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Abstract 

The TNF-related apoptosis-inducing ligand (TRAIL) has emerged as a potential 

therapeutic agent against cancer because it is capable of selectively killing tumor cells 

over normal cells. Unfortunately, the majority of human cancers are resistant to TRAIL 

treatment. Here, we show that TRAIL-resistance mechanisms focus at two major levels, 

the DISC level and mitochondria level, in which the death receptor-initiated extrinsic 

apoptosis pathway and the mitochondria-associated intrinsic apoptosis pathway, 

respectively, were blocked separately. At the DISC level, TRAIL-resistance either comes 

from the loss of crucial apoptosis-inducing molecules, including FADD and caspase-8, or 

from the over-expression of anti-apoptotic factors, including RIP and c-FLIP. At the 

mitochondria level, TRAIL-resistance either comes from the over-expression of anti-

apoptotic factors, including Bcl-2 and Bcl-xL, or the down-regulation of pro-apoptotic 

factors, including Bax and Bak. Importantly, by using quantitative MS analysis, we found 

that Bax, not only functions as a pro-apoptotic factor, but also pursues its crucial 

apoptosis-inducing function by affecting the expression or the stability of other proteins. 

Together, these findings advance our understanding of the TRAIL signaling network at 

the molecular level, indicate the crucial TRAIL-induced apoptosis regulators, and address 

several facets of TRAIL-resistance mechanisms, thus providing the basis to overcome 

TRAIL resistance by interference with the TRAIL-induced apoptosis pathway, and assist 

the development of TRAIL-based tumor therapy in the future 
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1.0 Thesis Overview 

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been well 

characterized as a reagent which can selectively induce apoptotic cell death of cancer cells 

instead of normal cells [1] and recombinant forms of human TRAIL and its agonist 

antibodies have therefore entered phase I-II clinical trials in treating human cancers [6, 7]. 

However, it has been shown that the majority of human cancer cells are resistant to TRAIL 

[8, 9] and preclinical studies examining the biological basis for TRAIL resistance have 

lagged behind the clinical trials. Thus, clarifying the molecular mechanism(s) by which 

human cancer cells become resistant to TRAIL may allow the development of correlated 

novel strategies that can overcome TRAIL resistance in human cancer cells[10]. 

TRAIL [11], also known as Apo2 ligand (Apo2L) [12], was originally cloned 

because of its sequence homology to TNF-a and Fas ligand (FasL/CD95L), which was 

identified as a member of the TNF death ligand family [1]. TRAIL is a type II membrane 

protein with a short intracellular amino-terminal tail and a long extracellular carboxy-

terminal receptor-binding domain. TRAIL is expressed on the cell surface of natural killer 

and activated T cells and plays a role in immune surveillance against tumor development 

and metastasis in mice [13-15]. These studies suggest that TRAIL is a natural cancer killer 

in vivo. Recombinant TRAIL kills many human cancer cells in culture [16,17] and inhibits 

tumor growth in animals [16, 18]. These studies have raised the possibility that TRAIL 

could be used as a cancer therapeutic agent [19]. Several studies of various cancer cell lines 

have shown that TRAIL is capable of inducing apoptosis in select cancer cells. However, 

these studies have also demonstrated that most of the cancer cell lines are resistant to 

TRAIL-induced apoptosis. The molecular mechanisms that generate resistance to TRAIL 
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remain largely unknown. Existing published evidence suggests that TRAIL interacts with 

the death receptors, DR4 and DR5, leading to assembly of the death inducing signal 

complex (DISC). Caspase-8 is activated in the DISC, releasing active subunits which can 

directly activate downstream caspase-3 to induce apoptosis. This is known as the extrinsic 

apoptotic cell death pathway. At the same time, activated forms of caspase-8 can transform 

Bid to truncated Bid which will activate BAX and BAK to damage the mitochondrial 

membrane potential (MMP). After MMP damage, some apoptotic factors, such as 

cytochrome c [20] and Smac [21], will be released. These apoptotic factors can activate 

downstream caspase-9 and caspase-3 to induce apoptosis. This is the mitochondria-

associated intrinsic pathway. 

Results provided in this study demonstrate that the TRAIL resistance primarily 

comes from two levels; DISC level and mitochondria level. In the DISC level, there are 

two major resistance mechanisms involved: (1) loss of crucial apoptotic signal transducers, 

such as FADD and caspase-8; and (2) over-expression of anti-apoptotic factors, such as 

cFLIP and RIP. 

In the mitochondria level, there are also two major resistance mechanisms involved: 

(1) loss or down-regulation of crucial apoptotic factors, such as Bax and Bak; (2) over-

expression of anti-apoptotic factors, such as Bcl-2 and Bcl-xL. By down-regulating the 

anti-apoptotic factors, we are able to transform various TRAIL-resistant cancer cells to 

TRAIL-sensitive cells. These data provide further input to the clinical treating strategy of 

mediating TRAIL treatment. 

1.1 TRAIL and its Receptors 
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As a type II membrane protein of 281 amino acids, TRAIL has an extracellular 

carboxy-terminal domain (amino acids 114-281) and an intracellular amino-terminal tail 

[11, 12]. The extracellular domain of TRAIL forms a bell-shaped structure of the 

receptor-binding site [22] and can be proteolytically cleaved to yield a vesicle-associated, 

soluble, biologically active form (19-20 kDa) [23, 24]. The generation of this soluble 

recombinant TRAIL is dependent on the functional activity of cysteine proteases. Among 

the TNF family of proteins, TRAIL shares the highest homology and signaling 

characteristics with Fas ligand. The crystal structure shows that the C-terminal 

extracellular region of TRAIL exhibits a homotrimeric subunit structure (Fig 1.1) [22]. 

With this structure, TRAIL can interact with five receptors to serve as an extracellular 

signal. The five receptors are: DR4 (TRAIL-R1) [25] and DR5 (TRAIL-

R2/TRICK2/KILLER) [26], DcRl (TRAIL-R3/TRID) [26], DcR2 (TRAIL-

R4/TRUNDD/LIT) [26, 27], and a soluble receptor for TRAIL, osteoprotegrin (OPG) [28, 

29]. As a result, the binding of TRAIL leads to its receptor trimerization and initiates the 

downstream signals (Fig 1.2). 
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A 

Figure 1.1 Crystal Structures of TRAIL. (A) Side view of TRAIL trimer. (B) 
Side view of TRAIL monomer. Adapted from [4]. 



Figure 1.2 Crystal Structures of TRAIL/DR5 complex. (A) Side view of 
TRAIL/DR5 complex: The TRAIL trimer is encased in a clear shell, and the 
interdigitated DR5 monomers are indicated by red, green, and blue. (B) Top 
view of the TRAIL/DR5 complex: the TRAIL monomers are indicated by 
yellow, pink, and turquoise colors. Adapted from [4]. 
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The four membrane-anchored receptors, DR4 [25], DR5 [26], DcRl, and DcR2 

contain two cysteine-rich domains by which they can bind to TRAIL. DR4 and DR5 are 

implicated in pro-apoptotic signaling through their cytoplasmic death domains (DDs). 

Over-expression of these two death receptors has been found to induce apoptosis 

independent of ligand binding due to oligomerization of the DDs, whereas deletion of the 

death domains on both receptors blocks the TRAIL death signal [25, 30]. On the other 

hand, DcRl [26] and DcR2 [26, 27] are unable to transduce a death signal upon binding 

to TRAIL since they lack a functional death domain motif and their over-expression is 

believed to inhibit TRAIL-induced apoptosis (Fig 1.3 A) [30]. DcR2 contains a truncated 

death domain motif and DcRl is a glycophosphatidylinositol (GPI) -anchored protein that 

lacks a cytoplasmic tail [26, 27, 30] (Fig 1.3A). High levels of mRNA for DcRl and 

DcR2 have been found in normal cells, including spleen, heart, lung, kidney, liver, bone 

marrow, and placenta [26, 30, 31]. In contrast, low levels of both decoy receptors have 

been detected in transformed cell lines and their over-expression in sensitive cell lines 

confers resistance to TRAIL-induced apoptosis [26, 27, 30]. Hence, some reports 

hypothesize that DcRl and DcR2 compete with DR4 and DR5 for the binding of TRAIL 

and thereby protect normal cells from TRAIL-induced apoptosis (Fig 1.3 A). 

This ligand-binding dependent model of inhibition of apoptosis is dependent on 

the high binding affinity of DcRs to TRAIL. However, it was reported that the binding 

affinity of DcRl and DcR2 is 10 to 100 fold lower than the binding affinity of DR4 and 

DR5 to TRAIL. Consequently, some alternative regulatory models have been raised for 

the explanations of DcRs-mediated inhibition of TRAIL-induced apoptosis. DcR2 has 

been reported to be capable of activating NF-kB [27] and the subsequent up-regulation of 
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some anti-apoptotic genes by DcR2 might inhibit apoptotic signals (Fig 1.3B). 

Alternatively, DcR2 is also proposed as a regulatory rather than decoy receptor which 

inhibits apoptosis by the formation of ligand-independent complexes with DR5 [32]. It is 

reported that DcR2 interacts with DR5 with the pre-ligand assembly domain (PLAD) and 

the ligand-independent association of DcR2 with DR5 is crucial for the inhibitory effect 

of DcR2 on DR5-induced apoptosis (Fig 1.3C) 
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TRAIL 

APOPTOSIS 

Figure 1.3 (A) DcR2 contains a truncated death domain motif and DcRl is a 
glycophosphatidylinositol (GPI) -anchored protein that lacks a cytoplasmic tail. 
Because of the lack of death domains, DcRl and DcR2 can not transduce the 
apoptotic signals to downstream caspases and may competitively bind with 
TRAIL to inhibit DR4/DR5-initiated apoptosis. Adapted from [4]. 
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B 

UGrCjd DR4/5 

/ 

APOPTOSIS 

Figure 1.3 (B) DcR2 can activate Nf-kB pathway which up-regulates some anti-
apoptotic genes including DcRl, to inhibit apoptosis. Adapted from [4]. 
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PLAO 
Ligand 
binding 

TRAIL 

I 

APOPTOSIS 

Figure 1.3 (C) Through its PLAD, DcR2 can bind with DR4/DR5 which will 
block the subsequent TRAIL signaling. Adapted from [4]. 
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A soluble receptor for TRAIL, osteoprotegrin (OPG) [28, 29] has also been 

identified. It can bind to another TNF-like cytokine, TRANCE, and has a more prominent 

role in regulating bone resorption and bone mass by preventing osteoclast differentiation 

[28], rather than in mediating TRAIL-induced apoptosis because of its low affinity for 

TRAIL at 37°C [33, 34]. 

1.2 TRAIL: Gene and Protein 

The TRAIL gene is located on chromosome 3 at position 3q26. Expression of 

TRAIL mRNA has been found in most human tissues, such as spleen, lung, and prostate, 

but not in brain, liver, and testes [11, 35]. Expression of the TRAIL protein has been 

detected on immune cells, such as natural killer cells [14], activated monocytes [36], and 

dendritic cells [37]. TRAIL forms homotrimers that bind three receptor molecules, 

resulting in a receptor/ligand (3:3) hexagonal complex that can initiate a signaling 

cascade [38, 39]. Optimal biological activity of TRAIL is dependent on the stability of 

the trimeric ligand and on the final tertiary configuration of the ligand complex [40]. 

Both the recombinant soluble form, as well as the cell-associated form, of TRAIL 

contains an unpaired cysteine residue (Cys230) in their receptor-binding domain. The 

presence of Cys230 is critical for maintaining activity of the ligand as it can either bind 

another Cys to form a disulfide bridge or chelate one Zn2+ ion per TRAIL trimer unit [40]. 

If the Cys forms a disulfide bond, there is reduced affinity of TRAIL for DR5 and the 

resulting TRAIL was found to be slightly active [40]. Alternately, when a Zn2+ ion was 

bound to a TRAIL trimeric unit, the resulting ligand retained its biological activity, 

suggesting a role for Zn in stabilizing the ligand configuration for receptor binding [40]. 
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Because of this specific interaction, the amount of Zn is important in determining the 

final selectivity and cytotoxicity in recombinant soluble TRAIL used in research and 

clinically [41]. 

Toxicity of different versions of recombinant TRAIL to hepatocytes varies 

depending on the preparation of the ligand [42-45]. Hepatocyte toxicity [42, 43] was 

reported for TRAIL prepared in the absence of zinc ions. It has been suggested that zinc 

depletion reduces solubility of the recombinant product and causes aggregation [41]. In 

contrast, recombinant soluble, non-tagged versions of TRAIL produced in the presence of 

Zn2+ had no adverse cytotoxic effects on human and non-human primate hepatocytes [43, 

44] and keratinocytes [45]. In addition, certain forms of aggregated, poly-histidine tagged, 

and antibody crosslinked TRAIL can trigger apoptosis and cytotoxicity in normal cell 

types, such as astrocytes [18,44], keratinocytes [45], hepatocytes [42] and neurons [44]. 

Previous studies in our laboratory also found that non-tagged recombinant human 

TRAIL proteins are saturated with zinc ions and are present as homotrimers [46], 

whereas the tagged hepatotoxic TRAIL [42] is zinc ion poor, leading to the formation of 

heterodimers [43]. The heterodimers tend to aggregate and thus surpass the high 

threshold for TRAIL-induced signals in normal human cells [47]. 

1.3 TRAIL-induced apoptosis 

Two well recognized signalling pathways control the initiation of apoptosis: the 

DISC-initiated extrinsic pathway through the death receptors [1] and the mitochondria-

associated intrinsic pathway through mitochondria [48]. Both extrinsic and intrinsic 

pathways are involved in TRAIL-induced apoptosis. The extrinsic pathway is initiated by 
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the binding of TRAIL to its cognate death receptors DR4 [25, 27, 30, 49] and DR5 [26, 

50-52]. Upon binding to TRAIL, DR4 and DR5 recruit the intracellular adaptor protein, 

FADD, [49, 51] through DDs forming the DISC. FADD contains a carboxy-terminal DD 

and an amino-terminal death effector domain (DED) [53, 54]. Procaspase-8 is recruited to 

DISC through homophilic interactions between DED domains on FADD and caspase-8 

[55, 56]. 

Procaspase-8 has two DED prodomains and one caspase domain [55, 57]. In the 

DISC, close proximity of procaspase-8 to other procaspase-8 molecules leads to dimer 

formation followed by autocatalytic activation [58, 59] to form activated caspase subunits 

in a two-step mechanism [57]. In the first step, precursor or procaspase forms are cleaved 

at Asp374 into p43 (N-terminal) and pi2 fragments (C-terminal) [57]. The pl2 fragment 

undergoes further processing to generate an active plO protease subunit [57]. The p43 

fragment is also cleaved into a smaller p26 fragment containing two DED domains and 

an active enzyme pi8 fragment containing the QACQG-active site [57, 60]. Both active 

subunits of caspase-8, plO and pi 8, are released into the cytosol where they can activate 

downstream effector caspases [55, 60], such as caspase-3. The caspase-8 orthologue, 

caspase-10, can also be recruited and cleaved in the DISC to initiate apoptosis [61-64]. 

However, many cancer cells do not express caspase-10 [61] and reconstitution of 

caspase-8-deficient Jurkat cells by stable transfection with DR4 in combination with 

caspase-10 failed to sensitize these cells to death receptor-induced apoptosis [63]. 

Therefore, caspase-8 is the most crucial initiator of death receptor-mediated apoptosis in 

the DISC-initiated extrinsic apoptosis pathway [1]. 
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Caspase-9, another crucial initiator, is involved in the mitochondria-associated 

intrinsic apoptosis pathway. Upon TRAIL treatment, activated casapse-8 subunits cleave 

the Bid to truncated Bid (tBid). tBid induces mitochondrial membrane permeabilization, 

leading to the release of Smac/DIABLO and cytochrome c from mitochondria to the 

cytosol [21, 65]. Smac releases the XIAP-dependent inhibition of caspase-3 and 

indirectly activates caspase-3 [66]. Cytochrome c assembles with dATP and Apaf-1 

which recruits caspase-9 with its N-terminal caspase recruitment domain (CARD), 

leading to the formation of the apoptosome. Within the apoptosome, caspase-9 can be 

activated by cleavage and rearrangements of surface loops providing a surface 

compatible with catalytic organization of the active site [67, 68]. 

In contrast to caspase-8 or caspase-9, caspase-3 exists within the cytosol as an 

inactive dimer [59]. It is activated from its p32 precursor through cleavage by activated 

caspase-8 or caspase-9, into p20, pi7 and plO fragments [69]. Once activated, caspase-3 

can induce and execute programmed cell death through the cleavage and activation of 

substrates that inhibit cell survival, such as DNA fragmentation factor (DFF) [70]. 

Substrates cleaved by 'effector' caspases include: poly (ADP-ribose) polymerase (PARP), 

DFF as well as lamins, actin, cytokeratins and Bcl-2 and Bcl-xL. Cleavage of these 

substrates results in the morphological and biochemical changes associated with 

apoptosis [71] (Fig 1.4). 
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Figure 1.4 TRAIL-induced apoptosis signal pathway. Upon TRAIL binding, 
DR4/5 initiates DISC formation and caspase cascade activation. By transferring 
Bid to tBid, an activated form of caspase-8 also induces apoptosis through the 
mitochondria-associated intrinsic pathway. 
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1.4 Apoptosis 

Apoptosis allows multicellular organisms to remove old or damaged cells in a 

process that is distinct from other forms of cell death, especially necrosis [72, 73]. 

Necrosis is a kind of pathological or accidental cell death and is instigated upon acute 

injury to a cell. Necrosis results in irreversible swelling of a cell's cytoplasm and 

organelles followed by the eventual lysis and release of its contents to its surroundings 

[74]. Moreover, necrosis is accompanied by the release of special enzymes, stored by 

lysosomes, which are capable of digesting cell components or the entire cell itself [75]. 

Necrosis typically occurs when cells are exposed to traumatic conditions, such as hypoxia, 

ischemia, hyperthermia, complement attack from the innate immune system, or metabolic 

toxins, as well as direct cell trauma The injuries received by the cell may compromise the 

lysosome membrane, or may initiate a chain reaction which causes the release of 

enzymes (Fig 1.5). 

Unlike necrosis, apoptosis is morphologically characterized by chromatin 

condensation and fragmentation, cell shrinkage and membrane blebbing (Fig 1.5) [73, 76, 

77]. First, since the protein structures that comprise the cytoskeleton (actin, cytokeratins) 

are digested by caspases, cells become round. Second, chromatin undergoes initial 

condensation. Chromatin undergoes further condensation into compact patches against 

the nuclear envelope. At this stage, the nuclear membrane still appears complete; 

however, the nuclear pore protein and lamin underneath the nuclear envelope have 

already begun to be degraded by caspases. This stage is usually called pyknosis and is 

considered a hallmark of apoptosis. Third, the nuclear envelope becomes intact and the 

DNA is fragmented, a process called karyorrhexis. Because of the degradation of DNA, 
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the nucleus breaks into several discrete chromatin bodies or nucleosomal units. The 

plasma membrane begins to bleb and changes in the plasma membrane composition 

during apoptosis provide signals for phagocytes to absorb the apoptotic cell without 

provoking a generalized inflammatory response [76, 77]. Finally, the cells are phagocyted 

or broken apart into several apoptotic bodies. Through this process, cellular contents are 

not released into the surrounding tissue which prevents initiating an inflammatory 

reaction [75]. 

As an important physiological event, apoptosis is required for normal cell 

development and controlling pathological processes [73, 75]. As a tightly regulated 

process, any abrogation of normal apoptosis can lead to a number of pathological 

situations [74]. For example, accumulation of uncontrolled cells, due to insufficient 

apoptosis, can lead to cancer, whereas cell loss due to excess apoptosis can result in a 

stroke, neurodegeneration, or heart failure [74]. In multi-cellular organisms, apoptosis is 

a highly regulated and programmed form of cell suicide that is involved in 

embryogenesis, tissue homeostasis and in the development of various disorders, such as 

autoimmunity, cancer, and neurodegenerative diseases [74, 78]. 
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Apoptosis 

Figure 1.5 Necrosis and apoptosis. Necrosis typically occurs under pathological 

conditions, characterizes by the release of lysosome enzymes which digest the 

cell components and even entire cell itself. In contrast, apoptosis is a highly 

controlled program cell death. 
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1.5 Regulators of TRAIL-induced apoptosis pathway 

1.5.1 FADD 

As an adaptor molecule, FADD contains both DD and DED motifs. Its essential role 

in death signal transduction was first identified in FasL-induced apoptosis. Through its 

interactions with activated Fas at the DD and caspase-8 at the DED, FADD transmits the 

cell death signal from Fas to caspase-8 [56]. Previous evidence showed that defects in 

FADD can lead to complete TRAIL resistance. In vivo data showed that FADD" 

embryonic fibroblasts stably transfected with mouse or human TRAIL death receptors 

were completely resistant to TRAIL-induced apoptosis, but FADD+/" fibroblasts stably 

transfected with mouse TRAIL death receptors were sensitive to TRAIL-induced 

apoptosis [79]. These data suggest that FADD plays an essential role in TRAIL-induced 

apoptosis. With its DD and DED domains, FADD is able to form FADD-FADD, FADD-

DRs, and FADD-procasapse-8 interactions. Since the interactions of FADD-FADD or 

FADD-DRs were not seen by Co-IP from cells expressing the FADD DD [80, 81], the 

affinity of FADD-DRs or FADD-FADD interactions must be relatively low in isolation. 

This explains why FADD does not spontaneously activate cell death in the absence of the 

ligand stimulation. Moreover, FADD was reported to be necessary for the recruitment of 

caspase-8 or casapse-10 to the DISC [63]. Based on the above reports, the assembly of 

DISC requires a membrane-localized, activated receptor which interacts with FADD, and 

then a FADD homodimer may form at or between activated DRs to create the structural 

context necessary for the recruitments of downstream caspases. 
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1.5.2 Caspases 

It is now clear that the execution of apoptosis in eukaryotic cells is carried out by 

a family of cysteinyl aspartate proteinases known as caspases [82, 83]. Since the first 

recognized member of this family, caspase-1, was found to be required for the activation 

of IL-13 [84], fourteen caspases have been identified in total [3, 71]. All of them contain 

a conserved pentapeptide, QACXG (X can be R, Q, or D), which includes the active-site 

cysteine [3]. Based on their biological activities, they can be subdivided into three 

groups: 'initiator' caspases (caspases -2, -8, -9, or -10), 'effector caspases' (caspase-3, -6, 

-7), and mediators of inflammation (caspase-1, -4, -5, -11, -12, -13, 14). In this study, the 

focus was on the caspases that function in apoptosis. 

These caspases are normally present as an inactive proenzyme (zymogen or 

procaspase), comprised of an N-terminal prodomain, a large subunit, and a small subunit 

(Fig 1.6). In the event of apoptotic stimuli, recruitment of these caspases through 

clustering of adaptor molecules results in their accumulation. This leads to the activation 

of the procaspases by proteolytic cleavage at the Asp-X sites between the prodomain and 

the large subunit domain, as well as the large and the small subunit domains. 

Functionally, the different prodomains of procaspases are crucial in determining their 

different roles in the apoptotic caspase cascade system. The initiator caspases have a 

relatively longer prodomain (~ 200 amino acids) that contains a specific protein-protein 

interaction domain. These prodomains of initiator caspases contain either a CARD (as in 

caspase-2 and -9) or two DEDs (as in caspase-8 and -10) which enable them to be 

recruited to the DISC, resulting in autocatalytic activation. On the other hand, the effector 

casspases have a relatively short prodomains, usually less than 20 amino acids. 
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Once the initiator caspases are activated, they can directly or indirectly activate 

the downstream effector caspases, mainly caspase-3. Once these effector caspases are 

activated, they can go on to cleave substrates, including caspase-activated DNase/DNA 

fragment 45 (ICAD/DFF45), poly (ADP-ribose) polymerase (PARP), nuclear lamins, 

PAK2, and cytoskeletal proteins, such as gelsolin and fodrin, Bcl-2, and Bcl-xL. 

Cleavage of these substrates results in apoptosis. 
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Figure 1.6 Domains and cleavage sites of caspases. The caspases are usually 

cleaved at specific Asp residues, indicated by Dn (n is the number of the amino 

acids in the protein). aexact cleavage site is not known. beither D9 or D28 may be 

the cleavage site of caspase-3. Adapted from [3]. 
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1.5.3 c-FLIP 

Cellular FADD-like, IL-l/3-converting enzyme-inhibitory protein (c-FLIP), is a 

caspase homologue with a DED, and is recruited to the Fas-DISC by FADD [85] where it 

modulates caspase-8 recruitment and activation [61]. The gene encoding c-FLIP consists 

of 13 exons and is found between the genes encoding caspase-8 and caspase-10 on 

chromosome 2 [86, 87]. The c-FLIP gene is alternatively spliced into four mRNA 

variants but only two forms of the protein have been detected [85, 88, 89]. The short form 

of c-FLIP (c-FLIPs) contains two DEDs and twenty unique C-terminal amino acids [85]. 

In contrast, the long form of c-FLIP (55 kDa) contains two DEDs and a caspase-8-like 

domain that lacks catalytic activity because of the replacement of the active site cysteine 

with tyrosine [85]. Both c-FLIPL and c-FLIPs are recruited to the Fas- and TRAIL-DISC 

where c-FLIPL undergoes caspase-8-mediated first step cleavage to generate a 43 kDa 

isoform [88, 90]. In the DISC, C-FLIPL and c-FLIPs inhibit caspase-8 second step 

cleavage [90]. Knockdown of C-FLIPL in lung cancer cells [91] and inhibition of c-FLIPs 

expression in glioblastoma cells [92] sensitizes the cells to TRAIL, further establishing c-

FLIPL and c-FLIPs as caspase-8 inhibitors. On the other hand, studies of T lymphocytes 

have shown that c-FLIPL interacts with RIP [93] and TNFR-associated factor 2 (TRAF2) 

[94] for the activation of NF-KB and ERK1/2. Both c-FLIPL and c-FLIPs have been 

detected in many different tissues and while the short form is predominantly found in 

lymphatic tissue [85, 86], high levels of c-FLIPL protein are detected in tumors [17]. c-

FLIP is known to be an important anti-apoptotic protein modulating TRAIL-DISC 

resistance in some cancer cell lines [95-97]. High levels of expression of c-FLIP were 

also reported to correlate strongly with TRAIL resistance and malignant potential in 
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colonic adenocarcinomas [97], melanoma [95], and hepatocellular carcinoma [96]. 

Moreover, c-FLIP is constitutively expressed in a variety of normal cells, but highly 

expressed in human cancers and thus implicated in tumorigenesis [85]. An elevated 

expression of c-FLIP results in the escape of tumors from TRAIL-mediated immune 

surveillance [98, 99]. Taken together, c-FLIP is a crucial tumorigenesis and surveillance 

mediator. 

25 



c-FLIP. 

c-FLIPL 

DEB DEB 

ISO 

p43 intermediate form 
caspase-S I cleave 

: i 

B 
c-FLIP-L 

Prodomain Pseudo-Caspase Domain 

( \ ( A 
p55 DED 

p43 

I \ 
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1.5.4 RIP 

RIP or RIP1 [100, 101] belongs to a family of related kinases that includes seven 

members [102-104]. These kinases share similar amino-terminal kinase domains (KD), 

but possess distinct carboxy-termini (Fig 1.8). RIP is classified as a serine/threonine 

kinase and possesses a carboxy-terminal death domain (DD), allowing recruitment to 

large protein complexes initiating different signaling pathways [100, 101]. RIP also bears 

a RIP homotypic interaction motif (RHIM) in its intermediate domain (ID) which is also 

present in the C-terminus of RIP3. This RHIM enables the interaction between RIP and 

RIP3 [105]. The RIP-DD complex has been shown to be important for binding to various 

death receptors, including Fas, TNF-R1, DR4, and DR5, and to DD-containing adaptor 

proteins, including TNF-receptor-associated death domain (TRADD) and FADD. 

In the TRAIL signaling pathway, RIP is recruited to the DISC by DR4 and DR5 

via its DD and couples the DISC to the NF-KB pathway [106, 107], and mediates NF-KB 

activation by recruiting the IKK complex to the DISC [108]. The IKK complex is 

composed of two kinases, IKKo; and IKK/3, and a regulatory subunit, IKK7. RIP interacts 

via its ID with IKK7 and thus recruits IKKa and IKK/3 to the DISC where IKKa and 

IKK/3 kinases are activated. The IKK complex phosphorylates I/cB, allowing its 

degradation and releasing its inhibition of NF-/cB. With its ID, RIP also recruits other 

kinases, such as MEKK1 and MEKK3. The function of the RIP kinase domain (KD) is 

less well characterized, although one report suggests that RIP KD may stimulate TNF, 

FasL, and TRAIL-induced necrotic cell death [109]. An active KD also was reported to 

enable RIP to autophosphorylate [100, 110]. RIP has been detected in the TRAIL-DISC 

in human HeLa cell line, suggesting that endogenous RIP may play a role in TRAIL 
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signaling in human cancer cells [106]. However, RIP has also been reported not to be 

recruited directly to DRs initiating DISC, but recruited to a secondary signaling complex 

which lacks DR4/DR5 but retains FADD and caspase-8 [107, 111] upon TRAIL 

stimulation. In this model, the caspase-8 activation is essential for the dissociation of 

FADD from DR4/DR5. When caspase-8 activity is blocked by z-VAD-fmk, DRs-DISC 

is stabilized and the formation of the secondary complex is impeded. Altogether, RIP acts 

on the crossroads decision of cells to live or die in response to various stress signals. 

28 



MM 

MTOCMMMN 

WW 

mm/mm 

OFUIttKt 

mum 

Figure 1.8 Domain organization of the RIP kinases. All seven members shared a 

homologous KD. RIP shares ID with RIP2, RIP4, and RIP5. With this ID, RIP 

also can interact with RIP3. RIP has a C-terminal DD. Adapted from [5]. 
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1.5.5 Bcl-2 family 

There are three groups of Bel family proteins, including: (1) BH3 only proteins, Bid 

and Bim; (2) pro-apoptotic proteins, Bax and Bak, which contain three BH domains from 

BH1-3; and (3) pro-survival, Bcl-xL and Bcl-2, which contain four BH domains (1-4) 

(Fig 1.7). 

1.5.5.1 Bid 

The cross-talk between the DISC-initiated extrinsic apoptosis pathway and the 

mitochondria-associated intrinsic apoptosis pathway is mediated by a member of the BH3 

domain only subgroup of the Bcl-2 family, Bid. The BH3 domain is exposed in all BH3-

only proteins, except Bid [112]. As the exception, Bid appears to exist as an inactive 

cytosolic protein containing conserved sequence within the BH3 amphipathic a-helical 

domain, which is essential for the heterodimerization with other Bcl-2 family members 

[113]. Upon caspase-8 activation, Bid (p22) undergoes a proteolytic cleavage responsible 

for generating truncated pi 5 Bid (tBid) and BH3 exposure during apoptosis. tBid can 

directly bind and induce the oligomerization of Bax/Bak, leading to the damage of 

mitochondrial membrane potentials, followed by the release of apoptotic factors, such as 

cytochrome c and Smac/DIABLO [114]. 

Although the exact model of tBid-triggering Bax conformation change is still 

obscure, it is now generally accepted that tBid-Bax interaction could disrupt the Bax 

D33-K64 bond, thereby initiating the Bax conformational change. Once Bax is activated, 

Bid affinity to the activated Bax drastically decreases. This illustrates the "hit-and -run" 

model of Bid-induced activation [115, 116]. This kind of transient association is also 

30 



observed between tBid and Bak [117]. Taken together, tBid can transiently interact with 

Bax/Bak to cause their conformation change to induce Bax/Bak oligermerization. 
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Figure 1.9 Three groups of the Bcl-2 family of proteins. Most members have a 

C-terminal transmembrane domain (TM). The first group, anti-apoptotic Bcl-2 

family members, conserve all four Bcl-2 homolgy (BH) domains. The second 

group, the pro-apoptotic family members, conserve multidomains, including 

BH1-BH3. Members of the third group have only a BH3 domain. Adapted from 

[2]. 
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1.5.5.2 Bax and Bak 

Cells that are doubly deficient of both Bax and Bak fail to release cytochrome c 

and are resistant to all apoptotic stimuli, including ultraviolet radiation, growth factor 

deprivation, and ER stress [118].Lack of the proapoptotic genes of Bax or Bak can render 

cancer cells resistant to apoptosis induced by TRAIL or chemotherapy. In one study, 

Bak-deficient Jurkat cells were more resistant than wild-type Jurkat cells to apoptosis 

induced by TRAIL, UV, staurosporin, VP-16, bleomycin, or cisplatin. Restoring the Bak 

gene restored cytochrome c release and the sensitivity of the Bak-deficient cells to VP-16 

[119]. These data indicate that Bax and Bak are required molecules for the mitochondria-

associated intrinsic apoptosis pathway. 

Bax is mostly cytosolic with a minor fraction lightly bound to the outer 

mitochondrial membrane (OMM) [120], whereas natively, Bak resides on the OMM. It 

has been reported that the COOH-terminal tail of Bax is required for its insertion into 

OMM. Upon apoptotic stimulation, cytosolic Bax undergoes a conformational change to 

insert into the OMM by releasing its COOH-terminal tail and to expose an NF^-terminal 

epitope. Dependent on the exposed NH2-terminal epitope, OMM-integrated monomers 

subsequently oligomerize to form pores [121]. Multiple Bax binding partners, including 

Bcl-2 and tBid, have been reported to regulate Bax translocation, insertion, and 

oligermerization [122]. Moreover, Bax-lipid interactions also influence Bax conformation 

and its ability to permeabilize the OMM [123]. 

Differing from Bax, Bak is integrated into the OMM before the induction of 

apoptosis. How Bak is activated during the mitochondria-associated apoptosis process is 

still unclear. One model proposes that Bak monomer interacts with two anti-apoptotic 
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proteins, Mcl-1 and Bcl-xL, which inhibit the oligomerization and activation of Bak in 

healthy cells [114]. Another model proposes that the intra-membranous oligomerization 

of Bak is inhibited by voltage-dependent anion channel 2 (VDAC2) which binds and 

stabilizes Bak in mitochondria [124]. Upon apoptotic signal stimulation, tBid or other 

BH3-only proteins can replace and dissociate the Bak from its binding partner to allow 

the conformational changes necessary for Bak activation. 

1.5.5.3 Bcl-2 and Bcl-xL 

Over-expression of Bcl-xL or Bcl-2 in some types of cells blocks TRAIL-mediated 

apoptosis, suggesting the dependence of TRAIL-induced apoptosis on the mitochondrial 

pathway [125]. The Bcl-xL expression level in three pancreatic adenocarcinoma cell lines 

has also been reported to be inversely correlated with their sensitivity to TRAIL-induced 

apoptosis [126]. In the animal model, Bcl-xL has also been reported to be essential for 

normal embryogenesis since Bcl-xL7" mice displayed severe defects in erythropoiesis and 

neuronal development. Moreover, Bcl-2"7" mice displayed polycystic kidney disease and 

defects in their immune system. Clinically, the over-expression of Bcl-2 was also 

demonstrated to correlate with cancer recurrence, progression, and poor prognosis in 

various cancer patients [127-129]. These reports indicate the important anti-apoptotic role 

of Bcl-xL or Bcl-2 in the mitochondria-associated apoptosis pathway. 

Besides the previously discussed models, in which tBid can directly bind and 

induce the oligermerizatin of Bax/Bak leading to mitochondrial membrane potential 

(MMP) changes [114, 123], research data about Bcl-xL and Bcl-2 suggest an alternative 

indirect activation model by which Bax/Bak is activated during apoptosis. In this model, 
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Bcl-xL and Bcl-2 selectively bind and inhibit Bax or Bak in certain cell types. BH3-only 

proteins mediate apoptosis by binding these anti-apoptotic proteins and thereby neutralize 

their inhibitory effects on Bax/Bak (Fig 1.8). In turn, Bax and Bak are then dissociated 

from these anti-apoptotic molecules to undergo conformational changes. During the 

process of TRAIL-induced apoptosis, activation of the initiator caspase-8 can transmit 

death signals, either through direct activation of the effector caspase-3, or by a 

mitochondrial pathway involving cleavage of the pro-apoptotic Bcl-2 family member, 

Bid [130]. In this mitochondrial pathway, the ratio of expression of the pro-apoptotic Bax 

protein and the anti-apoptotic Bcl-2 or Bcl-xL proteins ultimately determines cell death 

or survival [131,132]. 
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Figure 1.10 Two models for the activation of Bax/Bak by the BH3-only proteins. 

Indirect model and direct model. Adapted from [2]. 
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1.6 TRAIL in cancer therapy 

1.6.1 TRAIL-regulated immune surveilliance and its therapeutic roles against cancers 

Expression of TRAIL mRNA has been detected in a variety of tissues [11]. 

Moreover, expression of the TRAIL protein ligand on the cell surface has been reported 

in NK cells [13-15] and contributes to NK cell-mediated inhibition of tumor development 

and metastasis in mice [13]. Studies in vitro have shown that recombinant TRAIL 

induces the selective death of various cancer cells, such as non-small cell lung carcinoma 

(NSCLC), colorectal cancer cells, pancreatic cancer cells, glioma cells, and leukemia 

cells, while sparing most normal cells [17, 46, 133, 134]. Pre-clinical experiments in mice 

and non-human primates have also shown that systemic administration of recombinant 

human TRAIL inhibits tumor growth with low level toxicity to normal tissues [16, 18]. 

These studies have placed TRAIL in the limelight of chemotherapy development [19, 

135]. 

Several studies in vivo have proposed an important role for TRAIL in mediating 

auto-immunity since TRAIL-/- mice were more prone to disease development and have 

an increased susceptibility to collagen-induced arthritis and streptozotocin-induced 

diabetes [136, 137]. For cancer research, a study using TRAIL in vivo has also shown that 

TRAIL-deficient mice are more susceptible to tumor development [133]. In that study, 

wild type and TRAIL-deficient mice were inoculated with the chemical carcinogen, 

methylcholanthrene (MCA), in doses ranging from 5 to 400 u.g. In previous research, it 

has been shown that MCA induction of fibrosarcomas is dose-dependent and is primarily 

controlled by NK cells [138], T cells [139], and the effector molecules, perforin and 
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interferon-7 (IFN-7) [140]. Although injection of high doses of MCA induced 

fibrosarcomas in both WT and TRAIL-deficient mice, there was an earlier onset of 

fibrosarcomas in the TRAIL-deficient mice. As the dose of MCA was reduced, a 

difference in tumor onset and the susceptibility of WT and TRAIL-deficient mice to 

tumor development was observed. Notably, 100 (ig of MCA induced fibrosarcomas in 

70% of TRAIL-deficient mice, but in only 20% of WT mice, and tumor onset was earlier 

in TRAIL-deficient mice. Moreover, TRAIL-dependent anti-tumorigenicity has been 

shown in IFN-7-stimulated monocytes, peripheral T cells, NK cells, and dendritic cells 

[37, 141-143]. These data indicate a clear suppression function of TRAIL against primary 

tumor development in vivo. Another in vivo study carried out in our laboratory showed 

that intraperitoneal injections of TRAIL inhibited intraperitoneal and subcutaneous tumor 

growth without inducing apoptosis in human hepatocytes carried on chimeric mice. 

Those data suggested that the recombinant soluble human TRAIL has a profound 

apoptotic effect on tumor cells but is nontoxic to human hepatocytes. 

1.6.2 TRAIL based cancer therapeutics in the clinical trial 

In the 1990s, anti-Fas Abs were tested in preclinical models in vivo. However, 

agonistic antimurine Fas mAbs were found to be extremely toxic, rapidly inducing 

hepatocyte apoptosis [144]. Moreover, FasL/Fas interactions have been reported to be 

important in the regulation of T-cell homeostasis [145]. Therefore, it is impossible to 

move nonspecific Fas-based therapeutics in the clinical trial. In contrast to FasL, 

recombinant TRAIL has been shown to selectively induce tumor cell apoptosis but have 

no toxicity to human hepatocytes [46]. TRAIL-deficient mice do not show global 
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perturbation in T-cell development and homeostasis [146], and constitutive expression of 

TRAIL receptors has been observed in a wide variety of tumor types. Thus, several 

approaches that engage or mimic the TRAIL pathway on cancer cells were explored. One 

chain of research has used trimeric TRAIL as the therapeutic agents, but significant 

toxicity to liver cells was observed. Subsequently, by using recombinant non-tagged 

TRAIL, the hepatotoxicity could be avoided, reopening the door to clinical applications 

of TRAIL [43, 46]. 

At the 2006 Annual Meeting of the American Society of Clinical Oncology, early 

results of a study using recombinant TRAIL showing that one patient with a 

chondrosarcoma demonstrated a partial response without major dose-limiting toxicity, 

were presented. Another chain of research focuses on the development of mAbs against 

human TRAIL receptors (DR4 and DR5). In a phase I trial of an anti-DR5 mAb (HGS-

ETR2), one patient with chemotherapy-refractory Hogkin's disease experienced a clinical 

response. In another study, a combination trial of carboplatin and paclitaxel with anti-

DR4 mAB (HGS-ETR1) was reported with at least four clinical responses. Moreover, 

data from another phase I clinical trial of HGS-ETR1 showed that HGS-ETR1 can be 

safely administrated to patients with advanced malignancy up to high doses without 

causing hepatic or hematological toxicity [147]. These reports suggest that we have 

passed the period of anxiety over possible life-threatening toxicity with clinical TRAIL-

based therapies. However, it is desirable to increase our understanding of the biological 

mechanisms underlying TRAIL-resistance for the development of an appropriate 

treatment strategy and patient selection to enrich a responsive population. 
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1.7. Hypothesis and Objectives 

This thesis work is focused on investigating the underlying mechanisms by which 

cancer cells become resistant to TRAIL-induced apoptosis. TRAIL has long been a 

promising candidate for novel cancer therapy since it can selectively trigger apoptotic cell 

death in cancer cells but spare normal cells [46]. However, there are many cancer cells 

that are resistant to different extents to TRAIL-induced apoptosis and the underlining 

mechanism(s) is(are) still largely unknown. Our previous work showed that TRAIL-

induced apoptosis proceeds through two pathways: the DISC-initiated extrinsic pathway 

and the mitochondria-associated intrinsic pathway [148]. To investigate the potential 

therapeutic role of TRAIL for various cancers, we need first to clarify the two pathways 

followed by further exploration of the crucial apoptosis regulators involved in these 

pathways. 

Thus, the broad objective of my thesis work was to characterize the process of 

TRAIL-induced apoptosis at the molecular level, with a focus on the resistance 

mechanisms of cancer cells to TRAIL treatment. In this study, we hypothesized that 

TRAIL resistant mechanism(s) are focused on two levels: the DISC level or the 

mitochondria level for the loss of crucial apoptotic factors or over-expression of anti-

apoptotic factors. To examine this proposition, three key processes regulating cancer cell 

sensitivity to TRAIL-induced apoptosis were proposed and probed as follows. 

1) TRAIL induces apoptosis through the DISC-initiated extrinsic pathway and the 

mitochondria-associated intrinsic pathway. FADD and caspase-8 are the crucial apoptotic 
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factors at the DISC level, and Bcl-2 and Bcl-xL are crucial anti-apoptotic factors at the 

mitochondria level. 

2) RIP and cFLIP are crucial anti-apoptotic factors in the DISC level. 

3) Knock out the Bax, the crucial apoptotic factor in the mitochondria level, four groups 

of apoptosis-related proteins are differentially expressed by which these cancer cells 

further lose their apoptotic potentials. 
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Chapter 2: TRAIL- and conventional 

chemotherapy drug-induced apoptosis pathways 

A portion of this chapter is published as: Wang, Peng, et al, Role of death receptor and 
mitochondrial pathways in conventional chemotherapy drug induction of apoptosis. Cell 
Signal, 2006. 18(9): p. 1528-35. (Appendix l)Bcl-2 and Bcl-xL part experiments were 

done by Jing Zhang. 
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2.0 Introduction 

Natural killer cell or T-cell-mediated immune surveillance for tumor development 

suppression seems to utilize death receptor-mediated apoptosis [1,2]. Targeting the death 

receptor-mediated apoptotic pathway is believed to be a novel therapeutic method for 

cancers. In this aspect, the anti-cancer ability of tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL), a transmembrane protein belonging to the TNF receptor family, 

has been extensively studied [3-5] because of its selective cytotoxicity through the death 

receptor pathway in transformed tumor cells but not in normal cells [5, 6]. TRAIL 

depends upon death receptors clustering on the plasma membrane, then recruiting the 

intracellular adaptor molecule, FADD, and the apoptosis initiator, procaspase-8. When 

caspase-8 is cleaved, the active fragment of caspase-8 is released into the cytosol where 

an executioner of apoptosis, caspase-3, is activated [7, 8]. There is overwhelming 

evidence that cross-talk between these two apoptotic pathways is much more effective for 

the execution of apoptosis in many cancer cells [9]. The idea of amplifying apoptotic 

signaling in cancers has been proven by TRAIL and chemotherapy combination 

treatment that efficiently killed chemotherapy-resistant cancer cells in culture and 

inhibited tumor growth in animal models [10, 11]. Therefore, it is important to 

understand precisely the molecular mechanisms underlying apoptotic signaling induced 

by TRAIL and chemotherapeutic drugs. The synergistic effect of chemotherapeutic drugs 

and TRAIL often causes controversy in understanding the intracellular signaling pathway 

induced by these anticancer agents. Contradicting results have been reported regarding 

involvement of caspase-8 in chemotherapy-induced apoptosis [12-15]. In general, 

conventional chemotherapy drug induction of apoptosis is mediated through caspase 
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activation following DNA damage-mediated activation of p53 [16]. This process involves 

pro-apoptotic molecules, such as Bax and Bak. These pro-apoptotic molecules ultimately 

modulate mitochondrial membrane potential (MMP) and promote the release of 

cytochrome c into the cytosol, where cytochrome c binds to Apafl to recruit dATP and 

procaspase-9 to form an apoptosome [17]. Caspase-9 is cleaved and concurrently cleaves 

caspase-3, thereby executing apoptosis [18]. Antiapoptotic Bcl-2 family molecules, such 

as Bcl-2 and Bcl-xL, inhibit death signaling by modulating this process [19]. 

The involvement of the death receptor and its downstream signal transduction 

pathway in the conventional chemotherapy drug-induced apoptosis route is not 

completely understood. Here we dissected apoptotic signaling pathways induced by 

chemotherapy drugs in the absence or presence of death receptor components, such as 

FADD and caspase-8. Jurkat T leukemia cell lines, including wild type, caspase-8-

deficient and FADD-deficient cells, were used for this study in order to show the 

occurrence of chemotherapy drug-induced apoptosis independent of the death receptor 

pathway. We consistently showed that the conventional chemotherapy drug profoundly 

affects the mitochondrial membrane potential, which is regulated by the Bcl-2 family 

proteins. 

2.1. Materials and methods 

2.1.1. Materials and antibodies 

The recombinant nontagged, native sequence soluble form of human TRAIL 

(amino acids 114-281) was obtained from PeproTech, Inc. (Rocky Hill, NJ). 

Recombinant human soluble FLAG-tagged TRAIL (Alexis, San Diego, CA) and anti-
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FLAG monoclonal antibody M2 (Sigma-Aldrich, St. Louis, MO) were used for the co-

immunoprecipitation assay. The tetrapeptide caspase inhibitor, z-VAD-fmk, z-IETD-fmk, 

z-LEHD-fmk (R&D Systems, Minneapolis, MN), was prepared as a 20 mM stock in 

DMSO. Cisplatin and etoposide (VP16) (Sigma-Aldrich) were prepared freshly from a 50 

mg/mL stock in DMSO. Mouse monoclonal antibodies, anti-FADD (1:500) and anti-

cytochrome c (1:500), were purchased from BD Biosciences (San Diego, CA). Mouse 

monoclonal anti-DFF45 (1:1000), rabbit polyclonal anticaspase-3 (1:5000) and anti-

ERK1/2 (1:1000) antibodies were purchased from StressGen Biotechnologies (Victoria, 

British Columbia, Canada). Monoclonal antibody c-FLIP (NF6) (1:500) was obtained 

from Alexis. Rabbit polyclonal caspase-9 antibody (1:1000) was from Cell Signaling 

(Beverley, MA). HRP-conjugated goat anti-mouse (1:5000) and goat anti-rabbit 

antibodies (1:5000) were purchased from Jackson IR Labs (West Grove, PA). All of the 

other chemicals used were of analytical grade and purchased from Sigma-Aldrich, unless 

otherwise indicated. 

2.1.2. Cell cultures, cell viability and apoptosis assay 

The human parental Jurkat cells, FADD-deficient (FADD-/-) and caspase-8-

deficient (Casp-8-/-) clones (gifts from J. Blenis; Boston, MA) were cultured in 

RPMI1640 medium (Invitrogen) supplemented with 10% fetal bovine serum and 1% 

10 000 unit penicillin antibiotics (Invitrogen). For the cell viability assay, the suspended 

cells were collected by centrifugation (300 g for 5 min) and the pellet was resuspended in 

culture medium. The monolayered cells (lxl06cells/10 mL) were treated with TRAIL, 

Fas CH-11 mAb, cisplatin, or VP16. After incubation, cells were washed with PBS once 
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and then resuspended in 5 mL PBS. 50 JUL were placed in each well of 96-well plates. 

Cell death was determined by an acid phosphatase assay. 

Acid Phosphatase Assay 

Cell viability was assessed by the acid phosphatase assay as described previously 

[20-22]. This assay assesses cell viability by measuring cellular lysosomal acid 

phosphatase activity [23]. The substrate for the reaction is p-nitrophenylphosphate (pNPP) 

which, after ester hydrolysis by the enzyme, releases p-nitrophenol in addition to an 

inorganic phosphate [23]. The reaction is stopped by the addition of NaOH, which reacts 

with the p-nitrophenol product by removing the phenolic proton to produce p-

nitrophenolate, a yellow colored product that absorbs at 405 nm and therefore can be 

quantitated spectrophotometrically [23]. A linear relationship was obtained between cell 

viability and acid phosphatase activity over a range of 103-105 cells (R2= 0.996). The 

optimum plating density of cells was determined to be 1.0 x 104 cells/well for maximum 

sensitivity of the assay. 

In brief, 50 (iL buffer containing 0.2 M sodium acetate (pH 5.5), 0.2 % (v/v) 

Triton X-100 and 20 mM /»-nitrophenyl phosphate (Sigma 104 phosphatase substrate) 

were added to each well. The plates were placed in a water-jacketed incubator at 37 °C 

for 2 h. The reaction was stopped by the addition of 10 fiL 1 M NaOH to each well and 

the color development measured at 405 nm, using a microplate reader (Bio-Rad). 

2.1.3. Western blot analysis 

Cells in culture were harvested and lysed in 20 mM Tris-HCl (pH 7.4) containing 
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150 mM NaCl, 2 mM EDTA, 10 % glycerol, 1 % Triton X-100, 1 mM 

phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma). The lysed cells 

were centrifuged at 18 000 g for 15 min. Protein concentrations of the cell extracts were 

determined by the Bradford protein assay by following the manufacturer's protocol (Bio-

Rad). Equal amounts of protein from cell lysates (100 ug) were separated by SDS-

polyacrylamide gel electrophoresis using Bio-Rad's Mini-PROTEAN 3 system with 15% 

or 12% separating gels and 3.5% stacking gels for 1.5 hours at 150 V. One of the lanes in 

each gel was reserved for a molecular weight marker (Bio-Rad). The separated proteins 

were transferred to immunoblot membranes using Mini Trans-Blot Cell (Bio-Rad) at 30 

V for 990 min. After blocking unoccupied regions of the membrane in TBST+5% non-fat 

milk, the membranes were blotted overnight with various primary antibodies. Following 

three successive washes (5, 5, 10 min), the membranes were incubated for one hour with 

horseradish peroxidase (HRP)-conjugated goat anti-mouse or goat anti-rabbit secondary 

antibodies. After incubation with the secondary antibody, the membranes were subjected 

to three successive washes (10, 10, 15 min) and developed by ECL on Kodak BioMax 

MR Film. Films were scanned and saved in TIFF format. The relative difference in 

protein expression was determined by visual inspection. The Mini-PROTEAN 3 system 

was run with two gels at the same time. The same sequences and amounts of samples 

were loaded on the two gels. After transfer to the membrane, caspase-8 and -9 were 

detected using each membrane first, then stripping antibodies and reusing the membrane 

for subsequent caspase-3 and DFF45 detection. Loading control ERK1/2 analysis was 

detected for each gel. 
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2.1.4. Measurements of mitochondrial membrane potential 

The mitochondrial membrane potential (MMP) of intact cells was measured by 

flow cytometry with the lipophilic cationic probe, 5,5',6,6'-tetrachloro-l,r,3,3' 

tetraethylbenzimidazolcarbocyanine iodide (JC-1; MIt-E-PsiTM Apoptosis & 

Mitochondria Permeability Detection Kit, Biomol International, Plymouth Meeting, PA). 

This JC-1 Assay Kit uses a cationic dye (5,5',6,6'-tetrachloro-l,l',3,3' 

tetraethylbenzimidazolylcarbocyanine iodide) to measure the loss of mitochondrial 

membrane potential. In healthy cells, the intact mithochondrial membrane potential 

allows this lipophilic dye to enter the mitochondrial matrix to form J-aggregates, which 

fluoresce red. In apoptotic cells, the mitochondrial membrane potential collapses and the 

accumulation of JC-1 within the mitochondria is lost. In these cells JC-1 remains in the 

cytoplasm in a green fluorescent monomeric form. Apoptotic cells will show a loss of red 

fluorescence and gain green fluorescence compared with healthy cells. The aggregated 

red form has absorption/emission maxima of 585/590 nm. The green monomeric form 

has absorption/emission maxima of 510/527 nm. In this research, we found that it is 

difficult to accurately monitor the MMP changes by measuring the gain of green 

fluorescence. So, we measure the MMP changes from cells after different treatments by 

monitoring the loss of red fluorescence by flow cytometry. 

After cells were treated with the indicated agents, JC-1 was added directly to the 

cell culture medium (1 /JLM final concentration) including cells (0.5xl06/mL) and 

incubated for 15 min at 37 °C. The medium was then replaced with PBS and the cells 

were quantitated for J-aggregate green fluorescence intensity by using a Becton and 

Dickinson FACScanTM (Mountain View, CA). Data analysis was processed by using 
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Cell QuestTM software (Becton and Dickinson). 

2.1.5. Subcellular fractionation 

Cytochrome c release from the mitochondria was determined in the cytosolic 

fraction. Cells were treated with TRAIL or chemotherapeutic agents. Cells were 

harvested and the cell pellet was suspended in 5 volumes of isotonic buffer (10 mM 

HEPES-KOH [pH 7.5], 210 mM mannitol, 70 mM sucrose, 1 mM Na-EDTA, and 1 mM 

Na-EGTA) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 

protease inhibitor mixture. The cells were incubated on ice for 15 minutes and passed 

through a 22 gauge needle 15 times. After centrifugation twice at 700 g for 10 min at 4°C, 

the supernatant was collected and centrifuged at 13 000 g for 10 min at 4°C. The resulting 

mitochondrial pellets were suspended in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM 

NaCl, 2 mM EDTA, 10% glycerol, 1% Triton-X 100, 1 mM PMSF, and 0.2% protease 

inhibitor cocktail). The supernatants from the 13 000 g centrifugation were further 

centrifuged at 100 OOOg for one hour at 4°C, and the resulting supernatants were 

designated as the S-100 cytosolic fractions [24]. 

2.1.6. Transient gene transfection 

Bcl-2 expressing pUSEamp plasmid was obtained from Upstate (Lake Placia, 

NY). Bcl-xL expressing pcDNA3 was a kind gift from Dr. Jorge Filmus (Sunnybrook and 

Women's College Health Sciences Centre, University of Toronto). Cells (500000) grown 

on 6-well plates were transfected with either 5c/-2/pUSEamp or Bcl-xL/pcDNA-3 using 

the LipofectAMINE™ method following the manufacturer's protocol (Invitrogen). After 
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transfection for 24 h, the cells were subjected to cell death assay and Western blot 

analysis for cleavage of caspases and DFF45. 

2.1.7. Bak shRNA constructs and transfection 

For a vector-based RNAi, a short hairpin double-stranded RNA (shRNA) was 

cloned into the BamHI-XhoI site of pRNAT-U6.1/neo-cGFP vector (GenScript 

Corporation, Piscataway, NJ). The shRNA specific sequence against Bak was: 5'-

G^rCCCACCGCCATCAGCAGGAACATTGATATCCGTGTTCCTGCTGATGGCG 

GTCTCGAG-3'. The underlined and bold letters denote the hairpin loop, terminal signal 

and target sites of the restriction enzymes, BamHI and Xhol, respectively. Wild-type 

Jurkat cells were transfected with the control vector pRNAT-U6.1/neo-cGFP or the 

expression vectors for Bak shRNA using the Lipofectamine2000 transfection reagent 

(Invitrogen) according to the protocol recommended by the manufacturer [25]. 

2.2 Results 

2.2.1. TRAIL and Cisplatin induce apoptotic cell death of Jurkat T leukemia cells by 

activation of caspases 

Jurkat T leukemia cells are a well-known model system for apoptosis since they 

are vulnerable to diverse stimuli, such as death ligands (including FasL and TRAIL) and 

conventional chemotherapeutic drugs (including cisplatin, etoposide, and camptothecin). 

Here we clarify the molecular mechanisms underlying apoptosis induced by 

chemotherapeutic drugs and death ligands using several Jurkat clones, including wild 
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type, caspase-8 deficient, and FADD-deficient clones. To dissect apoptotic signal 

pathways induced by chemotherapeutic drugs, Jurkat cells were treated with cisplatin in a 

dose-dependent and a time-dependent manner. Treatment of Jurkat cells with cisplatin led 

to time- and dose-dependent induction of cell death, as determined by acid phosphatase 

assay. Doses of 10-50 /jg/mL cisplatin were sufficient to induce significant cytotoxicity 

(Fig. 2.1 A). Cell death was detectable 16 h after treatment with 20 (ig/mL cisplatin (Fig. 

2.IB). We examined caspase activation by Western blotting to demonstrate that cisplatin-

induced cell death occurs through apoptosis. Cisplatin treatment for 16 h induced 

cleavage of caspase-9, -3, -8, and DFF45 (Fig. 2.1C). Higher doses increased caspase 

cleavage, which was consistent with the degree of cell death shown in Fig. 2.1 A. When 

cells were treated with 20 /ig/mL cisplatin, cleaved forms of caspase-9, -3, -8, and DFF45 

were detected after 6 h of treatment (Fig. 2.1C). 
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Figure 2.1 Cisplatin induction of caspases and DFF45 cleavage and cell death. 
Jurkat T leukemia cells were treated with cisplatin for 24 h in a dose-dependent 
fashion in a range of 1-50 /xg/mL (A), or the cells were also treated with 20 
fig/ml of cisplatin for the different times as indicated (B). After treatments, cell 
viability was determined by acid phosphatase assay. Percentage of cell viability 
was calculated by comparisin with the untreated control value (0 h). 
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Figure 2.1 For the Western blot, cells were harvested and whole cell lysates from 
equal amounts of protein (50 |tfg) were separated by SDS-PAGE and 
immunoblotted (c) Western blot analysis detected 47 kDa procaspase-9 without 
cisplatin treatment (0 h), whereas 37 and 35 kDa apoptosis-related cleavage 
fragments were increased by cisplatin treatment in a dose- and time-dependent 
manner. Antibody against caspase-8 detected the inactive forms (55 and 53 
kDa), cleaved intermediates (43 and 41 kDa), and active subunit (18 kDa). Anti-
caspase-3 antibody detected both the inactive (32 kDa) and active forms (20 and 
17 kDa). An antibody against DFF45 detected both the inactive (45 and 35 kDa) 
and active form (25,17 and 11 kDa). 
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In the next set of experiments, TRAIL-induced apoptosis was tested in Jurkat 

cells. Doses of 100-300 ng/mL TRAIL were clearly cytotoxic to Jurkat cells (Fig. 2.2 A). 

Western blotting showed activation of caspase-8, -9, -3 and DFF45 (Fig. 2.2B). Thus, 

both cisplatin and TRAIL have an ability to induce apoptosis by activation of caspases. 

Although caspases are cleaved by treatment with these anticancer agents, time-dependent 

analysis by Western blotting failed to show which caspase is responsible for induction of 

apoptosis. In order to discern essential caspases in the apoptosis pathways induced by 

either cisplatin or TRAIL, specific caspases inhibitors (z-IETD-fmk for caspase-8 

inhibitor and z-LEHD-fmk for caspase-9) were used for pre-treatment of 2 h, and then 

cells were either treated with cisplatin or TRAIL for 16 h. Pretreatment of cells with 

caspase-9 inhibitor z-LEHD-fmk blocked cisplatin-induced apoptotic death, but caspase-

8 inhibitor z-IETD-fmk failed to block cell death, suggesting caspase-8 activation may 

not be required for cisplatin-induced apoptosis (Fig. 2.3A). However, pretreatment of 

Jurkat cells with caspase-8 inhibitor z-IETD-fmk or caspase-9 inhibitor z-LEHD-fmk 

prevented TRAIL-induced apoptotic death, indicating the activation of caspase-8 and -9 

is necessary for TRAIL-induced apoptosis (Fig. 2.3B) in Jurkat T leukemia cells. 
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Figure 2.2 TRAIL induction of caspase activation and cell death. Jurkat T 
leukemia cells were treated with TRAIL in a dose-dependent fashion in a range of 
1-300 ng/L (A) for 16 h. After treatments, cell viability was determined by acid 
phosphatase assay and was calculated by comparing with untreated control value 
(0 h). A representative experiment is shown as bar graph +/- SD (n=6). For the 
Western blot, whole cell lysates from equal amounts of protein (50 /xg) were 
separated by SDS-PAGE and immunoblotted with antibodies against caspase-8, -9 
and -3, and DFF45. Western blotting detects cleaved fragments of caspase-8, -9, -
3, and DFF45 after treatment of TRAIL in a range of 10-300 ng/mL. 
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Figure 2.3 Differential involvement of caspse-8 and caspase-9 in apoptosis 
induced by cisplatin and TRAIL. Jurkat T-leukemia cells were treated without or 
with either caspase-8 specific inhibitor z-IETD-fmk (50 uM) or caspase-9 specific 
inhibitor z-LEHD-fmk (50 uM) for 2 h and then followed by 20 jug/mL cisplatin 
or 300 ng/mL TRAIL for 16 h. Cell viability was determined by acid phosphatase 
assay. Changes in the cell viability after treatments were calculated by comparison 
with the untreated control value (100 %). A representative experiment is shown as 
a bar graph +/- SD (n=6). 
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2.2.2. FADD and caspase-8 are not required for cisplatin-induced apoptosis 

Because inhibition of caspase-8 activation by pretreatment with z-IETD-fink 

failed to block cisplaitn-induced apoptosis, it was speculated cisplatin-induced apoptosis 

is independent of the death receptor pathway. To further substantiate the interpretation 

that cisplatin-induced apoptosis is independent of death receptor signaling pathways 

involving FADD and caspase-8, we examined chemotherapeutic drug-induced apoptosis 

using FADD-deficient (FADD-/-) and caspase-8-deficient (Casp-8-/-) Jurkat clones. As 

expected, lack of either FADD or caspase-8 abrogated apoptosis induced by TRAIL as 

well as Fas agonistic mAb CH11 (Fig. 2.4A). In contrast, both cisplatin and etoposide 

(VP16) clearly induced apoptosis in FADD-/- cells. These data are consistent with the 

results that Casp-8-/- cells were extremely sensitive to cisplatin and VP16, whereas Casp-

8-/- cells were resistant to TRAIL and Fas CH-11 (Fig. 2.4A). In addition, no significant 

differences in the kinetics of apoptotic death induction by cisplatin were detectable when 

comparing FADD-/- cells, Casp-8-/- cells and wild-type Jurkat cells. As expected, 

treatment of FADD-/- cells with TRAIL or Fas CH-11 failed to activate caspase-8, -9, -3 

and DFF45. Treatment of Casp-8-/- cells with TRAIL or Fas CH-11 also failed to 

activate caspase-8, -9, -3 and DFF45. 

These results confirmed that expression of FADD and caspase-8 is essential for 

death receptor-mediated apoptosis. In contrast to death ligands, both FADD-/- cells and 

Casp-8-/- cells underwent apoptosis after treatment of cisplatin and VP16, as evident in 

the detection of cleavage products of caspase-9, -3 and DFF45 by Western blotting. 

Further, no significant differences in the degree of caspase-9, -3 and DFF45 cleavage 

were found between different clones treated with chemotherapeutic drugs (Fig. 2.4B). 
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Taken together, our data indicate that chemotherapeutic drugs can trigger apoptosis by 

mechanisms independent of the death receptor pathways. 
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Figure 2.4 Cisplatin, but not TRAIL, induction of apoptosis in caspase-8- and 
FADD-deficient Jurkat clones. Jurkat cells deficient in caspase-8 and FADD 
expression were treated with TRAIL, Fas monoclonal antibody CHI 1, cisplatin or 
etoposide (VP16). After 16 h treatment, cell viability was determined by acid 
phosphatase assay (A). Caspase-8- or FADD-deficient cells were insensitive to 
TRAIL and Fas CH11, but sensitive to chemotherapeutic drugs, such as cisplatin 
and etoposide, respectively. A representative experiment is shown as a bar graph 
+/- SD (n=6). The Western blot was performed after 6 h treatment. 
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Figure 2.4 (B) The detection of caspase-8, -9, -3, DFF45 cleavage and FADD 
expression. Equal protein loading was confirmed by ERK1/2 detection. Caspase 
cascade was initiated by treatment with cisplatin or VP16 of Jurkat cells deficient 
in either caspase-8 or FADD expression. Hence, neither TRAIL nor Fas CH11 
shows cleavage of any caspases. 
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2.2.3. Mitochondria play a key role in cisplatin and TRAIL-induced apoptosis 

Our results showed that pretreatment with caspase-9 inhibitor z-LEHD-fmk 

blocked cisplatin-induced apoptosis and TRAIL-induced apoptosis (Fig. 2.3), suggesting 

the mitochondrial pathway is critical in executing apoptotic death. To further elucidate 

the role of mitochondria in the execution of apoptosis in response to cisplatin and TRAIL, 

we first examined changes in mitochondrial membrane potential (MMP). Wild-type 

Jurkat cells were exposed to either cisplatin or TRAIL and the frequency of cells 

exhibiting loss of MMP was determined by assessing MMP-sensitive dye, JC-1, 

treatment. In TRAIL-treated wild type Jurkat cells, changes in MMP were seen at 3 h and 

increased over time (Fig. 2.5A). However, TRAIL-activated caspase-8 was seen at 2 h 

after treatment. Thus, our data imply active caspase-8 engages the mitochondrial pathway, 

as previously reported [7]. In cisplatin-treated cells, changes in MMP increased in a time-

dependent fashion and were detectable within 3 h of treatments (Fig. 2.5A), which is 

earlier than any caspase activation seen in Fig. 1. In addition, increased MMP changes 

were determined in FADD-/- cells and Casp-8-/- cells after treatment with cisplatin (Fig. 

2.5A). As expected, TRAIL failed to increase the MMP changes in both cell lines (Fig. 

2.5B). In contrast to TRAIL, neither absence of FADD nor caspase-8 abrogated cisplatin-

induced MMP changes. Thus, these results support the independence of cisplatin-induced 

apoptosis from a death receptor pathway. In addition, pan caspase peptide inhibitor z-

VAD-fmk was used to evaluate whether caspases are involved in MMP changes during 

cisplatin-induced apoptosis. As expected, pretreatment of wild-type Jurkat cells with z-

VAD-fmk almost completely prevented TRAIL-induced MMP changes, confirming 
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caspase-8 activation-initiated TRAIL-induced apoptosis (Fig. 2.5C). In contrast, addition 

of z-VAD-fhik failed to block MMP changes induced by cisplatin. In parallel 

experiments, the cytosolic extracts from cisplatin-treated cells were found to accumulate 

mitochondrial release of cytochrome c well before they contained significant levels of 

activated caspase-9 and -3 (Fig. 2.5D). 
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Figure 2.5. Requirement of MMP changes in apoptosis triggered by TRAIL or 
cisplatin. Cells were treated with TRAIL or cisplatin for the different times 
indicated and stained with JC-1 (A). 
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Figure 2.5. Flow cytometry analysis showed cisplatin and TRAIL were both able 
to increase changes in MMP in wild type Jurkat cells. TRAIL failed to show MMP 
changes in cells deficient with either caspase-8 or FADD expression (B). While 
cisplatin still increased MMP changes without differences, compared with wild 
type cells (B and C). Changes in MMP by TRAIL, but not cisplatin, are inhibited 
in presence of z-VAD-fmk (50 uM, pretreated for 2 h). Changes in MMP were 
determined after 16 h treatment and a representative experiment is shown. 
Cisplatin treatment (20 jag/mL) induced cytosolic release of cytochrome c from 
mitochondria in a time-dependent manner (D). Subcellular fractions for cytosol 
and mitochondria were subjected to Western blotting with anti-cytochrome c. 
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2.2.4. Over-expression of Bcl-2 and Bcl-xL is protective 

Throughout the study, we observed that caspase-8 was cleaved by cisplatin 

treatment. Contrasting to the result that TRAIL-induced caspase-8 cleavage was 

completely inhibited in FADD-/- cells, FADD deficiency failed to suppress caspase-8 

cleavage in cisplatin-treated cells. This suggests caspase-8 activation is a downstream 

event of caspase-9 in cisplatin-induced apoptosis and that the caspase-8 cleavage takes 

place in the cytosol, which differs from caspase-8 cleavage in the DISC in TRAIL-treated 

cells. To test this, we over-expressed anti-apoptotic genes Bcl-2 and Bcl-xL, which can 

inhibit the loss of MMP and cytochrome c from the mitochondrial inter-membrane space 

and eventually protect cells from apoptosis. We first compared the cisplatin- and TRAIL-

induced apoptosis in Jurkat cells stably transfected with either Bcl-2 or Bcl-xL. Over-

expression levels of Bcl-2 and Bcl-xL protein were verified by Western blotting (Fig. 

2.6A). Over-expression of Bcl-2 or Bcl-xL in Jurkat cells significantly diminished 

apoptotic death induced by cisplatin and TRAIL (Fig. 2.6B). These results were 

consistent with reduction of MMP changes in over-expressed Jurkat cells with either Bcl-

2 or Bcl-xL (Fig. 2.6C). Western blot analysis for caspase activation demonstrated that 

over-expression of Bcl-2 or Bcl-xL diminished TRAIL-induced activation of caspase-3 

(Fig. 2.6D). In cisplatin-treated cells, over-expression of Bcl-2 or Bcl-xL diminished the 

cleavage of caspase-3 (Fig. 2.6D). Therefore, these results indicate that over-expression 

of Bcl-2 or Bcl-xL is protective in both TRAIL- and cisplatin-induced apoptosis signal 

pathways. 
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Figure 2.6. Less susceptibility of Bcl-2 or Bcl-xL-over-expressing cells to 
apoptosis induced by TRAIL or cisplatin. Transient transfection of Bcl-2 or Bcl-
xL cDNA increased expression of Bcl-2 or Bcl-xL levels at least ten-fold, as 
shown by western blotting (A). ERIC 1/2 was used as an equal loading control. Cell 
viability was performed and a representative experiment is shown as bar graph +/-
SD (n=6) (A) 
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B TRAIL Cisplatin 

Figure 2.6 Changes in MMP mediated by TRAIL or cisplatin are inhibited when 
cells over-expressed Bcl-2 or Bcl-xL (B). Western blot analysis with antibodies 
against caspase-3 and DFF45 detects caspase-3 and DFF45 cleavage after 
treatment of TRAIL or cisplatin in wild-type Jurkat cells. 
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Figure 2.6 (C). Compared to wild-type cells, less cleavage of caspase-3 and DFF45 
was detected in Bcl-2- or Bcl-xL-over-expressing cells. A representative 
experiment is shown after 6 h of treatment. 
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2.2.5. Knockdown ofBak is inhibitive. 

Besides the two anti-apoptotic factors, Bcl-2 and Bcl-xL, two other Bcl-2 family 

members, Bax and Bak, play a crucial apoptotic role in both cisplatin- and TRAIL-

induced apoptosis pathways. In our research system, since the Jurkat clone is Bax 

deficient, it was appropriate to explore the apoptotic role of Bak. After time course Bak 

shRNA vector transfection, Bak was knocked down to different levels (Figure 2.7A). 

Corresponding to the Bak expression level, cisplatin- and TRAIL-induced MMP damage 

were down-regulated (Figure 2.7B). These data indicate that Bak plays a crucial apoptotic 

role at the mitochondrial level in both the cisplatin- and TRAIL-induced apoptosis 

pathways. 
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Figure 2.7. Reduced MMP damage of Bak knockdown cells after TRAIL or 
cisplatin treatment. Transient transfection of Bak siRNA down-regulates 
expression of Bak from two to three fold in a time-dependent fashion, as shown by 
Western blotting (A). Changes in MMP mediated by TRAIL or cisplatin are 
inhibited when cells down-regulated Bak (B). 
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2.3. Discussion 

Apoptosis in cancer cells can be triggered by extracellular stimuli that mediate at 

least two apoptotic signaling pathways, the so called death receptor-initiated extrinsic and 

mitochondria-associated intrinsic pathways [7, 26]. Regardless of the entry site of 

apoptosis, these two pathways cooperatively amplify apoptotic signaling for cell death. 

Indeed, here we showed that exposure of Jurkat cells to conventional chemotherapy drugs, 

such as cisplatin and etoposide, caused cleavage of both caspase-8 and caspase-9. When 

cells were exposed to TRAIL in a time-dependent manner, caspase-8 was cleaved earlier 

than any other caspases, including caspase-9 [27]. However, cisplatin cleaved all 

caspases at a similar time of just over 6 hours. In order to address the issue of which 

caspase is an initiator responsible for chemotherapy-induced apoptosis, we used specific 

caspase inhibitors for each caspase in the TRAIL-resistant clones. As shown in this study, 

pretreatment of caspase-9 inhibitor, but not caspase-8 inhibitor, inhibited cisplatin-

induced caspase cleavage and apoptosis. Similarly, apoptosis induced by cisplatin or 

etoposide was not influenced by the absence of caspase-8 or FADD, which are a 

necessity for TRAIL-induced apoptosis in Jurkat cells. These results were consistent with 

the observation that the caspase-8 inhibitor failed to inhibit chemotherapy-induced 

apoptosis in wild-type Jurkat cells. 

Bcl-2 and Bcl-xL are known as inhibitory proteins of mitochondria-mediated 

apoptosis. In the present study, we showed that exogenous Bcl-2 or Bcl-xL over-

expression can diminish TRAIL or cisplatin-induced caspase-9 cleavage and apoptotic 

cell death. Cisplatin treatment increased changes in MMP in Jurkat cells, whereas Bcl-2 

or Bcl-xL over-expression alleviated changes in MMP. Jurkat cells used in our study do 
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not express the Bax protein, but the Bax homologue, Bak, was expressed [28]. It has been 

reported that Bax and Bak double deficient Jurkat cells were resistant to apoptosis 

induced by either TRAIL or other chemotherapeutic drugs [9, 29]. We have previously 

shown that chemotherapy profoundly up-regulates Bak expression in glioma cells [7]. In 

this study, our data indicated that down-regulation of Bak inhibits both cisplatin and 

TRAIL-induced MMP changes. Together, these imply that Bcl-2 or Bcl-xL are both 

potential counterparts for Bak-mediated mitochondrial apoptosis in Jurkat cells. In 

conclusion, the pro-apoptotic activity of chemotherapeutic drugs, such as cisplatin and 

etoposide was independent of membrane-bound death receptors, but depended on Bcl-2 

family expression. 

In the TRAIL-induced apoptosis pathway, either loss of crucial apoptotic factors, 

such as FADD or caspase-8, at the DISC level, or down-regulation of Bak in the the 

mitochondrial level, causes cells to become resistant to TRAIL killing. Moreover, over-

expression of anti-apoptotic factors at the mitochondria level, such as Bcl-2 and BC1-XL, 

causes cells to become resistant to TRAIL-induced apoptosis. 
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Chapter 3: Inhibition of RIP and c-FLIP enhances 

TRAIL-induced apoptosis in pancreatic cancer 

cells 

A portion of this chapter is published as: Wang, Peng, et al, Inhibition of RIP and c-
FLIP enhances TRAIL-induced apoptosis in pancreatic cancer cells. Cell Signal, 2007. 

19(11): p. 2237-46 (Appendix 2). c-FLIP part work was done by Jing Zhang. 
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3.0 Introduction 

Pancreatic cancer is the fourth leading cause of cancer death in the United States 

[2]. The high mortality rate of pancreatic cancers is due in part to their resistance to 

chemotherapy and radiation [3]. Therefore, there is a need for the development of new 

therapies. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is normally 

expressed by natural killer cells in immune surveillance against tumorigenesis and a 

natural cancer killer [4]. There are several lines of evidence to support the therapeutic 

utility of TRAIL in human pancreatic cancers: i) pancreatic cancers express TRAIL death 

receptors, DR4 and DR5 [5]; ii) recombinant TRAIL can induce apoptosis in pancreatic 

cancer cells [6]; injection of an adenoviral vector expressing TRAIL in pancreatic cancer 

xenografts suppresses the xenograft growth [7]; and iv) systemic injection of TRAIL 

inhibits the growth of patients' pancreatic cancer xenografts [8]. These studies, however, 

have also shown that many pancreatic cancers [6, 8, 9] are resistant to TRAIL treatment 

and that combination therapies are required to overcome TRAIL resistance [10,11]. 

TRAIL-induced apoptosis occurs through its binding to death receptor DR4 and 

DR5, recruitment of intracellular Fas-associated death domain (FADD) and caspase-8 to 

the receptors, leading to assembly of the death-inducing signaling complex (DISC) [12]. 

In the DISC, caspase-8 is cleaved and initiates an apoptotic cascade through the cleavage 

of caspase-3. Unfortunately, pancreatic cancers express the X-linked inhibitor of 

apoptosis protein (XIAP) [13-15] that interacts with caspase-3 and inhibits its cleavage 

[16]. To bypass this, caspase-8 can cleave Bel-2 inhibitory BH3-domain protein (Bid), 

which in turn interacts with Bax and Bak to induce a change in the mitochondrial 

membrane potential and release the second mitochondrial-derived activator of caspase 
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(Smac) [17]. Smac interacts with XIAP and thus releases its inhibition of caspase-3 

cleavage [18]. Bid also induces mitochondrial release of Cytochrome c [19], leading to 

caspase-9 cleavage of caspase-3, promoting TRAIL-induced apoptosis [20]. The 

mitochondrial pathway is therefore required for TRAIL-induced apoptosis. Bcl-2 and 

Bcl-xL interact with Bax and Bak and protect the mitochondrial membrane potential [21]. 

Correspondingly, the high expression levels of Bcl-2 and Bcl-xL also contribute to 

TRAIL resistance in pancreatic cancer cells [11, 22]. 

The nuclear factor-KB (NF-KB) is constitutively activated in the majority of 

pancreatic cancers [23] and it may contribute to the cancer resistance to TRAIL, perhaps 

through the up-regulation of Bcl-xL and XIAP [24]. On the other hand, TRAIL treatment 

leads to the activation of NF-KB in pancreatic cancer cells [24, 25]. TRAIL-induced NF-

KB activation requires DR4/DR5-mediated recruitment of receptor-interacting protein 

(RIP) to the DISC [26]. RIP in turn recruits the inhibitor of KB (IKB) kinases (IKK) to the 

DISC, leading to the phosphorylation of IKB and subsequent activation of NF-KB [27, 

28]. Inhibition of IKB and the NF-KB p65 subunit eliminates TRAIL resistance in 

pancreatic cancer cells [24, 25]. Here, we further show that selective knockdown of RIP 

reduces TRAIL resistance in pancreatic cancer cells. This study suggests that targeting of 

the inhibitory proteins in the DISC can eliminate TRAIL resistance in pancreatic cancer 

cells. 

We have shown that cellular Fas-associated death domain-like interleukin-ip-

converting enzyme-inhibitory protein (c-FLIP) is recruited to the DISC in TRAIL-

resistant glioma and melanoma cells [29, 30]. The c-FLIP protein contains death effector 

domains through which it interacts with caspase-8, inhibiting caspase-8 cleavage in the 
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DISC [31]. Here we show that selective knockdown of c-FLIP with RNA interfering 

(RNAi) eliminates its inhibition of caspase-8 cleavage and thus enhances TRAIL-induced 

apoptosis in pancreatic cancer cells. 

3.1. Materials and methods 

3.1.1. Materials and antibodies 

Recombinant soluble human TRAIL (amino acids 114-281) was purchased from 

PeproTech, Inc. (Rocky Hill, USA). The tetrapeptide caspase inhibitor carbobenzyloxy-

Val-Ala-Asp(OMe)fluoromethyl ketone (z-VAD-fmk) (R&D Systems, Minneapolis, 

USA) was prepared as a 20 mM stock in DMSO and stored at -20°C in aliquots until use. 

Cisplatin, camptothecin (Sigma-Aldrich Canada Ltd., Oakville, Ontario, Canada), and 

Celecoxib (LKT laboratories, INC) were prepared as stock solution in DMSO. The 

mouse monoclonal antibodies included anti-FADD (Transduction Laboratories, 

Lexington, USA), anti-caspase-8 (MBL, Nagoya, Japan), anti-RIP (BD PharMingen, San 

Diego, CA), anti-c-FLIP (Alexis Biochemicals, San Diego, CA), and anti-DFF45 

(StressGen Biotechnologies Inc., Victoria, British Columbia, Canada). Rabbit polyclonal 

anti-caspase-3 was purchased from StressGen, and anti-DR4 and anti-DR5 were obtained 

from BD Biosciences (San Diego, USA). Horseradish peroxidase-conjugated goat anti-

mouse and goat anti-rabbit antibodies were from Jackson IR Labs (West Grove, PA). All 

of the other chemicals used were of analytical grade and purchased from Sigma-Aldrich, 

unless otherwise indicated. 

3.1.2. Cell cultures, cell viability and apoptosis assay 
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Six human pancreatic cancer cell lines were obtained from the American Type 

Culture Collection (Rockville, MD); PANC-1 and PACA-2 were cultured in DMEM 

(Invitrogen, Carlsbad, CA); ASPC-1 and BXPC-3 in RPMI1640 medium (Invitrogen); 

CAPAN-1 in IMDM medium (Invitrogen); and CAPAN-2 in McCoy 5a medium 

(Invitrogen). Medium was supplemented with 10% fetal bovine serum and 1% antibiotics 

(Invitrogen). For the cell viability assay, cells were plated in a 96-well plate (lxlO4 cells 

per well), cultured overnight, and treated or untreated with different agents. After 

incubation for the times indicated in the Results, cells were washed and cell death was 

determined by an acid phosphatase assay. In brief, 100 \xL buffer containing 0.2 M 

sodium acetate (pH 5.5), 0.2 % (v/v) Triton X-100 and 20 mM/7-nitrophenyl phosphate 

(Sigma 104 phosphatase substrate) were added to each well. The plates were incubated at 

37 °C for 2 h and the reaction was stopped by the addition of 10 uL 1 M NaOH to each 

well and the color developed was measured at 405 nm by a microplate reader (Bio-Rad). 

Data was expressed as mean ± SD. 

3.1.3. Flow cytometry for sub-Gj apoptotic cells and mitochondrial membrane potential 

Apoptotic sub-Gi cells were detected by flow cytometric analysis of the cell cycle 

[32]. In brief, cells were fixed in 70% ethanol at 4°C. The DNA of the fixed cells was 

stained using a propidium iodide-RNase solution (PBS containing 20 (ig/mL propidium 

iodide, 200 ug/mL DNase-free RNase A, and 0.1% Triton X-100) for 30 min at 20 °C in 

the dark. The cell cycle status of the cells was analyzed with a flow cytometer using Cell 

Quest™ software (Becton Dickinson) and ModFit LT software (Verity Software House 

Inc.). Mitochondrial membrane potential was monitored by the indicator dye 5,5',6,6'-
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tetrachloro-l,r,3,3'-tetraethylbenzimidazolcarbocyanine iodide (JC-1) using MTt-E-Psi™ 

Apoptosis and Mitochondria Permeability Detection Kit (Biomol International, Plymouth 

Meeting, PA). In brief, the cells (2-3x106 cells/mL), treated or untreated, were suspended 

in the JC-1 solution and incubated for 15 min at 37 °C. The cells were then quantified for 

J-aggregate fluorescence intensity using a Becton Dickinson FACScan™ (Mountain 

View, CA). In normal healthy cells, JC-1 accumulated in the mitochondria, resulting in 

red fluorescence whereas the apoptotic cells appeared green due to the increased 

mitochondrial membrane permeability. Data analysis was processed using Cell Quest 

software (Becton Dickinson). 

3.1.4. SDS-PAGEand Western blot 

Cells in culture were harvested and lysed in 20 mM Tris-HCl (pH 7.4) containing 

150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM 

phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Sigma). The lysed cells 

were centrifuged at 20 000 g for 15 min. The supernatant was collected and protein 

concentrations were determined by the Bradford protein assay following the 

manufacturer's protocol (Bio-Rad). Equal amounts of protein were separated through 

SDS-PAGE gels and transferred onto nitrocellulose membranes (Bio-Rad). The 

membranes were incubated overnight at 4°C first with the primary antibody and then for 

1 hour with the horseradish peroxidase-conjugated-secondary antibody. The membranes 

were developed by chemiluminescence (Amersham Biosciences, Piscataway, USA). 

3.1.5. c-FLIP cDNA transfection 
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The pEF FLAG-C-FLIPL and pcDNA-FLAG-c-FLIPs (kind gifts from Dr. Peter H. 

Krammer, German Cancer Research Center, Heidelberg, Germany) were transfected in 

cells using the LipofectAMINE 2000 following the manufacturer's protocol (Invitrogen). 

The transfected cells were grown for 24 h before being subjected to the cell death assay 

and Western blot analysis. 

3.1.6. RIP and c-FLIP shRNA construct and transfection 

RNA interference (RNAi) is a recently developed method of gene silencing that 

introduces double stranded RNA (dsRNA) into cells, resulting in post-transcriptional 

gene silencing. The small interfering RNA (siRNA) is a 21-23 nucleotide (nt) double 

stranded RNA with 2 nt overhangs at each 3' ends [33]. Upon transfection into 

mammalian cells, they are incorporated into an RNA-induced silencing complex (RISC), 

a complex that cleaves mRNA complementary to the siRNA, leading to silencing of that 

gene (Fig 3.1) [33-36]. 

For a vector-based RNAi, a short hairpin double-stranded RNA (shRNA) was 

cloned into the BamHI-XhoI site of pRNAT-U6.1/neo-cGFP vector (GenScript 

Corporation, Piscataway, NJ). The shRNA specific sequence against c-FLIP was: 5'-

G4rCCCGTGTCGGGGACTTGGCTGAACT7TGL4 TA rCCGAGTTCAGCCAAGTCC 

CCGACATTTTTTCCAACrCG^G-3'; the RIP shRNA sequence was 5*-

GGA rCCCGTACCACTAGTCTGACGGATAA7TGL4 TA rCCGTTATCCGTCAGACT 

AGTGGTATTTTTTCCAACrCG^G-3'. The underlined, bold and italic letters denote 

the hairpin loop, terminal signal and target sites of the restriction enzymes, BamHI and 

Xhol, respectively (Fig 3.2). The empty vector and the vectors containing RIP and c-
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FLIP shRNA were transfected into cells by LipofectAMINE 2000 (Invitrogen). 
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Figure 3.1 Model of shRNA gene silencing mechanism. shRNAs are transfected into 
cells where they are processed, exported out of the nucleus, and assembled into an 
RNA-induced silencing complex (RISC). In the RISC, siRNAs are unwound by the 
helicase activity of the complex and target complimentary mRNA, through base 
pairing, for cleavage and degradation by the RISC complex. (Reproduced from 
siRNA-mediated transcriptional gene silencing: the potential mechanism and a 
possible role in the histone code. Adapted from [1]) 
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Figure 3.2 Map of plasmid pRNAT-U6.1/Neo and encoded shRNA. A. pRNAT-
U6.1/Neo is a GenScript siRNA expression vector which is designed for mammalian 
transfection It uses the U6 promoter for siRNA expression. (Reproduced from 
http://www.genscript.com/cgi-bin/products/marker.cgi?code=SD 1211 ) B. The insert, 
encoding a short hairpin targeting c-FLIP and RIP, was inserted in pRNAT-U6.1/Neo 
vector. 
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3.2 Results 

3.2.1. The inhibition of caspase-8 cleavage contributes to TRAIL resistance 

The autoproteolytic cleavage of caspase-8 in the DISC is the most upstream event 

in TRAIL-induced apoptosis [37]. To examine if caspase-8 inhibition plays a role in 

TRAIL-resistance in pancreatic cancer cells, we examined the caspase-8-initiated caspase 

cascade in TRAIL-sensitive and resistant pancreatic cancer cells. Pancreatic cancer cell 

lines PANC-1, ASPC-1, BXPC-3, PACA-2, CAPAN-1 and CAPAN-2 were treated with 

a series of dilutions of TRAIL for 24 h and examined for cell viability by the acid 

phosphatase assay [32]. The results showed that BXPC-3 and PACA-2 were sensitive, 

whereas PANC-1, ASPC-1, CAPAN-1 and CAPAN-2 were resistant (Fig. 3.3.A). Cell 

lines were then treated with 300 ng/mL of TRAIL and examined by Western blot for 

cleavage of caspase-8. Caspase-8 exists in two isoforms (p53, p55) [38] and is cleaved in 

the DISC through two consecutive steps [39]: the first step generates large (p43 and p42) 

and small (pi2) subunits and the second step produces a prodomain and pi8 and plO 

active subunits. A Western blot with anti-caspase-8 antibody detected p43, p42 and pi8 

cleavage products in TRAIL-sensitive BXPC-3 and PACA-2, but not in TRAIL-resistant 

PANC-1 and ASPC-1 cell lines (Fig. 3.3.B). The results indicate that caspase-8 cleavage 

is inhibited in TRAIL-resistant pancreatic cancer cells. 

The mitochondrial pathway is involved in TRAIL-induced apoptosis [11, 22] and 

caspase-9 is the apoptosis-initiating caspase of this pathway [21]. The cleavage of 

caspase-9 was examined to determine if the mitochondrial pathway is activated in the 

pancreatic cancer cell lines. Western blots detected cleavage products of caspase-9 in 
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TRAIL-sensitive but not resistant pancreatic cancer cell lines (Fig. 3.3.B). Both caspase-8 

and caspase-9 can cleave caspase-3, which in turn cleaves DNA fragmentation factor 45 

(DFF45) in the execution of apoptotic cell death [40]. We therefore examined the 

cleavage of caspase-3 and DFF45 and found the cleavage products of caspase-3 (p24, pi 7) 

and DFF45 (p25, pi7, pi 1) in TRAIL-sensitive but not resistant pancreatic cancer cell 

lines (Fig. 3.3.B). These studies indicate that caspase-8-initiated caspase cascade is 

activated in TRAIL-sensitive but inhibited in TRAIL-resistant pancreatic cell 

lines. 
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Figure 3.3 Caspase-8-initiated caspase cascade is inhibited in TRAIL-resistant 
pancreatic cancer cells. (A) Six human pancreatic cancer cell lines were treated 
with recombinant TRAIL for 24 h in the doses indicated and subjected to cell 
viability analysis. 
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Figure 3.3 (B) Western blot analysis for the cleavage of caspase-8 (Casp-8), 

caspase-9, caspase-3 and DFF45 of four of the cell lines treated with 300 ng/mL 

TRAIL for the times indicated. ERK1/2 was the loading control. 
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3.2.2. Knockdown ofc-FLIP and RIP sensitizes the resistant cells to TRAIL 

We have shown that c-FLIP is recruited to the DISC where it inhibits caspase-8 

cleavage in glioma and melanoma [29, 30]. To examine the role of c-FLIP in TRAIL 

resistance in pancreatic cancers, we applied RNAi technology and selectively knocked 

down c-FLIP in TRAIL-resistant pancreatic cancer cells. A double stranded small 

interfering RNA (siRNA) duplex targeting to the c-FLIP nucleotides 535-555 has been 

proven to knockdown both c-FLIPL and c-FLIPs [41]. We therefore synthesized a short 

hairpin RNA (shRNA) specific to c-FLIP nucleotides 535-555 and inserted the shRNA in 

the pRNAt-U6.1 vector. The c-FLIP shRNA vector and its empty vector were transfected 

into TRAIL-resistant PANC-1 and ASPC-1 for 24 h. 

The transfection of the c-FLIP shRNA vector, but not the empty vector, 

significantly inhibited the expression of c-FLIPL and c-FLIPs (Fig. 3.4.A). The c-FLIP 

shRNA and empty vector transfected cells were treated with 300 ng/ml TRAIL; cell 

viability analysis showed a significant cell death (Fig. 3.4.B) and Western blots detected 

caspase-8 cleavage products in the c-FLIP shRNA, but not empty vector transfected cells 

(Fig. 3.4.C). These results indicate the role ofc-FLIP in TRAIL resistance in pancreatic 

cancer cells. 

RIP plays a critical role in the TRAIL-induced activation of NF-KB [37]. Here, 

we further examined the role of RIP in TRAIL-resistance in pancreatic cancer cells. To 

this end, we constructed pRNAt-U6.1 vector by inserting shRNA specific to RIP 

nucleotides 837-857. The transfection of RIP shRNA vector inhibited the expression of 

RIP protein (Fig. 3.4.A). 
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The RIP shRNA vector and empty vector transfected cells were treated with 300 

ng/mL TRAIL. Cell viability analysis showed a significant cell death; and Western blot 

detected caspase-8 cleavage (Fig. 3.4.B,C). This study demonstrates for the first time the 

role of RIP in TRAIL resistance in pancreatic cancer cells. These data indicate that RIP 

and c-FLIP play crucial anti-apoptotic roles at the DISC level in the TRAIL-induced 

apoptosis pathway. 
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Figure 3.4 Selective knockdown of c-FLIP and RIP sensitizes the resistant cell to 

TRAIL-induced apoptosis. (A) PANC-1 and ASPC-1 were transfected with the 

c-FLIP and RIP shRNA expressing and empty vector, respectively, for Western 

blot analysis of the expression of C-FLIPL and c-FLIPs (top two panels) and RIP 

(the bottom two panels) with ERK1/2 as the loading control. 
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Figure 3.4 (B) The transfected cell lines were treated with 300 ng/mL TRAIL or 

left untreated either for 24 h for cell viability assay (top panel) or for 3 h for 

Western blot analysis of caspase-8 cleavage (bottom panel). 
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3.2.3. Caspase-8 cleaves RIP in TRAIL-induced apoptosis 

To examine the molecular mechanisms that control c-FLIP and RIP-mediated 

inhibition of caspase-8 cleavage in TRAIL resistant cells, we compared the protein 

expression levels of c-FLIP, RIP and other DISC proteins, such as DR4, DR5, FADD and 

caspase-8, in TRAIL-sensitive and -resistant pancreatic cancer cells. Western blot 

analysis showed that the protein expression levels of DR4, DR5, FADD and caspase-8 

were relatively consistent through all the cell lines and did not correlate to TRAIL 

sensitivity (Fig. 3.5.A). In contrast, the expression of c-FLIP proteins was lower in 

TRAIL-sensitive than TRAIL-resistant cell lines (Fig. 3.5.A). The c-FLIP protein exists 

in two forms: the long form c-FLIPL and the short form c-FLIPs [31]. Both C-FLIPL and 

c-FLIPs were expressed at significantly lower levels in sensitive cells than in the resistant 

cells, except for the PANC-1 cell line in which C-FLIPL was lower but c-FLIPs was 

higher (Fig. 3.5.A). This analysis suggests the higher levels of C-FLIPL and c-FLIPs 

contribute to the inhibition of caspase-8 in TRAIL-resistant pancreatic cancer cells. 

In contrast to c-FLIP, RIP expression was consistent and had no correlation to TRAIL 

sensitivity of these pancreatic cancer cell lines (Fig. 3.5.A). However, selective 

knockdown of RIP in TRAIL-resistant cell lines sensitized the cells to TRAIL-induced 

apoptosis through activation of caspase-8 (Fig. 3.4.). Caspase-8 has been reported to 

cleave RIP in TNF-induced apoptosis [42]. To examine this in TRAIL signaling, TRAIL-

sensitive and resistant pancreatic cancer cell lines were treated with 300 ng/ml of TRAIL 

for 6 h. Western blots detected the cleavage of RIP from the full length (74 kDa) to 

cleavage product (42 kDa) in TRAIL-sensitive but not resistant cell lines (Fig. 3.5.B). 
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Treatment with either caspase-8 inhibitor, z-IETD-fmk, or pan-caspases inhibitor, z-

VAD-fmk, eliminated TRAIL-induced cleavage of RIP in TRAIL-sensitive cell lines (Fig. 

3.5.C). Taken together, these results suggest that the c-FLIP is insufficient for inhibition 

of caspase-8 in TRAIL-sensitive cells, leading to the caspase-8 activation and cleavage of 

RIP in TRAIL-induced apoptosis. 
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Figure 3.5 Caspase-8 cleaves RIP in TRAIL-sensitive but not resistant pancreatic 

cancer cells. (A) Six pancreatic cell lines were examined by Western blot for the 

expression of the DISC proteins. 
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2 and BXPC-3 lines were treated with 300 ng/ml of TRAIL for the time indicated on 

the top of panels and then subjected to Western blot detection of p42 RIP cleavage 

product. 
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Figure 3.5 (C) TRAIL-induced cleavage of RIP in PACA-2 and BXPC-3 cell 

lines was inhibited by the presence of z-VAD and z-IETD. ERK1/2 was used as 

a loading control. 
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3.2.4. Knockdown of c-FLIP and RIP facilitates TRAIL-induced mitochondrial activation 

TRAIL-induced apoptosis requires the activation of the mitochondrial pathway in 

pancreatic cancer cells [11, 22] in that caspase-8 cleaves Bid, which in turn interacts with 

Bax and Bak and induces the mitochondrial membrane potential change [21]. To examine 

this in c-FLIP and RIP knockdown cells, we examined the mitochondrial potential by 

flow cytometry using the MIt-E-Psi™ Apoptosis and Mitochondria Permeability 

Detection Kit. TRAIL-resistant PANC-1 cell line was transfected with the c-FLIP or RIP 

shRNA pRNAt-U6.1 vector, respectively and then treated with 300 ng/ml TRAIL for 16 

h. Flow cytometry showed a significant increase in the cells with the loss of the 

mitochondrial membrane potential in the cultures transfected with c-FLIP shRNA (from 

1.12% to 52.4%) and the RIP shRNA (from 1.25% to 48.04%) (Fig. 3.6.A). 

To further confirm apoptotic cell death, the c-FLIP and RIP shRNA vector 

transfected PANC-1 cells were examined by flow cytometry for cell cycle and subGl 

apoptotic cells. The transfection of c-FLIP shRNA and RIP vector showed no effect on 

the percentage of subGl cells and cell cycle status of PANC-1 cells. TRAIL treatment, 

however, led to a dramatic increase of subGl cells in the c-FLIP shRNA (from 0.52% to 

46.06%) and the RIP shRNA transfected PANC-1 cells (from 1.23% to 40.22%) (Fig. 

3.6.B). The presence of pan-caspase inhibitor z-VAD-fmk reduced the subGl cells from 

46.06% to 10.83% and from 40.22% to 7.26%, respectively in the c-FLIP shRNA and 

RIP shRNA transfected cells (Fig. 3.6.B). Taken together, these studies suggest the 

involvement of the mitochondrial pathway in TRAIL-induced apoptosis in TRAIL-

resistant pancreatic cancer cells once the c-FLIP and RIP inhibition of caspase-8 cleavage 
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is released in the resistant pancreatic cancer cells. 

107 



A TRAIL treatment 

16h 

FL1-H FL1-H FL1-H 

Figure 3.6 TRAIL activates the mitochondrial pathway in c-FLIP and RIP knockdown 

cells. (A) TRAIL-resistant PANC-1 cell line was transfected with the empty vector 

(control), c-FLIP shRNA and RIP siRNA and examined by flow cytometry for the 

mitochondrial membrane potential change. The right upper labels the negative cells 

and the lower quadrant indicates the positive cells. 
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Figure 3.6 (B) The transfected cells were examined for subGl apoptotic cells by flow 

cytometry analysis of cell cycle. SubGl cells are presented as the percentage of the 

total cells. Similarly, the cells in G0/G1, G2/M and S phase are shown as the 

percentage of the total cells 
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3.2.5. Over-expression of c-FLIPi or c-FLIPs or both results in TRAIL resistance 

To further define the role of c-FLIPL and c-FLIPs in TRAIL-resistance, we over-

expressed c-FLIPL or c-FLIPs or both in the TRAIL-sensitive PACA-2 cell line that 

normally has lower levels of the c-FLIP proteins (Fig. 3.5.A). The PACA-2 cell line was 

transfected with pEF FLAG-c-FLIPL or pcDNA-FLAG-c-FLIPs or both and the FLAG-c-

FLIPL and FLAG-c-FLIPs were detected by Western blots with higher molecular weights 

than the endogenous c-FLIPL and c-FLIPs protein (Fig. 3.7.A). The pEF FLAG-c-FLIPL 

transfected PACA-2 cells were treated with 300 ng/mL TRAIL and Western blot analysis 

showed that the cleavage of caspase-8 was inhibited as compared with non-transfected 

cells (Fig. 3.7.B). When the PACA-2 cell line was transfected with FLAG-C-FLIPL vector, 

FLAG-c-FLIPs vector or both, the transfectants were then treated with 300 ng/mL 

TRAIL. Western blotting showed the inhibition of caspase-8 cleavage in the transfected 

cells (Fig. 3.7.C), while flow cytometric analysis of the cell cycle revealed a significant 

decrease in subGl apoptotic cells (Fig. 3.7.D). The mitochondrial membrane potential 

assay showed inhibition of the potential change in the transfected cells as compared with 

non-transfected cells (Fig. 3.7.E). These studies indicate that c-FLIP inhibits the caspase-

8-initiated apoptotic cascades in pancreatic cancer cells. 
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Figure 3.7 Over-expression of c-FLIPL, c-FLIPs or both inhibits TRAIL-induced 

apoptosis. (A) TRAIL-sensitive PANC-2 cell line was transfected with the FLAG-c-

FLIPL CDNA, FLAG-C-FLIPS CDNA or both with non-transfected cells (-) and empty 

vector (MOCK) transfected cells as controls. After 24 h of incubation, the 

transfectants were examined by Western blots for the expression of the transfected 

proteins. The endogenous c-FLIPL and c-FLIPs were labeled by arrows and molecular 

weights (p55, p25). 
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Figure 3.7 (B) Western blot examination of caspase-8 cleavage in non-transfected and 

FLAG-C-FLIPL CDNA transfected PANC-2 cells treated with 300 ng/mL TRAIL for 

the times indicated. 
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Figure 3.7 (C) Western blot examination of caspase-8 cleavage in non-transfected, and 

FLAG-c-FLIPL cDNA and FLAG-c-FLIPs cDNA transfected PANC-2 cells treated 

with 300 ng/mL TRAIL for 3 h. 
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Figure 3.7 (D) Flow cytrometry analysis for subGl cells and cell cycle of transfected 

and non-transfected (Control) cells treated with 300 ng/mL TRAIL for 16 h. 
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Figure 3.7 (E) Flow cytometry analysis for mitochondrial membrane potential changes 

of transfected and non-transfected (Control) cells treated with 300 ng/mL TRAIL for 

16 h. 
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3.3. Discussion 

TRAIL has recently emerged as a novel cancer therapeutic agent because it 

selectively induces apoptotic cell death in human cancer over normal human cells. 

TRAIL-induced apoptosis occurs through the extrinsic DR4/DR5-mediated caspase-8 

caspase cascade and the caspase-8-initiated Bid-induced mitochondrial intrinsic pathways 

[37]. Several groups have shown that TRAIL-induced extrinsic and intrinsic apoptotic 

pathways do exist in human pancreatic cancer cell lines [7, 10] and patients' tumors [8]. 

However, these studies have further shown that these apoptotic pathways are inhibited in 

the majority of the human cancer cell lines [6, 10] and tumors [8]. Bcl-xL is highly 

expressed in pancreatic cancers [43] and inhibits the mitochondrial pathway [22], thus 

contributing to TRAIL resistance in pancreatic cancers. In this study, we show that the c-

FLIP inhibition of caspase-8 prevents the TRAIL-induced caspase-8-initiated extrinsic 

caspase cascade and intrinsic mitochondrial pathway in human pancreatic cancer cells. 

Although c-FLIP is constitutively expressed in normal cells, it is highly expressed 

in human cancers and thus is implicated in tumorigenesis [31]. The c-FLIP gene is 

expressed in two forms of protein: c-FLIPs which has two death effector domains and c-

FLIPL which contains two death effector domains and a caspase-8-like domain that lack 

caspase-8 catalytic activity [31]. Through the interaction of the death effector domains, 

FADD recruits c-FLIPL and c-FLIPs and caspase-8 to the DISC, where c-FLIPt and c-

FLIPs interact with caspase-8 and inhibit its cleavage in human glioma and melanoma 

cells [29, 30]. Here, we show that both c-FLIPL and c-FLIPs are highly expressed in 

TRAIL-resistant as compared with TRAIL-sensitive pancreatic cancer cells. Transfection 
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of c-FLIPL and c-FLIPs in the TRAIL-sensitive cells results in TRAIL resistance, 

whereas shRNA knockdown of C-FLIPL and c-FLIPs eliminates TRAIL resistance. This 

study is in keeping with a study of non-small cell lung carcinoma cells that found that 

selective knockdown of c-FLIPL sensitizes the resistant lung cancer cells to TRAIL [44]. 

Moreover, this study shows that inhibition of C-FLIPL and c-FLIPs facilitates TRAIL-

induced caspase-8 cleavage and mitochondrial activation in TRAIL-resistant pancreatic 

cancer cells. This result indicates that the c-FLIP inhibition of caspase-8 cleavage is the 

most upstream event in TRAIL resistance in human pancreatic cancer cells. 

The high activity of NF-KB in pancreatic cancers has been implicated in 

pancreatic cancer progression and resistance to therapies and is one of the clinical 

hallmarks for poor prognosis [23]. Recent studies have shown that NF-KB may contribute 

to TRAIL resistance through the up-regulation of Bcl-xL [11] and XIAP [13-15] and c-

FLIP [45]. Recent studies have further shown that TRAIL activates NF-KB in pancreatic 

cancer cells [24, 25]. TRAIL-induced activation of NF-KB requires the recruitment of 

RIP and IKK to the DISC, leading to the phosphorylation of I-KB and activation of N F -

KB [27, 28]. Inhibition of either I-KB [15, 25], NF-KB p65 subunit [24] or RIP, as 

demonstrated in this study, eliminates TRAIL resistance in pancreatic cancer cells. These 

studies indicate that targeting of the proteins in the NF-KB pathway may provide a 

therapeutic approach that can overcome TRAIL resistance in pancreatic cancer cells. 
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Chapter 4: 

Targeted Quantitative Mass Spectrometric 

Identification of Proteins Differentially Expressed 

between Bax Positive and Bax Deficient Colorectal 

Cancer Clones 

A version of this chapter will be submitted for publication to Journal ofProteome 

Research 
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4.0 Introduction 

Bax was identified in 1993 as a Bcl-2-interacting protein that promoted apoptosis 

[1]. As a multi-domain protein, Bax contains three homologous domains (BH1, BH2, and 

BH3) and consists of a bundle of ohelices. These enable its localization and pore-

formation on the membranes of organelles, such as the mitochondrion and endoplasmic 

reticulum [2-4]. Bax can form homo-dimers with itself or hetero-dimers with other Bcl-2 

family proteins through the interaction of the BH3 domain [1, 5]. As a pro-apoptotic 

protein, Bax plays a crucial role in regulating cell survival and death. Based on data 

provided by gene ablation studies in mice, Bax deficient mice have been shown to have a 

developmental neuronal cell death defect [6]. Elevated Bax protein levels have also been 

found in neurons that undergo cell death during brain ischemia or after excitotoxic lesion 

with quinolinic acid [7, 8]. In the area of cancer treatment, cells from Bax deficient mice 

are resistant to various stimuli that kill cells via the mitochondria-dependent pathway, 

such as X-ray irradiation, DNA damage drugs, and agents inducing ER stress [9]. From a 

clinical perspective, marked elevations of Bax have been found in astrocytes from 

patients with HIV-induced encephalitis and in myocardiocytes from patients with 

myocardial infarctions [10, 11]. Moreover, patients with rhabdomyosarcoma with Bax 

expressing tumors were reported to have a longer overall survival [12]. During the 

conventional treatment of chronic lymphocytic leukemia, patients with higher Bax 

expression have shown better response [13]. High levels of Bax are also predictive of 

response in patients with chronic myeloid leukemia to imatinib treatment [14]. 

Consequently, Bax has emerged as a crucial prognosis biomarker and drug discovery 

target for the treatment of various diseases. However, the mechanisms by which Bax 
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regulates cell death, the pathways of Bax activation and suppression, and the interactions 

between Bax and other proteins remain largely unknown. 

Up to now, Bax was reported to usually localize in the cytosol and mitochondrion, 

but translocates to the mitochondrion under most apoptotic stimuli [9, 15]. In 

mitochondria, Bax regulates mitochondrial membrane potential (MMP) changes and 

promotes release of apoptogenic proteins, including Cytochrome c, Smac, and Apoptosis 

inducing factor (AIF), under apoptotic stimuli [16, 17]. However, the mechanism by 

which Bax regulates MMP changes is still controversial. It has been reported that Bax 

regulates MMP changes by forming a mitochondrial permeability transition (MPT) pore 

consisting of voltage-dependent anion channels (VDAC), adenine nucleotide translocase 

(ANT), and cyclophilin-D (CyP-D) [18, 19]. But the process by which Bax induces MMP 

changes has also been reported to be independent of the formation of MPT pores [20] and 

neither VDAC nor ANT are involved in this process [21-23]. An alternative model 

indicates that Bax along with lipid conspirators can release these apoptotic proteins from 

mitochondria without MPT pore formation or permanent disruption in the mitochondrial 

membrane [22, 24]. Moreover, Bax over-expression results in apoptosis in the absence of 

any stimuli, suggesting that Bax is sequestered by other proteins in the cytosol under 

normal conditions [25]. However, the binding partners of Bax in the cytosol are still 

unclear and other proteins that interact with or regulate Bax activation are still highly 

controversial. In order to gain insight into the relative protein profile differences between 

Bax positive and deficient clones, a quantitative mass spectrometric approach was used to 

identify and quantify proteins of interest. 
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Selective isotopic labeling protocols have been developed for identification and 

quantification in mass spectrometry experiments. Introduction of an isotopically enriched 

tag allows discrimination and relative quantification between two samples during an MS 

survey scan or an MS/MS fragmentation spectrum. Peaks from the same peptide appear 

in the same MS or MS/MS spectrum, but are separated by the mass difference of the 

isotope tags and have intensities related to their abundance. Previous work in our 

laboratory has shown the potential of dimethylation after guanidination (2-MEGA) 

protocol as a method to determine differentially expressed proteins from complex 

biological samples [26, 27]. In addition to determining proteins that interact with Bax, we 

wanted to evaluate the error rate and quantification accuracy of the 2-MEGA protocol. In 

order to increase confidence in the quantification results, the samples were analyzed 

twice. Initially, the Bax deficient clone served as the internal reference and was used to 

interrogate the wild type clone; in the second experiment the wild type clone was the 

internal reference and was compared against the Bax deficient clone. The internal 

reference was labeled using the light isotopic reagent, while the sample was labeled with 

the heavy isotopic reagent. When the same peptide was identified in both experiments, it 

was expected that the ratio between the heavy and light labeled peaks would be 

significantly greater than one in one system and significantly less than one in the 

complementary system. This two-sided study design has the potential to minimize errors 

from chemical noise which artificially increases the signal from one observed peak. If a 

quick comparison of the ratios reveals the same skewed value from both experiments, 

there is an overlapping peak and that candidate can be removed. 
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For this study, liquid chromatography matrix-assisted laser desorption ionization 

mass spectrometry (LC-MALDI MS) was used as an alternative to liquid 

chromatography electrospray ionization mass spectrometry (LC-ESI MS). By 

fractionating onto a MALDI plate, the data analysis and sample acquisition steps are 

decoupled. After a series of MS survey scans is performed, data analysis is used to 

identify peptides with matching characteristics, such as m/z ratio, chromatographic 

behavior, and relative expression level. After comparing neighboring fractions, MS/MS 

analysis was performed on selected peaks at a later time. Selection of reproducible 

candidates based on chromatographic conditions and confirmation of differential 

expression prior to MS/MS analysis may facilitate selection of lower abundance peaks in 

MS spectra. Other previous reports have shown the benefits of using LC-MALDI MS for 

"directed" quantitative analysis [28]. 

Taken together, we chose the Bax+/- and Bax-/- HCT 116 clones as the research 

model and used targeted-quantitative mass spectrometry to examine the differentially 

expressed protein profile between the two clones. By analyzing this profile, we drew a 

cellular signaling map for Bax interactions with other proteins to provide clues to the 

molecular basis by which Bax regulates apoptosis and a powerful reference list of Bax-

interacting proteins for the further research. 

4.1. Materials and methods 

4.1.1. Materials and antibodies 
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Recombinant soluble human TRAIL (amino acids 114-281) was purchased from 

PeproTech, Inc. (Rocky Hill, USA). The mouse antibodies used included: anti-caspase-8 

(MBL, Nagoya, Japan), anti-VDAC-1, anti-VDAC-2, anti-HSP70, anti-HSP90/3 (Santa 

Cruz Biotechnology), anti-MRP 1 (StessGen), and anti-cytochrome c (BD Bioscience). 

The rabbit antibodies used included anti-caspase-9 (Cell Signal), anti-caspase-3, anti-

HSP90a (StressGen), anti-MIF, and anti-14-3-3 theta (Santa Cruz Biotechnology). The 

goat antibodies included anti-HSP60 (StessGen), anti-peroxiredoxin, and anti-LRP130 

(Santa Cruz Biotechnology). Horseradish peroxidase conjugated goat anti-mouse, donkey 

anti-goat, and goat anti-rabbit antibodies were from Jackson IR Labs (West Grove, USA). 

LC-MS grade water, acetonitrile, and methanol were purchased from Fisher Scientific. 

LC-MS grade trifluoroacetic acid was purchased from Fluka. Isotopically enriched 

formaldehyde (13CD20) was purchased from Cambridge Isotope Laboratories (Andover, 

MA). Sequencing grade modified trypsin was purchased from Promega (Madison, WI). 

MG132 was purchased from Calbiochem (Darmstadt, German). All other chemicals used 

were of analytical grade and purchased from Sigma-Aldrich, unless otherwise indicated. 

4.1.2. Cell cultures, cell viability and apoptosis assay 

The human HCT116 Bax+/- and Bax-/- clones were cultured in McCoy 5 a 

medium (Invitrogen) supplemented with 10% FBS, and 1% antibiotics. For cell viability 

assay, the HCT116 Bax+/- and Bax-/- cells were collected by centrifugation (300 g for 5 

min) and the pellet was resuspended in culture medium. The monolayered cells (2xl04 

cells/100 pX) were replanted in each well of 96-well plate and cultured overnight and 

then treated with different doses of TRAIL. After incubation, cells were washed once 
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with 100 jxL PBS. Cell death was determined by an acid phosphatase assay. Briefly, 100 

uL buffer containing 0.2 M sodium acetate (pH 5.5), 0.2 % (v/v) Triton X-100 and 20 

mM/?-nitrophenyl phosphate were added to each well. The plates were placed in a water-

jacketed incubator at 37 °C for 2 h. The reaction was stopped by the addition of 10 uL 

1M NaOH to each well and the color developed was measured at 405 nm, using a 

microplate reader (Bio-Rad). 

4.1.3. Western blot analysis 

Cells in culture were harvested and lysed in 20 mM Tris-HCl (pH 7.4) containing 

150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM 

phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma). The lysed cells 

were centrifuged at 20 000 g for 15 min and the supernatant was collected. Protein 

concentrations in the supernatant were determined by the BCA assay following the 

manufacturer's protocol (Bio-Rad). Equal amounts of protein were separated on SDS-

PAGE gels, transferred onto Immunoblot membranes (Bio-Rad) and detected with 

enhanced chemiluminescence (ECL) reagents (Amersham Biosciences, Piscataway, 

USA). 

4.1.4. Targeted LC-MALDI-MSMS analysis with 2-MEGA labeling 

4.1.4.1. Cell Lysis and Protein Digestion 

Cells were lysed using a French press at 35 000 psi with two passes into PBS. 

Proteins were precipitated by adding four parts acetone (v/v) and chilled overnight at -80 
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°C. Samples were centrifuged at 3 900 g for 60 minutes at 4°C. The supernatant was 

removed and discarded. Protein pellets (~7 mg) were solubilized using 1% SDS before 

dilution to 0.1% SDS. Ammonium bicarbonate was added to a final concentration of 100 

mM, followed by addition of dithiothreitol and iodoacetamide to reduce and 

carbamidomethylate cysteines and digestion by trypsin in a 1:30 (w/w) ratio. 

4.1.4.2. Desalting 

Samples were desalted and quantitated using reversed-phase liquid 

chromatography using 0.1% TFA and 4% acetonitrile in water as solvent A and 0.1% 

TFA in acetonitrile as solvent B. The following gradient program was used (time in mins., 

% B): 0.00, 0%; 5.00, 0%; 5.01, 90%; 10.00, 90%; 15.00, 0%; 25.00, 0 % B. The flow 

rate used was 1.0 mL/min using a 4.6 mm i.d. x 50 mm C\% 3/mi particle size column 

(Varian). Samples were quantitated by using their absorbance at 280 nm. 

4.1.4.3. 2-MEGA Isotopic Labelling 

Peptides were labeled using the 2-MEGA labeling method [26, 27]. In brief, 

samples were adjusted to pH 11 using 2M NaOH and 6M O-methylisourea was added. 

Samples were heated to 65 °C for 25 minutes to guanidinate the lysines. The pH of the 

solution was adjusted with 10% TFA to approximately pH 7. Formaldehyde (4%, v/v) 

and sodium cyanoborohydride (1M) were added to dimethylate the N-termini. Light 

chain labeling was performed using a 4% formaldehyde solution prepared by dilution of 

37% formaldehyde. Heavy chain labeling was performed using a 4% formaldehyde 

solution prepared from 13CD20. Samples were then desalted and quantitated as described 
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previously. Post-quantitation, heavy chain labeled Bax +/- was mixed with light chain 

labeled Bax -/- (AHBL) in a 1:1 ratio based on the total peptide content by weight. 

Similarly, light chain labeled Bax +/- was mixed with heavy chain labeled Bax -/- (AJJBH). 
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4.1.4.4. Strong Cation Exchange Chromatography 

Labelled peptide mixtures were separated by strong cation exchange 

chromatography using 50 raM KH2P04 (pH 2.8) as solvent A and 1M KCl in 50mM 

KH2PO4 (pH 2.8) as solvent B. The following gradient program was used (time in mins., 

% B): 0, 0%; 7, 0%; 8, 3%; 36, 14%; 44, 20 %; 49, 30%; 53, 50%; 58, 50 %; 60, 0%; 70, 

0%. Fractions were collected for one minute from 17 to 71 minutes, then desalted and 

quantitated using the previously described method. Fractions were pooled together to 

form ~10 fig samples. 

4.1.4.5. Online LC-MALDIMS 

Fractions were separated and analyzed by LC-MALDI MS using a homemade 

LC-MALDI interface. Approximately 10 jUg was separated on a 1.0 mm i.d. x 150 mm C% 

column and directly spotted online to a homemade 400-well MALDI plate. 0.1% TFA 

with 4% ACN in water was used as solvent A and 0.1 % TFA in ACN was used as solvent 

B. The following gradient program was used (time in mins., % B): 0, 0%; 19, 0 %; 20, 

5%; 145, 30%; 156, 40%; 175, 45%; 180, 0%; 185, 0%. 20 s fractions were collected 

from 40 to 174 minutes. MALDI wells were spotted with 0.6 /xL of 0.6 pLg/fiL 2,5-

dihydroxybenzoic acid solution in 50:50 methanol/water and allowed to dry. In using 

similar chromatographic behavior and mass-to-charge ratio as parameters to identify 

reproducibly differentially expressed peptides, consistent experimental conditions were 

necessary. HPLC mobile phases were prepared in large-scale batches and stored at 4 °C 

over the duration of the study period. Corresponding pooled SCX fractions were run on 
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the LC-MALDI on consecutive days in order to account for variations in the mobile 

phase over time. 

4.1.4.6. MS Analysis and Targeted MS/MS Analysis 

MS spectra were taken with an Applied Biosystems/MDS Sciex QSTAR XL. MS 

spectra were analyzed to determine peaks with a minimum signal-to-noise ratio of eight 

using ProTSData software. Peaks were further classified as pairs if a second peak was 

found with a mass difference of 6.032 ±0.10 Da, corresponding to the difference in mass 

of the light and heavy chain labeling. Pairs with a relative difference greater than 1.50 or 

less than 0.67 were placed into a 'pairs reference list'. Unpaired peaks with a signal-to-

noise ratio greater than 15 were placed into a 'peaks reference list'. As different pooled 

fractions were run, the reference lists were matched against one another to identify peaks 

found under similar chromatographic conditions (±3 min in RPLC retention time, ±2 

SCX fractions, and ±0.2 Da in m/z ratio). If a pair was found in both reference lists 

within the reference criteria it was selected for targeted MS/MS analysis. The analysis of 

the unpaired peaks was performed in the same way, requiring the same chromatographic 

conditions and the presence of an unpaired peak with mass difference ± (6.023 ± 0.2 Da) 

in the complementary system. 

4.1.4.7. MASCOT Database Search and Data Analysis 

Candidate pairs and peaks were run using automated MS/MS via an inclusion list. 

Spectral data were searched using MASCOT with the following parameters: taxonomy: 

Homo sapiens (human); enzyme: trypsin; missed cleavages: 2; fixed modifications: 
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guanidination (K) and carbamidomethylation (C); MS tolerance: 0.2 Da; MS/MS 

tolerance: 0.1 Da. Additional parameters included a modified ESI-QUAD-TOF ion 

fragmentation series that permitted a-type ions. Data were searched twice; first selecting 

the light isotope modification (+C2H4, +28.0313 Da, N-term) and then selecting the 

heavy isotope modification (+13C2D4, +34.0631 Da, N-term) to identify peaks with either 

labeling chain. 

Peptide and protein identification data was extracted from the MASCOT files 

using homemade software (ProteinExtractor). Relative ratios for the identified peptide 

pairs were taken from the ProTSData output. In cases where the peptide eluted over 

multiple reversed-phase fractions, the fraction containing the highest intensity of the 

peptide peak was used. When a peak identified did not have a pair, its relative ratio was 

taken as its signal-to-noise ratio divided by eight (the maximum signal-to-noise ratio 

possible for the unobserved peak). 

4.1.4.8. Protein-Protein Interaction Networks Analysis Using Human Interactome Map 

(HiMAP) and Metacore 

HiMAP and Metacore were used to map the differentially expressed proteins into 

biological networks. Differentially expressed proteins were converted into appropriate 

gene symbols and uploaded into both HiMAP and Metacore for analysis. The protein-

protein interaction analysis was based on literature-confirmed interactions from the 

Human Protein Reference Database, yeast-two-hybrid-defined interactions, and predicted 

interactions generated by a Bayesian Analysis. For network analysis, two algorithms 

were used: 1) the sparse interaction algorithm to map direct protein-protein interactions 
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among differentially expressed proteins; 2) the bridge interaction algorithm to map 

shortest path for interaction. 
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Figure 4.2. Workflow of the 2-mega labeling quantitative mass spectrometry 
analysis. 
HCT116 Bax+/- (A) and Bax-/- (B) were separately lysed, digested with modified 
trypsin, and chemically labeled with heavy chain (H) and light chain (L) isotopic 
labels. After desalting all four samples, AHBL and ALB H were mixed in a 1:1 ratio 
followed by SCX separation. Pooled SCX fractions were analyzed with LC-MALDI 
MS and peaks were analyzed to determine matching results based on three parameters 
(m/z ratio, SCX retention time, RPLC retention time) to determine the MS/MS 
identification target lists. Automated MS/MS analyses were run on the candidates, 
followed by a MASCOT database search to identify differentially expressed proteins 
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4.2 Results 

4.2.1. Bax plays a crucial role in TRAIL-induced apoptosis pathway. 

The Bax-regulated mitochondria associated apoptotic pathway is involved in 

multi-stimuli induced cell death including traditional chemotherapeutic drugs, radiation, 

and death ligands. Here, we use TRAIL-induced apoptosis as an example. HCT116 colon 

cancer cell line and its Bax-/- clone were treated with TRAIL in a dose dependent manner 

with cell viability studies demonstrating that TRAIL killed the HCT116 cell line but not 

the Bax deficient clone (Fig 4.3.A). Contrast microscope images show that TRAIL 

induced a great portion of the apoptotic bodies formation in the wild type (Wt) HCT116 

clone but not in the Bax-/- clone (Fig 4.3.B). Western blots show cleavage of caspase-8 

and its downstream targets caspase-9 and caspase-3 in the Wt HCT116 cell line. In 

contrast, only cleavage of caspase-8, but not caspase-9 and caspase-3, was detected in the 

Bax-/- clone (Fig 4.3.C). This result demonstrates that TRAIL-induced apoptosis is 

inhibited in the Bax-/- cells and that Bax plays a crucial role in the TRAIL-induced 

apoptosis pathway. Furthermore, Bax-regulation of apoptosis occurs downstream of 

caspase-8 at the mitochondrial level. Here, using the TRAIL-induced apoptosis model, 

we show that Bax is the crucial regulator in the mitochondria-associated apoptosis 

pathway. Moreover, to further explore the Bax-mediated apoptosis signal network by 

using targeted MS/MS analyses; we first validated the targeted MS/MS method through 

standard analysis. 
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Fig 4.3 TRAIL-induced apoptosis in Bax+/- and Bax-/- cells. (A) Bax plays a 
crucial role in the TRAIL-induced apoptosis pathway. HCT 116 Bax+/- and 
Bax-/- cells were analyzed via Western blotting for Bax expression levels, and 
treated with recombinant TRAIL for 24 h in the doses indicated and subjected to 
cell viability analysis. 
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Fig 4.3 (B) Bax+/- and Bax-/- HCT 116 clones were treated with 100 ng/mL 

TRAIL for 4 hours for microsope imaging and the detection of apoptotic bodies. 
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Fig 4.3 (C) Bax+/- and Bax-/- clones were treated with 100 ng/mL TRAIL for 

the times as indicated for Western blot analysis of the cleavage of caspase-8, 

caspase-9, Bid, and Caspase-3 with ERK1/2 as the loading control. 
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4.2.2. Method Validation of Quantitative MS Analysis using 2-MEGA 

To qualify the 2-MEGA labeling for quantification, a 1:1 mixture of cytochrome c 

and myoglobin was used as a test system to evaluate the confidence intervals for this 

study. The protein solution was digested with trypsin and half of the sample was labeled 

with the light chain modification and the other half with the heavy chain modification. 

The samples were desalted, quantified, and mixed in a lightheavy ratio of 2:1 and 1:2 to 

determine the experimental values. There are totally 20 peptides (12 from cytochrome c, 

and 8 from myoglobin) were identified. Ratios of 2.00 and 0.51 were observed in the two 

systems with an average coefficient of variation (CV) of 0.25. Based on the above results 

of the determined CV, the threshold for differential expression in our quantification 

experiment system was set at 1.50-fold, which represents two standard deviations and 

95% confidence in differential expression, assuming normality with the random error. 

4.2.3. Quantitative Mass Spectrometry Analysis using 2-MEGA 

HCT116 colon cancer cells and the Bax-/- cells were completely lysed by passage 

through a French press at high pressure and proteins were extracted by precipitating 

pellets with acetone, before re-solubilization with SDS. Samples were 

carbamidomethylated, digested with trypsin, and then simultaneously quantified and 

desalted. Both Bax+/- and Bax -/- digests were divided into halves and labeled using the 

2-MEGA protocol. Reaction with O-methylisourea at alkaline pH converted the e-amino 

side-chain of lysines into guanidino functionalities, introducing a +42.0218 Da 

modification. Subsequent dimethylation of the N-terminus of the peptides produced a 

+28.0313 Da modification with regular formaldehyde (CH20) and a +34.0631 Da 
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modification when isotopically enriched formaldehyde (13CD20) was used. If the same 

peptide was present in both samples, it would be identified in the MS scan as a pair of 

peaks with a mass difference of 6.032 Da. If the peptide was only present in one of the 

two samples, a single, unpaired peak would be observed. Identification of the peptide 

using MS/MS determined which modification was present on its N-terminus and 

therefore which sample it was originally from. All of the labeled digests were quantified 

and desalted to facilitate accurate 1:1 mixing. The Bax +/- heavy chain samples were 

mixed with the Bax -/- light chain samples and vice versa. Peptide mixtures were 

separated by SCX chromatography, desalted, quantified, and pooled. Pooled fractions 

were separated onto a homemade 400 well MALDI plate using an online LC-MALDI 

interface, followed by an MS survey scan [29]. 

4.2.4. MS and MS/MS Analysis 

Pairs with relative ratios greater than 1.50 or less than 0.67 were selected for 

inclusion onto a reference list. Peaks with S/N ratio greater than 15 were also placed onto 

an inclusion list for comparison against other peaks from the corresponding system. As 

pooled fractions were run, the reference lists for the pairs were compared against one 

another to determine differentially expressed peptides in both labeling systems. The 

conditions for a "matched" peptide pair were based on typically observed limits for 

reproducibility in our laboratory (±3 mins in RPLC retention time, ± 2 SCX fractions, 

and ±0.2 Da in mass). Identified pairs were then analyzed by MALDI MS/MS. The peak 

reference lists were analyzed in a similar fashion using the same chromatographic 

retention conditions, but with the requirement that the mass-to-charge ratio of the second 
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peak was ± (6.023 ± 0.100) Da. Since a heavy chain labeled peptide found in one system 

would be found as a light-chain labeled peptide in the complementary system, this m/z 

restriction was used to increase confidence in the peak matches. The peaks were analyzed 

automatically by MALDI MS/MS via use of an inclusion list. Identified peptides from 

MASCOT were combined with quantification data from ProTSData to determine 

quantification values. From the list of identified peptides, the minimal list of protein 

accounting for all of the identified peptides was generated. Ratios for identified peaks 

were calculated by dividing the peak's signal-to-noise ratio by eight, the maximum height 

possible for the absent paired peak. 

4.2.5. Quantitation and Identification Analysis 

Overlaid MS spectra identified as HELQANCYEEVK from cofilin-1 in the ALB H 

and AHBL systems are shown in Fig 4.4.A. The figure shows the relative ratio observed in 

the AHBL system (Light/Heavy = 2.65) and the corresponding change in the 

complementary ALB H system (Light/Heavy = 0.48). In both cases, the Bax -/- clone (the 

"B" portion of the systems) shows relative over-expression by approximately 2.4-fold in 

both systems. The MS/MS spectra for identification of heavy-chain labeled 

HELQANCYEEVK are shown in Fig 4.4.B. Moreover, overlaid MS spectra identified as 

ISSIQSIVPALEIANAHR from HSP60 are shown in Fig 4.4.C and 4.4.D. Consistent 

ratios between the AHBL system (0.23) and ALBH system (2.33) were observed which 

indicated the down-regulation of HSP60 in the Bax-/- clone. 

The figure highlights the advantages of using MALDI instead of electrospray in 

the study design. While peptide ISSIQSIVPALEIANAHR was found in the same SCX 
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fraction, it was found in two slightly different reversed-phase fractions; conversely, the 

peptide, HELQANCYEEVK, while present in the same reversed-phase fraction, was 

found in neighboring SCX fractions. Overlaying the MS survey scans for these identified 

peaks shows the expected reversed ratios between the light and heavy isotope labeled 

samples in the complementary systems. By fractioning onto MALDI plates, samples are 

"stored" on plates while the data analysis can be performed to find peptides that may vary 

slightly in their m/z ratio or chromatographic behavior, but are similar enough to be 

considered matches. In contrast, samples run with electrospray ionization are consumed 

during analysis, so identifying candidates subject to the same parameters would require 

re-running the same sample several times. 

Since the mass-to-charge ratio difference and chromatographic behaviors of 

matched pairs were sufficiently stringent conditions, peptide pairs were considered 

identified if any of the four constituent peaks were identified. Approximately 69% (123 

out of 179) of peptides identified from the pairs data were identified by at least two 

MS/MS scans scoring above the identity threshold. While most pairs showed 

qualitatively correct ratios (increasing in one system and decreasing in the complement), 

four pairs were found with the same direction in both systems. Two of the pairs were 

found to be overlapping with other peaks and were discarded after manual data analysis. 

There was no clear rationale for why the other two pairs were incorrect and are likely due 

to random error or chemical noise. When comparing across both runs, 84% of the peptide 

pairs (150 out of 179) had relative errors of less than 50%, with the average relative error 

for all pairs peptides being 28%. 
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Similarly to the pairs, the single peaks were considered positively identified if 

either matched peak was found to score above identity. After manual data checking, 

twelve peptides scoring above the identity threshold from the peaks data were found to be 

from misidentified pairs and were discarded. This is likely due to an error with the 

software used to determine the peaks and pairs which occasionally included observed 

peaks as both a pair and an unpaired peak. Of the remaining positively identified 133 

peptides, 85 (64%) were identified in only one system with 48 (36%) positively identified 

in both systems. While the majority of the peak values are within a 50% relative error of 

each other (94 out of 133; 71%), the average relative error is larger than with the pairs 

(38% vs. 28%). There is also a larger percentage of peptides with a relative error greater 

than 50% in the peaks versus the pairs (29% vs. 17%). A total of 312 unique peptides 

were identified from the pairs and peaks data to generate a list of 199 unique 

differentially labeled proteins categorized by various protein functions. (Supplementary 

Table 1). 
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Fig 4.4 (A) Overlaid MS spectra of light chain (1589.7 Da) and heavy chain 

(1595.7 Da) HELQANCYEEVK from cofilin 1. The paired peaks show the 

expected 6.023 Da mass difference from the light and heavy chain peaks. 

Consistent ratios between the A H BL and ALB H systems (AHBL: 2.65 and ALBH 

0.48) were found, indicating the up-regulation of cofilin 1 in the Bax -/- clone. 
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Fig 4.4 (C) Overlaid MS spectra of light chain (1947.1 Da) and heavy chain 

(1953.1 Da) from HSP60 with the characteristic 6.023 Da difference. Consistent 

ratios between the AHBL system (0.23) and ALBH system (2.33) were found, 

indicating down-regulation of HSP60 in the Bax -/- clone. 
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4.2.6. Analysis of interaction network of proteins differentially expressed between WT 

and Box-/- HCT116 clones using HiMAP 

To explore possible interactions among differentially expressed proteins identified 

by 2-MEGA labeling and the targeted MS approach, these 199 proteins were analyzed by 

searching literature and the Swiss-Prot database for various protein functions and protein-

protein interactions. Among these proteins, 57 differentially expressed proteins involved 

in the processes of apoptosis, cell cycle regulation, DNA repair, stress regulation, 

detoxification, drug resistance, protein modification, and cellular signaling were selected 

to be analyzed with HiMAP and Metacore [30] (Table 1). Thirty of these proteins were 

connected using the sparse interaction algorithm, which connects proteins based on direct 

known or predicted interactions (Fig 4.5.A). Using the bridge path algorithm, which 

allows intermediary proteins to map short paths of interaction, 46 of the 57 differentially 

expressed proteins of these proteins were brought together in the network (Fig 4.5.B). 

Among these proteins, four groups of valuable proteins, including MPT channel proteins, 

heat shock proteins, Bax-regulator proteins, and oxidative stress triggered proteins, were 

found differentially expressed between Bax+/- and Bax-/- clones (Table 2). These data 

indicate that Bax functions not only as an apoptotic signal executor by modulating the 

damage of mitochondria membrane potential, but also as a regulator for different cellular 

networks which affect the expression level of other proteins. 
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HSPD1 
CCT7 

PPIB 

HSPA5 

G22P1 

Fig 4.5 Biological network analysis of differentially expressed proteins between 

Bax+/- and Bax-/- HCT116 clones using the HiMAP mapping tool. (A) The 

network was generated using direct connections to map interactions between the 

57 apoptosis-related proteins identified from the quantitative MS analysis. 
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Fig 4.5 (B) The network was generated using the bridge algorithm to map 

interactions between the 57 apoptotic proteins identified from quantitative MS 

analysis. Large red circles denote identified differentially expressed proteins, 

whereas small yellow circles denote bridged proteins. Gene names are given in 

Supplementary Table 1. 
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4.2.7. Validation of selected differentially expressed proteins by Western blot analysis 

Eight of the proteins differentially expressed in the current study were subjected 

to biological validation by Western blot analysis: VDAC1, VDAC2, 14-3-3 theta, 

macrophage migration inhibitory factor (MIF), HSP70, HSP90/3, HSP60, and leucine-rich 

PPR motif-containing protein (LRP130). Since the major function of Bax is involved in 

apoptotic cell death, most of these proteins were selected because of their involvement in 

apoptotic signaling pathways. HSP90/3 was selected because several peptides were found 

with contradictory expression levels. VDAC1, VDAC2, 14-3-3 theta, MIF, HSP70, 

HSP60, and LRP130 were found to be down-regulated, which is qualitatively consistent 

with the mass spectrometric data. HSP90/3 was found to be down-regulated in the Bax-/-

clone (Fig 4.6A). 
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Fig 4.6 (A) Validation of selected differentially expressed proteins between 

Bax+/- and Bax-/- clones by Western blot analysis. Bax+/- and Bax-/-

HCT116 clones were examined by Western blotting for the expression of 

VDAC-1, VDAC-2, 14-3-3 theta, MIF, HSP60, HSP70, HSP90& and 

LRP130 with ERK1/2 as the loading control. 

162 



4.2.8. Proteasome inhibition effects on expression levels of selected differentially 

expressed proteins 

Since the down-regulation of protein expression level primarily comes from the 

degradation of the targeted protein by the ubiquitin proteasome system, Bax-/- cells were 

treated with a low dose of proteasome inhibitor, MG132, in the time courses, followed by 

Western blot analysis of the eight validated down-regulated proteins. The expression 

level of VDAC-2, 14-3-3 theta, MIF, and HSP70 were found to be restored after MG132 

treatment (Fig 4B) while no significant expression level changes in the other four 

proteins were observed. 

Proteins were down-regulated, either because of the decrease of the target gene 

expression, or because these proteins are degraded at the protein level by the proteasome 

system. Since Bax is not a transcription factor, the degradation of these identified 

proteins in the Bax-/- clone may be the major cause for the down-regulation. To confirm 

this phenomenon, we used a proteasome inhibitor to treat the Bax-/- cells. Once the 

proteasome system was inhibited, certain crucial down-regulated proteins, including 

VDAC-2, 14-3-3 theta, HSP70, and MIF, were observed to be up-regulated. These data 

indicate that Bax interacts with these proteins and affects the stability of these proteins, 

and once Bax was knocked off, these proteins were degraded by proteasome system. 
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Fig 4.6 (B) The expression of VDAC-2, 14-3-3 theta, MIF, HSP70 were 

detected in the Bax-/- HCT116 clone treated with 0.1 uM MG132 for the 

indicated time with ERK1/2 as the loading control. 
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4.3. Discussion 

Bax plays a crucial role in multiple processes, including cell cycle regulation, 

stress regulation, detoxification, and especially apoptosis. In previous reports, Bax-/- cells 

are resistant to multiple stimuli-induced apoptosis, including radiation, and DNA damage 

drugs. In our research, even though Bak and other apoptotic factors remain the Bax-/-

clone is still completely resistant to TRAIL-induced apoptosis. These reports and data 

indicate that Bax not only works as an apoptotic executor but also regulates different 

cellular processes by interacting with other proteins. To further investigate these 

interactions, we used a targeted-quantitative MS method to identify the differentially 

expressed protein profile between Bax+/- and Bax-/- clones. 

4..3.1. Study Design Rationale 

With the vast majority of proteins remaining generally unchanged, a targeted 

mass spectrometric approach was desired to selectively analyze only differentially 

expressed proteins. The two-sided study design was chosen to minimize quantification 

inaccuracies resulting from spectral sampling during MS analysis (random error) and 

potentially identify low abundance peptides. Due to the overall complexity of most 

biological samples, even simple shotgun proteomics identification experiments can have 

a significant degree of variability in terms of the peptides and proteins identified. 

Although this study design effectively doubles the instalment time used, the increased 

reliability in the identification and quantification data determines genuine changes in the 

Bax+/- and Bax-/- proteome profiles by applying stringent conditions for both 

identification and quantification. The 2-MEGA protocol was selected since it: 1) is a 
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global mass-tagging strategy for quantification by MS; 2) uses MS-based quantification 

that allows candidate selection prior to sequencing; and 3) is readily amenable with LC-

MALDI for cross-system comparison. Fig 4.4. shows the advantage of using the two-

sided experimental design to confirm quantification values. Although the candidate peaks 

were selected using data analysis software, overlaying MS spectra from complementary 

systems allows facile manual confirmation of differential expression in peptide pairs. 

This provides a simple check to determine that the peptides have similar retention 

behavior and that the quantification accuracy has not been compromised by neighboring 

peaks. 

4.3.2. Kinetic Isotope Effect and LC-MALDI Fractionation 

Reliable quantification from MS scans is complicated by differing elution profiles 

arising from the kinetic isotope effect and the online fractionation process of LC-MALDI. 

Even in cases where the kinetic isotope effect is small, high abundance peptides will elute 

over multiple consecutive fractions. For pairs and peaks eluting over multiple fractions 

(SCX, RPLC, or both), the pair or peak with the highest intensity in the MS survey scans 

was selected as the ratio for that peptide. It was found that there was no advantage 

between using the aforementioned method versus weighting the ratios with the observed 

intensities over multiple fractions. Since the kinetic isotope effect from the dimethylation 

is between 1 and 3 seconds and the peak width for most peptides in RPLC is -15 seconds, 

the overall elution profiles are quite similar. Any variation from the kinetic isotope effect 

is effectively reduced by the fractionation process in LC-MALDI which averages peptide 

elution over 20 seconds. 
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4.3.3. Accuracy of Pairs versus Peaks 

It was found that the quantification values of peaks between the systems were 

likely to be less consistent than the pairs values. Quantification with a single peak is 

equivalent to quantfication using its absolute intensity, since the signal-to-noise ratio of 

the unobserved pair is conservatively assumed to be a fixed value of eight. Since absolute 

signal reproducibility in the MS of complex mixtures is low, comparison across two 

different sample spots in two different systems may lead to large differences in calculated 

expression. Despite these confounding factors, 39 out of 39 peaks with a relative error 

greater than 50% had an observed differential expression level of at least three fold in one 

system and often had at least a two fold change in expression level in both systems. As 

such, there is still a high degree of confidence in the general expression trend observed, 

but exact confidence intervals in the peaks data are difficult to estimate. 

4.3.4. Reproducibility 

Quantification reproducibility, measured as the relative error for matched 

pairs/peaks across both systems, was found to deteriorate under certain conditions. First, 

in cases where one peak is significantly higher than the other, quantification values were 

skewed towards higher values. Since the peak selection algorithm calculates the baseline 

using a rolling average of data points, a relatively high abundance peak artificially 

increases the calculated baseline at the nearby corresponding pair, ultimately reducing the 

signal-to-noise ratio of the lower intensity peak. The overall qualitative nature of the data 

from both the pairs and peaks quantification data are generally internally consistent, with 

only two cases where the ratios in both experimental systems were contradictory after 
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manual data analysis. With improvements in peak picking software, the manual data 

analysis step could be minimized. In both the pairs and peaks data, greater than threefold 

relative changes in expression levels can be difficult to quantify exactly, but are simple to 

identify with a high degree of discrimination. 

Overall, the data present a consistent profile of the differentially expressed 

proteins between the Bax+/- and Bax-/- clones. The confirmation of eight candidates by 

Western blot analysis increases confidence in the quantification results. Seven of the 

proteins (VDAC1, VDAC2, 14-3-3 theta, MIF, HSP70, HSP60, and LRP130) which 

were predicted to be down-regulated were clearly observed to be down-regulated in the 

Western blots. HSP90/3 was believed to be down-regulated in the Bax-/- clone from the 

mass spectrometry results, and was shown to be down-regulated via the Western blot 

results. The contradictory values for HSP90/? arise from sequence similarity between 

various proteins in the heat shock family. Since most of the peptide ratios were down-

regulated, especially those unique to HSP90/3, the predicted down-regulation is 

considered consistent with the Western blot result. 

4.3.5. Bioinformatic analysis of expressed proteins differently between Wt and Bax-/-

HCT116 clones 

The 199 identified differentially expressed proteins were categorized by known 

functions, such as apoptosis, cell cycle regulation, DNA repair, and stress regulation by 

searching previous reports and literature from Pub-Medline and the ExPASY Proteomics 

Server. Of the 56 classified proteins (Table 2), 47 were connected using HiMAP and 

Metacore; some of the key groups are highlighted (Fig 4.7). 
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Fig 4.7 Bioinformatic analysis of four key groups of proteins expressed 

differentially between Bax+/- and Bax-/- clones. Four crucial groups of 

differentially expressed proteins were analyzed by using a shortest pathway 

algorithm with the Metacore program. 

169 



4.3.5.1. VDAC1, VDAC2, Glyceraldehyde-3-phosphate dehydrogenase (GADPH), and 

cytochrome c 

Bax has been reported to be required for the release of apoptotic factors, such as 

cytochrome c, from mitochondria by changing MMP in response to various stimuli. 

However, it remains largely unclear how Bax promotes mitochondrial membrane 

permeabilization. The most widely accepted possibility is that Bax interacts with 

VDAC1/ANT and cyclophilin-D to form an MPT, through which cytochrome c, Smac, 

apoptosis-inducing factor (AIF), and DIABLO are released to the cytosol to activate 

downstream caspase-dependent and caspase-independent cell death pathways [31, 32]. 

There are also other reports indicating that VDAC is not indispensable for Bax-driven 

cell death [21]. An alternative possibility is that the translocation of Bax to mitochondria 

induces a non-specific lipid pore which is associated with mitochondrial membrane 

fission and fusion [33-35]. It was found that MPT channel proteins, including VDAC1 

and VDAC2, and an MPT-associated apoptotic factor, cytochrome c, were down-

regulated more than 2-fold in the Bax deficient clone. Since proteasome inhibitor restores 

the decreased VDAC2 level in the Bax deficient clone, Bax knock off may affect the 

stability of VDAC2 by proteasome system (Fig 4.6B). These data indicate that Bax 

deficient cells become resistant to most apoptotic stimuli, not only because of the loss of 

Bax, but also due to down-regulation of MPT channel proteins that control their apoptotic 

potential. Moreover, once GADPH [36], a VDAC1 interacting partner, was up-regulated 

in the Bax-deficient clone, its interacting proteins, including phosphoglycerate kinase 1 

(predicted interaction), Protein SET [37], and 26S proteasome non-ATPase regulatory 
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subunit 11 (yeast two-hybrid dataset) were down-regulated by negative feedback 

regulation (Fig 4.5.A). 

4.3.5.2. DNA-PKcomplex, MIF, and 14-3-30 

It was also determined that KU70, KU86, and PRKDC were found to be down-

regulated more than 2.5-fold in the Bax deficient clone. These three proteins have been 

reported to form the DNA-dependent protein kinase complex (DNA-PK) which could 

associate with and promote KU70 to move into the nucleus, releasing Bax to be activated 

in the cytosol under various apoptotic stimuli [38-43] (Fig 4.5A). Once the DNA-PK 

complex is down-regulated in the Bax deficient clone, its DNA-binding regulatory 

component, high mobility group protein Bl (HMGB1), was also down-regulated (Fig 

4.5A) [44]. As the Bax regulator, the down-regulation of these proteins may come from 

the negative feedback in the Bax deficient clone. 

MIF, a pro-inflammatory cytokine, has been reported to inhibit apoptosis by 

inhibiting MMP changes [45]. Here, we found that MIF was down-regulated more than 

2-fold in the Bax deficient clone. Another Bax-regulator, 14-3-30, previously reported to 

directly bind to Bax [46, 47], has also been identified as a down-regulated protein in the 

Bax deficient clone. Although 14-3-3e, 14-3-3 £ and 14-3-3cr have also been reported to 

directly bind to Bax, they were not identified in the study [48]. Both MIF and 14-3-30 

have been reported to interact with Bax to inhibit Bax-driven cell death. Proteasome 

inhibitor restored the MIF and 14-3-30 expression level in the Bax deficient clone (Fig 

4.5B), which indicates that as a downstream molecule of MIF and 14-3-30, Bax can 

regulate the stability of these up-stream regulators via the proteasome system (Fig 4.6B). 
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Once Bax was knocked out, these proteins were down-regulated by the increased level of 

degradation. 

4.3.5,3. HSP60, T-complex protein-1 (TCP-1), HSP70, HSP90a, HSP90& and C-myc 

promoter-binding protein (MBP-1, ENOl) 

HSP60 has anti- as well as pro-apoptotic roles. Hsp60 has been found to inhibit 

cell death by sequestering Bax, thereby preventing its translocation to the mitochondrial 

membrane [49]. Conversely, HSP60 has been reported to drive the maturation of caspase-

3 in mitochondria and thus promotes apoptosis [50]. TCP-1, containing the chaperone of 

the HSP60, may be specifically adapted to folding actin and tubulins [51]. TCP-1 and 

HSP60 were identified to be both down-regulated in the Bax deficient clone. Five of the 

seven TCP-1 subunits (a, P, 5, 8, r\, a, and 0 ) were identified to be down-regulated in 

the Bax deficient clone. These data suggest that TCP-1 may interact with Bax with its 

shared chaperonin with HSP60 and the interaction of Bax with TCP-1 affects the stability 

of this protein. Similarly to HSP60, other heat shock protein family members, including 

HSP70, its interaction protein HSP70 interaction protein (Hip), HSP90a, and HSP90/3, 

were found to be differentially expressed in the Bax deficient clone. Although there are 

some controversial data in peptide level quantification (Table 1), Western blotting results 

clearly indicate the down-regulation of HSP70 and HSP90/3 in the Bax deficient clone 

(Fig 4.6A). Both HSP70 and HSP90 are mostly anti-apoptotic by inhibiting the 

translocation of Bax and the downstream apoptosome complex formation [52, 53]. Even 

though these three heat shock proteins, including HSP60, HSP70, and HSP90, are closely 

involved in regulation of the mitochondria-associated apoptotic pathway, there is no 
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evidence of their direct interaction with Bax. Protcasome inhibitor restored the HSP70 

level in the Bax deficient clone which indicates that the down-regulation of HSP70 may 

come from the increased degradation level of HSP70 in the Bax deficient clone. 

Moreover, based on the Metacore analysis, the down-regulation of HSP60, HSP90 or 

even HSP70 may come from the decreased transcription of these HSPs caused by the 

inhibition of c-Myc function in the Bax deficient clone (Fig 4.7) [54]. Although the 

down-regulation of c-Myc was not directly observed in our study, the MBP-1 (ENOl) 

which is the crucial repressor of c-Myc promoter [55], was found up-regulated more than 

two fold in the Bax deficient clone (Fig 4.7). These data indicate that Bax knock off up-

regulates the MBP-1, which in turn represses the transcriptions of HSPs regulated by c-

Myc. MBP-1 was also reported to induce apoptosis by activating caspase-3, caspase-9 

and PARP cleavage. It was found to interact with Bcl-2 family proteins since exogenous 

expression of Bcl-2 blocked MBP-1 mediated apoptosis [56] and expressing MBP-1 

reduced the expression of Bcl-xL [57]. It suggests that increased MBP-1 expression may 

be needed to block free Bcl-xL, once the ratio of Bcl-xL/Bax was in balance in the Bax 

deficient clone. 

4.3.5.4. Peroxiredoxins, Pyruvate kinase, S100A6, and Annexins 

Peroxiredoxins (Prx) are a family of multifunctional antioxidant peroxidases that 

have various functions, including cellular protection against oxidative stress, modulation 

of intracellular signaling cascades, and regulation of cell proliferation. In the current 

study, two members of the peroxiredoxin family, pcroxiredoxin-1 and -5, were found 

down-regulated in the Bax deficient clone. Peroxiredoxins function as antioxidant 
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enzymes, especially Prx 1 which interacts with the oncogene products, c-Abl and c-Myc, 

to regulate cell proliferation and anti-apoptosis [58]. Their down-regulation may come 

from the down-regulation of pyruvate kinase in the Bax deficient clone, since microarray 

data have shown that the inhibition of pyruvate kinase gene expression led to decreased 

expression of downstream peroxiredoxin genes (Fig 4.7) [59]. Moreover, reactive oxygen 

species (ROS) production was greatly decreased in the Bax deficient clone and thus, 

oxidative stress triggered proteins, including pcroxiredoxins, were down-regulated. 

Three members of the annexin superfamily were found differentially expressed in 

the Bax deficient clone, including Annexin-1, -3, and -5. By binding calcium or 

phospholipids, these proteins regulate cell proliferation and death signals [60]. Over-

expression of Annexin-1 promotes apoptosis by inducing the dephosphorylation of BAD, 

which allows BAD to translocate to the mitochondria. Moreover, Bcl-2 inhibits the 

translocation of Annexin-1 to the nucleus during apoptosis [61]. Two of three identified 

peptides from Annexin-1 were found down-regulated in the Bax deficent clone. Based on 

the Metacore analysis, the down-regulation of the Annexin-1 may also come from the 

inhibition of c-Myc function in the Bax deficient clone (Fig 4.7). The down-regulation of 

these annexins further decreases the apoptotic cell death potential in the HCT116 Bax-/-

cells. 

Another stress response protein, S100A6, was found up-regulated in the Bax 

deficient clone. S100A6, a member of the SI00 family of proteins, was reported to 

express in several types of cancers, including colorectal carcinoma [62]. It likely acts as 

the linker between Ca2+ and ROS signaling pathways and was reported to be dramatically 

decreased during TRAIL-induced apoptosis [63]. Although there is no evidence of a 
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direct interaction of S100A6 with Bax, S100A4, another member of the SI00 family 

sharing sequence similarity with S100A6, was found to down-regulate Bax expression in 

VWR cells [64]. Meanwhile, it was reported that S100A6 exerts its physiological 

function by interacting with GADPH in a calcium-dependent manner [65] and thus, 

increased S100A6 may come from the increased GADPH in the Bax-/- clone (Fig 4.5.A). 

By increasing S100A6, the Bax deficient clone becomes more difficult to kill by various 

apoptotic stimuli. 

In summary, using targeted quantitative MS proteomic analysis, we identified a 

total of 199 proteins expressed differentially between the wild type and Bax deficient 

HCT116 clone, including proteins involved in apoptosis, DNA repair, stress-induced 

proteins, cell cycle regulation proteins, cytoskeletal rearrangements, and signal 

transduction molecules. Within these proteins, four groups of proteins are highlighted 

here because of their important roles in the Bax-modulated apoptosis pathway. First, 

MPT channel proteins, including VDAC-1, VDAC-2, and cytochrome c, are significantly 

down-regulated in the Bax deficient clone, which may result from instability and/or 

degradation after losing their binding partner or regulator Bax. Second, Bax-regulator 

proteins, such as KU70, KU80, PRKDC, 14-3-3 thcta, and MIF, which directly or 

indirectly interact with Bax to modulate Bax-mediatcd apoptosis, may be down-regulated 

after downstream target protein Bax was knocked out via negative feedback regulation. 

The third group of proteins is the heat shock protein family members, including HSP60, 

HSP70, TCP-1, HSP90O, and HSP90/3. These proteins play both pro- and anti-apoptosis 

roles. In the Bax deficient cells, the down-regulation of these HSPs may be due to the 

inhibition of c-Myc-regulated transcription via the up-regulation of the c-Myc repressor, 
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MBP-1. Once Bax was knocked out, these proteins involved in protein folding, sorting, 

and degradation, are also down-regulated. Some cell skeletal and structural proteins are 

also correspondingly down-regulated by the decrease of these HSPs. The fourth group 

was the oxidative stress-triggered proteins, Peroxiredoxins, Pyruvate kinase, S100A6, 

and Annexins. The down-regulation of Peroxiredoxins may be due to the decrease of 

pyruate kinase in the Bax deficient clone. The down-regulation of the Annexins may also 

come from the inhibition of c-Myc function in the Bax deficient clone. S100A6 was 

identified as being up-regulated in the Bax deficient clone which may come from the 

decrease of Bax-regulated protease activity. 

Bax plays a central role in various stimuli-induced apoptosis pathways. Even 

though Bak and other apoptotic executors remain in the Bax deficient clone, it is not clear 

why the Bax deficient clone is resistant to most apoptosis stimuli, including DNA-

damage drugs and death ligands. By using targeted quantitative MS analysis, we provide 

a differentially expressed protein profile between wild type and Bax deficient clones. 

These data indicate that Bax functions, not only as an apoptotic signal executor by 

modulating the damage of mitochondria membrane potential, but also as a regulator for 

the expression level of other proteins. By modulation of some crucial proteins, the Bax 

deficient clone further lost its apoptotic potential. Using the novel targeted quantitative 

mass spectrometry analysis greatly decreases the percentage of false information, since 

we used an internal reference (ALBH vs AHBL) to identify and analyze only differentially 

expressed proteins. Our findings through the quantitative MS analysis enabled us to draw 

a detailed protein profile map with the Bax as the central protein. The expression of most 
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of these proteins has not been reported to be related to Bax and thus novel targets for the 

further study of Bax-modulated cell signals have been provided. 
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Chapter 5: Discussion and Future Directions 

201 



Cancer is a group of widespread diseases which are characterized by unlimited 

growth of immature cells. In Canada, 38% of women and 44% of men will develop 

cancer during their lifetime with 24% of women and 29% men ultimately dying from 

cancer (based on the most recent statistics from the national cancer institute of Canada). 

Put another way, one out of every four Canadians will die from cancer. 

Traditional treatment methods for cancer include radiation therapy, local surgery, 

chemotherapy, and immune therapy. Radiation and local surgery are suitable for targeted 

local treatment or as one part of a general combination treatment for the cancer patients 

who have an early stage of cancer. But since cancer cells always grow in an uncontrolled 

way, chemotherapy will need to be used to control advanced-stage cancers or types of 

cancers that are not suitable for local treatment methods. Using these general treatments, 

we aim to kill cancer cells to slow or even stop them from growing or spreading. 

As a powerful treatment affecting the whole body, chemotherapy drugs are an 

effective way to kill the cells that are rapidly dividing. Since chemotherapy drugs can not 

differentiate between the cancer cells and rapidly proliferating cells, healthy cells with a 

high proliferation rate, including blood cells, hair follicle cells, bone marrow cells, and 

cells from the mouth, stomach and bowel mucous membrane, are also damaged when 

patients receive chemotherapy. Once these cells are damaged, some side-effects, such as 

hair loss, anemia, fatigue, and nausea often occur. Moreover, since most chemotherapy 

drugs are metabolized through the liver, hepatotoxicity becomes another major 

side-effect of the chemotherapy. Altogether, cancer patients undergoing chemotherapy 

may die because of these life-threatening side-effects, such as liver failure resulting from 

hepatotoxicity, serious infection resulting from the decrease of white blood cells, and 
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intra bleeding from low blood platelet counts. These side-effects have driven most cancer 

researchers to find a global therapy agent targeting only cancer cells but with no or 

limited side-effects on healthy cells. To this end, the property of selectively killing tumor 

cells has made TRAIL one of the most promising novel biotherapeutic agents for cancer 

therapy. Based on the early results from clinical trials of TRAIL agents, no major 

dose-limiting toxicity was reported, but no major clinical responses were observed either. 

It suggests that the major goal of TRAIL research will focus on increasing our 

understanding of the biological mechanisms underling tumor resistance. 

The efficacy of treatment with traditional chemotherapeutic drugs, such as 

cisplatin or TRAIL, is due to their ability to induce tumor cell apoptosis. However the 

molecular mechanism underlying chemotherapy-induced and TRAIL-induced apoptosis 

is often debated because of the inconsistent reports of their apoptotic signaling pathway. 

So, in this research project, we initially used a leukemia research model to differentiate 

the chemotherapy-induced apoptosis pathway from the TRAIL-induced apoptosis 

pathway. To show that conventional chemotherapy drugs can trigger the caspase cascade, 

including caspase-8, -9, -3 and DNA fragmentation factor, Jurkat T leukemia cells were 

treated with cisplatin or etoposide in a dose-dependent and a time-dependent manner. 

Cisplatin and etoposide both induced apoptosis in wild-type Jurkat T leukemia cells. On 

the other hand, when pretreated with the pan-caspase inhibitor z-VAD-fmk, apoptosis did 

not occur, indicating that these chemotherapy drags mediated caspase-dependent 

apoptosis. However, the chemotherapy drug induction of apoptosis was not inhibited by 

treatment with z-IETD-fmk, a caspase-8 inhibitor. There was no difference in cell death 

between wild-type and caspase-8 or FADD-deficient Jurkat cells after treatment with 
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either chemotherapy drug. In addition, cisplatin-induced apoptosis was abrogated by the 

over-expression of either Bcl-2 or Bcl-xL or by the down-regulation of Bak, which 

diminished changes in the mitochondrial membrane potential and decreased the amount 

of cytochrome c released from mitochondria. These results indicate that conventional 

chemotherapy drug-triggered apoptosis is indispensable, and its pathway is independent 

of the death receptor. 

In contrast, caspase-8 or FADD-dciicicnt Jurkat cells are completely resistant to 

TRAIL-induced apoptosis, which is also abrogated by over-expression of either either 

Bcl-2 or Bcl-xL or down-regulation of Bak. These data indicate that both the death 

receptor-initiated extrinsic pathway and mitochondria-associated intrinsic pathway are 

crucial for TRAIL-induced apoptosis. This kind of apoptosis is initiated from the death 

receptor level. After addressing the different apoptosis pathways induced by traditional 

chemotherapy drugs and TRAIL, the second challenge becomes how to develop TRAIL 

as a new cancer treatment, since most cancer cells are resistant to TRAIL-killing. 

Based on the research data presented, the majority of TRAIL resistance comes 

from two levels: the DISC level and the mitochondrial level. At the DISC level, there are 

two major mechanisms involved in TRAIL-resistance. The first is loss of crucial 

apoptotic factors, including death receptor [1], FADD and caspase-8. Once cells lose 

these crucial apoptotic factors, they become completely resistant to TRAIL-induced 

apoptosis because of the blockage of the transmission of the death signal to the 

downstream molecules. 

The second resistance mechanism is the over-expression of anti-apoptotic factors, 

including RIP and c-FLIP. By using pancreatic cancer as the research model, we found 
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that the majority of human pancreatic cancers are unfortunately resistant to TRAIL 

treatment. Here, we show that the inhibition of caspase-8 cleavage is the most upstream 

event in TRAIL resistance in pancreatic cancers. TRAIL treatment led to the cleavage of 

caspase-8 and downstream caspase-9, caspase-3, and DNA fragmentation factor 45 

(DFF45) in TRAIL-sensitive pancreatic cancer cell lines (BXPC-3, PACA-2). This 

caspase-8-initiated caspase cascade, however, was inhibited in TRAIL-resistant 

pancreatic cancer cell lines (PANC-1, ASPC-1, CAPAN-1, CAPAN-2). The long and 

short forms of c-FLIP (c-FLIPL, c-FLIPs) were highly expressed in the TRAIL-resistant 

cells as compared to the sensitive cells. Knockdown of c-FLIPL, and c-FLIPs by shRNA 

rendered the resistant cells sensitive to TRAIL-induced apoptosis through the cleavage of 

caspase-8 and activation of the mitochondrial pathway. RIP has been reported in 

TRAIL-induced activation of NF-/cB and it is shown here that knockdown of RIP 

sensitizes resistant cells to TRAIL-induced apoptosis. These results indicate the role of 

c-FLIP and RIP in caspase-8 inhibition in the mediation of TRAIL resistance in the DISC 

level. Moreover, once the up-stream DISC inhibition was released by down-regulation of 

RIP or c-FLIP, TRAIL-induced mitochondria-associated intrinsic pathway was also 

activated. 

Both c-FLIPL and c-FLIPs have been reported to be recruited to the TRAIL-DISC 

in various cancer models including glioma cells [2], NSCLC [3], melanoma cells [4], and 

pancreatic cancer cells (In this research, data was not shown). c-FLIPs was shown to 

block caspase-8 activation in the DISC by its competitive interaction with FADD and 

caspase-8 , which in turn blocks the second step of caspase-8 activation. However, the 

role of C-FLIPL in the DISC is controversial since it is reported to help and block the 

205 



caspase-8 activation in different cancer models. In our pancreatic research model, we 

found that over-expression c-FLIP L clearly inhibited TRAIL-induced caspase-8 activation 

in the sensitive cells. This result is also in line with the finding that shRNA-mediated 

down-regulation of c-FLIP sensitized TRAIL-resistant pancreatic cancer cell lines to 

TRAIL-induced apoptosis. Moreover, c-FLIP deficient mice show the same phenotype as 

caspase-8- and FADD-deficient mice [5-8]. These reports strengthen our finding that both 

c-FLIPs and C-FLIPL are crucial anti-apoptotic factors at the DISC level. 

In contrast to c-FLIP, similar levels of RIP expression were found in both the 

TRAIL-resistant and TRAIL-sensitive pancreatic cancer cell lines in this research. 

Moreover, in the fibrosarcoma cell model, RIP was not found in the TRAIL-DISC but 

was found in the later formed, complex II, in which DR5 was absent [9]. These data 

make the anti-apoptotic role of RIP in the TRAIL-induced apoptosis pathway more 

controversial. In this research, RIP was found to be recruited to the TRAIL-resistant 

DISC and was cleaved in TRAIL-sensitive pancreatic cancer cell lines upon TRAIL 

stimulation. The cleavage of RIP is completely inhibited by general caspase inhibitor or 

caspase-8 inhibitor, indicating that caspase-8 cleaves RIP in TRAIL-induced apoptosis. 

Moreover, down-regulating RIP with shRNA sensitized TRAIL-resistant pancreatic 

cancer cells. This clearly indicates the crucial anti-apoptotic role of RIP in 

TRAIL-induced apoptosis pathway. 

But how RIP mediates the TRAIL-resistance in the pancreatic cancer model still 

needs to be further clarified. In most reports, RIP-inhibition of caspase-8 activation may 

come from the RIP-mediated NF-KB activation. The findings of high activity of NF-KB 

and that TRAIL activates NF-KB in pancreatic cancer cell lines is consistent with 
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pancreatic cancer progression and resistance to therapies and strengthens the 

aforementioned theory. Recently, RIP was reported to mediate the DISC assembly in 

non-rafts in TRAIL resistant NSCLC cells to activate the NF-KB and inhibit apoptosis 

[10]. Whether or not this resistance mechanism accuractely matches the pancreatic cancer 

model still needs to be further explored. 

At the mitochondrial level, we found that the TRAIL resistance comes from either 

over-expression of anti-apoptotic factors, including Bcl-2 and Bcl-xL, or down-regulation 

of pro-apoptotic proteins that include Bax and Bak. In the leukemia model, 

over-expression of Bcl-2 or Bcl-xL blocks TRAIL-induced MMP changes and thus 

inhibits the activation of caspase-3. Down-regulating Bak with Bak siRNA decreases 

TRAIL-induced MMP changes and blocks apoptosis. In the colorectal cancer model, 

there is no difference in upstream caspase-8 activation between Bax positive and Bax 

deficient cells. However, Bax deficiency completely blocks the TRAIL-induced 

caspape-9 and caspase-3 activation and then inhibits TRAIL-induced apoptosis. 

As mentioned in the introduction, there are two models, the direct and indirect 

activation models, involved in the activation of such pro-apoptotic factors as Bax and 

Bak in the TRAIL-induced mitochondria-associated intrinsic pathway. Based on our data 

in the Jurkat cell line, the indirect activation model seems more convincing since either 

over-expression of Bcl-2 and Bcl-xL or down-regulating Bak blocks TRAIL-induced 

apoptosis. In the pancreatic research model, it is also reported that the high expression 

level of Bcl-xL contributes to the TRAIL-resistance of the pancreatic cancer cells [11, 12]. 

These data indicate that the relative ratio of anti-apoptotic factors to pro-apoptotic factors 

is the key regulatory factor at the mitochondrial level that decides the fate of cancer cells 
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upon TRAIL treatment. 

Besides Bak, the other pro-apoptotic factor at the mitochondrial level, Bax, also 

plays a crucial role in the TRAIL-induced apoptosis. In this research using the colorectal 

cancer model, we found that Bax deficiency has no effects in TRAIL-induced caspase-8 

activation, indicating again that the caspase-8 activation is the upstream event of the 

mitochondria-associated apoptotic pathway. To our surprise, even though there is still 

Bak expression, Bax deficient cells are completely resistant to TRAIL-induced apoptosis. 

TRAIL failed to induce any mitochondria downstream caspase-9 and caspase-3 activation 

in Bax deficient cells. These findings indicate that, Bax not only works as a pro-apoptotic 

factor, but also regulates the apoptosis process in other ways. To further explore the 

mechanisms underlying the Bax-mediated apoptosis, we decided to compare the protein 

expression profile differences between Bax positive and Bax negative cells using large 

scale quantitative mass spectrometry. 

In recent years, quantitative MS techniques [13, 14] have emerged as a powerful 

tool to efficiently identify differentially expressed proteins across different biological 

samples [15, 16]. From among the several quantitative MS strategies that have been 

developed recently, 2-MEGA labeling with targeted LC-MALDI-MS/MS was chosen in 

this research for two reasons. Using 2-MEGA labeling, we are able to perform large scale 

sample analysis and by using targeted LC-MALDI-MS/MS analysis, the selective 

analysis of low abundance proteins is available. With this new and powerful technique, 

56 differentially expressed proteins involved in the apoptosis-related process, including 

DNA repair, stress-induced process, cell cycle regulation, cytoskeletal rearrangements, 

and signal transduction, were identified. 
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Within these proteins, four groups of proteins are highlighted here because of 

their important roles in the B ax-modulated apoptosis pathway. The first group, the MPT 

channel proteins that includes VDAC-1, VDAC-2, and cytochrome c, are significantly 

down-regulated in the Bax deficient clone. Based on previous reports, this 

down-regulation may result from instability and/or degradation after losing their binding 

partner or regulator Bax. The second group is comprised of the Bax-regulatory proteins, 

including KU70, KU80, PRKDC, 14-3-39, and MIF, which have been reported to interact 

directly or indirectly with Bax to modulate Bax-mediated apoptosis. Their 

down-regulation may come from the negative feedback regulation after the downstream 

target protein Bax was knocked out. The third group of proteins is the heat shock protein 

family members, including HSP60, HSP70, TCP-1, HSP90a, and HSP90/3. These 

proteins play both pro- and anti-apoptosic roles. In the Bax deficient cells, the 

down-regulation of these HSPs may be due to the inhibition of c-Myc-regulated 

transcription via the up-regulation of the c-Myc repressor, MBP-1. Once Bax was 

knocked out, these proteins involved in protein folding, sorting, and degradation are also 

down-regulated. Some cell skeletal and structure proteins are also correspondingly 

down-regulated by the decrease of these HSPs. It has been reported by several groups 

that Bax plays a central role in orchestrating c-Myc-induced apoptosis since ablation of 

Bax genes renders many types of cells resistant to c-Myc-dependent apoptosis [17, 18]. 

However it is still unclear how Bax deficiency blocks c-Myc-dependent apoptosis. Here, 

our data indicate that knocking out the Bax up-regulates MBP-1, which in turn represses 

the c-Myc function. 

The fourth major group of identified proteins is oxidative stress triggered proteins: 
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peroxiredoxins, pyruvate kinase, S100A6, and annexins. The down-regulation of 

peroxiredoxins may be due to the decrease of pyruate kinase in the Bax deficient clone. 

The down-regulation of the annexins may also come from the inhibition of c-Myc 

function in the Bax deficient clone. S100A6 proteins were identified as being 

up-regulated in the Bax deficient clone which may come from the decrease of 

Bax-regulated protease activity. 

Using bioinformatic tools to map the protein-protein interactions among these 

four groups of proteins, we were able to draw a protein profile map with Bax as the 

central protein. It explains why the Bax deficient clone is completely resistant to most 

apoptotic stimuli, including DNA-damage drugs and death ligands, even though Bak and 

other apoptotic executors remain in the Bax deficient clone. These data indicate that Bax 

functions, not only as an apoptotic signal executor by modulating the damage of 

mitochondria membrane potential, but also as a regulator for the expression level of other 

proteins. By modulation of some crucial proteins, the Bax deficient clone further lost its 

apoptotic potential. 

In summary, a large body of research evidence has now been gathered on the 

underlining resistance mechanisms of cancer cells to TRAIL-induced apoptosis. Given 

the results presented above, TRAIL-resistance focuses at two levels: the DISC level and 

the mitochondrial level. At the DISC level, either loss of crucial molecules, including 

DRs, FADD, and caspase-8, or over-expression of the anti-apoptotic factors, including 

RIP and c-FLIP, blocks TRAIL-induced apoptosis. At the mitochondrial level, either 

over-expression of anti-apoptotic factors, including Bcl-2 and Bcl-xL, or down-regulation 

of pro-apoptotic factors, including Bax and Bak, is involved. 
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These findings clarify the TRAIL-induced apoptosis signal transduction pathway 

and indicate the crucial TRAIL-killing regulators. Mediating these factors may enable us 

to develop new TRAIL-based therapeutic strategies since the efficacy of TRAIL-alone 

therapy will be limited by the fact that most tumors are TRAIL-resistant. It has been 

reported that combination treatment of TRAIL with some chemotherapy drugs enhances 

TRAIL killing in many tumors. For example, the first line drug of treatment of pancreatic 

cancers, gemcitabine is able to sensitize TRAIL-induced killing of pancreatic cancer cells 

by down-regulating Bcl-xL. In our research, we found that the chemotherapeutic agents, 

camptothecin, celecoxib, and cisplatin, can overcome TRAIL resistance in pancreatic 

cancer cells by inhibiting c-FLIP expression and releasing its inhibition of caspase-8 

activation [19]. 

Looking to the future, the molecular events regulating these pro- or 

anti-apoptotic factors leading to TRAIL-resistance are still not fully characterized. A 

detailed picture for TRAIL-resistance is beginning to emerge based on this thesis work 

that has laid a foundation for following separate, but highly linked, future investigations. 

First, at the DISC level, we have demonstrated that RIP and c-FLIP are two 

crucial anti-apoptotic factors. However, after decades of research on TRAIL, the protein 

components of TRAIL-DISC are still unclear. Are there any other apoptosis-regulators 

recruited to TRAIL-DISC? How do they regulate the TRAIL-sensitivity of the cancer 

cells? Future studies in which TRAIL-sensitive and TRAIL-resistant DISC are purified, 

followed by LC-ESI-MS/MS analysis should serve as a valuable tool to address and 

answer these questions. By comparing the different TRAIL-DISC components purified 

from TRAIL-sensitive and TRAIL-resistant cancer cells, other apoptosis-regulators at the 
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DISC level may be addressed. 

Second, another question that remains for c-FLIP and RIP at the DISC level is 

how they are regulated at the DISC. It has been reported that c-FLIP is ubiquitinated and 

phosphorylated in the DISC [20, 21], and RIP is ubiquitinated in the TRAIL-DISC [22]. 

How do these post-translation modifications regulate RIP and c-FLIP function at the 

DISC? What molecules at the TRAIL-DISC regulate these post-translation modifications 

of RIP or c-FLIP? 

Third, the investigations reported in this thesis clearly demonstrate that Bax not 

only functions as a pro-apoptotic factor but also regulates the expression and the stability 

of other proteins. What remain somewhat unclear are the Bax binding partners at the 

mitochondrial level upon TRAIL treatment. By using a specific purification 

technique ,such as tandem affinity purification combined with LC-ESI-MS/MS analysis, 

we may be able to purify and further identify the Bax binding partner in both 

TRAIL-sensitive and TRAIL-resistant cancer cells. 

Taken together, while much remains to be discovered regarding TRAIL-induced 

apoptosis signaling pathway, the data contained within this thesis address several facets 

of TRAIL-resistance mechanisms. These findings advance our understanding of the 

TRAIL signaling network at the molecular level, provide the basis to interfere with the 

TRAIL-induced apoptosis pathway to overcome TRAIL resistance, and thus assist the 

future development of TRAIL-based tumor therapy. 
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