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ABSTRACT 
  

Apoptosis and cell survival are two seemingly opposing fate-determining 

processes that are regulated by distinct and complex signaling pathways.   Caspase-8, an 

apical caspase, plays a pivotal regulatory role in initiating apoptosis.  c-Src, a prototypical 

member of the Src family kinases (SFKs), regulates a myriad of cellular processes 

including cell mitogenesis, proliferation, growth and migration.  Although the regulation 

of caspase-8 by c-Src has been suggested, the reciprocal regulation of these two 

seemingly opposing signaling molecules, caspase-8 and c-Src, has never been explored.  

To study this reciprocal regulation, we asked three questions. (1) Can active caspase-8 

negatively regulate c-Src activity to allow the propagation of apoptosis?  (2) Can c-Src 

negatively regulate caspase-8 activity to prevent the propagation of apoptosis?  (3) Can 

caspase-8, when its enzymatic activity is inhibited, further promote c-Src activity to allow 

the propagation of cell survival?  To address these questions, we first investigated the 

effect of active caspase-8 on the activation and activity of c-Src.  We discovered that 

active caspase-8 inhibited c-Src activation and some of its downstream effectors.  Next, 

we investigated whether c-Src could tyrosine phosphorylate caspase-8.  We discovered 

that c-Src could phosphorylate caspase-8 at multiple tyrosine sites.  We then examined 

whether tyrosine phosphorylated caspase-8 prevents apoptosis.  We found that 

phosphorylation of caspase-8 at Y465 prevented its cleavage, and activity towards 
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activating caspase-3 and towards causing cell morphological changes associated with 

apoptosis.  Finally, we studied whether tyrosine phosphorylation of caspase-8 could 

further promote the activation of c-Src.  We showed that phosphorylation of caspase-8 at 

both Y465 and Y397 resulted in the activation of c-Src and extracellular signal-regulated 

kinase 1/2 (Erk1/2).  In conclusion, this work demonstrated the reciprocal regulation of 

two opposing signaling molecules, caspase-8 and c-Src.  These results also suggest an 

elegant mechanism for a cell to commit efficiently and rapidly to a fate-determining 

process, either apoptosis or survival, by further suppression of the opposing signaling 

pathway. 
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Chapter 1.  INTRODUCTION 

1.1 CASPASES 

 Caspases are a group of proteases known as cysteine dependent aspartate-directed 

proteases that are homologs of the Caenorhabditis elegans “cell death abnormal” gene 

CED-3.  They are peptidases that employ a cysteine residue as the catalytic nucleophile 

and cleave their substrates exclusively after aspartic acid residues (1-6). Caspases are 

signaling proteases that cleave protein by making a limited number of cuts.  They do not 

destroy protein structure nor degrade protein (7).  Interleukin-1! converting enzyme 

(ICE), also known as caspase-1, is the first identified mammalian homolog of CED-3 (8-

10).  To date, there are more than 10 known homologs of ICE/CED-3.  

 In humans, there are a total of 13 caspases, which are grouped into two main 

families based on their functions.  They are involved in the regulation of inflammation 

and programmed cell death (apoptosis).  The caspases that are involved in the regulation 

of inflammation are caspases-1, -4, -5, -11 and -12.  Of these, caspases-1, -4, and -5 are 

proposed to induce cell death associated with massive activation of inflammatory cells, 

known as pyroptosis.  The caspases that are involved in the regulation of apoptosis are 

caspases-2, -3, -6, -7, -8, -9 and -10.  Caspase-14 has neither a clear inflammatory, nor 

apoptotic function.  It is only expressed in keratinocytes and is involved in keratinocyte 

differentiation (11, 12).  The apoptotic caspases are further divided into apical or initiator 

caspases (caspases-2, -8, -9 and -10) and effector or executioner caspases (caspases-3, -6 

and -7).  The structure of caspases is composed of two to three domains as depicted in 

Figure 1.  Apical caspases have a large N-terminal dimerization domain (death effector 
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domain – DED for caspase-8 and -10; caspase activation and recruitment domain – 

CARD for caspases-2 and -9).  Effector caspases have short N-terminal domain.  

Inflammatory caspases (caspases-1, -4, -5, -11, -12) also have a CARD domain (13) 

(Figure 1).  The active (catalytic) domains of apical and effector caspases consist of a 

large and a small subunit (12). 
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Figure 1 

 

!

Figure 1.  Structure of Caspases 
!
Caspases are classified as inflammatory caspases (Caspase-1, -4, -5, -11, -12), apical or initiator 

caspases (Caspases-2, -8, -9, -10) and effector or executioner caspases (Caspase-3, -6, -7).   

Caspases-2, -9 (apical or initiator caspases) and all the inflammatory caspases have a caspase 

activation and recruitment domain (CARD) in the N-terminus followed by a large and small 

subunit forming the catalytic domain.  Caspase-8 and -10 (apical or initiator caspases) have two 

tandem death effector domains (DED) in the N-terminus followed by a large and small subunit.  

Effector or executioner caspases have a short N-terminal fragment followed by the catalytic 

domain comprised of a large and a small subunit. 

!



!

!

4!

1.2 CASPASE-8 

 Caspase-8, an apical caspase in the extrinsic apoptotic pathway, is also known as 

FLICE, MACH#1 and MCH5 (14-16).  It shares approximately 20% homology with the 

Ced-3 protein in the nematode C. elegans (17). The caspase-8 gene, located in 

chromosome 2 band q33q34 (16), is comprised of 10 exons.  It was initially discovered as 

a protein that is associated with Fas/FADD complex using nano-electrospray tandem 

mass spectrometry (nano-ES MS/MS) (14) and it was cloned in the same year (16). 

1.2.1 Caspase-8 Isoforms 

 Caspase-8 exists in multiple isoforms reflected by different mRNA transcript sizes 

(15).  Six of the caspase-8 isoforms (caspase-8a, 8b, 8d, 8f, 8g and -8h) shared a 

common 182 amino acid N-terminal region (which encompasses the DED domains), but 

have different C-termini (15, 18) (Figure 2). The ninth caspase-8 isoform is known as 

caspase-8L, which is generated by the alternative splicing process of intron 8 of the 

human caspase-8 gene in peripheral blood lymphocytes (19), where a 136 bp insertion is 

introduced between exon 8 and exon 9 of the full-length caspase-8 mRNA (20).  Since 

this alternative spliced product generates a premature stop codon, a truncated protein 

comprising only of the two N-terminal DED domains without the C-terminal protease 

domain is generated.  It is proteolytically inactive and acts as a dominant negative form 

of caspase-8 (21).   The tenth caspase-8 isoform, known as caspase-8s was found in a 

patient with acute leukemia and in bone marrow mononuclear cells.  It only encodes the 

first DED and part of the second DED (22) (Figure 2).  Only caspase-8a and -8b isoforms 

are ubiquitously expressed in many cell lines (18).  Both of these isoforms possess two 

tandem DED domains as well as the catalytic subunits p18 and p12 (Figure 2).  
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Moreover, only caspase-8a and -8b isoforms are recruited to the Fas receptor in an 

activation-dependent manner (18).  Caspase-8a contains an additional 2-kDa fragment 

that is located between the second DED and the large catalytic subunit resulting in 

different length of the caspases-8a and -8b, p55 and p53, respectively (23). With the 

alignment of caspase-8a and caspase-8b protein sequences, it is apparent that there is a 

32-amino acid insertion in caspase-8a and a 15-amino acid insertion in caspase-8b, both 

in the N-terminal pro-domain, contributing to a total of 17-amino acid difference between 

caspase-8a and -8b, with caspase-8a being the longer one (Figure 3).  Caspase-8a and -8b 

are ubiquitously expressed in cells.  Therefore, they will be the focus of discussion in the 

remaining of this chapter.  
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Figure 2 

 
!

Figure 2.  Caspase-8 Isoforms 
!
Caspase-8 exists in 10 different isoforms: caspase-8a, -8b, -8c, -8d, -8e, -8f, -8g, -8h, -8L and -8s.  

The domains of all isoforms and their respective molecular weights are illustrated. 

!
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Figure 3 
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Figure 3.  Protein Sequence of Caspase-8a and Caspase-8b Isoforms 
!
The alignment of protein sequence of caspase-8a and -8b isoforms is illustrated.  The total 

number of amino acid in caspase-8a and caspase-8b are 496 and 479 respectively.  The difference 

in protein sequence occurs in the pro-domain.  The caspase-8 catalytic domains are identical in 

both isoforms. 

!
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1.2.2 Cleavage of Caspase-8 

 Caspase-8 is comprised of a N-terminal pro-domain (two DEDs) (14-16, 24, 25), 

followed by a large (p18) and a small (p12) subunit separated by a linker region (Figure 

4).  It is cleaved in a multi-step process to generate a mature enzyme composed of two 

p18 and two p12 subunits. The first cleavage step occurs between the large and small 

subunit after aspartic acid D391 (using Caspase-8a isoform numbering) (23, 25, 26), 

which occurs as early as 30 seconds upon death receptor stimulation (25, 27). The small 

subunit is further cleaved after D401. Cleavage after both D391 and D401 are important 

for the activity of active caspase-8 as failure of cleavage in either site results in enzyme 

that is about 40- and 10-fold less active, respectively (25).  The second cleavage step 

occurs after D233 then after D227.  These two cleavage sites result in the removal of the 

28-kDa pro-domain.  The second cleavage step is not crucial in the activation of caspase-

8 (25) (Figure 4).   
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Figure 4.  Cleavage of Caspase-8 
!
 A schematic diagram of caspase-8 (caspase-8a isoform) structure is illustrated.  It 

comprises of a 28-kDa pro-domain (consists of two DEDs), followed by a large (p18) and a 

small (p12) subunit, separated by a linker region.  The p18 subunit, p12 subunit and the 

linker region together form the catalytic domain of the enzyme.  The active site cysteine 

residue (C377) located within p18 subunit is illustrated.  The amino acids corresponding to 

the beginning and the end of each region are illustrated at the top of the figure. 

 The cleavage process of caspase-8 (caspase-8a isoform) is illustrated here. Caspase-8 

(1) is first cleaved after D391 (I), generating a N-terminal fragment comprised of the pro-

domain and the large (p18) subunit (2), and a C-terminal fragment comprised of the linker 

region and the small (p12) subunit (3).  The C-terminal fragment is further cleaved after 

D401 (Ia) to generate a small (p12) subunit (4) and a small linker fragment (5).  A second 

cleavage step (II) occurs within the N-terminal fragment (3) after D233 generating a N-

terminal fragment comprised of the pro-domain (6), and the large (p18) subunit (7).  The N-

terminal fragment is then quickly processed after D227 (IIa) to generate a shorter N-

terminal fragment (8) and a very small 6 amino acid fragment (9).  

!
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1.2.3 Three-Dimensional Structure of Caspase-8 

 In order to understand how caspase-8 becomes activated, its three-dimensional 

structure must be discussed.  The three-dimensional structure of caspase-8 asymmetric 

(or antiparallel) unit contains the p18-p12 heterodimer.  The small subunits are at the 

dimer interface.  To be biologically active, the caspase-8 molecule must consist of two 

heterodimers that form a tetramer.  The dimer has a typical #/" folding motif with a 

central six-stranded " sheet made up of five parallel strands and one antiparallel strand.  

There are three # helices on one side and two on the other side of the main " sheet.  A 

two-stranded, anti-parallel " sheet that is part of the binding pocket is located at the top 

of the main " sheet.  Four loops and the linker regions extend from the top of the main " 

sheet (28-31) (Figure 5).   

 The three-dimensional structures of inactive caspase-8 and active caspase-8 are 

similar in that the " strands and # helices of caspases-8 superimpose well.  The main 

differences lie in the binding pocket that is composed of the loops and the linker region of 

the molecule (31) (Figure 6).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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Figure 5.  Three-Dimensional Structure of Caspase-8 Dimer 
!
A) Caspase-8 protein sequence with corresponding # helix and " sheet secondary structure 

elements are depicted.  B) The three-dimensional structure of caspase-8 dimer is depicted here.  

Caspase-8 structure has a typical #/" folding motif with a central six-stranded " sheet made up of 

five parallel strands (strands 1 to 5) and one antiparallel strand (strand 6).  There are five # helices 

in the core, three on one side (1, 4 and 5) and two on the other side (2 and 3) of the main " sheet.  A 

two-stranded, anti-parallel " sheet that is part of the binding pocket is located at the top of the main 

" sheet.   
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Figure 6 

 

!
Figure 6.  Three-Dimensional Structure of Procaspase-8 and Active Caspase-8  
!
The three-dimensional structures of procaspase-8 and active caspase-8 are depicted along 

with DEVD tetrapeptide binding to active site pocket of caspase-8.  The three-dimensional 

structures of procaspase-8 and active caspase-8 are similar in that the " strands and # 

helices of caspases-8 superimpose well.  The main differences lie in the binding pocket 

that is composed of the loops and the linker region of the molecule. 

!
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1.2.4 Substrate Recognition and Specificities 

 Caspases are one of the most specific proteases, with an absolute requirement for 

cleavage after an aspartic acid (D) (2).  The recognition of at least four contiguous amino 

acids N-terminal to the cleavage site is another necessary requirement for efficient 

catalysis (32). The nomenclature for caspase substrate specificity denotes P1 as the 

aspartic acid, P2, P3 and P4 as one, two and three amino acids N-terminal to P1, 

respectively.  Aside from their stringent requirement for D in P1 position, P4 is the most 

critical determinant of specificity while P2 is the most liberal position.  The preference 

for P3 position is glutamic acid. The consensus sequence for caspase-8 cleavage is 

(I/L/V)EXD.  I is isoleucine, L is leucine, V is valine, E is glutamic acid, X is any amino 

acid and D is aspartic acid (32).  In addition to sequence specificities, the tertiary 

structure of the substrate is also crucial in specificity (2). Caspase-8 can cleave 

procaspases-3, -4, -7 and -9 in vitro (25, 33-35).  Caspase-8 can also cleave Bid, allow it 

to propagate intrinsic apoptotic pathway (36).  Other caspase-8 substrates include 

receptor interacting protein (RIP) (37, 38), p21-activated kinase 2 (PAK2) (39), 

Ca2+/calmodulin-dependent protein kinase-like kinase (CaMKLK) (39) and CLYD (40). 

1.2.5 Activation by Induced Proximity Model 

 In contrast to the executioners of apoptosis, which are expressed as dimers; the 

initiators, such as caspase-8, are expressed as inactive monomeric zymogens.  The 

dissociation constant (KD) for homodimerization of the casapse-8 catalytic domains was 

proposed to be in the low micromolar range, which is well above its nanomolar in vivo 

concentration (31, 41, 42).  Therefore, in order for caspase-8 to dimerize, it has to be 

brought into close proximity by the binding of its DED domains to the DED domains of 
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adaptor molecules in macromolecular complexes such as the death inducing signaling 

complex (DISC) (15).  This is known as the Induced-Proximity Model that serves as the 

basis for the operation of DISC, an assembly that forces a locally high concentration of 

caspase-8 in a process mediated by recruited FADD.  The dimerization of caspase-8 (43-

45) is sufficient to induce some basal proteolytic activity, which is approximately 1% of 

the fully processed enzymes (44, 46).   

 After dimerization, caspase-8 is first cleaved at the linker region by intramolecular 

processing (i.e. cis processing).  After intramolecular processing, cleaved caspase-8 can 

then process another caspase-8 molecule in trans (intermolecular processing) (45) after 

D391 and D401 (using Caspase-8a isoform numbering) (23, 25, 26).  The autoproteolytic 

cleavage of the zymogens results in separation of the catalytic unit into two units (see 

section on Cleavage of Caspase-8).  An additional cleavage between the prodomain and 

the catalytic domain after D233 (using Caspase-8a isoform numbering) (25) allows the 

release of the active enzyme from the activation complex (31).  This phenomenon is 

called the sequential accessibility mechanism (47). Despite some groups having shown 

that cleavage of linker region occurs intramolecularly, other groups have demonstrated 

that both cleavage sites within linker region can be processed intermolecularly by a 

proximal protease, which could either be another caspase-8 dimer or a different protease 

such as granzyme B (31, 44, 47, 48).   

 Whether cleavage of caspase-8 is necessary for activation remains controversial.  

By using uncleavable caspase-8 mutant, it has been shown that dimerization is necessary, 

sufficient and reversible in its activation (41, 42, 47).  The cleavage of caspase-8 mainly 

serves to stabilize caspase-8 dimer and is not required for activation (31, 41, 42, 48).  
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Furthermore, the cleaved linker region serves to stabilize the dimer and allows the 

formation of active caspase-8 upon substrate binding via an induced-fit mechanism (49).  

However, others have demonstrated that both inducible dimerization and cleavage are 

required for caspase-8 activation (50). The dimerization of caspase-8 requires threonine 

467 and phenylalanine 468 (caspase-8b isoform numbering) (31). 

1.2.6 Localization of Caspase-8  

 Caspase-8 has been observed in different cellular locations (51).  It can localize to 

the cytosolic compartment (26), actin-rich ruffles (52, 53), endosomes (54), including 

those at the front of migrating cells (55), focal adhesions (56) and stable microtubules 

structures, such as centrosomes (57). The different domains of caspase-8 appear to favor 

localization to different cellular compartments.  It is possible that these different 

preferred locations may ultimately influence caspase-8 functions (51). 
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1.3 INHIBITORS OF CASPASE-8 

1.3.1 Viral-Encoded Caspase-8 Inhibitors 

 Various pathogen-encoded molecules can inhibit the activity of caspase-8.  They 

can inhibit caspase-8’s activation (binding to DISC, dimerization and/or cleavage) or 

inhibit its activity without affecting its activation by interacting with its active site (See 

Table 1).  For example, human papillomavirus (HPV) 16 E6 protein inhibits caspase-8 

dimerization. Viral FLICE-inhibitory proteins (v-FLIPs) including molluscum 

contagiosum virus MC159 protein, Kaposi’s sarcoma-associated herpesvirus K13 protein 

(58), gammaherpesvirus ORF71 (93) and equine herpesvirus 1 E8 can inhibit caspase-8 

directly by either inhibiting its binding to DISC, dimerization and cleavage (59).  Other 

caspase-8 inhibitors primarily prevent caspase-8’s activation.  They include 

cytomegalovirus (CMV) viral inhibitor of caspase-8 activation (vICA) protein (by 

forming a complex with caspase-8 preventing its binding to DISC) (60-62), bovine 

herpesvirus 4 BORFE2 protein, adenovirus E3 14.7 kDa protein (63) and herpes 

simplex virus UL39 protein.  Another class of caspase-8 inhibitor is serpin, including 

cowpox virus cytokine response modifier A (CrmA), vaccinia virus B13R protein and 

myxoma virus Serp2 protein.  CrmA inhibits caspase-8 activity (64, 65), not its activation 

(26, 47), by interacting with active form of caspase-8 (33).  The baculovirus p35 protein 

also inhibits caspase-8 activity directly by binding to its catalytic cysteine 360 (C360) 

residue (13, 60).  The C360 residue of caspase-8 (Caspase-8b isoform numbering) is 

covalently linked to the aspartic acid 87 of p35 through a thioester bond (66).  The 

thioester bond is protected from hydrolysis by the N-terminus of p35 (13). 
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Table 1 

Inhibition of: Viral-Encoded 
Caspase-8 Inhibitor DISC Binding Dimerization Cleavage Active Site 

HPV 16 E6  $   
v-FLIP $ $ $  

CMV vICA $    
Adenovirus E3 $   $ 

CrmA    $ 
p35                                               $ 

 

 

Table 1.  Viral-Encoded Caspase-8 Inhibitors 

Six viral-encoded caspase-8 inhibitors and their mechanism of inhibition are depicted.  HPV 

16 E6 protein inhibits caspase-8 by preventing its dimerization.  v-FLIP protein prevents 

caspase-8 from binding to DISC, from dimerization and from cleavage.  CMV vICA protein 

prevents caspase-8 from binding to DISC.  Adenovirus E3 protein prevents caspase-8 from 

binding to DISC and also binds to caspase-8 active site to prevent its activity.  Both CrmA 

and p38 bind to caspase-8 active site to prevent its activity. 

!
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1.3.2 Mammalian Caspase-8 Inhibitors 

 A classic viral inhibitor of the Fas-induced apoptotic pathway is v-FLIP.  It is one 

of the many ways virus evade cell death of infected cells.  v-FLIPs interfere with caspase-

8 recruitment to the DED of FADD (59, 67-69).  After the discovery of v-FLIPs, multiple 

groups have discovered its mammalian homologue, cellular FLIP (c-FLIP, also known as 

CASPER, I-FLICE, Flame, CASH, CLARP, MRIT or usurpin) and it is expressed in 

several splice variants (70-76).  c-FLIPL contains two DEDs and a caspase-like domain 

with significant homology to caspase-8 but it lacks the critical cysteine and histidine 

residue that are important for catalytic activity.  Instead, they are replaced by tyrosine and 

arginine, respectively.  c-FLIP# also contains two DEDs and a caspase-like domain.  c-

FLIP" and c-FLIP% has two DEDs and lack a part of the caspase-like domain.  The 

shortest variant is c-FLIPS or c-FLIP&, which is similar to v-FLIPs in length and only has 

two DEDs (67). All c-FLIP variants bind to the DED of FADD and caspase-8/-10 via 

DED-DED homophilic interaction.  c-FLIPL’s caspase domain can also bind to the 

caspase domain of caspase-8 to prevent its activation. The end result is to prevent the 

propagation of apoptotic signals through the Fas receptor.  However, some have shown 

that activation of caspase-8 can be enhanced by c-FLIPL upon their heterodimerization 

(77, 78).  The theory that would resolve the above conflict is the following: at high levels 

of expression, c-FLIPL competes with caspase-8 for recruitment to the DISC by 

saturating FADD molecules during DISC formation, thereby inhibiting caspase-8 

activation.  However, at low levels of expression, c-FLIPL promotes caspase-8 activation 

by forming heterodimer with caspase-8 through its protease-like domain, which strongly 
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induces enzymatic activity in caspase-8 via direct protein-protein interactions (47, 77, 79, 

80).  

 Another family of apoptotic inhibitors, known as Caspase-8 and -10 associated 

RING protein (CARPs), has been shown to interact specifically with caspases-8 and -10.  

A C-terminal CARP RING domain with high homology to the inhibitor of apoptosis 

protein (IAP) family contains E3 ubiquitin ligase activity and contributes to ubiquitin-

mediated proteolysis of caspases-8 and -10 but not -9.  Thus, overexpression of CARPs 

results in ubiquitin-mediated proteolysis of caspase-8 and -10 (81).  Toso, a member of 

the immunoglobulin gene superfamily, is another inhibitor of caspase-8.  It inhibits 

caspase-8 processing, and hence its activation (82). 



!

!

'4!

1.4 CASPASE-8 KNOCKOUT 

 In order to facilitate our understanding of caspase-8 functions, the phenotype of 

Caspase-8 knockout must be discussed.  Varfolomeev et al generated the first caspase-8 

knockout mice in 1998 (83).  Caspase 8 +/- heterozygous mice appeared phenotypically 

normal, whereas, caspaes-8 -/- mice all died at day 11.5 in utero.  The most salient 

feature of the abnormal phenotype of caspase-8 -/- mutant was marked impaired heart 

muscle development and congested accumulation of erythrocytes indicating circulatory 

failure.  These results were reproduced by another group in 2002 (84).  Caspase-8 -/- 

fibroblasts were resistant to death induction triggered by death receptors such as Fas and 

TNF receptors.  However, they responded normally to noncytocidal effects of death 

receptors in the activation of NF-!B (83).  In addition, conditional knockout of caspase-8 

gene in mice (bone marrow cells) also led to hematopoietic progenitor deficiency (85).  

The phenotype observed in caspase-8 deficient mice suggests that in addition to its 

classic apoptotic function, caspase-8 also harbors non-apoptotic functions.  I will now 

focus on the discussion of both apoptotic and non-apoptotic functions of caspase-8. 
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1.5 CELLULAR FUNCTIONS OF CASPASE-8 

 Caspase-8 is involved in many cellular functions, both apoptotic and non-apoptotic.  

It is involved in many cell-signaling pathways, some of which require caspase-8 

proteolytic activity, some of which do not.  Caspase-8 has been known as an apoptotic 

protein.  When it is activated, its main function is to set off an apoptotic program and to 

cause cell death.  Caspase-8 also regulates other forms of cell death, including 

necroptosis, integrin mediated death (IMD) and autophagy.   In addition to regulating cell 

death, caspase-8 can also regulate immune cell function, inflammation, cell adhesion, 

migration and motility, endosomal trafficking, gene transcription and cell signaling 

including NF-!B and Erk1/2 signaling.  Here, I will discuss the major functions of 

caspase-8 (Figure 7). 
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Figure 7.  Caspase-8’s Cellular Functions 
!
Caspase-8 has both proteolytic activity dependent and independent functions.  With its proteolytic 

activity, it can promote (red arrow) apoptosis, both extrinsic and intrinsic pathways; integrin 

mediated death (IMD) and immune cell regulation.  It can also inhibit (blue arrow) necroptosis and 

autophagy.  Moreover, the proteolytic activity of caspase-8 can either positively or negatively 

regulate (green arrow) inflammation and NF-!B signaling.  Caspase-8 can also regulate other 

cellular functions and pathways independent of its proteolytic activity.  They include the regulation 

of cell adhesion, migration and motility, endosomal trafficking, gene transcription and Erk1/2 

activation.  

!
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1.5.1 Extrinsic (Death Receptor-Induced) Apoptosis 

 Caspase-8 is known as an apical caspase in the cascade of apoptosis.  It is critical 

for the maintenance of peripheral immune tolerance and the elimination of cells infected 

by viruses (86-88).  It has been shown that caspase-8 is essential for Fas-mediated 

apoptotic signaling (83, 85, 89, 90).  As described in the section of extrinsic apoptosis, 

when death ligand such as FasL binds to death receptor such as Fas, caspase-8 is 

recruited to the DISC within seconds and caspase-8 then becomes activated in an 

induced-proximity model and subsequently activates executioner caspases and apoptosis 

ensues (18, 91, 92).  Fas-induced apoptosis is defective in mouse (83, 85, 93) and human 

deficient of caspase-8 (68), which further supports the crucial function of caspase-8 in 

Fas-induced apoptosis.  Caspase-8 is also involved in apoptotic signaling via other death 

receptors, such as tumor necrosis factor receptor 1 (TNFR1) (83, 91), death receptor 3 

(DR3) (83), DR4, DR5 (90, 94) and TNF-related apoptosis-inducing ligand (TRAIL) 

receptors (94-96). 

1.5.2 Intrinsic Apoptosis 

 Caspase-8 is not only involved in extrinsic apoptosis.  The activation of caspase-8 

can propagate intrinsic apoptosis pathway by the cleavage of Bcl2 protein Bid into 

truncated Bid (tBid) in certain cells (36) (See Intrinsic Apoptosis section).  tBid then 

triggers cytochrome c release from the mitochondria (97), allowing the formation of 

apoptosome and hence intrinsic apoptosis ensues. 
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1.5.3 Integrin-Mediated Death (IMD) 

 Caspase-8 is also involved in a process known as integrin-mediated death (IMD).   

Cells that are non-adherent to the extracellular matrix via integrin binding leads to the 

recruitment of caspase-8 to the " integrin tails.  It results in the activation of caspase-8 in 

a death receptor-independent manner and cell death ensues (98, 99).  Upon integrin 

ligation to the extracellular matrix, however, the integrin-caspase-8 containing complex is 

disrupted, therefore the activation of caspase-8 is inhibited and cell survival increases 

(99). 

1.5.4 Necroptosis 

 Programmed necrosis induced by death receptor, also known as necroptosis, is 

mediated by receptor interacting protein 1 (RIP1) (100) and RIP3 (101).  Caspase-8 can 

form complex with both FADD and RIP1 upon death receptor activation.  In the absence 

of c-FLIPL, it promotes apoptosis (102).  However, in the presence of c-FLIPL, RIP3 is 

recruited to complex II converting it into a necrosome and promotes necroptosis (103, 

104).  Upon cellular inhibitor of apoptosis protein (cIAP) depletion, RIP3 can also form 

complex with FADD and RIP1 independent of death receptor signaling, forming 

ripoptosome (105, 106).  In the presence of c-FLIPs, ripoptosome promotes necroptosis 

(106). 

 The role of caspase-8 in the inhibition of necrosis became more apparent when the 

inhibition of caspase-8 with CrmA resulted in the sensitization of death-receptor-

mediated necrosis (47, 107-109).  With the generation of caspase-8 and RIP3 double 

knockout mice, which, unlike caspase-8 knockout, are not embryonic lethal, it became 

apparent that caspase-8 regulates RIP-dependent necroptosis (110, 111).  Moreover, 
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caspase-8 has been shown to cleave both RIP1 and RIP3, inhibiting their role in caspase-

independent cell death (37, 112) and it has been shown to regulate intestinal homeostasis 

and protect intestinal epithelial cells from TNF-#-induced necroptotic cell death (113).  

Caspase-8 can also regulate RIP1 and RIP3 dependent necroptosis by cleavage of CLYD, 

an enzyme essential in necroptosis (40).  In summary, caspase-8 serves to inhibit the 

propagation of necroptosis mediated by RIP1 and RIP3. 

1.5.5 Autophagy 

 Autophagy promotes a cell survival response to nutritional starvation involving the 

formation of membrane bound vacuoles that target organelles and proteins to the 

lysosome for degradation.  Autophagy requires the activation of ATG7 and beclin genes.  

These genes are induced by caspase-8 inhibition.  Therefore, caspase-8 negatively 

regulates autophagy (109, 114-116). 

1.5.6 Inflammation 

 Conditional deficiency of caspase-8 results in chronic inflammation in the liver 

(117) and in the skin (118) suggesting that caspase-8 can restrict the signaling of some 

inflammatory mechanisms.  Moreover, Kang et al showed that dendritic cells deficient in 

caspase-8 are hyperresponsive to induction of assembly of NLRP3 inflammasome (119), 

a signaling complex that, through the activation of caspase-1, leads to the processing of 

proinflammatory cytokines such as IL-1" (120).  The enhanced activation of the 

inflammasome as a result of caspase-8 deficiency is dependent on the functions of RIP1 

and RIP3 (119). 

 On the other hand, caspase-8 has been shown to induce IL-1" maturation through 

the stimulation of TLR3 and 4 (121) and dectin-1 (an extracellular pathogen sensor) via a 



!

!

7%!

non-canonical caspase-8 inflammasome (MALT-1-caspase-8-ASC complex) (122).  

Together, these suggest a dual role of caspase-8 in the process of inflammation depending 

on the cellular circumstances.   

1.5.7 Immune Cells Homeostasis, Proliferation, Differentiation and Activation 

 Caspase-8 has been shown to play a role in Fas-induced apoptosis of self-reactive 

lymphocytes which is important to achieve homeostasis, to maintain peripheral immune 

tolerance and to prevent autoimmunity (86, 123, 124).  However, caspase-8 has also been 

implicated in naïve T cell proliferation (68, 125) and IL-2 production (93, 126) induced 

by CD3, effects that are independent of the classical Fas/FasL interaction (127). Rather, 

in caspase-8 deficient T cells, impaired proliferation is due to defects in cell cycle 

progression with diminished entry into S phase (128, 129), decrease phosphorylation of 

ribosomal S6 protein (128) and lack of proper regulation of cell cycle-associated proteins 

(126).  Similar mechanisms of B-cell proliferation impairment were also observed in 

conditional caspase-8 deficient mice (130).  

 Moreover, upon antigen stimulation of T cells, caspase-8 forms a heterodimer with 

a paracaspase called MALT1.  This complex promotes caspase-8 to undergo limited 

autoproteolytic cleavage resulting in an active form that exhibits diminished activity 

towards caspase-8 but maintains its activity toward c-FLIPL (131). c-FLIPL has been 

shown to be involved in lymphocyte proliferation (132, 133).  Intriguingly, caspase-8 can 

migrate with c-FLIPL to lipid rafts upon T cell receptor (TCR) ligation.  There, the active 

caspase-8- c-FLIPL complex associates with NF-!B signaling molecules including RIP1, 

TNFR associated factor 2 (TRAF2), and TRAF6 as well as upstream NF-!B regulators 

PKC", CARMA1, Bcl-10 and MALT1, which connect to the TCR.  When caspase-8 
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activity is inhibited, NF-!B activation is suppressed (134) suggesting that caspase-8 is 

involved in T cell proliferation upon antigenic stimulation.  Another mechanism of 

caspase-8’s involvement in T cell proliferation upon antigenic stimulation is through its 

inhibition of RIP-1-dependent necroptosis (135). 

 Caspase-8 also plays an important role in immune cell differentiation.  Caspase-8 

gene deletion in bone marrow cells prevented hematopoietic progenitors from forming 

myeloid and B-lymphoid colonies.  When caspase-8 gene deletion is restricted to cells of 

the myelomonocytic lineage, the differentiation of monocytes into macrophages was 

arrested, whereas their differentiation into dendritic cells or granulocytes remained 

unaffected (85, 109).  Likewise, it is also involved in macrophage differentiation induced 

by macrophage-colony stimulating factor (M-CSF) and thymocyte generation but not 

dendritic cell and granulocyte differentiation in the presence of GM-CSF and G-CSF, 

respectively (85, 136).   All together, these data suggest that caspase-8 is involved in 

lymphocyte and monocyte/macrophage differentiation but not dendritic cell or 

granulocyte differentiation.  The cell differentiation effect of caspase-8 appears to be 

dependent on its DEDs and it requires the presence of a critical lysine (K156 in caspase-

8b and K188 in caspase-8a) in the microtubule binding motif within the second DED 

(DED2) (51). 

 Finally, caspase-8 has also been shown to be involved in the activation of 

lymphocytes including T cells, B cells and natural killer cells (68, 125, 137).  Condition 

knockout of caspase-8 in hematopoietic cells results in embryonic lethality (85).  Contrast 

to caspase-8 deficient mice, which die in utero and have abnormal development, human 

deficient of caspase-8 develop normally but they exhibit defects in their activation of T 
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and B lymphocytes and natural killer cells.  All together, these lead to immunodeficiency 

(68, 93).  Caspase-8-deficient T cells also had a defect in the production of IL-2 (68).  

Moreover, caspase-8 plays an essential role in B-cell activation and expansion in 

response to TLR2, TLR3 and TLR4, but not TLR9 (138, 139). 

1.5.8 Cell Adhesion, Migration and Motility 

 Caspase-8 has also been shown to regulate cell adhesion, migration and motility.  

Cells that lack caspase-8 have reduced cell motility.  Moreover, caspase-8, independent 

of its proteolytic activity, is capable of restoring cell migration/adhesion to caspase-8 null 

cells (140), suggesting that caspase-8’s proteolytic activity is not required for cell 

adhesion (141), migration and motility. 

 The role of caspase-8 in cell adhesion is also illustrated by the fact that cells that 

are deficient of caspase-8 have reduced calpain activity, resulting in the reduction of Rac 

activation, lamellipodial assembly and fidelity of cytokinesis (142).  From the 

mechanistic point of view, it has been shown that phosphorylation of tyrosine 380 

(Caspase-8b numbering), induced either by epidermal growth factor (EGF) or integrin-

mediated adhesion (52), is essential in the restoration of cell adhesion, migration and 

motility in caspase-8-null cells.  Tyrosine 380 phosphorylation of caspase-8 is required 

for its localization to the cell periphery and its interaction with c-Src (52, 141) and Src 

homology 2 (SH2) domain of p85# subunit of phosphatidylinositol 3-kinase (PI3K) 

(140).  It has been shown that the interaction of caspase-8 with p85# subunit of PI3K 

results in Rab5 dependent Rac activation (140, 143). 

 Moreover, caspase-8 has been shown to interact with a multiprotein complex that 

include focal adhesion kinase (FAK) and calpain 2 (CPN2) and enhance cleavage of focal 
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adhesion substrates and cell migration.  Caspase-8 association with CPN2/calpastatin 

disrupts calpastatin-mediated inhibition of CPN2 (56).  These together serve to explain 

the potential mechanisms of caspase-8 dependent cell adhesion, migration and motility. 

1.5.9 Endosome Trafficking 

 Interestingly, tyrosine 380 phosphorylation of caspase-8b isoform also promotes 

endosomal trafficking.  For example, phosphorylation of tyrosine 380 is essential for the 

interaction with the SH2 domain of p85#, a multifunctional adaptor for PI3K that 

possesses Rab-GAP activity.  The interaction between caspase-8 and p85# promotes 

Rab5 GTP loading, alters endosomal trafficking, and results in the accumulation of Rab-

positive endosomes at the leading edge of the migrating cells (55, 143).  This may be 

another mechanism by which caspase-8 contributes to cell migration.  

1.5.10 Cell Signaling – NF-!B Activation 

 Nuclear factor !B (NF-!B) is a transcription factor that regulates the expression of 

a myriad of genes that contain the !B DNA elements.  NF-!B signaling can occur 

through the canonical or the non-canonical pathways.  The canonical pathway involves 

the recruitment of TRAF6 and RIP to TNFR upon its ligation by TNF.  It results in the 

phosphorylation and activation of I!B kinase (IKK) complex by TAK1.  The non-

canonical pathway involves the recruitment of TRAF2 to TNFR.  In this case, IKK 

complex is phosphorylated and activated by NF-!B inducing kinase (NIK).  IKK then 

phosphorylates I!B proteins, which leads to ubiquitination and subsequent proteasomal 

degradation.  The degradation of I!B proteins release NF-!B, allowing it to translocate to 

the nucleus to activate gene transcription (144).   
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 The NF-!B activation in T cells is slightly different from the canonical and the 

non-canonical pathways.  Upon T cell receptor (TCR) stimulation, protein kinase C' 

(PKC') is phosphorylated and activated and resulted in the recruitment of the CARMA1-

Bcl10-MALT1 (CBM) complex to the immunological synapse.  The CBM complex then 

activates IKK complex and therefore activates NF-!B (145).   

 Caspase-8’s involvement in NF-!B signaling is a complex one.   In human or 

murine T, B and natural killer cells that are deficient of caspase-8, it has been shown that 

the activation of NF-!B through the stimulation of antigen receptors, Fc receptors or 

TLR4 is abolished (126, 146), suggesting a role for caspase-8 in NF-!B signaling.  

Moreover, the pro-domain of caspase-8 can bind to NIK, RIP, TRAFs and IKK and the 

enzyme domain of caspase-8 can also interact with NIK, RIP and TRAFs.  These data 

imply that caspase-8 could be important in the NF-!B signaling pathway (147).  

Furthermore, upon Fas stimulation, caspase-8 (independent on its enzymatic activity) can 

recruit FADD, c-FLIPs and RIP1 to the receptor complex and thus promotes NF-!B 

activation (147-150).  Caspase-8 is also involved in IL-8 production upon Fas-induced 

ASC-mediated NF-!B activation (151, 152). 

 Indeed, the roles of caspase-8 in NF-!B signaling are contradictory depending on 

its activation state.  When caspase-8 is fully activated, it cleaves NIK and renders it 

inactive in phosphorylating I!B protein, therefore, preventing the activation of NF-!B 

(153).  However, upon TCR stimulation, when caspase-8 is only weakly activated, the 

full-length caspase-8 binds to CBM complex and recruits IKK complex. This leads to the 

activation of IKK complex and phosphorylation of serine 536 of p65 subunit of NF-!B 

and hence the activation of NF-!B (138, 146). 
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1.5.11 Cell Signaling – Erk1/2 Activation 

 Extracellular signal-regulated kinase1/2 (Erk1/2), a protein serine/threonine kinase, 

is a mitogen activated protein kinase (MAPK) that is involved in the regulation of cell 

cycle progression, cell adhesion, migration, survival, differentiation, metabolism, 

proliferation and transcription (154).  It is activated by a myriad of mitogens and growth 

factors such as epidermal growth factor (EGF), platelet-derived growth factor (PDGF), 

and TNF#, etc.   

 It has been shown that in caspase-8-deficient neuroblastoma cells, the induction of 

Erk1/2 activation by fibronectin adhesion is absent (141).  Likewise, Erk1/2 activation is 

also absent in these cells upon EGF, PDGF or TNF# stimulation (53), while 

overexpression of caspase-8 leads to enhanced TNF induced Erk1/2 activation (155). 

These together suggest a crucial role of caspase-8 in the activation of Erk1/2.  The 

promotion of EGF-induced Erk1/2 activation is independent of the proteolytic activity of 

caspase-8 and can be recapitulated using only the prodomains of the protein (53). 

1.5.12 Cell Signaling – Src Kinase 

 c-Src is the prototypic member of a family of nine non-receptor tyrosine kinase and 

was first identified as a proto-oncogene (156).  It is involved in cell proliferation and 

migration (see Src Kinase section).  Caspase-8 has been shown to co-localize with c-Src 

at the cellular periphery via the “RXDLL motif” in its death effector domain (53, 141) 

and via its linker domain (52).  Phosphorylation of Y380 or Y397 (linker region) of 

caspase-8b and -8a respectively allows it to bind to c-Src, most likely to the SH2 domain 

of c-Src because caspase-8 has a putative SH2 binding site (SEEQP-pYLEM-DLSS) 

(52). 
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1.5.13 Tumorigenesis 

 Caspase-8 can have either an inhibitory or a promoting effect on tumor 

development.  A characteristic feature of cancers is their inability to undergo apoptosis in 

response to apoptotic stimuli (157).  One potential mechanism of evasion of apoptosis is 

through the inactivation of caspase-8 by genetic or epigenetic mechanisms, alternative 

splicing or posttranslational modifications (21).  Inactivating mutations of the caspase-8 

gene has been reported in colorectal carcinoma (158), head and neck carcinoma (159), 

lung carcinoma (160, 161) and gastric carcinoma (162).  The caspase-8 gene can also be 

deleted through homo- or heterozygous genomic deletion as seen in neuroblastoma cells 

(163) or through allelic imbalance on chromosome 2q resulting in alterations of caspase-

8 gene (164).  Hypermethylation (epigenetic mechanism) of the regulatory sequence of 

the caspase-8 gene is another way caspase-8 expression can be altered.  It is seen in  

neuroblastoma (165-170), medulloblastoma (165, 171), glioblastoma, Ewing tumor, 

retinoblastoma (165), rhabdomyosarcoma (165), lung carcinoma (172, 173) and 

hepatocellular carcinoma (174).  In addition, the protein function of caspase-8 can be 

impaired by the expression of a dominant negative variant of caspase-8, caspase-8L, as 

seen in leukemia (175) and neuroblastoma (17, 176). Posttranslational modification, such 

as phosphorylation, of caspase-8 has been shown to impair its ability to promote 

apoptosis.  Src-dependent phosphorylation of Y380 of caspase-8b or Y397 of caspase-8a 

has been suggested to suppress its apoptotic function (52, 177, 178) and it has been 

implicated in colorectal cancer (177). 
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 However, in addition to its apoptotic functions, caspase-8 has also been shown to 

have non-apoptotic functions, such as cell differentiation, proliferation, activation, 

adhesion, and migration.  These functions can potentially be involved in tumorigenesis.   

Intriguingly, a significant proportion (10-30%) of aggressive stage IV neuroblastoma 

maintains expression of caspase-8.  Inactivation mutations as described above are 

surprisingly rare (162, 173, 179, 180).  Equally, deletion or silencing of caspase-8 gene is 

an extremely rare event in malignancies (181).  On the contrary, it has been shown that 

there is an increased expression of caspase-8 in lung cancers (182).  Together, these 

suggest that the presence of caspase-8 potentially promotes tumorigenesis by promoting 

cell differentiation, proliferation and migration. 

1.5.14 Gene Transcription 

 Intriguingly, the DED of caspase-8, when cleaved off from the protease domain 

during the activation of caspase-8, can be chaperoned by Erk1/2 and translocates into the 

nucleus where it participates in caspase-8 transcriptional activation by directly binding to 

TOPORS, a p53 and topoisomerase I binding protein.  Binding of DED1 displaces p53 

from TOPORS, allowing p53 to activate the expression of caspase-8 (183).  This 

feedback loop allows processed caspase-8 to be continually replenished by newly 

synthesized caspase-8, potentially allowing the propagation of apoptosis by providing 

more caspase-8. 
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1.6 POSTTRANSLATIONAL MODIFICATIONS OF CASPASE-8 

 Caspase-8 protein can be modified posttranslationally to alter its cellular functions.  

Ubiquitination, cleavage and phosphorylation are the main posttranslational 

modifications of caspase-8.  I will now discuss these posttranslational modifications of 

caspase-8 and describe their effects on caspase-8 functions. 

1.6.1 Ubiquitination of Caspase-8 

 The stability of caspase-8 dimer is labile once it is released from the DISC (42, 48).  

Therefore, in order to sustain its activity, caspase-8 must be modified to increase its 

stability.  This is achieved by K48 and K63 polyubiquitination of caspase-8 by 

neddylated cullin3 (CUL3)-based ubiquitin E3 ligase, a component of DISC.  Upon death 

receptor ligation, the DISC translocates to lipid-raft platforms (linked to the cytoskeleton) 

and comes into physical contact with CUL3 and mediates RING box protein (RBX1)-

dependent polyubiquitination of caspase-8 on its C-terminal region within the p12 

subunit, likely at lysine 461 residue.  Polyubiquitination of caspase-8 promotes its 

aggregation and stability. After polyubiquitination of caspase-8, the Ub-binding protein 

p62 promotes translocation of the modified caspase-8 from receptor-associated 

complexes into higher molecular weight (MW) structures and allows aggregation of 

caspase-8 which enhances its activity and drives the auto-proteolytic release of caspase-8 

into the cytosol to activate executioner caspases and trigger apoptosis (184). 

1.6.2 Cleavage of Caspase-8 and its Functions 

 Whether or not cleavage of caspase-8 is necessary for its function remains 

controversial.  It has been shown that cleavage of caspase-8 is required for effective 
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extrinsic cell death pathway.  For example, c-FLIPL, RIP and Bid were ineffectively 

cleaved by a caspase-8 mutant which cannot itself be cleaved (185).  However, the 

cleavage of caspase-8 is not necessary for endotoxin-stimulated B lymphocytes 

proliferation, M-CSF-induced macrophage differentiation (85, 139), bone marrow 

hematopoietic progenitor differentiation (85, 185) and NF-!B activation (145).  In 

general, cleavage of caspase-8 is primarily required for pro-apoptotic function but not 

required for non-apoptotic functions. 

1.6.3 Phosphorylation of Caspase-8 

 Caspase-8 can be phosphorylated at different sites.  Serine 364 (S364) of caspase-8 

can be phosphorylated by p38 MAPK in freshly isolated neutrophils (186).   

Phosphorylation of S364 of caspase-8 has been shown to reduce its enzymatic activity 

(186).  Moreover, serine phosphorylation of caspase-8 has been shown to be sustained in 

neutrophils that were treated with endotoxin, i.e. a gram negative bacterial toxin that has 

been shown to prolong the lifespan of neutrophils (178).  Together, these data suggest 

that serine phosphorylation of caspase-8 negatively regulates the pro-apoptotic activity of 

caspase-8. 

 Caspase-8 can also be tyrosine phosphorylated by Src family kinases (SFKs) (52, 

177, 178), specifically, tyrosine 380 (Y380) of caspase-8b isoform or Y397 of caspase-8a 

isoform has been shown to be phosphorylated by SFKs (177).  Tyrosine phosphorylation 

of caspase-8 reduces it enzymatic activity (178), suppresses cellular apoptosis (177, 178) 

and promotes cell migration (52).  These findings suggest that tyrosine phosphorylation 

of caspase-8 might promote its non-apoptotic functions while suppressing its pro-

apoptotic functions.   
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 Threonine 263 (T263) of caspase-8b isoform is another site that can be 

phosphorylated.  Ribosomal S6 kinase 2 (RSK2) has been shown to phosphorylate T263, 

a process that is mediated by EGF (187).  Phosphorylation of T263 results in 

ubiquitination and degradation of caspase-8 (187). 
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1.7 APOPTOSIS 

1.7.1 Introduction 

Caspase-8’s major function is to initiate apoptosis.  I will now focus my 

discussions on the mechanism of apoptosis.  The word “apoptosis” comes from ancient 

Greek, meaning “falling off of petals from a flower” or “of leaves from a tree in autumn” 

(188).  It was first used in 1972 by Kerr et al to designate a cell death process with 

specific morphological changes (189).  Apoptosis is an energy consuming process (190) 

through which a cell undergoes self-destruction without causing bystander injury.  It is a 

highly regulated process that involves gene transcription, protein translation, activation of 

protein, and cell signaling.  Appropriate control of apoptosis is important for normal 

functioning (sculpting the embryo, maintaining tissue homeostasis, shaping the immune 

repertoire, terminating immune responses and restricting the progress of infections).  

Unregulated apoptosis has been linked to a variety of disease states.  Excess apoptosis is 

thought to contribute to neurodegenerative diseases, whereas insufficient apoptosis can 

lead to diseases such as autoimmunity and cancer (191, 192).  Apoptosis can be activated 

by a variety of apoptotic cues, including ligand activation of death receptors, growth-

factor withdrawal, oncogenes, and anoxia (191).  It is well established that caspases are 

central players of apoptosis.  Apical caspases, such as caspase-8, -10 and -9 become 

activated by apoptotic signals followed by the activation of effector caspases, such as 

caspase-3, -6 and -7, resulting in a distinct set of biochemical and physical changes 

involving the cytoplasm, nucleus and plasma membrane (188).  In the cytoplasm, vesicles 

and vacuoles are formed from endoplasmic reticulum.  In the nucleus, chromatin 

condenses and aggregates and becomes fragmented.  Then the nucleus becomes 
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convoluted and buds off into fragments within apoptotic bodies.  In the plasma 

membrane, cell junctions are disintegrated, and the membrane becomes convoluted and 

blebs (188). Apoptosis can be activated via an intrinsic or an extrinsic pathway depending 

on the origin of the death stimuli.  These pathways will be elaborated below and are 

illustrated in Figure 8.  

 

Figure 8 
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Figure 8.  Intrinsic and Extrinsic Apoptotic Pathway 
!
In the intrinsic pathway, an intracellular stress signal (1) such as oxidative stress, oncogene 

activation or DNA damage, activates BH1, BH2, BH3-containing Bcl-2 proteins, namely 

Bak and Bax (2).  This allows pore formation in the outer membrane of mitochondria, 

allowing the release of cytochrome c into the cytoplasm (3).  Cytochrome c then recruits 

APAF-1 in the cytoplasm (4), resulting in the formation of apoptosome (5), which recruits 

caspase-9 (6).  The recruitment of caspase-9 to the apoptosome leads to the activation of 

caspase-9 (7).  Activated caspase-9 in turn activates caspases-3, -6, -7 (8) resulting in the 

morphological changes seen in apoptosis (9) and cell death. 

In the extrinsic pathway, an extracellular death signal, such as FasL (10), binds to death 

receptor such as Fas and trimerizes it (11).  This allows the recruitment of adaptor molecule 

FADD (Fas Associated Death Domain) via interactions between death domains (DD) (12).  

Homotypic interactions between the death effector domains (DED) on FADD and caspase-

8, lead to caspase-8 recruitment to the complex forming the death-inducing signaling 

complex (DISC) (13). This leads to activation of caspase-8 by induced proximity (14).  

Activated caspase-8 then activates caspase-3 (8) and apoptosis ensues (9).  Activated 

caspase-8 can also cleave BH3 containing Bcl-2 protein, Bid, into truncated Bid (tBid) (15).  

tBid then translocates to mitochondrial outer membrane, allows the release of cytochrome c 

into the cytoplasm (3), activating the intrinsic pathway. 

!
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1.7.2 Intrinsic Apoptosis 

When a cell senses an intracellular stress signal (such as oxidative stress, 

oncogene activation and DNA damage), Bcl-2 homology-3 (BH3)-only protein becomes 

activated, resulting in the oligomerization of the pro-apoptotic Bcl-2 family proteins Bak 

and/or Bax (BH1, BH2, and BH3 domains containing protein) (192).  This allows the 

formation of pores in the mitochondrial outer membrane resulting in mitochondrial outer 

membrane permeabilization (MOMP) (193, 194).   The permeabilization of 

mitochondrial outer membrane leads to the release of cytochrome c into the cytosol, 

which then associates with apoptosis protease activating factor-1 (APAF-1), changing its 

conformation.  This then allows APAF-1 to bind to ATP/dATP and oligomerize to form a 

protein platform named the “apoptosome” (~1 MDa).  An apoptosome contains seven 

APAF-1, seven cytochrome c, seven dATP and seven procaspase-9 (195).  The 

apoptosome allows the binding and activation of caspase-9 by dimerization (7, 196-199).  

Active caspase-9 then goes on to cleave and activate effector caspases-3, -6, and -7 (194) 

and apoptosis ensues resulting in morphological changes as described above (Figure 8).  

The permeabilization of mitochondrial outer membrane also releases Smac/Diablo and 

Omi/HtrA2, which promotes caspase activation by eliminating inhibitor of apoptosis 

protein (IAP) function; flavoprotein apoptosis-inducing factor (AIF), which is implicated 

in chromatin condensation and large-scale DNA degradation; and endonuclease G, which 

might aid the caspase-activated DNase (CAD) nuclease in nucleosomal DNA 

fragmentation (192).  See figure 8 and 9. 
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1.7.3 Extrinsic Apoptosis 

Extrinsic apoptosis is also known as receptor-mediated apoptosis.  It begins when 

a cell senses a death signal from the extracellular space.  Extracellular death ligand, such 

as FasL (200), or tumor necrosis factor (TNF) (188, 201) can bind to its cell-surface 

death receptor (TNF receptor family) (91, 189, 202) , such as Fas (CD95/APO-1) (92, 

190) and TNF receptor (TNFR) (188, 203) respectively, allowing it to form homotrimeric 

ligand-receptor complex.  The trimerization of Fas or TNFR allows the recruitment, via 

its cytoplasmic death domain (DD) (188, 204), with adaptor proteins such as Fas 

associated protein with death domain (FADD), also known as MORT1 (15, 192, 205, 

206).  FADD also contains death effector domain (DED), a domain that interacts with the 

DED (homophilic interaction) of caspase-8 or -10, in the N-terminus (14, 15, 26, 193, 

194, 207).  The recruitment of caspase-8 or -10 to Fas/FADD complex forms an 

oligomeric death-inducing signaling complex (DISC) within seconds of receptor 

engagement (26, 195, 205, 208).  The DISC allows the oligomerization, self-cleavage and 

activation of apical caspases, caspases-8 or -10 in an induced proximity model (7, 26, 43, 

44, 196-199, 209).  In cells where the active caspase-8 or -10 directly cleaves and 

activates effector caspases, caspases-3 and -7, subsequently, caspase-3 activates caspase-

6 (194, 210, 211).  In cells where the active caspase-8 level is lower, caspase-8 inserts 

itself after the first cleavage into the mitochondrial membrane where it is anchored by 

cardiolipin (200, 212).  Here caspase-8 further oligomerizes and undergoes cleavage to 

form a mitochondria-associated caspase-8 active complex.  Active caspase-8 then cleaves 

Bid (a BH3-only member of the Bcl-2 family of proteins), which then triggers the release 
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of mitochondrial proteins including cytochrome c and the XIAP-inhibitor SMAC, leading 

to exuberant caspase-3/-7 activity (36, 97, 211, 213, 214).  See Figure 8 and 9. 

 

 

Figure 9 
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Figure 9.  Stress (Intrinsic) and Death-Receptor (Extrinsic) Apoptotic Pathways 
!
Stress (intrinsic) and death-receptor (extrinsic) apoptotic pathways are the two main  

apoptotic pathways in cells.  In the stress pathway, signals are mediated through the 

Bcl2 family, whereas the death-receptor pathway is activated by signals from other cells.  

In the stress pathway, when Bax binds to mitochondrial membrane, it allows the release 

of cytochrome c and Omi/Diablo into the cytoplasm.  Cytochrome c binds to Apaf1 and 

activates caspase-9, which subsequently activates caspase-3 and -7 and apoptosis 

ensues.  Omi/Diablo antagonizes inhibitors of apoptosis proteins (IAP) therefore 

preventing it from suppressing caspase-9, -3, and -7 and therefore promoting apoptosis.  

The death-receptor pathway starts with death ligands (FasL, TNF-#, TRAIL) binding to 

death receptors, which then recruits FADD and then caspase-8 allowing the activation of 

caspase-8 and thus activation of caspase-3 and therefore apoptosis.  Caspase-8 can also 

trigger the stress pathway by cleaving Bid and activating it.  

!
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1.7.4 The Consequences of Effector Caspases Activation 

Both the intrinsic and extrinsic pathways of apoptosis lead to the activation of 

effector caspases, caspases-3, -6 and -7.  The effector caspases are capable of cleaving 

many important cellular substrates that lead to morphological changes seen in apoptosis 

and ultimately cell death (188).  Caspase-3 can cleave inhibitor of caspase-activated 

DNase (ICAD) resulting in the release of caspase-activated DNase (CAD), allowing 

CAD to move into the nucleus and cleave DNA internucleosomally.  This results in DNA 

fragmentation (215-217).  Chromatin condensation, nuclear shrinking and budding are 

due to the cleavage of nuclear lamins (218, 219).  The cleavage of cytoskeletal proteins 

such as actin, fodrin, focal adhesion kinase (FAK) (220) and gelsolin (221) leads to the 

loss of overall cell shape (221, 222). The active blebbing is orchestrated through caspase-

mediated cleavage of PAK2 (223) and Rho-associated coiled-coil forming kinase I 

(ROCK-I) cleavage renders the kinase constitutively active, leading to constitutive 

phosphorylation of myosin light chain (224-226).  Once cleaved, ROCK-I stimulates 

actomyosin-based contractility and is responsible for bleb formation in apoptotic cells 

(224-226).  Finally, caspases inactivate flippase, an ATP-dependent enzyme that 

maintains phosphatidylserine (PS) at the inner layer of the plasma membrane, resulting in 

the redistribution of PS to the outer leaflet of the plasma membrane, generating an “eat-

me” signals that stimulate phagocytosis (via PS receptor) of apoptotic cells by 

surrounding cells (194, 227, 228). Phagocytosis of apoptotic bodies results in the release 

of anti-inflammatory cytokines and immune tolerance (229, 230). 
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1.8 SRC FAMILY PROTEIN TYROSINE KINASE 

1.8.1 Overview 

c-Src is the prototypic member of a family of non-receptor tyrosine kinases, 

known as Src family kinases (SFKs), that play a central role in the control of cell 

proliferation, survival, differentiation, migration, invasion, angiogenesis, adhesion, 

cytoskeletal rearrangement, vesicle trafficking by cell surface receptors and immune 

function (231, 232).  Including c-Src, there are a total of nine members of SFKs, namely 

Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, Yes and Yrk (233, 234).  Src, Yes and Fyn are 

described as “ubiquitously” expressed, whereas Lck, Lyn, Blk, Fgr and Hck are uniquely 

expressed at relatively high levels in various hematopoietic lineages.  Myeloid lineage 

cells primarily express Hck, Fgr and Lyn; B cells primarily express Lyn, Fyn and Blk; 

whereas T cells primarily express Lck and Fyn-T (a hematopoietic cell-specific isoform 

which contains an alternatively spliced form of exon 7 that encodes a part of the kinase 

domain (232, 235)) (234, 236) (Table 2).  c-Src is a proto-oncogene, a cellular precursor 

of a retroviral (Rous sarcoma virus) transforming gene, v-src (237).  However, compared 

to v-src, c-src has low transforming activity in both mammalian cell lines and chicken 

embryo fibroblasts (237-246).  The protein product of v-src, like c-src (247, 248), is a 

protein tyrosine kinase (249-256).   Interestingly, c-Src has a much lower kinase activity 

than v-Src (256) potentially explaining the low transforming activity of c-Src. 
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Table 2 

SFK Family Member Pattern of Expression 
Blk B cells 
Fgr Myeloid cells, B cells 
Fyn Ubiquitous 
Hck Myeloid cells 
Lck T cells, NK cells, brain 
Lyn Brain, B cells, myeloid cells 
c-Src Ubiquitous 
Yes Ubiquitous 
Yrk Ubiquitous 

 

Table 2. Src Family Kinase Members and Their Pattern of Expression 

There are a total of nine Src family kinase members.  Blk is primarily expressed in 

B cells, Fgr is primarily expressed in myeloid cells and B cells, Hck is primarily 

expressed in myeloid cells, Lck is primarily expressed in T cells, NK cells and 

brain cells, Lyn is primarily expressed in B cells, myeloid cells and brain cells.  

Fyn, c-Src, Yes and Yrk are ubiquitously expressed in all cell types. 

!
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1.8.2 Structure of Src Family Protein Tyrosine Kinase 

All nine members of the SFKs share a common structure that is comprised of four 

Src homology (SH) domains.  Starting from the N-terminus lies the SH4 domain, 

followed by SH3, SH2 and SH1 domains (Figure 10A) (257-259).  The SH4 domain 

regulates cellular localization, the SH2 and SH3 domains regulate the interactions with 

binding partners whereas the SH1 domain regulates enzymatic activity (234, 260).  All 

SFKs are N-terminally myristoylated and seven out of nine family members are also N-

terminally palmitoylated (261-264).  All SFKs have a conserved glycine residue 

immediately after the start methionine.  The start methionine is removed and myristate is 

cotranslationally fused to the glycine at position 2 (265, 266).  Most SFKs undergo 

reversible palmitoylation at cysteine 3 and at either cysteine 5 (Lck) or cysteine 6 (Fyn) 

(262, 267-270).  The fatty acid moieties (myristoylation and palmitoylation) are required 

for localization to cellular membranes (232, 271) and subsequent activation.  Removal of 

glycine 2 (myristoylation) or cysteine (palmitoylation) residues prevents membrane 

localization of SFKs and subsequent activation by receptor binding stimuli (263, 272).  

Immediately after the SH4 membrane-targeting region lies a “unique” domain of 50-70 

residues, which is divergent among family members (258, 273).   

The SH3 domain can interact with proline-rich domains (PXXP) allowing the 

interaction of SFKs with intracellular substrates (274-276).  It also interacts with the short 

polyproline type II helix between the SH2 and kinase domains in the inactive 

conformation of the protein (258, 261, 277).  The SH2 domains recognizes and interact 

with phosphotyrosine peptide (278-281).  It can also bind to the autoinhibitory tyrosine 
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residue (tyrosine 527 in chicken c-Src; tyrosine 530 in human c-Src) (261), located in its 

C-terminal tail, forming a closed inactive conformation (238, 241, 243, 282-285). 

The SH1 tyrosine kinase domain contains the autophosphorylation site (tyrosine 

416 in chicken c-Src; tyrosine 419 in human c-Src) within a segment of the kinase 

domain termed the activation loop (258).  The autophosphorylation site is important 

because it has been shown to be required for full c-Src activation (261).  Followed by the 

SH1 domain lies a short C-terminal tail, which is a hallmark of Src kinase, which bears 

an autoinhibitory phosphorylation site (tyrosine 527 in chicken c-Src; tyrosine 530 in 

human c-Src) (286).  Of note, the C-terminal autoinhibitory phosphorylation site is absent 

in v-Src (286, 287), contributing to its constitutive activity.   
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Figure 10A 

 

 

!

Figure 10A.  The Secondary Structure of c-Src 
!
The secondary structure of c-Src is depicted here.  The domain structure of Src family 

kinases (SFKs) consists of four Src homology (SH) domains: the unique region (SH4), 

followed by the SH3, SH2 and tyrosine kinase (SH1) domains.  The SH3 domain binds to 

proline-rich region (PXXP type II helix recognition).  The SH2 domain recognizes and 

binds to phosphotyrosine peptide, such as the autoinhibitory phosphorylated tyrosine 

residue in the C-terminal tail (tyrosine 527 in chicken c-Src, tyrosine 530 in human c-Src).  

The kinase (SH1) domain contains an activation loop tyrosine residue (tyrosine 416 in 

chicken c-Src, tyrosine 419 in human c-Src).  It is involved in autophosphorylation and is 

required for full activation of SFKs.  All SFKs are myristoylated in the N-terminus and 

seven of the SFKs are also palmitoylated. 

!
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1.9 ACTIVATION OF C-SRC 

The mechanism of c-Src activation became apparent with the help of the three-

dimensional structures of c-Src (243) and Hck (238).  In its inactive state, the SH3 and 

SH2 domains interact with the kinase domain via the short polyproline type II helix 

between the SH2 and kinase domains in the N lobe of the kinase and the C-terminal tail 

autoinhibitory phosphotyrosine 527 in the C lobe of the kinase, respectively (278).  These 

protein interaction motifs keep the kinase in an inactive conformation through the 

intramolecular interactions (259).  Intriguingly, the position of the SH3 and SH2 domain 

does not physically occlude the catalytic cleft.  Instead, this inactive conformation 

prevents the binding of peptide substrates and also protects tyrosine 416 from being 

phosphorylated (258, 259, 277). 

In order for c-Src to be activated, the closed inactive conformation must be 

opened up.  This can be achieved by the binding of SH2 or SH3 ligands (288) or the 

dephosphorylation of tyrosine 527.  These events all lead to the disassembly of the 

regulatory domains from the catalytic domain, exposing tyrosine 416 to be 

autophosphorylated (245).  The tyrosine 416 residue is located in the catalytic centre.  Its 

phosphorylation is essential in the activation of c-Src in that it allows substrates to bind to 

the catalytic centre of the kinase domain (246, 258, 277).  Tyrosine 416 is phosphorylated 

through intermolecular autophosphorylation (289) (Figure 10B).  The dephosphorylation 

of tyrosine 527 and phosphorylation of tyrosine 416 are both required in the full 

activation of c-Src.   
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Figure 10B 
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Figure 10B.  The Activation of c-Src 
!
c-Src is in an inactivated state when its C-terminal tyrosine 527 is phosphorylated and it 

binds to the SH2 domain.  There is also an interaction between the SH3 domain and the 

back of the kinase domain.  These result in a closed molecular structure preventing 

access of substrates to the kinase domain.  A few different mechanisms could result in 

the opening of the c-Src molecule to allow the access of substrates to the kinase domain 

and the autophosphorylation of activation loop tyrosine 416 to complete the activation 

of c-Src. These mechanisms include: A) the binding of phosphotyrosine to the SH2 

domain resulting in the release of its binding to C-terminal tyrosine 527; B) 

dephosphorylation of C-terminal tyrosine 527 resulting in the release of SH2 domain 

from its binding; and C) the binding of proline rich domain to the SH3 domain resulting 

in the release its binding from the back of the kinase domain.  

!



!

!

D.!

1.10 REGULATION OF C-SRC 

SFKs are regulated by various inputs, including tyrosine kinase receptors and 

integrins, G-protein-coupled receptors, such as "-adrenergic receptor (290), antigen and 

Fc receptors (234), cytokine receptors such as TNF-related activation induced cytokine 

(TRANCE) (291), protein tyrosine phosphatases such as protein tyrosine phosphatase-# 

(PTP#) (249) and even by steroid receptors such as progesterone receptor (292). 

1.10.1 Intramolecular Regulation of c-Src 

c-Src can be regulated by proteins that modify both the intramolecular (inhibitory) 

interactions and the phosphorylation/dephosphorylation of the inhibitory tyrosine 527 site 

(259).  Firstly, carboxy-terminal Src kinase (Csk) (293-295) or its homolog Chk (51-53) 

have been shown to phosphorylate tyrosine 527 (286) of c-Src.  This leads to inactivation 

of c-Src (54-56).  When the autoinhibitory tyrosine 527 is phosphorylated, it promotes 

the assembly of the SH2, SH3, and kinase domains into an autoinhibited conformation 

maintained by intimate interactions among these domains (238, 241, 243, 245, 246). 

 In order for c-Src to be activated, tyrosine 527 must by dephosphorylated (247).  

This could be achieved by different protein tyrosine phosphatases, such as PTP# (249, 

251), PTP1, SH2-containing phosphatase 1 (SHP1), SHP2 (233) and protein tyrosine 

phosphatase CD45 (231). 

A myriad of cellular stimuli, including polypeptide growth factors, hormones, 

integrin aggregation, stress, cell cycle progression, can lead to the phosphorylation of 

signaling proteins.  The phosphorylation of signaling proteins then acts as a SH2 binding 

partner allowing the SH2 domain of c-Src to be released from its own C-terminal tail. 
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This leads to an active conformation through phosphatase-mediated dephosphorylation of 

tyrosine 527 then autophosphorylation of tyrosine 416 (232). 

In addition, the direct binding of focal-adhesion kinase (FAK) (236) or its 

molecular partner Crk-associated substrate (CAS) (257) to the SH2 and SH3 (234) 

domains of c-Src also results in the open, active configuration of c-Src by displacing the 

C-terminal tail from binding to the SH2 domain of c-Src (261). 

1.10.2 Receptor-Mediated Activation of c-Src 

Interactions of c-Src with ligand-activated receptor tyrosine kinases (RTKs), such 

as epidermal growth factor receptor (EGFR) (265), PDGFR (267, 269, 270), ERBB2 

(also known as HER2/Neu)(271), fibroblast growth factor receptor  (FGFR) (272), 

colony-stimulating factor 1 receptor (CSF-1R) (273) and hepatocyte growth factor 

receptor (HGFR) (274) can result in increased c-Src activation.  This is due to the 

disruption of the intramolecular interactions that hold c-Src in a closed, inactive 

configuration (261). 

The activation of SFKs by RTKs is a sophisticated event, more than just a simple 

recruitment.  First of all, the activation of c-Src by EGFR requires small GTPases, Ras 

and Ral (296).  Secondly, in response to PDGF, EGF and FGF stimulation, protein 

tyrosine phosphatase SHP2 is recruited to the activated RTKs.  There, it 

dephosphorylates the Csk-binding protein PAG, resulting in the prevention of Csk’s 

access to c-Src (297).  This then prevents the phosphorylation of the autoinhibitory 

tyrosine 527 (298), therefore, resulting in the activation of c-Src. 
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1.10.3 Other Mechanisms of c-Src Regulation  

Another way to regulate SFK function is through their submembrane localization.  

This is regulated by lipid modification (myristoylation and palmitoylation) and 

interaction with localized binding partners such as other kinases and phosphatases which 

are responsible in regulating SFKs’ catalytic activity (260).  Ubiquitination followed by 

degradation by the proteasome CBL ubiquitin ligase is another regulatory mechanisms of 

c-Src activity (299).  Intriguingly, in cancer cells, the ubiquitin-proteasome pathway is 

deregulated, resulting in exuberate c-Src activation (300).  Finally, one of the most 

intriguing potential mechanisms for c-Src activation is through naturally occurring 

mutational events.  It has been shown that in some colon cancer cells (301) and 

endometrial cancer cells (302), c-Src is truncated at amino acid 531, just C-terminal to 

the autoinhibitory tyrosine 530 (equivalent to tyrosine 527 in chicken c-Src).  This results 

in increased c-Src activation because the autoinhibitory tyrosine 530 could no longer 

interact with its own SH2 domain to keep the c-Src molecule in closed, inactive 

conformation.  
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1.11 CELLULAR FUNCTIONS OF C-SRC 

The functions of c-Src are pleiotropic, ranging from regulation of mitogenesis, 

cell growth, survival, apoptosis, adhesion and migration.  Other functions of c-Src 

include vesicle trafficking, cytoskeletal rearrangement, B cell and T cell development and 

activation.  Based on the functions of c-Src, it is understandably that c-Src plays an 

important role in tumorigenesis and tumor progression. 

1.11.1 Regulation of Mitogenesis and Cell Growth 

v-Src has been shown to suppress the expression of cyclin-dependent kinase 

(CDK) inhibitor p27.  This allows the progression of cell cycle (transition of the G1 

phase of the cell cycle and prevention of entry of the quiescent state) despite survival 

factors are limited (303, 304).  Moreover, v-Src in quiescent cells sequentially induces 

the expression of cyclins D1/E and A and activates cyclin D1, D3/CDK4/6, cyclin 

E/CDK2 and cyclin A/CDK2 (304).  The activities of the phosphatidylinositol 3-kinase 

(PI3K) and mitogen activated protein kinase kinase (MEK) pathways are crucial in the 

cell cycle effects stimulated by v-Src.  In addition, the activation of MEK/extracellular 

signal-regulated kinase (ERK) signaling (304, 305), possibly mediated by tyrosine 

phosphorylation of FAK and coupling to the Grb2/Ras/MEK pathway (306) are required 

to drive cells through G1 and into S-phase (304). 

 A stimulation of c-Src tyrosine kinase activity was seen in mitotic cells (307), 

which suggests that c-Src might play a role in the regulation of mitosis.   The mechanism 

of c-Src activation seen during mitosis is as follow.  During mitosis, Cdc2 kinase 

phosphorylates c-Src at serine and threonine residues (308, 309), resulting in the 

modification of tyrosine 527-SH2 interaction.  This leads to partial activation of c-Src 
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followed by the dephosphorylation of tyrosine 527 by a protein tyrosine phosphatase 

which is active during mitosis (310). 

By using a kinase-dead c-Src mutant or by using antibodies to inhibit c-Src, 

studies have shown that c-Src is crucial in the mitogenic activity of PDGF (311-314), 

EGF (233, 247, 251, 265, 314, 315), FGF-1 (316, 317), CSF-1 (231, 236), stem cell 

factor (SCF) (318, 319) and insulin growth factor (IGF-1) (320).  The mechanism 

involves the production of c-Myc (313, 321), which is a transcription factor required for 

mitogenesis in response to growth factors (322).  In addition, signal transducer and 

activator of transcription 3 (STAT3) (269) is implicated in c-Src-induced mitogenesis 

through the proposed PDGF/PDGFR/c-Src/STAT3/c-Myc pathway (306). 

There is also evidence that suggests c-Src cooperates with the EGFR in growth 

signaling (231, 251).  Interestingly, in breast cancer cells, both EGFR and c-Src protein 

expression are often upregulated.  Moreover, in fibroblasts that overexpress c-Src (in the 

presence of myristolyation and catalytic activity), there is an augmented mitogenic 

response to EGF stimulation (247).  When c-Src (catalytically active) and EyouGFR are 

co-expressed in CH3H10T1/2 cells, it stimulates EGF-induced anchorage-independent 

growth and tumor development in nude mice (265, 315).  The c-Src/STAT/c-Myc 

pathway is implicated in the EGF-induced mitogenesis (323) because after the activation 

of ErbB by EGF, c-Src is required for the activation of STAT transcription factors (324). 

Other potential mitogenic targets of SFKs include Vav2, a guanine nucleotide 

exchange factor (325, 326), Golgi-associated Ras activation (327, 328), and protein 

kinase C family members (329-333).  c-Src is specifically required at points during G1 

and for completion of G2/M transition (233, 307). 
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1.11.2 Regulation of Cell Survival and Apoptosis 

The role of v-Src on apoptosis is complex.  It can either prime cells for it or 

protect cells against it (334).  When survival factors are limiting such as in low serum 

conditions, v-Src promotes cell survival via the activation of PI3K and Akt (334).  v-Src 

transformed cells can overcome the normal adhesion requirement of cell cycle progress 

and promote anchorage-independent growth.  This is due to its ability to promote cell 

cycle progression in the absence of growth factors (334). 

In the process known as “anoikis”, cells undergo programmed cell death upon 

detachment from extracellular matrix (335).  Intriguingly, v-Src can protect epithelial 

cells from anoikis and also promote cell survival upon UV treatment (336) through the 

activation of the PI3K/Akt pathway (337) and the MEK/MAPK-dependent induction of 

the anti-apoptotic Bcl2-family protein Bcl-XL (338).  STAT3, a transcription factor for 

Bcl-XL (339), is also thought to be involved (340).   

The role of c-Src activity in carcinoma cells is thought to involve the induction of 

anoikis resistance by the expression of anti-apoptotic Bcl-2 family protein via the 

activation of the PI3K/Akt pathway (341), resulting in cancer progression (340).  This 

could potentially explain the survival of cancerous cells in the absence of extracellular 

matrix attachment and in the presence of noxious stimuli (334).  Of note, the c-Src 

expression and activity levels correlate well with resistance to anoikis.  Moreover, c-Src 

has been shown to play a role in TRANCE-receptor/TRAF/Src/PI3K/Akt activation that 

mediates cell survival (291).  Moreover, Src, PI3K/Akt-1 and MEK/Erk pathways are 

responsible for the survival of human epithelial cells (342) and human neuronal cells 

(343). 
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1.11.3 Regulation of Cell Adhesion, Motility and Invasion 

c-Src has been shown to regulate cell adhesion, motility and invasion.  In c-Src 

transfected fibroblasts and cancer cells, there are less intercellular adhesion, increased 

motility and augmented ability to invade matrix substrates.  In addition, there is a 

decreased number of bundled actin filaments, cellular contacts (focal adhesion of 

mesenchymal cells, cell-cell adhesions of epithelial cells) and gap junction 

communications (340).  Indeed, not only is c-Src expression increased in the early course 

of colon cancer development (such as in colonic polyps and adenomas) (344), there is 

also an augmented c-Src-specific activity in later stage of cancer development (345, 346), 

suggesting that c-Src also contributes to metastatic potential through their effects on 

adhesion, motility and invasion (347). 

c-Src regulates focal adhesions and adherens junctions – two principal subcellular 

structures that control cell adhesion, invasion and motility (348, 349).  c-Src is also 

responsible for blocking downstream integrin signaling resulting in the disassembly of 

focal-adhesion structures and in the reduction of cell clustering (350).  On the contrary, 

the expression of kinase-dead v-Src leads to the exaggeration of focal adhesions 

formation (351).  In addition, v-Src can induce tyrosine phosphorylation of Ras-related 

protein (RRAS), which then form a complex with v-Src to inhibit integrin activity and 

reduce cell-matrix adhesion (352).  This suggests that c-Src could also affect the integrity 

of focal adhesion through RRAS.  Data has also suggested that c-Src could regulate the 

stability of focal adhesion via its interaction of FAK. 

Not only does c-Src promote the release of cells from the extracellular matix, it 

also promotes the release of cells from each other through its action on E-cadherin.  
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Specifically, c-Src disrupts adherens junctions by inhibiting the localization of E-

cadherin, thus preventing its function at these contact points.  Moreover, c-Src and other 

tyrosine kinases phosphorylate and promote ubiquitination of the E-cadherin complex, 

which leads to the endocytosis of E-cadherin (353).  Of note, c-Src-induced tyrosine 

phosphorylation of FAK is equally important for the disruption of E-cadherin cell-cell 

contacts.   

FAK is known as a non-receptor tyrosine kinase.  It is important in the regulation 

of cell-cycle progression, cell survival, proliferation and migration (354).  It controls both 

cell-cell and cell-matrix adhesion.  It localizes to the focal adhesions that form between 

growing cells in the presence of extracellular matrix constituents, such as fibronectin.  

Being the first identified c-Src substrates, FAK is tyrosine phosphorylated by c-Src, 

which leads to its activation and the loss of focal adhesion (351).  The FAK-c-Src 

complex, CAS, paxillin, Erk and myosin light-chain kinase (MLCK) are all important in 

the turnover of adhesion in the migrating cell front (355).  The sequence of events is as 

follow.  First, the FAK-c-Src complex phosphorylates paxillin and CAS.  This is 

followed by the recruitment of other adhesion molecules and the regulation of 

cytoskeletal organization (356).  Then, c-Src, FAK and CAS form a trimeric complex via 

the binding of c-Src SH2 domain to FAK and c-Src SH2 domain to CAS.  FAK-c-Src 

signaling then results in the activation of Erk, which then phosphorylates and activates 

MLCK.  All together, these steps lead to the disassembly of adhesion (261).  Many 

cancer cells demonstrate concordant c-Src and FAK overexpression and activation, which 

can lead to increased invasion and metastasis (357). 
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1.11.4 The Role of c-Src in Tumorigenesis and Tumor Progression 

It is a noticeable event when v-Src transforms normal fibroblasts.  It results in 

marked morphological changes including cell rounding and disaggregation.  As the cells 

lose their intercellular, integrin-based cytoskeletal attachment in an organized monolayer 

(261), they float in culture medium.  Without cytoskeletal attachment, v-Src transformed 

cells are more motile and more prone to invade the basement membrane matrix.  Within a 

few weeks, v-Src transformed cells begin to clump, forming cell foci where they lose 

their contact inhibition of growth (a hallmark of cancer cell).  These cells are able to 

invade and metastasize (261). 

Similar to oncogenic v-Src, activated mutants of c-Src can also transform cells in 

culture (358-360) and induce tumors in chickens (361).  In gastrointestinal malignancies 

(hepatocellular, pancreatic, gastric and esophageal cancer (362)), breast (363), ovarian 

(364) and lung cancers (364), there is an increase in c-Src activity.  More intriguingly, in 

hepatocellular cancers (365, 366) and colon cancers (367, 368), there is an 

overexpression of c-Src protein and an underexpression of CSK protein, resulting in 

augmented c-Src activation.   In some cancers, despite having normal levels of c-Src 

protein expression, there is an increased specific activity of c-Src (261).  Moreover, as 

cancer advances, both high levels of c-Src protein and c-Src kinase activity have been 

observed (364). 

Interestingly, despite the requirement of c-Src in fibroblast cell division (231), 

and the potential role of c-Src in stimulating the proliferation of precancerous cells, the 

overexpression of c-Src in human colon carcinoma cells does not promote cell growth.  

Instead, it stimulates the assembly of integrin adhesions and augments the ability of cells 
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to spread on a substrate (369).  Moreover, despite the co-transfection of EGFR and c-Src 

into fibroblasts causing increased proliferation, invasiveness and tumorigenesis (265), the 

combined effects of EGFR and c-Src only promote colon cancer cell metastasis but not 

proliferation.  Together, these data imply that c-Src activation is involved in cell 

proliferation in the process of tumorigensis.  However, in later stage of tumor 

development, c-Src activities control tumor cell adhesion and invasion (306).  

More intriguingly, Yeatman et al has demonstrated the existence of a naturally 

occurring c-Src mutation in a subset of advanced human colon cancer (370).  Likewise, 

Sugimura et al also has demonstrated the existence of the same c-Src mutation in 

endometrial carcinoma (302).  They showed the existence of a truncated c-Src at amino 

acid 531.  The truncated form of c-Src behaves like v-Src in that it is activating, 

transforming, tumorigenic and promotes metastasis (370).  The truncation of c-Src at 531 

prevents the autoinhibitory tyrosine 530 (equivalent to tyrosine 527 in chicken c-Src) 

from binding to its own SH2 domain, therefore, preventing it from forming a closed and 

inactive conformation.  These data further support the notion of c-Src in the pathogenesis 

of tumor. 
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1.12 INTERACTION BETWEEN CASPASE-8 AND SFKS 

Over the past few years, data has emerged that suggested the interaction between 

SFKs and caspase-8.  Our group has shown that Lyn interacts with caspase-8 

(unpublished data) while other groups have shown that c-Src interacts with caspase-8 (52, 

53, 141).  Various groups have studied the caspase-8 sites involved in the interaction with 

c-Src.  Barbero et al showed that the linker region of caspase-8 where tyrosine 380 

(caspase-8b isoform) is located is responsible for its interaction with c-Src.  The 

pY380LEM motif is thought to act as a SH2 domain binding partner of c-Src’s SH2 

domain (52).  Interestingly, another group has suggested that the RXDLL motif within 

the first DED domain of caspase-8 is responsible for its interaction with c-Src (53, 141). 

! Epidermal growth factor (EGF) is the cellular signal that promotes the interaction 

of caspase-8 with c-Src (53) and it has been suggested that upon EGF stimulation, the 

interaction between caspase-8 and c-Src promotes c-Src activation.  This is based on the 

observation that upon EGF stimulation, the c-Src molecules that were 

immunoprecipitated with caspase-8 were phosphorylated at tyrosine 416 (53).  

Furthermore, it has been shown that caspase-8 is important in downstream Erk1/2 

activation stimulated by EGF (53, 141). 
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1.13 BCL-2 FAMILY OF PROTEINS 

1.13.1 Three Families of Mammalian Bcl-2 Proteins and Their Domain Structures 

The Bcl-2 protein, encoded by the BCL2 (B-cell lymphoma 2) gene, is an anti-

apoptotic protein (371).  Bcl-2 prevents most forms of apoptotic cell death as well as 

certain forms of necrotic cell death (372).  In mammals, Bcl-2 has at least 20 relatives, all 

of which share at least one conserved Bcl-2 homology (BH) domain  (Figure 11).  The 

Bcl-2 family is further divided into three families: 1) the anti-apoptotic, 2) Bax, and 3) 

the BH3-only families.  Both the Bax and the BH3-only families are pro-apoptotic.  The 

anti-apoptotic Bcl-2 family includes Bcl-2, Bcl-xL, Bcl-w, A1 (Bfl-1), Mcl1 and Boo.  

They share sequence homology within four regions, namely BH1, BH2, BH3 and BH4 

domains.  They potently inhibit apoptosis in response to many cytotoxic insults.  

Members of the pro-apoptotic Bax death family include Bax, Bak, Bok (Mtd) and Diva, 

and share sequence homology in BH1, BH2 and BH3 domains (373).  Members of the 

BH3-only pro-apoptotic family only share sequence homology in BH3.  They include 

Bid, Bim, Bik, Bad, Bmf, Hrk (DP5), Blk, Bnip3, Bnip3L, Noxa and Puma (192).  Both 

types of pro-apoptotic proteins are crucial in the initiation of apoptosis.   The BH3-only 

proteins serve as a sensor for any form of cellular damage and directly antagonize pro-

survival proteins.  The Bax-like proteins serve to disrupt mitochondrial membrane 

integrity (192). 
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Figure 11 

!

Figure 11.  Bcl-2-Related Proteins and Their Structural Domains 
!
Bcl-2-related proteins are divided into pro-survival and pro-apoptotic families.  The pro-

survival family, the Bcl-2 family includes Bcl-2, Bcl-xL, A1, Bcl-w, and Mcl1.  These 

members are consisted of BH1, 2, 3 and 4 domains and a transmembrane (TM) domain.  

The Bax family (pro-apoptotic) includes Bax, Bak and Bok and they are consisted of BH1, 2 

and 3 domains and a TM domain. The last proapoptotic Bcl-2-related protein family is the 

BH3-only family.  This family includes Bid, Bim, Blk, Bad, Bmf, Hrk, Noxa and Puma.  As 

the name suggests, they only contain BH3 domain and the TM domain (except for Bid, 

which does not have the TM domain).   

!
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1.13.2 The Regulation of Apoptosis and Survival by Bcl-2 Family Proteins 

The anti-apoptotic and pro-apoptotic Bcl-2 family proteins influence each other’s 

biological functions by forming heterodimers (373, 374).    The BH3 domain of a pro-

apoptotic protein is inserted into a hydrophobic cleft formed by the BH1, BH2 and BH3 

domains of an anti-apoptotic protein (375).  The BH1, BH2 and BH4 domains are all 

required for anti-apoptotic activity (376) whereas the BH3 domain alone is sufficient in 

setting off pro-apoptotic activity (377). 

The regulation of cell death and cell survival is an intricate matter.  It requires a 

balance of anti-apoptotic proteins and pro-apoptotic proteins.  Under normal 

circumstances, the anti-apoptotic Bcl-2 family keeps apoptosis in check at different 

regulatory levels.  Firstly, Bcl-2-like proteins might control the activation of several 

apical caspases that act upstream or independently of any mitochondrial breach (192).  

They can also function at the mitochondrion to prevent Bax/Bak oligomerization (378).  

The BH3-only proteins, despite being pro-apoptotic, require Bax and Bak to carry out 

their apoptotic functions (379, 380).  Moreover, individual BH3-only proteins are 

normally held in check by diverse mechanisms.  For example, Bim and Bmf are not 

available for their apoptotic functions because they are normally sequestered by the 

dynein light chains.  The dynein light chains are associated with microtubules in the case 

of Bim and actin cytoskeleton in the case of Bmf!(381, 382).  Moreover, Akt and protein 

kinase A can phosphorylate Bad, resulting in its binding to 14-3-3 scaffold proteins, 

making it unavailable for its apoptotic functions (383, 384).  Bid requires proteolytic 

cleavage by either granzyme B or caspase-8 into truncated Bid in order to be active (36, 
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97).  Lastly, Noxa, Puma and Hrk/DP5 are regulated primarily at the transcription level 

(385-388).   

During apoptosis, the pro-apoptotic Bcl-2 family members are activated by 

conformational change (389).  Through dephosphorylation (e.g. bad) (384) or proteolytic 

cleavage by caspases (e.g. bid) (36, 97), the pro-apoptotic BH3 domain becomes exposed 

to the surface.  It is necessary for Bid to activate Bax in order to promote death.  In 

addition, Bid and Bax act in concert to inactive pro-survival proteins (390).   Moreover, 

Bid, Bad, Bax and Bim must translocate from the cytoplasm to the mitochondria to 

execute their pro-apoptotic activity (391-393).  Bax and Bak insert themselves into the 

outer mitochondrial membrane (394, 395).  They oligomerize there (396-399) to form 

pores that lead to the release of pro-apoptotic proteins such as cytochrome c.  Different 

apoptotic proteins are responsible for cytochrome c release in different apoptotic settings.  

For example, Bid is involved in Fas-mediated apoptosis, Bax is involved in DNA 

damage-induced apoptosis and neurotrophin deprivation-induced death and Bad is 

involved in lymphokine deprivation-induced cell death in certain cells (372). 

Given that the activities of anti-apoptotic and pro-apoptotic members of the Bcl-2 

family are regulated by different mechanisms (such as various binding proteins with 

apparently distinct functions) and post-translational modifications (such as 

phosphorylation (400) and proteolytic cleavage (401)), the Bcl-2 family might constitute 

a convergent point for various apoptosis-regulating signals (372, 402) (Figure 12). 
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Figure 12 

 

!

Figure 12.  The Regulation of Cell Survival and Apoptosis by Bcl-2 Family Proteins 
!
Bcl-2 protein serves to protect mitochondrial membrane integrity.  However, when BH3-

only protein neutralizes Bcl-2 protein, Bax and Bak can then form channels in 

mitochondrial outer membrane allowing the release of cytochrome c and Omi and Diablo.  

Cytochrome c then binds to Apaf 1, which then binds to caspase-9 resulting in its activation.  

Omi and Diablo antagonizes IAP.  The end result is apoptosis. 

!
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1.14 SUMMARY 

Here, I have discussed in detail the biology (structure, mechanisms of activation 

and functions) of two seemingly opposing molecules, caspase-8 and SFKs, specifically c-

Src.  I have also discussed the biology of apoptosis and the regulation of apoptosis and 

cell survival by Bcl proteins, demonstrating a switch between apoptosis and cell survival 

at distal stages of the cellular processes.  I further alluded to the potential crosstalk 

between caspase-8 and SFKs by discussing the interaction between these two opposing 

molecules.  In chapter 4 and 5 of this thesis, I will provide the evidence of a proximal 

regulatory switch between apoptosis and cell survival by demonstrating the reciprocal 

regulatory circuit between caspase-8 and c-Src. 
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Chapter 2.  RATIONALE, AIMS AND FUNDAMENTAL RESEARCH 

QUESTIONS 

2.1 RATIONALE 

 We and others have previously shown that caspase-8, a pro-apoptotic protein, could 

be tyrosine phosphorylated at tyrosine 397 (caspase-8a isoform) or tyrosine 380 (caspase-

8b isoform) by Src family tyrosine kinases (SFKs) and this results in the suppression of 

apoptosis (177, 178).  These data suggest a potential reciprocal regulation between 

caspase-8 (a pro-apoptotic protein) and SFKs (a pro-survival protein).  

2.2 AIMS 

 The primary aim of my studies presented in this thesis was to explore the idea that 

two opposing cell signaling molecules, caspase-8 and c-Src, are able to negatively 

regulate each other, in order to allow the efficient propagation of either apoptosis or 

survival, respectively.         

 We hypothesized that caspase-8, when activated, could inhibit c-Src activity, and 

suppress downstream cell survival signaling.  Conversely, we hypothesized that c-Src 

could tyrosine phosphorylate caspase-8 and prevent its activation, thereby suppressing 

apoptotic signaling.  Moreover, we hypothesized that when caspase-8 is tyrosine 

phosphorylated, it could further activate c-Src activity and promote cell survival 

signaling.   
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2.3 FUNDAMENTAL RESEARCH QUESTIONS 

In the first part of my thesis (Chapter 4), I aimed to answer the following questions: 

1) Could caspase-8 impact on c-Src activation and interfere with the downstream 

effects of c-Src? 

2) Is the regulation of c-Src activation by caspsae-8 dependent on the presence of 

caspase-8 enzymatic activity? 

3) Is the ability of c-Src to phosphorylate caspase-8 regulated by caspase-8 

enzymatic activity? 

4) What other caspase-8 tyrosine sites are targeted by c-Src? 

 We approached these questions by employing caspase-8 constructs and a 

constitutively active c-Src (Y527F) construct.  To eliminate caspase-8 enzymatic activity, 

we either used a caspase-8 inhibitor (Z-IETD-FMK) or we transfected an enzymatically 

inactive caspase-8 mutant (C377S).   

In the second part of my thesis  (Chapter 5), I aimed to answer the following questions:  

1) Does tyrosine phosphorylation of caspase-8 abrogate its ability to be activated 

and to promote apoptosis? 

2) Does tyrosine phosphorylation of caspase-8 promote c-Src activity and its 

downstream effects? 

3) What are the potential mechanisms of the activation of c-Src by tyrosine 

phosphorylated caspase-8? 

 We approached these questions by using phosphomimetic and non-

phosphorylatable caspase-8 mutants at Y465 and Y397 and constitutively active (Y527F) 

c-Src construct.   
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 In summary, my work aimed at exploring the possibility of a reciprocal regulation 

between caspase-8 and c-Src and at delineating the potential mechanism of the 

regulation.  
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Chapter 3.  MATERIALS AND METHODS 

3.1 Cell Lines 

 Human embryonic kidney cells (HEK293 cells) were obtained from ATCC 

(number CRL-1573) and cultured in Dulbecco’s modified Eagle’s medium with high 

glucose (Invitrogen) supplemented with 10% heat inactivated fetal bovine serum and 1% 

penicillin/streptomycin solution.  HEK293 cells were cultured in a standard humidified 

incubator at 37°C in a 5% CO2 atmosphere. 

3.2 Antibodies, Inhibitors and Dyes 

Table 3. Antibodies, Inhibitors and Dyes 

Name Description Dilution Source  

Anti-active Caspase-3 Cleaved Caspase-3 (Asp175) 
(5A1E) Rabbit monoclonal 1:100 

Cell Signaling 
Technology 
(CST) 

Anti-Caspase-8 Caspase-8 (D35G2) Rabbit 
monoclonal 1:1000 CST 

Anti-GFP GFP (B-2) Mouse monoclonal 1:1000 Santa Cruz 
Anti-Akt Rabbit polyclonal 1:1000 CST 
Anti-phospho-Akt 
(Thr308) (244F9) Rabbit monoclonal 1:1000 CST 

Anti-phospho-Akt 
(Ser473) (587F11) Mouse monoclonal 1:1000 CST 

Anti-Erk1/2 Rabbit polyclonal 1:1000 CST 
Anti-phospho-Erk1/2 
(Thr202/Tyr204) Rabbit polyclonal 1:1000 CST 

Anti-Src (L4A1) Mouse monoclonal 1:1000 CST 
Anti-phospho-Src 
(Tyr416) (D49G4) Rabbit monoclonal 1:1000 CST 

Anti-phospho-Tyr Clone 4G10 Mouse 
monoclonal 1:2000 Millipore 

Caspase-8 Inhibitor  Z-IETD-FMK  Calbiochem 

Cy3-labelled rabbit 
anti-IgG  1:1000 

Jackson 
Immunoresearch 
Laboratories 

!
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Name Description Dilution Source  
Peroxidase-conjugated 
anti-mouse IgG  1:5000 CST 

Peroxidase-conjugated 
anti-mouse light chain 
specific IgG 

 1:5000 
Jackson 
Immunoresearch 
Laboratories 

Peroxidase-conjugated 
anti-rabbit IgG  1:5000 GE Health Care 

UK 
 

3.3 DNA Construct 

 Constitutively active chicken Src (Y527F Src) in pCMV1 vector was provided by 

Dr. D. Flynn (West Virginia University). 

3.4 Plasmid Construction 

 Total RNA from healthy human volunteer neutrophils was extracted using TRIzol 

reagent, and 1 µg of RNA was transcribed to first-strand cDNA using the Superscript II 

system (Invitrogen); the resultant cDNA was amplified by PCR using the ExpandTM High 

Fidelity PCR System (Roche Molecular Diagnostic) with the following primer set: 

caspase-8 forward primer (containing a HindIII site and a Kozak sequence), 5’-

GCAAGCTTCGATGGACTTCAGCAGAAATC-3’; caspase-8 reverse primer 

(containing an BamHI site), 5'-GCGGATCCCAGATCCTCTTCTGAGATGAG-3'.  

Amplified fragments (Caspase-8a) were cloned into the pEGFP-C1 vector (Invitrogen) 

according to manufacturer’s instructions.  The recombinant plasmids were transfected 

into DH5# competent cells (Invitrogen), and colonies were identified by restriction 

enzyme digestion and DNA sequencing (The Centre for Applied Genomics, Hospital for 

Sick Children, Toronto, Ontario, Canada). 
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 Caspase-8a point mutations were generated as follows: GFP-Caspase-8a in pEGFP-

C1 backbone was subjected to single rounds of site-directed mutagenesis using 

QuickChange Site-Directed Mutagensis kit (Stratagene), according to manufacturer’s 

recommendations.  The primers used are listed in Table 4.  After DpnI digestion of the 

amplified product, the mutant DNA was transfected to XL1-blue supercompetent cells, 

and colonies identified by restriction enzyme digestion and DNA sequencing (The Centre 

for Applied Genomics, Hospital for Sick Children, Toronto, Ontario, Canada). 

All of the final constructs were verified by DNA sequencing (The Centre for Applied 

Genomics, Hospital for Sick Children, Toronto, Ontario, Canada). 

Table 4.  List of Primers Used for Point Mutations of GFP-Caspase-8 Constructs 

Mutant Amino Acid 
Change Primers Used 

Catalytically Inactive C377S 5’-ATTCAGGCTAGTCAGGGGG-3’ 
5’-CCCCCTGACTAGCCTGAAT-3’ 

Phosphomimetic at Y397 Y397E 5'-GGAGCAACCCTTTTTAGAAATGG-3' 
5'-CCATTTCTAAAAAGGGTTGCTCC-3' 

Non-phosphorylatable at 
Y397 Y397F 5'-GGAGCAACCCGAGTTAGAAATGG-3' 

5'-CCATTTCTAACTCGGGTTGCTCC-3' 

Phosphomimetic at Y465 Y465E 5'-GAAGTGAACGAGGAAGTAAGC-3' 
5'-GCTTACTTCCTCGTTCACTTC-3' 

Non-phosphorylatable at 
Y465 Y465F 5'-GAAGTGAACTTTGAAGTAAGC-3' 

5'-GCTTACTTCAAAGTTCACTTC-3' 
 

 We generated double mutant (Y397F+Y465E) by performing mutagenesis from 

Y397F construct with Y465E primers and double mutant (Y397E+Y465E) by performing 

mutagenesis from Y397E construct with Y465E primers.   

 Note, glutamic acid (E) does not give immunoreactivity to phospho-tyrosine 

antibody. 
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3.5 Transfection of Cell Line 

 The above plasmids, GFP-Caspase-8a (wild type or mutants) with or without 

Y527F Src, were transfected into HEK293 cells.  0.5 µg or 3 µg of each plasmid were 

transfected into 80-90% confluent well of 12-well plate or 10-cm dish (coated with poly-

D-Lysine (Sigma)) respectively using 3 µL or 18 µL of ExtremeGENE 9 reagent (Roche 

Molecular Diagnostic) for 24 hours according to manufacturer’s instructions.  

Transfection efficiency was approximately 30-40%. 

 For caspase-8 inhibitor study, cells were transfected with appropriate plasmids for 9 

hours at 37°C, then they were treated with 20 µM of caspase-8 inhibitor (Z-IETD-FMK) 

(Calbiochem) and incubated for 15 hours at 37°C.  

3.6 Protein Studies 

 For immunoprecipitation studies of exogenous GFP-caspase-8 from HEK293 cells, 

we lysed a confluent 10-cm dish of HEK293 cells for 10 minutes on ice in Triton X-100 

lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 

mM NaF) with Complete Mini EDTA Free Protease Inhibitor Cocktail (Roche Molecular 

Diagnostic), PhosSTOP (Roche Molecular Diagnostic), 1 mM phenylmethylsulfonyl 

fluoride and 1 mM sodium vanadate.  We then centrifuged lysates at 4°C for 10 min at 12 

000 rpm.  Supernatants were pre-cleared with Pierce Protein G Agarose (Thermo 

Scientific) for one hour at 4°C, then centrifuged at 4°C for 1 minute at 12 000 rpm to 

remove agarose beads.  Protein concentration in lysates was measured using the BCA 

protein assay (Thermo Scientific), then 2 µg of murine monoclonal GFP antibody (Santa 

Cruz) was added to 4 mg of protein and incubated for 1 hour at 4°C.  Then 25 µL of 
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Pierce Protein G Agarose (Thermo Scientific) was added and incubated for 1 hour.  Cell 

lysates were centrifuged and protein G agarose beads were washed three times in Triton 

X-100 buffer, then boiled in Laemmli buffer for 5 minutes prior to SDS-PAGE and 

Western analysis. 

 For Western blot analysis, we lyzed a confluent well of 12-well plate of HEK293 

cells for 10 minutes on ice in Triton X-100 lysis buffer (10 mM Tris, pH 7.4, 150 mM 

NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM NaF) with Complete Mini EDTA Free 

Protease Inhibitor Cocktail (Roche Molecular Diagnostic), PhosSTOP (Roche Molecular 

Diagnostic), 1 mM phenylmethylsulfonyl fluoride and 1 mM sodium vanadate.  We then 

boiled lysates in Laemmli buffer for 5 minutes prior to SDS-PAGE and Western analysis 

with appropriate antibodies listed above. 

3.7 Mass Spectrometry 

 Immunoprecipitated GFP-Caspase-8a (C377S or Y465E) was resolved on SDS-

PAGE and bands corresponding to GFP-Caspase-8a were excised from the gel.  The 

samples were submitted to the Mass Spectrometry Facility of the Hospital for Sick 

Children in Toronto, Ontario for in-gel trypsin digestion and liquid chromatography 

tandem mass spectrometry (LC-MS/MS) analysis.   

3.8 Microscopy and Immunofluorescence Analysis 

 For immunofluorescence staining, cells were grown on glass coverslips coated with 

poly-D-Lysine (Sigma).  Following transfection, cells were rapidly fixed by 4% 

paraformaldehyde for 30 minutes and washed with PBS.  After quenching the 

paraformaldehyde with 100 mM glycine in PBS, the cells were permeabilized with 0.1% 

Triton-X-100 in 1% (w/v) albumin for 20 minutes and blocked with 3% (w/v) albumin 
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for 1 hour.  The coverslips were then incubated with primary antibody (anti-active-

Caspase-3) for 1 hour, followed by washing and incubation with secondary antibody 

(Cy3-labelled rabbit anti-IgG) for 1 hour.  The coverslips were washed with PBS and 

mounted on glass slides using fluorescence mounting medium (Dako).  The staining was 

visualized using an Olympus 1X81 microscope (Mellville) coupled to an Evolution QEi 

Monochrome camera controlled by the MetaMorph software.  The percentage of GFP-

positives cells that were also Cy3 positive (active caspase-3 positive) was quantified.   

3.9 Statistical Analysis 

 Statistical significance was determined by Wilcoxon Signed Rank Test or Kruskal 

Wallis Test with Dunn’s Multiple Comparison Test when there were more than two 

samples for comparison.   GraphPad Prism 4.0 software was used.  
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Chapter 4. THE RECIPROCAL NEGATIVE REGULATION OF CASPASE-8 

AND C-SRC 

4.1 SUMMARY 

The overall fate of a cell depends on the integration of two opposing inputs: apoptotic 

and survival signals.  Caspase-8 and c-Src are key molecular determinants of the 

initiation of apoptotic and survival pathways, respectively.  We hypothesized that these 

upstream mediators of the two opposing programs might negatively regulate each other to 

ensure full commitment to cell fate-determining process.  Here, we show that caspase-8 

can suppress c-Src and its downstream effector Erk1/2 but not Akt.  This inhibitory effect 

requires the enzymatic activity of caspase-8.  Conversely, we found that c-Src can induce 

tyrosine phosphorylation of caspase-8, which in turns abrogates its ability to inhibit c-Src.  

A large net increase in caspase-8 phosphorylation by c-Src becomes manifested in 

caspase-8 mutants, which lack enzymatic activity, and therefore are unable to inhibit c-

Src.  Using such mutants, we also show that tyrosine phosphorylation of caspase-8 may 

in fact turn this molecule from a c-Src inhibitor to a c-Src activator, i.e., it may convert 

this apoptosis inducer to a pro-survival mediator.  In addition, we identified tyrosine 8, 

243, 351 and 397 of caspase-8 as c-Src targets.  Considered together, our data suggest a 

reciprocal regulatory mechanism between two proximal cell fate-signaling molecules – 

caspase-8 and c-Src.  This mode of regulation may be a key mechanism in the efficient 

integration of death and survival signals and the fast execution of the dominant program. 
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4.2 INTRODUCTION 

 Caspase-8, an apical member of the caspase cascade, plays a central role in the 

initiation of apoptosis (83, 85, 89, 90).  Accordingly, the regulation of caspase-8 

represents a key mechanism in determining cell death and survival.  Recent studies, 

including our own, have raised the possibility that caspase-8 might be an important 

integrator for various apoptosis-promoting and inhibiting signals (177, 178).  In this 

regard, we (178) and others (52, 177) have shown that caspase-8 can be targeted by 

various Src family kinases (SFKs), including c-Src and Lyn.  These kinases were shown 

to phosphorylate tyrosine 397 (caspase-8a isoform) and tyrosine 380 (caspase-8b 

isoform), which in turn resulted in reduced capase-8 activity and apoptosis (177, 178) and 

increased cell migration (52).  These data suggest SFKs can exert anti-apoptotic effects, 

partly through inhibiting caspase-8.  Conversely, casapse-3, an executioner caspase, was 

shown to cleave two SFKs, Fyn and Lyn at their unique N-terminal regions.  These SFK 

family members are selective targets for caspase-3, since Lck, Hck or c-Src were not 

modified by this enzyme.  The cleavage of Fyn and Lyn resulted in altered regulation of 

these kinases, reducing their membrane localization, but enhancing their in vitro catalytic 

activity (403).  Overall, these changes were proposed to facilitate apoptosis (403).  

Together, these observations raise the possibility that certain SFKs and caspases may 

impact each other in a reciprocal manner, providing a link between apoptotic and survival 

mechanisms. 

 While the activation of specific SFKs (Lyn and c-Src) was shown to induce 

caspase-8 phosphorylation and inhibition, it remained to be established whether caspase-

8 could modify SFK activity.  We surmised that a bidirectional (reciprocal) regulatory 
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relationship might exist between caspase-8 and c-Src, the most abundant and ubiquitously 

expressed SFK.  It is noteworthy in this regard to state that SFKs, in addition to their 

apoptosis-modulating effects, exert direct and strong pro-survival activity, by stimulating 

mitogenesis, cell growth and cell proliferation (231, 251, 306, 312-314). These processes 

are dependent on SFK-induced activation of phosphatidylinositol 3-kinase (PI3K), Akt, 

mitogen activated protein kinase kinase (MEK), and extracellular signal-regulated kinase 

(Erk) signaling pathways (304, 305, 334).  Cognizant of this scenario, we first sought to 

confirm that c-Src could tyrosine phosphorylate caspase-8, and addressed which 

(additional) caspase-8 tyrosine residues that could be phosphorylated by c-Src. 

Further, we sought to investigate whether caspase-8 could impact on c-Src activation and 

might interfere with the downstream effects of c-Src, including global tyrosine 

phosphorylation, Erk and Akt activation.  We also wished to address whether such c-Src-

modulating effects might depend on the tyrosine phosphorylation of caspase-8, and 

whether tyrosine phosphorylated caspase-8 might not only lose its apoptosis-inducing 

potential but might also actively stimulate survival pathways.  Here, we employed a 

constitutively active (Y527F) chicken c-Src to mimic the naturally occurring c-Src 

mutant (truncated at amino acid 531) in human colon cancer cells (370). 
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4.3 RESULTS 

4.3.1 Caspase-8 Enzymatic Activity Regulates the Capacity of c-Src to Tyrosine 

Phosphorylate Caspase-8  

 It has been previously shown that SFKs were able to tyrosine phosphorylate 

caspase-8 (52, 177, 178).  We first sought to confirm whether c-Src could tyrosine 

phosphorylate caspase-8.  To this end, HEK293 cells were transfected with WT or C377S 

GFP-Caspase-8 with or without Y527F c-Src for 24 hours followed by Western blot 

analysis of whole cell lysates.  Initially, we looked at tyrosine phosphorylation of 

caspase-8 with a general phospho-tyrosine antibody using Western blot analysis of whole 

cell lysates.  The same blot was then stripped and reprobed for caspase-8, allowing the 

alignment of phospho-tyrosine band with the caspase-8 band.  Without the expression of 

Y527F c-Src, GFP-Caspase-8, neither WT nor C377S were tyrosine phosphorylated  

(Figure 13A).  However, in the presence of Y527F c-Src, the inactive mutant (C377S) but 

not the WT GFP-Caspase-8 was tyrosine phosphorylated. (Figure 13A).   

 We then investigated whether the caspase-8 enzymatic activity is the key factor 

regulating GFP-Caspase-8 tyrosine phosphorylation by Y527F c-Src.  To assess this, 

HEK293 cells were co-transfected with WT GFP-Caspase-8 and Y527F c-Src for 9 hours 

then the cells were treated with 20 µM of caspase-8 inhibitor (Z-IETD-FMK) or its 

vehicle control (DMSO) for 15 hours.  We observed tyrosine phosphorylation in the band 

corresponding to GFP-Caspase-8 only in the samples that had been exposed to the 

caspase-8 inhibitor  (Figure 13B). 

   To confirm that the detected phosphorylation difference occurred indeed in the 

transfected GFP-Caspase-8, and to corroborate that this difference was due to suppressed 



!

!

..!

caspase-8 enzymatic activity and not any non-specific effect of the caspase-8 inhibitor, 

we used the catalytically inactive C377S mutant of GFP-Caspase-8.  HEK293 cells were 

co-transfected with either WT or C377S caspase-8 along with Y527F c-Src for 24 hours, 

and then the GFP-Caspase-8 variants were immunoprecipitated using a GFP antibody.  

The precipitates were then analyzed, by Western blotting using a phospho-tyrosine 

antibody followed by caspase-8 antibody.  Remarkably, Y527F c-Src induced the 

tyrosine phosphorylation of C377S but not WT GFP-Caspase-8 (Figure 13C).  This 

suggests that caspase-8 enzymatic activity can inhibit c-Src activity thereby preventing its 

own tyrosine phosphorylation by the kinase.   Although there was more GFP-Caspase-8 

(uncleaved form) in the C377S mutant transfected cells compared to WT transfected 

cells, which is understandable since there was less cleavage in the C377S mutant, the 

mass effect of GFP-Caspase-8 (uncleaved form) alone cannot account for the difference 

in tyrosine phosphorylation level because in the WT transfected cells, there was 

absolutely no tyrosine phosphorylation of caspase-8.  
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Figure 13. Caspase-8 Enzymatic Activity Regulates the Capacity of c-Src to Tyrosine 

Phosphorylate Caspase-8 

A.) HEK293 cells were transfected with GFP-Caspase-8 plasmids (empty plasmid, WT or 

C377S mutant) with or without Y527F c-Src for 24 hours followed by Western blotting of 

whole cell lysates first with phospho-tyrosine antibody then with caspase-8 antibody to 

examine the tyrosine phosphorylation of GFP-Caspase-8.  Only C377S inactive GFP-

Caspase-8 mutant was tyrosine phosphorylated in the presence of Y527F c-Src.  B.) 

HEK293 cells were co-transfected with GFP-Caspase-8 (WT) with Y527F c-Src for 9 

hours followed by the treatment of 20 µM of Caspase-8 inhibitor for 15 hours.  Western 

blotting of whole cell lysates was performed first with phospho-tyrosine antibody then 

with caspase-8 antibody to examine the tyrosine phosphorylation of GFP-Caspase-8.  

GFP-Caspase-8 was only tyrosine phosphorylated by Y527F c-Src in the presence of 

Caspase-8 inhibitor.  C.) HEK293 cells were co-transfected with GFP-Caspase-8 plasmids 

(WT or C377S mutant) with Y527F c-Src for 24 hours followed by immunoprecipitation 

of GFP-Caspase-8 using a GFP antibody.  Immunoprecipitates were probed with phospho-

tyrosine antibody followed by caspase-8 antibody.  Only C377S inactive mutant of GFP-

Caspase-8 was tyrosine phosphorylated by Y527F c-Src.!
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4.3.2 Caspase-8’s Tyrosine Phosphorylation Sites by Src Kinases 

 Previous studies have shown that SFKs could tyrosine phosphorylate caspase-8a at 

Y397 (178) or caspase-8b at Y380 (52, 177).  We sought to investigate the specific 

tyrosine residues in caspase-8a that could be phosphorylated by c-Src.  We first used a 

SFK phopshorylation prediction tool, GPS 2.1 (404) to identify potential tyrosine 

phosphorylation sites (Table 5). 

 

Table 5 

Amino Acid Position Peptide Sequence 
8 NDFSRBKYDUGEQKD 
243 SQTLDKVYQMKSKPR 
310 DCTVEQIYEILKIYQ 
397 TDSEEQPYLEMDLSS 
465 TILTEVNYEVSNKDD 

 

 

 

 

 

 

 

 

Table 5.  Predicted Capsaes-8 Tyrosine Phosphorylated Sites 

We found the following predicted tyrosine phosphorylation sites in caspase-8 by using a 

SFK phosphorylation prediction tool, GPS2.1.  They include tyrosine 8, 243, 310, 397 and 

465.  The corresponding peptides surrounding the tyrosine sites are listed. 

3
3
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 We then proceeded with mass spectrometry to determine which tyrosine residues 

could be phosphorylated by c-Src.  To this end, we co-transfected HEK293 cells with 

C377S GFP-Caspase-8 along with Y527F c-Src for 24 hours.  We then performed 

immunoprecipitation (IP) of the transfected GFP-Caspase-8 using a GFP antibody.  The 

resultant precipitates were subjected to SDS-PAGE, and the band corresponding to the 

transfected GFP-Caspase-8 (the 80 kDa region) was excised from the gel and analyzed by 

mass spectrometry. The results showed that tyrosine 8, 243, 351 and 397 were 

phosphorylated by c-Src (Figure 14A & B).  It is noteworthy to point out that the 

sequence coverage was only approximately 50%.  Specifically, the peptide region 

surrounding the Y465 residues was hydrophobic preventing it from releasing from the 

SDS-PAGE gel for sequencing.  Therefore, we were unable to confirm whether Y465 

was phosphorylated by c-Src yet.   
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Figure 14.  c-Src Tyrosine Phosphorylates Caspase-8 at Multiple Sites 
!
A.) HEK293 cells were co-transfected with inactive C377S mutant of GFP-Caspase-8 and 

Y527F c-Src for 24 hours followed by immunoprecipitation of GFP-Caspase-8 using a GFP 

antibody.  Immunoprecipitates were subjected to SDS-PAGE and the appropriate band (80 

kDa region) was excised and sent for mass spectrometry analysis.  Tyrosine 8, 243, 351 and 

397 were phosphorylated by c-Src.  Sequence coverage was only 50%.  B.) In this 

schematic diagram, the tyrosine residues that were phosphorylated by c-Src (determined by 

mass spectrometry) and the tyrosine residues that were predicted to be phosphorylated by 

SFK were shown.!
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4.3.3 Caspase-8 Inhibits c-Src Kinase Activity and its Specific Downstream 

Signaling Pathway 

 Caspase-8’s classic role is to initiate programmed cell death (apoptosis).  SFKs, on 

the other hand, are known to be potent survival molecule.  It has previously been 

demonstrated that during the induction of apoptosis, caspase-3 could cleave Fyn and Lyn 

but not Hck, Lck or c-Src, and alter their kinase activity (403).  Here, we sought to study 

whether an apical apoptotic caspase, caspase-8, could inhibit c-Src activation and its 

downstream signaling pathways. The activation of c-Src involves the dephosphorylation 

of negative-regulatory tyrosine residue (Y527) (249, 405, 406) and the 

autophosphorylation of activation loop tyrosine residue (Y416) (261, 407).  To assess the 

impact of caspase-8 on c-Src, we used a strategy that took advantage of this “double 

modification” activation mechanism.  Specifically, here we used a constitutively active 

version of c-Src (Y527F) as an inducer of c-Src activity, and the phosphorylation of c-Src 

at Y416 as an indicator of additional c-Src activation.  To assess the downstream effects 

of c-Src, we also followed global tyrosine phosphorylation as well as the activation of 

MEK/Erk1/2 (304, 305) and PI3K/Akt (334, 337), pathways that have been involved in c-

Src-dependent mitogenesis, growth and survival. 

 To study the effect of caspase-8 on c-Src activation, we co-transfected wild type 

(WT) GFP-Caspase-8 or pEGFP-C1 empty plasmid, with constitutively active (Y527F) 

c-Src into HEK293 cells for 24 hours.  We then resolved the whole cell lysates on SDS-

PAGE to quantitate 1) Y416 phosphorylation of c-Src; 2) global protein tyrosine 

phosphorylation; 3) threonine (T202)/Y204 phosphorylation of Erk1/2, an indicator of 
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Erk1/2 activation; and 4) T308 or Serine (S473) phosphorylation of Akt, both indicators 

of Akt activation.   

 We found that compared to empty plasmid, WT caspase-8 significantly prevented 

the autophosphorylation of Y416 of c-Src (Figure 15A & B) and tyrosine 

phosphorylation of many protein substrates (Figure 15C), suggesting that caspase-8 could 

inhibit c-Src activation and activity.  Moreover, compared to empty plasmid, WT 

caspase-8 also downregulated T202/Y204 phosphorylation of Erk1/2 (Figure 16A & B), 

suggesting that caspase-8 could also inhibit the activation of Erk1/2.  However, WT 

caspase-8 did not significantly suppress T308 or S473 (Figure 16C & D) phosphorylation 

of Akt.  These data together suggest that caspase-8 could suppress c-Src activation and 

the phosphorylation of some c-Src target molecules. 
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Figure 15 
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Figure 15.  Caspase-8 Inhibits c-Src Activation and its Activity 
!
HEK293 cells were co-transfected with cDNAs encoding pEGFP-C1 empty plasmid or GFP-

tagged Caspase-8 and constitutively active (Y527) c-Src for 24 hours.  Total lysates were 

developed with 1) GFP antibody to monitor the transfection level of GFP-Caspase-8, 80 kDa; 

2) pY416 c-Src antibody to study the activation of c-Src, 60 kDa; 3) c-Src antibody to detect 

the total c-Src, 60 kDa; and 4) phospho-tyrosine antibody to examine global protein tyrosine 

phosphorylation.  A.) Y416 phosphorylation of c-Src was suppressed by the expression of 

GFP-Caspase-8 compared to pEGFP-C1 empty plasmid.   B.) Densitometry analysis was 

performed to represent the Y416 phosphorylation level of c-Src normalized to the expression 

level of total c-Src (N = 12, p < 0.01).  C.) c-Src activity, reflected by global protein tyrosine 

phosphorylation was inhibited by the expression of GFP-Caspase-8 compared to pEGFP-C1 

empty plasmid.   
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Figure 16 
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Figure 16.  Caspase-8 Inhibits Erk1/2 Activation but not Akt Activation 
!
HEK293 cells were co-transfected with cDNAs encoding pEGFP-C1 empty plasmid or 

GFP-tagged Caspase-8 and constitutively active (Y527) c-Src for 24 hours.  Total lysates 

were developed with 1) GFP antibody to monitor the transfection level of GFP-Caspase-8, 

80 kDa; 2) pT202/Y204 Erk1/2 antibody to study the activation of Erk1/2, 42 & 44 kDa; 3) 

Erk1/2 antibody to detect the total Erk1/2, 42 & 44 kDa; 4) pT308 Akt and 5) pS473 Akt 

antibodies to study the activation of Akt, 60 kDa; and 6) Akt antibody to detect the total 

Akt, 60 kDa.  A.) T202/204 phosphorylation of Erk1/2 was suppressed by the expression of 

GFP-Caspase-8 compared to pEGFP-C1 empty plasmid.   B.) Densitometry analysis was 

performed to represent the pT202/Y204 phosphorylation level of Erk1/2 normalized to the 

expression level of total Erk1/2 (N = 8, p < 0.01).  C.) T308 and S473 phosphorylation of 

Akt were not altered by the expression of GFP-Caspase-8 compared to pEGFP-C1 empty 

plasmid.  D.) Densitometry analysis was performed to represent the pT308 and pS473 

phosphorylation level of Akt normalized to the expression level of total Akt. 

!
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4.3.4 The Inhibition of c-Src by Caspase-8 is Caspase-8 Enzymatic Activity 

Dependent 

 Caspase-8 is expressed as a zymogen and becomes activated when caspase-8 

molecules are brought together in close proximity by adaptor molecules that bind to the 

death receptor upon ligation by death ligand. This model is called the induced proximity 

model (15).  The transfection of caspase-8 alone could lead to the activation of caspase-8 

by virtue of bringing caspase-8 molecules close together due to protein overexpression.  

We have shown that the transfection of caspase-8 was sufficient to induce activation of 

caspase-3 (see next chapter).  We sought to investigate whether caspase-8 enzymatic 

activity is required in the suppression of c-Src activation and activity.   

 To this end, we employed a known catalytically inactive mutant of caspase-8, 

C377S (26, 45) to eliminate the enzymatic activity of caspase-8.  HEK293 cells were 

transfected with either WT or C377S caspase-8 with Y527F Src for 24 hours and we 

examined the phosphorylation of Y416 of c-Src in whole cell lysates.  Interestingly, in 

contrast to WT caspase-8, the C377S caspase-8 mutant not only failed to decrease the 

phosphorylation of Y416 of c-Src, but also significantly increased it (Figure 17A & B).  

This observation supports the notion that the inhibition of c-Src activation was dependent 

on caspase-8 enzymatic activity and may suggest a direct activation of c-Src activity by 

uncleaved caspase-8.  Similar phenomenon was observed with global protein tyrosine 

phosphorylation suggesting that the suppression of global protein tyrosine 

phosphorylation by caspase-8 is also caspase-8 enzymatic activity dependent (Figure 

17C). 
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 We then used the same whole cell lysates to examine for activation of Erk1/2 and 

Akt.  We found that C377S caspase-8, compared to WT caspase-8, also stimulated the 

phosphorylation of T202/Y204 of Erk1/2 suggesting that the inhibition of Erk1/2 

activation by caspase-8 is also caspase-8 enzymatic activity dependent (Figure 18A & B).  

As expected, eliminating caspase-8 enzymatic activity by using C377S mutant of 

caspase-8 did not influence phosphorylation of T308 or S473 (Figure 18C & D) of Akt.   

Together these data suggest that an enzymatically active caspase-8 is needed for caspase-

8-mediated inhibition of c-Src activation and the consequent phosphorylation of some 

downstream c-Src targets.   

Figure 17 
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Figure 17. Inactive Caspase-8 (C377S) Results in Enhanced c-Src Activation and  
 
Activity 
!
HEK293 cells were co-transfected with cDNAs encoding GFP-tagged Caspase-8 (WT or 

C377S mutant) and constitutively active (Y527) c-Src for 24 hours.  Total lysates were 

developed with 1) GFP antibody to monitor the transfection level of GFP-Caspase-8, 80 kDa; 

2) pY416 c-Src antibody to study the activation of c-Src, 60 kDa; 3) c-Src antibody to detect 

the total c-Src, 60 kDa; and 4) phospho-tyrosine antibody to examine global protein tyrosine 

phosphorylation.  A.) Y416 phosphorylation of c-Src was significantly enhanced by the 

expression of C377S caspase-8 compared to WT caspase-8.   B.) Densitometry analysis was 

performed to represent the Y416 phosphorylation level of c-Src normalized to the expression 

level of total c-Src (N = 12, p < 0.01).  C.) c-Src activity, reflected by global protein tyrosine 

phosphorylation was upregulated by the expression of C377S caspase-8 compared to WT 

caspase-8.   
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Figure 18 
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Figure 18. Inactive Caspase-8 (C377S) Results in Enhanced Erk1/2 Activation but not 

Akt Activation 

Total lysates from experiments described in Figure 17 were developed with 1) GFP 

antibody to monitor the transfection level of GFP-Caspase-8, 80 kDa; 2) pT202/Y204 

Erk1/2 antibody to study the activation of Erk1/2, 42 & 44 kDa; 3) Erk1/2 antibody to 

detect the total Erk1/2, 42 & 44 kDa; 4) pT308 Akt and 5) pS473 Akt antibodies to study 

the activation of Akt, 60 kDa; and 6) Akt antibody to detect the total Akt, 60 kDa.  A.) 

T202/204 phosphorylation of Erk1/2 was significantly enhanced by the expression of 

C377S caspase-8 compared to WT caspase-8.   B.) Densitometry analysis was performed to 

represent the pT202/Y204 phosphorylation level of Erk1/2 normalized to the expression 

level of total Erk1/2 (N = 8, p < 0.01).  C.) T308 and S473 phosphorylation of Akt were not 

altered by the expression of C377S caspase-8 compared to WT caspase-8.  D.) 

Densitometry analysis was performed to represent the pT308 and pS473 phosphorylation 

level of Akt normalized to the expression level of total Akt. 

!
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 To corroborate our findings that caspase-8 enzymatic activity is necessary for the 

inhibition of c-Src and Erk1/2 activation, we used a caspase-8 inhibitor to inhibit caspase-

8 enzymatic activity.  To this end, we co-transfected HEK293 cells with WT GFP-

Caspase-8 and Y527F c-Src for 9 hours then the cells were treated with 20 µM of 

caspase-8 inhibitor (Z-IETD-FMK) or vehicle control (DMSO) for 15 hours.  Caspase-8 

inhibition led to decrease in caspase-8 cleavage, hence, resulted in an increased 

expression of full-length caspase-8.  Compared to vehicle control, caspase-8 inhibitor 

abrogated the suppression of c-Src activation by caspase-8 (trend), suggesting that 

caspase-8 enzymatic activity is required to inhibit c-Src activity (Figure 19A & B).  The 

caspase-8 inhibitor also abrogated the suppression of global protein tyrosine 

phosphorylation by caspase-8 overexpression (Figure 19C).   

 We then used the same whole cell lysates to examine for activation of Erk1/2 and 

Akt.  We found that the caspase-8 inhibitor also prevented the caspase-8 overexpression-

induced Erk1/2 inhibition (trend), suggesting that the inhibition of Erk1/2 activation by 

caspase-8 overexpression is also caspase-8 enzymatic activity dependent (Figure 20A & 

B).  However, the caspase-8 inhibitor did not result in the upregulation of 

phosphorylation of T308 or S473 of Akt (Figure 20C & D) suggesting that activation of 

Akt is not regulated by caspase-8 enzymatic activity. 
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Figure 19 
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Figure 19.  Caspase-8 Enzyme Inhibition Results in Enhanced c-Src Activation and 

Activity 

HEK293 cells were co-transfected with cDNAs encoding GFP-tagged Caspase-8 and 

constitutively active (Y527) c-Src for 9 hours then the cells were treated with 20 µM of 

caspase-8 inhibitor or DMSO (vehicle control) for 15 hours.  Total lysates were developed 

with 1) GFP antibody to monitor the transfection level of GFP-Caspase-8, 80 kDa; 2) 

pY416 c-Src antibody to study the activation of c-Src, 60 kDa; 3) c-Src antibody to detect 

the total c-Src, 60 kDa; and 4) phospho-tyrosine antibody to examine global protein 

tyrosine phosphorylation.  A.) Compared to vehicle control, Y416 phosphorylation of c-

Src was enhanced (trend) in the presence of Caspase-8 inhibitor.   B.) Densitometry 

analysis was performed to represent the Y416 phosphorylation level of c-Src normalized 

to the expression level of total c-Src (N = 3, p = 0.5).  C.) c-Src activity, reflected by 

global protein tyrosine phosphorylation was enhanced in the presence of  Caspase-8 

inhibitor. 
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Figure 20
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Figure 20.  Caspase-8 Enzyme Inhibition Results in Enhanced Erk1/2 Activation but 

not Akt Activation 

Total lysates from experiments described in Figure 19 were developed with 1) GFP 

antibody to monitor the transfection level of GFP-Caspase-8, 80 kDa; 2) pT202/Y204 

Erk1/2 antibody to study the activation of Erk1/2, 42 & 44 kDa; 3) Erk1/2 antibody to 

detect the total Erk1/2, 42 & 44 kDa; 4) pT308 Akt and 5) pS473 Akt antibodies to study 

the activation of Akt, 60 kDa; and 6) Akt antibody to detect the total Akt, 60 kDa.  A.) 

T202/Y204 phosphorylation of Erk1/2 was enhanced (trend) in the presence of Caspase-8 

inhibitor.   B.) Densitometry analysis was performed to represent the pT202/Y204 

phosphorylation level of Erk1/2 normalized to the expression level of total Erk1/2 (N = 3, p 

= 0.25).  C.) T308 and S473 phosphorylation of Akt were not altered by the presence of 

Caspase-8 inhibitor.  D.) Densitometry analysis was performed to represent the pT308 and 

pS473 phosphorylation level of Akt normalized to the expression level of total Akt. 

!
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4.4 DISCUSSION 

 c-Src and caspase-8 pathways are seemingly two parallel processes, one governing 

cell survival, and the other cell death.  We hypothesized that the c-Src pathway can 

regulate caspase-8 pathway and vice versa.  Specifically, we hypothesized that when a 

cell commits to a survival pathway, the death pathway is suppressed and when a cell 

commits to a death pathway, the survival pathway is suppressed.  

 Several observations in the literature suggest the interplay between the regulation of 

SFKs and caspases.  SFKs have been shown to upregulate the expression of an anti-

apoptotic Bcl-2 family protein, Bcl-xL (340).  Anti-apoptotic Bcl-2 family proteins, in 

turn, can antagonize the initiator caspases (192) and pro-apoptotic Bcl-2 family proteins 

(378).  On the other hand, caspase-9 and -7-mediated cleavage of Lyn led to the 

formation of a truncated kinase that inhibited the apoptotic program (408) and promoted 

inflammatory processes (409), suggesting a complex interplay between SFKs and 

caspases, involving negative and positive feedbacks, depending on the specific isoforms 

of both groups. 

 In this chapter, we have shown that caspase-8 activity suppressed c-Src activation 

and some of its downstream targets including global tyrosine phosphorylation, Erk1/2 

activation and tyrosine phosphorylation of caspase-8.  Our results also suggest that in the 

absence of caspase-8 enzymatic activity, the full-length caspase-8, when tyrosine 

phosphorylated, could further enhance the activation of c-Src and Erk1/2.  Together, 

these data imply a bidirectional (reciprocal) regulatory relationship between caspase-8 

and c-Src. 
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 We speculate that in the setting of apoptosis, i.e., in the presence of caspase-8 

enzymatic activity, c-Src activation and some of its downstream activities are suppressed, 

in order to allow the cells to commit to cell death.  In this chapter, we demonstrated that 

caspase-8 enzymatic activity negatively regulates c-Src activation, activity and its 

capacity to tyrosine phosphorylate caspase-8.  It is noteworthy to mention that the 

transfection efficiency of GFP-Caspase-8 was only about 30-40%.  Therefore, the effect 

of caspase-8 suppression of c-Src activation and activity was largely underestimated 

since whole cell lysates were used for their quantification.  We propose that caspase-8 

acts as an enzyme rather than (or in addition to) as an adaptor in the suppression of c-Src.  

This acts as a fail-safe mechanism to prevent unnecessary inhibition of survival pathway 

in the absence of an apoptotic signal.  We further propose that caspase-8 might directly or 

indirectly cleave c-Src, thus negatively regulating its activation.  Other groups have, for 

example, shown that caspase-3 could cleave Fyn and Lyn in their N-terminus, altering 

their subcellular localization, thus alter their functions (403). 

 We further speculate that in the setting of survival, c-Src could antagonize caspase-

8 in order to downregulate the apoptotic pathway.  Previously, it has been shown that 

SFKs could tyrosine phosphorylate caspase-8 (52, 177, 178).  It has also been suggested 

that tyrosine phosphorylation of caspase-8 at Y397 (caspase-8a) (178) or at Y380 

(caspase-8b) (177) could suppress apoptosis.  We found that in the presence of caspase-8 

enzymatic activity, c-Src was unable to tyrosine phosphorylate caspsae-8.  Conversely, 

only in the absence of caspase-8 enzymatic activity, achieved by the use of caspase-8 

inhibitor or transfection with C377S inactive caspase-8 mutant, could c-Src tyrosine 

phosphorylate caspase-8.  In addition, in the absence of caspase-8 enzymatic activity, 
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full-length caspase-8, when tyrosine phosphorylated, seemed to enhance c-Src activation 

and some of its downstream targets.  This suggests that only in the presence of a pro-

survival signal could caspase-8 be turned into a pro-survival molecule and further 

activates c-Src.  Moreover, in contrary to previous studies (52, 177, 178), we 

demonstrated that c-Src not only could phosphorylate caspase-8a at Y397, it could also 

phosphorylate it at Y8, Y243, Y351 (mass spectrometry data) and potentially at Y310 

and Y465.  This suggests that other tyrosine residues might be important in regulating 

caspase-8 activity when they are phosphorylated.  This will be further explored in the 

next chapter. 

 Together, these data suggest that if an apoptotic program, initiated by caspase-8 

activity, were activated, it would support the suppression of pro-survival signaling.  

Conversely, if a pro-survival signaling, initiated by c-Src activity, were activated, it 

would support the suppression of apoptotic signaling.  In other words, the interplay 

between caspase-8 and c-Src regulates the balance of apoptosis and survival, 

respectively, in a mutually reciprocal manner.  And it is the balance of apoptosis and pro-

survival signaling that will set the final outcome of the cell. 

 In summary, the decision of a cell to undergo apoptosis versus survival depends on 

the balance of death and survival signals.  In the setting where there is a predominant 

death signal, enough to activate caspase-8, survival pathway is inhibited at a relatively 

proximal level.  Likewise, in the setting where there is a predominant survival signal, 

enough to allow activation of c-Src to tyrosine phosphorylate caspase-8, apoptotic 

pathway is inhibited, also at a relatively proximal level (Figure 21).  These reciprocal 

inhibitory interactions could act as positive feedback mechanisms both towards survival 
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and cell death, enhancing the speed and efficiency of the dominant, cell fate-determining 

processes. 
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Figure 21 
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Figure 21.  The Balance of Death and Survival 
!
A) When the balance between caspase-8 enzymatic activity and c-Src activity favors 

caspase-8 enzymatic activity, c-Src activity is inhibited by caspase-8 enzymatic 

activity and further suppression of survival pathways ensues, resulting in the 

augmentation of apoptosis.  B) When the balance between caspase-8 enzymatic 

activity and c-Src activity favors c-Src activity, caspase-8 is tyrosine phosphorylated 

and its activity inhibited, resulting in the suppression of apoptosis.  

!
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Chapter 5.  MULTIPLE TYROSINE PHOSPHORYLATION SITES SWITCH 

CASPASE-8 FROM AN APOPTOTIC TO A PRO-SURVIVAL MOLECULE  

5.1 SUMMARY 

Caspase-8, a major regulator of extrinsic apoptosis, can be tyrosine (Y) phosphorylated 

by Src family tyrosine kinases (SFKs) and this event has been implicated in the 

suppression of its apoptotic functions.  However, the mechanism of this action has not 

been explored.  Moreover, although the notion that caspase-8 can act as a pro-survival 

molecule in certain situations has been raised, the molecular details of such potential 

function have not been elucidated.  To explore the mechanism of apoptosis inhibition 

upon caspase-8 tyrosine phosphorylation, we undertook a series of experiments using co-

transfection of GFP-tagged WT Caspase-8 or its various phosphomimetic or non-

phosphorylatable mutants along with a constitutively active (Y527F) c-Src construct.  As 

readout, we followed the cleavage, tyrosine phosphorylation, and apoptotic activity of the 

GFP-Caspase-8 protein as well as their capacity to induce c-Src phosphorylation at Y416 

and activation of downstream c-Src targets.  We found that phosphomimetic modification 

of caspase-8 at Y465, but not at Y397 prevented its cleavage and apoptotic activities.  

Moreover, phosphomimetic modification of caspase-8 at Y465 resulted in the activation 

of two survival pathways, c-Src and Erk1/2.  Intriguingly, despite the lack of anti-

apoptotic and pro-survival effect of single phosphomimetic modification at Y397, the 

pro-survival effect of phosphomimetic modification at Y465 was dependent on the 

phosphomimetic modification at Y397.  These results suggest that multiple tyrosine 

phosphorylation sites together switch caspase-8 from an apoptotic to a pro-survival 

molecule.   
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5.2 INTRODUCTION 

 Caspase-8 is an apical caspase, which plays a central role in apoptosis induced by 

the ligation of death receptors (extrinsic apoptosis) (83, 85, 89, 90). Caspase-8 is 

expressed as a zymogen comprised of an N-terminal pro-domain, with two death effector 

domains (DED) (14-16, 24, 65), followed by a large (p18) and a small (p12) enzyme 

subunit.  In order to be fully activated, it must undergo a multi-step cleavage process to 

generate a mature enzyme composed of two p18 and two p12 subunits (23, 26, 27, 65).  

The mature caspase-8 enzyme then cleaves and activates downstream proteases including 

caspase-3, to allow apoptosis to ensue.   

 Caspase-8 has been shown to be tyrosine phosphorylated by Src family tyrosine 

kinases (SFKs) at tyrosine (Y) 397 in caspase-8a (178) and Y380 in caspase-8b (52, 177).  

It has also been shown to be tyrosine phosphorylated upon epidermal growth factor 

(EGF) stimulation (177), which led to the activation of extracellular signal-regulated 

kinase (Erk) (53).  Tyrosine phosphorylation of caspase-8 resulted in the suppression of 

caspase-8 activity and Fas-induced apoptosis (178, 410) and promotion of cell migration 

(52).  Furthermore, when tyrosine phosphorylated, caspase-8 interacted with c-Src via its 

Src homology 2 (SH2) domains (52, 141) and p85 subunit of phosphatidylinositol 3-

kinase (PI3K) (140). 

 Together these data suggest that growth factor signaling could potentially influence 

caspase-8 activity by tyrosine phosphorylation.  However, the exact mechanism whereby 

caspase-8 tyrosine phosphorylation suppresses apoptosis remains to be clarified.  

Moreover, it is conceivable that tyrosine phosphorylation not only mitigates the apoptotic 

function of this caspase but also induces direct pro-survival mechanisms.  While such a 
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possibility has been raised by previous studies (53, 141) and our work in chapter 4, this 

intriguing question has not been addressed. 

 In this study, we sought to first investigate whether other potential tyrosine 

phosphorylation sites (in addition to Y397) play essential roles in suppressing caspase-8 

apoptotic functions.  Moreover, we sought to investigate whether these potential tyrosine 

phosphorylation sites can enhance c-Src activation and activity and to examine the 

potential mechanism of c-Src activation upon tyrosine phosphorylation of caspase-8.  

From our work in chapter 4, we identified multiple potential tyrosine phosphorylation 

sites.  There were one (Y8) within the N-terminal domain, three (Y243, Y310 and Y351) 

within the p18 subunit, one (Y397) within the linker region and one (Y465) within the 

p12 subunit.  Since the p12 subunit of caspase-8 is crucial in its dimerization, we decided 

to examine Y465 residue.  We also decided to examine Y397 within the linker region, 

which has been previously studied.   During our studies, we observed that Y465 residue 

regulated caspase-8 activity in conjunction with Y397 residue; therefore, we proceeded 

with the generation of computational mutation of these residues to further examine the 

mechanism of caspase-8 regulation by tyrosine phosphorylation.   

 Here, we show that Y465, when modified into a phosphomimetic residue, is the key 

residue in the suppression of apoptosis by inhibiting caspase-8’s ability to undergo 

cleavage, whereas Y397 is the key residue in the activation of c-Src and Erk1/2, 

suggesting that tyrosine phosphorylation of Y397 and Y465 turns caspase-8 from an 

apoptotic protein into a pro-survival protein. 
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5.3 RESULTS 

5.3.1 Generation of Phosphomimetic and Non-Phosphorylatable Mutants 

 In order to investigate the function and regulation of caspase-8, we generated 

phosphomimetic and non-phosphorylatable caspase-8 constructs at Y397 and Y465 sites. 

In order to facilitate the tracking of transfection efficiency and the study of caspase-8 

cleavage, we labeled our caspase-8 construct with GFP in the N-terminus and Myc in the 

C-terminus (Figure 22). 

Figure 22 

 

!

Figure 22: Generation of Caspase-8 Mutants 
!
GFP-tagged caspase-8 structure is shown.  Both phosphomimetic (tyrosine (Y) -> glutamic 

acid (E)) and non-phosphorylatable (tyrosine (Y) -> phenylalanine (F)) mutants were 

generated at residue 397 or 465. 

!
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5.3.2 Phosphomimetic Modification at Y465 but not Y397 of Caspase-8a Prevents its 

Cleavage 

 Caspase-8 is classically known as an initiator caspase.  Its activation requires its 

dimerization (in proximity) followed by a 2-step cleavage after aspartic acid (D) residues.  

Cleavage occurs first after D391 within the linker region and then after D233 at the 

beginning of p18 subunit (23, 26, 27, 65).  Cleavage after D391 is important in the 

activation of caspase-8 whereas cleavage after D233 is dispensible in the activation of 

caspase-8 but it allows the release of active caspase-8 from the pro-domain.  To 

investigate the mechanism whereby tyrosine phosphorylation suppresses caspase-8 

enzyme activity, we examined the cleavage pattern of wild type (WT) and various 

mutants of caspase-8.  To this end, HEK293 cells were transfected with these GFP-

Caspase-8 constructs and 24 hours later whole cell lysates were obtained and analyzed by 

Western blotting.  We probed the blots both with a GFP antibody, which recognizes the 

N-terminus of the heterologously expressed caspase-8 and with a caspase-8 antibody, 

which recognizes the C-terminus (p12 subunit) of both the endogenous and the 

heterologously expressed caspase-8 protein.  Although a Myc-tag was present in the C-

terminus of the caspase-8 construct, it did not provide a good epitope for Western blot 

detection.  Therefore, a caspase-8 antibody that recognizes the p12 subunit was used 

instead.   

 By using a GFP antibody, we verified that WT caspase-8 could be cleaved after 

D391, resulting in a 68-kDa N-terminal fragment; and after D233, resulting in a 50-kDa 

N-terminal fragment (Figure 23A).  In accordance with this, caspase-8 antibody 

visualized the full-length protein as well as a 30-kDa and 12-kDa C-terminal fragments 
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corresponding to cleavage after D233 and D391 respectively (Figure 23B).  Similar 

cleavage patterns were observed in Y465F, Y397F and Y397E mutants, indicating that 

these mutations do not alter the processing of caspase-8.  However, similar to the C377S 

inactive mutant, Y465E (phosphomimetic) mutant was not cleaved after D391, as 

indicated by the fact that it failed to produce a 68-kDa N-terminal fragment and a 12-kDa 

C-terminal fragment (Figure 23C & D).  Together, these data imply that phosphomimetic 

modification of Y465 prevented caspase-8 from cleavage after D391 (Figure 23E).  Both 

the phosphomimetic and non-phosphorylatable modification of Y397 and non-

phosphorylatable modification of Y465 residue had no effect on cleavability after D391 

(Figure 23C & D). 
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Figure 23 
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Figure 23. Wild Type, Y397F, Y397E, Y465F Caspase-8 Mutants were Cleaved after D233 

and D391 whereas C377S and Y465E Caspase-8 Mutants were only Cleaved after D233 

HEK293 cells were transfected with various GFP-Caspase-8 mutants (WT, C377S, Y397F, 

Y397E, Y465F and Y465E) for 24 hours.  Whole cell lysates were subjected to Western blot 

analysis with either a GFP or a caspase-8 antibody.  A) With a GFP antibody (recognized the N-

terminal end of GFP-caspase-8), we found that GFP-caspase-8 WT was cleaved into three bands.  

The 80-kDa band represented full size GFP-caspase-8, the 68-kDa band represented a N-terminal 

cleavage product after D391 whereas the 50-kDa band represented a N-terminal cleavage product 

after D233.  B) With a caspase-8 antibody (recognized the C-terminal end of GFP-Caspase-8 and 

endogenous caspase-8), we found that GFP-Caspase-8 WT was cleaved into three bands.  The 80-

kDa band represented full size GFP-Caspase-8, the 30-kDa band represented a C-terminal 

cleavage product after D233 and the 12-kDa band represented a C-terminal cleavage product after 

D391.  The 55-kDa band represented endogenous caspase-8.  C) With the use of a GFP antibody, 

we showed that WT, Y397F, Y397E and Y465F cleaved into three N-terminal bands (80-, 68- 

and 50-kDa) whereas C377S and Y465E only cleaved into two N-terminal bands (80- and 50-

kDa).  D) With the use of a caspase-8 antibody, we showed that WT, Y397F, Y397E and Y465F 

cleaved into three C-terminal bands (80-, 30- and 12-kDa) whereas C377S and Y465E only 

cleaved into two C-terminal bands (80- and 30-kDa).  E) A schematic diagram demonstrating that 

C377S and Y465E were cleaved after D233 but not after D391 is shown. 
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5.3.3 Phosphomimetic Modification of Y465 but not Y397 of Caspase-8 Abolishes its 

Capacity to Activate Caspase-3 and to Induce Apoptosis 

 After being cleaved, caspase-8 becomes active and proceeds to cleave downstream 

proteases including caspase-3, thereby promoting apoptosis.  Since phosphomimetic 

modification of Y465 of caspase-8 prevented its cleavage after D391, we asked whether 

this modification would indeed disrupt the ability of caspase-8 to activate caspase-3.  To 

test this, we transfected WT and various mutants of caspase-8 into HEK293 cells for 24 

hours, then immunostained them for active (cleaved) caspase-3.  We then counted the 

number of active caspase-3 positive cells in caspase-8 transfected cells (red merged with 

green into orange).  Approximately 20% of the WT GFP-Caspase-8-expressing cells were 

positive for active caspase-3.  Consistent with their ability to be cleaved, the expression 

of Y397F, Y397E, Y465F resulted in caspase-3 cleavage in 30-35% of the transfected 

cells.  However, less than 1% of the cells expressing C377S, the inactive mutant, or the 

Y465E phosphomimetic mutant exhibited active caspase-3 staining.  This finding is 

consistent with the inability of these mutants to be cleaved (Figure 24A & B). 

 After showing that phosphomimetic mutation at Y465 of caspase-8 prevented its 

cleavage and its capacity to activate caspase-3, we wanted to investigate whether the 

phosphomimetic modification of Y465 fails to cause cell morphological changes that 

could be indicative of cell death, specifically, rounding of cells or formation of apoptotic 

bodies.  To this end, we transfected WT or various mutants of caspase-8 into HEK293 

cells for 24 hours then cells were imaged using fluorescence microscopy.  We 

demonstrated that WT GFP-Caspase-8 caused significant changes in cell morphology 

with the occurrence of cell rounding.  Similar changes in cell morphology were seen in 
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Y397F, Y397E and Y465F mutants.  However, both C377S and phosphomimetic mutant 

at Y465 prevented changes in cell morphology seen in WT GFP-Caspase-8 (Figure 24C).  

These data together suggest that phosphorylation at Y465, just like inactive mutant 

(C377S) of caspase-8, abolishes the ability of caspase-8 to cause cell morphological 

changes.  
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Figure 24 
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Figure 24.  C377S and Y465E Caspase-8 Fail to Activate Caspase-3 and Fail to Induce 

Cell Morphological Changes 

HEK293 cells were transfected with various GFP-caspase-8 mutants (WT, C377S, Y397F, 

Y397E, Y465F and Y465E) for 24 hours.  A) To examine for activation of caspase-3, we fixed 

the transfected cells on coverslips and immunostained them with an active caspase-3 antibody 

then with secondary antibody conjugated with Cy3 fluorochrome.  The representative 

fluorescence microscopy images of each construct were shown.  B) To quantify the percentage 

of active caspase-3 positive cells in GFP-caspase-8 transfected cells, the number of cells that 

were transfected with GFP-caspase-8 (green) and the number of cells that were also stained 

with anti-active caspase-3 antibody (orange) were counted.  The percentage of active caspase-3 

positive cells that were transfected with GFP-caspase-8 was displayed.  C377S and Y465E 

caspase-8 mutants failed to activate caspase-3 (N = 3, * p < 0.03).  C) Cell morphology of 

transfected cells was examined using live fluorescence microscopy.  C377S and Y465E GFP-

Caspase-8 mutants failed to cause cell rounding that is consistent with cell death. 
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5.3.4 Phosphomimetic Modification at Y465 of Caspase-8 Enhances Activation of c-

Src 

 Tyrosine phosphorylation of caspase-8 at Y380 (caspase-8b) has been shown to 

promote the interaction between caspase-8 with the SH2 domain of c-Src (52, 140).  

Furthermore, caspase-8 has been reported to contribute to growth factor signaling (53).  

So far we have shown that phosphomimetic modification of Y465 of caspase-8 prevented 

its activation (cleavage) and activity, implying that this modification rendered the 

molecule incapable of inducing apoptosis.  We however wonder whether it might also 

confer a pro-survival activity to the caspase-8 molecule.  This idea stemmed from the fact 

that several c-Src substrates also act as c-Src activators, such as actin filament-associated 

protein (AFAP-110) (411) and XB-130 (412), because they promote or stabilize the open 

(active) conformation of the kinase.  The activation of c-Src involves the 

dephosphorylation of an inhibitory tyrosine residue (Y527) (249, 405, 406) and the 

autophosphorylation of an activating loop tyrosine residue (Y416) (261, 407).  Here, we 

applied a strategy, which allowed us to simultaneously induce c-Src activation-mediated 

effects on caspase-8 and to study the impact of these on (further) activation of c-Src.  We 

used a constitutively active c-Src (Y527F) (mimicking the dephosphorylation of the 

inhibitory site), and studied the phosphorylation of Y416 as an indicator of c-Src 

activation in the presence of various caspase-8 mutants, as detailed below.  As an 

additional marker of c-Src activation, we also followed global protein tyrosine 

phosphorylation upon Y527F c-Src expression. 

 Specifically, we co-transfected HEK293 cells with Y527F c-Src along with 

pEGFP-C1 empty plasmid or GFP fusion plasmid encoding for WT or mutant GFP-
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Caspase-8 including C377S (inactive) or Y465E (phosphomimetic) or Y465F (non-

phosphorylatable).  After 24 hours, the cells were lysed and Western blot analysis was 

performed to assess phosphorylation of Y416 of c-Src and global protein tyrosine 

phosphorylation.  Compared to empty plasmid, phosphomimetic mutant at Y465 

increased the phosphorylation of Y416 of c-Src.  However, the non-phosphorylatable 

mutant at Y465, not only failed but it significantly decreased the phosphorylation of 

Y416 of c-Src (Figure 25A & B). Considered together these data suggest that 

phosphorylation of Y465 promoted activation of c-Src while dephosphorylation of Y465 

inhibited c-Src activation.   

 In chapter 4, we have shown that WT caspase-8 suppressed phosphorylation at 

Y416 of c-Src.  Since Y397 of caspase-8 was reported to be a major target of SFKs, we 

studied the impact of the modification of this residue on c-Src phosphorylation at Y416.  

In contrast to Y465, neither the phosphomimetic nor the non-phosphorylatable mutants at 

Y397 altered the capacity of caspase-8 to suppress Y416 c-Src phosphorylation.  Thus, 

changes in the phosphorylation status of Y397 did not abrogate the negative effect of 

caspase-8 on c-Src activation as seen in WT caspase-8 (Figure 25C).  This is consistent 

with our findings shown in sections 5.3.2 and 5.3.3 that both phosphomimetic and non-

phosphorylatable mutants at Y397 harbored caspase-8 activity reflected by their ability to 

undergo cleavage, to activate caspase-3 and to induce morphological changes.  The 

presence of caspase-8 activity in these mutants might explain the suppression of c-Src 

activity.   

 In accordance with the impact of Y465 modification on c-Src phosphorylation, the 

phosphomimetic mutant at Y465 increased global protein tyrosine phosphorylation.  
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Similar results were obtained with C377S, the inactive mutant (Figure 25D).  However, 

other than tyrosine phosphorylation of caspase-8 itself, the non-phosphorylatable mutant 

at Y465 of caspase-8 failed to increase global protein tyrosine phosphorylation of other 

protein substrates (see red arrows in Figure 25D).  These data suggest that 

phosphorylation at Y465 of caspase-8 is important in activating c-Src.   

 The ability of Y465F to be tyrosine phosphorylated was a surprising finding.  

Based on this result, we suspect that a protein tyrosine phosphatase (PTP) might be 

involved in the dephosphorylation of WT, Y397F and Y397E caspase-8.  In that we mean 

active caspase-8 might harbor the capability to activate a PTP and this PTP might interact 

directly with caspase-8 molecule in order to dephosphorylate it.  Moreover, we suspect 

that the interaction of this PTP with caspase-8 is dependent on the presence of Y465 

residue.  Therefore, in the Y465F mutant, despite its ability to activate a PTP, the Y465F 

mutant failed to interact with it, rendering the PTP incapable of dephosphorylating 

caspase-8. 

 Of note, the effects of Y465E and C377S caspase-8 on Y416 phosphorylation of c-

Src and global protein tyrosine phosphorylation were dependent on the presence of 

Y527F c-Src.  Single transfection of GFP-caspase-8 (Y465E or C377S) did not lead to 

increase in Y416 phosphorylation of c-Src (Figure 25E & F) or global protein tyrosine 

phosphorylation (Figure 25G). 
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Figure 25 
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Figure 25.  C377S and Y465E Caspase-8 Mutants Augment whereas WT, Y397F,  

Y397E and Y465F Suppresses the Activation and Activity of c-Src 

HEK293 cells were co-transfected with empty GFP plasmid or GFP-tagged caspase-8 (WT 

and various mutants) and Y527F c-Src for 24 hours.  Whole cell lysates were subjected to 

Western blot analysis.  A. & B.)  Compared to empty GFP plasmid, the expression of 

C377S and Y465E GFP-caspase-8 with Y527F c-Src resulted in an increase in 

phosphorylation of Y416 of c-Src (normalized to total expressed c-Src level) (N = 12, p < 

0.01 for C377S, p = 0.07 for Y465E).  Meanwhile, compared to empty GFP plasmid, the 

expression of Y465F GFP-caspase-8 with Y527F c-Src resulted in a decrease in 

phosphorylation of Y416 of c-Src (normalized to total expressed c-Src level) (N = 12, p = 

0.03 for Y465F).  A. & C.)  However, compared to empty GFP plasmid, the expression of  

WT, Y397F and Y397E GFP-caspase-8 with Y527F c-Src resulted in a decrease (trend) in 

phosphorylation of Y416 of c-Src (normalized to total expressed c-Src level) (N = 4, p = 

0.125).  D) The expression of C377S and Y465E GFP-caspase-8 also resulted in an increase 

in global protein tyrosine phosphorylation.  However, the expression of Y465F GFP-

caspase-8 failed to increase protein tyrosine phosphorylation of substrates (see red arrows) 

other than GFP-caspase-8 itself (see black arrow).  E. & F.)  To determine whether the 

above phosphorylation of Y416 c-Src effect was dependent on the expression of Y527F c-

Src, HEK 293 cells were transfected with only empty GFP plasmid or GFP-tagged caspase-

8 (WT and various mutants) for 24 hours.  Whole cell lysates were subjected to Western 

blot analysis. Compared to empty GFP plasmid, there was no significant difference in 

phosphorylation of Y416 of c-Src (normalized to total expressed c-Src level) (N = 3).  G.) 

To confirm the effect of Y527F c-Src on inducing increase in global protein tyrosine !
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phosphorylation and to confirm the difference in global protein tyrosine phosphorylation 

seen in different GFP-caspase-8 mutants was dependent on Y527F c-Src activity, 

HEK293 cells were transfected with GFP-empty plasmid or GFP-caspase-8 (WT and 

various mutants) with or without Y527F c-Src.  Global protein tyrosine phosphorylation 

was observed with Western blotting.  There was a significantly less global protein 

tyrosine phosphorylation in cells without Y527F c-Src compared to with Y527F c-Src.  

The increase in global protein tyrosine phosphorylation seen with C377S and Y465E 

mutants was dependent on the presence of Y527F c-Src.!
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5.3.5 Phosphomimetic Modification at Y465 of Caspase-8 Enhances the Activation 

of Erk1/2 but not Akt 

 It has been shown that caspase-8 was involved in EGF-induced Erk1/2 activation 

(53) and that EGF could induce tyrosine phosphorylation of caspase-8 (177).  Moreover, 

it has been demonstrated that when caspase-8 was tyrosine phosphorylated at Y380 

(Caspase-8b), it was able to interact with the p85 subunit of PI3K (140).  Therefore, we 

sought to investigate whether phosphorylation at Y465 could induce activation of Erk1/2 

and Akt (a PI3K downstream signaling molecule).   

 To this end, we co-transfected HEK293 cells with pEGFP-C1 empty plasmid, 

C377S inactive mutant, phosphomimetic mutant of Y465 or non-phosphorylatable mutant 

of Y465 along with Y527F c-Src construct for 24 hours followed by whole cell lysis and 

Western blot analysis using antibodies against phospho-Erk1/2 (pT202/Y204) or 

phospho-Akt (pT308 or pS473).  We found that phosphomimetic mutant of Y465 

increased (trend) phosphorylation of Erk1/2, similar to C377S inactive mutant.  However, 

non-phosphorylatable mutant of Y465 failed to increase phosphorylation of Erk1/2 

(Figure 26A & B). These data together suggest that phosphorylation at Y465 and the non-

cleavability of caspase-8 are important for activation of Erk1/2. 

 Of note, the effect of Y465E and C377S caspase-8 on phosphorylation of Erk1/2 

was dependent on the presence of Y527F c-Src.  Single transfection of GFP-caspase-8 

(Y465E or C377S) did not lead to increase in phosphorylation of Erk1/2 (Figure 26C).  

This further suggests the potential requirement of phosphorylation of another tyrosine 

residue on caspase-8 in order to promote c-Src activation.    
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 Unlike Erk1/2 phosphorylation, phosphomimetic modification at Y465 of caspase-8 

did not induce activation of Akt (phosphorylation of T308 & S473 Akt) (Figure 26D & 

E). 

Figure 26 
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Figure 26.  C377S and Y465E Caspase-8 Mutants Augment the Activation of Erk1/2  

but not Akt 

We co-transfected HEK293 cells with empty GFP plasmid or GFP-tagged caspse-8 (WT 

and various mutants) and Y527F c-Src for 24 hours.  Whole cell lysates were subjected to 

Western blot analysis.  A. & B.)  The expression of C377S and Y465E GFP-caspase-8 

resulted in an increase in phosphorylation of T202/Y204 of Erk1/2 (normalized to total 

expressed Erk1/2 level) (N = 8, p < 0.01 for C377S, p = 0.20 for Y465E). However, the 

expression of WT and Y465F GFP-caspase-8 resulted in a decrease in phosphorylation of 

T202/Y204 of Erk1/2 (normalized to total expressed Erk1/2 level) (N =8, p = 0.01).  C. & 

D.)  To determine whether the above phosphorylation of Erk1/2 effect was dependent on 

the expression of Y527F c-Src, HEK 293 cells were transfected with only empty GFP 

plasmid or GFP-tagged caspase-8 (WT and various mutants) for 24 hours.  Whole cell 

lysates were subjected to Western blot analysis. Compared to empty GFP plasmid, there 

was no significant difference in phosphorylation of Erk1/2 (normalized to total expressed 

Erk1/2 level) (N = 3).  E. & F.)  The expression of GFP-caspase-8 (WT and various 

mutants) did not alter phosphorylation of T308 and S473 of Akt (normalized to total 

expressed Akt level) (N = 3). 
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5.3.6 The Activation of c-Src by Y465E Phosphomimetic Caspase-8 Mutant is 

Dependent on Phosphorylation of Y397 

 We observed that when Y465E mutant was cotransfected with Y527F c-Src, the 

mutant caspase-8 exhibited substantial tyrosine phosphorylation (Figure 27A).  We 

wondered whether phosphorylation at Y465 alone is sufficient for activating c-Src and 

Erk1/2 or phosphorylation of other tyrosine residues is also necessary.  Knowing that 

Y397 could be a target of c-Src (see chapter 4), we asked whether phosphorylation at 

Y397 is also important in caspase-8 dependent c-Src and Erk1/2 activation.   

 While we were actively pursuing the confirmation of tyrosine phosphorylation of 

Y465 with a different technique to overcome the challenges we faced with the 

sequencing of peptide surrounding Y465 residue (discussed in chapter 4), we examined 

whether Y397 is tyrosine phosphorylated in the Y465E mutant by using mass 

spectrometry.  To this end, we co-transfected HEK293 cells with Y465E mutant of GFP-

Caspase-8 and Y527F c-Src for 24 hours followed by immunoprecipitation of transfected 

GFP-Caspase-8 from whole cell lysates using a GFP antibody.  We then resolved the 

GFP-Caspase-8 IP on SDS-PAGE followed by in-gel trypsin digestion and liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) analysis.  We found that in 

Y465E caspase-8 mutant, Y397 was phosphorylated by c-Src (Figure 27B).  

 After identifying Y397 to be a residue phosphorylated by c-Src in Y465E caspase-8 

mutant, we sought to investigate whether phosphorylation of Y397 contributes to the 

activation of c-Src and Erk1/2.  To this end, we generated two double mutants, namely 

non-phosphorylatable mutant of Y397 in the background of phosphomimetic mutant of 

Y465 (Y397F+Y465E) and phosphomimetic mutants of both Y397 and Y465 
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(Y397E+Y465E) (Figure 27C).  We then examine the effect of the double mutants on c-

Src and Erk1/2 activation.  We observed that in cells that expressed Y397F+Y465E 

double mutant, compared to Y465E single mutant, there was a decrease (trend) in 

phosphorylation of Y416 c-Src (Figure 27D & E), and Erk1/2 phosphorylation (Figure 

27F & G).  These data suggest that in the presence of Y465 phosphorylation, 

phosphorylation of Y397 was needed for the activation of c-Src and Erk1/2.  Moreover, 

we have shown above that Y397E single mutant not only failed to augment activation of 

c-Src, but it suppressed c-Src activation (Figure 25A & C).  This suggests that in order 

for caspase-8 to be able to augment activation of c-Src, both Y397 and Y465 must be 

phosphorylated.   
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Figure 27.  The Pro-Survival Function of Y465E Caspase-8 Mutant is Dependent on the 

Phosphomimetic Modification at Y397 

A.) HEK293 cells were co-transfected withY465E GFP-Caspase-8 mutant and Y527F c-Src 

for 24 hours.  Whole cell lysates were subjected to Western blot analysis with a 

phosphotyrosine antibody and a GFP antibody.  Y465E was tyrosine phosphorylated.  B.) To 

examine for phosphorylation at additional tyrosine site in Y465E mutant, HEK293 cells were 

co-transfected withY465E GFP-Caspase-8 mutant and Y527F c-Src for 24 hours.  GFP-

Caspase-8 mutant was immunoprecipitated from whole cell lysates using a GFP antibody. 

Immunoprecipitates were resolved on SDS-PAGE and stained with Coomassie blue.  Protein 

band of 80-kDa was excised and sent for LC-MS/MS analysis.  Y397 of Y465E mutant was 

phosphorylated by c-Src.  C.) We generated Y397F/Y465E and Y397E/Y465E GFP-Caspase-

8 double mutants.  We co-transfected GFP-tagged Caspse-8 (Y465E, Y397F/Y465E or 

Y397E/Y465E) and Y527F c-Src into HEK293 cells for 24 hours.  We then obtained whole 

cell lysates and resolved the total protein on SDS-PAGE for Western blot analysis.  D. & E.) 

Compared to Y397E/Y465E GFP-Caspase-8 double mutant, the expression of Y397F/Y465E 

GFP-Caspase-8 resulted in a decrease (trend) in phosphorylation of Y416 of c-Src 

(normalized to total expressed c-Src level) (N = 4).      F. & G.) Compared to Y397E/Y465E 

GFP-caspase-8 double mutant, the expression of Y397F/Y465E GFP-Caspase-8 resulted in a 

decrease (trend) in phosphorylation of T202/Y204 of Erk1/2 (normalized to total expressed 

Erk1/2 level) (N = 4). 
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5.4 DISCUSSION 

 Caspase-8 has been known as a pro-apoptotic protein.  Its activation leads to cell 

death.  However, recently, many groups have shown that caspase-8 has many non-

apoptotic functions, including the regulation of cellular inflammation (121), immune cells 

proliferation and activation (69, 125, 137), cell migration (140, 142), endosome 

trafficking (55, 143), NF-!B activation (126, 146) and others. Traditionally, caspase-8 

gene and protein expression were thought to be suppressed in tumor cells, contributing to 

tumor cell survival and proliferation.  However, in recent years, data has shown that 

deletion or silencing of caspase-8 gene occurs extremely infrequently in cancers (181); 

but rather some has shown that there is an increased expression of caspase-8 in lung 

cancers (182).  Moreover, a significant fraction of aggressive stage IV neuroblastoma 

(10-30%) maintains caspase-8 expression, and inactivation mutations are surprisingly 

rare (162, 173, 179, 180).  Together, these suggest caspase-8 is an important player in the 

pathogenesis of cancer development such as promoting cell proliferation and cell 

migration.  More intriguingly, tyrosine phosphorylation of caspase-8 has also been shown 

in colon cancer cells (177), suggesting that post-translational modification of caspase-8 

protein may play a role in the pathogenesis of cancer development and progression. 

 SFKs, in particular c-Src, has been shown to promote mitogenesis, cell growth and 

survival (311-314).  It is also involved in tumorigenesis and tumor progression by 

promoting cell growth and cell migration (306, 362-369).  Moreover, it has been shown 

that naturally occurring c-Src mutation (truncated at amino acid 531) is seen in both 

advanced colon cancer and endometrial carcinoma cells.  The truncated form of c-Src has 

increased c-Src activity because the autoinhibitory Y530 (equivalent to Y527 in chicken 
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c-Src) fails to interact with its own SH2 domain, therefore preventing it from staying in 

an inactive close conformation (302, 370).  This naturally occurring c-Src truncated 

mutation is similar to our Y527F constitutively active c-Src.  Our group (178) and other 

groups (52, 177) have shown that SFKs could tyrosine phosphorylate caspase-8 which in 

turn alters its activity and impacting downstream apoptotic pathway.   

 Here, we demonstrated that phosphomimetic modification of caspase-8, specifically 

at Y465, prevented cleavage and subsequent activation of caspase-3 and cell 

morphological changes.  Unlike previous studies (52, 177, 178), we showed that 

phosphomimetic modification at Y397 alone did not prevent cleavage and subsequent 

activation of caspase-8 and cell morphological changes.  We further demonstrated that 

not only did phosphomimetic of Y465 of caspase-8 prevent apoptosis, it also promoted 

cell survival by increasing c-Src and Erk1/2 activation.  Moreover, we demonstrated that 

both Y465 and Y397 residues are required for the pro-survival function of caspase-8. 

 In chapter 4, we showed that in the presence of caspase-8 enzymatic activity, c-Src 

activation and function are suppressed.  Here we propose that in the presence of a pro-

survival signal, caspase-8 becomes phosphorylated at Y465.  When Y465 of caspase-8 is 

phosphorylated, it prevents cleavage and activation. Hence it fails to suppress c-Src 

activation.  c-Src then phosphorylates caspase-8 at Y397.  The phosphorylation of Y397 

of caspase-8 provides a phosphotyrosine motif (pYLEM) to interact with SH2 domain of 

c-Src and allows c-Src to assume an open conformation and thus promotes 

autophosphorylation of Y416 of c-Src for full activation.  This contributes to the 

suppression of apoptosis and the propagation of survival pathways in the setting of a pro-

survival environment, acting as a positive feedback loop (Figure 28).  Thus, we propose 
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that caspase-8 acts both as a substrate and an activator (as an adaptor) of c-Src, a 

molecular phenomenon that has been observed with focal adhesion kinase (FAK) (413), 

AFAP-100 (411) and XB-130 (412).  

 This scenario might potentially explain the dual apoptotic and survival effect of 

tumor necrosis factor (TNF) (414).  Hughes et al demonstrated that when caspase-8 failed 

to undergo cleavage after binding to death receptor complex (DISC), it failed to induce 

apoptosis.  Our data suggest that if caspase-8 were phosphorylated at Y465, which 

prevented its cleavage, its recruitment to DISC would not allow it to induce apoptosis or 

to suppress c-Src activity.  In turn, the uncleavable capase-8 could then be further 

phosphorylated by c-Src at Y397 and thus to further activate c-Src and propagate pro-

survival signaling.   

 The limitation of our study is that we have not proven as yet that Y465 is 

phosphorylated by c-Src.  This is due to the technical difficulty associated with the mass 

spectrometry analysis.  Namely, the peptide surrounding Y465 is hydrophobic, which 

precluded it from being released from SDS-PAGE gel for sequencing.  We are actively 

pursuing other approaches to allow the sequencing of the peptide surrounding Y465 to 

determine whether Y465 is phosphorylated.  However, irrespective of the 

phosphorylation status of Y465, this residue in and of itself is a crucial determinant of 

caspase-8 activity since identifying Y465 as a residue necessary for caspase-8 cleavage 

provides insight into the mechanism of caspase-8 cleavage and activation and serves as 

the basis of further studies aimed at elucidating the exact molecular mechanism of auto-

cleavage of caspase-8. 
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 In summary our data provide insight into the molecular mechanisms of caspase-8 

activation.  Moreover, our data support the notion of tyrosine phosphorylation at Y397 

and Y465 acting as a molecular switch to convert caspase-8 into a pro-survival molecule.    

Based on our findings, we propose a coherent model wherein the interplay between 

caspase-8 and c-Src allows switching between apoptotic and pro-survival programs.  This 

interaction may be a critical factor in determining the balance between antagonistic 

inputs, and through positive feedback mechanisms allows rapid execution of the final 

outcome, be it survival or death.   

Figure 28 
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Figure 28.  Phosphorylation of Y397 and Y465 of Caspase -8 Converts it into a Pro- 

Survival Protein 

A) When SFK phosphorylates Y465 of caspase-8, it prevents it from cleavage and 

activation.  Without caspase-8 enzyme activity, caspase-8 fails to inhibit c-Src activity.  

B) Without the inhibition of c-Src, c-Src then phosphorylates Y397 of caspase-8, C) 

allowing it to bind to SH2 domain of c-Src via its pY397LEM phosphotyrosine peptide, 

keeping c-Src in an open (active) conformation.  D) This further activates c-Src and 

Erk1/2 and promotes cell survival. 

!
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Chapter 6.  OVERALL DISCUSSION AND FUTURE DIRECTION 

 In this final chapter, I will provide a general summary of the major findings of this 

thesis and will discuss the broader mechanisms underlying the reciprocal regulatory 

relationship between caspase-8 and c-Src.  I will propose future experiments that will aid 

the elucidation of the mechanistic details of the proposed regulatory circuit. Finally, I will 

build a cancer biology model that involves several functional effects between caspase-8 

and c-Src. 

6.1 Summary of Major Findings 

 In this thesis, we discovered three major cell fate (apoptosis and survival) 

determining signaling regulatory mechanisms (Figure 29).  Namely that  

1. Active caspase-8 inhibits c-Src activity 

2. Active c-Src tyrosine phosphorylates caspase-8 and inhibits its activity 

3. Tyrosine phosphorylated caspase-8 stimulates c-Src activity 

These three mechanisms serve to ensure cell fate-determining inputs are a) integrated and 

once the decision is made, b) rapidly and efficiently executed. 

 With the use of phosphomimetic and non-phosphorylatable caspase-8 mutants at 

tyrosine (Y) 397 and/or Y465 residues, we further characterized the mechanism of 

apoptosis inhibition and c-Src activation by tyrosine phosphorylated caspase-8.  An 

overview of the major functional characteristics and effects of the various caspase-8 

mutants is shown in table 6.    

 In aggregate, my studies have revealed a novel reciprocal regulatory mechanism 

between caspase-8 and c-Src and suggested an intricate regulatory circuit whereby a cell 

could use to commit to a cell fate-determining process, that is, apoptosis or cell survival.  
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However, as is commonly seen in research, these results opened up a plethora of 

intriguing questions to be answered in the future.  Some of these are addressed below. 

Figure 29 

!

Figure 29.  Apoptosis and Survival Signaling Involve Reciprocal Regulatory Mechanisms  

A schematic diagram of apoptosis and survival signaling reciprocal regulatory mechanisms is 

depicted here.  Triggered by apoptotic stimuli, caspase-8 becomes activated and proceeds to 

activate the apoptotic program.  Active caspase-8 also prevents the activation of c-Src, thereby 

preventing the activation of the cell survival program.  Triggered by survival stimuli, c-Src 

becomes activated and proceeds to activate cell survival program.  Active c-Src also tyrosine 

phosphorylates caspase-8 thereby preventing it from activation.  Therefore, it preempts the 

activation of the apoptotic program.  Moreover, tyrosine phosphorylated caspase-8 further promotes 

the activation of c-Src, allowing the propagation of the cell survival program. 
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Table 6 

* We did not examine dimerization in our studies.  Those marked with a question mark  
are predicted outcomes 

Caspase-8 
Mutants 

*Caspase-8 
Dimerization 

Caspase-8 
Cleavage 

Caspase-8 
Activity 

Phosphorylation 
of Caspase-8 

Phosphorylation 
of Y416 of c-Src 

Wild Type + + + - (  
C377S + - - + )  
Y397F +? + + - (  
Y397E +? + + - (  
Y465F +? + + + (  
Y465E -? - - + )  

Y397F/Y465E -? - - + *+  
Y397E/Y465E -? - - + )  

Table 6. Major Functional Characteristics and Effects of Various Caspase-8 Mutants  

 The major functional characteristics and effects of various caspase-8 mutants are shown.  

Cysteine (C) to serine (S) mutation at 377 residue resulted in an inactive mutant.  A mutation from 

tyrosine (Y) to glutamic acid (E) represents a phosphomimetic mutant whereas a mutation from Y 

to phenylalanine (F) represents a non-phosphorylatable mutant.   

 In summary, a single mutation at residue 397, that is Y397F and Y397E mutants, behaved 

similarly to wild type caspase-8.  These mutants could dimerize, were cleaved and harbored 

caspase-8 enzymatic activity.  They also inhibited tyrosine phosphorylation of themselves and c-Src 

at Y416 residue.  A non-phosphorylatable modification at Y465 behaved similarly to wild type 

caspase-8.  However, unlike wild type caspase-8, it had the ability to be itself tyrosine 

phosphorylated.  Phosphomimetic modification at Y465 rendered the mutant incapable of 

dimerization and cleavage.  Therefore this mutant is functionally inactive.  Similar to C377S 

inactive mutant, Y465E mutant could itself be tyrosine phosphorylated and promoted the 

phosphorylation of c-Src at Y416.  Similar phenotype was seen in mutant with double 

phosphomimetic modification at Y397 and Y465.  However, with non-phosphorylatable 

modification at Y397 as a background, the phosphomimetic modification at Y465 failed to promote 

phosphorylation of c-Src at Y416. 
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6.2 What is the Mechanism of Inhibition of Phosphorylation of c-Src at Y416 by 

Active Caspase-8? 

Our work suggested that active caspase-8 inhibited the phosphorylation of c-Src 

at Y416.  However, the exact mechanism of this inhibition is unclear.  Here, we propose 

three potential mechanisms (Figure 30).  

6.2.1 c-Src Cleavage by Caspase-8 or its Downstream Effectors 

One potential explanation for the inhibition of Y416 phosphorylation of c-Src in 

the presence of active caspase-8 is the cleavage of c-Src resulting in its inactivation.  

There are precedents documented in the literature suggesting that SFKs can be cleaved 

during the process of apoptosis.  For example, caspase-3 has been shown to cleave Fyn 

and caspases-3, -7 and -9 have been shown to cleave Lyn (403, 408).  Moreover, c-Src 

has been shown to be cleaved during Fas-ligation induced apoptosis (415), although the 

responsible protease has not been identified.  Thus, it is conceivable that c-Src could be 

cleaved either directly by caspase-8 or indirectly by caspase-8’s downstream effectors.   

To test this hypothesis, we will co-express differentially tagged caspase-8 (GFP-

tagged) and Y527F c-Src (Flag-tagged) in cells and examine the steady state level of both 

cleaved and uncleaved Y527F c-Src.  Nonetheless, this mechanism is not too likely since 

there is no obvious caspase consensus sequence for cleavage in c-Src. 
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6.2.2 Active Caspase-8-Induced Downregulation of a c-Src Adaptor Molecule 

Resulting in Inhibition of c-Src Phosphorylation at Y416 

  It has been shown that the binding of various adaptor molecules, which bind to c-

Src usually via SH2 or SH3-interacting domains, keep c-Src in an open conformation, 

facilitating its autophosphorylation at Y416, and its consequent full activation.  We 

propose that one of the mechanisms of active caspase-8 induced inhibition of c-Src 

phosphorylation at Y416 is through the cleavage of such (a) c-Src adaptor molecule(s).  

One of such candidate molecules is focal adhesion kinase (FAK), a known c-Src adaptor 

(413), that has been shown to be cleaved by caspases-8, -3, -6, -7 and -9 (220).  We 

propose that active caspase-8 cleaves FAK directly or indirectly through the activation of 

effector caspases, preventing it from acting as a c-Src adaptor molecule, thereby, 

suppressing the activation of c-Src. 

 To investigate this possibility, we would look for cleavage product of FAK and 

compare the ratio of cleaved FAK to uncleaved FAK among GFP-empty plasmid or 

GFP-Caspase-8 (wild type or C377S) and Y527F c-Src constructs transfected cells using 

Western blotting.  If our hypothesis were true, we would expect to see an increase in the 

ratio of cleaved FAK to uncleaved FAK in GFP-Caspase-8 (wild type) transfected cells. 
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6.2.3 Active Caspase-8 Activates a Protein Tyrosine Phosphatase Resulting in 

Dephosphorylation of c-Src at Y416 

 The regulation of c-Src activation is intricate.  It requires the dephosphorylation of 

the inhibitory Y527 residue by a protein tyrosine phosphatase (PTP) such as receptor 

protein tyrosine phosphatase # (RPTP#) (416) and PTP1B (248), as well as the 

autophosphorylation of activation loop Y416 residue (289).  After the activation of c-Src, 

its activity could be negatively regulated by low molecular protein tyrosine phosphatase 

(LMWPTP) through the dephosphorylation of Y416 (417).  We propose that active 

caspase-8 could activate a protein tyrosine phosphatase, which in turn, dephosphorylates 

Y416 of c-Src. 

 To test this hypothesis we could first co-expressed GFP-empty plasmid or GFP-

Caspase-8 (wild type or C377S mutant) with Y527F c-Src constructs in HEK293 cells 

followed by the downregulation of candidate protein tyrosine phosphatase.  We could 

then examine the phosphorylation of c-Src at Y416.  If our hypothesis were correct, we 

would expect to see an increase in phosphorylation of c-Src at Y416 in cells that were co-

transfected with GFP-Caspase-8 (wild type) and Y527F c-Src constructs with the 

downregulation of candidate protein tyrosine phosphatase. 
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Figure 30 
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Figure 30.  Potential Mechanisms of Active Caspase-8 Inhibition of c-Src Phosphorylation at  

Y416 

The potential mechanisms of active caspase-8 inhibition of c-Src phosphorylation at Y416 are 

depicted here.  A) Active caspase-8 cleaves c-Src directly or indirectly through active effector 

caspases, renders c-Src incapable of autophosphorylation at Y416.  B) Active caspase-8 cleaves 

focal adhesion kinase (FAK) directly or indirectly through active effector caspases, renders FAK 

incapable of acting as a c-Src adaptor, preventing c-Src from autophosphorylation at Y416.  C) 

Active caspase-8 activates protein tyrosine phosphatase (PTP), which then dephosphorylates c-Src 

at Y416. 
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6.3 Can Tyrosine 465 of Caspase-8 be Phosphorylated by c-Src? 

  It has been shown by mass spectrometry that c-Src could phosphorylate Y380 of 

caspase-8b isoform (177) and Y397 of caspase-8a isoform (chapter 4).   However, based 

on our studies using various caspase-8 mutants, we conclude that phosphorylation at 

Y397 could not be the sole residue for caspase-8 regulation.  Therefore, we sought to 

investigate whether Y465 could also be phosphorylated by c-Src.  Unfortunately we were 

not yet successful in sequencing the region surrounding Y465.  This is due to the fact that 

this residue lies in a very hydrophobic region of caspase-8, and thus the peptide 

fragments resulting from the digestion of this part of the molecule are retained in the 

SDS-PAGE gel.  Hence, thus far, we were unable to confirm whether Y465 could indeed 

be phosphorylated by c-Src.   

 To overcome this hurdle, we are in the process of refining the method of peptide 

liberation from the gel or to use another method that would allow the sequencing of the 

protein without resolving it in SDS-PAGE.  The confirmation of Y465 phosphorylation 

by c-Src will give further credence to our proposed model of a molecular switch based on 

tyrosine phosphorylation.   

 Since c-Src activity has been shown to be upregulated in colon carcinoma cells 

(367, 368) and caspase-8 in colon carcinoma cells have been shown to be 

phosphorylated, presumably at Y397 (177), it would be of paramount interest to 

determine whether Y465 of caspase-8 is also phosphorylated in human colon carcinoma 

cells.  This would underline the physiological importance of Y465 phosphorylation of 

caspase-8 in cancer biology.  Specifically, it would verify in this context the existence of 

a positive feedback loop between the tyrosine phosphorylation of caspase-8 by c-Src and 



!

!

%I.!

the further upregulation of c-Src activity by tyrosine phosphorylated caspase-8.   

6.4 What Could be the Mechanism of Phosphorylation of Tyrosine 465 of Caspase-8 

in Preventing its Cleavage? 

 We showed that phosphomimetic modification of Y465 abolished the cleavage of 

caspase-8 after aspartic acid (D) 391.  However, the mechanism by which this 

modification prevents its cleavage is unknown.  It has been shown that the dimerization 

of caspase-8 molecule is crucial for the activation of the enzyme (41, 42, 47) and its 

dimerization requires threonine (T) 484 and phenylalanine (F) 485 (31).  Y465 is located 

in #-helix five, whereas T484 and F485 are located in "-sheet six.  #-helix five and "-

sheet six are in close proximity  (Figure 31)  in its three-dimensional structure, and we 

propose that a negative charge at residue 465 might distort the three-dimensional 

structure of the caspase-8 molecule near the dimerization interface, thereby interfering 

with the interaction of the monomers.  Such block in dimerization would result in the loss 

of caspase-8 cleavage and activation.  This would also explain the lack of apoptotic 

effects seen in phosphomimetic mutant of caspase-8 at Y465. 

 To test our hypothesis, we will perform co-immunoprecipitation of caspase-8 

constructs with alternate protein tags to look for dimerization.  We expect to see that 

C377S caspase-8 mutant dimerizes whereas Y465E caspase-8 mutant fails to dimerize. 
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Figure 31 
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Figure 31.  Three-Dimensional Structure of Caspase-8 Dimer   

A three-dimensional structure of caspase-8 dimer is depicted.  Individual caspase-8 monomers are 

labeled.  As illustrated here, Y465 residue (in blue) lays in close proximity to T484 (in green) and 

F485 (in orange) residues, both of which are important for dimerization as they lie at the 

dimerization interface. 

 



!

!

%CO!

6.5 What is the Mechanism whereby Phosphorylation of Tyrosine 397 of Caspase-8 

Promote c-Src Activation? 

 We have shown that phosphomimetic modification of Y465 (Y465E) or of both 

Y397 and Y465 (Y397E/Y465E) rendered caspase-8 non-cleavable and inactive.  It also 

enabled caspase-8 to promote c-Src autophosphorylation at Y416.  Moreover, we showed 

that a phosphomimetic mutation at Y397 alone (Y397E) failed to promote c-Src 

phosphorylation.  However, non-phosphorylatable modification of Y397 residue rendered 

Y465E mutant (Y397F/Y465E) incapable of promoting c-Src autophosphorylation at 

Y416 (Figure 32).  Together, these results suggest that phosphorylation of Y397 in a non-

cleavable and inactive caspase-8 mutant (Y465E) played an important role in promoting 

c-Src autophosphorylation at Y416. 

 The question arises how phosphorylation of Y397 contributes to the 

autophosphorylation of c-Src at Y416.  A potential answer stems from the fact that a 

number of c-Src substrates can also act as c-Src activators.  Such mode of regulation has 

been amply documented with regards to cytoskeletal substrates of c-Src, including FAK 

(413), AFAP-110 (411) and XB-130 (418).   

 Here, we propose that phosphorylation of Y397 provides a phosphotyrosine peptide 

(pY397LEM) that could bind to the SH2 domain of c-Src, maintaining the c-Src molecule 

in an open conformation, thereby allowing autophosphorylation at Y416 of c-Src, and its 

consequent increase in kinase activity towards other substrates.  By reviewing the three-

dimensional structure of caspase-8 by Keller et al, we observed that the Y397LEM 

peptide, located in the linker region of the molecule, is exposed to the surface of the 

molecule (Figure 33).  This suggests that when phosphorylated, the phosphotyrosine 
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peptide pY397LEM is free to interact with the SH2 domain of c-Src.  Moreover, our lab 

has previously shown that the tyrosine phosphorylated form of caspase-8 can bind Lyn 

(178).  Other labs have also demonstrated that in the presence of constitutively active 

(Y527F) c-Src, caspase-8b interacted with the c-Src SH2 domain.  However, when 

caspase-8b harbored a non-phosphorylatable modification at Y380 (equivalent to Y397 in 

caspase-8a), it failed to interact with the SH2 domain of c-Src despite the presence of 

constitutively active (Y527F) c-Src (52), suggesting that phosphorylation at Y380 of 

caspase-8b was crucial for its interaction with the SH2 domain of c-Src.  These data 

together support our hypothesis that phosphorylation of Y397 of caspase-8 gives rise to a 

phosphotyrosine-containing peptide sequence capable of binding to the c-Src SH2 

domain and promoting c-Src autophosphorylation at Y416. 

 To test our hypothesis that caspase-8, when tyrosine phosphorylated, interacts with 

c-Src, we will perform co-immunoprecipitation study in cells transfected with both GFP-

Caspase-8 (various mutants) and Y527F c-Src constructs.  We expect to see that both 

Y465E and Y397E/Y465E mutants would interact with c-Src whereas Y397F/Y465E 

would not. 

 Taken together, we propose that caspase-8 is both a substrate and activator of c-Src 

by acting as an adaptor of c-Src after phosphorylation at Y397 and Y465 (Figure 34).  It 

serves as a positive feedback loop to ensure the propagation of pro-survival process.  
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Figure 32 
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Figure 32.  Phosphomimetic and Non-Phosphorylatable Caspase-8 Mutants and Their Ability 

to Promote c-Src Autophosphorylation at Y416  

Caspase-8 mutants with phosphomimetic modification at Y465 alone or at both Y397 and Y465 

were capable of stimulating c-Src autophosphorylation at Y416.  However, caspase-8 mutants with 

phosphomimetic modification at Y397 alone or with both non-phosphorylatable modification at 

Y397 and phosphomimetic modification at Y465 were incapable of stimulating c-Src 

autophosphorylation at Y416. 
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Figure 33 
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Figure 33.  Three-Dimensional Structure of the Caspase-8 Monomer with the Linker Region  

This scheme illustrates the YLEM motif, which is situated on the surface of the caspase-8 

monomer.  This potentially allows the access of SH2 domain of c-Src for interaction. 
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Figure 34 
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Figure 34.  Caspase-8 as a Substrate and Activator of c-Src  

A schematic diagram depicting the role of caspase-8 as a substrate and activator of c-Src is shown.  

As seen here, active c-Src phosphorylates caspase-8 at Y397 and Y465.  This allows the binding of 

pY397LEM phosphotyrosine peptide segment to SH2 domain of c-Src, maintaining c-Src in an open 

conformation, and allowing the autophosphorylation of Y416 and c-Src activation.  This is an 

example of a positive feedback loop regulating c-Src activation. 
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6.6 What are the Implications of our Findings on Cancer Biology? 
  

 Published data suggest that: 1) c-Src activity is upregulated in colon cancer (367, 

368); 2) some advanced human colon cancer cells harbor c-Src truncated mutation 

preventing inhibitory tyrosine residue from negatively regulating c-Src, resulting in 

increased c-Src activity (370); 3) caspase-8 is tyrosine phosphorylated in colon cancer 

(177); and 4) tyrosine phosphorylated caspase-8 could interact with c-Src (52).  

Moreover, our studies herein showed that tyrosine phosphorylated caspase-8 could 

stimulate c-Src activity.  Together, these observations suggest that in colon cancer cells, 

tyrosine phosphorylation of caspase-8 by c-Src triggers a positive feedback loop that 

further activates c-Src via tyrosine phosphorylated caspase-8, which acts as an adaptor 

and activator (Figure 34).  This promotes the survival, proliferation, migration and 

therefore metastasis-forming capacity of colon cancer cells. 

 We propose that this positive feedback loop can be broken if the interaction 

between tyrosine phosphorylated caspase-8 and c-Src is disrupted.  It has been suggested 

that phosphorylation of Y380 of caspase-8b isoform (equivalent to Y397 of caspase-8a 

isoform) promoted interaction with the SH2 domain of c-Src.  We propose using cell 

penetrating peptide technology (419) to deliver a peptide sequence corresponding to the 

interacting region of the c-Src SH2 domain into cancer cell.  This is expected to disrupt 

the interaction between tyrosine phosphorylated caspase-8 and c-Src.  Hence, tyrosine 

phosphorylated caspase-8 could no longer act as an adaptor and activator of c-Src, thus 

breaking the positive feedback loop, suppressing the further activation of c-Src.  Without 

further activation of c-Src, caspase-8 could not be tyrosine phosphorylated.  When 

caspase-8 is not tyrosine phosphorylated, it can be activated and induce apoptotic 
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program.  Moreover, when caspase-8 is activated, it can also inhibit c-Src activity as it 

has been shown in chapter 4.  This will switch the cell fate program from survival to 

apoptosis (Figure 35).   

Figure 35 
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6.7 Overview and Concluding Remarks 

 In this thesis, I have presented a novel reciprocal regulatory relationship between 

caspase-8 (a pro-apoptotic protein) and c-Src (a pro-survival protein).  My work also 

allowed insight into the potential mechanisms underlying this novel regulatory circuit.  

Further, I suggested a potential therapeutic approach to tackle the positive feedback loop 

in survival signaling, based on the regulatory relationship between caspase-8 and c-Src.  

Overall, the work in this thesis serves as a mechanistic basis for future studies aimed at 

deciphering the intricate relationship between apoptosis and cell survival and provides a 

foundation for future therapeutic approaches in the field of oncology. 

Figure 35.  Cell Permeable Peptide as a Potential Therapeutic Option in Colon Cancer 

A schematic diagram depicting the potential therapeutic role of cell penetrating peptide containing 

a portion of the c-Src SH2 domain for colon cancer is shown.  Top panel: active c-Src 

phosphorylates caspase-8 at Y397 and Y465.  This allows the binding of pY397LEM 

phosphotyrosine peptide to SH2 domain of c-Src, maintaining c-Src in an open conformation, thus 

allowing its autophosphorylation at Y416 and activation.  These events promote cell survival.  

Bottom panel: With the use of a cell permeable peptide containing a portion of c-Src SH2 domain, 

we propose to disrupt the interaction between c-Src and tyrosine phosphorylated caspase-8.  This 

will prevent further activation of c-Src.  Without further activation of c-Src, caspase-8 cannot be 

tyrosine phosphorylated, therefore it can then become activated.  Activated caspase-8 promotes 

apoptosis and in addition, it inhibits the activation of c-Src, further suppressing the survival 

pathway.  The end result is apoptosis. 
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