death: processing of apoptosis-inducing factor (AIF). Biochemical and 
biophysical research communications, 396, 95-100. 

ORTEGA, A. L., MENA, S. & ESTRELA, J. M. 2011. Glutathione in cancer cell death. 
Cancers, 3, 1285-1310. 

OYADOMARI, S., ARAKI, E. & MORI, M. 2002. Endoplasmic reticulum stress-
mediated apoptosis in pancreatic -cells. Apoptosis, 7, 335-345. 

PALETTA-SILVA, R., ROCCO-MACHADO, N. L. & MEYER-FERNANDES, J. R. 
2013. NADPH oxidase biology and the regulation of tyrosine kinase receptor 
signaling and cancer drug cytotoxicity. International journal of molecular 
sciences, 14, 3683-3704. 

PAN, J.-S., HONG, M.-Z. & REN, J.-L. 2009. Reactive oxygen species: a double-
edged sword in oncogenesis. World journal of gastroenterology: WJG, 15, 
1702. 

PANDEY, P., SALEH, A., NAKAZAWA, A., KUMAR, S., SRINIVASULA, S. M., 
KUMAR, V., WEICHSELBAUM, R., NALIN, C., ALNEMRI, E. S. & KUFE, D. 
2000. Negative regulation of cytochrome c‐mediated oligomerization of Apaf‐1 
and activation of procaspase‐9 by heat shock protein 90. The EMBO journal, 
19, 4310-4322. 

PAPOFF, G., HAUSLER, P., ERAMO, A., PAGANO, M. G., DI LEVE, G., SIGNORE, 
A. & RUBERTI, G. 1999. Identification and characterization of a ligand-
independent oligomerization domain in the extracellular region of the CD95 
death receptor. Journal of Biological Chemistry, 274, 38241-38250. 

PARRISH, A. B., FREEL, C. D. & KORNBLUTH, S. 2013. Cellular mechanisms 
controlling caspase activation and function. Cold Spring Harbor perspectives 
in biology, 5, a008672. 

PATEL, D. D., WHICHARD, L. P., RADCLIFF, G., DENNING, S. M. & HAYNES, B. F. 
1995. Characterization of human thymic epithelial cell surface antigens: 



 

274 
 

phenotypic similarity of thymic epithelial cells to epidermal keratinocytes. 
Journal of clinical immunology, 15, 80-92. 

PAULIE, S., EHLIN-HENRIKSSON, B., MELLSTEDT, H., KOHO, H., BEN-AISSA, H. 
& PERLMANN, P. 1985. A p50 surface antigen restricted to human urinary 
bladder carcinomas and B lymphocytes. Cancer Immunology, Immunotherapy, 
20, 23-28. 

PAULIE, S., KOHO, H., BEN-AISSA, H., HANSSON, Y., LUNDBLAD, M.-L. & 
PERLMANN, P. 1984. Monoclonal antibodies to antigens associated with 
transitional cell carcinoma of the human urinary bladder. Cancer Immunology, 
Immunotherapy, 17, 173-179. 

PEREIRA, W. & AMARANTE‐MENDES, G. 2011. Apoptosis: a programme of cell 
death or cell disposal? Scandinavian journal of immunology, 73, 401-407. 

PERKINS, C. L., FANG, G., KIM, C. N. & BHALLA, K. N. 2000. The role of Apaf-1, 
caspase-9, and bid proteins in etoposide-or paclitaxel-induced mitochondrial 
events during apoptosis. Cancer research, 60, 1645-1653. 

PHAM, L. V., TAMAYO, A. T., YOSHIMURA, L. C., LO, P., TERRY, N., REID, P. S. & 
FORD, R. J. 2002. A CD40 signalosome anchored in lipid rafts leads to 
constitutive activation of NF-κB and autonomous cell growth in B cell 
lymphomas. Immunity, 16, 37-50. 

PINCHUK, L. M., KLAUS, S. J., MAGALETTI, D. M., PINCHUK, G. V., NORSEN, J. 
P. & CLARK, E. A. 1996. Functional CD40 ligand expressed by human blood 
dendritic cells is up-regulated by CD40 ligation. The Journal of Immunology, 
157, 4363-4370. 

PISANI, P., PARKIN, D. M., BRAY, F. & FERLAY, J. 1999. Estimates of the 
worldwide mortality from 25 cancers in 1990. Int J Cancer, 83, 18-29. 

PITTI, R. M., MARSTERS, S. A., RUPPERT, S., DONAHUE, C. J., MOORE, A. & 
ASHKENAZI, A. 1996. Induction of apoptosis by Apo-2 ligand, a new member 
of the tumor necrosis factor cytokine family. Journal of Biological Chemistry, 
271, 12687-12690. 

PLJESA-ERCEGOVAC, M., SAVIC-RADOJEVIC, A., DRAGICEVIC, D., MIMIC-OKA, 
J., MATIC, M., SASIC, T., PEKMEZOVIC, T., VUKSANOVIC, A. & SIMIC, T. 
Enhanced GSTP1 expression in transitional cell carcinoma of urinary bladder 
is associated with altered apoptotic pathways.  Urologic Oncology: Seminars 
and Original Investigations, 2011. Elsevier, 70-77. 

POUND, J. D. & GORDON, J. 1997. Maintenance of human germinal center B cells 
in vitro. Blood, 89, 919-928. 

PRASAD, K. S., ANDRE, P., HE, M., BAO, M., MANGANELLO, J. & PHILLIPS, D. R. 
2003. Soluble CD40 ligand induces beta3 integrin tyrosine phosphorylation 
and triggers platelet activation by outside-in signaling. Proc Natl Acad Sci U S 
A, 100, 12367-71. 

PROPST, S. M., ESTELL, K. & SCHWIEBERT, L. M. 2002. CD40-mediated 
activation of NF-kappa B in airway epithelial cells. J Biol Chem, 277, 37054-
63. 

PULLEN, S. S., MILLER, H. G., EVERDEEN, D. S., DANG, T. T., CRUTE, J. J. & 
KEHRY, M. R. 1998. CD40-tumor necrosis factor receptor-associated factor 
(TRAF) interactions: regulation of CD40 signaling through multiple TRAF 
binding sites and TRAF hetero-oligomerization. Biochemistry, 37, 11836-
11845. 

PURI, P. L., WU, Z., ZHANG, P., WOOD, L. D., BHAKTA, K. S., HAN, J., 
FERAMISCO, J. R., KARIN, M. & WANG, J. Y. 2000. Induction of terminal 



 

275 
 

differentiation by constitutive activation of p38 MAP kinase in human 
rhabdomyosarcoma cells. Genes & development, 14, 574-584. 

PUTHALAKATH, H., HUANG, D., O‘REILLY, L. A., KING, S. M. & STRASSER, A. 
1999. The proapoptotic activity of the Bcl-2 family member Bim is regulated by 
interaction with the dynein motor complex. Molecular cell, 3, 287-296. 

RADEKE, M. J., MISKO, T. P., HSU, C., HERZENBERG, L. A. & SHOOTER, E. M. 
1987. Gene transfer and molecular cloning of the rat nerve growth factor 
receptor. Nature, 325, 593-7. 

RAFF, M. C., BARRES, B. A., BURNE, J. F., COLES, H. S., ISHIZAKI, Y. & 
JACOBSON, M. D. 1993. Programmed cell death and the control of cell 
survival: lessons from the nervous system. Science, 262, 695-700. 

RAFFEL, J., BHATTACHARYYA, A. K., GALLEGOS, A., CUI, H., EINSPAHR, J. G., 
ALBERTS, D. S. & POWIS, G. 2003. Increased expression of thioredoxin-1 in 
human colorectal cancer is associated with decreased patient survival. Journal 
of Laboratory and Clinical Medicine, 142, 46-51. 

RAINGEAUD, J., GUPTA, S., ROGERS, J. S., DICKENS, M., HAN, J., ULEVITCH, 
R. J. & DAVIS, R. J. 1995. Pro-inflammatory cytokines and environmental 
stress cause p38 mitogen-activated protein kinase activation by dual 
phosphorylation on tyrosine and threonine. Journal of Biological Chemistry, 
270, 7420-7426. 

RAJ, L., IDE, T., GURKAR, A. U., FOLEY, M., SCHENONE, M., LI, X., TOLLIDAY, N. 
J., GOLUB, T. R., CARR, S. A. & SHAMJI, A. F. 2011. Selective killing of 
cancer cells by a small molecule targeting the stress response to ROS. 
Nature, 475, 231-234. 

RAMANATHAN, R. K., ABBRUZZESE, J., DRAGOVICH, T., KIRKPATRICK, L., 
GUILLEN, J. M., BAKER, A. F., PESTANO, L. A., GREEN, S. & VON HOFF, 
D. D. 2011. A randomized phase II study of PX-12, an inhibitor of thioredoxin 
in patients with advanced cancer of the pancreas following progression after a 
gemcitabine-containing combination. Cancer chemotherapy and 
pharmacology, 67, 503-509. 

RAMANATHAN, R. K., DRAGOVICH, T., RICHARDS, D., STEPHENSON, J., 
PESTANO, L., HISCOX, A., LEOS, R., CHOW, S., MILLARD, J. & 
KIRKPATRICK, L. Results from phase Ib studies of PX-12, a thioredoxin 
inhibitor in patients with advanced solid malignancies.  J Clin Oncol (Meeting 
Abstracts), 2009. 2571. 

RAO, D. D., VORHIES, J. S., SENZER, N. & NEMUNAITIS, J. 2009. siRNA vs. 
shRNA: similarities and differences. Advanced drug delivery reviews, 61, 746-
759. 

RAVAGNAN, L., GURBUXANI, S., SUSIN, S. A., MAISSE, C., DAUGAS, E., 
ZAMZAMI, N., MAK, T., JÄÄTTELÄ, M., PENNINGER, J. M. & GARRIDO, C. 
2001. Heat-shock protein 70 antagonizes apoptosis-inducing factor. Nature 
cell biology, 3, 839-843. 

RAVAGNAN, L., ROUMIER, T. & KROEMER, G. 2002. Mitochondria, the killer 
organelles and their weapons. Journal of cellular physiology, 192, 131-137. 

RAY, P. D., HUANG, B.-W. & TSUJI, Y. 2012. Reactive oxygen species (ROS) 
homeostasis and redox regulation in cellular signaling. Cellular signalling, 24, 
981-990. 

REED, J. C. 2000. Mechanisms of apoptosis. The American journal of pathology, 
157, 1415-1430. 



 

276 
 

REGNIER, C. H., SONG, H. Y., GAO, X., GOEDDEL, D. V., CAO, Z. & ROTHE, M. 
1997. Identification and characterization of an IkappaB kinase. Cell, 90, 373-
83. 

RÉGNIER, C. H., TOMASETTO, C., MOOG-LUTZ, C., CHENARD, M.-P., 
WENDLING, C., BASSET, P. & RIO, M.-C. 1995. Presence of a new 
conserved domain in CART1, a novel member of the tumor necrosis factor 
receptor-associated protein family, which is expressed in breast carcinoma. 
Journal of Biological Chemistry, 270, 25715-25721. 

RENSHAW, B. R., FANSLOW, W., ARMITAGE, R. J., CAMPBELL, K. A., LIGGITT, 
D., WRIGHT, B., DAVISON, B. L. & MALISZEWSKI, C. R. 1994. Humoral 
immune responses in CD40 ligand-deficient mice. The Journal of experimental 
medicine, 180, 1889-1900. 

RHEE, S. G., BAE, Y. S., LEE, S. R. & KWON, J. 2000. Hydrogen peroxide: a key 
messenger that modulates protein phosphorylation through cysteine oxidation. 
Sci STKE, 2000, pe1. 

RICHTER, C., SCHWEIZER, M., COSSARIZZA, A. & FRANCESCHI, C. 1996. 
Control of apoptosis by the cellular ATP level. FEBS letters, 378, 107-110. 

RIZVI, M., PATHAK, D., FREEDMAN, J. E. & CHAKRABARTI, S. 2008. CD40–CD40 
ligand interactions in oxidative stress, inflammation and vascular disease. 
Trends in molecular medicine, 14, 530-538. 

RODRIGUEZ, J. & LAZEBNIK, Y. 1999. Caspase-9 and APAF-1 form an active 
holoenzyme. Genes & development, 13, 3179-3184. 

ROSSE, T., OLIVIER, R., MONNEY, L., RAGER, M., CONUS, S., FELLAY, I., 
JANSEN, B. & BORNER, C. 1998. Bcl-2 prolongs cell survival after Bax-
induced release of cytochrome c. Nature, 391, 496-499. 

ROTHE, G. & VALET, G. 1990. Flow cytometric analysis of respiratory burst activity 
in phagocytes with hydroethidine and 2', 7'-dichlorofluorescin. Journal of 
leukocyte biology, 47, 440-448. 

ROTHE, M., SARMA, V., DIXIT, V. M. & GOEDDEL, D. V. 1995. TRAF2-mediated 
activation of NF-kappa B by TNF receptor 2 and CD40. Science, 269, 1424-
1427. 

ROUSSET, F., GARCIA, E. & BANCHEREAU, J. 1991. Cytokine-induced 
proliferation and immunoglobulin production of human B lymphocytes 
triggered through their CD40 antigen. The Journal of experimental medicine, 
173, 705-710. 

ROWLAND, S. L., TREMBLAY, M. M., ELLISON, J. M., STUNZ, L. L., BISHOP, G. A. 
& HOSTAGER, B. S. 2007. A novel mechanism for TNFR-associated factor 6-
dependent CD40 signaling. The Journal of Immunology, 179, 4645-4653. 

ROY, M., WALDSCHMIDT, T., ARUFFO, A., LEDBETTER, J. A. & NOELLE, R. J. 
1993. The regulation of the expression of gp39, the CD40 ligand, on normal 
and cloned CD4+ T cells. The Journal of Immunology, 151, 2497-2510. 

RUDEL, T. & BOKOCH, G. M. 1997. Membrane and morphological changes in 
apoptotic cells regulated by caspase-mediated activation of PAK2. Science, 
276, 1571-1574. 

RUGGIERO, G., CÁCERES, E. M., VOORDOUW, A., NOTEBOOM, E., GRAF, D., 
KROCZEK, R. A. & SPITS, H. 1996. CD40 expressed on thymic epithelial 
cells provides costimulation for proliferation but not for apoptosis of human 
thymocytes. The Journal of Immunology, 156, 3737-3746. 

SABAPATHY, K. & WAGNER, E. F. 2004. JNK2: a negative regulator of cellular 
proliferation. Cell Cycle, 3, 1520-3. 



 

277 
 

SACKS, D. & NOBEN-TRAUTH, N. 2002. The immunology of susceptibility and 
resistance to Leishmania major in mice. Nature Reviews Immunology, 2, 845-
858. 

SÄEMANN, M., KELEMEN, P., ZEYDA, M., BÖHMIG, G., STAFFLER, G. & 
ZLABINGER, G. CD40 triggered human monocyte-derived dendritic cells 
convert to tolerogenic dendritic cells when JAK3 activity is inhibited.  
Transplantation proceedings, 2002. Elsevier, 1407-1408. 

SÄEMANN, M. D., DIAKOS, C., KELEMEN, P., KRIEHUBER, E., ZEYDA, M., 
BÖHMIG, G. A., HÖRL, W. H., BAUMRUKER, T. & ZLABINGER, G. J. 2003. 
Prevention of CD40‐Triggered Dendritic Cell Maturation and Induction of T‐
Cell Hyporeactivity by Targeting of Janus Kinase 3. American Journal of 
Transplantation, 3, 1341-1349. 

SALEH, A., SRINIVASULA, S. M., BALKIR, L., ROBBINS, P. D. & ALNEMRI, E. S. 
2000. Negative regulation of the Apaf-1 apoptosome by Hsp70. Nature cell 
biology, 2, 476-483. 

SALMON, R. A., FOLTZ, I. N., YOUNG, P. R. & SCHRADER, J. W. 1997. The p38 
mitogen-activated protein kinase is activated by ligation of the T or B 
lymphocyte antigen receptors, Fas or CD40, but suppression of kinase activity 
does not inhibit apoptosis induced by antigen receptors. The Journal of 
Immunology, 159, 5309-5317. 

SAMEJIMA, K., TONE, S. & EARNSHAW, W. C. 2001. CAD/DFF40 nuclease is 
dispensable for high molecular weight DNA cleavage and stage I chromatin 
condensation in apoptosis. Journal of Biological Chemistry, 276, 45427-
45432. 

SAX, J. K. & EL-DEIRY, W. S. 2003. Identification and characterization of the 
cytoplasmic protein TRAF4 as a p53-regulated proapoptotic gene. Journal of 
Biological Chemistry, 278, 36435-36444. 

SAYERS, T. J. 2011. Targeting the extrinsic apoptosis signaling pathway for cancer 
therapy. Cancer Immunology, Immunotherapy, 60, 1173-1180. 

SCHENDEL, S. L., MONTAL, M. & REED, J. C. 1998. Bcl-2 family proteins as ion-
channels. Cell Death & Differentiation, 5. 

SCHLESINGER, P. H., GROSS, A., YIN, X.-M., YAMAMOTO, K., SAITO, M., 
WAKSMAN, G. & KORSMEYER, S. J. 1997. Comparison of the ion channel 
characteristics of proapoptotic BAX and antiapoptotic BCL-2. Proceedings of 
the National Academy of Sciences, 94, 11357-11362. 

SCHMIELAU, J. & FINN, O. J. 2001. Activated granulocytes and granulocyte-derived 
hydrogen peroxide are the underlying mechanism of suppression of T-cell 
function in advanced cancer patients. Cancer research, 61, 4756-4760. 

SCHOENBERGER, S. P., TOES, R. E., VAN DER VOORT, E. I., OFFRINGA, R. & 
MELIEF, C. J. 1998. T-cell help for cytotoxic T lymphocytes is mediated by 
CD40–CD40L interactions. Nature, 393, 480-483. 

SCHÖNBECK, U. & LIBBY, P. β001. The CD40/CD154 receptor/ligand dyadRID="†" 
ID="†" Review. Cellular and Molecular Life Sciences CMLS, 58, 4-43. 

SCHONBECK, U., SUKHOVA, G. K., GRABER, P., COULTER, S. & LIBBY, P. 1999. 
Augmented expression of cyclooxygenase-2 in human atherosclerotic lesions. 
The American journal of pathology, 155, 1281-1291. 

SCHWENZER, R., SIEMIENSKI, K., LIPTAY, S., SCHUBERT, G., PETERS, N., 
SCHEURICH, P., SCHMID, R. M. & WAJANT, H. 1999. The human tumor 
necrosis factor (TNF) receptor-associated factor 1 gene (TRAF1) is up-
regulated by cytokines of the TNF ligand family and modulates TNF-induced 



 

278 
 

activation of NF-kappaB and c-Jun N-terminal kinase. J Biol Chem, 274, 
19368-74. 

SENA, L. A. & CHANDEL, N. S. 2012. Physiological roles of mitochondrial reactive 
oxygen species. Molecular cell, 48, 158-167. 

SHANNON, A. M., BOUCHIER-HAYES, D. J., CONDRON, C. M. & TOOMEY, D. 
2003. Tumour hypoxia, chemotherapeutic resistance and hypoxia-related 
therapies. Cancer treatment reviews, 29, 297-307. 

SHARMA, R., YANG, Y., SHARMA, A., AWASTHI, S. & AWASTHI, Y. C. 2004. 
Antioxidant role of glutathione S-transferases: protection against oxidant 
toxicity and regulation of stress-mediated apoptosis. Antioxidants and Redox 
Signaling, 6, 289-300. 

SHAW, N. J., GEORGOPOULOS, N. T., SOUTHGATE, J. & TREJDOSIEWICZ, L. K. 
2005. Effects of loss of p53 and p16 function on life span and survival of 
human urothelial cells. Int J Cancer, 116, 634-9. 

SHELTON, B. K. Introduction to colorectal cancer.  Seminars in oncology nursing, 
2002. Elsevier, 2-12. 

SHEN, H.-M. & PERVAIZ, S. 2006. TNF receptor superfamily-induced cell death: 
redox-dependent execution. The FASEB Journal, 20, 1589-1598. 

SHEPHERD, D. M. & KERKVLIET, N. I. 1999. Disruption of CD154: CD40 blocks 
generation of allograft immunity without affecting APC activation. The Journal 
of Immunology, 163, 2470-2477. 

SHIBASAKI, F., KONDO, E., AKAGI, T. & MCKEON, F. 1997. Suppression of 
signalling through transcription factor NF-AT by interactions between 
calcineurin and Bcl-2. Nature, 386, 728-31. 

SHIMADA, K., NAKAMURA, M., ANAI, S., DE VELASCO, M., TANAKA, M., 
TSUJIKAWA, K., OUJI, Y. & KONISHI, N. 2009. A novel human AlkB 
homologue, ALKBH8, contributes to human bladder cancer progression. 
Cancer research, 69, 3157-3164. 

SHIMIZU, S., EGUCHI, Y., KAMIIKE, W., FUNAHASHI, Y., MIGNON, A., 
LACRONIQUE, V., MATSUDA, H. & TSUJIMOTO, Y. 1998. Bcl-2 prevents 
apoptotic mitochondrial dysfunction by regulating proton flux. Proceedings of 
the National Academy of Sciences, 95, 1455-1459. 

SHIOZAKI, E. N., CHAI, J. & SHI, Y. 2002. Oligomerization and activation of 
caspase-9, induced by Apaf-1 CARD. Proceedings of the National Academy of 
Sciences, 99, 4197-4202. 

SHOSHAN-BARMATZ, V. & GINCEL, D. 2003. The voltage-dependent anion 
channel. Cell biochemistry and biophysics, 39, 279-292. 

SIEGEL, R. M., FREDERIKSEN, J. K., ZACHARIAS, D. A., CHAN, F. K.-M., 
JOHNSON, M., LYNCH, D., TSIEN, R. Y. & LENARDO, M. J. 2000. Fas 
preassociation required for apoptosis signaling and dominant inhibition by 
pathogenic mutations. Science, 288, 2354-2357. 

SIMIC, T., SAVIC-RADOJEVIC, A., PLJESA-ERCEGOVAC, M., MATIC, M. & 
MIMIC-OKA, J. 2009. Glutathione S-transferases in kidney and urinary bladder 
tumors. Nature Reviews Urology, 6, 281-289. 

SINGH, J., GARBER, E., VLIJMEN, H. V., KARPUSAS, M., HSU, Y. M., ZHENG, Z., 
THOMAS, D. & NAISMITH, J. H. 1998. The role of polar interactions in the 
molecular recognition of CD40L with its receptor CD40. Protein science, 7, 
1124-1135. 

SOGA, M., MATSUZAWA, A. & ICHIJO, H. 2012. Oxidative stress-induced diseases 
via the ASK1 signaling pathway. International journal of cell biology, 2012. 



 

279 
 

SPRICK, M. R., RIESER, E., STAHL, H., GROSSE‐WILDE, A., WEIGAND, M. A. & 
WALCZAK, H. 2002. Caspase‐10 is recruited to and activated at the native 
TRAIL and CD95 death‐inducing signalling complexes in a FADD‐dependent 
manner but can not functionally substitute caspase‐8. The EMBO journal, 21, 
4520-4530. 

SPRICK, M. R., WEIGAND, M. A., RIESER, E., RAUCH, C. T., JUO, P., BLENIS, J., 
KRAMMER, P. H. & WALCZAK, H. 2000. FADD/MORT1 and caspase-8 are 
recruited to TRAIL receptors 1 and 2 and are essential for apoptosis mediated 
by TRAIL receptor 2. Immunity, 12, 599-609. 

SPRIGGS, M., ARMITAGE, R., STROCKBINE, L., CLIFFORD, K., MACDUFF, B., 
SATO, T., MALISZEWSKI, C. & FANSLOW, W. 1992. Recombinant human 
CD40 ligand stimulates B cell proliferation and immunoglobulin E secretion. 
The Journal of experimental medicine, 176, 1543-1550. 

SRINIVASULA, S. M., HEGDE, R., SALEH, A., DATTA, P., SHIOZAKI, E., CHAI, J., 
LEE, R.-A., ROBBINS, P. D., FERNANDES-ALNEMRI, T. & SHI, Y. 2001. A 
conserved XIAP-interaction motif in caspase-9 and Smac/DIABLO regulates 
caspase activity and apoptosis. Nature, 410, 112-116. 

ST-PIERRE, J., DRORI, S., ULDRY, M., SILVAGGI, J. M., RHEE, J., JÄGER, S., 
HANDSCHIN, C., ZHENG, K., LIN, J. & YANG, W. 2006. Suppression of 
reactive oxygen species and neurodegeneration by the PGC-1 transcriptional 
coactivators. Cell, 127, 397-408. 

STAMENKOVIC, I., CLARK, E. & SEED, B. 1989. A B-lymphocyte activation 
molecule related to the nerve growth factor receptor and induced by cytokines 
in carcinomas. The EMBO journal, 8, 1403. 

STECKLEY, D., KARAJGIKAR, M., DALE, L. B., FUERTH, B., SWAN, P., 
DRUMMOND-MAIN, C., POULTER, M. O., FERGUSON, S. S. G., 
STRASSER, A. & CREGAN, S. P. 2007. Puma is a dominant regulator of 
oxidative stress induced Bax activation and neuronal apoptosis. The Journal 
of Neuroscience, 27, 12989-12999. 

STEELE, L. P., GEORGOPOULOS, N. T., SOUTHGATE, J., SELBY, P. J. & 
TREJDOSIEWICZ, L. K. 2006. Differential susceptibility to TRAIL of normal 
versus malignant human urothelial cells. Cell Death Differ, 13, 1564-76. 

SUSIN, S. A., DAUGAS, E., RAVAGNAN, L., SAMEJIMA, K., ZAMZAMI, N., 
LOEFFLER, M., COSTANTINI, P., FERRI, K. F., IRINOPOULOU, T. & 
PRÉVOST, M.-C. 2000. Two distinct pathways leading to nuclear apoptosis. 
The Journal of experimental medicine, 192, 571-580. 

SUSIN, S. A., LORENZO, H. K., ZAMZAMI, N., MARZO, I., SNOW, B. E., 
BROTHERS, G. M., MANGION, J., JACOTOT, E., COSTANTINI, P. & 
LOEFFLER, M. 1999. Molecular characterization of mitochondrial apoptosis-
inducing factor. Nature, 397, 441-446. 

SUTHERLAND, C. L., HEATH, A. W., PELECH, S. L., YOUNG, P. R. & GOLD, M. R. 
1996. Differential activation of the ERK, JNK, and p38 mitogen-activated 
protein kinases by CD40 and the B cell antigen receptor. The Journal of 
Immunology, 157, 3381-3390. 

SUTTLES, J. & STOUT, R. D. Macrophage CD40 signaling: a pivotal regulator of 
disease protection and pathogenesis.  Seminars in immunology, 2009. 
Elsevier, 257-264. 

SUZUKI, Y., IMAI, Y., NAKAYAMA, H., TAKAHASHI, K., TAKIO, K. & TAKAHASHI, 
R. 2001. A serine protease, HtrA2, is released from the mitochondria and 
interacts with XIAP, inducing cell death. Molecular cell, 8, 613-621. 



 

280 
 

SZOCINSKI, J. L., KHALED, A. R., HIXON, J., HALVERSON, D., FUNAKOSHI, S., 
FANSLOW, W. C., BOYD, A., TAUB, D. D., DURUM, S. K. & SIEGALL, C. B. 
2002. Activation-induced cell death of aggressive histology lymphomas by 
CD40 stimulation: induction of bax. Blood, 100, 217-223. 

TAKEDA, K., NAGURO, I., NISHITOH, H., MATSUZAWA, A. & ICHIJO, H. 2011. 
Apoptosis signaling kinases: from stress response to health outcomes. 
Antioxidants & redox signaling, 15, 719-761. 

TANIUCHI, H., BASILE, G., TANIUCHI, M. & VELOSO, D. 1983. Evidence for 
formation of two thioether bonds to link heme to apocytochrome c by partially 
purified cytochrome c synthetase. Journal of Biological Chemistry, 258, 10963-
10966. 

TERADA, L. S. 2006. Specificity in reactive oxidant signaling: think globally, act 
locally. The Journal of cell biology, 174, 615-623. 

THOMPSON, C. B. 1995. Apoptosis in the pathogenesis and treatment of disease. 
Science, 267, 1456-1462. 

THORNBERRY, N. A. 1998. Caspases: key mediators of apoptosis. Chemistry & 
biology, 5, R97-R103. 

THORNBERRY, N. A., CHAPMAN, K. T. & NICHOLSON, D. W. 2000. Determination 
of caspase specificities using a peptide combinatorial library. Methods in 
enzymology, 322, 100. 

THORNBERRY, N. A. & LAZEBNIK, Y. 1998. Caspases: enemies within. Science, 
281, 1312-1316. 

TOMIYAMA, A., SERIZAWA, S., TACHIBANA, K., SAKURADA, K., SAMEJIMA, H., 
KUCHINO, Y. & KITANAKA, C. 2006. Critical role for mitochondrial oxidative 
phosphorylation in the activation of tumor suppressors Bax and Bak. Journal 
of the National Cancer Institute, 98, 1462-1473. 

TONG, A. W., PAPAYOTI, M. H., NETTO, G., ARMSTRONG, D. T., ORDONEZ, G., 
LAWSON, J. M. & STONE, M. J. 2001. Growth-inhibitory effects of CD40 
ligand (CD154) and its endogenous expression in human breast cancer. 
Clinical cancer research, 7, 691-703. 

TONG, A. W. & STONE, M. J. 2003. Prospects for CD40-directed experimental 
therapy of human cancer. Cancer gene therapy, 10, 1-13. 

TRACHOOTHAM, D., ALEXANDRE, J. & HUANG, P. 2009. Targeting cancer cells 
by ROS-mediated mechanisms: a radical therapeutic approach? Nature 
Reviews Drug Discovery, 8, 579-591. 

TRACHOOTHAM, D., ZHOU, Y., ZHANG, H., DEMIZU, Y., CHEN, Z., PELICANO, 
H., CHIAO, P. J., ACHANTA, G., ARLINGHAUS, R. B. & LIU, J. 2006. 
Selective killing of oncogenically transformed cells through a ROS-mediated 
mechanism by Î²-phenylethyl isothiocyanate. Cancer cell, 10, 241-252. 

UCKUN, F. M., GAJL-PECZALSKA, K., MYERS, D., JASZCZ, W., HAISSIG, S. & 
LEDBETTER, J. 1990. Temporal association of CD40 antigen expression with 
discrete stages of human B-cell ontogeny and the efficacy of anti-CD40 
immunotoxins against clonogenic B-lineage acute lymphoblastic leukemia as 
well as B-lineage non-Hodgkin's lymphoma cells. Blood, 76, 2449-2456. 

UENO, M., MASUTANI, H., ARAI, R. J., YAMAUCHI, A., HIROTA, K., SAKAI, T., 
INAMOTO, T., YAMAOKA, Y., YODOI, J. & NIKAIDO, T. 1999. Thioredoxin-
dependent redox regulation of p53-mediated p21 activation. Journal of 
Biological Chemistry, 274, 35809-35815. 

UHLMANN, E. J., D'SA-EIPPER, C., SUBRAMANIAN, T., WAGNER, A. J., HAY, N. 
& CHINNADURAI, G. 1996. Deletion of a nonconserved region of Bcl-2 



 

281 
 

confers a novel gain of function: suppression of apoptosis with concomitant 
cell proliferation. Cancer research, 56, 2506-2509. 

URBICH, C., MALLAT, Z., TEDGUI, A., CLAUSS, M., ZEIHER, A. M. & DIMMELER, 
S. 2001. Upregulation of TRAF-3 by shear stress blocks CD40-mediated 
endothelial activation. Journal of Clinical Investigation, 108, 1451-1458. 

VALKO, M., IZAKOVIC, M., MAZUR, M., RHODES, C. J. & TELSER, J. 2004. Role of 
oxygen radicals in DNA damage and cancer incidence. Molecular and cellular 
biochemistry, 266, 37-56. 

VALLABHAPURAPU, S., MATSUZAWA, A., ZHANG, W., TSENG, P.-H., KEATS, J. 
J., WANG, H., VIGNALI, D. A., BERGSAGEL, P. L. & KARIN, M. 2008. 
Nonredundant and complementary functions of TRAF2 and TRAF3 in a 
ubiquitination cascade that activates NIK-dependent alternative NF-κB 
signaling. Nature immunology, 9, 1364-1370. 

VALLE, A., ZUBER, C. E., DEFRANCE, T., DJOSSOU, O., RIEM, M. D. & 
BANCHEREAU, J. 1989. Activation of human B lymphocytes through CD40 
and interleukin 4. European journal of immunology, 19, 1463-1467. 

VAN DEN EERTWEGH, A., NOELLE, R. J., ROY, M., SHEPHERD, D., ARUFFO, A., 
LEDBETTER, J., BOERSMA, W. & CLAASSEN, E. 1993. In vivo CD40-gp39 
interactions are essential for thymus-dependent humoral immunity. I. In vivo 
expression of CD40 ligand, cytokines, and antibody production delineates 
sites of cognate TB cell interactions. The Journal of experimental medicine, 
178, 1555-1565. 

VAN DEN OORD, J., MAES, A., STAS, M., NUYTS, J., BATTOCCHIO, S., KASRAN, 
A., GARMYN, M., DE WEVER, I. & DE WOLF-PEETERS, C. 1996. CD40 is a 
prognostic marker in primary cutaneous malignant melanoma. The American 
journal of pathology, 149, 1953. 

VAN ESSEN, D., KIKUTANI, H. & GRAY, D. 1995. CD40 ligand-transduced co-
stimulation of T cells in the development of helper function. Nature, 378, 620-
623. 

VAN KOOTEN, C. & BANCHEREAU, J. 2000. CD40-CD40 ligand. Journal of 
leukocyte biology, 67, 2-17. 

VAN LOO, G., SCHOTTE, P., VAN GURP, M., DEMOL, H., HOORELBEKE, B., 
GEVAERT, K., RODRIGUEZ, I., RUIZ-CARRILLO, A., VANDEKERCKHOVE, 
J. & DECLERCQ, W. 2001. Endonuclease G: a mitochondrial protein released 
in apoptosis and involved in caspase-independent DNA degradation. Cell 
Death & Differentiation, 8. 

VANICHAKARN, P., BLAIR, P., WU, C., FREEDMAN, J. E. & CHAKRABARTI, S. 
2008. Neutrophil CD40 enhances platelet-mediated inflammation. Thrombosis 
research, 122, 346-358. 

VELDHOEN, M., HOCKING, R. J., FLAVELL, R. A. & STOCKINGER, B. 2006. 
Signals mediated by transforming growth factor-  initiate autoimmune 
encephalomyelitis, but chronic inflammation is needed to sustain disease. 
Nature immunology, 7, 1151-1156. 

VEMPATI, U. D., DIAZ, F., BARRIENTOS, A., NARISAWA, S., MIAN, A. M., 
MILLÁN, J. L., BOISE, L. H. & MORAES, C. T. 2007. Role of cytochrome C in 
apoptosis: increased sensitivity to tumor necrosis factor alpha is associated 
with respiratory defects but not with lack of cytochrome C release. Molecular 
and cellular biology, 27, 1771-1783. 



 

282 
 

VERHAGEN, A. M., COULSON, E. J. & VAUX, D. L. 2001. Inhibitor of apoptosis 
proteins and their relatives: IAPs and other BIRPs. Genome Biol, 2, 3009.1-
3009.10. 

VERHAGEN, A. M., EKERT, P. G., PAKUSCH, M., SILKE, J., CONNOLLY, L. M., 
REID, G. E., MORITZ, R. L., SIMPSON, R. J. & VAUX, D. L. 2000. 
Identification of DIABLO, a mammalian protein that promotes apoptosis by 
binding to and antagonizing IAP proteins. cell, 102, 43-53. 

VINCE, J. E., WONG, W., KHAN, N., FELTHAM, R., CHAU, D., AHMED, A. U., 
BENETATOS, C. A., CHUNDURU, S. K., CONDON, S. M. & MCKINLAY, M. 
β007. IAP antagonists target cIAP1 to induce TNFα-dependent apoptosis. 
Cell, 131, 682-693. 

VON LEOPRECHTING, A., VAN DER BRUGGEN, P., PAHL, H. L., ARUFFO, A. & 
SIMON, J. C. 1999. Stimulation of CD40 on immunogenic human malignant 
melanomas augments their cytotoxic T lymphocyte-mediated lysis and induces 
apoptosis. Cancer research, 59, 1287-1294. 

VONDERHEIDE, R. H. 2007. Prospect of targeting the CD40 pathway for cancer 
therapy. Clinical cancer research, 13, 1083-1088. 

WADA, T. & PENNINGER, J. M. 2004. Stress kinase MKK7: savior of cell cycle 
arrest and cellular senescence. Cell Cycle, 3, 577-9. 

WAGNER, D. H., STOUT, R. D. & SUTTLES, J. 1994. Role of the CD40‐CD40 ligand 
interaction in CD4+ T cell contact‐dependent activation of monocyte 
interleukin‐1 synthesis. European journal of immunology, 24, 3148-3154. 

WAGNER, E. F. & NEBREDA, Ã. N. R. 2009. Signal integration by JNK and p38 
MAPK pathways in cancer development. Nature Reviews Cancer, 9, 537-549. 

WALKE, D. W. & MORGAN, J. I. 2000. A comparison of the expression and 
properties of Apaf-1 and Apaf-1L. Brain research, 886, 73-81. 

WALSH, P. T., SMITH, L. M. & O'CONNOR, R. 2002. Insulin‐like growth factor‐1 
activates Akt and Jun N‐terminal kinases (JNKs) in promoting the survival of T 
lymphocytes. Immunology, 107, 461-471. 

WANG, H.-C. R. & CHOUDHARY, S. 2011. Reactive oxygen species-mediated 
therapeutic control of bladder cancer. Nature Reviews Urology, 8, 608-616. 

WANG, K., YIN, X.-M., CHAO, D. T., MILLIMAN, C. L. & KORSMEYER, S. J. 1996. 
BID: a novel BH3 domain-only death agonist. Genes & development, 10, 
2859-2869. 

WARE, C., CROWE, P., VANARSDALE, T., ANDREWS, J., GRAYSON, M., JERZY, 
R., SMITH, C. & GOODWIN, R. 1991. Tumor necrosis factor (TNF) receptor 
expression in T lymphocytes. Differential regulation of the type I TNF receptor 
during activation of resting and effector T cells. The Journal of Immunology, 
147, 4229-4238. 

WEEDON, D., SEARLE, J. & KERR, J. F. 1979. Apoptosis: its nature and 
implications for dermatopathology. The American Journal of 
Dermatopathology, 1, 133-144. 

WEI, Y., FAN, T. & YU, M. 2008. Inhibitor of apoptosis proteins and apoptosis. Acta 
biochimica et biophysica Sinica, 40, 278-288. 

WEINBERG, F., HAMANAKA, R., WHEATON, W. W., WEINBERG, S., JOSEPH, J., 
LOPEZ, M., KALYANARAMAN, B., MUTLU, G. K. M., BUDINGER, G. R. S. & 
CHANDEL, N. S. 2010. Mitochondrial metabolism and ROS generation are 
essential for Kras-mediated tumorigenicity. Proceedings of the National 
Academy of Sciences, 107, 8788-8793. 



 

283 
 

WESTON, C. R. & DAVIS, R. J. 2002. The JNK signal transduction pathway. Current 
opinion in genetics & development, 12, 14-21. 

WHEELER, M. L. & DEFRANCO, A. L. 2012. Prolonged production of reactive 
oxygen species in response to B cell receptor stimulation promotes B cell 
activation and proliferation. The Journal of Immunology, 189, 4405-4416. 

WHITMARSH, A. J. 2007. Regulation of gene transcription by mitogen-activated 
protein kinase signaling pathways. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research, 1773, 1285-1298. 

WIDLAK, P. & GARRARD, W. 2009. Roles of the major apoptotic nuclease-DNA 
fragmentation factor-in biology and disease. Cellular and Molecular Life 
Sciences, 66, 263-274. 

WIDLAK, P., LI, L. Y., WANG, X. & GARRARD, W. T. 2001. Action of Recombinant 
Human Apoptotic Endonuclease G on Naked DNA and Chromatin Substrates 
COOPERATION WITH EXONUCLEASE AND DNase I. Journal of Biological 
Chemistry, 276, 48404-48409. 

WILSON, C. & BROWNING, J. 2002. Death of HT29 adenocarcinoma cells induced 
by TNF family receptor activation is caspase-independent and dispalys 
features of both apoptosis and necrosis. Cell Death & Differentiation, 9. 

WILSON, K. P., BLACK, J. A., THOMSON, J. A., KIM, E. E., GRIFFITH, J. P., 
NAVIA, M. A., MURCKO, M. A., CHAMBERS, S. P., ALDAPE, R. A., 
RAYBUCK, S. A. & ET AL. 1994. Structure and mechanism of interleukin-1 
beta converting enzyme. Nature, 370, 270-5. 

WINGETT, D. G., VESTAL, R. E., FORCIER, K., HADJOKAS, N. & NIELSON, C. P. 
1998. CD40 is functionally expressed on human breast carcinomas: variable 
inducibility by cytokines and enhancement of Fas-mediated apoptosis. Breast 
cancer research and treatment, 50, 27-36. 

WINTERBOURN, C. C. & HAMPTON, M. B. 2008. Thiol chemistry and specificity in 
redox signaling. Free Radic Biol Med, 45, 549-61. 

WYKES, M. & MACPHERSON, G. 2000. Dendritic cell–B‐cell interaction: dendritic 
cells provide B cells with CD40‐independent proliferation signals and CD40‐
dependent survival signals. Immunology, 100, 1-3. 

XIA, M., LI, G., MA, J. & LING, W. 2010. Phosphoinositide 3‐kinase mediates CD40 
ligand‐induced oxidative stress and endothelial dysfunction via Rac1 and 
NADPH oxidase 2. Journal of Thrombosis and Haemostasis, 8, 397-406. 

XIA, Z., DICKENS, M., RAINGEAUD, J., DAVIS, R. J. & GREENBERG, M. E. 1995. 
Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science, 
270, 1326-1331. 

XIE, P., HOSTAGER, B. S. & BISHOP, G. A. 2004. Requirement for TRAF3 in 
signaling by LMP1 but not CD40 in B lymphocytes. The Journal of 
experimental medicine, 199, 661-671. 

XIE, P., HOSTAGER, B. S., MUNROE, M. E., MOORE, C. R. & BISHOP, G. A. 2006. 
Cooperation between TNF receptor-associated factors 1 and 2 in CD40 
signaling. The Journal of Immunology, 176, 5388-5400. 

XU, J., FOY, T. M., LAMAN, J. D., ELLIOTT, E. A., DUNN, J. J., WALDSCHMIDT, T. 
J., ELSEMORE, J., NOELLE, R. J. & FLAVELL, R. A. 1994. Mice deficient for 
the CD40 ligand. Immunity, 1, 423-431. 

YANG, J., LIU, X., BHALLA, K., KIM, C. N., IBRADO, A. M., CAI, J., PENG, T.-I., 
JONES, D. P. & WANG, X. 1997. Prevention of apoptosis by Bcl-2: release of 
cytochrome c from mitochondria blocked. Science, 275, 1129-1132. 



 

284 
 

YE, H., CANDE, C., STEPHANOU, N. C., JIANG, S., GURBUXANI, S., 
LAROCHETTE, N., DAUGAS, E., GARRIDO, C., KROEMER, G. & WU, H. 
2002. DNA binding is required for the apoptogenic action of apoptosis 
inducing factor. Nature Structural & Molecular Biology, 9, 680-684. 

YEH, W.-C., SHAHINIAN, A., SPEISER, D., KRAUNUS, J., BILLIA, F., WAKEHAM, 
A., DE LA POMPA, J. L., FERRICK, D., HUM, B. & ISCOVE, N. 1997. Early 
lethality, functional NF-κB activation, and increased sensitivity to TNF-induced 
cell death in TRAF2-deficient mice. Immunity, 7, 715-725. 

YELLIN, M. J., WINIKOFF, S., FORTUNE, S. M., BAUM, D., CROW, M. K., 
LEDERMAN, S. & CHESS, L. 1995. Ligation of CD40 on fibroblasts induces 
CD54 (ICAM-1) and CD106 (VCAM-1) up-regulation and IL-6 production and 
proliferation. Journal of leukocyte biology, 58, 209-216. 

YOU, R.-I., CHEN, M.-C., WANG, H.-W., CHOU, Y.-C., LIN, C.-H. & HSIEH, S.-L. 
2006. Inhibition of Lymphotoxin-beta Receptor (LT R)-mediated Cell Death by 
Survivin-∆ Exγ. 

YOUNG, L., DAWSON, C., BROWN, K. & RICKINSON, A. 1989. Identification of a 
human epithelial cell surface protein sharing an epitope with the C3d/epstein‐
barr virus receptor molecule of B lymphocytes. International Journal of Cancer, 
43, 786-794. 

ZAPATA, J. M. 2003. TNF-receptor-associated factors as targets for drug 
development. Expert opinion on therapeutic targets, 7, 411-425. 

ZAPATA, J. M., KRAJEWSKA, M., KRAJEWSKI, S., KITADA, S., WELSH, K., 
MONKS, A., MCCLOSKEY, N., GORDON, J., KIPPS, T. J. & GASCOYNE, R. 
D. 2000. TNFR-associated factor family protein expression in normal tissues 
and lymphoid malignancies. The Journal of Immunology, 165, 5084-5096. 

ZARNEGAR, B. J., WANG, Y., MAHONEY, D. J., DEMPSEY, P. W., CHEUNG, H. 
H., HE, J., SHIBA, T., YANG, X., YEH, W.-C. & MAK, T. W. 2008. 
Noncanonical NF-κB activation requires coordinated assembly of a regulatory 
complex of the adaptors cIAP1, cIAP2, TRAF2 and TRAF3 and the kinase 
NIK. Nature immunology, 9, 1371-1378. 

ZARUBIN, T. & JIAHUAI, H. 2005. Activation and signaling of the p38 MAP kinase 
pathway. Cell research, 15, 11-18. 

ZHA, J., HARADA, H., YANG, E., JOCKEL, J. & KORSMEYER, S. J. 1996. Serine 
Phosphorylation of Death Agonist BAD in Response to Survival Factor Results 
in Binding to 14-3-3 Not BCL-X< sub> L</sub>. Cell, 87, 619-628. 

ZHANG, A. Y., YI, F., JIN, S., XIA, M., CHEN, Q.-Z., GULBINS, E. & LI, P.-L. 2007. 
Acid sphingomyelinase and its redox amplification in formation of lipid raft 
redox signaling platforms in endothelial cells. Antioxidants & redox signaling, 
9, 817-828. 

ZHANG, A. Y., YI, F., ZHANG, G., GULBINS, E. & LI, P.-L. 2006. Lipid raft clustering 
and redox signaling platform formation in coronary arterial endothelial cells. 
Hypertension, 47, 74-80. 

ZHANG, H., XU, Q., KRAJEWSKI, S., KRAJEWSKA, M., XIE, Z., FUESS, S., 
KITADA, S., PAWŁOWSKI, K., GODZIK, A. & REED, J. C. 2000. BAR: An 
apoptosis regulator at the intersection of caspases and Bcl-2 family proteins. 
Proceedings of the National Academy of Sciences, 97, 2597-2602. 

ZHANG, W. & LIU, H. T. 2002. MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell research, 12, 9-18. 

ZHANG, X., LI, L., CHOE, J., KRAJEWSKI, S., REED, J. C., THOMPSON, C. & 
CHOI, Y. S. 1996. Up-Regulation of Bcl-x< sub> L</sub> Expression Protects 



 

285 
 

CD40-Activated Human B Cells from Fas-Mediated Apoptosis. Cellular 
immunology, 173, 149-154. 

ZHANG, X. D., GILLESPIE, S. K. & HERSEY, P. 2004. Staurosporine induces 
apoptosis of melanoma by both caspase-dependent and-independent 
apoptotic pathways. Molecular cancer therapeutics, 3, 187-197. 

ZHENG, L., SCHICKLING, O., PETER, M. E. & LENARDO, M. J. 2001. The death 
effector domain-associated factor plays distinct regulatory roles in the nucleus 
and cytoplasm. Journal of Biological Chemistry, 276, 31945-31952. 

ZIMMERMANN, R., HENNIG, B. & NEUPERT, W. 1981. Different transport pathways 
of individual precursor proteins in mitochondria. European Journal of 
Biochemistry, 116, 455-460. 

ZIRLIK, A., MAIER, C., GERDES, N., MACFARLANE, L., SOOSAIRAJAH, J., 
BAVENDIEK, U., AHRENS, I., ERNST, S., BASSLER, N. & MISSIOU, A. 
2007. CD40 ligand mediates inflammation independently of CD40 by 
interaction with Mac-1. Circulation, 115, 1571-1580. 

ZONG, Y. S., LIN, H., CHOY, D. T., SHAM, J. S., WEI, W., CHAN, K. H. & NG, M. H. 
1991. Nasopharyngeal carcinoma and lymphoinfiltration. Oncology, 48, 290-6. 

ZORATTI, M. & SZABÒ, I. 1995. The mitochondrial permeability transition. 
Biochimica et Biophysica Acta (BBA)-Reviews on Biomembranes, 1241, 139-
176. 

 

 


