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ABSTRACT 

In this study, I attempted to elucidate a possible interaction between Src kinase and 

canonical Wnt signaling, both of which have been shown to contribute to cancer. I 

hypothesized that Src kinase could induce canonical Wnt signaling through the 

phosphorylation of β-catenin and subsequent nuclear localization and activation of Wnt 

target gene transcription. Using immunofluorescence microscopy I observed that β-catenin 

possessed a peripheral and juxta-nuclear localization in v-Src containing Rous sarcoma 

virus infected chicken fibroblasts, compared to a diffuse and punctate distribution in 

uninfected cells. In human colon adenocarcinoma SW480 cells biochemical methods did 

not show a dramatic difference in the nuclear levels or protein stability of β-catenin induced 

by the activated mutant SrcY530F. However, in tsLA29 Rat-1 cells incubated at the 

permissive temperature the half-life of β-catenin was shortened compared to cells incubated 

at the non-permissive temperature. 

I also tested the ability of Src to regulate canonical Wnt pathway mediated 

transcription using real-time PCR and luciferase reporters. Transient transfection of wt and 

mutant Src kinases did not alter the transcription of the Wnt target genes FGF18, CCND1 

or MYC in SW480 cells relative to empty vector pCI transfected cells. However, the 

activated mutant SrcY530F was able to downregulate the β-catenin responsive Wnt 

luciferase reporter Super8XTopFlash. To identify the mechanism of reporter 

downregulation, I mutated β-catenin, used pharmacological inhibitors and siRNA to inhibit 

GSK3β, and the calcium chelator BAPTA-AM, I was not able to reverse the effect of Src 

on reporter activity. However, activated SrcY530F was shown to downregulate 7 out of 8 
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different luciferase reporters not predicted to be regulated by Src, including the empty 

vector backbone pTA-Luc and the constitutively activated luciferase reporter plasmid 

pGL3-Control. 

Taken together, these data strongly suggest that the downregulation of Wnt 

luciferase reporter activity by SrcY530F is an anomalous result, and cautions against the 

use of luciferase reporters as a measure of the effects of Src on transcription. Furthermore, 

the results of this study do not prove or disprove my hypothesis. 
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SECTION I


INTRODUCTION & METHODS
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CHAPTER ONE: INTRODUCTION 

1.1 Historical Overview – The Importance of Src Kinase 

The human non-receptor tyrosine kinase c-Src is an enzyme that is part of a larger 

family of tyrosine specific kinases found throughout metazoan phylogeny (1-4). In addition 

to Src, the vertebrate Src family members include Fyn, Yes, Lyn, Hck, Lck, Fgr, Blk, and 

Yrk (5). According to Brown and Cooper (1996), at least one Src family member is 

expressed in every cell type examined from complex animals (5). Many studies have 

revealed the complex nature of its regulation and function. Its unregulated function has also 

been shown to contribute to various disease states, with a particular contribution to cancer. 

Therefore, these studies suggest that Src and Src family kinases make a significant 

contribution to cellular biology. 

Much of what is known today about the cellular properties of c-Src has come from a 

close study of its viral counterpart, v-Src. Almost 100 years ago, Peyton Rous described the 

transmission of neoplasms and malignant growth using cell free extracts derived from 

bacteria-free filtrate ((4) from Readings in Tumor Virology, 1983). This was a landmark 

study, not only because it was the first description of a tumour inducing virus, but also 

because our understanding of intracellular signaling has been derived through the 

subsequent detailed analysis of Src kinase. 

The use of various Rous sarcoma virus transformation mutants was key to the 

identification of the Src gene. The first of these studies credited for identifying the v-Src 

gene (viral Src), a temperature sensitive mutant was isolated which incapacitated both the 

growth and transforming abilities of the virus (6). Subsequently, Martin (1970) identified a 
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mutant that was only defective for its transforming potential and not for its growth potential 

(7). That is, the mutation allowed for the reversible inactivation of v-Src kinase activity and 

therefore its ability to transform infected cells, while the infectivity of the Rous sarcoma 

virus was not impeded. Importantly, Kawai and Hanafusa (1971) soon isolated another 

temperature sensitive mutant, Ts-68 (later ts NY68), by treating cells with the 

chemotherapeutic agent 5-flurouracil (8). Ts-68 was ‘converted’ much more quickly than 

the previously identified mutants and, using puromycin and cyclohexamide, the authors 

demonstrated that the transforming ability of the virus was due to a non-structural protein 

product (v-Src) of the viral genome. Finally, Biggs et al. (1973) used temperature sensitive 

mutants to not only reversibly transform cells, but also to induce tumours and provide 

further evidence that these two properties were connected (9). 

The identification and description of other types of v-Src mutants was also very 

important to our understanding of c-Src. A thorough analysis of transformation revertants 

in a two part study by Varmus’s laboratory (10,11) identified several revertant avian 

sarcoma virus (ASV)-transformed rat1 cell lines. In these studies, the authors were able to 

show not only that the reversion process was most likely due to specific point mutations, 

but also that the transforming ability of Src may be due to host-cell specific components as 

demonstrated by the altered phenotype of a rescued revertant in chicken cell lines. While 

various types of v-Src mutants had been identified, an important study by Anderson et al. 

(1981) utilized unmutagenized partial mutants (12). This study described the isolation of v-

Src mutants with various combinations of transformation phenotypes. Upon the 

characterization of these mutants, the authors insightfully suggested that the Src protein 

interacts with numerous down-stream proteins to achieve the complete transformation 
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phenotype. Taken together, these studies were fundamental to our understanding of protein-

protein interaction (i.e. via the Src homology, or SH2 & SH3 domains) and therefore signal 

transduction. 

With the identification of v-Src kinase as the cause of the Rous sarcoma virus 

induced fibroblast transformation, several studies by Erikson’s group quickly characterized 

this novel phosphortransferase (13-15). Erikson’s group initially identified a 60,000 MW 

peptide using serum from Schmidt-Ruppin Avian Sarcoma Virus induced newborn rabbit 

virus to immunoprecipitate lysate from transformed chicken cells. Subsequent analysis by 

two studies, Colette and Erikson (1978), and Levinson et al. (1978), confirmed that the src 

gene product possessed protein kinase activity (16,17). Soon after this characterization, 

Hunter and Sefton (1980) demonstrated that the src gene product was not only responsible 

for transformation, but also possessed a tyrosine kinase activity (18). In fact, the pp60
src 

kinase was the first tyrosine kinase activity to be demonstrated. Importantly, the epidermal 

growth factor receptor (EGFR) was also found to be a tyrosine kinase (19) and together 

with Src kinase are now know to be the earliest identified kinases involved in cell growth 

and differentiation (20). 

In 1976, the cellular origin of the v-Src gene was identified (21). The strategy in 

this study involved using ASV based probes required for transformation to screen the DNA 

of various normal avian species including chicken, duck, quail, turkey and emu. The 

authors correctly suggested that the transforming gene found in the ASV genome was 

derived from chicken or a closely related relative. Later studies characterized in detail the 

full length genomic sequence of chicken Src, confirming the cellular origin of v-Src 

(22,23). From this observation, the idea of the proto-oncogene was born (20). 
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In short, characterization of the non-receptor tyrosine kinase Src has provided 

invaluable knowledge to our understanding of intracellular signaling, proliferation and 

consequently cancer biology. Since these early observations, much more about the function 

of Src and Src family kinases has been elucidated. These functions arise from both its non-

kinase and kinase elements and include involvement in a wide variety of cellular processes 

including proliferation, apoptosis, and motility. It is clear then that continued research into 

its regulation and function will surely provide novel insights into fundamental cellular 

regulation and deregulation in the diseased state. 

1.2 Src Kinase - Structure 

The regulation of Src kinase is of great importance to the understanding of its 

overall contribution to cellular biology. The interaction of Src kinase with various growth 

factor receptors, cytokine receptor and G-protein coupled receptors through allosteric 

changes play an important role in the regulation of Src kinase activity and is well reviewed 

elsewhere (5,24). A second mechanism, not mutually exclusive to the allosteric mechanism 

of regulation, is through the phosphorylation state of its c-terminal tyrosine. Within human 

c-Src this residue is Y530, and its contribution to Src activity will be discussed in greater 

detail below. Two non-receptor tyrosine kinases have been shown to target this residue on 

Src and result in downregulation of the enzyme. These are Csk (C-terminal Src kinase, the 

predominant kinase targeting Y530) and CHK (Csk-homologous kinase). Interestingly, 

CHK has been shown to inhibit Src activity by a dual mechanism that includes 

phosphorylation of Y530 and also a non-phosphorylation mechanism that requires only 

interaction (25). Similarly, several phosphatases have also been shown to target this residue 
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for de-phosphorylation and subsequent activation of Src kinase activity. Some of these 

include PTP-α (protein tyrosine phosphatase-α), PTPl, PTP1B, SHP-1 (Src Homology 2 

domain containing phosphatase-1, also known as PTP1C) and SHP-2. Other phosphatases 

which may regulate the phosphorylation state of SrcY530 have been recently identified; 

however, a more thorough review of the major mechanisms of Src regulation can be found 

in several reviews (5,24,26,27). Taken together, these studies highlight the importance of 

the state of tyrosine-530 phosphorylation in the regulation of Src kinase activity. The 

remainder of this review will only briefly describe regulation of Src activity as it may relate 

to its targets and hence its potential functions. 

The human and chicken forms of c-Src are highly similar. Both the normal chicken 

c-Src and v-Src have been cloned and characterized, and comparisons between them show a 

high degree of similarity (22,23,28-30). Similarly, the human normal c-Src has also been 

cloned and characterized (12,31). These studies have shown that the normal chicken Src 

kinase contains 533 amino acids, while human c-Src contains 536 amino acids. A sequence 

comparison of normal human and chicken Src shows an 85% identity (NCBI Blast 

sequence alignment of accession no. NM_005417 (human) and accession number V00402 

J00844 (chicken)). Therefore, although the following description of c-Src structure and 

function has been derived from studies of the chicken orthologue, the observations can be 

applied to human c-Src with important differences being highlighted when required. 

Having characterized and cloned the cellular src gene, as well as identifying the 

tyrosine kinase enzymatic activity, investigators focused on a detailed analysis of both its 

protein structure and precise biological functions. The contribution of Src kinase to 

tumourigenesis was self evident, although many of its targets and the details of just how 
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these interactions would promote transformation were yet to be characterized. As 

previously mentioned, early studies suggested that the non-kinase and kinase domain 

played a role in Src’s ability to transform cells. This was shown to be correct, as the 

structure of Src kinase was identified and the roles of individual regions of Src in various 

biological functions were characterized. 

The structural domains of c-Src kinase have been well reviewed (5). Its structure 

can be described as having 4 domains (known as the Src-Homology domains, or SH1 to 

SH4) which are common to all Src family members, as well as a unique and tail domain 

(5). Each domain contains various elements critical to the regulation of kinase activity 

and/or its biological function (Figure 1.1). 

1.2.1 Kinase Domain 

The kinase domain, (or SH1) of human c-Src lies approximately between residues 

263-524 and catalyses the transfer of the γ-phosphate from ATP to tyrosine residues in 

target proteins. The kinase activity of Src significantly contributes to the transforming 

activity of v-Src first identified in the Rous Sarcoma Virus. 

Many studies had already demonstrated the functional importance of 

phosphorylation events in various biological processes (16,32). This was the basis for the 

investigation by Collett and Erikson into Src’s potential enzymatic activity as a mechanism 

of its transforming activity (16). In an independent study by Levinson et al. (1978), 

immunoprecipitation of v-Src or temperature sensitive mutant v-Src (NY68) from infected 

chicken and hamster cells provided further evidence for the kinase activity of Src (17). 
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G2 K298 Y419 Y530


N 

SH4 SH3 SH2 SH1/Kinase Domain Tail 

Unique Linker Region 

Figure 1.1. Schematic of human c-Src kinase, illustrating functional domains and key 
residues. Src homology (SH) domains 1-4. G2, glycine 2 residue site of myristoylation. 
Lysine 298 (K298), important for co-ordination of ATP. Tyrosine 419 (Y419), site of 
autophosphorylation, indicative of activation. Tyrosine 530 (Y530), critical for regulation 

of catalytic activity. N, amino-terminus. C, carboxyl-terminus. 

C 
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Although the endogenous targets had not been identified (their experiments showed the 

phosphorylation of immunoglobulin molecules) these authors also suggested that the 

transforming potential of Src was related to its kinase activity. 

As previously mentioned, the enzymatic activity of Src kinase was the earliest 

known tyrosine phosphorylation event (20). This discovery has been described as 

serendipitous (20). In their efforts to further characterize the transforming ability of 

polyoma virus, Eckhart et al. showed that immunoprecipitates from polyoma virus infected 

cells contain a tyrosine phosphorylating activity in the 60 KDa molecular weight range 

(33). Interestingly, the resolution of phosphortyrosine from phosphorthreonine by 

electrophoresis was a consequence of not preparing the proper buffer at pH 1.9 (20). After 

observing the phosphorylation of tyrosine residues associated with polyomavirus infected 

lysates, Hunter and Sefton (1980) proceeded to ask whether or not the protein product of 

src could also catalyse the phosphorylation of tyrosine (18). Indeed, their intuition led them 

to describe the first account of tyrosine phosphorylation by Src kinase on the 

immunoglobulin heavy chain (18). Interestingly, several studies soon described the 

interaction between the polyoma virus middle-T antigen and Src. These studies showed that 

it was the kinase activity of Src that phosphorylated the middle T antigen and that the 

association between the enhanced specific activity of Src (34,35). 

Phosphorylation within the kinase domain of Src on tyrosine 419 may be important 

for the full activation of c-Src’s kinase activity. Soon after the identification that Src kinase 

targeted tyrosine residues, it was also observed that both v-Src and c-Src were themselves 

phosphorylated (36). In this study the authors demonstrate that while in vitro tyrosine 

phosphorylation of v-Src and chicken c-Src targeted residue 416 (Y419 on human c-Src), 
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their assays revealed a different tyrosine phosphorylation profile (36). Only later was it 

revealed that v-Src lacked the negative regulatory carboxy terminal tyrosine found in c-Src 

(Y527, see below). Mutational analysis using v-SrcY416F has revealed lowered 

tumourigenic potential when cells transformed by v-Src or mutant v-SrcY416F were 

injected into mice even though the kinase activity is relatively unchanged (37-39). 

Additional studies on c-Src mutants Y416F and Y527F, and the phosphatase inhibitor 

orthovanadate show a similar pattern whereby phosphorylation of residue Y416 of c-Src 

can contribute to both the kinase activity and transforming potential (32,40,41). The data 

from several studies also strongly suggests that the phosphorylation at Y416 of c-Src is in 

trans (5,42,43). Taken together these data strongly suggest that the phosphorylation of 

chicken c-Src Y416 is required for full activation and that this occurs in trans. 

It should be noted that this particular mode of regulation has been less extensively 

studied in humans. While many studies have utilized the phosphorylation state of Y419 of 

human c-Src as an indicator of activation (eg. (44)), Zhu et al. (2009) show that the higher 

specific activity of Src in several colon cell lines is more closely related to the 

phosphorylation state of Y530 and not Y419 (45). Interestingly, in a study by Sen et al. 

(2009) it was demonstrated using kinase assays that the phosphorylation of JAK 

(commonly used as an indicator of its activation) did not correlate with its activation (44). 

Thus, in any given system it is necessary to demonstrate the direct relationship between 

phospho-Y419 with Src kinase activation. 
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1.2.2 Tail 

The tail region of human c-Src kinase is located at the carboxy terminus of the 

enzyme, including residues 525 to 536 (approx.) (5,46). The importance of this tail region 

was recognized early on in the characterization of src where Smart et al. (1981) observed 

that while v-Src and chicken c-Src were both phosphorylated in a similar manner in vitro 

(at tyrosine 416), their in vivo tyrosine phosphorylation sites differed (36). The subsequent 

characterization of the v-Src gene by Takeya and Hanafusa (1983) compared the amino 

acid sequence of carboxy terminal region of v-Src with c-Src and revealed the missing 

regulatory tyrosine found on c-Src and not v-Src, although it was not recognized as such at 

the time (23). In a study of c-Src by Courtneidge (1985), the phosphorylation state of Src 

kinase was shown to be important for its regulation (35). In this study Courtneidge utilized 

the polyoma middle T antigen and the phosphatase inhibitor orthovanadate in kinetic 

studies to confirm previous observations that Src kinase plays an important role in the 

transforming abilities of the polyoma virus, and that phosphorylation of Src played a 

negative regulatory role, unlike v-Src where phosphorylation of tyrosine was activating. 

This was the first description of tyrosine phosphorylation as a negative regulatory event. 

Elsewhere, in a detailed tryptic and chymotryptic two-dimentional phosphorpeptide 

analysis of chicken c-Src and v-Src, and in comparison with previous data, Cooper et al. 

(1986) demonstrated that the carboxy terminal phosphorylation occurred on Y527 (47). The 

authors correctly hypothesized that the increased kinase activity and transforming ability of 

v-Src is a result of a loss of this crucial tyrosine residue. 

Many studies have demonstrated the importance of the carboxy terminal tyrosine 

(Y527 in chicken, Y530 in human) to enzymatic activation and cellular transformation 
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(32,48-50). In these studies, various strategies were utilized to measure the activity of Src 

kinase including in vitro and in vivo kinase assays, as well as focus forming and 

transformation assays performed on transfected or virally infected NIH 3T3 cells. The 

investigators utilized c-terminal specific antibodies, point mutations and Amber mutants to 

assess the contribution of various carboxy-terminal tyrosines. In the end, it was realized 

that the carboxy-terminal tail Y530 (Y527 in chicken) played a major role in the regulation 

of kinase activity. 

1.2.3 SH2 Domain 

The SH2 domain lies approximately between residues 150 and 248, and confers 

phospho-tyrosine specific protein interactions (46,51). In a study to further characterize the 

Fujinami Sarcoma Virus (FSV), mutational analysis of the transforming viral protein (v-

Fps) product was performed (52). The authors identified a mutant with an amino-terminus 

insertion which did not hinder its tyrosine kinase activity yet was unable to transform rat-2 

cells, as did wild-type v-Fps from FSV in the same cell type. In a subsequent study this 

mutant was further characterized and compared to all other known non-receptor tyrosine 

kinases (NRTK) at the time (51). The authors described this highly conserved region as the 

SH2 domain, which is noncatalytic but able to alter catalytic function through interaction 

with other cytoplasmic constituents (ie. through protein-protein interactions). The 

importance of the SH2 domain was further highlighted by the identification of a single 

residue deletion in the v-Src mutant v-src-L at F142, which limited its transformation 

potential to chicken cells (53). In another study characterizing the SH2 domain of the v-fps 

oncogene, it was proposed that a common function of SH2 regions is the interaction with 
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the kinase domains of the enzymes on which they are found, and, as a consequence, play an 

important role in regulating enzyme activity (51). 

In addition to its role in mediating Src kinase-substrate interactions, the SH2 

domain was further implicated in the regulation of Src kinase activity. Data from several 

studies suggested that the SH2 domain could interact with the tyrosine phosphorylated 

carboxy terminus of Src, and contribute to the regulation of its kinase acitivity. For 

example, an SH2 containing transforming viral protein, which does not possess kinase 

activity (p47gag-crk), was shown to bind to v-Src and binding was significantly decreased 

following treatment with potato acid phosphatase (54). Phosphorylated and non-

phosphorylated peptides engineered to mimic the terminal 13 amino acids of c-Src were 

used in binding studies and showed that mutant chicken c-SrcY527F and v-Src bound to 

the phospho-peptide, but not when the SH2 domain was deleted (55). Superti-Furga et al. 

(1993) also utilized peptides in their analysis of the contribution of Csk (the major kinase 

which targets the c-terminal tyrosine,Y530 (see (5,56)) to the regulation of c-Src by the 

SH2 domain (56). Koch et al. (1992) utilized bacterially expressed v-Src SH2 peptides to 

pull down phosphortyrosine proteins from v-Src transformed rat cells, and showed that the 

SH2 domains from Ras and Crk also bind the same phosphorpeptides, demonstrating the 

importance of SH2 domains for protein-protein interaction (57). By introducing a variety of 

point mutations in c-Src, Hirai and Varmus revealed that even a single critical residue in 

the SH2 domain could activate the enzyme to a level similar to mutant SrcY527F (58). 

Crystal structures of Src SH2 and various peptides also demonstrated both the 

phosphortyrosine-SH2 interaction, and the Src SH2 possesses an optimal affinity for the 

sequence pYEEI rather than the pYQPG sequence found at Y527 of Src (59-61). This 
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seemingly unexpected result was clarified by Songyang et al. (1995) when the authors 

showed that the residues both amino- and carboxy- to the Y530 contributed to optimal 

binding (62). For human c-Src, the optimal peptide sequence was found to be 

AEEEIYGEFEAKKKK. Taken together, all of these data strongly suggested a model of 

regulation whereby tyrosine phosphorylation of Y527 (Y530 human Src) and interaction 

with the SH2 domain induces a conformation change which limits access to the kinase (or 

SH1) domain (5,48-50). This model was confirmed when the crystal structure of an inactive 

large Src fragment was described (63). 

1.2.4 SH3 Domain 

The SH3 domain lies approximately between residues 88 to 142 and provides 

important functionality to the Src protein (46,64,65). This region was shown to be 

conserved amongst many non-receptor tyrosine kinase, and was extensively studied for its 

similarity to the oncoprotein v-Crk and phosphorlipase C gamma (PLCγ) (66,67). Various 

studies showed that this Src homology 3 domain is also found in many other proteins and is 

important for protein-protein interactions (64,65,68). Deletion and some point mutations of 

specific residues in the Src SH3 domain were also found to be important to Src’s kinase 

and transformation potential, having a negative regulatory effect (58). This study also 

demonstrated that the regulation of Src activity by its various functional domains is 

complex, and is one that encompasses not only the tail and SH2 domains, but also 

interaction between the SH3 domains and the linker region between the SH2 and the kinase 

(SH1) domain, a model confirmed by Xu et al. (1997) (63,65). Furthermore, although the 

SH3 domain was shown to bind to proline rich sequences (consensus sequence 
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XPXXPPPΨXP, (69)), the close association of the Src SH3 to the linker region which does 

not possess any proline residues emphasizes this complexity (63,69). 

1.2.5 SH4 & Unique Domains 

The amino acids at the extreme amino-terminus of c-Src have been described as the 

SH4 domain and are important for membrane localization (17,70). This membrane 

association is accomplished by the myristylation of Gly-2 during translation and is a 

permanent modification requiring, at minimum, the first seven residues, but optimally 

including several lysines within the first 10-15 residues (70-76). Unlike other Src family 

members, Src (and Blk) is not palmitylated, suggesting that it possess different cell/tissue 

specific functions (70). Membrane localization is also to non-plasma membrane sites 

including endosomes and the endoplasmic reticulum (5,77,78). Src has also been identified 

as possessing a peri-nuclear membrane localization and demonstrates a re-distribution 

throughout mitosis (79,80). Although all membrane bound Src protein is myristoylated, not 

all myristoylated Src is bound to membrane, as has been shown by the cytosolic and 

membrane localization of v-Src (17,73). A cytosolic localization for Src has also been 

described, but was attributed to its being in transit from its origin of synthesis to the plasma 

membrane, and/or in transit from the plasma membrane to the cytosol as part of a cycling 

process (5,79,81). Membrane localization is required for the transformation properties but 

not the kinase activity of v-Src in chicken cells, highlighting the importance of localization 

for Src’s function (82). 

Following the initial amino acids involved in myristylation and membrane 

localization is a stretch of approximately 80 residues know as the unique region. This 
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region is so named due to the observation that these residues do not share a consensus 

sequence across the Src family members. The function of this region has not been well 

defined, but it does contain a number of non-tyrosine phosphorylation targets. For example, 

early studies showed that both protein kinase C (PKC) and protein kinase A can 

phosphorylate chicken c-Src on Ser 12, 17 and 48 respectively (37,83-85). A study by 

Cross and Hanfusa suggests that S17 phosphorylation does not affect kinase activity or 

transformation potential (37). In addition, Shenoy et al. (1989) showed that Src is also 

phosphorylated at Thr 34, Thr 46 and Ser 72 by CDC2 and that this may contribute to 

changes in cellular architecture during mitosis (86). Overall, the precise role of Src 

phosphorylation within the unique region is not definitive but these data suggest that this 

event may contribute to cell cycle progression. 

1.3 Src Kinase – Biological Function 

The identification of Src kinase as the sole agent responsible for tumours in 

chickens induced by the ASV/RSV revealed its potential role in the regulation of cellular 

proliferation. Further characterization of src and its protein product revealed not only the 

complex nature of its regulation but also gave hints as to its potentially wide reaching 

biological roles through its various protein-protein interaction domains (SH2 & SH3). 

Furthermore, many Src targets have been identified including those that are directly 

phosphorylated by (or for which there is good evidence of) and those that are found in v-

Src transformed cells (5,87). 

Src kinase is a non-receptor tyrosine kinase that can mediate multiple pathways 

down-stream of receptors. A general model for Src function is illustrated in Figure 1.2. In 
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Src Kinase 

GFR 

CR 

GPCR 

Adaptors, Enzymes, Structural proteins, etc.


Angiogenesis Proliferation 

Motility Survival 

Figure 1.2. Schematic of Src Function. Simplified schematic of how Src kinase 
functions as a part of different signaling pathways that are initiated at growth factor 
receptors (GFR), cytokine receptors (CR) and G-protein coupled receptors (GPCR). 
Activated Src kinase interacts with and phosphorylates many intracellular proteins 

(enzymes and adaptor molecules) leading to downstream activation of additional 
signaling intermediates and ultimately a change in transcriptional activation. The 
cellular effects of Src activity are wide ranging and include proliferation, motility, 
survival and angiogenesis. 
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this model, ligand activation of receptors recruits Src kinase and activates its activity. This 

in turn results in the phosphorylation and activation of other proteins or enzymes ultimately 

resulting in the regulation of various biological functions including proliferation, motility, 

survival and angiogenesis. 

Src kinase interacts with and is activated by several growth factor receptors and 

cytokine receptors (5,87). For example, stimulation of the platelet derived growth factor 

receptor (PDGFR) results in the phosphorylation and concomitant activation of Src (88). 

Upon the identification and initial characterization of the Src protein, it was clear that the 

SH2 domain, common in many other non-receptor tyrosin kinases, allowed it to interact 

with the phosphorylated tyrosines of activated growth factor receptors (89). Some of these 

receptors include the epidermal growth factor receptor (EGFR), platelet derived growth 

factor receptor (PDGFR), fibroblast growth factor receptor (FGFR) and colony stimulating 

factor-1 receptor (87,89,90). Because it is known that growth factor receptors initiate many 

biological responses including growth and differentiation, their interaction and activation of 

Src kinase strongly suggests an important contribution to these processes (91,92). This was 

demonstrated using antibodies against Src by several studies where Src kinase was shown 

to be important for mitogenic signaling and DNA synthesis induced by PDGF 

(93,94). 

Src kinase is also important for mediating the effects of G-protein coupled 

receptors (GPCRs) (87,95). For example, Src was shown to mediate the activation of 

MAPK (mitogen activated protein kinase) by the Gβγ subunit of G-proteins upon the 

stimulation of cells with LPA (lysophosphatidic acid, a potent stimulator of mitogenesis in 

fibroblasts) (96). Activation by GPCRs may occur by indirect or direct association with the 
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receptor, and may also involve cross talk with other receptor types such as growth factor 

receptors. For example, the purinergic receptor P2Y2R, is a GPCR contains several SH3 

domains which facilitate its interaction directly with Src kinase. When stimulated by UTP 

or ATP (uridine-, or adenosine-5’-triphosphate), the P2Y2R induced Src kinase activation, 

which was followed by phosphorylation and activation of EGFR in human astrocytoma 

cells (97). Activation of the EGFR seemed to require the formation of a large multiprotein 

complex, as measured by co-localization using immunofluorescence (97). Several other 

GPCRs have been linked to Src, including the lysophosphatidic acid (LPA) and the β2

Adrenergic (β2AR) receptors (87,95). Since GPCRs have been implicated in a variety of 

biological functions, including growth, proliferation and differentiation, Src is also an 

important player in these processes (98). 

Src has also been implicated in the down-stream signaling of other receptors and 

channels (87). The predominant Src family members coupled to cytokines are Fyn, Lck and 

Hck but Src is activated by or contributes to downstream signaling of the erythropoietin 

and IL-11 receptors (87,99-101). Activation of Src-specific activity in PC12 cells and 

2+ 
human keratinocytes has been observed upon activation of Ca channels, thus implicating 

Src in neurite extension and keratinocye differentiation (102,103). Src is also associated 

with the NMDA receptor and can affect its gating, a function that involves the unique 

region of Src (104,105). 

As can be seen in the simplified model of Src kinase function (Figure 1.2), ligand 

activation of receptors activates Src directly and indirectly. This leads to the down-stream 

interaction and phosphorylation of other signaling molecules. A broad range of intracellular 

proteins have been shown to be direct targets of Src, or at least phosphorylated as a 
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consequence of Src activity. The large majority of these targets have been identified by 

comparing their phosphorylation state from untransformed cells with their phosphorylation 

state in cells transformed by RSV, and has been well reviewed (5,87). Many of these 

targets were identified in complexes with the growth factors described above. Some of the 

enzymatic targets include focal-adhesion kinase (FAK), PLCγ and PI3K (106-108). Some 

cytoskeletal targets include tensin, vinculin and talin (109-111). Importantly, Src also 

targets adaptor proteins and other proteins such as RasGAP and β-catenin (112-116). The 

extensive list of ‘targets’ reveals the diverse roles which Src plays not only simply in 

signaling, but also various biological processes. 

An example of how certain phosphorylation targets of Src implicate the enzyme in 

the context of a biological process, is its phosphorylation of FAK (focal adhesion kinase) 

and regulation of the formation of focal adhesions (87,113,116-118). Focal adhesions are 

regions of the cellular membrane at which integrin receptors mediate the interaction 

between intracellular cytoskeletal elements (such as actin, vinculin, tensin and talin) and the 

extracellular matrix (ECM). In a simplified model of signaling at focal adhesions, the 

engagement of integrins induces FAK phosphorylation, which is followed by complex 

formation and the activation of Src. Src can then phosphorylate multiple sites on FAK, and 

together as a complex (FAK-Src) target other adaptor proteins (which contain SH2 and 

SH3 domains) for phosphorylation. Some evidence suggests that integrins can directly 

activate Src without FAK (119). In either case, the cycle of formation and disruption of 

focal adhesions is an important aspect of cell adhesion and motility and cell morphology, 

and the ability of Src to phosphorylate and regulate FAK implicates Src in these functions 
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(120-122). Therefore, many Src targets are involved in biological processes that, taken 

together, also implicate Src in various aspects of cancer. 

The activation of Src and its subsequent activation at focal adhesions exemplifies 

the principal mechanism by which Src influences different signaling pathways involved in 

different biological processes. As described above, Src activity at focal adhesions results in 

phosphorylation of a host of adaptor molecules which in-turn promotes the disassembly and 

turnover of cytoskeletal-focal adhesion complexes. This mechanism is similar to its effects 

on catenins whereby Src phosphorylation of these proteins destabilizes adherens junctions, 

which are mediated by E-cadherin (see Figures 1.3 & section 3.4). 

Another mechanism by which Src affects signaling pathways is exemplified by its 

activation of STAT3. STATs (signal transducers and activators of transcription) are a 

family of transcription factors that homo- or heterodimerize upon JAK tyrosine kinase 

phosphorylation in response to interferon stimulation of cytokine receptors (reviewed in 

(123)). STAT3 has been shown to interact with, and is phosphorylated by, Src where it then 

translocates into the nucleus and activates transcription (124-126). Interestingly, in a 

mechanism that involves STAT3, Src has been shown to increase the transcription of 

VEGF (vascular endothelial growth factor), an important peptide tha promotes 

proliferation, migration and cell survival (127). 

Src kinase can also mediate intracellular signaling through its phosphorylation of 

the adaptor molecule Shc (Src homology and collagen). Upon the identification of the 

tyrosine phosphorylation of Shc in v-Src transformed cells, further investigation 

demonstrated the importance of this event for downstream signaling of EGFR (epidermal 

growth factor receptor), FGFR-1 (fibroblast growth factor receptor 1) and c-kit receptors 
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(a.k.a. stem cell factor receptor) leading to the formation of Grb2-Sos-Shc complexes and 

subsequent activation of MAP kinase (128-131). This pathway plays an important role in 

proliferation. Taken together, these studies demonstrate the important role Src plays in 

mediating signal transduction from a diverse range of receptors. The ability of Src to 

transduce signaling through the activation of a large variety of signaling intermediates, 

ranging from enzymes and adaptor proteins to transcription factors, which regulate a large 

variety of cellular biological functions including proliferation, migration, cell survival and 

angiogenesis, further emphasizes the important role Src plays in cellular function (see 

Figure 1.2). 

Given Src’s contribution to a diverse variety of cellular functions, the results of 

knockout mouse models were somewhat surprising. When Src
-/+ 

heterozygotes were bred, 

Soriano et al. (1991) found that the Src
-/-

mice were viable at birth but grew slower and 

were 30-50% lower weight than control littermates (132). The most noticeable defect in 

these mice was the absence of incisors, described as failing to erupt, and survival could be 

prolonged depending on the feeding protocol. The only other abnormalities occurred in the 

bones and teeth, which were described as classical examples of osteopetrosis. It was known 

that the cause of osteopetrosis was a decrease in osteoclast function, and the authors 

suggested that the observed osteopetrosis in Src
-/-

mice was casued by a deficient 

microenvironment, or defective osteocalst function, since osteoclasts were still present. In a 

subsequent study by Boyce et al. (1992), it was demonstrated that the osteoclasts from Src

/- mice do not form ruffled borders and therefore do not resorb bone normally (133). For an 

enzyme that could potentially regulate so many biological processes it was surprising that 

the knockout phenotype seemed relatively inert. It was hypothesized that due to the 
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presence of other Src family kinases the absence or non-function of a single member could 

be tolerated. This hypothesis was validated when double knockout mice (for src and yes or 

src and fyn) and triple knockout mice (src, yes and fyn) were bred and shown to die shortly 

after birth (3 weeks) or be embryonic lethal (E9.5), respectively (132,134,135). 

1.4 Src & Cancer 

The contribution and implication of Src kinase to tumourigenesis is well 

documented and has been a defining characteristic of the enzyme since its first description. 

Src phosphorylates and regulates many targets that are also involved in many aspects of 

cancer (see above). The role of Src in cancer has been predominantly studied in colon and 

breast cancers. For example, Bolen et al. (1987) assessed the kinase activity from numerous 

tumour cell lines, and compared Src kinase activity from colon tumour-derived tissue with 

that of adjacent normal mucosa and found that the elevated activity was due to eleveated 

specific activity and not increase levels of Src protein (136). 

In colon cancers, the contribution of Src appears to be at later stages. For example, 

in a study by Talamonti et al. (1993) the neoplasias from a number patients were screened 

for Src activation and protein levels, as measured by auto- or enolase phosphorylation 

(137). Compared to normal adjacent mucosa, small polyps did not show an increase in 

either kinase activity or protein levels. However, in larger benign villous adenomas, Src 

activity showed a significant increase, but not protein levels. In patients with primary 

colonic tumours, Src kinase activity was found to be significantly increased with a 

moderate increase in Src protein levels. Importantly, the largest changes in both kinase 

activity and protein levels were oberserved in samples from liver metastases when primary 
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and metastatic samples obtained from the same patients were compared. Other studies have 

also highlighted the important correlation between increased specific activity and elevated 

protein levels of Src (138-140). There is some evidence, however, that Src may also 

contribute to the early stages of colon cancer progression, where a smaller patient group 

was screened for Src specific activity and protein levels from adenomatous and metastatic 

tissue (141). Using an antibody targeting activated Src, Sakai et al. (1998) screened various 

adenomas and other colon tumour samples and concluded that Src activation is an early 

event in colon carcinogenesis (142). Nonetheless, there is clear evidence that Src can 

contribute to all stages of the malignant process and has been shown to be an independent 

poor clinical prognosticator (143). 

Src kinase has also been shown to contribute to breast cancer. In an early study of 

its involvement in 21 different sarcomas and mammary carcinomas, approximately 30% of 

the samples exhibited increased Src kinase activity compared to normal tissues and 

fibroblasts (144). In a screen comparing tissue samples from human breast tumours with 

normal breast tissue, Src kinase activity was increased between 4 and 20 fold, with a 

concomitant increase in Src protein levels (145). Biscardi et al. (1998) also showed 

demonstrated an association between HER-1 and Src kinase in the majority of human 

breast tumour cell lines, and that some of these cell lines displayed increased 

tumourigenicity in mice (146). In yet another study using fibroblasts engineered to 

overexpress an EGFR-HER-2 chimera, Src anti-sense RNA was able to induce growth 

arrest, apoptosis and reduce colony formation in soft agar, an indicator of transformation 

(147). These studies are important since the overexpression of HER-2/Neu (or Erb-2) is an 

important predictor of survival and time to relapse in breast cancer patients (148). It has 
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also been shown using a human breast cancer cell line transplanted into an animal model, 

that increased Src activity is correlated with bone metastasis (149). 

Src and Src family kinases have been implicated in other cancers. These include, 

melanomas, ovarian, head and neck, bladder, lung, brain and neuroendocrine system, and 

blood. Interestingly, in human cancers there is little evidence of activating mutations of Src 

similar to those found in v-Src even while an increase in Src activity has been shown in 

many tumour cell lines (27,150,151). There is evidence for increased transcriptional 

regulation of Src, consistent with the previous data showing elevated levels in various 

colon tumour samples and cell lines (152), but the observed increase in specific activity is, 

in most cases, a consequence of altered regulatory mechanisms including activation by 

upstream receptor tyrosine kinases and integrins, or other regulatory molecues such as Csk 

(5,27,151). Upon increased activation, Src is able to promote the various aspects of tumour 

biology, including proliferation, motility and angiogenesis as outlined above. 

Given its contribution to cancer, it is not a surprise that many pharmacological 

inhibitors of Src are being developed or have been approved to treat various types of 

cancer. For example, dasatinib is a compound that has been shown to inhibit several 

tyrosine kinases including the PDGFR, Bcr-Abl as well as Src. It has been approved for use 

by the USDA, and has been used to treat patients with chronic myelogenous leukemia and 

acute lymphoblastic leukemia (153). Another inhibitor SKI-606 (or Bosutinib), has been 

shown in a breast cancer cell line, to reduce proliferation, migration and invasion. In animal 

studies, this compound was also effective in blocking metastasis, proliferation and 

angiogenesis (154). Therefore, the development of new therapeutics that target Src (and 
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other tyrosine kinases) will enable clinicians to more effectively treat patients with cancers 

where Src is a contributing factor. 

1.5 Wnt Signalling - Biological Relevance 

Another important topic of research in cancer biology is the Wnt signaling pathway. 

The name ‘Wnt’ is an amalgamation of the names for wingless and int-1, genes first 

discovered independently in Drosophila studies and mouse studies, respectively, and then 

found to be the same gene (155-157). Wnt ligands are a group of extracellular 

glycoproteins found in a diverse group of organisms from sea anemonae to humans, and are 

important throughout development. They are characterized by a conserved sequence of 21 

regularly spaced cystein residues and are secreted in a highly regulated manner, regulating 

processes as diverse as embryonic axis development and patterning, and proliferation in 

adult tissues. For example, in Drosophila besides playing an important role in wing and 

haltere development, mutations of different canonical Wnt genes results in segment polarity 

defects (158-160). In C. elegans, Wnt proteins contribute to establishing embryonic 

polarity through the promotion of asymmetric cell division (161-164). In mouse and 

chicken models Wnt-7A has been shown to contribute to limb development through 

regulation of dorsoventral and anteroposterior axis patterning (165,166). In Xenopus model 

systems, β-catenin is crucial for primary axis specification through its dorsalizing effects 

(167). In mouse models, another Wnt signaling component called Axin also been shown to 

play an important role in primary axis formation (168). Wnt signaling promotes 

proliferation of human crypt cells and in murine neurodevelopment (169). For example, 

Wnt1 or β-catenin knockout mice show similar losses of midbrain and other severe brain 
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malformations (170,171). In a study by Kalani et al. (2008) Wnt signaling was shown to 

directly influence neural stem cell renewal (171,172). Taken together these data 

demonstrate the importance of Wnt signaling throughout development, and it is therefore 

not a surprise that mutations of various signaling components are found in various 

abnormal and disease conditions such as cancer. 

The current model of the canonical or Wnt/β-catenin signaling pathway can be 

understood through the key mediator protein β-catenin, the mammalian homologue of the 

Drosophila armadillo protein. β-Catenin is approximately 780 a.a. in length. The overall 

structure of the protein consists of three domains. The amino terminus consists of several 

Ser and Thr residues important for its regulation (see pg 30), and mutations in this region 

have been found in various cancers. The central regions consists of twelve 42 amino acid 

imperfect repeats that mediate protein-proteinn interaction (173,174). The carboxyl 

terminus contains the transactivation domain, reponsible for recruiting transcription factors 

(175). Initially, β-catenin was identified as a structural component within the cell, where it 

mediates the interaction between the cytoskeleton via α-catenin and the intracellular 

domain of E-cadherin (176,177). As a complex with other catenin molecules, such as 

plakoglobin and p120-catenin, α- and β-catenin are important intracellular components of 

adherens junctions, which mediate intercellular interactions. Subsequently, β-catenin was 

also shown to mediate Wnt signaling. In a Drosophila genetic epistasis experiment looking 

for mediators of wingless (wg or Wnt-1), both dishevelled and armadillo genes were shown 

to act downstream (178). In both Xenopus and zebrafish model systems, overexpression of 

β-catenin by RNA injection can induce a secondary body axis in a manner similar to the 
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injection of embryos with Wnt-1 or Wnt-8 (179-181). Several other studies have also 

shown that β-catenin co-localizes and interacts with Tcf-3 and Lef-1 in the nucleus in a 

Xenopus and mammalian cell culture model, respectively (182-184). Therefore, the 

translocation of β-catenin to the nucleus, and its subsequent interaction with Tcf/Lef family 

proteins is the mechanism by which Wnt signaling activates transcription (Figure 1.3). 

When the canonical Wnt pathway is inactive, β-catenin can be found at the inner 

region of the plasma membrane where it mediates the interaction between the intracellular 

domain of E-cadherin complexes and the cytoskeleton via α-catenin. It is the central 550 

a.a. region of β-catenin which mediates this and other protein-protein interactions (see 

above). Ubiquitin mediated degradation of β-catenin is also active when there is no Wnt 

activation and requires at minimum an interaction of the arm repeat/central domain with 

glycogen-synthase kinase 3-β (GSK3β), casein kinase 1-α (CK1α), Axin and the 

adenomatous polyposis coli protein (APC). Formation of a complex between these proteins 

and β-catenin induces the sequential phosphorylation of residues Ser-45 by CK1α (priming 

phosphorylation) and S33, S37 and T41 by GSK3β  (185-187). This targets β-catenin for 

degradation mediated by β-TrCP, an E3 ubiquitin ligase/F-box protein. When Wnt 

signaling is activated through the interaction of Wnt protein ligands with Frizzled (Fz) 

family recpetors and LRP5/6 co-receptors, formation of the degradation complex is 

inhibited by the interaction of Disheveled (DVL) with Axin, and phosphorylation by CK1α 

and GSK3β does not take place (188-190). This results in stabilization of cytosolic β

catenin levels. β-catenin is then free to enter the nucleus where it interacts with the Tcf/Lef 

family of DNA binding proteins. Interaction between β-catenin and Tcf/Lef proteins 
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Figure 1.3. The Wnt/ β-catenin signaling pathway. β-catenin ( β-cat ) is a structural 
component of adherens junctions where it bridges the cytoplasmic tail of E-cadherin 

(E-Cad ) to the cytoskeleton via α-catenin (not shown). β-catenin also plays an essential 

role as the principal transducer of this particular Wnt pathway. Without Wnt ligand ( 1.) 

engagement, β-catenin is sequentially phosphorylated first by CK1 α (not indicated) and 

then by GSK3 β which requires the formation of a multi-protein complex including APC 

and AXIN . β-catenin is then targeted for ubiquitin mediated proteasome degradation via 

β-TrCP . Upon the engagement of certain Wnt molecules (eg.Wnt-1, Wnt-8) with certain 

Frizzled ( Frz ) family receptors and the LRP5/6 co-receptors cytosolic levels of β-catenin 
are stabilized through a mechanism that involves Dishevelled ( Dsh ) and an inhibition of 

the multi-complex formation ( 2. ). β-catenin can then enter the nucleus and interact with 
the Tcf/Lef family of co-transcription factors and promote transcription of various genes, 
including the cyclin D1 ( CCND1 ) and myc ( MYC ) genes. 
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promotes transcriptional activation through the carboxy terminal transactivation domain of 

β-catenin. Formation of this transcriptional complex requires BCL9/Legless and Pygopus 

(191-193). 

As a principal pathway intermediate, β-catenin is an important target for regulation. 

Besides its interaction with APC and the other degradation complex components, various 

regulatory proteins have been shown to target β-catenin as a mechanism of pathway 

regulation. For example, the tumour suppressors p53 and WTX (the gene product mutated 

in 30% of patients with Wilms’ tumour) have both been shown to downregulate β-catenin 

levels via the proteasome degradation pathway (194,195). The MAP kinase-related Nemo

like kinase (NLK) also downregulates Wnt/β-catenin signaling by phosphorylating 

Lef/TCF proteins and preventing their interaction with β-catenin (196,197). Furthermore, 

the POZ motif containing protein Kaiso has been shown to compete with β-catenin for 

interation with Tcf/Lef DNA binding proteins and Wnt target gene promotor regions to 

antagonize Wnt/β-catenin signaling (198,199). In a recent study using a combinatorial 

screening strategy, BTK (Bruton’s tyrosine kinase) was shown to negatively regulate 

canonical Wnt signaling by phosphorylation and the stabilization of a component of the 

transcriptional machinery recruited by β-catenin (200). These examples are only a small 

sample of the many studies which have demonstrated that β-catenin is a major target of 

canonical Wnt pathway regulation. Similarly, many studies have shown that the canonical 

Wnt pathway can be regulated at multiple levels and is well reviewed elsewhere (176,201

203). 
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1.6 Wnt & Cancer 

Wnt signaling plays an important role in human cancers, and many components of 

the pathway have been identified as either oncogenes or tumour suppressors. The earliest 

identified oncogene component of the pathway was Wnt-1. The genes were identified 

independently. In Drosophila Wg was first observed to affect wing and haltere 

development, and in mouse it was identified as the preferred integration site of the mouse 

mammary tumour virus (MMTV) (155,156,204-207). Although not normally expressed in 

mammary tissue, Wnt1 transgenic mice (MMTV-Wnt-1) have demonstrated its potential 

contribution to cancer. In this particular mouse model, tissue specific exogenous expression 

of Wnt1 in the mammary gland was accomplished by incorporating the MMTV-LTR 

(mouse mammary tumor virus-Long terminal repeat region) into the Wnt1 transgene (208). 

Mice (both males and females) that harbour this transgene exhibit grossly hyperplastic 

mammary glands, which lead to the development of mammary adenocarcinomas and 

eventual death by 1 year (208). 

Another mouse model that demonstrates canonical Wnt signaling in cancer is the 

Min (for multiple intestinal neoplasia) mouse model. This mouse lineage was identified in a 

study which sought to identify germline mutations that result in a susceptibility to tumor 

formation (209). These mice were first identified through a heritable (autosomal dominant) 

circling behaviour. Further observation of these mice revealed that they developed anemia 

secondary to the growth of intestinal polyps in both the small and large intestines. Analysis 

of theses tumors showed that they were predominantly benign adenomas, with some 

localized invasion and small areas of carcinoma in situ, but no metastasis. In a subsequent 

study, the Min mutation was identified as a nonsense mutation in the APC gene (210). 
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Previous to this, other studies already showed that the APC gene was mutated in sporadic 

colon cancers and in patients with familial adenomatous polyposis (FAP), which was 

known to be an autosomal dominant heritable condition predisposing patients to colorectal 

cancer (211-213). Although the Wnt signaling pathway had not been completely 

characterized, the demonstration that APC interacted with β-catenin was crucial to 

understanding how APC could contribute to colorectal cancers (214,215). These studies 

suggested that the interaction between APC with β-catenin plays an important role in 

tumourigenesis since the observed interaction was defective in several colon cancer cell 

lines containing mutant APC protein, including SW480, HCT116 and DLD-1 cell lines. 

Importantly, subsequent to these studies it was shown that expression of wild-type APC in 

SW480 colon cancer cells (which lack functional APC) leads to the downregulation of 

protein levels of β-catenin, by enhancing the rate of degradation (216). 

As mentioned above, the involvement of the APC in cancer had already been 

established, and has been shown to be mutated in various types of cancer but especially in 

the context of Familial Adenomatous Polyposis (FAP) and Hereditary Nonpolyposis 

Colorectal Cancer (HNPCC) (217). The gene for APC was isolated from patients with FAP, 

and from those with sporadic colorectal carcinoma, revealing various truncation mutations 

and a requirement for mutations in both alleles as a prerequisite for the development of 

adematous polyposis (211,218,219). In a study by Powell et al (1993), 51 out of 62 patients 

with FAP were found to possess a truncated APC protein (220). Of the remaining 11 FAP 

patients, 3 possessed significantly lower expression levels of one APC gene. Overall, this 

represents 87% of the FAP patients as possessing a germline mutation in the APC gene. 

Interestingly, a study by Ishhi et al. found that 96% of the APC mutations were truncating 



33 

mutations in patients with FAP (221). Patients with hereditary nonpolyposis colorectal 

cancer HNPCC also show a high incidence of mutation in the APC gene. For example, 

various studies have shown that between 39% (12 out of 31) and 58% (11 out of 19) of 

tumours from patients with HNPCC harbour a putation in APC (222,223). In sporadic 

cancers, a study by Jen et al. showed that 10 out of 12 adenomas from different patients 

possessed a mutation in the APC gene, while a study by Smith et al. (1993) showed that 24 

out of 32 cell lines tested (22 of which were derived from sporadic carcinomas) containted 

a truncated APC protein (224,225). Taken together, these studies further demonstrate the 

important contribution that APC makes to colon cancer. 

Activating mutations of β-catenin have also been identified in various cancers and 

mutations were predominantly localized to the amino-terminal phosphorylation domain, 

important for negative regulation by GSK3β (214,215,226). It has been estimated that 

mutations in β-catenin are found in approximately 1% of sporadic colorectral cancers, and 

may play a more important role in contributing to HNPCC (227). In particular, mutations in 

β-catenin appear to be common to endometrioid ovarian cancers (227). The identification 

of Bcl9 (B cell lymphoma 9 gene product) as a positive regulator of the Wnt pathway 

(where it acts both as an adaptor and transcriptional coactivator through its interaction with 

β-catenin) also suggested a possible role in B cell lymphomas (191). A comprehensive list 

of β-catenin mutations and the cancers they were derived from has been compiled from the 

literature and reveals a diverse list that includes colorectal, hepatocellular, melanoma and 

prostatic cancers (228). 
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Other Wnt signaling components described as tumour-suppressors include Axin 1 

and Axin 2. Both of these proteins have been shown to down-regulate Wnt signaling, and 

importantly, have been shown to be mutated in medulloblastomas in the case of Axin1, and 

predispose patients with familial tooth agenesis to colorectal cancer (229,230). Finally, 

Tcf1 has also been shown to contribute to the presence of adenomas in the gut and 

mammary gland of mice that are mutant for its gene (231). In this study, it was shown that 

not only was Tcf1 a target of Wnt signaling, but that when mutant APC alleles were 

introduced into Tcf
-/-

mice, an even greater number of adenomas were observed. Therefore, 

given its extensive contribution throughout development, it is not suprising that defective 

unregulated Wnt signaling is a major contributor to multiple types of cancer. 

1.7 Src Kinase & Wnt Signaling 

The key modulator of the canonical Wnt pathway, β-catenin, is a target of Src 

kinase. Early studies identified a host of tyrosine phosphorylated proteins interacting with 

the intracellular domain of E-cadherin in v-Src transformed cells (114-116). Src has also 

been shown to interact with and phosphorylate β-catenin on tyrosine residues 86 and 654 

(232). The findings from these studies suggest that Src may play a role in destabilizing cell-

cell interaction in fibroblasts, although the work by Reynolds et al. (1994) using v-Src 

transformed Madin-Darby canine kidney cell line did not come to the same conclusion 

(116). 

The presence of β-catenin in the cell has been described in the context of two pools, 

one in association with E-cadherin at adhesion junctions and a second free, or cytoplasmic, 

pool that is degraded when Wnt signaling is not activated (233). In that study, the author 
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assessed the role of v-Src on these two pools. The author’s findings in mouse fibroblasts 

suggested that although tyrosine phosphorylation of β-catenin did occur, there was no 

detectable change in the free-pool level of β-catenin or in its interaction with E-cadherin 

(233). In contrast to these results, Haraguchi et al. (2004) found that v-Src did promote Wnt 

signaling when cells were transfected with a stabilizing mutant of β-catenin, as measured 

by a luciferase based Wnt reporter system (234). Another study utilizing constitutively 

activated Src in fibroblasts showed that Src upregulated the Wnt target gene CCND1 

(cyclin D1) in a mechanism that increased nuclear accumulation and transcriptional 

upregulation of β-catenin (235). Their data suggested a mechanism that upregulates 

translation through Ras/Raf/ERK mediated phosphorylation of eukaryotic initiation factor 

4E (EIF-4E) and through PI3K/AKT phosphorylation of its inhibitor 4E-BP1 (235). 

Furthermore, a study by Rivat et al. (2003) demonstrate a link between Src Kinase and Wnt 

signaling by presenting data to suggest that Src promotes invasion through the upregulation 

of matrilysin by promoting the interaction between LEF-1 and AP-1 at the matrilysin 

promotor in a β-catenin independent mechanism (236). 

There is evidence that the Src kinase and Wnt signaling pathway interact in other 

organisms. For example, in C. elegans one of two Src homologues, SRC-1, together with 

another tyrosine kinase required for asymmetric division (MES-1), work in conjunction 

rd 
with Wnt signaling to specify cell fate of the EMS cell after the 3 division (237). In this 

process Wnt and SRC-1/MES-1 activities are required for complete rotation of the 

centrosome-nuclear complex, which determines the axis of cell division resulting in 

endoderm and mesoderm specification. Data in support of this can be seen when complete 
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mutant phenotypes occur (embryos lacking endoderm) only in embryos mutant for both 

Wnt components and src-1 or mes-1, whereas partial mutant phenotypes were observed for 

single mutants. Recently, evidence by Zhang et al. (2008) suggest that the molecular motor 

component dynactin was a possible mediator of the Wnt and Src effect on spindle 

orientation in EMS (238). Interestingly, in Drosophila the homologous Src proteins Src64B 

and Src42A were found to interact with and phosphorylate Derailed/RYK receptors (239). 

This study suggests that the Drosophila Src homologs act downstream of RYK/Derailed 

receptors upon Wnt5 activation which does not require Tcf/Lef-mediated transcription in 

effecting embryonic development of the central nervous system (239). Therefore, these data 

suggest that Src may interact with the Wnt signaling pathway in other organisms. 

The purpose of this investigation was to elucidate the possible cross-talk between 

Src kinase and canonical Wnt signaling in the context of cancer. Both Src kinase and Wnt 

signaling contribute to cancers of the colon and breast. Both Src kinase and Wnt signaling 

can upregulate transcription of common genes that are also important to the progression of 

cancer such as Myc and cyclin D1 (240,241). Based on these observations, and the results 

of the studies described above, I hypothesised that Src may promote canonical Wnt 

signaling which inturn contributes to cancer. 
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CHAPTER 2: MATERIALS & METHODS 

2.1 Cells and Conditions 

Normal chicken embryo fibroblasts (CEF) were obtained from liquid nitrogen 

frozen stocks, prepared in our laboratory as previously described from 10-day embryos 

(242). Cells were thawed in normal CEF media (Dulbeco’s Modified Eagles Medium 

(DMEM) supplemented with 10% tryptose phosphate broth, 0.6% calf serum, 1 X 

penicillin-streptomycin (pen-strep)), and passaged 1-2 X after reaching 90% confluency in 

100 mm tissue culture plates. 

Schmidt-Ruppin A strain v-Src transformed chicken embryo fibroblasts (SRA) 

were made from normal CEF cells infected with wild-type (wt) Schmidt-Ruppin A strain 

virus originally obtained from H. Hanafusa through W.S. Robinson and H. Robinson. To 

ensure that SRA cells remained fully transformed and did not ‘revert’ to a less transformed 

phenotype over time, the cells were periodically inspected for qualitative measures 

including a rounded morphology, rapid rate of growth as measured by time taken to reach 

confluency and a high metabolic rate as assessed by acidification of the culture media. 

When the cells did not appear to meet these criteria fresh normal CEFs were added to 

transformed cells. SRA cells were maintained in DMEM supplemented with 10% tryptose 

phosphate broth, 5% newborn calf serum (NBCS), 0.6% DMSO and 1 x pen-strep (NTF 

media). 

tsLA29Rat-1 fibroblasts were obtained from Dr. John A. Wyke and maintained at 

0
the permissive temperature (35 C) in NTF media. When cells were shifted to non

0
permissive temperatures (39.5-40 C), the media contained 0.2% NBCS instead of 5% in 
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NTF media as previously described (243). Before cells were shifted to either permissive or 

non-permissive temperatures, cells were washed 2 x in PBS and 1 x in NTF media 

supplemented with 5% or 0.2% NBCS depending on the required conditions. When cells 

were shifted to non-permissive conditions, this was done using Forma Scientific Water-

Jacketed incubators or continuous airflow incubators when cells were utilized in pulse-

chase experiments (see below). 

SW480 and DLD-1 cells were originally purchased from ATCC and maintained in 

DMEM supplemented with 10 % fetal bovine serum (GIBCO) and 1% penicillin-

streptomycin. Rat-1 cells were obtained from the Cell Bank, SACRI Antibody Services at 

the University of Calgary and maintained in the same media. Similarly, the following cells 

lines were maintained in DMEM supplemented with 10% FCS (Fetal Calf Serum) and 1X 

pen-strep: SK-BR-3, BT483, Hs 578T, MDA-MB435s and MDA-MB468. MCF10A cells 

were maintained in 1:1 DMEM and HAM’s F-12 medium, supplemented with 5% Horse 

Serum, 1 X pen-strep, 0. 5 µg/ml cortisol, 0.02 µg/ml EGF (Epidermal Growth Factor), 0.1 

µg/ml cholera enterotoxin, 0.01 mg/ml insulin and 2 mM L-Glutamine. 

All cells were normally maintained in standard tissue culture incubators kept at 

0
37 C and at a CO2 concentration of 5%. 

2.2 Microscopy and Indirect Immunofluorescence 

Cells designated for microscopic analysis were seeded at approximately 80% 

confluency on sterile glass coverslips placed in 35 mm tissue culture dishes in complete 

medium and incubated overnight. Coverslips were then washed 2X, 5-10 minutes each 

wash, with PBS, followed by incubation in filtered 3.7% paraformaldehyde fixing solution 
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0
(made fresh or pre-made and frozen at -20 C for no more than a week) for 20 minutes on a 

Bellydancer shaker. After fixing, coverslips/cells were washed 3X, 5-10 minutes each 

wash, with PBS, before permeabilization with a 0.1% NP-40 or 0.5% Triton X-100 (diluted 

in PBS) solution for 5 minutes at room temperature on the Bellydancer. Alternatively, 

samples were fixed and permeabilized with ice-cold methanol (95-100%). Cells were not 

treated with 0.1% NP-40 solution if fixed with ice-cold methanol. After permeabilization, 

cells were washed 2X with PBS and then incubated with primary antibody (rabbit anti-β

0
catenin, Santa Cruz Biotechnology Inc. sc-7199) dilution (1:200) at 37 C for 1 hour. Cells 

were then washed again 2X with PBS and subsequently incubated with a secondary 

antibody dilution (1:100 dilution, donkey anti-rabbit Rhodamine Red-X, Jackson 

0
ImmunoResearch Laboratories, No. 711-295-152) for 1 hour at 37 C. Subsequently, cells 

were incubated with DAPI (1:1000 in PBS, Sigma-Aldrich D9642) for 10 minutes at room-

temperature in the dark on the Bellydancer, with 2X PBS washes before and after DAPI 

incubation. Coverslips were then mounted onto microscope slides using Mowiol mounting 

medium. 

2.3 Transient Transfections 

Transient transfections of all cells utilized Lipofectamine 2000 reagent (LF2000) 

and the manufacturers recommended protocol. Cells were seeded using complete media 

6
without antibiotics 12 -24 hours before transfection at a density of 1.0-1.5 x 10 cells per 6 

well plate, or scaled up to 5.6-8.4 cells per 10 cm plate. All cells prepared for luciferase 

assays were seeded using 6-well plates. The following day, a plasmid DNA/DMEM 

dilution was prepared at a ratio of 1 µg total DNA: 55.6 µl DMEM (1-4 µg total DNA/250 
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µl DMEM was combined with a LF2000/DMEM dilution (1 µl LF2000: 25 µl DMEM) at a 

final DNA/LF2000 ratio of 1:1. LF2000/DMEM dilutions were incubated at room-

temperature for 4-5 minutes after gentle vortexing, before being combined to DNA/DMEM 

dilution. The total amount of DNA per well never exceeded 4.5 µg, and equal amounts of 

DNA per well were used when co-transfection of more than one type of DNA was 

performed unless stated otherwise. DNA/LF2000 dilutions were gently mixed using the 

vortex and incubated at room-temperature for a minimum of 20 minutes. Before the 

addition of DNA/LF2000 mixtures, cells were washed 1x with DMEM, 2 ml of DMEM 

was added per well of the 6-well plate. DNA/LF2000 mixtures were added directly into 

0
wells and mixed gently. Cells were then incubated at 37 C for 5 hours, after which media 

was removed and fresh 10% FBS/DMEM without antibiotics was added. At this point, the 

various pharmacological inhibitors were added, as required (see results). Cells were then 

returned to incubators for an additional 19-21 hours until harvesting. 

2.4 Cell Lysis 

Cells were normally harvested with 3 types of lysis buffer. When lysates were 

prepared for Western blotting only, RIPA buffer was used (150 mM NaCl, 1.0% NP-40, 

0.5% deoxycholic acid (DOC), 0.1% SDS, 50 mM Tris pH8.0), supplemented with a 

cocktail of inhibitors (10 µg/ml Aprotinin, 50 µg/ml Leupeptin, 7.5 mg/ml PNPP and 1 mM 

Na3VO4). NP-40 lysis buffer (150 mM NaCl, 1.0% NP-40 50 mM Tris pH 8.0 and 

supplemented with the same inhibitor cocktail as for RIPA) was prepared for 

immunoprecipitation followed by Western blot analysis. Cell Culture Lysis Reagent 

(CCLR)(Promega) (25 mM Tris pH 7.8, 2 mM DTT, 2 mM 1,2-diaminocyclohexane
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N,N,N’,N’-tetraacetic acid, 10% glycerol and 1% Triton X-100) was purchased 

commercially and used specifically for harvesting cell lysate for subsequent luciferase 

assays performed on the Monolight 2000 in the laboratory of Dr. Brent Winston, University 

of Calgary. 

2.5 Luciferase & ββββ-Galactosidase Assays 

Two different protocols were utilized when performing luciferase assays. For 

TopFlash experiments, co-transfection of reporter plasmids (TopFlash or FopFlash) with 

mutant Src kinases included transfection with the β-galactosidase (β-gal) containing 

plasmid, pCH110 (Amersham Pharmacia Biotech, prod. No. 27-4508). After a 24 hour 

transfection period, cells were harvested by washing 2 x with PBS and lysed by the 

addition of 200 µl of 1 x CCLR to each well and scraping into 1.5 ml microfuge tubes, 

which were kept on ice. After all the cells were harvested, tubes were vortexed for 15 

0
seconds and centrifuged at maximum (14,000) r.p.m. for 12 minutes at 4 C in an Eppendorf 

microcentrifuge 5417R. Lysates (supernatant) were then transferred to clean microfuge 

tubes and stored at -80
0
C or used immediately for β-gal and luciferase assays. 

β-gal assays were performed essentially following the Invitrogen β-Gal Assay Kit 

protocol using reagents formulated in the laboratory. Three different sample volumes (1, 5 

and 10 µl) were taken for each sample and equilibrated to a final volume of 30 µl of 

distilled, deionized water. To each sample, 70 µl of ortho-nitrophenyl-β-D

galactopyranoside (ONPG) and 200 µl of 1 x Cleavage Buffer (60 mM Na2HPO4-7H2O, 40 

mM NaH2PO4-H2O, 10 mM KCl, 1 mM MgSO4-7H2O, pH 7.0 and 0.54 µl β-ME) was 
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0
added, mixed and briefly centrifuged. Samples were then incubated in a 37 C water bath for 

approximately 30 minutes or more. Reactions were then stopped by the addition of 500 µl 

Stop Buffer per reaction (1 M Na2CaCO3). Absorbance of samples at 420 nm were then 

read using a spectrophotometer against a blank containing ONPG and Cleavage Buffer 

without lysate. After determining the protein concentration of each sample by the Bradford 

protein assay method (using Bio-Rad Protein Assay Dye Reagent concentrate #500

0006EDU), the specific activity of β-gal was calculated for each sample by the following 

formulas: 

Specific Activity = nmoles of ONPG hydrolyzed/t(min)/mg protein 

5
nmoles of ONPH hydrolyzed = (OD420)(8 x 10 nl)/4500 nl/nmoles-cm)(1 cm) 

The sample with the greatest specific activity was then used to calculate a ‘normalization 

factor’ which was subsequently used to normalize luciferase readings. 2-20 µl of each 

sample was combined with 100 µl of Luciferase Assay Reagent (Promega, #E1500) in 

Falcon 352052 12 x 75mm round-bottom tubes and gently mixed immediately prior to 

analysis using the Monolight 2000. 

A second method of performing luciferase assays was to normalize total protein 

concentrations. This was done due to the observation that activated SrcY530F appeared to 

down-regulate β-galactosidase activity compared to samples transfected with empty vector 

pCI. Cells were transfected in a similar manner except without pCH110/β-Gal plasmid. 

Cells were then harvested in a similar manner and Bradford assays were performed for each 
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sample, after which protein concentrations were normalized, usually at a concentration of 

1µg/µl. Readings were performed on the Monolight 2000 as described above. All luciferase 

assays performed after Figure 4.2.3 were carried out in this manner. 

2.6 SDS-PAGE and Western Blotting 

SDS-PAGE was carried out essentially according to the protocol described by 

Laemmli (244). Whole cell lysates were prepared using either RIPA, NP-40 or CCLR lysis 

buffer prepared in the same manner as described above for luciferase assays. After equal 

amounts of protein were prepared in a solution with Laemmli Sample Buffer (200 mM Tris 

pH 6.8, 20% glycerol, 4% β-ME, 0.01% bromophenol blue) samples were boiled for a 

minimum of 5 minutes, in preparation for SDS-PAGE. Denatured samples were then 

loaded on to polyacrylamide gels using gel loading tips and run through the stacking gel for 

10-15 minutes at 100 V and then through the separating gel at 155-160 V until the lowest 

molecular weight pre-stained protein markers were observed to run off of gel. Gels were 

immersed in Running Buffer during electrophoresis (0.3% Tris (w/v), 1.44% glycine (w/v), 

0.1% sodium dodecyl sulphate (w/v)). 

Separated proteins were then transferred onto Protran pure nitrocellulose transfer 

and immobilization membranes (Schleicher and Schuell) using Bio-Rad Mini Format 1-D 

Electrophoresis transfer apparatus. Polyacrylamide gels were initially equilibrated in 

Transfer Buffer (0.303% (w/v) Tris, 1.44% (w/v) glycine, 20% (v/v) methanol and 0.01% 

SDS (w/v)) for 5 minutes before assembly into protein transfer apparatus, after which air 

bubbles were removed. Peptides were then transferred onto nitrocellulose membranes at 21

0
25V overnight at 4 C. 



44 

2.7 Immunostaining of Immobilized Proteins 

Proteins transferred onto nitrocellulose membranes were detected in the following 

manner. Membranes were initially immersed for 1 hour at room temperature with gentle 

agitation (Bellydancer shaker) in TBS-T (tris buffered saline; 10 mM Tris-HCl pH 7.5, 100 

mM NaCl, 0.1% Tween-20, in distilled deionized H2O) supplemented with 1% BSA 

(bovine serum albumin) when probing for phospho-tyrosine containing proteins (i.e. when 

using anti-phospho-tyrosine antibody 4G10) or 5% non-fat dry milk powder. After 

blocking, membranes were washed 1-2X in TBS-T, then incubated with the primary 

antibody diluted in TBS-T for 2 hours at room-temperature with gentle agitation. 

Membranes were then washed 3 X for 5 minutes per wash at room-temperature using TBS

T before immersion in the secondary antibody for 2 hours at room-temperature with gentle 

agitation. Secondary antibodies were also diluted in TBS-T at a ratio of 1:5,000 to 

1:10,000. Incubation in secondary antibody was followed by washing of membranes 3 X 

with TBS-T. Detection of protein bands was usually performed immediately following 

washes by removing excess TBS-T and by the addition of ECL Western Blotting Detection 

solution (Amersham) or ECL Plus Western Blotting Detection solution (Amersham). 

When film was used to visualize peptides (using Kodak Biomax XAR), ECL Western 

Blotting Detection solution was used and films were fixed and developed either by hand or 

using an automated film devloper. ECL Plus Western Blotting Detection reagents were 

used when protein bands were visualized and/or quantified (band densitometry) using the 

Storm gel and blot imaging system and ImageQuant software (GE Healthcare). 
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2.8 Pulse-Chase/Metabolic labeling 

Pulse-chase analysis was performed using tsLA29 transformed Rat-1 cells (see 

6
above) seeded in 6-well plates at approximately 1.0 X 10 cells per well. tsLA29 Rat-1 cells 

0
maintained at 35 C (permissive temperature) were washed two times with and incubated in 

methionine- and cysteine-free DMEM supplemented with 0.584 mg/ml L-glutamine (Life 

Technologies No. 21013, now Invitrogen Cat. No. 21013-024) for 20 minutes prior to 

metabolic labelling. Cells were then incubated with the same media used to wash cells but 

35 35
additionally supplemented with 50 µCi [ S]methionine/cysteine per ml (TRAN S

LABEL, formerly ICN Biomedical Inc. Cat no. 51006, now MP Biomedicals cat. No. 

51006) for three hours. Cells were then quickly washed once with complete media (ie. 5% 

NBCS) then incubated in complete media supplemented with methionine and cysteine 

(final concentration 300 mg/L methionine and 630 mg/L cysteine). Subsequently, one set of 

cells (0 hours) were washed 2 X with PBS then harvested using NP-40 lysis buffer, 

0
centrifuged and supernatants frozen at -80 C. The remaining cells were either maintained at 

0 0
permissive temperature (35 C) or incubated at the non-permissive temperature, 39.5 C in a 

forced-air incubator. Cells were then harvested using NP-40 lysis buffer at the indicated 

0
times (Figure 3.7; 2, 4, 8, 16 or 24 hours), centrifuged at 4 C using the 14,000 r.p.m. on the 

table-top refrigerated microfuge for 12 minutes (see above). 

The protein concentration of each sample was calculated and 500 µg of total protein 

was used for immunoprecipitation. 2 µg of anti-β-catenin antibody (Santa Cruz, sc-7199 

polyclonal rabbit) was incubated with the extracts for 2 hours on ice. The antibody-antigen 

complexes were collected by incubation with agarose Protein-A beads (Bio Rad or 

0
Invitrogen) for a minimum of 2 hours (with rotation at 4 C), but usually over-night with 
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0 0
rotation at 4 C. Samples were then centrifuged at approximately 10,000g at 4 C for 15-30 

seconds. The supernatant was removed and replaced with Laemmli sample buffer (final 

volume 50 µl). Samples were then boiled and loaded onto large 8% SDS-polyacrylamide 

gels for electrophoresis and run at 65 V overnight. 

The gel was fixed in a solution containing 7% acetic acid and 40% methanol for 1 

hour at room temperature with gentle agitation (Bellydancer), followed by immersing gels 

in En3hance (PerkinElmer No. 6NE9701) solution for another hour at room temperature 

and gentle agitation. Gels were then immersed in a 10% glycerol solution for 1-2 hours at 

0 0
4 C with gentle agitation, followed by drying using a Bio Rad 483 Slab Dryer set to 80 C 

0
for 3 hours. Kodak BioMax MR film was exposed to dried gels for 2 days at 4 C. Films 

were fixed and developed manually, or automatically. 

2.9 Immunoprecipitation 

Samples used for immunoprecipitation experiments were equalized to a minimum 

of 500 µg/µl or higher with lysis buffer containing inhibitors depending on estimated 

abundance in any given cell line or experiment. Equilized lysates were then incubated with 

1-5 µg of antibody, gently vortexed for 1-3 seconds and placed in ice for a minimum of 1 

hour. A 15-20 % slurry of washed Protein A-agarose or Protein G-agarose beads in lysis 

buffer was then added to each sample-antibody solution for a total volume of 600 µl. These 

0
samples were then rotated for a minimum of 2 hours, or overnight at 4 C. Samples were 

0
then centrifuged at 10,000g for 15-30 seconds at 4 C. Supernatants were aspirated using a 

23-guage needle. Beads were then washed 3X with cold PBS and 1X lysis buffer, after 
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which 10-15 µl of 2X Laemmli sample buffer was added to each tube followed by the 

addition of 20-30 µl of 1X Laemmli sample buffer for a final volume of 50 µl. Boiled 

samples were subjected to SDS-PAGE as described above. 

2.10 Nuclear & Cytoplasmic/Membrane Preparation 

SW480 cells were transfected as described above and then prepared for nuclear and 

cytoplasmic/membrane separation in the following manner. First, cells were washed 2 X 

0
with cold PBS then incubated for 3 minutes at 37 C in a trypsin/EDTA solution. Trypsin/ 

EDTA solution was then gently aspirated away and cold PBS added to each plate. Cells 

which did not detach from plate surface after the addition of PBS were gently scraped off 

using a rubber-policeman. All the detached cells were collected into 15 ml Falcon tubes and 

kept on ice. The cells were pelleted by centrifugation at 1000-2000 rpm for 8 minutes at 

0
4 C on a Beckman Coulter Counter. The supernatant from each sample was removed and 

200 ml of lysis buffer added (10 mM HEPES pH 7.9, 60 mM KCl, 1 mM EDTA, 1 mM 

DTT, 1 mM PMSF, 0.5% NP-40, distilled deionized H2O). Cells were mixed by flicking 

(not using pipetteman) and carefully transferred to 1.5 ml microfuge tubes, then kept on ice 

0
for 5 minutes. Tubes were then centrifuged at 1200g for 5 minutes at 4 C. Supernatants 

(containing the cytosol and membrane fractions) were carefully removed and frozen at 

0
80 C. Pellets (containing nuclei) were washed 4 times by adding 200 µl of lysis buffer 

0
without NP-40, gently mixing, followed by centrifugation at 1200g for 5 minutes at 4 C. 

Supernatants were collected and stored together with initial sample of supernatant. Pellets 

were then resuspended by gentle mixing/flicking in a nuclear suspension buffer (25 mM 

Tris HCl pH 8.0, 400 mM KCl, 1 mM DTT, 1mM PMSF, 20% glycerol and distilled 
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deionized H2O). Nuclear samples were then subjected to 3 freeze-thaw cycles using liquid 

nitrogen (15 seconds) and boiling water. Thawed samples were then centrifuged once more 

0
at 7000g for 12 minutes at 4 C. Supernatants were immediately collected and stored at 

0
-80 C. Small 5-10 ml samples of both cytoplasmic/membrane and nuclear fractions were 

kept on ice for Bradford protein concentration analysis. 

2.11 Gel Shift/Electromobility Shift Assay (EMSA) 

A non-radioactive method of detecting changes in oligonucleotide duplex-protein 

complex interaction was used to measure changes at the transcriptional complex of the 

Tcf/Lef consensus sequence as defined by Korinek et al. (245). The Pierce/Thermo 

Scientific LightShift Chemiluminescent EMSA kit (No. 20148) was used in conjunction 

with biotin end-labelled DNA duplex probes synthesized at the University of Calgary 

University Core DNA (UCDNA lab) Services laboratory. The sequences used for the DNA 

probes (taken from the published Super8XTopFlash sequence (246)) were: 

5’-GCTCTTACGCGAGATCAAAGGGGGTAAGATCAAAGGGGGTAAGATCAAA

GGGGGTA-3’ and 5’-TACCCCCTTTGATCTTACCCCCTTTGATCTTACCCCCTTT

GATCTCGCGTAAGAGC-3’. Two sets of these complementary DNA sequences were 

synthesized, one set was 5’ biotin labeled and the other left unmodified. To anneal 

complimentary strands, oligonucleotides were resuspended at equal concentrations in 

annealing buffer (10 mM Tris pH 7.5, 1 mM EDTA, 50 mM NaCl). Equal volumes of 

resuspended oligonucleotides were then combined and gently mixed in 1.5 ml microfuge 

0
tubes and placed in a heat block set to 95 C. After 5 minutes, tubes were cooled slowly to 
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0
room temperature by removing the heat block. Annealed probes were stored at 4 C or 

0
20 C. 

A native 10% polyacrylamide gel (10% polyacrylamide (ProtoGel (30%), 37.5:1 

Acrylamide to Bis Acrylamide, National Diagnostics), 0.5X tris-boric acid-EDTA (TBE), 

0.14% ammonium per sulphate (APS), 0.35% tetramethylethylenediamine (TEMED), 

distilled deionized H2O) was pre-run in 0.5 X TBE at 100 V. Incubation of nuclear 

fractions from either kinase inactive mutant SrcK298M or activated mutant SrcY530F with 

DNA probes was carried out in the following manner. For each nuclear fraction sample, 3 

X 20 µl reactions were carried out. Each reaction contained one of the following: labeled 

probe only (4 pmol); labeled probe (4 pmol) plus nuclear fraction (10.6 µg); or, labeled 

probe (4 pmol) plus nuclear fraction (10.6 µg) plus excess unlabeled DNA probe (20 fmol), 

in reaction buffer (1 X Binding Buffer (Pierce No. 30148A), 50 ng/µl poly (dI
.
dC), 4% 

glycerol (v/v), 1 mM MgCl, 0.5 mM EDTA). Binding reactions were incubated at room 

temperature for 20 minutes. Following this incubation, 5 µl of 5 X Loading Buffer was 

added to each reaction and gently mixed by pipetting up and down. Samples were then 

loaded and electrophoresed (using 0.5 X TBE buffer) through the pre-run native 

polyacrylamide gels until the dye front reached approximately 2/3 down the length of the 

gel. DNA probe-protein complexes were then transferred onto positively charged nylon 

membranes using standard mini Bio Rad electrophoresis transfer apparatus in 0.5 X TBE 

0
buffer pre-cooled to 10 C. Transfers were performed at room temperature for 30 minutes 

and 380 mA. Membranes were then placed on paper towels to remove excess buffer 

without completely drying membranes. Complexes were then cross-linked to nylon 
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membranes by placing membranes, face-up, under a hand-held UV illuminator for 10 

minutes at a distance of approximately 0.5 cm. 

To detect the transferred DNA probe-protein complexes, membranes were 

incubated in Blocking Buffer (Pierce) for 15 minutes at room temperature with gentle 

shaking. Membranes were then incubated in a Stabilized Streptavidin-Horse Radish 

Peroxidase Conjugate (Pierce)-Blocking Buffer solution for 15 minutes with gentle 

shaking. Membranes were then washed 6 X in a Wash Buffer dilution (Pierce) for 5 

minutes each wash using fresh Wash Buffer dilution each wash. Membranes were then 

transferred to a fresh container and incubated in Substrate Equilibration Buffer for 5 

minutes at room temperature with gently shaking. Following this incubation, membranes 

were removed and excess liquid adsorbed using a paper towel. Membranes were the placed 

on cellophane wrap and Substrate Working Solution (Luminol/Enhancer Solution 

combined with Stable Peroxide Solution, Pierce) was added. Incubations were performed in 

the dark for 5 minutes at room temperature without shaking. Excess liquid was removed 

before exposure to Kodak Biomax XAR film. 

2.12 Site-Directed Mutagenesis 

Mutant β-catenins were engineered following the Stratagene QuikChange Site-

Directed Mutagenesis methodology. Wild-type β-catenin (human) was obtained from Open 

Biosystems (cat. no. MHS1010-9205712), and used to generate tyrosine to phenylalanine 

single mutants Y86F, Y142F and Y654F. Mutant oligonucleotide primers were then used 

again on single mutants to generate double mutants (Y86, 142F, Y86, 654F and Y142, 

654F). The same mutant oligonucleotide primers were then used in conjunction with the 
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double mutants to generate the triple mutant β-catY86,142,654F. The three pairs of 

complementary mutant oligonucleotides were synthesized and purified at the UCDNA 

Services facility at the University of Calgary with the following sequences: for Y86F, 

5’-CAAGTAGCTGATATTGATGGACAGTTTGCAATGACTCGA-3’ 

and, 

5’-TCGAGTCATTGCAAACTGTCCATCAATATCAGCTACTTG-3’; 

for Y142F, 

5’-CTGAAACATGCAGTTGTAAACTTGATTAACTTTCAAGATGATGCAGAA-3’ 

and, 

5’-TTCTGCATCATCTTGAAAGTTAATCAAGTTTACAACTGCATGTTTCAG-3’; 

for Y654F, 

5’-ATGAAGGTGTGGCGACATTTGCAGCTGCTGTTTT-3’ 

and, 

5’-AAACAGCAGCTGCAAATGTCGCCACACCTTCAT-3’. 

All primers were designed based on the guidelines described in the QuikChange Site-

Directed Mutagenesis instruction manual with the assistance of NetPrimer primer analysis 

software (available free online at, http://www.premierbiosoft.com/netprimer/ 

index.html). The cycling parameters used on a thermocycler were the same as described in 

the QuikChange instruction manual with the following modifications: 15 cycles; and, a 10 

0
minutes final incubation at 72 C following the 15 cycles. All of the enzymes used in the 

mutagenesis were purchased from Stratagene. The 10X PCR reaction buffer was made 

following the recipe described in the QuikChange instruction manual (100 mM KCl, 100 

mM (NH4)2SO4, 200 mM Tris-HCl pH 8.8, 10 mM MgSO4, 1% Triton X-100, 1 mg/ml 

http://www.premierbiosoft.com/netprimer/
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nuclease free bovine serum albumin (BSA)). Cloning was carried out using either 

laboratory stocks of competent DH5α bacteria, or Subcloning efficiency DH5α Competent 

cells (Invitrogen cat. no. 18265-017), or MAX Efficiency DH5α competent cells 

(Invitrogen cat. no. 18258-012). The empty vector pCMV-SPORT 6 was synthesized by 

removing wild-type βcatenin from its backbone by performing a double restriction 

endonuclease digest (ApaI and EcoRI) followed by sample purification using the QIAquick 

PCR Purification Kit (cat. no. 28104). Digested plasmids with sticky-ends were then filled 

using DNA polymerase I, large fragment (Invitrogen cat. no. 18012021). Blunt-ended 

oligos were then subjected to agarose gel electrophoresis and the large fragments were 

purified from gels using the QIAquick Gel Extraction Kit (cat. no. 28704). Large blunt 

ended fragments representing the linearized empty vector pCMV-SPORT 6 were then 

ligated overnight using T4 DNA Ligase (Invitrogen cat. no. 15224017). Vectors were then 

transformed into MAX Efficiency DH5α (Invitrogen) competent cells and grown in 

standard LB-agar plates inoculated with ampicilin (100 µg/ml). Plasmids were purified 

from large LB cultures using the Qiagen EndoFree Plasmid Maxi purification kit (cat. no. 

12362). 

2.13 siRNA 

Treatment of SW480 cells with siRNA oligos obtained commercially was 

performed according to the manufacturer’s protocols. Cells were seeded at approximately 

50% confluency and treated with siRNA or non-targeting control duplex RNA the next day. 

Following another 24 hours, cells were transfected with mutant Src kinases, or controls, as 
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described above. Cells were then harvested following another 24 hours and assays for 

protein level was conducted. Anti-β-catenin and anti-PLCγ1 & -2 siRNA was purchased 

from Dharmacon and transfected using Oligofectamine (Invitrogen). siRNA targeting 

GSK3β was obtained from Bio Rad (10 pmol per reaction of SiLentMer Dicer-Substrate 

siRNA Duplex cat. no. 179.0159) and transfected using 5 µl per reaction LipofectAmine 

2000 (Invitrogen). 

2.14 Multiplex r.t.PCR 

RNA from transiently transfected (with siRNA or DNA or both) SW480 cells was 

harvested using the Qiagen RNeasy Mini kit (cat. no. 74104). Primer sequences for FGF18 

and GAPDH were taken from Shimokawa T. et al. (2003) and are as follows: for FGF18 

5’-GGACATGTGCAGGCTGGGCTA-3’; and, 5’-GTAGAATTCCGTCTCCTTGCCC

TT. For GAPDH, the sequences were 5’-ACAACAGCCTCAAGATCATCAG-3’; and 5’

GGTCCACCACTGACACGTTG-3’ (247). Primers were synthesized at the UCDNA 

Services facility at the University of Calgary. RT-PCR was carried out using the Qiagen 

OneStep RT-PCR kit in conjunction with the primers synthesized as described. 28 cycles 

were performed on a thermal cycler with the following step times and temperatures: 30 

0 0 0
seconds at 94 C, 30 seconds at 60 C and 60 seconds at 72 C. A final extension step of 60 

0 0
seconds at 72 C was performed before samples were frozen at -20 C. PCR products were 

loaded onto 1.5% agarose gels, electrophoresed and photographed over a UV light box. 
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2.15 Real-Time PCR 

All real-time PCR assays were carried out using the Applied Biosystems 7900HT 

Fast Real-Time PCR System in the laboratory of Dr. Jennifer Cobb at the University of 

Calgary. Total RNA from transiently transfected SW480 cells (using pCI, SrcK298M or 

SrcY530F done in triplicate) was harvested using the RNeasy Mini Kit (Qiagen). In 

conjunction with target gene analysis, glyceraldehyde-3-phosphate (GAPDH) gene 

expression was also measured as an endogenous control. Two different chemistries were 

used to perform real-time analysis, including SYBR Green I dye chemistry and TaqMan 

probe-based chemistry. 

Expression of FGF18 was analysed using SYBR Green I dye chemistry. Primers 

used in this assay were identical to those used in the multiplex r.t.PCR (Figure 4.4.1, B and 

C). PCR reactions were performed using RNA from each transfection reaction in 

conjunction with the QuantiFast SYBR Green RT-PCR kit (Qiagen cat. no. 204154) 

following the manufacturer’s protocol. RNA from each transfection reaction was 

equilibrated to 100 ng/µl. A portion of one RNA sample from pCI transfected cells was 

diluted to create a standard curve for FGF18 and GAPDH target genes as follows: 1, 0.5, 

0.25, 0.125 and 0.0625. For the real-time PCR reaction, samples were diluted to 0.25. All 

sample reactions and standards for FGF18 and GAPDH were loaded onto the same plate 

(MicroAmp Fast Optical 96-well Reaction plates, part no. 4346906). Temperature and 

cycle settings were programmed according to the Qiagen Supplementary Protocol for the 

ABI PRISM 7900 using the QuantiFast SYBR Green RT-PCR kit. Mean relative amounts 

of FGF18 in mutant Src transfected cells were then calculated based on the standard curve 

(Log Total RNA vs Ct value) and normalized against the mean relative amount of GAPDH 
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from the same samples and calculated in the same way. Mean relative FGF18 expression 

levels in mutant Src transfected cells were then compared to the mean relative FGF18 

expression levels in empty vector pCI transfected cells and plotted as Relative Mean Fold 

Activation (Figure 4.4.1, C). 

Real-time analysis of CTNNB1 (β-catenin) expression and the Wnt target genes, 

CCND1 (cyclin D1) and MYC was performed using TaqMan primer-probe chemistry (cat. 

no’s. Hs00170025_m1, Hs00277039_m1, and Hs00153408_m1, respectively). RNA 

samples used in this assay were identical to those used in the FGF18 real-time analysis 

except samples were not diluted from 100 ng/µl to 0.25 ng/µl. Analysis of data was 

performed by the RQ Manager 1.2 software within the 7900 HT system. 

2.16 Plasmids 

All of the plasmids used in this study were transformed into competent 

DH5α bacterial cells by standard protocols. Cultures were then grown in Luria-Bertani 

medium (LB) with ampicillin (100 µg/ml) antibiotics or kanamycin (50 µg/ml). Plasmids 

were then purified using a Qiagen Endo-Free Plasmid Maxi kit, following the 

manufacturer’s protocol. All circle maps were obtained from manufacturers’ literature. 

2.16.1 pCI 

The pCI plasmid vector (Promega, Cat. No. E1731; full name pCI Mammalian 

Expression Vector) was used as an empty vector control for transfection experiments when 

wild-type (wt) or mutant Src kinases were being used. All of the wt or Src kinase mutants 

used in this study were constructed by previous laboratory personel using this plasmid 
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vector backbone. The wtSrc and mutant Src plasmids were prepared by other laboratory 

personel, and were inserted into the EcoRI-(blunt) and MluI restriction enzyme cleavage 

sites within the multiple cloning site (MCS) of the pCI vector (Figure 2.1, A, page 63). This 

plasmid vector does not contain a luciferase gene. 

2.16.2 pCMV-SPORT 6 

The pCMV-SPORT 6 plasmid vector was used as an empty vector control in 

experiments where wt- or mutant CTNNB1’s were being transfected into cells. cDNA 

containing wt-β-catenin was purchased from Open Biosystems and the empty vector 

pCMV-SPORT 6 was made by removing wt-β-catenin (Kpn I-(blunt)-Mlu I) 

(Figure 2.1, B, page 63). This plasmid vector does not contain a luciferase gene. 

2.16.3 TopFlash & FopFlash 

The Wnt signaling (β-catenin responsive) luciferase reporter TopFlash and its 

negative control FopFlash were obtained from Randal Moon.(University of Washington). 

TopFlash contains 3 copies of the optimal Tcf motif (CCTTTGATC) upstream a minimal 

c-Fos promoter driving luciferase, while FopFlash contains 3 copies of a mutant sequence 

(CCTTTGGCC) (245). I was unable to obtain further detailed (sequence) information from 

the original creators of the reporters beyond what was provided in Korinek, 1997. 
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2.16.4 Super8XTopFlash, Super8XFopFlash & pTA-Luc 

Super8XTopFlash and its negative control Super8XFopFlash was obtained from 

Randall Moon (University of Washington) and were engineered based on the TopFlash & 

FopFlash Wnt luciferase reporters (246). These reporters contain 8 copies of the Tcf/Lef 

binding motif (AGATCAAAGG) with the sequence, GGGTA, used as a spacer between 

each repeat of the optimal motif. The mutant sequence found in Super8XFopFlash is 

AGGCCAAAGG. The same sequence used as a spacer in Super8XTopFlash was also used 

in its negative control. These binding motifs were cloned into the Mlu I site of Clontech’s 

luciferase vector plasmid pTA-Luc (Figure 2.2, A, page 64). The multiple cloning site 

(MCS) is located upstream of the minimal promter “TA”, the herpes simplex virus 

thymidine kinase promoter TATA box. 

2.16.5 Pathway Profiling System 4 

The Pathway Profiling system 4 used in this study was purchased from Clontech, 

and contains 5 luciferase plasmid constructs using the pTA-Luc backbone vector (Figure 

2.2, A, page 64). This luciferase reporter kit was designed to survey various signaling 

pathways which are involved with the cell cycle, and measure transcriptional activity 

associated with the E2F-family of transcription factors (pE2F-TA-Luc), Myc (pMyc-TA-

Luc), p53 (pp53-TA-Luc) and pRb (pRb-TA-Luc). This pathway profiling system also 

includes the empty vector plasmid control (pTA-Luc) which exhibits low constitutive 

activity. 
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2.16.6 pGL3-Control 

The pGL3-Control plasmid vector was purchased from Promega (Cat. No. 1741). 

According to the manufacturer, this plasmid contains SV40 virus promoter and enhancer 

elements that promote the strong expression of a modified luciferase gene (luc+) in 

mammalian cells (Figure 2.2, B, page 64). 

2.16.7 Canonical pE2F4B-Luc 

The E2F4B-Luc luciferase reporter obtained from the Erick Morris of the Dyson lab 

(Massachusetts General Hospital, Charlestown Ma, USA) was constructed using the pGL3 

series of vector plasmid, pGL3-Basic (Figure 2.3, page 65). This plasmid is identical to 

pGL3-Control, but does not contain the SV40 promoter and enhancer elements. The 

pE2F4B-Luc reporter contains 4X E2F family binding sites and the E1B TATA minimal 

promoter, cloned into the SmaI and BglII sites of pGL3-Control. 

2.16.8 pCH110 

The pCH110 plasmid vector expresses β-galactosidase/lacZ under the control of the 

SV40 early promoter (Figure 2.4, page 66). This reporter was purchased from Amersham-

Pharmacia Biotech (Product No. 27-4508). 

2.16.9 pEGFP-C1 

The pEGFP-C1 plasmid vector expresses a red-shifted variant of wild-type green-

fluorescent protein (GFP), optimized for brighter fluorescence and higher expression in 
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mammalian cells, according to the manufacturer, Clontech (Cat. No. 6084-1). This plasmid 

vector expresses the modified GFP under the control of the human cytomegalovirus 

immediate early promoter, and contains a kanamycin/neomycin antibiotics resistance gene 

(Kan
r
/Neo

r
) (Figure 2.5, page 67). 

2.16.10 phCMV-CLUC 

The phCMV-CLUC (Figure 2.2, C, page 64) constitutively activated luciferase 

reporter plasmid was purchased from Genlantis (Cat. No. P003500, Fusion Stable 

Reporters). According to the manufacturer, this plasmid contains a CMV-intron sequence 

which has been optimized for significantly higher constitutive expression levels of 

luciferase, compared to other mammalian expression vectors. 
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MCS 

pCI 
(4006bp) 

MCS 

Figure 2.1 Circle maps of the plasmid vector backbones for wt and Src mutants, and 

wt and mutant β-catenins . A, pCI (Promega), backbone for wt- and mutant Src Kinases. 

B, pCMV-SPORT 6 (Invitrogen), backbone for wt- and mutant β-catenins. MCS, multiple 
r r 

cloning site. Amp & Ap , β-lactamase ampicilin resistance gene. Arrows indicate direction 
of transcription. Images taken from Promega and Invitrogen technical manuals. 
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A 

B 

C 

Figure 2.2 Luciferase containing plasmid vector circle maps . A, pTA-Luc (Clontech). 
B, pGL3-Control (Promega). luc + indicates a modified luciferase gene. C, pCMV-CLUC 
(Genlantis). Both pGL3-Control and pCMV-CLUC possess high constitutive activaty. 

MCS, multiple cloning site. Amp , 
r 

β-lactamase ampilcilin resistance gene. Kan/Neo, 
kanamycin/neomycin resistance gene. Arrows indicate direction of transcription. All 
images taken from the manufacturers technical bulletins/user manuals. 
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Figure 2.3 Canonical E2F luciferase reporter plasmid E2F4B-Luc circle map. Image 
provided by Eric Morris. 
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Figure 2.4 β-Galactosidase/lac Z expression vector pCH110 circle map. Image 
provided by Amersham-Pharmacia Biotech. 
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Figure 2.5 Green-Fluorescent protein expression vector pEGFP-C1 circle map.
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SECTION II


RESULTS
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CHAPTER 3: ββββ-CATENIN AS A TARGET OF SRC 

3.1 Hypothesis & Rationale 

We hypothesized that Src kinase can phosphorylate, stabilize the protein levels of, 

and induce the nuclear localization of β-catenin. This idea is based on the observation that 

Src can interact with, phosphorylate and alter the ability of β-catenin to complex with 

proteins at the intracellular domain of adherens junctions (114-116,232). In order to test 

this hypothesis, the intracellular localization, tyrosine phosphorylation and protein stability 

of β-catenin was assessed upon the activation or overexpression of Src in various cell types. 

3.2 Results 

3.2.1: Localization of ββββ-Catenin in Chicken Cells 

Normal chicken embryo fibroblasts (CEFs) and Schmidt-Ruppin A strain Rous 

sarcoma virus infected chicken fibroblasts (SRAs) were used to visualize the potential 

changes in β-catenin localization associated with Src kinase activity. It has been shown that 

infection of chicken cells with the Schmidt-Ruppin A strain of the Rous sarcoma virus 

leads to cellular transformation of fibroblasts, and that this property is due to v-Src (6

9,248). Therefore, the distribution of β-catenin was compared in CEF and SRA cells by 

indirect immunofluorescence microscopy using a commercial polyclonal β-catenin 

antibody (Santa Cruz Biotech. Inc. SC7199). 

Figure 3.2.1 shows that infection of CEFs with the Schmidt-Ruppin A strain of 

Rous sarcoma virus changes the overall morphology of the fibroblast from one that is 
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flattened to one that is rounded, when prepared using the same protocol (compare A and B). 

In these cells the distribution of β-catenin also differed (compare C and D). In normal 

CEFs, the distribution of β-catenin was punctate throughout the cell, excluding the nucleus 

(Figure 3.2.1, C). In SRA cells, the most prominent staining for β-catenin was found 

towards the cell periphery, with a smaller amount at a juxta-nuclear localization (Figure 

3.2.1, D). Quantification of the number of cells with juxta-nuclear β-catenin shows a large 

difference between normal CEFs and SRA cells (Table 3.2.2). 

3.3 Tyrosine Phosphorylation of ββββ-catenin 

To confirm that Src kinase was able to tyrosine phosphorylate β-catenin, I used 

several different cell types. These cell types include the normal chicken embryo fibroblasts 

and SRA cells used in Figure 3.2.1, tsLA29 infected Rat-1 (fibroblasts) cells, and the 

human colon adenocarcinoma cell line SW480 (ATCC CCL-228). Lysates from these cell 

lines were immunoprecipitated with the β-catenin antibody (SC7199) used previously 

(Figure 3.2.1) followed by Western blot analysis using the phospho-tyrosine antibody 

4G10. 

The lysates from CEF and SRA cells were initially tested for the presence of 

phosphorylated β-catenin, and subsequently used as controls as it was previously shown 

that compared to CEF cells, SRA cells contain higher levels of tyrosine phosphorylated β

catenin (114). Figure 3.3.1, A shows that β-catenin is dramatically tyrosine phosphorylated 
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C D 
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Figure 3.2.1 Altered distribution of ββββ-catenin in Schmidt-Ruppin A strain Rous 

sarcoma virus infected chicken embryo fibroblasts (SRA). A, Differntial interference 

contrast (DIC) microscopy image of uninfected normal chicken embryo fibroblasts (CEF). 

B, DIC image of SRA cells. C, CEF cells stained for β-catenin (red) and nucleus (DAPI). 

D, SRA cells stained for β-catenin (red) and nucleus (DAPI, blue). 



69 

No. of CEFs No. of CEFs with 

Juxta-Nuclear Staining 

No. of 

SR-As 

No. of SR-A with 

Juxta-Nuclear Staining 

77 2 49 9 

103 2 17 6 

102 1 22 8 

108 5 19 3 

93 1 22 3 

Total: 483 11 129 29 

Percentage of Total 2.3% 22.5% 

Table 3.2.2 Quantification of CEF and SRA cells with juxta-nuclear localization of ββββ

catenin (see Figure 3.2.1). CEFs (normal chicken embryo fibroblasts) or SRA cells 

(Schmidt-Ruppin A strain Rous sarcoma virus infected CEFs) were counted in 5 different 

fields-of-view, and the number of cells with juxta-nuclear β-catenin was recorded. 
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SRA 

CEF 

SRA 

CEF 

A. Shift to Non-Permissive Temperature 

β-catenin 

IP: anti -catenin 
WB: anti-phospho

tyrosine 

β 

0 2 4 8 16 24 
0

(hours at 39.5 C)

B. Shift to Permissive Temperature 

0 2.5 4.5 8.5 24 

β-catenin 

IP: anti-β-catenin

WB: anti-phospho


tyrosine


0
(hours at 35 C)

C. Shift to Permissive Temperature 

WB: anti-β-Catenin 

0 2 4 8 24 
0 

(hours at 39.5 C) 

β-catenin in tsLA29 Rat-1 cells Figure 3.3.1 The phosphorylation state of

corresponds to the incubation temperature. A, Western blot for phospho-tyrosine on 

β-catenin immunoprecipitated from tsLA29 Rat-1 cells shifted to non-permissive temper

ature for the indicated times, and from v-Src transformed (SRA) and normal chicken 
embryo fibroblasts (CEF). B, Similar to A, except tsLA29 cells were kept at non-
permissive temperature for 2 days before activation of v-Src by temperature shift to 
permissive temperature for the indicated times. C, Western blot for protein levels of 

β-catenin from cells treated as in B. 
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in SRA cells compared to β-catenin from CEF cells (compare SRA and CEF). 

tsLA29 infected Rat-1 cells (tsLA29 Rat-1) were also used as a model to regulate 

the activity of v-Src, and to assess the ability of v-Src to phosphorylate β-catenin. The 

tsLA29 mutant Rous sarcoma virus was one of several temperature sensitive mutants that 

were isolated in a study to elucidate the various functional domains of v-Src (249). It has 

been shown that the mutant v-Src in Rat-1 cells is activated at the permissive temperature 

0 0
(35 C) and inactivated at the non-permissive temperature (39.5-40 C) (243). A single point 

mutation (P507) was found to be responsible for its temperature sensitive properities (250). 

When tsLA29 Rat-1 infected cells that were initially incubated at the permissive 

temperature were shifted to the non-permissive temperature, β-catenin tyrosine 

phosphorylation was redueced within 2 hours (Figure 3.3.1, A). Conversely, in tsLA29 Rat

1 cells incubated at the non-permissive temperature, β-catenin was tyrosine phosphorylated 

at very low levels until shifted to the permissive temperature where β-catenin was tyrosine 

phosphorylated at 2 hours (Figure 3.3.1, B). A Western blot analysis of whole cell lysates 

from the experiment in Figure 3.3.1, A was performed and showed that the total protein 

levels of β-catenin were not dramatically altered by incubation of ts-LA29 Rat-1 cells at 

either the permissive or non-permissive temperature under the conditions tested (ie. 24 hour 

experiment). Although it was observed that at the 24 hour time-point the band was less 

intense in this particular example, subsequent experiments comparing protein levels of 
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β-catenin after 24 hours at the permissive temperature did not reveal a substantial 

difference. 

The ability of Src to phosphorylate β-catenin was also tested in human SW480 

colon adenocarcinoma cells (Figure 3.3.2). SW480 cells contain high levels of β-catenin 

due to a truncated APC (Figure 1.3) and according to Dehm et al. (2004) they express very 

low levels of endogenous Src protein, although Src RNA was not detected in an earlier 

study (152,251). 4G10 antibody was again used to probe a Western blot prepared using 

immunoprecipitated β-catenin from one of the following treatments: untransfected SW480 

cells; SW480 cells transiently transfected with the empty plasmid vector pCI; pCI 

containing the kinase inactive mutant SrcdK298M, or pCI containing the kinase active 

mutant SrcY530F. In this tyrosine phosphorylated β-catenin was only clearly observed in 

lysates from SW480 cells transiently transfected with the activated mutant SrcY530F. A 

Western blot of the whole cell lysates of control and mutant Src transfected cells using the 

monoclonal Src antibody mAb327 confirmed the expression of mutant Src in SW480 cells 

(Figure 3.3.2, B). 

Athough we were not able to detect a direct interaction between β-catenin and Src 

(or v-Src) by co-immunoprecipitation, this has been shown in vitro (232). Taken together, 

these results demonstrate that in the presence of activated Src kinase, β-catenin is tyrosine 

phosphorylated. 
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Figure 3.3.2. Phosphorylation of β-catenin in SW480 cells is detectable when cells are 
transiently transfected with kinase active mutant SrcY530F. Transient transfection of 
SW480 cells with mutant Src kinases, and controls as indicated, were performed as in 

previous experiments but scaled up for 10 cm plates (see methods). Cells were then 

harvested using NP-40 lysis buffer and immune-precipitated ( A) with anti-β-catenin 
antibody (Sant Cruz SC-7199, polyclonal rabbit) followed by Western blot analysis using 
anti-phospho-tyrosine antibody (4G10). B, Whole cell lysates were also subjected to direct 
Western blot analysis and staining for Src expression using anti-Src antibody Mab327. 
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3.4 Results: ββββ-Catenin Stability 

In this section I tested the ability of Src kinase to alter the protein levels of β

catenin. Two cell types were used for this analysis, tsLA29 Rat-1 cells used to regulate v-

Src acitivity by temperature shift, and SW480 cells where activated mutant SrcY530F was 

transiently transfected. 

3.4.1 Half-Life of ββββ-Catenin in tsLA29 Rat-1 Cells 

tsLA29 Rat-1 cells were used to manipulate mutant v-Src kinase activity and assess 

its potential effects on β-catenin protein levels in a pulse-chase assay. tsLA29 Rat-1 cells 

0
were grown at the permissive temperature (35 C) and then split into 2 groups, one group of 

cells to be maintained at the permissive temperature and a second group to be incubated at 

0
the non-permissive temperature 39.5-40 C. Prior to the temperature shift, all cells were 

35 
pulsed with S for 3 hours, then chased and harvested at 2 hour intervals (see methods). 

Densitometry was performed on the scanned image of the autoradiogram of 

immunoprecipitated β-catenin. The bands that were analysed corresponded to the molecular 

weight of β-catenin (approximately 94 KDa). A corresponding band was not observed in 

the lane probed with non-immune immunoglobulin G (IgG), providing greater confidence 

that the measured band was in fact β-catenin (Figure 3.4.1, A). The results of the 

densitometry on the scanned image of the autoradiogram using ImageQuant software are 

shown in Figure 3.4.1, B. The data show a lower amount of radiolabelled β-catenin at 

earlier time points (2 and 4 hours) when cells were incubated at the permissive temperature 
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Figure 3.4.1 The half-life of β-catenin in tsLA29Rat-1 cells is not identical when cells 
are incubated at the permissive or non-permissive temperature. Cells were maintained 

and seeded at permissive temperature and pulsed with S 
35 

Met/Cys for 3 hours prior to 

starting the experiment. Cells were then chased with media containing 10X non
0

radioactive Met/Cys, shifted to to 35 C and harvested at the indicated times (hours). Arrow 

indicates β-catenin. A, Autoradiogram of immunoprecipitated β-catenin. B, Image-
Quant densitometry analysis of bands in A. 
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0 0
(35 C), compared to when cells are incubated at the non-permissive temperature (40 C). At 

later time points, the levels of radiolabelled β-catenin were very similar (from 7.5 hours to 

24 hours). An increase in band intensity was observed in the lane loaded with sample from 

the 8 hour time point compared to the 4 hour time point, suggesting increased incorporation 

of radioactivty. This was most likely an anomalous result, reflecting possible loading 

errors, as at later time points the levels of β-catenin were very similar. Due to time 

constraints, this experiment was not repeated. 

3.4.2 ββββ-Catenin Stability in SW480 Cells 

To test the possible changes in protein stability due to the presence of Src in the 

context of human cells, we used the colon adenocarcinoma cell line SW480. A time-course 

analysis of β-catenin levels in SW480 cells transiently transfected with either empty vector 

control pCI, or activated mutant SrcY530F was carried out (Figure 3.4.2). Cells were 

transfected and then harvested every two hours. Western blot analysis of whole-cell lysates 

were probed for β-catenin (A) or Src (B). Figure 3.4.2, A (SW480 vs. pCI) shows that the 

levels β-catenin did not dramatically change, based on the relatively similar band intensities 

at the indicated time points. Also, Figure 3.4.2, B demonstrates the increasing levels of 

SrcY530F overexpression within the first 6 hours of the experiment. This data shows that 

the transient transfection of activated SrcY530F into SW480 cells does not dramatically 

increase or decrease the total protein levels of β-catenin. 
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Figure 3.4.2. Total β-catenin protein levels are not altered by activated mutant 
SrcY530F in SW480 cells. Whole cell lysates from SW480 cells transiently 
transfected with activated mutant SrcY530F or control pCI harvested every two 

hours after transfection over a 24 hour period. A. Western blot for β-catenin. 
B. Western blot for Src (MAb327 antibody) using the same cell lysates as in A. 
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3.4.3 Nuclear ββββ-Catenin 

An alternative method was used to test the possibility that Src kinase activity 

induces nuclear β-catenin. This would not be shown by looking at total protein levels and 

therefore nuclear and cytosolic/membrane fractions were prepared from SW480 cells to 

measure the potential changes in β-catenin due to Src. Two proteins were used to measure 

the amount of contamination between cytoplasmic/membrane and nuclear fractions, Hsp90 

and Oct-1. Hsp90 is a chaperone protein that functions to prevent non-specific aggregation 

of proteins and also functions to induce changes in proteins necessary for their subsequent 

activation and stabilization (252-254). Its localization has been shown to be cytoplasmic 

(255-257). The nuclear marker used was the ubiquitous transcription factor octamer-motif 

binding protein, Oct-1, which specifically recognizes the sequence ATGCAAAT (258). 

This POU domain containing transcription factor contributes to the regulation of various 

genes including histones, small nuclear RNAs and light and heavy chain immunoglobulins 

(258,259). The presence of Oct-1 has also been used as a nuclear marker (260). 

Figure 3.4.3, A shows that SW480 cells were effectively separated into cytoplasmic 

and nuclear fractions, as measured by the presence of Oct-1 (nuclear marker) or HSP90 

(cytosolic/membrane marker) with a small amount of contamination. Equal amounts of 

lysate from cytosolic/membrane and nuclear fractions were separated by SDS-PAGE 

followed by Western blot analysis using the same β-catenin antibody used in previous 

experiments. Based on the knowledge that SW480 cells contain abundant levels of β

catenin, whole cell lysates from SW480 cells was loaded as a control for the identification 
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Figure 3.4.3 Kinase active mutant SrcY530F does not substantially alter nuclear 

levels of β-catenin in SW480 cells compared to kinase inactive SrcK298M. A. Trans
iently transfected SW480 cells were separated into cytoplasmic and nuclear fractions as 

indicated by Oct-1 (nuclear marker) or HSP90 (cytoplasmic marker) levels. Control 
lysates for Oct-1 (Jurkat nuclear extract) and HSP90 (HeLa whole cell lysate) were 

obtained from Santa Cruz Biotechnology Inc. B. Western blot for β-catenin from 
cytoplasmic and nuclear fractions of SrcK298M and SrcY530F (as indicated). SW480 

cells with endogenously high levels of total β-catenin used as control for β-catenin. 
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of β-catenin. The blot shows a slightly darker β-catenin band in nuclear fractions from 

SW480 cells transfected with activated SrcY530F, compared to nuclear fractions from 

SW480 cells from kinase inactive SrcK298M transfected cells (Figure 3.4.3, B). However, 

repeated trials and statistical analysis of the resulting data are necessary in order for a more 

meaningful interpretation. 

These data show that in tsLA29 Rat-1 cells the stability of β-catenin is not 

substantially affected after 24 hours due to the activation of mutant v-Src. Similarly, in 

SW480 cells the total protein levels of β-catenin are not altered by transient transfection of 

activated SrcY530F over a 24 hour period. In addition, the transient transfection of 

SrcY530F into SW480 cells did not dramatically alter the nuclear levels of β-catenin 

compared to SrcK298M transfected cells. 
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CHAPTER 4: TRANSCRIPTIONAL REGULATION OF WNT SIGNALING 

4.1 Hypothesis & Rationale: 

Canonical Wnt signaling regulates a number of genes required throughout 

development, and changes in the activation of Wnt target genes is a fundamental 

mechanism by which Wnt signaling affects change. Therefore, we hypothesized that Src 

can modulate the transcriptional potential of Wnt signaling. To measure transcriptional 

changes in Wnt signaling, I used two sets of luciferase based Wnt reporters, and analysed 

changes in the transcription of previously identified Wnt target genes was conducted. 

4.2 Results 

4.2.1 SrcY530F Downregulates Wnt Luciferase Reporter Activity 

The first Wnt luciferase reporters tested were TopFlash and its negative control 

reporter FopFlash. These were obtained from the Randall Moon (University of 

Washington), but designed and engineered in the laboratory of Hans Clevers (Utrect, 

Netherlands) (245). TopFlash contains 3 repeats of the optimal Tcf DNA binding motif 

with the sequence CCTTTGATC upstream of the luciferase gene, while the negative 

control reporter FopFlash contains the sequence CCTTTGGCC (245). When cells possess 

active Wnt signaling, functional luciferase is expressed. Analysis of luciferase activity from 

harvested lysates can then be used as a measure of transcriptional regulation (see methods). 

Thus, the amount of active Wnt signaling can then be measured by the relative amount of 

luciferase activity. 
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To measure the potential for Src to regulate Wnt signaling, tsLA29 Rat-1 cells and 

control Rat-1 fibroblasts were transiently transfected with either TopFlash or FopFlash and 

β-galactosidase, which was used as an internal control for transfection efficiency. Cells 

0
were then harvested after incubation at the permissive temperature (35 C) or the non

0
permissive temperature (39.5-40 C) according to the schedule described in Figure 4.2.1. 

The data show that the luciferase activity from the negative control reporter FopFlash was 

greater than the luciferase activity in cells transfected with TopFlash. A similar result was 

observed upon repeating the experiment (data not shown). This data suggested that 

background activity was too high, and is likely a cell-line specific effect. To ensure that the 

Top- and FopFlash luciferase reporter system was functioning as previously described, they 

were transiently transfected into SW480 colorectal adenocarcinoma cells. As previously 

mentioned, this cell line contains a truncated non-functional APC and exhibits constitutive 

Wnt signaling, and the ability of transiently transfected wt APC to inhibit reporter activity 

in these cells demonstrates the usefulness of this reporter system (245). Figure 4.2.2 (pCI) 

shows that Topflash activity is substantially higher than FopFlash activity by approximately 

13 fold (TopFlash/FopFlash). Therefore, the Top- and FopFlash reporters do function as 

previously shown. 

When the kinase inactive mutant SrcK298M or the kinase active mutant SrcY530F 

were transiently co-transfected into SW480 cells, TopFlash reporter activity was decreased 

compared to when cells were transfected with empty vector (pCI). Lysates from kinase 

active (SrcY530F) showed the greatest decrease in luciferase activity (Figure 4.2.2). 
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Temp. Shift 
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Protocol ( C)

35 + - - + - - + - - + - 

35 to 40 - + - - + - - + - - + 
35 to 40 to 35 - - + - - + - - + - - + 

ts LA29 Rat-1 Rat-1 

Figure 4.2.1. Noticeably high background levels of luciferase activity in temperature 

shifted tsLA29 Rat-1 cells. Temperature sensitive mutant v-Src tsLA29 Rat-1 cells or 
control Rat-1 cells were transiently transfected with the canonical Wnt signaling pathway 
reporters TopFlash or the negative control FopFlash. After a 24 hour transfection period at 

0 
35 C (permissive temperature), cells were harvested (0) with Cell Culture Lysis Reagent 

0 
(CCLR, Promega) or shifted to the non-permissive temperature 39.5-40 C for 12 hours and 

0 
harvested (12), or incubated back at 35 C for an additional 12 hours (24) followed by cell

lysing. At the end of the experiment, all cells were prepared for luciferase assays as


described (see Methods, Luciferase Assays with β-Gal).
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Figure 4.2.2 TopFlash luciferase activity in SW480 colon adenocarcinoma cells 

is downregulated by mutant Src kinases. Luciferase readings were normalized to β-gal 

activity by co-transfection of β-gal plasmid, pCH110 (see methods) with Src mutants. Data 

represents mean luciferase activity from triplicate samples of Topflash or Fopflash and 
mutant Src kinase transfected SW480 cells. RLU, relative light units. Error bars indicate 
standard deviation. 
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4.2.2 SrcY530F Downregulates Super8XTopFlash Activity 

A second Wnt signaling luciferase reporter was obtained from the Moon laboratory, 

and used in SW480 cells to measure the effect of Src kinase on Wnt signaling in order to 

confirm the observations seen with the TopFlash reporter. This second set of luciferase 

reporters, Super8XTopFlash and Super8XFopFlash, were designed based on the original 

TopFlash reporter, but contains 8 Tcf/Lef binding sites (bold) joined by a short linker oligo 

(AGATCAAAGGGGGTA), and exhibits a several hundred fold difference in luciferase 

activity between Super8XTopFlash and Super8XFopFlash (the negative control) activity 

(246). The optimal binding sites were inserted in the pTA-Luc plasmid vector backbone 

(Figure 2.2, A). We tested this reporter pair in both SW480 cells and DLD-1 cells, both of 

which have been used as positive control cell lines for canonical Wnt signaling due to non

functional APC molecules which result in particularly high levels of β-catenin (245). 

Figure 4.2.3 A and B (pCI) shows that Super8XTopFlash activity exhibits a several-

hundred fold activation above the negative control Super8XFopFlash activity in these cells 

as expected. It was also observed that in both cell lines transient transfection of activated 

mutant SrcY530F was able to downregulate reporter luciferase activity, whereas luciferase 

activity was also downregulated by transient transfection of SrcK298M in DLD-1 cells but 

not SW480 cells (Figure 4.2.3, A and B). 
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Figure 4.2.3 Activated mutant SrcY530F can downregulate Super8XTopFlash 
activity in SW480 and DLD-1 cells. A. SW480 cells transiently transfected with equal 

amounts (1 µg each) of reporter (Super8XTopFlash or Super8XFopFlash) and Src mutant 

(SrcK298M or SrcY530). B. DLD-1 cells transfected as in A. Data represents mean 
luciferase activity from 3 individually transfected wells. RLU, relative light units. Error 
represents standard deviation. Scale bars for Super8XTopFlash on left. Scale bars for 
Super8XFopFlash on right. 
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4.3 Results 

4.3.1 Luciferase Protein Levels 

To confirm that transfection of activated mutant SrcY530F in SW480 cells was 

affecting the reporter expression and not luciferase enzymatic activity, the protein levels of 

luciferase in SW480 cells transiently transfected with mutant Src kinases and 

Super8XTopFlash were analysed (Figure 4.3.1, A). Lane 3 (activated mutant SrcY530F) 

shows a decreased level of luciferase signal compared to lanes 1 and 2 (pCI vector alone 

and kinase inactive mutant SrcK298M). When densitometry using ImageQuant software 

was performed on a scanned image of this film, the band density of luciferase in the 

SrcY530F lane was reduced to approximately 60% the band density of luciferase in the pCI 

lane (Figure 4.3.1, B). This data shows that the transient transfection of activated mutant 

SrcY530F into SW480 cells is negatively affecting protein levels of luciferase, which most 

likely accounts for the lower activity from harvested lysates. 

4.3.2 Regulation of EGFP-C1 Expression 

To confirm that Src was not inducing a non-specific generalized downregulation of 

co-transfected reporter plasmids, SW480 cells were transiently co-transfected with green 

fluorescent protein (EGFP-C1, figure 2.5 page 64) and either empty vector control (pCI) or 

activated mutant SrcY530F. Cells were harvested and analyzed by Western blotting using 

GFP antibody. When densitometry of protein bands was performed, no dramatic difference 

was observed between protein levels (as measured by band density) of GFP in cells 

transfected with pCI compared to cells transiently transfected with SrcY530F (Figure 4.3.2, 

B). 
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Figure 4.3.1 Luciferase protein levels are reduced in SW480 cells transiently 
transfected with kinase active mutant SrcY530F. SW480 cells were transiently 
transfected with Super8XTopFlash and mutant Src kinases or empty vector control 

pCI, then harvested using CCLR after 24 hours (see methods). Blots were incubated 
with Promega purified anti-luciferase goat antibody polyclonal antibody diluted to 
1:1000. A, Western blot analysis for luciferase protein. B, Densitometry of band 
corresponding to molecular weight of luciferase, not present in untransfected lane . 
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Figure 4.3.2 T ransiently transfected activated mutant SrcY530F in SW480 cells 
does not downregulate the protein levels of green fluorescent protein. SW480 cells 
were untreated, or transiently co-transfected with equal amounts of empty vector, pCI, or 

activated mutant SrcY530F and the vector pEGFP-C1 (Clontech). Experiments were 
performed in triplicate and lysates were used for western blot analysis ( A). Analysis of 
blot was performed using the Storm gel and blot imaging system, followed by 
densitometry using ImageQuant software. B, mean RFU from three measures of band 
density in A. RFU, relative fluorescence units, arbitrary. 
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4.4 Regulation of Endogenous Wnt Target Genes FGF-18, CCND1 & MYC 

An alternative to using reporter plasmids as a means to measure regulation of Wnt 

mediated transcription is to analyse changes in the expression of previously identified Wnt 

gene targets. Three target genes were chosen, including FGF18, CCND1 (cyclin D1) and 

MYC. Similar to CCND1 and MYC, FGF18 was chosen because it was shown to be a target 

of Wnt/β-catenin signaling in colorectal tumor cell lines (247). To confirm that FGF18 

expression could be used to measure Wnt signaling in SW480 cells transiently transfected 

with Src mutants, siRNA (Dharmacon) was first used to target β-catenin. Treatment of 

SW480 cells with β-catenin siRNA followed by transient transfection with mutant Src 

kinases resulted in effective downregulation of β-catenin levels (Figure 4.4.1, A). It was 

observed that the non-targeting siRNA was able to downregulate β-catenin levels compared 

to untreated control as well, although not to the same degree as β-catenin siRNA. This 

effect was not different in SrcK298M transfected cells compared to SrY530F transfected 

cells. Primers for FGF18 and GAPDH DNA were synthesized based on the sequence 

described in Shimokawa et al. (2003), and multiplex rtPCR was performed using RNA 

harvested from SW480 cells transfected with SrcK298M or SrcY530F (247) (Figure 4.4.1, 

B). These data confirm that FGF18 expression can be regulated by treatment SW480 cells 

with siRNA technology, and strongly suggests that FGF18 is a target of Wnt/β-catenin 

signaling in SW480 cells. These primers were then used to perform real-time PCR on RNA 

harvested from SW480 cells transiently transfected with SrcK298M and SrcY530F. 

Relative quantitation was performed on the data, showing that activated SrcY530F does not 

alter the expression of FGF18 in SW480 cells relative to pCI or the kinase inactive mutant 
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Figure 4.4.1 FGF18 is a target of Wnt/ β-catenin signaling but the relative expression 
of FGF18 in SW480 cells is not affected by transiently transfection with kinase in
active mutant SrcK298M or kinase active mutant SrcY530F. A. Western blot analysis 

of lysates for β-catenin from SW480 cells treated with siRNA targeting β-catenin and 
transfected with mutant Src kinases as indicated. B. Multiplex PCR analysis of transcripts 
for FGF18 and GAPDH using RNA harvested from SW480 cells transfected as indicated 

and treated with β-catenin siRNA or non-targeting control. C. Relative quantitation of the 
Wnt target gene FGF18 levels by real-time r.t.PCR in SW480 cells transfected with 
mutant Src kinases. Values represent the relative amount of FGF18 transcript in mutant 

Src transfected cells compared to amount of FGF18 in empty vector transfected cells. 
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SrcK298M (Figure 4.4.1, C). 

The cyclin D1 gene, CCND1, and the c-Myc gene, MYC, are associated with 

various tumour types and have also been shown to be upregulated by Wnt signaling (261

263). We therefore measured the ability of transiently transfected Src mutants to regulate 

the expression of these genes in SW480 cells. Real-time PCR analysis was again used to 

measure the relative expression in SW480 cells transfected and harvested in the same 

manner as in the previous experiments with FGF18. β-Catenin expression was also 

analysed. Primer pairs and TaqMan probe sets provided (in the case of CTNNB1 and 

CCND1) by or purchased (in the case of MYC) from Applied Biosystems. Analysis of the 

data by the comparative Ct method shows that the activated mutant SrcY530F transiently 

transfected into SW480 cells does not downregulate any of the three genes, CTNNB1, 

CCND1 and MYC relative to pCI transfected cells (Figure 4.4.2). As shown, none of the 

genes examined displayed a significant change relative to gene expression in control 

transfected SW480 cells, similar to what was observed with FGF18. 

4.5 Src kinase and Changes at the Promotor Complex 

Although there were no observable changes in the Wnt target genes tested, the 

possibility that Src could regulate other Wnt target genes could not be excluded. Based on 

the observations using the Wnt reporters (TopFlash and Super8XTopFlash), Src may be 

altering the components of the transcriptional complex which, in-turn, may lead to a 

downregulation of luciferase transcription. To test this hypothesis, SW480 cells were 

transiently transfected with either kinase inactive mutant SrcK298M or kinase active 

mutant SrcY530F and nuclear fractions were used for gel-shift/electromobility shift assays 
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Figure 4.4.2 SW480 cells transiently transfected with wt or mutant Src kinases does 
not alter the expression of CTNNB1 , or the Wnt target genes CCND1 and MYC 

relative to controls . Data represents level of gene (as indicated) expression in cells 

transfected with wt or mutant Src kinases relative to levels of gene expression in SW480 
cells transfected with empty vector pCI. Real-time PCR was performed using TaqMan 
primer pairs and probe sets and data analysed by the comparative C method using t 

Applied Biosystems’ SDS software. 
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(EMSA). Biotinylated sense and antisense oligos were designed based on the TopFlash 

Tcf/Lef consensus sequence (see methods) and synthesized at the University of Calgary 

DNA services facility. Figure 4.5, A shows that the nuclear fraction was prepared without 

significant cytosolic/membrane contamination. Nuclear fractions from cells transiently 

transfected with either inactive mutant SrcK298M or activated mutant SrcY530F were 

probed with a biotin labeled DNA duplex possessing the Tcf/Lef consensus sequence used 

in the TopFlash reporter (see methods). As shown in Figure 4.5, B there was no dramatic 

change in the banding pattern, although the bands in SrcY530F nuclear lysates appeared 

darker overall. One band (1b) appeared particularly darker than the corresponding band in 

SrcK298M (1a) nuclear lysates, while another band was observed in nuclear lysate from 

SrcK298M transfected cells (2a), but not in nuclear fractions from SrcY530F transfected 

cells (2b). When a 10 fold excess of unlabelled probe was added to a separate mixture of 

labeled probe and nuclear fraction (N.F.), some of the same bands were observed 

suggesting a small degree of non-specific binding. Nonetheless, this data does not 

demonstrate a dramatic change occurring at the transcriptional complex that would explain 

the effect of activated SrcY530F on the Super8XTopFlash reporter. 
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Figure 4.5 Kinase active mutant SrcY530F does not dramatically alter the 
composition of transcription complex molecules. A. Western blot for the nuclear 
marker Oct-1 (top) or the cytoplasmic marker HSP90 (bottom) from nuclear and cyto
plasmic/membrane fractions. B. Biotin labelled Tcf/Lef consensus sequence duplex 

(Top-biotin) was subjected to non-denaturing electrophoresis alone, or after incubation 
with nuclear fractions (N.F.) from mutant Src (as indicated) transfected SW480 cells, 
or in combination with nuclear fractions and a 10 fold excess of unlabelled duplex. 
Arrows indicate bands that were particularly different intensities (1a vs 1b, 2a vs 2b). 
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CHAPTER 5: EVALUATING MECHANISMS OF REPORTER


DOWNREGULATION BY SRC KINASE


5.1 Rationale 

To identify the mechanism by which Src is downregulating the Wnt reporters, 

several approaches were undertaken. These include the use of β-catenin mutants, inhibition 

of GSK3β and analysis of non-canonical Wnt/Ca
2+ 

pathways. Phosphorylation of β-catenin 

by Src leads weakens its interaction with E-cadherin and the adherens junction 

(114,115,232). Tyrosine phosphorylation of β-catenin may also weaken its interation with 

Tcf/Lef co-transcription factors, leading to a down-regulation of transcriptional activation. 

To test this possibility, mutant β-catenins which are not tyrosine phosphorylated were 

engineered. 

5.2 Results 

5.2.1 Wnt Reporter Response to Mutant β-Catenins. 

In this section (5.2) I tested the hypothesis that tyrosine phosphorylation of β

catenin by Src kinase inhibits its ability to promote transcription. To test this hypothesis, β

catenins mutants were synthesized and co-transfected with activated mutant SrcY530F. 

Figure 3.3.2 shows that transient transfection of activated mutant SrcY530F is able to 

induce the tyrosine phosphorylation of β-catenin in SW480 cells. However, the high levels 
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of endogenous β-catenin in this cell line would not allow us to easily study the effects of 

mutant β-catenins. 

In a Western blot screen of various mammary tumour cell lines, β-catenin was 

detected in all the cell lines tested but was substantially less abundant in SK-BR-3 cells 

(Figure 5.2.1, A). Therefore, this cell line was chosen for Super8XTopFlash experiments in 

combination with the β-catenin mutants. When wt β-catenin (Open Biosystems) was 

transiently transfected into SK-BR-3 cells, it was detectable by Western blot analysis 

following immunoprecipitation (Figure 5.2.1, B right panel, lanes 1 & 3). Similarly, 

phosphorylation of β-catenin was detected only when both activated SrcY530F and wt-β

catein was transfected into SK-BR-3 cells (Figure 5.2.1, B left). Consistent with these 

results, Super8XTopFlash luciferase activity was elevated above the control (empty vectors 

pCI & pCMV-SPORT6) when cells were overexpressing wt β-catenin (Figure 5.2.2, 

compare first and third columns). When the activated mutant SrcY530F was transiently 

transfected with wt β-catenin and Super8XTopFlash into SK-BR-3 cells, the luciferase 

activity of harvested lysates was decreased relative to the luciferase activity from lysates of 

SK-BR-3 cells transiently transfected with the empty vector pCI, wt β-catenin and 

Super8XTopflash (Figure 5.2.2, compare third and fourth columns). A small reduction in 

luciferase activity was also observed when SK-BR-3 cells were transfected with SrcY530F 

and Super8XTopFlash, compared to SK-BR-3 cells transfected with pCI, pCMV-SPORT6 

and Super8XTopFlash (Figure 5.2.2, compare columns 1 & 2). Taken together these data 

suggest that the effect of SrcY530F on the Wnt reporter Super8XTopFlash in SW480 cells 

can be replicated in SK-BR-3 cells. 
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Figure 5.2.1 SK-BR-3 cells possess low levels of endogenous β-catenin. A. Western 

blot (WB) analysis of total β-catenin levels in various breast cancer cell lines. B. WB 

using anti-phospho-tyrosine antibody (4G10) of immunoprecipitated (IP) β-catenin 

(SC-7199) from SK-BR-3 cells transiently transfected with or without activated mutant 

SrcY530F and with or without wt β-catenin as indicated. B. (right), Western blot of 

β-catenin (SC-7199) immunoprecipitated (C19220-050, new 610153 BD Transduction 
Labs) from the same lysate as in left panel. Empty vectors pCI and pCMV-SPORT6. 
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To explore the potential of Src induced tyrosine phosphorylation of β-catenin as a 

mechanism to regulate Wnt signaling in SK-BR-3 cells, tyrosine to phenylalanine mutants 

were engineered and used for Super8XTopFlash reporter assays. Single and double β

catenin mutants (Y86F, Y654F and Y86,654F) were transiently co-transfected into SK-BR

3 cells along with activated mutant SrcY530F (Figure 5.2.3 A). Immunoprecipitation of 

lysates using β-catenin antibody (rabbit polyclonal) followed by immunoblotting for β

catenin using a second β-catenin antibody (mouse monoclonal), showed that all the mutant 

β-catenins were expressed to a similar degree (Figure 5.2.3, A bottom panel lanes 1, 3-5). A 

band corresponding to β-catenin was observed in the control lane, which was attributed to 

well-loading error. When immunoprecipitation of SK-BR-3 lysate harvested from cells 

transfected with the double mutant β-catenin (β-catY86,654F) was subjected to Western 

blot analysis and probed for tyrosine phosphorylation using the phosphortyrosine antibody 

4G10, a band was detected suggesting that in SK-BR-3 cells one (or more) additional 

tyrosine(s) was being phosphorylated (Figure 5.2.3 A, top panel lane 5). A large number of 

bands at a lower molecular weight were observed below the band corresponding to β

catenin. These bands were presumed to be degradation products of β-catenin. This data 

suggests that in SK-BR-3 cells, the transient transfection of the activated mutant SrcY530F 

can induce the tyrosine phosphorylation of an additional tyrosine residue not previously 

identified as a Src target (or a tyrosine phosphorylation event induced by Src). 

In a study by Brembeck et al. (2004), Y142 was identified as a target of 

phosphorylation upon HGF stimulation of the Met receptor tyrosine kinase activity (264). 

β-Catenin was also shown to be tyrosine phosphorylated on Y142 by Fyn, another Src 
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Figure 5.2.2 Super8XTopFlash activity in SK-BR-3 cells requires exogenous expre

ssion of wt β-catenin, and can be downregulated by the activated mutant SrcY530F. 

Empty vector control transfected cells (columns 1 & 2). wt β-catenin transfected SK-BR-3 

cells with or without activated mutant SrcY530F as indicated. RLU, relative light units. 
Error represents standard deviation. Data represents mean RLU from transfections 
performed in triplicate. 
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Figure 5.2.3 The activated mutant SrcY530F induces the tyrosine phosphorylation of 

β-catenin tyrosine residues 86, 142, 654 in SK-BR-3 cells . A. Western blot (WB), using 

phospho-tyrosine antibody 4G10, of immunoprecipitated (IP) β-catenin from SK-BR-3 

cells transiently transfected with single (Y86F, Y654F) or double mutant (Y86,654F) 

β-catenin, and activated mutant SrcY530F (upper panel). IP and WB analysis of β-catenin 

from SK-BR-3 cells transiently transfected with mutant β-catenins (lower panel). B. IP 
and WB as indicated, from SK-BR-3 cells transiently transfected with activated mutant 

SrcY530F and either wt or triple mutant β-cateninY86,142,654F. 
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family tyrosine kinase (265). Therefore, a triple mutant was engineered encompassing all 

three Y-F mutations (Y86, 142, 654F). Western blot analysis, using the 4G10 antibody, of 

immunoprecipitated β-catenin from cells transiently transfected with the triple mutant β

catenin resulted in the detection of a faint band at the approximate molecular weight of β

catenin (Figure 5.2.3, B lane 3 top panel). This experiment was repeated three times, and I 

was not able to detect this faint band. Therefore, this is most likely an artifact or a result of 

loading error. The corresponding band from lysates of wt β-catenin transfected SK-BR-3 

cells was much darker (Figure 5.2.3, B lane 2 top panel). This data demonstrated that 

mutation of tyrosine 142 strongly reduces the majority of β-catenin tyrosine 

phosphorylation induced by transient transfection of activated mutant SrcY530F compared 

to wt β-catenin in SK-BR-3 cells (compare Figure 5.2.3, B lanes 2 & 3). 

The β-catenin mutants were then transiently transfected into SK-BR-3 cells to 

assess their potential to mediate the downregulation of Super8XTopFlash induced by 

activated mutant SrcY530F (Figrue 5.2.4). The triple mutant was first tested for its ability 

to activate the Super8XTopFlash Wnt reporter, and it could do so to a similar degree as 

wild-type (wt) β-catenin (Figure 5.2.4, A). When all the β-catenin mutants (single, double 

and triple) were individually co-transfected with activated mutant SrcY530F, there was no 

obvious reversal of Super8XTopFlash luciferase activity suppression (Figure 5.2.4, B). 
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Figure 5.2.4 Tyrosine phosphorylation of β-catenin does not mediate the down-
regulation of Super8XTopFlash activity by activated mutant SrcY530F. A. Triple 

mutant β-cateninY86,142,654F promotes activation of Super8XTopFlash similar to wt 

β-catenin. B. Super8XTopFlash activity in SK-BR-3 cells transiently co-transfected 

with mutant β-catenins and activated mutant SrcY530F. RLU, relative light units. Error 
represented by standard deviation. 



104 

5.3 Results: GSK3ββββ Inhibition 

In this section, the hypothesis that Src kinase may be activating GSK3β to 

downregulate the Super8XTopFlash reporter was tested. Along with CK1α, GSK3β 

phosphorylation of β-catenin is fundamental to its downregulation and the maintenance of 

the Wnt pathway in an inactive state (186,266). Inhibition of GSK3β by treatment with 

LiCl is a simple (although non-specific) and inexpensive method to assess its potential role 

in mediating the negative effect of Src on the Wnt reporter. When SK-BR-3 cells were 

treated with 10 mM LiCl, the luciferase activity of lysates from SrcY530F transfected cells 

was approximately 30% (3.3 fold decrease) of the luciferase activity from pCI transfected 

cells, whereas in NaCl control treated cells the luciferase activity of SrcY530F transfected 

cell lysates was approximately 12% (8 fold decrease) of the luciferase activity of pCI 

transfected cells (Figure 5.3.1, A). SW480 cells were then subjected to a similar treatment 

of LiCl (Figure 5.3.1, B). In SW480 cells treated with 10 mM LiCl, the luciferase activity 

from lysate of cells transiently transfected with the activated mutant SrcY530F was 

approximately 1.6 fold lower than the luciferase activity from pCI transfected cells (Figure 

5.3.1, B last 2 columns). When cells were not treated with LiCl, the luciferase activity from 

activated mutant SrcY530F transfected cells was approximately 3.5 fold lower than the 

activity from pCI transfected cells (Figure 5.3.1 B, first 2 columns). This data suggested 

that treating SK-BR-3 cells or SW480 cells with 10mM LiCl diminishes the inhibition of 

Super8XTopFlash activity induced by activated SrcY530F. 

To confirm that LiCl treatment of SW480 cells was inhibiting GSK3β, the 

phosphorylation state of Ser 9, which has been used as an indicator of inactivation, was 
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Figure 5.3.1 Lithium chloride partially reverses the downregulation of Super8X
TopFlash activity in SK-BR-3 cells and SW480 cells induced by activated mutant 
SrcY530F. A. SK-BR-3 cells transfected as indicated and treated with 10 mM LiCl for 

19 hours prior to harvesting for luciferase assays. B. SW480 cells transfected as 
indicated and treated with various concentrations of LiCl (1, 5, 10 mM as indicated) for 
19 hours prior to harvesting. RLU, relative light units. Error represents standard 
deviation. Data represents mean RLU value from three similarly transfected wells. 
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measured (267). Cell lysates from the previous experiment were analysed for the total 

protein levels of GSK3β, and phospho-Ser 9 levels of GSK3β. Western blot analysis of 

lysates using a GSK3β phospho-Ser 9 antibody (Cell Signaling) and a GSK3β antibody, did 

not show any noticeable changes in the intensity of the band at the approximate molecular 

weight of GSK3β (Figure 5.3.2, top and middle). 

The protein levels of Src and its activation state was also analysed using the same 

lysates of SW480 cells treated with or without LiCl. Using the Src monoclonal antibody 

mAb327, Src was observed to be clearly present at higher levels than in transiently 

transfected with SrcY530F, compared to lysates from cells transfected with the empty 

vector pCI (Figure 5.3.3, A bottom panel). When a Western blot using the same lysates was 

probed with a Src phospho-tyrosine 416 antibody (used as an indicator of Src activity), a 

darker Src phospho-tyrosine 416 band was observed in the lane containing untreated 

SrcY530F cell lysate (Figure 5.3.3, A, lane 3). The corresponding band in lanes loaded with 

lysates from LiCl treated SW480 cells was noticeably lighter (Figure 5.3.3, A lanes 4-6). 

Densitometry of these bands using ImageQuant software shows a reduction of 

approximately 50% Figure 5.3.3, B). These data suggest that, either treatment of LiCl is not 

inhibiting GSK3β, or that phospho-Ser 9 is not a good indicator of GSK3β activity. These 

data also show that the reversal of SrcY530F induced Super8XTopFlash activity by treating 

cells with LiCl may be due to the inhibition of Src kinase activity, as measured by the 

phosphorylation state of Src tyrosine-419. In addition, as lithium is a non-specific inhibitor 

of many kinases (268), it may also be acting through other unknown agents. 
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Figure 5.3.2 Lithium chloride treatment of SW480 cells does not affect the phospho

rylation state of Ser 9 or total protein levels of GSK3 β. (Top) Transiently transfected 
SW480 cells were treated with the indicated concentrations of LiCl and analysed by 

Western blot of whole cell lysates for changes in phospho-Ser9 (an indicator of GSK3 β 

inhibition) of GSK3 β (indicated by p-GSK3 β). (Middle), The same lysates were used as 

in Top panel, but blotted for total GSK3 β protein levels. (Bottom) Lysates from the same 
experiment were also use to confirm the expression of activated mutant SrcY530F. 
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Figure 5.3.3 Lithium chloride treatment of SW480 cells decreases phosphorylation 
of SrcY419. A. Western blot analysis of SW480 whole cell lysated from cells transiently 
transfected with (or without) activated mutant SrcY53F and treated with 40 mM NaCl as 

control or various concentration of LiCl as indicated. B. ImageQuant densitometry of 
phospho-Y419 Src bands lanes 4 to 6 from A. RFU, relative fluorescence units, measuring 
band volume. 
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To minimize the pharmacological effects on Src, and to inhibit GSK3β more 

specifically, the pharmacological reagents Kenpaullone and CHIR99021 were tested. These 

compounds have been shown to target GSK3β with a relatively high degree of specificity 

(268,269). To measure the activity of GSK3β we chose an alternative antibody which 

targets phospho-GSK3β (and α) at Y216, where phosphorylation of this residue indicates 

activation (270). 

We first tested the ability of Kenpaullone to inactivate GSK3β. SW480 cells were 

transiently transfected with the empty vector pCI or the activated mutant SrcY530F and 

treated with 10 µM Kenpaullone. As shown in Figure 5.3.4, treatment of transiently 

transfected cells (either pCI or SrcY530F) with Kenpaullone results in a noticeable 

decrease in the band density of phospho-tyrosine 216 of GSK3β (Figure 5.3.4, A lanes 5 & 

6). This blot also shows a greater decrease in the staining intensity of a band corresponding 

to the molecular weight of GSK3α, which has also been shown to be detected by this 

antibody (269). Western blots probed using a commercial GSK3β antibody did not show a 

decrease in total GSK3β protein levels (Figure 5.3.4, B) in cells treated with or without 

Kenpaullone. Western blot analysis using the Src phospho-tyrosine 419 antibody, revealed 

a slightly darker band in SrcY530F transfected lysates (Figure 5.3.4, C lane 6) compared to 

control transfected cell lysates (Figure 5.3.4 C, lane 4). This data suggests that Kenpaullone 

inhibits GSK3β activity but not SrcY530F activity in SW480 cells. Therefore, Kenpaullone 

was used to treat cells transiently transfected with either pCI or SrcY530F and 

Super8XTopFlash (Figure 5.3.5). 



110 

1 2 3 4 5 6 7


A. 

WB: anti-phospho

Y216 GSK3β 
p-GSK3β 

p-GSK3α 

B. 

WB: anti-GSK3β GSK3β 

C. 

WB: anti-phospho
Y419 Src 

p-Src 

D. 

WB: anti-Src 
Src 

pCI + - + - + - 


SrcY530F - + - + - + 


DMSO - - + + - - 


10 µM Kenpaullone - - - - + + 


Untreated Control - - - - - - +


Figure 5.3.4 Inhibition of GSK3β activity in SW480 cells by Kenpaullone. Cells 
were transiently transfected with empty vector pCI or activated mutant SrcY530F and 

treated with 10 µM Kenpaullone or vehicle DMSO. Western blot of cells for phospho

Y216 GSK3 β & GSK3 α (A, p-GSK3 β & p-GSK3 α), total GSK3 β (B), phospho-Y419 
Src ( C, p-Src) or total Src ( D) as shown. 
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Similar to when cells were treated with LiCl, the treatment of cells with 10 µM 

Kenpaullone did not completely reverse the inhibition of Wnt reporter activity by activated 

mutant SrcY530F. A small but noticeable reversal of SrcY530F mediated reporter activity 

inhibition was observed (from 6.8 fold in untreated cells to 2.4 fold inhibition in 

Kenpaullone treated cells), and this could not be explained by an effect on Src activity 

(based on Src phospho-Y419) as was the case with LiCl (Figure 5.3.4, C). 

A second GSK3β inhibitor (CHIR99021) was used to treat SW480 cells. In a 

comprehensive study of chemical inhibitors and their specificity, CHIR99021 showed a 

very similar (to Kenpaullone) level of inhibition of GSK3β activity (1% vs 3 % activity 

remaining after treatment, respectively), but was less specific for Src at 1 µM (268). The 

ability of CHIR99021 to inhibit GSK3β was tested in an identical manner as for 

Kenpaullone, except that additional concentrations were included (Figure 5.3.6). As shown 

in Figure 5.3.6 A, CHIR99021 treatment of cells effectively inhibited GSK3β as measured 

by the phosphorylation state of Y216. The most effective inhibition of GSK3β Y216 

phosphorylation was observed using a concentration of 10 µM. As in the case of 

Kenpaullone, GSK3α was also inhibited at each concentration of CHIR99021 used (Figure 

5.3.6 lanes 5, 6 and 7). Pharmacological treatment of cells with 10 µM CHIR99021 did not 

dramatically affect total protein levels of GSK3β (Figure 5.3.6, B), or the phosphorylation 

of SrcY419 (Figure 5.3.6, C). Total Src protein levels were also unchanged as measured by 

Western blot using mAb327 (Figure 5.3.6, D, lanes 5-7). 
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Figure 5.3.5 Treatment of SW480 cells with Kenpaullone does not fully reverse the 
downregulation of Super8XTopFlash activity induced by activated mutant 
SrcY530F. SW480 cells were transiently transfected as in previous experiments with 

either empty vector pCI or activated mutant SrcY530F. Cells were also treated with 

10 µM Kenpaullone or DMSO vehicle control. As in previous experiments, Kenpaullone 
was added to fresh media after the initial 5 hour transfection incubation period. Cells 
were harvested following an additional 19 hours (see methods). RLU, relative light units. 
Error bars represent standard deviation. Error bars for Kenpaullone treated and SrcY530F 
transfected cells not shown, but represent 1.4% of mean RLU. 
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Figure 5.3.6 Inhibition of GSK3 β activity by pharmcological compound CHIR99021. 
SW480 cells were transiently tansfected with empty vector pCI or activated mutant 

SrcY530F and treated with the GSK3 β inhibitor CHIR99021 at various concentraitons as 

indicated. Lysates were Western blotted for phospho-Y216 on GSK3 β (p-GSK3 β) and 

on GSK3 α (p-GSK3 α) as an indicator of activation (A) . Total protein levels of GSK3 β 
were also analysed (B) . Activation or inactivation of Src was also assessed as measured 
by phospho-Y419 levels (C) . Expression of activated mutant SrcY530F was confirmed 
by western blot analysis of lysates using the monoclonal anti-Src antibody MAb327 (D) . 
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Based on these results, CHIR99021 was used to inhibit GSK3β in SW480 cells co

transfected with activated SrcY530F and the Wnt reporter Super8XTopFlash. Figure 5.3.7 

shows that inhibition of GSK3β by CHIR99021 induced a small but noticeable reversal of 

the effect of activated mutant SrcY530F on the Wnt luciferase reporter (compare Figure 

5.3.7, compare fourth & seventh columns), which was similar what was observed with 

Kenpaullone. 

To ensure that GSK3β activity was being downregulated more specifically, siRNA 

technology was used to knock-down this enzyme. Bio-Rad SilentMer Validated Dicer-

Substrate siRNA duplex reagent targeting GSK3β was used according to the 

manufacturer’s protocol. SW480 cells transiently transfected with either the empty vector 

pCI or activated mutant SrcY530F were pretreated with siRNA targeting GSK3β. Western 

blot analysis of GSK3β protein levels shows that pretreatment of SW480 cells with siRNA 

is effective (Figure 5.3.8 A, top panel, compare lanes 1 & 2 with 3 & 4). When GSK3β 

targeted siRNA was used to pre-treat SW480 cells transiently transfected with activated Src 

and Super8XTopFlash reporter, there was no significant change in the reporter response 

due to Src. 

Taken together, the experiments targeting GSK3β through the use of 

pharmacological inhibitors (Kenpaullone and CHIR99021) and siRNA demonstrates that 

the repression of the Wnt reporter Super8XTopFlash by activated mutant SrcY530F does 

not act principally through GSK3β. 
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Figure 5.3.8 siRNA knock-down of GSK3 β does not reverse the downregulation of 
Super8XTopFlash activity induced by activated mutant SrcY530F in SW480 cells. 

A. Western blot analysis of GSK3 β protein levels in SW480 cells transfected as indicated 

and treated with either control RNA duplex or siRNA targeting GSK3 β (anti-GSK3 β 
siRNA). Control blots for Src and tubulin as indicated (loading control). B. Super8XTop
Flash luciferase activity in SW480 cells pretreated with siRNA and transiently transfected 
as in A. RLU, relative light units. Error represents standard deviation. Data represents 
mean RLU from triplicate transfections . 
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2+ 
5.4 Hypothesis & Rationale: Wnt/Ca Pathway & Src Kinase 

It is now known that the Wnt family of extracellular ligands participate in a wide 

variety of developmental and proliferative processes (219). This broad range of functions is 

reflected in the number of Wnt ligands (of which there are 19 in humans) and its associated 

Frizzled family of receptors (of which there are 10 in humans) (203,271,272) and 

(http://www.stanford.edu/~rnusse/wntwindow.html). Early studies of Wnt signaling 

suggested the existence of two groups of Wnt ligands primarily defined by their ability to 

induce a secondary axis in Xenopus embryos and transform C57MG cells (Wnt1, -3 and 8, 

the canonical Wnts) and those that did not (Wnt4, -5a and -11, the non-canonical Wnts). 

Importantly, it was shown that some of the non-canonical Wnts (Wnt 11 and Wnt5a) could 

increase intracellular calcium in zebra fish models (273,274). Studies showed that Wnt5a 

can antagonize Wnt8 induced axis duplication and that this effect is mimicked by injection 

of the mammalian 5-HT1cR serotonin receptor, which in turn, is known to regulate 

intracellular calcium levels (273). Ectopic expression of Wnt5a can enhance intracellular 

calcium induced by Frz-2 receptor in zebrafish embryos (275). Furthermore, Wnt11 and 

Wnt5a have been shown to activate CamKII activity in Xenopus embryos, while Wnt5a has 

also been shown to induce the translocation of PKC to the plasma membrane, an effect that 

also involves Frz-2 (276,277). Therefore, calcium flux represents at least one downstream 

2+ 
mediator of the non-canonical or Wnt/Ca signaling pathway. 

Src has also been associated with intracellular calcium flux. An early study using a 

temperature sensitive mutant v-Src in Rat-1 cells suggested that while changes in v-Src 

2+ 
activity did not alter total Ca levels, its increased activity did correlate with increased 

cytosolic calcium (278). Using another ts v-Src mutant (tsNY72), Spangler et al. (1989) 

(http://www.stanford.edu/~rnusse/wntwindow.html)
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show that the induction the 9E3 cytokine gene by v-Src may be mediated by protein kinase 

C (PKC), as prolonged treatment with PMA (phorbol 12-myristate 13-acetate) which 

inhibits PKC, also blocked its transcription (279). In a study by Zang et al. (1995), v-Src 

was found to regulate some calcium-dependent PKC isoforms (280). Interestingly, a study 

by Hu et al. (1998) suggests that c-Src and FAK are directly associated with the L-type 

2+ 2+ 
Ca channel and are able to regulate Ca currents induced by PDGF stimulation in rabbit 

colonic smooth muscle cells (281). In other organisms it was shown that Src and Fyn may 

be responsible for the fertilization induced calcium release from the endoplasmic reticulum 

in a mechanism involving their SH2 domains and inositol-trisphosphate production in 

starfish eggs (282). Therefore, there is evidence to suggest that Src may regulate 

intracellular calcium flux. 

Based on these studies, I hypothesized that transient transfection of the activated 

2+ 
mutant SrcY530F induces an increase in intracellular Ca in a way that results in the 

downregulation of the Super8XtopFlash reporter. 

5.5 Results: Treatment of Cells with BAPTA-AM 

Based on these previous studies, I hypothesized that Src could induce an 

intracellular calcium flux that would antagonize canonical Wnt signaling. To test this 

model two molecules were examined - intracellular calcium and PLCγ, a well documented 

regulator of intracellular calcium (283,284). It was rationalized that if intracellular calcium 

could mediate non-canonical inhibition of canonical signaling, that Src may be inhibiting 

Wnt reporter activity by increasing intracellular calcium. To assess this as a possible 

mechanism BAPTA-AM (1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
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acetoxymethyl ester), which is a membrane permeable calcium chelator that can deplete the 

cytosol, was used in reporter assays (285,286). 10 µM BAPTA-AM was used 4 hours prior 

to harvesting of SW480 cells co-transfected with mutant Src kinases and Super8XTopFlash 

(or Super8XFopFlash) reporter. This treatment did not reverse the inhibition of reporter 

activity by activated mutant SrcY530F (Figure 5.5.1, A). A second series of BAPTA-AM 

dosing regimes was tested to ensure that intracellular calcium was being completely 

chelated, although we did not test for this directly. This was done based on a previous study 

that followed the transcription of SERCA2b after various dosing protocols were tested 

(286). Figure 5.5.1,B suggests that increasing the number of BAPTA-AM doses further 

enhances the downregulation of Super8XTopFlash activity compared to treatment of 

SW480 cells with the vehicle control, dimethyl sulphoxide (DMSO) (Figure 5.5.1, B first 

two pairs). To test the possibility that the concentration of BAPTA-AM is ineffective, 

various increasing amounts of the drug were used (Figure 5.5.2). These results demonstrate 

that neither increasing the number of BAPTA-AM doses nor increasing the concentration is 

able to reverse the effect of Src on Super8XTopFlash activity in SW480 cells. 

To be certain that increasing intracellular calcium is able to downregulate the 

Super8XTopFlash reporter, we treated cells with two different SERCA-specific inhibitors, 

thapsigargin and A23187. Treatment of cells with these compounds has been shown to 

increase cytosolic calcium while depleting intracellular stores (286-288). As shown in 

Figure 5.5.3, treatment of SW480 cells with A23187 (2 µM) or thapsigargin (Tg, 1 µM) for 

8 hours prior to harvesting was able to decrease Super8XTopFlash activity (A and B, 

middle columns). When, cells were treated with two subsequent dose of BAPTA-AM (20 

µM 2x at 8 hours and 3 hours prior to harvesting), the downregulation induced by either 
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Figure 5.5.1. Treatment of SW480 cells with 10 µM BAPTA-AM does not reverse 
the downregulation of Super8XTopFlash activity by SrcY530F. A. Cells were treated 
with a single dose of BAPTA-AM 4 hours before harvesting of lysates. B. Cells were 

treated with one of the following dosing protocols: single dose, 3 hrs prior to harvesting; 
or, two doses at 6 hrs and 3 hrs prior to harvest; or, three doses at 6 hrs, 3 hrs and 1 hr 
prior to harvesting. RLU, relative light units. Error represents standard deviation. Scale 
bar for Super8XTopFlash provided on left side, and for Super8XFopFlash negative 
control shown on right side. Data represents mean RLU of triplicate transfections. 
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Figure 5.5.3 Treatment of SW480 cells with A23187 (A) or thapsigargin (Tg,B) in 
combination with BAPTA-AM downregulates Super8XTopFlash activity in SW480 
cells. SW480 cells were transiently transfected with either Super8XTopFlash or 
Super8XFopFlash then treated with either A23187 alone for 8 hours prior to harvesting, 

or in combination with BAPTA-AM (20 µM) added twice at 8 hours and 3 hours prior to 
harvesting. Treatment of cells with thapsigargin (Tg) was done in an identical manner. 

RLU, relative light units. Error represents standard deviation. Data represent mean RLU 
of transfections performed in triplicate. Scale bar for Super8XTopFlash on left side, for 
Super8XFopFlash negative control on right. 
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A23187 or Tg, was further amplified. These data suggests that the luciferase enzymatic 

activity or expression from the reporter is being negatively affected by these particular 

compounds. 

5.6 Background & Rationale: Targeting PLCγγγγ

The second approach was to test the hypothesis that Src downregulates the 

2+
Super8XTopFlash reporter by inducing a Ca flux was to target phosphorlipase C (PLC). 

While there are several subtypes, PLC-β, -γ and δ, the PLC-γ subtype is regulated by 

receptor tyrosine kinases and is tyrosine phosphorylated in response to receptor activation 

(283,284). Activation of PLCγ results in the hydrolysis of phosphatidylinositol (4,5)

bisphosphate (PIP2) to inositol (1,4,5)-trisphosphate (Ins (1,4,5)P3). Ins (1,4,5)P3 ligand 

gated receptors on the endoplasmic reticulum are then activated resulting in the release of 

calcium into the cytosol (283). During the early characterization of Src kinase, PLC was 

identified as an enzyme that co-localized with Src to the intracellular domain of growth 

factor receptors and became phosphorylated upon ligand engagement (289,290). There is 

also evidence that both v-Src and c-Src associate with PLC-γ, and that activation of PLC-γ1 

in a human endothelial/bladder carcinoma cell line (ECV304) requires upstream activation 

of Src (107,291). Both PLC-γ1 and -γ2 have been shown to be phosphorylated by c-Src in 

response to receptor activation (292). Therefore, since PLC-γ is a known regulator of 

intracellular calcium we hypothesized that Src may be inhibiting Wnt signaling through a 

PLC-γ/Ca
2+ 

pathway. 
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To assess the potential role PLC-γ may play in the Src downregulation of


Super8XTopFlash, we utilized a commercially obtained siRNA targeting PLC-γ1 and -γ2. 

We chose not to utilize the well documented PLC chemical inhibitor U73122 due to studies 

that show that it may potentially increase cytosolic calcium levels, and based on our 

experiments using chemical compounds in the previous experiment (293-295). 

5.7 Results: Effect of PLCγγγγ Knock-Down on Reporter Activity 

SMARTpool siRNA duplex solutions were purchased from Dharmacon which 

contain 4 pooled sets of duplexes targeting PLC-γ1 and -γ2. Scrambled control RNA duplex 

was obtained from our laboratory (designed by Dr. Jefferey Bjorge). Cells were pre-treated 

with siRNA before transfection with activated mutant SrcY530F and Super8XTopFlash 

reporter. As shown in Figure 5.7, treatment of SW480 cells with SMARTpool siRNA 

targeting PLC-γ1 effectively downregulates protein levels after 48 hours (A). Furthermore, 

siRNA pretreated SW480s continue to exhibit the downregulation of Super8XTopFlash 

activity induced by activated mutant SrcY530F (5.7, B). A noticeable decrease in reporter 

activity was also observed when cells were treated with control RNA duplex. Taken 

together, activated SrcY530F does not downregulate Super8XTopFlash reporter activity by 

a mechanism that involves PLC-γ1, and that it remains inconclusive as to whether or not 

Src is regulating intracellular calcium in these cells. 
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Figure 5.7 PLC-γ1 and -γ2 siRNA treatment does not reverse the downregulation of 

Super8XTopFlash activity induced by SrcY530F in SW480 cells. A. Western blot 

analysis of PLC-γ1 protein levels in SW480 cells treated with siRNA targeting either 

PLC-γ1 (lane 1) or PLC-γ2 (lane 2). B. Super8XTopFlash activity in SW480 cells pre


treated with siRNA against PLC-γ1 or -γ2 as indicated. RLU, relative light units. Error 
bars represent standard deviation. Data represents mean RLU from triplicate transfections. 
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5.8 Hypothesis & Rationale: Targeting E2F1 

E2F1 is a transcription factor that promotes proliferation but also promotes the 

upregulation of apoptotic genes. In a recent paper by Morris et al. (2008), E2F1 was found 

to be a negative regulator of Wnt/β-catenin signaling (296). Therefore, we hypothesized 

that E2F1 may potentially mediate the downregulation of Wnt signaling by Src. 

5.9 Results: Src Downregulation of the Canonical E2F-Luciferase Reporter pE2F4B 

As a first step to test this possibility, we assayed another luciferase based reporter 

pE2F4B (also called E2F4B-Luc, Figure 2.5, page 67) which was used by Morris et al. 

(2008) to measure the potential for Src to up-regulate E2F1, and thereby to potentially 

downregulate Wnt signaling (296). The canonical E2F-luciferase reporter (pE2F4B) was 

generously provided to us by Eric J. Morris (Harvard) and contains 4X E2F consensus 

binding sites. The Super8XTopFlash reporter responded as in previous experiments. The 

data also show that transfection of the activated mutant SrcY530F was able to 

downregulate the pE2F4B luciferase reporter in a manner similar to its downregulation of 

the Wnt reporter (Figure 5.9, A and B). Although the overall luciferase activity of 

Super8XTopFlash transfected cells was higher by approximately 400 fold (compare pCI 

columns from A and B), the relative changes were very similar upon transfection of cells 

with SrcY530F. Therefore, transient transfection of SrcY530F into SW480 cells 

downregulates both the Wnt reporter Super8XTopFlash and the canonical E2F-luciferase 

reporter pE2F4B in a similar manner. 
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Figure 5.9 Activated mutant SrcY530F downregulates the canonical E2F-luciferase 
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CHAPTER 6: SRC KINASE REGULATION OF MULTIPLE REPORTER


PLASMIDS


6.1 Rationale: 

To identify the mechanism of reporter downregulation by Src kinase, several 

different control reporter plasmids that should not be regulated by Src were analysed. These 

included the Super8XTopFlash backbone pTA-Luc, pGL3-Control and phCMV-CLUC. 

Therefore, in this chapter I tested the hypothesis that Src was downregulating luciferase 

expression from the plasmid vector backbone. This was tested by co-transfecting activated 

SrcY530F with the individual luciferase plasmid vectors. 

6.2 Results: Src Kinase Regulation of Cell Cycle Reporters 

The empty vector backbone, pTA-Luc, was purchased from Clontech as a part of 

their Pathway Profiling Luciferase System 4. This kit contains luciferase reporter plasmids 

responsive to cell cycle signaling pathways that involve E2F transcription factors, pRb, p53 

and Myc. This luciferase profiling kit also provided me a second method of testing the 

effect of SrcY530F on Myc transcriptional activity (and compare this data to the real-time 

data in chapter 4), as well as providing a second E2F-luciferase reporter (within the pTA-

Luc vector backbone). 

When all of the reporter constructs were co-transfected in SW480 cells with either 

the empty vector or the activated mutant SrcY530F, all of the reporters were observed to be 

downregulated by transiently transfected SrcY530F, including the empty vector control 

(Figure 6.2.1). Figure 6.2.1, B highlights the inhibitoty response of luciferase vector 
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pTA-Luc to transiently overexpressed SrcY530F. Of note, the mean values are significantly 

lower than compared to the other luciferase vectors in the profile. Importantly, the relative 

reduction, presumably due to SrcY530F, was very similar to the relative reduction observed 

both with Super8XTopFlash as well as pE2F-4B-Luc (see Figure 5.1). In order to 

determine whether or not the repression was a genuine effect on cell cycle regulators, wt 

and mutant Src transfected cells were assessed for their cell cycle distribution by flow 

cytometry. FACS analysis was carried out at the University of Calgary Flow Cytometry 

Core Facility, using propidium iodide staining (see methods). The data showed that neither 

wild-type nor mutant Src kinases (both kinase inactive K298M and active Y530F 

significantly altered the distribution of cells at the various stages of the cell cycle (Figure 

6.3.2, A). The percentage of cells found to be non-viable (necrotic/apoptotic) was increased 

when transfected with any of the plasmid vectors compared to untreated cells (Figure 6.2.2, 

B). This data demonstrates that while transfection of the activated mutant SrcY530F 

downregulates all of the luciferase reporters from the Clontech cell-cycle Pathway Profiling 

System 4, it does not alter progression of SW480 cells through the cell-cycle. 

6.3 Src Kinase Regulation of Constitutively Activated Luciferase Reporters 

Activated mutant SrcY530F was co-transfected with two different control vectors 

that constitutively express luciferase. When SW480 cells were co-transfected with the 

pGL3-Control vector, luciferase activity was again downregulated relative to cells 

transfected with pCI (Figure 6.3, A). In contrast to this result, activated mutant Src was not 

able to downregulate the constitutively active reporter phCMV-CLUC (Genlantis) 
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(Figure 6.3, B). Lanes 4 to 6 represent lysate that was diluted 5 fold for luciferase assay in 

order to bring the activity within the same range as the Super8XTopFlash reporter 

activities. When this experiment was repeated using 0.2 X the amount of phCMV-CLUC 

plasmid compared to Super8XTopFlash, a similar result was observed where SrcY530F did 

not downregulate Super8XTopFlash activity (data not shown). 
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Figure 6.2.2 Transient expression of wt or mutant Src kinases does not alter the 
progression of SW480 cells through the cell cycle. A. FACS analysis of SW480 cells 
transiently transfected as indicated, expressed as a percentage of viable cells at a given 
cell cycle stage as determined using propidium iodide. B. Percentage of total number 

of cells identified as necrotic or apoptotic (i.e. non-viable). 
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Figure 6.3 Src kinase differentially regulates two different constitutively activated 
luciferase reporters. A. SW480 cells transiently co-transfected with empty vector pCI or 
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that constitutively expresses luciferase. B. SW480 cells transfected as in A, except using 
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using for luciferase assays. RLU, relative light units. Data represent mean RLU from 
transfections performed in triplicate. 
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SECTION III: DISCUSSION
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CHAPTER 7: DISCUSSION 

Src kinase and Wnt signaling both play important roles in cell biology. While Src is 

not critical for development, it is implicated in numerous signaling pathways that regulate a 

wide variety of cellular functions, which reveals its potential contribution to cancer. On the 

other hand, canonical Wnt signaling plays a crtical role at many stages throughout 

development and, consequently, it plays a critical role in the promotion of cancer, 

especially the inherited form of colon cancer FAP (familial adenomatous polyposis). In this 

study I attempted to test the hypothesis that there is an interaction between Src kinase and 

Wnt signaling pathways. 

Initially, I tested the hypothesis that Src kinase could phosphorylate β-catenin and 

induce its nuclear localization. In turn, this would result in the transcriptional activation of 

Wnt target genes. I previously stated that this hypothesis was based on the observation that 

both Src kinase and Wnt signaling have been shown to upregulate some of the same genes 

(CCND1 and MYC), but they are also implicated in both breast and colon cancers. Other 

studies have shown that tyrosine phosphorylation of β-catenin was important for its 

transcriptional function. For example, Ilan et al. (1999) show that exogenous expression of 

platelet endothelial cell adhesion molecule (PECAM-1) can act as a reservoir for tyrosine 

phosphorylated β-catenin in EOMA and SW480 cells, and that stimulation of EOMA cells 

with vascular endothelial growth factor (VEGF) can induce this phosphorylation event. In a 

subsequent study by Zhang et al. (2001) it was shown that VEGF is also transcriptionally 

regulated by canonical Wnt signaling. These data not only show that tyrosine 

phosphorylation of β-catenin induces its transcriptional potential, but also demonstrates a 
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potential positive feedback mechanism in the case of VEGF. Interestingly, it was shown 

that a Src kinase family inhibitor (M475271) was able to prevent VEGF induced β-catenin 

tyrosine phosphorylation, and inhibited human umbilical vein endothelial cell (HUVEC) 

proliferation, migration and tube formation, although the authors acknowledged that other 

pathways and signaling molecules may have been involved but were not tested for their 

possible involvement (297). Another example of growth factor induced tyrosine 

phosphorylation of β-catenin is through the stimulation of cells with hepatocyte growth 

factor (HGF). Using normal rat primary hepatocyte cultures, Monga et al. (2002) showed 

that stimulation of cells with HGF (a.k.a. scatter factor) could induce the tyrosine 

phosphorylation of β-catenin and its subsequent nuclear localization. The interaction with 

the HGF receptor Met was shown to be direct, and the phosphorylation of β-catenin by Met 

could be antagonized through the exogenous expression of a dominant negative Met 

receptor. A third, and more recent, example of tyrosine phosphorylation induced nuclear 

localization of β-catenin was demonstrated through an association with the FMS-like 

tyrosine kinase-3 receptor (FLT3) (298). In this study, the authors showed using leukemic 

cell lines expressing wt or mutant FLT3, that there was a direct interation with β-catenin, 

and that stimulation of cells with FLT3 ligand could induce the tyrosine phosphorylation 

and nuclear accumulation of β-catenin. Finally, a study by Coluccia et al. (2007) , through 

the use of the Bcr-Abl inhibitor imatinib on Bcr-Abl
+ 

chronic myelogenous leukemia 

(CML) cells, suggested that the tyrosine phosphorylation by β-catenin by Bcr-Abl promotes 

its stability and nuclear localization by preventing its interaction with GSK3β and 

subsequent serine/threonine phosphorylation. An event necessary for its degradation. 
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Therefore, these examples support a model whereby Src induced phosphorylation of β

catenin can induce its nuclear localization and transcriptional potential. 

As previously mentioned, β-catenin is a substrate of Src and it plays an important 

role in maintaining the intracellular integrity of adherens junctions through its interaction 

with E-cadherin. Importantly, it is a critical mediator of canonical Wnt signaling. The first 

experiment was to test the potential for Src to induce the nuclear localization of β-catenin. 

To do this, the intracellular localization of β-catenin in normal chicken embryo fibroblasts 

(CEF) was compared to its localization in Rous sarcoma virus Schmidt-Ruppin A strain 

infected chicken fibroblasts (SRA). We observed that in normal CEFs, β-catenin appeared 

punctate and non-nuclear or non-peri-nuclear, confirming what others have also observed in 

fibroblasts (176,201). However, in SRA cells β-catenin was found to be predominantly at 

the cell periphery as well as at a juxta-nuclear localization. No co-localization with the 

nucleus was observed. If we assume that the changes are due to Src (or v-Src in these cells), 

there are several interpretations that could be made from this observation. First, the altered 

localization may be a mechanism by which β-catenin is prepared for nuclear entry, or by 

nature of its closer proximity to the nucleus it is more able to enter it. Alternatively, there 

may be no significance to the observed juxta-nuclear localization, which may represent the 

secondary effect of a more compact, transformed chicken fibroblast cell. However, it would 

be necessary to first establish that the change in β-catenin localization was not due simply 

to viral infection. This could be accomplished through the use of viral strains that either 

have the v-Src gene (e.g. SRA) or lack the v-Src gene, followed by infection of CEFs and 
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analysis of β-catenin localization. It would also be important to establish whether or not the 

effects on β-catenin are direct or indirect. 

The intracellular localization of β-catenin was also analysed by subcellular 

fractionation of transiently transfected human colon adenocarcinoma SW480 cells (Figure 

3.4.3). As previously mentioned, the data show that there was no dramatic difference 

between the nuclear and cytoplasmic/membrane levels of β-catenin in SW480 cells 

transiently transfected with kinase inactive SrcK298M or kinase active mutant SrcY530F. 

A slightly darker staining β-catenin band was observed in nuclear fractions from 

SrcY530F, but its significance could only be determined upon repeated trials and 

quantitative densitometric analysis. Overall, this data is consistent with the indirect 

immunofluorescence data in chicken cells, where no direct nuclear localization was 

observed in SRA cells. However, SW480 cells already contain high levels of total β

catenin, much of which can be found in the nucleus (216). This characteristic may prevent 

the identification of possible changes in the nuclear levels of β-catenin induced by Src, 

especially if they are subtle. The analysis of the subcellular distribution of phosphorylated 

β-catenin would have also been important to analyse, as this modification could be an 

alternative mechanism of regulating its localization (see above). 

β-Catenin remained the focus of the initial experiments and therefore the ability of 

Src to phosphorylate (or at least induce the phosphorylation of) β-catenin was assessed in 

multiple cell types. As previously mentioned, tsLA29 Rat-1 cells express a temperature 

sensitive mutant form of v-Src and incubation of the cells at the appropriate temperature is 

a convenient way to both activate and inactivate v-Src kinase activity. When β-catenin was 
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immunoprecipitated from tsLA29 Rat-1 cells grown at either permissive or non-permissive 

temperatures, tyrosine phosphorylation was clearly dependent on the temperature at which 

they were incubated, as measured by Western Blot analysis using the anti-phosphortyrosine 

antibody 4G10. This strongly suggested that Src was inducing the tyrosine phosphorylation 

of β-catenin. However, to be more confident that this phosphorylation was due to v-Src 

activation not a temperature shift, it would be necessary to identify and/or use a mutant 

viral strain which lacks v-Src (or lacks the P507A mutantion that is responsible for its ts 

properties such as the SRA strain) in its genome and repeat the temperature shift 

experiments. Alternatively, if a direct interaction could be shown (e.g. co-immunoprecipita

tion of β-catenin and v-Src), this would also provide more direct evidence that v-Src is 

phosphorylating β-catenin. Similarly, tyrosine phosphorylated β-catenin was detected in 

SRA cells, but not in normal CEFs. In SW480 cells, tyrosine phosphorylated β-catenin was 

observed in lysates from cells transfected with activated SrcY530F, but not in empty vector 

pCI or kinase inactive SrcK298M transfected cell lysate. Attempts were unsuccessful to co

immunoprecipitate β-catenin and Src in SW480 cells, but an interaction between Src and β

catenin has been shown using GST-pull downs (232). Interestingly, there are not many 

examples in the literature of a direct interaction between Src and β-catenin. This suggests 

that either the interaction is extremely transient or, that it simply does not occur and that at 

least one intermediary kinase mediates this phosphorylation event. Taken together, 

however, the data strongly suggest that the tyrosine phosphorylation of β-catenin is, at 

minimum, induced by the presence of activated Src kinase. 
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The ability of Src to alter β-catenin stability in these cell lines was also assessed, as 

it is the stability of β-catenin that normally plays a crucial role in determining the activation 

state of Wnt signaling. In CEF and SRA cells, there was no observable difference in β

catenin levels when equal amounts of total protein were compared. Similarly, when the 

temperature sensitive mutant v-Src (tsLA29 infected Rat-1 cells) was activated after 

incubating cells at the permissive temperature, the total protein levels of β-catenin was not 

dramatically changed (Figure 3.3.1, C). In this particular example at the 24 time-point β

catenin levels may have decreased, when the experiment was repeated several times there 

was no noticeable difference. Subsequent pulse-chase analysis using tsLA29 Rat-1 cells 

also suggested that activated mutant v-Src does not dramatically affect the stability of β

catenin after 24 hours. Although the pulse-chase analysis showed a decrease in β-catenin 

stability within the first 8 hours when cells were incubated at the permissive temperature 

(i.e. when mutant v-Src was activated), the data also indicated that there was an increased 

incorporation of 
32

P, and hence an increased β-catenin stability. This unlikely situation 

strongly suggests that there was a loading error, which could have been demonstrated by 

including a loading control (e.g. immunoprecipitation of β-catenin followed by analysis of 

autoradiogram). In addition, it would be necessary to repeat the experiment several times in 

order to confirm or refute the observed changes in β-catenin stability in tsLA29 Rat-1 cells. 

The stability of β-catenin was also analysed by transient transfection of SW480 

colon adenocarcinoma cells with activated mutant SrcY530F. The data showed that Src 

does not dramatically change the levels of β-catenin (increase or decrease) over the 24 hour 

period tested. The nuclear fractions of SW480 cells transfected with either kinase inactive 
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mutant SrcK298M or kinase active mutant SrcY530F were also compared, since the total β

catenin levels in these cells are very high and, it is the nuclear fraction of β-catenin that is 

important for activation of canonical Wnt pathway genes. Western blot analysis of these 

nuclear fractions did not show a dramatic difference in β-catenin levels, although a 

marginally darker staining β-catenin band was observed in SrcY530F transfected nuclear 

lysates indicating a very small increase in nuclear β-catenin due to Src. This data suggests 

that Src does not decrease nuclear levels of β-catenin, but the evidence also does not 

exclude the possibility that Src may significantly increase nuclear β-catenin levels. This is 

due to the observation that these cells already contain high levels of nuclear β-catenin, 

reflecting a nuclear saturation effect, a hypothesis which would require additional testing. 

Further analysis, which was not done, using these subcellular fractions to test for possible 

changes in the distribution of phosphorylated β-catenin may have revealed a relocalization 

due to Src induced phosphorylation. 

The results obtained in chapter 3 find some consistency with what other studies 

have found. For example, the tyrosine phosphorylation of β-catenin has been shown to be 

associated with v-Src activity in v-Src transformed rat fibroblasts, and a direct interaction 

between v-Src and β-catenin, followed by phosphorylation of β-catenin has also been 

shown in vitro (115,232). However, other data in this chapter differ from what others have 

observed. These include changes in the localization of β-catenin, where it has been shown 

that treating DLD-1 and Ls174T cells (both colorectal carcinoma cell lines) with a Src 

family inhibitor (SKI-606) resulted in the re-localization of the nuclear fraction of β-catenin 

to the cytosol (299). The authors also concluded that treatment with the inhibitor promoted 
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the interaction with E-cadherin leading to its stabilization, presumably due to inhibition of 

Src activity. Importantly, the study did not demonstrate the degree of Src (or Src family) 

specific inhibition. Interestingly, this study also showed that the phosphorylation of β

catenin did not affect its stability, although a study by Kim and Lee (2001) using the 

phosphatase inhibitor pervanadate suggested that the phosphorylation state of β-catenin was 

correlated with its stability (300). In the present study, there was no obvious effect on β

catenin levels (total or nuclear) in the various cell types tested compared with pCI 

transfected cells. These differences may be a reflection of differences in the cell types used 

(i.e. fibroblasts vs. epithelial vs. adenocarcinoma cell line), and/or the uncharacterized non

specific effects of the pharmacological inhibitors used in the other studies. Furthermore, it 

is possible that the phosphorylation of β-catenin may have changed its subcellular 

distribution without affecting total or nuclear levels. 

A possible explanation for the lack of observable change in FGF18, CCND1 or 

MYC, is that Src does not regulate the canonical Wnt pathway in SW480 cells. This may be 

likely, as there was no dramatic difference in the banding pattern from gel-shift/EMSA 

asssays performed on nuclear fractions from kinase inactive mutant SrcK298M and kinase 

active mutant SrcY530F (Figure 4.5.1). Small and subtle changes were noted, although the 

experiment was not repeated due to time constraints. For example, the overall intensity of 

bands in the nuclear lysates of SrcY530F transfected cells was darker, but one band in 

particular was lighter than the corresponding band in SrcK298M transfected cells (Figure 

4.5.1, B, 2b vs 2a). However, repeated trials of the EMSAs and further experiments would 

have to be conducted to be sure these differences were real. These might include isolating 

samples and using mass-spectometry to determine the possible composition of any 
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particular band. Other important control experiments would be to do “super-shift” 

experiments, utilizing β-catenin or Tcf/Lef antibodies in order to confirm that the DNA 

probes were behaving as expected. 

The data generated in chapter 4 contradict one another and are not consistent with 

the literature. For example, based on the Topflash and Super8XTopFlash reporter data one 

might conclude that activated Src antagonizes Wnt signaling. However, the real-time PCR 

assays did not show changes in the expression of previously identified Wnt target genes in 

SW480 cells. Exogenous overexpression of mutant Src kinases did not upregulate the 

expression of CCND1 and MYC genes in SW480 cells. These genes have been shown to be 

upregulated by Src (240,241,245,305,306). Therefore, the most likely explanation is that 

Src kinase does not regulate the transcriptional activity of canonical Wnt signaling. 

However, the analysis of a greater number of Wnt target genes would be required before 

any definitive statements could be made. 

In chapter 5, I attempted to elucidate the mechanism by which activated SrcY530F 

could downregulate Super8XTopFlash luciferase expression. These experiments were 

carried out assuming that the effect of Src on the TopFlash and Super8XTopFlash reporters 

was a true reflection of the ability of Src to downregulate Wnt signaling. As such, two Wnt 

pathway components were targeted as potential mediators of this effect, including β-catenin 

and GSK3β. 

β-catenin was analysed as a candidate mediator by mutation of the previously 

identified Src phosphorylation residues. In this mechanism, tyrosine phosphorylation of β

catenin would downregulate transcriptional activation by inhibiting interaction with Tcf/Lef 
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proteins, or by preventing its interaction with other transcription factors. A similar mode of 

action has been demonstrated for the MAP Kinase-related Nemo-like kinase (NLK), 

whereby NLK phosphorylates LEF-1/TCF to prevent its interaction with β-catenin (197). 

Similarly, tyrosine phosphorylation of β-catenin prevents its interaction with cadherins. The 

previously identified Src targets, tyrosine 86 and 654, were mutated to phenylalanine. In 

order to reduce the effects of endogenous β-catenin, I used a breast tumour cell line SK

BR-3, which possesses virtually undetectable endogenous levels. When mutant β

cateninY86,654F was expressed in SK-BR-3 cells with the activated mutant SrcY530F, I 

observed that tyrosine phosphorylation of β-catenin was not completely abolished. 

According to other studies, tyrosine 142 is also phosphorylated as a result of HGF 

stimulation or Fyn (a Src family kinase) (264,265). The triple mutant β-catenin 

Y86,142,654F was synthesized. This mutation essentially removed the tyrosine 

phosphorylation induced by SrcY530F. When expressed in SK-BR-3 cells, the triple 

mutant was able to promote reporter activity at levels similar to wt-β-catenin. Although this 

obersvation may strongly suggest that these particular residues may not play a role in 

transcriptional activation, it was rationalized that the amino acid residues that may be 

important for, or influence, negatively regulating β-catenin’s transcriptional potential could 

be independent of influencing its transcriptional activating potential, which may be 

regulated by alternative residues. This idea is similar to regulation of GSK3β, where 

phosphorylation of Ser 9 is inactivating but phosphorylation of Tyr 216 is activating 

(267,270). Co-expression of the triple mutant β-catenin with activated SrcY530F, did not 

reverse the inhibitory effect of SrcY530F on Super8XTopFlash activity, suggesting that the 
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tyrosine phosphorylation of β-catenin does not mediate this effect. Interestingly, the authors 

who showed that Fyn phosphorylates β-catenin on tyrosine 142 suggest that in other cell 

systems other kinases may perform this task, which according to their model disrupts the 

interaction between β-catenin and α-catenin at adherens junctions. This may be an 

interesting model to test in the context of Src activation and its potential to regulate cell-cell 

interactions or motility; however, because the focus of this study was to elucidate a possible 

interaction between Src and Wnt signaling, this was not investigated any further. 

An important negative regulator of canonical Wnt signaling is GSK3β,which was 

also tested as a potential mediator of the Src effect on Super8XTopFlash activity. GSK3β 

phosphorylates β-catenin in a complex with Axin and APC, but only after it is primed by 

CK1α phosphorylation. Therefore, we tested the possibility that GSK3β may mediate Src’s 

effect on the Wnt luciferase reporter by treating cells with LiCl – commonly used to inhibit 

GSK3β. This treatment resulted in a partial reversal of the Src effect (i.e. from a 3.5 fold 

repression without LiCl, to a 1.6 fold repression with 10 mM LiCl treatment), but further 

testing strongly suggested it was due in part to the inhibition of Src kinase activity, due to 

the decreased phosphorylation state of Src tyrosine-419 (Figure 5.3.3, A). To more 

thoroughly investigate this initial observation several additional pharmacological reagents, 

which have been shown to inhibit GSK3β with a relatively high degree of specificity, were 

used to treat the transfected cells. These compounds included Kenpaullone and 

CHIR99021. In addition, siRNA was used to target GSK3β to ensure specificity. Although 

none of these treatments could reverse the effect of activated SrcY530F on 

Suepr8XTopFlash activity, there was a small reversal in the case of Kenpaullone treatment 
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(from a 6.8 fold repression by SrcY530F, to a 2.4 fold repression). Importantly, Src activity 

(as measured by the phosphorylation of Y419) was not lowered, and may have even been 

slightly increased (Figure 5.3.4, C). This partial reversal was the least evident in siRNA 

treated cells, which suggests that Src activity was being affected in such a way which was 

not detectable by the phosphorylation state of Y419. A similar phenomenon was shown by 

Sen et al. (2009) where the phosphorylation of JAK is normally associated with kinase 

activity (44). When the authors treated cells with the tyrosine kinase inhibitor dasatinib, 

they demonstrated a lack of JAK phosphorylation (normally indicative of inactivation), but 

when kinase assays were performed at later time points, kinase activity was clearly evident. 

Therefore, a similar situation may have occurred when treating cells with Kenpaullone 

where inhibiton of Src activity actually occurred but was not demonstrated through the 

phosphorylation state of Y419. As in the study by Sen et al. (2009), this could be tested by 

performing a kinase assay on Src (using Src optimal peptide as a substrate) following 

treatment of cells by the various pharmacological compounds. 

It has been shown that non-canonical Wnt signaling can antagonize canonical 

signaling, and it was hypothesized that Src may be acting through this alternate pathway, or 

at least mobilizing intracellular calcium flux, followed by inhibition of canonical Wnt 

signaling. Mobilization of intracellular calcium is a key aspect to non-canonical Wnt 

signaling (307), and so to test this hypothesis, I attempted to chelate intracellular calcium 

using the membrane permeable pharmacological reagent BAPTA-AM. Several treatment 

protocols were tested but none were able to reverse the downregulation by SrcY530F of 

2+ 
Super8XTopFlash activity. The potential for Ca mediated inhibiton of Super8XTopFlash 

activity was then tested by treating cells with either A23187 or Thapsigargin (known to 
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2+
increase intracellular Ca ) using concentrations based on the study by Wu et al. (2001) 

(286). Although, treatment with these compounds could decrease Super8XTopFlash 

activity, the viability of these cells was not tested, and may have accounted for the decrease 

in luciferase reporter acitivity. When SW480 cells were further treated with BAPTA-AM 

(with the hypothesis being that BAPTA-AM would chelate the intracellular calcium 

2+ 
induced by treatment with A23187 or Thapsigargin and thereby reverse the Ca mediated 

reporter downregulation), reporter activity was again further downregulated. Taken 

together, these data suggest that treatment of transfected SW480 cells using the multiple 

chemical compounds may have resulted in either decreased cell viability or decreased 

luciferase activity. A better approach to assessing the potential for Src to induce the non

2+ 
canonical pathway would have been to first directly measure intracellular Ca levels and 

thoroughly optimize the BAPTA-AM concentration to be used. Even so, it was unlikely 

2+ 
that a Ca flux was mediating the Src effect on Super8XTopFlash activity, as a similar 

concentration of BAPTA-AM (50 µM) that was used in Figure 5.5.2, was used previously 

to prevent the Ca
2+ 

mediated degradation of β-catenin (via calpain) induced by a Gq 

pathway (308). 

A potential explanation for the ability of Src to downregulate Super8XTopFlash 

activity emerged when E2F1 was analysed as a potential downstream mediator of the Src 

effect on Super8XTopFlash reporter activity. In a recent study by Morris et al. (2008), the 

transcription factor E2F1 was shown to inhibit canonical Wnt signaling (296). E2F can 

promote proliferation, but it can also activate the expression of pro-apoptotic genes in 

response to DNA damage. It is a target of the tumour suppressor pRb, and of the 

oncoprotein CDK8 (309). Based on these reports, I hypothesized that Src might activate 
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E2F1transcriptional activity, leading to canonical Wnt down-regulation as measured by 

Super8XTopFlash reporter activity. The E2F transcription factor family luciferase reporter 

pE2F4B-Luc was obtained from Erick Morris (Harvard) and co-transfected into SW480 

cells along with activated mutant SrcY530F. The results suggested that Src also 

downregulates E2F family mediated transcription. There was little evidence of a bona fide 

interaction between Src kinase and E2F transcription factors. However, one study has 

shown a potential interaction between v-Src and E2F1 in chicken neuroretina cells, 

whereby the progression through G1 induced by infection of cells with another ts mutant v-

Src (ts-NY68, Rous sarcoma virus infected) was blocked by transfection of cells with 

deletion mutant forms of chicken E2F1 (310). Nevertheless, given the lack of extensive 

documentation in the literature for a genuine interaction between these two well studied 

molecules, additional control experiments were carried out to further assess the validity of 

using Super8XTopFlash (and TopFlash) as measure of the potential for Src to regulate Wnt 

signaling. 

To further explore the nature of luciferase reporter downregulation (both 

Super8XTopFlash and pE2F4B-Luc), several additional luciferase based reporters were 

tested in SW480 cells co-transfected with SrcY530F. The first set of reporters analysed in 

SW480 cells was the Clontech Pathway Profiling System 4, described by the manufacturer 

as profiling molecules that affect the cell cycle. This series of luciferase reporters was 

described as containing enhancer elements responsive to molecules and their associated 

pathways that affect the cell cycle. Importantly, this luciferase profiling system was 

designed using the pTA-Luc luciferase plasmid vector backbone used in the 

Super8XTopFlash Wnt reporter, and include the empty vector as a control. In addition, the 
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profiling system also included reporters for E2F and Myc, which could be used as way to 

validate some of the previous experiments in this study (i.e. allow for comparison with, a) 

the pE2F4B-luc reporter data, and b), the real-time PCR analysis of MYC gene expression 

data). The data from this experiment suggested that Src could downregulate all of the cell 

cycle regulators measured by the Pathway Profiling System 4, including E2F, Myc, p53 

and Rb (Figure 6.2.1). Importantly, it was also observed that the transient transfection of 

the activated mutant SrcY530F into SW480 cell could downregulate the background 

expression of the empty vector pTA-Luc. This data strongly suggested that the 

downregulation of Super8XTopFlash (and pTopFlash) by SrcY530F was an artifact, and 

did not represent a bona fide effect on Wnt signaling. Subsequent FACS analysis 

demonstrated that Src was not affecting the cell-cycle. Further evidence that the effect of 

SrcY530F on Super8XTopFlash was likely an artifact, came from the observation that Src 

was also capable of downregulating luciferase expression from the constitutively activated 

reporter pGL3-Control (Figure 6.3). 

A second constitutively activated luciferase reporter was tested. Unlike pGL3

Control, the phCMV-CLUC reporter was not downregulated by the activated mutant 

SrcY530F (Figure 6.3). Although this result is not consistant with the luciferase data 

obtained using all of the other luciferase reporters in this study, the overwhelming evidence 

strongly suggests that the downregulation of luciferase reporter activity induced by 

SrcY530F does not represent a true inhibition of canonical Wnt signaling. In fact, when 

compared to the real-time PCR data and the gel-shift assays where no dramatic changes 

were induced by SrcY530F, this would be a logical conclusion. One explanation for the 

inability of Src to downregulate luciferase expression from the phCMV-CLUC reporter 
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may be due to the strong expression driven by the CMV promoter. In chapter 4, SrcY530F 

was also not able to downregulate the expression of GFP driven by another CMV promoter. 

To test this hypothesis, the SV40 promoter from pGL3-Control could be used to replace the 

CMV promoter in the pEGFP-C1 plasmid, followed by co-transfection with SrcY530F in 

SW480 cells. The prediction from this experiment would be that SrcY530F would then be 

able to downregulate expression of GFP. 

Another explanation for the observation that activated mutant SrcY530F could 

downregulate Super8XTopFlash may be that the kinase activity of Src is out-competing 

luciferase for ATP. This is not a likely explanation, however, since the decreased protein 

levels of luciferase were consistent with the decrease in luciferase activity induced by 

SrcY530F. The observed decrease in luciferase protein levels could also be explained by a 

specific inhibiton of luciferase translation, induced by Src. This could be shown by 

performing real-time PCR experiments on luciferase transcript in SW480 cells – an 

experiment that was attempted, but due to technical difficulties and time contstraints was 

not persued. Alternatively, if Src is negatively regulating another plasmid element (other 

than the promoter elements), a sequential deletion analysis of the various plasmid regions 

could be carried out to identify the regulatory/Src responsive plasmid element. 

The observation that the activated mutant SrcY530F is able to downregulate Wnt 

signaling is in contradiction to a limited number of studies that have examined a potential 

connection between Src kinase and Wnt/β-catenin signaling. In fact, Haraguchi et al. 

(2004) showed using the Topflash and Fopflash reporters in SW480 and HEK298T cells 

that v-Src could significantly increase reporter activity (234). A study by Karni et al. 

(2005) also suggested that Src enhances the translation of β-catenin and that this results in 
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the nuclear localization and the transcriptional activation of Topflash and cyclin D1 (235). 

A more recent study by Coluccia et al. (2006) utilized a Src inhibitor to suggest that 

tyrosine phosphorylation of β-catenin by Src is a major regulator of growth and motility in 

two different colon cancer cell lines (299). These data, when compared to the results of this 

study, strongly suggest that Src does not antagonize Wnt/β-catenin signaling as suggested 

by the TopFlash and Super8XTopFlash assays. Interestingly, many of the earlier studies 

analyzing Src’s relationship to β-catenin showed that it plays a role in affecting cell-cell 

interaction through disruption of the intracellular complex of adherens junctions mediated 

by E-cadherin. However, virtually no evidence was shown to suggest that Src could 

influence Wnt mediated signaling via β-catenin – a reasonable possibility given the 

understanding of how β-catenin was know to contribute to Wnt signaling at the time. 

A re-examination of the possible interaction between Src kinase and Wnt signaling 

would require a different approach than those used in the present study. First, a broad 

analysis of multiple cells lines, including normal, non-transformed cell lines would be 

required in transient transfection assays using mutant Src kinases. Second, it would also be 

important to stimulate endogenous Src activity (for example using PDGF in PDGFR 

containing cells) to eliminate the possibility that results are an artifact of exogenous 

expression. Third, a more thorough examination of all Wnt target genes (eg microarray 

followed by quantitative PCR validation) as a readout would be more appropriate than an 

artificial reporter system. 

Future studies investigating the potential interaction between Src kinase and Wnt 

signaling should also consider alternative Wnt activated pathways. In a recent review by 
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van Amerongen et al. (2008) the authors summarize the current understanding of Wnt and 

Wnt related pathways and suggest that due to the variety of Wnt ligand and receptor 

interations, it may not be valid to assign any single pathway a canonical designation (203). 

For example, Wnt signaling affecting planar cell polarity in Drosophila model systems 

reveal that although Frizzled receptors remain an important component, neither 

extracellular Wnt ligand nor downstream activation of β-catenin may be necessary (203). In 

addition, other Wnt pathways, in which signaling is initiated by Wnt ligands, do not require 

Frizzled family receptors such as the Ryk and Ror receptors (203,239). Interestingly, the 

Drosophila Src kinase orthologs SRC64B and SRC62A have been shown to act 

downstream of Wnt5/DRL signaling (Derailed, the Drosophila ortholog of RYK) required 

for axon guidance, but that the interaction between SRC62A and SRC64B with DRL does 

not affect TCF/LEF dependent transcription (239). 

In conclusion, I was able to show that Src kinase could phosphorylate Y142 on β

catenin. The results of this study also cautions against the use of luciferase based reporters 

when assessing the effects of Src kinase on any given pathway. However, based on the 

overall data from this study, I was not able to support or disprove the hypothesis that Src 

kinase can promote canonical Wnt signaling. 



153 

REFERENCES 

1.	 Bosch,T.C., Unger,T.F., Fisher,D.A., and Steele,R.E. 1989. Structure and


expression of STK, a src-related gene in the simple metazoan Hydra attenuata.


Mol.Cell Biol. 9:4141-4151.


2.	 Ottilie,S., Raulf,F., Barnekow,A., Hannig,G., and Schartl,M. 1992. Multiple src


related kinase genes, srk1-4, in the fresh water sponge Spongilla lacustris.


Oncogene 7:1625-1630.


3.	 Simon,M.A., Drees,B., Kornberg,T., and Bishop,J.M. 1985. The nucleotide 


sequence and the tissue-specific expression of Drosophila c-src. Cell 42:831-840.


4.	 Rous,P. 1911. Transmission of a Malignant New Growth By Means of a Cell-Free 

Filtrate. Journal of the American Medical Association 5:198. 

5.	 Brown,M.T. and Cooper,J.A. 1996. Regulation, substrates and functions of src.


Biochim.Biophys.Acta 1287:121-149.


6.	 Toyoshima,K. and Vogt,P.K. 1969. Temperature sensitive mutants of an avian


sarcoma virus. Virology 39:930-931.


7.	 Martin,G.S. 1970. Rous sarcoma virus: a function required for the maintenance of 


the transformed state. Nature 227:1021-1023.


8.	 Kawai,S. and Hanafusa,H. 1971. The effects of reciprocal changes in temperature 


on the transformed state of cells infected with a rous sarcoma virus mutant.


Virology 46:470-479.


9.	 Biggs,P.M., Milne,B.S., Graf,T., and Bauer,H. 1973. Oncogenicity of non-


transforming mutants of avian sarcoma viruses. J.Gen.Virol. 18:399-403.


10.	 Varmus,H.E., Quintrell,N., and Wyke,J. 1981. Revertants of an ASV-transformed 

rat cell line have lost the complete provius or sustained mutations in src. Virology 

108:28-46. 

11.	 Oppermann,H., Levinson,A.D., and Varmus,H.E. 1981. The structure and protein 

kinase activity of proteins encoded by nonconditional mutants and back mutants in 

the sec gene of avian sarcoma virus. Virology 108:47-70. 



154 

12.	 Anderson,D.D., Beckmann,R.P., Harms,E.H., Nakamura,K., and Weber,M.J. 1981. 

Biological properties of "partial" transformation mutants of Rous sarcoma virus and 

characterization of their pp60src kinase. J.Virol. 37:445-458. 

13.	 Brugge,J.S. and Erikson,R.L. 1977. Identification of a transformation-specific 

antigen induced by an avian sarcoma virus. Nature 269:346-348. 

14.	 Purchio,A.F., Erikson,E., and Erikson,R.L. 1977. Translation of 35S and of 

subgenomic regions of avian sarcoma virus RNA. Proc.Natl.Acad.Sci.U.S.A 

74:4661-4665. 

15.	 Purchio,A.F., Erikson,E., Brugge,J.S., and Erikson,R.L. 1978. Identification of a 

polypeptide encoded by the avian sarcoma virus src gene. Proc.Natl.Acad.Sci.U.S.A 

75:1567-1571. 

16.	 Collett,M.S. and Erikson,R.L. 1978. Protein kinase activity associated with the 

avian sarcoma virus src gene product. Proc.Natl.Acad.Sci.U.S.A 75:2021-2024. 

17.	 Levinson,A.D., Oppermann,H., Levintow,L., Varmus,H.E., and Bishop,J.M. 1978. 

Evidence that the transforming gene of avian sarcoma virus encodes a protein 

kinase associated with a phosphoprotein. Cell 15:561-572. 

18.	 Hunter,T. and Sefton,B.M. 1980. Transforming gene product of Rous sarcoma virus 

phosphorylates tyrosine. Proc.Natl.Acad.Sci.U.S.A 77:1311-1315. 

19.	 Ushiro,H. and Cohen,S. 1980. Identification of phosphotyrosine as a product of 

epidermal growth factor-activated protein kinase in A-431 cell membranes. 

J.Biol.Chem. 255:8363-8365. 

20.	 Martin,G.S. 2001. The hunting of the Src. Nat.Rev.Mol.Cell Biol. 2:467-475. 

21.	 Stehelin,D., Varmus,H.E., Bishop,J.M., and Vogt,P.K. 1976. DNA related to the 

transforming gene(s) of avian sarcoma viruses is present in normal avian DNA. 

Nature 260:170-173. 

22.	 Shalloway,D., Zelenetz,A.D., and Cooper,G.M. 1981. Molecular cloning and 

characterization of the chicken gene homologous to the transforming gene of Rous 

sarcoma virus. Cell 24:531-541. 

23.	 Takeya,T. and Hanafusa,H. 1983. Structure and sequence of the cellular gene 

homologous to the RSV src gene and the mechanism for generating the 

transforming virus. Cell 32:881-890. 

24.	 Bjorge,J.D., Jakymiw,A., and Fujita,D.J. 2000. Selected glimpses into the activation 

and function of Src kinase. Oncogene 19:5620-5635. 



155 

25.	 Chong,Y.P., Mulhern,T.D., Zhu,H.J., Fujita,D.J., Bjorge,J.D., Tantiongco,J.P., 

Sotirellis,N., Lio,D.S., Scholz,G., and Cheng,H.C. 2004. A novel non-catalytic 

mechanism employed by the C-terminal Src-homologous kinase to inhibit Src

family kinase activity. J.Biol.Chem. 279:20752-20766. 

26.	 Fuss,H., Dubitzky,W., Downes,C.S., and Kurth,M.J. 2008. SRC family kinases and 

receptors: analysis of three activation mechanisms by dynamic systems modeling. 

Biophys.J. 94:1995-2006. 

27.	 Yeatman,T.J. 2004. A renaissance for SRC. Nat.Rev.Cancer 4:470-480. 

28.	 Parker,R.C., Varmus,H.E., and Bishop,J.M. 1981. Cellular homologue (c-src) of the 

transforming gene of Rous sarcoma virus: isolation, mapping, and transcriptional 

analysis of c-src and flanking regions. Proc.Natl.Acad.Sci.U.S.A 78:5842-5846. 

29.	 Takeya,T., Hanafusa,H., Junghans,R.P., Ju,G., and Skalka,A.M. 1981. Comparison 

between the viral transforming gene (src) of recovered avian sarcoma virus and its 

cellular homolog. Mol.Cell Biol. 1:1024-1037. 

30.	 Takeya,T., Feldman,R.A., and Hanafusa,H. 1982. DNA sequence of the viral and 

cellular src gene of chickens. 1. Complete nucleotide sequence of an EcoRI 

fragment of recovered avian sarcoma virus which codes for gp37 and pp60src. 

J.Virol. 44:1-11. 

31.	 Tanaka,A., Gibbs,C.P., Arthur,R.R., Anderson,S.K., Kung,H.J., and Fujita,D.J. 

1987. DNA sequence encoding the amino-terminal region of the human c-src 

protein: implications of sequence divergence among src-type kinase oncogenes. 

Mol.Cell Biol. 7:1978-1983. 

32.	 Piwnica-Worms,H., Saunders,K.B., Roberts,T.M., Smith,A.E., and Cheng,S.H. 

1987. Tyrosine phosphorylation regulates the biochemical and biological properties 

of pp60c-src. Cell 49:75-82. 

33.	 Eckhart,W., Hutchinson,M.A., and Hunter,T. 1979. An activity phosphorylating 

tyrosine in polyoma T antigen immunoprecipitates. Cell 18:925-933. 

34.	 Bolen,J.B., Thiele,C.J., Israel,M.A., Yonemoto,W., Lipsich,L.A., and Brugge,J.S. 

1984. Enhancement of cellular src gene product associated tyrosyl kinase activity 

following polyoma virus infection and transformation. Cell 38:767-777. 

35.	 Courtneidge,S.A. 1985. Activation of the pp60c-src kinase by middle T antigen 

binding or by dephosphorylation. EMBO J. 4:1471-1477. 

36.	 Smart,J.E., Oppermann,H., Czernilofsky,A.P., Purchio,A.F., Erikson,R.L., and 

Bishop,J.M. 1981. Characterization of sites for tyrosine phosphorylation in the 



156 

transforming protein of Rous sarcoma virus (pp60v-src) and its normal cellular 

homologue (pp60c-src). Proc.Natl.Acad.Sci.U.S.A 78:6013-6017. 

37.	 Cross,F.R. and Hanafusa,H. 1983. Local mutagenesis of Rous sarcoma virus: the 

major sites of tyrosine and serine phosphorylation of pp60src are dispensable for 

transformation. Cell 34:597-607. 

38.	 Snyder,M.A., Bishop,J.M., Colby,W.W., and Levinson,A.D. 1983. Phosphorylation 

of tyrosine-416 is not required for the transforming properties and kinase activity of 

pp60v-src. Cell 32:891-901. 

39.	 Snyder,M.A. and Bishop,J.M. 1984. A mutation at the major phosphotyrosine in 

pp60v-src alters oncogenic potential. Virology 136:375-386. 

40.	 Kmiecik,T.E. and Shalloway,D. 1987. Activation and suppression of pp60c-src 

transforming ability by mutation of its primary sites of tyrosine phosphorylation. 

Cell 49:65-73. 

41.	 Kmiecik,T.E., Johnson,P.J., and Shalloway,D. 1988. Regulation by the 

autophosphorylation site in overexpressed pp60c-src. Mol.Cell Biol. 8:4541-4546. 

42.	 Cooper,J.A. and MacAuley,A. 1988. Potential positive and negative autoregulation 

of p60c-src by intermolecular autophosphorylation. Proc.Natl.Acad.Sci.U.S.A 

85:4232-4236. 

43.	 Liebl,E.C., England,L.J., and Martin,G.S. 1993. Reactivation of host-dependent src 

kinase activity by co-expression with a heterologous tyrosine kinase. Virology 

195:265-267. 

44.	 Sen,B., Saigal,B., Parikh,N., Gallick,G., and Johnson,F.M. 2009. Sustained Src 


inhibition results in signal transducer and activator of transcription 3 (STAT3) 


activation and cancer cell survival via altered Janus-activated kinase-STAT3


binding. Cancer Res. 69:1958-1965.


45.	 Zhu,S., Bjorge,J.D., and Fujita,D.J. 2007. PTP1B contributes to the oncogenic 


properties of colon cancer cells through Src activation. Cancer Res. 67:10129


10137.


46.	 NCBI. SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) 

[Homo sapiens]. 2009. 3-5-0009. 

Ref Type: Data File 

47.	 Cooper,J.A., Gould,K.L., Cartwright,C.A., and Hunter,T. 1986. Tyr527 is 

phosphorylated in pp60c-src: implications for regulation. Science 231:1431-1434. 

48.	 Cartwright,C.A., Eckhart,W., Simon,S., and Kaplan,P.L. 1987. Cell transformation 

by pp60c-src mutated in the carboxy-terminal regulatory domain. Cell 49:83-91. 



157 

49.	 Cooper,J.A. and King,C.S. 1986. Dephosphorylation or antibody binding to the 

carboxy terminus stimulates pp60c-src. Mol.Cell Biol. 6:4467-4477. 

50.	 Reynolds,A.B., Vila,J., Lansing,T.J., Potts,W.M., Weber,M.J., and Parsons,J.T. 

1987. Activation of the oncogenic potential of the avian cellular src protein by 

specific structural alteration of the carboxy terminus. EMBO J. 6:2359-2364. 

51.	 Sadowski,I., Stone,J.C., and Pawson,T. 1986. A noncatalytic domain conserved 

among cytoplasmic protein-tyrosine kinases modifies the kinase function and 

transforming activity of Fujinami sarcoma virus P130gag-fps. Mol.Cell Biol. 

6:4396-4408. 

52.	 Stone,J.C., Atkinson,T., Smith,M., and Pawson,T. 1984. Identification of functional 

regions in the transforming protein of Fujinami sarcoma virus by in-phase insertion 

mutagenesis. Cell 37:549-558. 

53.	 Verderame,M.F., Kaplan,J.M., and Varmus,H.E. 1989. A mutation in v-src that 

removes a single conserved residue in the SH-2 domain of pp60v-src restricts 

transformation in a host-dependent manner. J.Virol. 63:338-348. 

54.	 Matsuda,M., Mayer,B.J., Fukui,Y., and Hanafusa,H. 1990. Binding of transforming 

protein, P47gag-crk, to a broad range of phosphotyrosine-containing proteins. 

Science 248:1537-1539. 

55.	 Roussel,R.R., Brodeur,S.R., Shalloway,D., and Laudano,A.P. 1991. Selective 

binding of activated pp60c-src by an immobilized synthetic phosphopeptide 

modeled on the carboxyl terminus of pp60c-src. Proc.Natl.Acad.Sci.U.S.A 

88:10696-10700. 

56.	 Superti-Furga,G., Fumagalli,S., Koegl,M., Courtneidge,S.A., and Draetta,G. 1993. 

Csk inhibition of c-Src activity requires both the SH2 and SH3 domains of Src. 

EMBO J. 12:2625-2634. 

57.	 Koch,C.A., Moran,M.F., Anderson,D., Liu,X.Q., Mbamalu,G., and Pawson,T. 

1992. Multiple SH2-mediated interactions in v-src-transformed cells. Mol.Cell Biol. 

12:1366-1374. 

58.	 Hirai,H. and Varmus,H.E. 1990. Site-directed mutagenesis of the SH2- and SH3

coding domains of c-src produces varied phenotypes, including oncogenic 

activation of p60c-src. Mol.Cell Biol. 10:1307-1318. 

59.	 Bibbins,K.B., Boeuf,H., and Varmus,H.E. 1993. Binding of the Src SH2 domain to 

phosphopeptides is determined by residues in both the SH2 domain and the 

phosphopeptides. Mol.Cell Biol. 13:7278-7287. 



158 

60.	 Waksman,G., Kominos,D., Robertson,S.C., Pant,N., Baltimore,D., Birge,R.B., 

Cowburn,D., Hanafusa,H., Mayer,B.J., Overduin,M. et al. 1992. Crystal structure of 

the phosphotyrosine recognition domain SH2 of v-src complexed with tyrosine-

phosphorylated peptides. Nature 358:646-653. 

61.	 Waksman,G., Shoelson,S.E., Pant,N., Cowburn,D., and Kuriyan,J. 1993. Binding of 

a high affinity phosphotyrosyl peptide to the Src SH2 domain: crystal structures of 

the complexed and peptide-free forms. Cell 72:779-790. 

62.	 Songyang,Z., Carraway,K.L., III, Eck,M.J., Harrison,S.C., Feldman,R.A., 

Mohammadi,M., Schlessinger,J., Hubbard,S.R., Smith,D.P., Eng,C. et al. 1995. 

Catalytic specificity of protein-tyrosine kinases is critical for selective signalling. 

Nature 373:536-539. 

63.	 Xu,W., Harrison,S.C., and Eck,M.J. 1997. Three-dimensional structure of the 

tyrosine kinase c-Src. Nature 385:595-602. 

64.	 Moran,M.F., Koch,C.A., Anderson,D., Ellis,C., England,L., Martin,G.S., and 

Pawson,T. 1990. Src homology region 2 domains direct protein-protein interactions 

in signal transduction. Proc.Natl.Acad.Sci.U.S.A 87:8622-8626. 

65.	 Mayer,B.J. 2001. SH3 domains: complexity in moderation. J.Cell Sci. 114:1253

1263. 

66.	 Mayer,B.J., Hamaguchi,M., and Hanafusa,H. 1988. A novel viral oncogene with 

structural similarity to phospholipase C. Nature 332:272-275. 

67.	 Stahl,M.L., Ferenz,C.R., Kelleher,K.L., Kriz,R.W., and Knopf,J.L. 1988. Sequence 

similarity of phospholipase C with the non-catalytic region of src. Nature 332:269

272. 

68.	 Rodaway,A.R., Sternberg,M.J., and Bentley,D.L. 1989. Similarity in membrane 

proteins. Nature 342:624. 

69.	 Ren,R., Mayer,B.J., Cicchetti,P., and Baltimore,D. 1993. Identification of a ten-

amino acid proline-rich SH3 binding site. Science 259:1157-1161. 

70.	 Resh,M.D. 1994. Myristylation and palmitylation of Src family members: the fats of 

the matter. Cell 76:411-413. 

71.	 Kaplan,J.M., Mardon,G., Bishop,J.M., and Varmus,H.E. 1988. The first seven 

amino acids encoded by the v-src oncogene act as a myristylation signal: lysine 7 is 

a critical determinant. Mol.Cell Biol. 8:2435-2441. 

72.	 Pellman,D., Garber,E.A., Cross,F.R., and Hanafusa,H. 1985. Fine structural 

mapping of a critical NH2-terminal region of p60src. Proc.Natl.Acad.Sci.U.S.A 

82:1623-1627. 



159 

73.	 Buss,J.E., Kamps,M.P., and Sefton,B.M. 1984. Myristic acid is attached to the 

transforming protein of Rous sarcoma virus during or immediately after synthesis 

and is present in both soluble and membrane-bound forms of the protein. Mol.Cell 

Biol. 4:2697-2704. 

74.	 Resh,M.D. 1989. Specific and saturable binding of pp60v-src to plasma 

membranes: evidence for a myristyl-src receptor. Cell 58:281-286. 

75.	 Silverman,L. and Resh,M.D. 1992. Lysine residues form an integral component of a 

novel NH2-terminal membrane targeting motif for myristylated pp60v-src. J.Cell 

Biol. 119:415-425. 

76.	 Cross,F.R., Garber,E.A., Pellman,D., and Hanafusa,H. 1984. A short sequence in 

the p60src N terminus is required for p60src myristylation and membrane 

association and for cell transformation. Mol.Cell Biol. 4:1834-1842. 

77.	 Courtneidge,S.A., Levinson,A.D., and Bishop,J.M. 1980. The protein encoded by 

the transforming gene of avian sarcoma virus (pp60src) and a homologous protein 

in normal cells (pp60proto-src) are associated with the plasma membrane. 

Proc.Natl.Acad.Sci.U.S.A 77:3783-3787. 

78.	 Krueger,J.G., Garber,E.A., and Goldberg,A.R. 1983. Subcellular localization of 

pp60src in RSV-transformed cells. Curr.Top.Microbiol.Immunol. 107:51-124. 

79.	 David-Pfeuty,T. and Nouvian-Dooghe,Y. 1990. Immunolocalization of the cellular 

src protein in interphase and mitotic NIH c-src overexpresser cells. J.Cell Biol. 

111:3097-3116. 

80.	 Kaplan,K.B., Swedlow,J.R., Varmus,H.E., and Morgan,D.O. 1992. Association of 

p60c-src with endosomal membranes in mammalian fibroblasts. J.Cell Biol. 

118:321-333. 

81.	 Courtneidge,S.A. and Bishop,J.M. 1982. Transit of pp60v-src to the plasma 

membrane. Proc.Natl.Acad.Sci.U.S.A 79:7117-7121. 

82.	 Kamps,M.P., Buss,J.E., and Sefton,B.M. 1986. Rous sarcoma virus transforming 

protein lacking myristic acid phosphorylates known polypeptide substrates without 

inducing transformation. Cell 45:105-112. 

83.	 Gould,K.L., Woodgett,J.R., Cooper,J.A., Buss,J.E., Shalloway,D., and Hunter,T. 

1985. Protein kinase C phosphorylates pp60src at a novel site. Cell 42:849-857. 

84.	 Patschinsky,T., Hunter,T., and Sefton,B.M. 1986. Phosphorylation of the 

transforming protein of Rous sarcoma virus: direct demonstration of 

phosphorylation of serine 17 and identification of an additional site of tyrosine 

phosphorylation in p60v-src of Prague Rous sarcoma virus. J.Virol. 59:73-81. 



160 

85.	 Tamura,T., Friis,R.R., and Bauer,H. 1984. pp60c-src is a substrate for 

phosphorylation when cells are stimulated to enter cycle. FEBS Lett. 177:151-156. 

86.	 Shenoy,S., Choi,J.K., Bagrodia,S., Copeland,T.D., Maller,J.L., and Shalloway,D. 

1989. Purified maturation promoting factor phosphorylates pp60c-src at the sites 

phosphorylated during fibroblast mitosis. Cell 57:763-774. 

87.	 Thomas,S.M. and Brugge,J.S. 1997. Cellular functions regulated by Src family 

kinases. Annu.Rev.Cell Dev.Biol. 13:513-609. 

88.	 Ralston,R. and Bishop,J.M. 1985. The product of the protooncogene c-src is 

modified during the cellular response to platelet-derived growth factor. 

Proc.Natl.Acad.Sci.U.S.A 82:7845-7849. 

89.	 Erpel,T. and Courtneidge,S.A. 1995. Src family protein tyrosine kinases and 

cellular signal transduction pathways. Curr.Opin.Cell Biol. 7:176-182. 

90.	 Courtneidge,S.A., Dhand,R., Pilat,D., Twamley,G.M., Waterfield,M.D., and 

Roussel,M.F. 1993. Activation of Src family kinases by colony stimulating factor-1, 

and their association with its receptor. EMBO J. 12:943-950. 

91.	 Kazlauskas,A. 1994. Receptor tyrosine kinases and their targets. 

Curr.Opin.Genet.Dev. 4:5-14. 

92.	 van der Geer,P., Hunter,T., and Lindberg,R.A. 1994. Receptor protein-tyrosine 

kinases and their signal transduction pathways. Annu.Rev.Cell Biol. 10:251-337. 

93.	 Mori,S., Ronnstrand,L., Yokote,K., Engstrom,A., Courtneidge,S.A., Claesson-

Welsh,L., and Heldin,C.H. 1993. Identification of two juxtamembrane 

autophosphorylation sites in the PDGF beta-receptor; involvement in the interaction 

with Src family tyrosine kinases. EMBO J. 12:2257-2264. 

94.	 Twamley-Stein,G.M., Pepperkok,R., Ansorge,W., and Courtneidge,S.A. 1993. The 

Src family tyrosine kinases are required for platelet-derived growth factor-mediated 

signal transduction in NIH 3T3 cells. Proc.Natl.Acad.Sci.U.S.A 90:7696-7700. 

95.	 McGarrigle,D. and Huang,X.Y. 2007. GPCRs signaling directly through Src-family 

kinases. Sci.STKE. 2007:e35. 

96.	 Luttrell,L.M., Hawes,B.E., van Biesen,T., Luttrell,D.K., Lansing,T.J., and 

Lefkowitz,R.J. 1996. Role of c-Src tyrosine kinase in G protein-coupled receptor- 

and Gbetagamma subunit-mediated activation of mitogen-activated protein kinases. 

J.Biol.Chem. 271:19443-19450. 

97.	 Liu,J., Liao,Z., Camden,J., Griffin,K.D., Garrad,R.C., Santiago-Perez,L.I., 

Gonzalez,F.A., Seye,C.I., Weisman,G.A., and Erb,L. 2004. Src homology 3 binding 

sites in the P2Y2 nucleotide receptor interact with Src and regulate activities of Src, 



161 

proline-rich tyrosine kinase 2, and growth factor receptors. J.Biol.Chem. 279:8212

8218. 

98.	 Luttrell,D.K. and Luttrell,L.M. 2004. Not so strange bedfellows: G-protein-coupled 

receptors and Src family kinases. Oncogene 23:7969-7978. 

99.	 Fuhrer,D.K. and Yang,Y.C. 1996. Activation of Src-family protein tyrosine kinases 

and phosphatidylinositol 3-kinase in 3T3-L1 mouse preadipocytes by interleukin

11. Exp.Hematol. 24:195-203. 

100.	 Kitanaka,A., Waki,M., Kamano,H., Tanaka,T., Kubota,Y., Ohnishi,H., Takahara,J., 

and Irino,S. 1994. Antisense src expression inhibits proliferation and erythropoietin-

induced erythroid differentiation of K562 human leukemia cells. 

Biochem.Biophys.Res.Commun. 201:1534-1540. 

101.	 Okutani,Y., Kitanaka,A., Tanaka,T., Kamano,H., Ohnishi,H., Kubota,Y., Ishida,T., 

and Takahara,J. 2001. Src directly tyrosine-phosphorylates STAT5 on its activation 

site and is involved in erythropoietin-induced signaling pathway. Oncogene 

20:6643-6650. 

102.	 Rusanescu,G., Qi,H., Thomas,S.M., Brugge,J.S., and Halegoua,S. 1995. Calcium 

influx induces neurite growth through a Src-Ras signaling cassette. Neuron 

15:1415-1425. 

103.	 Zhao,Y., Sudol,M., Hanafusa,H., and Krueger,J. 1992. Increased tyrosine kinase 

activity of c-Src during calcium-induced keratinocyte differentiation. 

Proc.Natl.Acad.Sci.U.S.A 89:8298-8302. 

104.	 Salter,M.W. and Kalia,L.V. 2004. Src kinases: a hub for NMDA receptor 

regulation. Nat.Rev.Neurosci. 5:317-328. 

105.	 Yu,X.M., Askalan,R., Keil,G.J., and Salter,M.W. 1997. NMDA channel regulation 

by channel-associated protein tyrosine kinase Src. Science 275:674-678. 

106.	 Liu,X., Marengere,L.E., Koch,C.A., and Pawson,T. 1993. The v-Src SH3 domain 

binds phosphatidylinositol 3'-kinase. Mol.Cell Biol. 13:5225-5232. 

107.	 Nakanishi,O., Shibasaki,F., Hidaka,M., Homma,Y., and Takenawa,T. 1993. 

Phospholipase C-gamma 1 associates with viral and cellular src kinases. 

J.Biol.Chem. 268:10754-10759. 

108.	 Schaller,M.D., Borgman,C.A., Cobb,B.S., Vines,R.R., Reynolds,A.B., and 

Parsons,J.T. 1992. pp125FAK a structurally distinctive protein-tyrosine kinase 

associated with focal adhesions. Proc.Natl.Acad.Sci.U.S.A 89:5192-5196. 



162 

109.	 Davis,S., Lu,M.L., Lo,S.H., Lin,S., Butler,J.A., Druker,B.J., Roberts,T.M., An,Q., 

and Chen,L.B. 1991. Presence of an SH2 domain in the actin-binding protein tensin. 

Science 252:712-715. 

110.	 DeClue,J.E. and Martin,G.S. 1987. Phosphorylation of talin at tyrosine in Rous 

sarcoma virus-transformed cells. Mol.Cell Biol. 7:371-378. 

111.	 Sefton,B.M., Hunter,T., Ball,E.H., and Singer,S.J. 1981. Vinculin: a cytoskeletal 

target of the transforming protein of Rous sarcoma virus. Cell 24:165-174. 

112.	 Bouton,A.H., Kanner,S.B., Vines,R.R., Wang,H.C., Gibbs,J.B., and Parsons,J.T. 

1991. Transformation by pp60src or stimulation of cells with epidermal growth 

factor induces the stable association of tyrosine-phosphorylated cellular proteins 

with GTPase-activating protein. Mol.Cell Biol. 11:945-953. 

113.	 Ellis,C., Moran,M., McCormick,F., and Pawson,T. 1990. Phosphorylation of GAP 

and GAP-associated proteins by transforming and mitogenic tyrosine kinases. 

Nature 343:377-381. 

114.	 Hamaguchi,M., Matsuyoshi,N., Ohnishi,Y., Gotoh,B., Takeichi,M., and Nagai,Y. 

1993. p60v-src causes tyrosine phosphorylation and inactivation of the N-cadherin

catenin cell adhesion system. EMBO J. 12:307-314. 

115.	 Matsuyoshi,N., Hamaguchi,M., Taniguchi,S., Nagafuchi,A., Tsukita,S., and 

Takeichi,M. 1992. Cadherin-mediated cell-cell adhesion is perturbed by v-src 

tyrosine phosphorylation in metastatic fibroblasts. J.Cell Biol. 118:703-714. 

116.	 Reynolds,A.B., Daniel,J., McCrea,P.D., Wheelock,M.J., Wu,J., and Zhang,Z. 1994. 

Identification of a new catenin: the tyrosine kinase substrate p120cas associates 

with E-cadherin complexes. Mol.Cell Biol. 14:8333-8342. 

117.	 Clark,E.A. and Brugge,J.S. 1995. Integrins and signal transduction pathways: the 

road taken. Science 268:233-239. 

118.	 Yamada,K.M. and Miyamoto,S. 1995. Integrin transmembrane signaling and 

cytoskeletal control. Curr.Opin.Cell Biol. 7:681-689. 

119.	 Hsia,D.A., Lim,S.T., Bernard-Trifilo,J.A., Mitra,S.K., Tanaka,S., den Hertog,J., 

Streblow,D.N., Ilic,D., Ginsberg,M.H., and Schlaepfer,D.D. 2005. Integrin 

alpha4beta1 promotes focal adhesion kinase-independent cell motility via alpha4 

cytoplasmic domain-specific activation of c-Src. Mol.Cell Biol. 25:9700-9712. 

120.	 Calalb,M.B., Polte,T.R., and Hanks,S.K. 1995. Tyrosine phosphorylation of focal 

adhesion kinase at sites in the catalytic domain regulates kinase activity: a role for 

Src family kinases. Mol.Cell Biol. 15:954-963. 



163 

121. Fincham,V.J., Wyke,J.A., and Frame,M.C. 1995. v-Src-induced degradation of 

focal adhesion kinase during morphological transformation of chicken embryo 

fibroblasts. Oncogene 10:2247-2252. 

122. Xing,Z., Chen,H.C., Nowlen,J.K., Taylor,S.J., Shalloway,D., and Guan,J.L. 1994. 

Direct interaction of v-Src with the focal adhesion kinase mediated by the Src SH2 

domain. Mol.Biol.Cell 5:413-421. 

123. Schindler,C., Levy,D.E., and Decker,T. 2007. JAK-STAT signaling: from 

interferons to cytokines. J.Biol.Chem. 282:20059-20063. 

124. Cao,X., Tay,A., Guy,G.R., and Tan,Y.H. 1996. Activation and association of Stat3 

with Src in v-Src-transformed cell lines. Mol.Cell Biol. 16:1595-1603. 

125. Cirri,P., Chiarugi,P., Marra,F., Raugei,G., Camici,G., Manao,G., and Ramponi,G. 

1997. c-Src activates both STAT1 and STAT3 in PDGF-stimulated NIH3T3 cells. 

Biochem.Biophys.Res.Commun. 239:493-497. 

126. Yu,C.L., Meyer,D.J., Campbell,G.S., Larner,A.C., Carter-Su,C., Schwartz,J., and 

Jove,R. 1995. Enhanced DNA-binding activity of a Stat3-related protein in cells 

transformed by the Src oncoprotein. Science 269:81-83. 

127. Gray,M.J., Zhang,J., Ellis,L.M., Semenza,G.L., Evans,D.B., Watowich,S.S., and 

Gallick,G.E. 2005. HIF-1alpha, STAT3, CBP/p300 and Ref-1/APE are components 

of a transcriptional complex that regulates Src-dependent hypoxia-induced 

expression of VEGF in pancreatic and prostate carcinomas. Oncogene 24:3110

3120. 

128. Curto,M., Frankel,P., Carrero,A., and Foster,D.A. 1998. Novel recruitment of Shc, 

Grb2, and Sos by fibroblast growth factor receptor-1 in v-Src-transformed cells. 

Biochem.Biophys.Res.Commun. 243:555-560. 

129. Lennartsson,J., Blume-Jensen,P., Hermanson,M., Ponten,E., Carlberg,M., and 

Ronnstrand,L. 1999. Phosphorylation of Shc by Src family kinases is necessary for 

stem cell factor receptor/c-kit mediated activation of the Ras/MAP kinase pathway 

and c-fos induction. Oncogene 18:5546-5553. 

130. McGlade,J., Cheng,A., Pelicci,G., Pelicci,P.G., and Pawson,T. 1992. Shc proteins 

are phosphorylated and regulated by the v-Src and v-Fps protein-tyrosine kinases. 

Proc.Natl.Acad.Sci.U.S.A 89:8869-8873. 

131. Yamaguchi,M., Tanaka,T., Waki,M., Kitanaka,A., Kamano,H., Kubota,Y., 

Ohnishi,H., Takahara,J., and Irino,S. 1997. Antisense src expression inhibits 

tyrosine phosphorylation of Shc and its association with Grb2 and Sos which leads 

to MAP kinase activation in U937 human leukemia cells. Leukemia 11:497-503. 



164 

132.	 Soriano,P., Montgomery,C., Geske,R., and Bradley,A. 1991. Targeted disruption of 

the c-src proto-oncogene leads to osteopetrosis in mice. Cell 64:693-702. 

133.	 Boyce,B.F., Yoneda,T., Lowe,C., Soriano,P., and Mundy,G.R. 1992. Requirement 

of pp60c-src expression for osteoclasts to form ruffled borders and resorb bone in 

mice. J.Clin.Invest 90:1622-1627. 

134.	 Klinghoffer,R.A., Sachsenmaier,C., Cooper,J.A., and Soriano,P. 1999. Src family 

kinases are required for integrin but not PDGFR signal transduction. EMBO J. 

18:2459-2471. 

135.	 Stark,K., Vainio,S., Vassileva,G., and McMahon,A.P. 1994. Epithelial 

transformation of metanephric mesenchyme in the developing kidney regulated by 

Wnt-4. Nature 372:679-683. 

136.	 Bolen,J.B., Veillette,A., Schwartz,A.M., DeSeau,V., and Rosen,N. 1987. Analysis 

of pp60c-src in human colon carcinoma and normal human colon mucosal cells. 

Oncogene Res. 1:149-168. 

137.	 Talamonti,M.S., Roh,M.S., Curley,S.A., and Gallick,G.E. 1993. Increase in activity 

and level of pp60c-src in progressive stages of human colorectal cancer. 

J.Clin.Invest 91:53-60. 

138.	 Bolen,J.B., Rosen,N., and Israel,M.A. 1985. Increased pp60c-src tyrosyl kinase 

activity in human neuroblastomas is associated with amino-terminal tyrosine 

phosphorylation of the src gene product. Proc.Natl.Acad.Sci.U.S.A 82:7275-7279. 

139.	 Cartwright,C.A., Kamps,M.P., Meisler,A.I., Pipas,J.M., and Eckhart,W. 1989. 

pp60c-src activation in human colon carcinoma. J.Clin.Invest 83:2025-2033. 

140.	 Rosen,N., Bolen,J.B., Schwartz,A.M., Cohen,P., DeSeau,V., and Israel,M.A. 1986. 

Analysis of pp60c-src protein kinase activity in human tumor cell lines and tissues. 

J.Biol.Chem. 261:13754-13759. 

141.	 Iravani,S., Mao,W., Fu,L., Karl,R., Yeatman,T., Jove,R., and Coppola,D. 1998. 

Elevated c-Src protein expression is an early event in colonic neoplasia. Lab Invest 

78:365-371. 

142.	 Sakai,T., Kawakatsu,H., Fujita,M., Yano,J., and Owada,M.K. 1998. An epitope 

localized in c-Src negative regulatory domain is a potential marker in early stage of 

colonic neoplasms. Lab Invest 78:219-225. 

143.	 Aligayer,H., Boyd,D.D., Heiss,M.M., Abdalla,E.K., Curley,S.A., and Gallick,G.E. 

2002. Activation of Src kinase in primary colorectal carcinoma: an indicator of poor 

clinical prognosis. Cancer 94:344-351. 



165 

144.	 Jacobs,C. and Rubsamen,H. 1983. Expression of pp60c-src protein kinase in adult 

and fetal human tissue: high activities in some sarcomas and mammary carcinomas. 

Cancer Res. 43:1696-1702. 

145.	 Verbeek,B.S., Vroom,T.M., Adriaansen-Slot,S.S., Ottenhoff-Kalff,A.E., 

Geertzema,J.G., Hennipman,A., and Rijksen,G. 1996. c-Src protein expression is 

increased in human breast cancer. An immunohistochemical and biochemical 

analysis. J.Pathol. 180:383-388. 

146.	 Biscardi,J.S., Belsches,A.P., and Parsons,S.J. 1998. Characterization of human 

epidermal growth factor receptor and c-Src interactions in human breast tumor cells. 

Mol.Carcinog. 21:261-272. 

147.	 Karni,R., Jove,R., and Levitzki,A. 1999. Inhibition of pp60c-Src reduces Bcl-XL 

expression and reverses the transformed phenotype of cells overexpressing EGF and 

HER-2 receptors. Oncogene 18:4654-4662. 

148.	 Slamon,D.J., Clark,G.M., Wong,S.G., Levin,W.J., Ullrich,A., and McGuire,W.L. 

1987. Human breast cancer: correlation of relapse and survival with amplification 

of the HER-2/neu oncogene. Science 235:177-182. 

149.	 Myoui,A., Nishimura,R., Williams,P.J., Hiraga,T., Tamura,D., Michigami,T., 

Mundy,G.R., and Yoneda,T. 2003. C-SRC tyrosine kinase activity is associated 

with tumor colonization in bone and lung in an animal model of human breast 

cancer metastasis. Cancer Res. 63:5028-5033. 

150.	 Summy,J.M. and Gallick,G.E. 2003. Src family kinases in tumor progression and 

metastasis. Cancer Metastasis Rev. 22:337-358. 

151.	 Summy,J.M. and Gallick,G.E. 2006. Treatment for advanced tumors: SRC reclaims 

center stage. Clin.Cancer Res. 12:1398-1401. 

152.	 Dehm,S.M. and Bonham,K. 2004. SRC gene expression in human cancer: the role 

of transcriptional activation. Biochem.Cell Biol. 82:263-274. 

153.	 Finn,R.S. 2008. Targeting Src in breast cancer. Ann.Oncol. 19:1379-1386. 

154.	 Jallal,H., Valentino,M.L., Chen,G., Boschelli,F., Ali,S., and Rabbani,S.A. 2007. A 

Src/Abl kinase inhibitor, SKI-606, blocks breast cancer invasion, growth, and 

metastasis in vitro and in vivo. Cancer Res. 67:1580-1588. 

155.	 Nusse,R. and Varmus,H.E. 1982. Many tumors induced by the mouse mammary 

tumor virus contain a provirus integrated in the same region of the host genome. 

Cell 31:99-109. 

156.	 Sharma,R.P. 1973. Wingless - A new mutant in Drosophila melanogaster. 

Drosophila Information Service 50:134. 



166 

157.	 Sharma,R.P. and Chopra,V.L. 1976. Effect of the Wingless (wg1) mutation on wing 

and haltere development in Drosophila melanogaster. Dev.Biol. 48:461-465. 

158.	 Nusslein-Volhard,C. and Wieschaus,E. 1980. Mutations affecting segment number 

and polarity in Drosophila. Nature 287:795-801. 

159.	 Perrimon,N., Engstrom,L., and Mahowald,A.P. 1989. Zygotic lethals with specific 

maternal effect phenotypes in Drosophila melanogaster. I. Loci on the X 

chromosome. Genetics 121:333-352. 

160.	 Wieschaus,E. and Riggleman,R. 1987. Autonomous requirements for the segment 

polarity gene armadillo during Drosophila embryogenesis. Cell 49:177-184. 

161.	 Herman,M.A., Vassilieva,L.L., Horvitz,H.R., Shaw,J.E., and Herman,R.K. 1995. 

The C. elegans gene lin-44, which controls the polarity of certain asymmetric cell 

divisions, encodes a Wnt protein and acts cell nonautonomously. Cell 83:101-110. 

162.	 Rocheleau,C.E., Downs,W.D., Lin,R., Wittmann,C., Bei,Y., Cha,Y.H., Ali,M., 

Priess,J.R., and Mello,C.C. 1997. Wnt signaling and an APC-related gene specify 

endoderm in early C. elegans embryos. Cell 90:707-716. 

163.	 Sawa,H., Lobel,L., and Horvitz,H.R. 1996. The Caenorhabditis elegans gene lin-17, 

which is required for certain asymmetric cell divisions, encodes a putative seven-

transmembrane protein similar to the Drosophila frizzled protein. Genes Dev. 

10:2189-2197. 

164.	 Thorpe,C.J., Schlesinger,A., Carter,J.C., and Bowerman,B. 1997. Wnt signaling 

polarizes an early C. elegans blastomere to distinguish endoderm from mesoderm. 

Cell 90:695-705. 

165.	 Parr,B.A. and McMahon,A.P. 1995. Dorsalizing signal Wnt-7a required for normal 

polarity of D-V and A-P axes of mouse limb. Nature 374:350-353. 

166.	 Yang,Y. and Niswander,L. 1995. Interaction between the signaling molecules 

WNT7a and SHH during vertebrate limb development: dorsal signals regulate 

anteroposterior patterning. Cell 80:939-947. 

167.	 Heasman,J., Crawford,A., Goldstone,K., Garner-Hamrick,P., Gumbiner,B., 

McCrea,P., Kintner,C., Noro,C.Y., and Wylie,C. 1994. Overexpression of cadherins 

and underexpression of beta-catenin inhibit dorsal mesoderm induction in early 

Xenopus embryos. Cell 79:791-803. 

168.	 Zeng,L., Fagotto,F., Zhang,T., Hsu,W., Vasicek,T.J., Perry,W.L., III, Lee,J.J., 

Tilghman,S.M., Gumbiner,B.M., and Costantini,F. 1997. The mouse Fused locus 

encodes Axin, an inhibitor of the Wnt signaling pathway that regulates embryonic 

axis formation. Cell 90:181-192. 



167 

169.	 Nusse,R. 2008. Wnt signaling and stem cell control. Cell Res. 18:523-527. 

170.	 Brault,V., Moore,R., Kutsch,S., Ishibashi,M., Rowitch,D.H., McMahon,A.P., 

Sommer,L., Boussadia,O., and Kemler,R. 2001. Inactivation of the beta-catenin 

gene by Wnt1-Cre-mediated deletion results in dramatic brain malformation and 

failure of craniofacial development. Development 128:1253-1264. 

171.	 McMahon,A.P., Joyner,A.L., Bradley,A., and McMahon,J.A. 1992. The midbrain-

hindbrain phenotype of Wnt-1-/Wnt-1- mice results from stepwise deletion of 

engrailed-expressing cells by 9.5 days postcoitum. Cell 69:581-595. 

172.	 Kalani,M.Y., Cheshier,S.H., Cord,B.J., Bababeygy,S.R., Vogel,H., Weissman,I.L., 

Palmer,T.D., and Nusse,R. 2008. Wnt-mediated self-renewal of neural 

stem/progenitor cells. Proc.Natl.Acad.Sci.U.S.A 105:16970-16975. 

173.	 Peifer,M., Berg,S., and Reynolds,A.B. 1994. A repeating amino acid motif shared 

by proteins with diverse cellular roles. Cell 76:789-791. 

174.	 Riggleman,B., Wieschaus,E., and Schedl,P. 1989. Molecular analysis of the 

armadillo locus: uniformly distributed transcripts and a protein with novel internal 

repeats are associated with a Drosophila segment polarity gene. Genes Dev. 3:96

113. 

175.	 Orsulic,S. and Peifer,M. 1996. An in vivo structure-function study of armadillo, the 

beta-catenin homologue, reveals both separate and overlapping regions of the 

protein required for cell adhesion and for wingless signaling. J.Cell Biol. 134:1283

1300. 

176.	 Eger,A., Stockinger,A., Schaffhauser,B., Beug,H., and Foisner,R. 2000. Epithelial 

mesenchymal transition by c-Fos estrogen receptor activation involves nuclear 

translocation of beta-catenin and upregulation of beta-catenin/lymphoid enhancer 

binding factor-1 transcriptional activity. J.Cell Biol. 148:173-188. 

177.	 Nelson,W.J. 2008. Regulation of cell-cell adhesion by the cadherin-catenin 

complex. Biochem.Soc.Trans. 36:149-155. 

178.	 Noordermeer,J., Klingensmith,J., Perrimon,N., and Nusse,R. 1994. dishevelled and 

armadillo act in the wingless signalling pathway in Drosophila. Nature 367:80-83. 

179.	 Funayama,N., Fagotto,F., McCrea,P., and Gumbiner,B.M. 1995. Embryonic axis 

induction by the armadillo repeat domain of beta-catenin: evidence for intracellular 

signaling. J.Cell Biol. 128:959-968. 

180.	 Kelly,G.M., Erezyilmaz,D.F., and Moon,R.T. 1995. Induction of a secondary 

embryonic axis in zebrafish occurs following the overexpression of beta-catenin. 

Mech.Dev. 53:261-273. 



168 

181.	 Sokol,S., Christian,J.L., Moon,R.T., and Melton,D.A. 1991. Injected Wnt RNA 

induces a complete body axis in Xenopus embryos. Cell 67:741-752. 

182.	 Behrens,J., von Kries,J.P., Kuhl,M., Bruhn,L., Wedlich,D., Grosschedl,R., and 

Birchmeier,W. 1996. Functional interaction of beta-catenin with the transcription 

factor LEF-1. Nature 382:638-642. 

183.	 Molenaar,M., van de,W.M., Oosterwegel,M., Peterson-Maduro,J., Godsave,S., 

Korinek,V., Roose,J., Destree,O., and Clevers,H. 1996. XTcf-3 transcription factor 

mediates beta-catenin-induced axis formation in Xenopus embryos. Cell 86:391

399. 

184.	 Huber,O., Korn,R., McLaughlin,J., Ohsugi,M., Herrmann,B.G., and Kemler,R. 

1996. Nuclear localization of beta-catenin by interaction with transcription factor 

LEF-1. Mech.Dev. 59:3-10. 

185.	 Amit,S., Hatzubai,A., Birman,Y., Andersen,J.S., Ben Shushan,E., Mann,M., Ben 

Neriah,Y., and Alkalay,I. 2002. Axin-mediated CKI phosphorylation of beta

catenin at Ser 45: a molecular switch for the Wnt pathway. Genes Dev. 16:1066

1076. 

186.	 Liu,C., Li,Y., Semenov,M., Han,C., Baeg,G.H., Tan,Y., Zhang,Z., Lin,X., and 

He,X. 2002. Control of beta-catenin phosphorylation/degradation by a dual-kinase 

mechanism. Cell 108:837-847. 

187.	 Yanagawa,S., Matsuda,Y., Lee,J.S., Matsubayashi,H., Sese,S., Kadowaki,T., and 

Ishimoto,A. 2002. Casein kinase I phosphorylates the Armadillo protein and 

induces its degradation in Drosophila. EMBO J. 21:1733-1742. 

188.	 Salic,A., Lee,E., Mayer,L., and Kirschner,M.W. 2000. Control of beta-catenin 

stability: reconstitution of the cytoplasmic steps of the wnt pathway in Xenopus egg 

extracts. Mol.Cell 5:523-532. 

189.	 Pinson,K.I., Brennan,J., Monkley,S., Avery,B.J., and Skarnes,W.C. 2000. An LDL-

receptor-related protein mediates Wnt signalling in mice. Nature 407:535-538. 

190.	 Wehrli,M., Dougan,S.T., Caldwell,K., O'Keefe,L., Schwartz,S., Vaizel-Ohayon,D., 

Schejter,E., Tomlinson,A., and DiNardo,S. 2000. arrow encodes an LDL-receptor

related protein essential for Wingless signalling. Nature 407:527-530. 

191.	 Kramps,T., Peter,O., Brunner,E., Nellen,D., Froesch,B., Chatterjee,S., Murone,M., 

Zullig,S., and Basler,K. 2002. Wnt/wingless signaling requires BCL9/legless

mediated recruitment of pygopus to the nuclear beta-catenin-TCF complex. Cell 

109:47-60. 



169 

192.	 Parker,D.S., Jemison,J., and Cadigan,K.M. 2002. Pygopus, a nuclear PHD-finger 

protein required for Wingless signaling in Drosophila. Development 129:2565

2576. 

193.	 Thompson,B., Townsley,F., Rosin-Arbesfeld,R., Musisi,H., and Bienz,M. 2002. A 

new nuclear component of the Wnt signalling pathway. Nat.Cell Biol. 4:367-373. 

194.	 Major,M.B., Camp,N.D., Berndt,J.D., Yi,X., Goldenberg,S.J., Hubbert,C., 

Biechele,T.L., Gingras,A.C., Zheng,N., Maccoss,M.J. et al. 2007. Wilms tumor 

suppressor WTX negatively regulates WNT/beta-catenin signaling. Science 

316:1043-1046. 

195.	 Sadot,E., Geiger,B., Oren,M., and Ben Ze'ev,A. 2001. Down-regulation of beta

catenin by activated p53. Mol.Cell Biol. 21:6768-6781. 

196.	 Ishitani,T., Ninomiya-Tsuji,J., Nagai,S., Nishita,M., Meneghini,M., Barker,N., 

Waterman,M., Bowerman,B., Clevers,H., Shibuya,H. et al. 1999. The TAK1-NLK

MAPK-related pathway antagonizes signalling between beta-catenin and 

transcription factor TCF. Nature 399:798-802. 

197.	 Ishitani,T., Ninomiya-Tsuji,J., and Matsumoto,K. 2003. Regulation of lymphoid 

enhancer factor 1/T-cell factor by mitogen-activated protein kinase-related Nemo

like kinase-dependent phosphorylation in Wnt/beta-catenin signaling. Mol.Cell Biol. 

23:1379-1389. 

198.	 Park,J.I., Kim,S.W., Lyons,J.P., Ji,H., Nguyen,T.T., Cho,K., Barton,M.C., 

Deroo,T., Vleminckx,K., Moon,R.T. et al. 2005. Kaiso/p120-catenin and TCF/beta

catenin complexes coordinately regulate canonical Wnt gene targets. Dev.Cell 

8:843-854. 

199.	 Spring,C.M., Kelly,K.F., O'Kelly,I., Graham,M., Crawford,H.C., and Daniel,J.M. 

2005. The catenin p120ctn inhibits Kaiso-mediated transcriptional repression of the 

beta-catenin/TCF target gene matrilysin. Exp.Cell Res. 305:253-265. 

200.	 James,R.G., Biechele,T.L., Conrad,W.H., Camp,N.D., Fass,D.M., Major,M.B., 

Sommer,K., Yi,X., Roberts,B.S., Cleary,M.A. et al. 2009. Bruton's tyrosine kinase 

revealed as a negative regulator of Wnt-beta-catenin signaling. Sci.Signal. 2:ra25. 

201.	 Kim,K. and Hay,E.D. 2001. New evidence that nuclear import of endogenous beta

catenin is LEF-1 dependent, while LEF-1 independent import of exogenous beta

catenin leads to nuclear abnormalities. Cell Biol.Int. 25:1149-1161. 

202.	 MacDonald,B.T., Tamai,K., and He,X. 2009. Wnt/beta-catenin signaling: 

components, mechanisms, and diseases. Dev.Cell 17:9-26. 



170 

203.	 van Amerongen,R., Mikels,A., and Nusse,R. 2008. Alternative wnt signaling is 

initiated by distinct receptors. Sci.Signal. 1:re9. 

204.	 Baker,N.E. 1987. Molecular cloning of sequences from wingless, a segment polarity 

gene in Drosophila: the spatial distribution of a transcript in embryos. EMBO J. 

6:1765-1773. 

205.	 Cabrera,C.V., Alonso,M.C., Johnston,P., Phillips,R.G., and Lawrence,P.A. 1987. 

Phenocopies induced with antisense RNA identify the wingless gene. Cell 50:659

663. 

206.	 Nusse,R., van Ooyen,A., Cox,D., Fung,Y.K., and Varmus,H. 1984. Mode of 

proviral activation of a putative mammary oncogene (int-1) on mouse chromosome 

15. Nature 307:131-136. 

207.	 Rijsewijk,F., Schuermann,M., Wagenaar,E., Parren,P., Weigel,D., and Nusse,R. 

1987. The Drosophila homolog of the mouse mammary oncogene int-1 is identical 

to the segment polarity gene wingless. Cell 50:649-657. 

208.	 Tsukamoto,A.S., Grosschedl,R., Guzman,R.C., Parslow,T., and Varmus,H.E. 1988. 

Expression of the int-1 gene in transgenic mice is associated with mammary gland 

hyperplasia and adenocarcinomas in male and female mice. Cell 55:619-625. 

209.	 Moser,A.R., Pitot,H.C., and Dove,W.F. 1990. A dominant mutation that predisposes 

to multiple intestinal neoplasia in the mouse. Science 247:322-324. 

210.	 Su,L.K., Kinzler,K.W., Vogelstein,B., Preisinger,A.C., Moser,A.R., Luongo,C., 

Gould,K.A., and Dove,W.F. 1992. Multiple intestinal neoplasia caused by a 

mutation in the murine homolog of the APC gene. Science 256:668-670. 

211.	 Groden,J., Thliveris,A., Samowitz,W., Carlson,M., Gelbert,L., Albertsen,H., 

Joslyn,G., Stevens,J., Spirio,L., Robertson,M. et al. 1991. Identification and 

characterization of the familial adenomatous polyposis coli gene. Cell 66:589-600. 

212.	 Kinzler,K.W., Nilbert,M.C., Vogelstein,B., Bryan,T.M., Levy,D.B., Smith,K.J., 

Preisinger,A.C., Hamilton,S.R., Hedge,P., Markham,A. et al. 1991. Identification of 

a gene located at chromosome 5q21 that is mutated in colorectal cancers. Science 

251:1366-1370. 

213.	 Nishisho,I., Nakamura,Y., Miyoshi,Y., Miki,Y., Ando,H., Horii,A., Koyama,K., 

Utsunomiya,J., Baba,S., and Hedge,P. 1991. Mutations of chromosome 5q21 genes 

in FAP and colorectal cancer patients. Science 253:665-669. 

214.	 Rubinfeld,B., Souza,B., Albert,I., Muller,O., Chamberlain,S.H., Masiarz,F.R., 

Munemitsu,S., and Polakis,P. 1993. Association of the APC gene product with beta

catenin. Science 262:1731-1734. 



171 

215.	 Su,L.K., Vogelstein,B., and Kinzler,K.W. 1993. Association of the APC tumor 

suppressor protein with catenins. Science 262:1734-1737. 

216.	 Munemitsu,S., Albert,I., Souza,B., Rubinfeld,B., and Polakis,P. 1995. Regulation of 

intracellular beta-catenin levels by the adenomatous polyposis coli (APC) tumor-

suppressor protein. Proc.Natl.Acad.Sci.U.S.A 92:3046-3050. 

217.	 Kinzler,K.W. and Vogelstein,B. 1996. Lessons from hereditary colorectal cancer. 

Cell 87:159-170. 

218.	 Ashton-Rickardt,P.G., Dunlop,M.G., Nakamura,Y., Morris,R.G., Purdie,C.A., 

Steel,C.M., Evans,H.J., Bird,C.C., and Wyllie,A.H. 1989. High frequency of APC 

loss in sporadic colorectal carcinoma due to breaks clustered in 5q21-22. Oncogene 

4:1169-1174. 

219.	 Klaus,A. and Birchmeier,W. 2008. Wnt signalling and its impact on development 

and cancer. Nat.Rev.Cancer 8:387-398. 

220.	 Powell,S.M., Petersen,G.M., Krush,A.J., Booker,S., Jen,J., Giardiello,F.M., 

Hamilton,S.R., Vogelstein,B., and Kinzler,K.W. 1993. Molecular diagnosis of 

familial adenomatous polyposis. N.Engl.J.Med. 329:1982-1987. 

221.	 Ichii,S., Takeda,S., Horii,A., Nakatsuru,S., Miyoshi,Y., Emi,M., Fujiwara,Y., 

Koyama,K., Furuyama,J., Utsunomiya,J. et al. 1993. Detailed analysis of genetic 

alterations in colorectal tumors from patients with and without familial 

adenomatous polyposis (FAP). Oncogene 8:2399-2405. 

222.	 Huang,J., Zheng,S., Jin,S.H., and Zhang,S.Z. 2004. Somatic mutations of APC gene 

in carcinomas from hereditary non-polyposis colorectal cancer patients. World 

J.Gastroenterol. 10:834-836. 

223.	 Kariola,R., Abdel-Rahman,W.M., Ollikainen,M., Butzow,R., Peltomaki,P., and 

Nystrom,M. 2005. APC and beta-catenin protein expression patterns in HNPCC-

related endometrial and colorectal cancers. Fam.Cancer 4:187-190. 

224.	 Jen,J., Powell,S.M., Papadopoulos,N., Smith,K.J., Hamilton,S.R., Vogelstein,B., 

and Kinzler,K.W. 1994. Molecular determinants of dysplasia in colorectal lesions. 

Cancer Res. 54:5523-5526. 

225.	 Smith,K.J., Johnson,K.A., Bryan,T.M., Hill,D.E., Markowitz,S., Willson,J.K., 

Paraskeva,C., Petersen,G.M., Hamilton,S.R., Vogelstein,B. et al. 1993. The APC 

gene product in normal and tumor cells. Proc.Natl.Acad.Sci.U.S.A 90:2846-2850. 

226.	 Morin,P.J., Sparks,A.B., Korinek,V., Barker,N., Clevers,H., Vogelstein,B., and 

Kinzler,K.W. 1997. Activation of beta-catenin-Tcf signaling in colon cancer by 

mutations in beta-catenin or APC. Science 275:1787-1790. 



172 

227.	 Polakis,P. 2007. The many ways of Wnt in cancer. Curr.Opin.Genet.Dev. 17:45-51. 

228.	 Polakis,P. 2000. Wnt signaling and cancer. Genes Dev. 14:1837-1851. 

229.	 Dahmen,R.P., Koch,A., Denkhaus,D., Tonn,J.C., Sorensen,N., Berthold,F., 

Behrens,J., Birchmeier,W., Wiestler,O.D., and Pietsch,T. 2001. Deletions of 

AXIN1, a component of the WNT/wingless pathway, in sporadic 

medulloblastomas. Cancer Res. 61:7039-7043. 

230.	 Lammi,L., Arte,S., Somer,M., Jarvinen,H., Lahermo,P., Thesleff,I., Pirinen,S., and 

Nieminen,P. 2004. Mutations in AXIN2 cause familial tooth agenesis and 

predispose to colorectal cancer. Am.J.Hum.Genet. 74:1043-1050. 

231.	 Roose,J., Huls,G., van Beest,M., Moerer,P., van der,H.K., Goldschmeding,R., 

Logtenberg,T., and Clevers,H. 1999. Synergy between tumor suppressor APC and 

the beta-catenin-Tcf4 target Tcf1. Science 285:1923-1926. 

232.	 Roura,S., Miravet,S., Piedra,J., Garcia,d.H., and Dunach,M. 1999. Regulation of E

cadherin/Catenin association by tyrosine phosphorylation. J.Biol.Chem. 274:36734

36740. 

233.	 Papkoff,J. 1997. Regulation of complexed and free catenin pools by distinct 

mechanisms. Differential effects of Wnt-1 and v-Src. J.Biol.Chem. 272:4536-4543. 

234.	 Haraguchi,K., Nishida,A., Ishidate,T., and Akiyama,T. 2004. Activation of beta

catenin-TCF-mediated transcription by non-receptor tyrosine kinase v-Src. 

Biochem.Biophys.Res.Commun. 313:841-844. 

235.	 Karni,R., Gus,Y., Dor,Y., Meyuhas,O., and Levitzki,A. 2005. Active Src elevates 

the expression of beta-catenin by enhancement of cap-dependent translation. 

Mol.Cell Biol. 25:5031-5039. 

236.	 Rivat,C., Le Floch,N., Sabbah,M., Teyrol,I., Redeuilh,G., Bruyneel,E., Mareel,M., 

Matrisian,L.M., Crawford,H.C., Gespach,C. et al. 2003. Synergistic cooperation 

between the AP-1 and LEF-1 transcription factors in activation of the matrilysin 

promoter by the src oncogene: implications in cellular invasion. FASEB J. 17:1721

1723. 

237.	 Bei,Y., Hogan,J., Berkowitz,L.A., Soto,M., Rocheleau,C.E., Pang,K.M., Collins,J., 

and Mello,C.C. 2002. SRC-1 and Wnt signaling act together to specify endoderm 

and to control cleavage orientation in early C. elegans embryos. Dev.Cell 3:113

125. 

238.	 Zhang,H., Skop,A.R., and White,J.G. 2008. Src and Wnt signaling regulate dynactin 

accumulation to the P2-EMS cell border in C. elegans embryos. J.Cell Sci. 121:155

161. 



173 

239.	 Wouda,R.R., Bansraj,M.R., de Jong,A.W., Noordermeer,J.N., and Fradkin,L.G. 

2008. Src family kinases are required for WNT5 signaling through the 

Derailed/RYK receptor in the Drosophila embryonic central nervous system. 

Development 135:2277-2287. 

240.	 Barone,M.V. and Courtneidge,S.A. 1995. Myc but not Fos rescue of PDGF 

signalling block caused by kinase-inactive Src. Nature 378:509-512. 

241.	 Lee,R.J., Albanese,C., Stenger,R.J., Watanabe,G., Inghirami,G., Haines,G.K., III, 

Webster,M., Muller,W.J., Brugge,J.S., Davis,R.J. et al. 1999. pp60(v-src) induction 

of cyclin D1 requires collaborative interactions between the extracellular signal-

regulated kinase, p38, and Jun kinase pathways. A role for cAMP response element-

binding protein and activating transcription factor-2 in pp60(v-src) signaling in 

breast cancer cells. J.Biol.Chem. 274:7341-7350. 

242.	 RUBIN,H. 1957. Interactions between Newcastle disease virus (NDV), antibody 

and cell. Virology 4:533-562. 

243.	 Welham,M.J., Wyke,J.A., Lang,A., and Wyke,A.W. 1990. Mitogenesis induced by 

pp60v-src is not accompanied by increased expression of immediate early response 

genes. Oncogene 5:161-169. 

244.	 Laemmli,U.K. 1970. Cleavage of structural proteins during the assembly of the 

head of bacteriophage T4. Nature 227:680-685. 

245.	 Korinek,V., Barker,N., Morin,P.J., van Wichen,D., de Weger,R., Kinzler,K.W., 

Vogelstein,B., and Clevers,H. 1997. Constitutive transcriptional activation by a 

beta-catenin-Tcf complex in APC-/- colon carcinoma. Science 275:1784-1787. 

246.	 Veeman,M.T., Slusarski,D.C., Kaykas,A., Louie,S.H., and Moon,R.T. 2003. 

Zebrafish prickle, a modulator of noncanonical Wnt/Fz signaling, regulates 

gastrulation movements. Curr.Biol. 13:680-685. 

247.	 Shimokawa,T., Furukawa,Y., Sakai,M., Li,M., Miwa,N., Lin,Y.M., and 

Nakamura,Y. 2003. Involvement of the FGF18 gene in colorectal carcinogenesis, as 

a novel downstream target of the beta-catenin/T-cell factor complex. Cancer Res. 

63:6116-6120. 

248.	 Vogt,P.K. 1971. Spontaneous segregation of nontransforming viruses from cloned 

sarcoma viruses. Virology 46:939-946. 

249.	 Stoker,A.W., Enrietto,P.J., and Wyke,J.A. 1984. Functional domains of the pp60v

src protein as revealed by analysis of temperature-sensitive Rous sarcoma virus 

mutants. Mol.Cell Biol. 4:1508-1514. 



174 

250.	 Welham,M.J. and Wyke,J.A. 1988. A single point mutation has pleiotropic effects 

on pp60v-src function. J.Virol. 62:1898-1906. 

251.	 Trainer,D.L., Kline,T., McCabe,F.L., Faucette,L.F., Feild,J., Chaikin,M., 

Anzano,M., Rieman,D., Hoffstein,S., Li,D.J. et al. 1988. Biological characterization 

and oncogene expression in human colorectal carcinoma cell lines. Int.J.Cancer 

41:287-296. 

252.	 Jakob,U., Lilie,H., Meyer,I., and Buchner,J. 1995. Transient interaction of Hsp90 

with early unfolding intermediates of citrate synthase. Implications for heat shock in 

vivo. J.Biol.Chem. 270:7288-7294. 

253.	 Wandinger,S.K., Richter,K., and Buchner,J. 2008. The Hsp90 chaperone 

machinery. J.Biol.Chem. 283:18473-18477. 

254.	 Wiech,H., Buchner,J., Zimmermann,R., and Jakob,U. 1992. Hsp90 chaperones 

protein folding in vitro. Nature 358:169-170. 

255.	 Passinen,S., Valkila,J., Manninen,T., Syvala,H., and Ylikomi,T. 2001. The C-

terminal half of Hsp90 is responsible for its cytoplasmic localization. 

Eur.J.Biochem. 268:5337-5342. 

256.	 Pekki,A.K. 1991. Different immunoelectron microscopic locations of progesterone 

receptor and HSP90 in chick oviduct epithelial cells. J.Histochem.Cytochem. 

39:1095-1101. 

257.	 Tuohimaa,P., Pekki,A., Blauer,M., Joensuu,T., Vilja,P., and Ylikomi,T. 1993. 

Nuclear progesterone receptor is mainly heat shock protein 90-free in vivo. 

Proc.Natl.Acad.Sci.U.S.A 90:5848-5852. 

258.	 Sturm,R.A., Das,G., and Herr,W. 1988. The ubiquitous octamer-binding protein 

Oct-1 contains a POU domain with a homeo box subdomain. Genes Dev. 2:1582

1599. 

259.	 Verrijzer,C.P., Kal,A.J., and van der Vliet,P.C. 1990. The oct-1 homeo domain 

contacts only part of the octamer sequence and full oct-1 DNA-binding activity 

requires the POU-specific domain. Genes Dev. 4:1964-1974. 

260.	 Li,W., Zhang,X., and Olumi,A.F. 2007. MG-132 sensitizes TRAIL-resistant 

prostate cancer cells by activating c-Fos/c-Jun heterodimers and repressing c-

FLIP(L). Cancer Res. 67:2247-2255. 

261.	 He,T.C., Sparks,A.B., Rago,C., Hermeking,H., Zawel,L., da Costa,L.T., Morin,P.J., 

Vogelstein,B., and Kinzler,K.W. 1998. Identification of c-MYC as a target of the 

APC pathway. Science 281:1509-1512. 



175 

262.	 Shtutman,M., Zhurinsky,J., Simcha,I., Albanese,C., D'Amico,M., Pestell,R., and 

Ben Ze'ev,A. 1999. The cyclin D1 gene is a target of the beta-catenin/LEF-1 

pathway. Proc.Natl.Acad.Sci.U.S.A 96:5522-5527. 

263.	 Tetsu,O. and McCormick,F. 1999. Beta-catenin regulates expression of cyclin D1 in 

colon carcinoma cells. Nature 398:422-426. 

264.	 Brembeck,F.H., Schwarz-Romond,T., Bakkers,J., Wilhelm,S., Hammerschmidt,M., 

and Birchmeier,W. 2004. Essential role of BCL9-2 in the switch between beta

catenin's adhesive and transcriptional functions. Genes Dev. 18:2225-2230. 

265.	 Piedra,J., Miravet,S., Castano,J., Palmer,H.G., Heisterkamp,N., Garcia,d.H., and 

Dunach,M. 2003. p120 Catenin-associated Fer and Fyn tyrosine kinases regulate 

beta-catenin Tyr-142 phosphorylation and beta-catenin-alpha-catenin Interaction. 

Mol.Cell Biol. 23:2287-2297. 

266.	 Yost,C., Torres,M., Miller,J.R., Huang,E., Kimelman,D., and Moon,R.T. 1996. The 

axis-inducing activity, stability, and subcellular distribution of beta-catenin is 

regulated in Xenopus embryos by glycogen synthase kinase 3. Genes Dev. 10:1443

1454. 

267.	 Cross,D.A., Alessi,D.R., Cohen,P., Andjelkovich,M., and Hemmings,B.A. 1995. 

Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. 

Nature 378:785-789. 

268.	 Bain,J., Plater,L., Elliott,M., Shpiro,N., Hastie,C.J., McLauchlan,H., Klevernic,I., 

Arthur,J.S., Alessi,D.R., and Cohen,P. 2007. The selectivity of protein kinase 

inhibitors: a further update. Biochem.J. 408:297-315. 

269.	 Cole,A., Frame,S., and Cohen,P. 2004. Further evidence that the tyrosine 

phosphorylation of glycogen synthase kinase-3 (GSK3) in mammalian cells is an 

autophosphorylation event. Biochem.J. 377:249-255. 

270.	 Hughes,K., Nikolakaki,E., Plyte,S.E., Totty,N.F., and Woodgett,J.R. 1993. 

Modulation of the glycogen synthase kinase-3 family by tyrosine phosphorylation. 

EMBO J. 12:803-808. 

271.	 Huang,H. and He,X. 2008. Wnt/beta-catenin signaling: new (and old) players and 

new insights. Curr.Opin.Cell Biol. 20:119-125. 

272.	 Nusse,R. and Varmus,H.E. 1992. Wnt genes. Cell 69:1073-1087. 

273.	 Slusarski,D.C., Yang-Snyder,J., Busa,W.B., and Moon,R.T. 1997. Modulation of 

embryonic intracellular Ca2+ signaling by Wnt-5A. Dev.Biol. 182:114-120. 



176 

274.	 Westfall,T.A., Brimeyer,R., Twedt,J., Gladon,J., Olberding,A., Furutani-Seiki,M., 

and Slusarski,D.C. 2003. Wnt-5/pipetail functions in vertebrate axis formation as a 

negative regulator of Wnt/beta-catenin activity. J.Cell Biol. 162:889-898. 

275.	 Slusarski,D.C., Corces,V.G., and Moon,R.T. 1997. Interaction of Wnt and a 

Frizzled homologue triggers G-protein-linked phosphatidylinositol signalling. 

Nature 390:410-413. 

276.	 Kuhl,M., Sheldahl,L.C., Malbon,C.C., and Moon,R.T. 2000. Ca(2+)/calmodulin

dependent protein kinase II is stimulated by Wnt and Frizzled homologs and 

promotes ventral cell fates in Xenopus. J.Biol.Chem. 275:12701-12711. 

277.	 Sheldahl,L.C., Park,M., Malbon,C.C., and Moon,R.T. 1999. Protein kinase C is 

differentially stimulated by Wnt and Frizzled homologs in a G-protein-dependent 

manner. Curr.Biol. 9:695-698. 

278.	 Seuwen,K. and Adam,G. 1984. Calcium compartments and fluxes are affected by 

the src gene product of Rat-1 cells transformed by temperature-sensitive Rous 

sarcoma virus. Biochem.Biophys.Res.Commun. 125:337-345. 

279.	 Spangler,R., Joseph,C., Qureshi,S.A., Berg,K.L., and Foster,D.A. 1989. Evidence 

that v-src and v-fps gene products use a protein kinase C-mediated pathway to 

induce expression of a transformation-related gene. Proc.Natl.Acad.Sci.U.S.A 

86:7017-7021. 

280.	 Zang,Q., Frankel,P., and Foster,D.A. 1995. Selective activation of protein kinase C 

isoforms by v-Src. Cell Growth Differ. 6:1367-1373. 

281.	 Hu,X.Q., Singh,N., Mukhopadhyay,D., and Akbarali,H.I. 1998. Modulation of 

voltage-dependent Ca2+ channels in rabbit colonic smooth muscle cells by c-Src 

and focal adhesion kinase. J.Biol.Chem. 273:5337-5342. 

282.	 Giusti,A.F., Carroll,D.J., Abassi,Y.A., Terasaki,M., Foltz,K.R., and Jaffe,L.A. 

1999. Requirement of a Src family kinase for initiating calcium release at 

fertilization in starfish eggs. J.Biol.Chem. 274:29318-29322. 

283.	 Patterson,R.L., van Rossum,D.B., Nikolaidis,N., Gill,D.L., and Snyder,S.H. 2005. 

Phospholipase C-gamma: diverse roles in receptor-mediated calcium signaling. 

Trends Biochem.Sci. 30:688-697. 

284.	 Rebecchi,M.J. and Pentyala,S.N. 2000. Structure, function, and control of 

phosphoinositide-specific phospholipase C. Physiol Rev. 80:1291-1335. 

285.	 Lew,V.L., Tsien,R.Y., Miner,C., and Bookchin,R.M. 1982. Physiological [Ca2+]i 

level and pump-leak turnover in intact red cells measured using an incorporated Ca 

chelator. Nature 298:478-481. 



177 

286.	 Wu,K.D., Bungard,D., and Lytton,J. 2001. Regulation of SERCA Ca2+ pump 

expression by cytoplasmic Ca2+ in vascular smooth muscle cells. Am.J.Physiol Cell 

Physiol 280:C843-C851. 

287.	 Lytton,J., Westlin,M., and Hanley,M.R. 1991. Thapsigargin inhibits the 

sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium pumps. 

J.Biol.Chem. 266:17067-17071. 

288.	 Yu,R. and Hinkle,P.M. 2000. Rapid turnover of calcium in the endoplasmic 

reticulum during signaling. Studies with cameleon calcium indicators. J.Biol.Chem. 

275:23648-23653. 

289.	 Margolis,B., Rhee,S.G., Felder,S., Mervic,M., Lyall,R., Levitzki,A., Ullrich,A., 

Zilberstein,A., and Schlessinger,J. 1989. EGF induces tyrosine phosphorylation of 

phospholipase C-II: a potential mechanism for EGF receptor signaling. Cell 

57:1101-1107. 

290.	 Meisenhelder,J., Suh,P.G., Rhee,S.G., and Hunter,T. 1989. Phospholipase C-gamma 

is a substrate for the PDGF and EGF receptor protein-tyrosine kinases in vivo and 

in vitro. Cell 57:1109-1122. 

291.	 Shu,L. and Shayman,J.A. 2003. Src kinase mediates the regulation of phospholipase 

C-gamma activity by glycosphingolipids. J.Biol.Chem. 278:31419-31425. 

292.	 Liao,F., Shin,H.S., and Rhee,S.G. 1993. In vitro tyrosine phosphorylation of PLC-

gamma 1 and PLC-gamma 2 by src-family protein tyrosine kinases. 

Biochem.Biophys.Res.Commun. 191:1028-1033. 

293.	 Jan,C.R., Ho,C.M., Wu,S.N., and Tseng,C.J. 1998. The phospholipase C inhibitor 

U73122 increases cytosolic calcium in MDCK cells by activating calcium influx 

and releasing stored calcium. Life Sci. 63:895-908. 

294.	 Jin,W., Lo,T.M., Loh,H.H., and Thayer,S.A. 1994. U73122 inhibits phospholipase 

C-dependent calcium mobilization in neuronal cells. Brain Res. 642:237-243. 

295.	 Mogami,H., Lloyd,M.C., and Gallacher,D.V. 1997. Phospholipase C inhibitor, 

U73122, releases intracellular Ca2+, potentiates Ins(1,4,5)P3-mediated Ca2+ 

release and directly activates ion channels in mouse pancreatic acinar cells. 

Biochem.J. 324 ( Pt 2):645-651. 

296.	 Morris,E.J., Ji,J.Y., Yang,F., Di Stefano,L., Herr,A., Moon,N.S., Kwon,E.J., 

Haigis,K.M., Naar,A.M., and Dyson,N.J. 2008. E2F1 represses beta-catenin 

transcription and is antagonized by both pRB and CDK8. Nature 455:552-556. 

297.	 Ali,N., Yoshizumi,M., Yano,S., Sone,S., Ohnishi,H., Ishizawa,K., Kanematsu,Y., 

Tsuchiya,K., and Tamaki,T. 2006. The novel Src kinase inhibitor M475271 inhibits 



178 

VEGF-induced vascular endothelial-cadherin and beta-catenin phosphorylation but 

increases their association. J.Pharmacol.Sci. 102:112-120. 

298.	 Kajiguchi,T., Chung,E.J., Lee,S., Stine,A., Kiyoi,H., Naoe,T., Levis,M.J., 

Neckers,L., and Trepel,J.B. 2007. FLT3 regulates beta-catenin tyrosine 

phosphorylation, nuclear localization, and transcriptional activity in acute myeloid 

leukemia cells. Leukemia 21:2476-2484. 

299.	 Coluccia,A.M., Benati,D., Dekhil,H., De Filippo,A., Lan,C., and Gambacorti-

Passerini,C. 2006. SKI-606 decreases growth and motility of colorectal cancer cells 

by preventing pp60(c-Src)-dependent tyrosine phosphorylation of beta-catenin and 

its nuclear signaling. Cancer Res. 66:2279-2286. 

300.	 Kim,K. and Lee,K.Y. 2001. Tyrosine phosphorylation translocates beta-catenin 

from cell-->cell interface to the cytoplasm, but does not significantly enhance the 

LEF-1-dependent transactivating function. Cell Biol.Int. 25:421-427. 

301.	 Glass,D.A. and Karsenty,G. 2006. Canonical Wnt signaling in osteoblasts is 

required for osteoclast differentiation. Ann.N.Y.Acad.Sci. 1068:117-130. 

302.	 Gregorieff,A. and Clevers,H. 2005. Wnt signaling in the intestinal epithelium: from 

endoderm to cancer. Genes Dev. 19:877-890. 

303.	 Lie,D.C., Colamarino,S.A., Song,H.J., Desire,L., Mira,H., Consiglio,A., Lein,E.S., 

Jessberger,S., Lansford,H., Dearie,A.R. et al. 2005. Wnt signalling regulates adult 

hippocampal neurogenesis. Nature 437:1370-1375. 

304.	 Rodda,S.J. and McMahon,A.P. 2006. Distinct roles for Hedgehog and canonical 

Wnt signaling in specification, differentiation and maintenance of osteoblast 

progenitors. Development 133:3231-3244. 

305.	 Chiariello,M., Marinissen,M.J., and Gutkind,J.S. 2001. Regulation of c-myc 

expression by PDGF through Rho GTPases. Nat.Cell Biol. 3:580-586. 

306.	 Furstoss,O., Dorey,K., Simon,V., Barila,D., Superti-Furga,G., and Roche,S. 2002. 

c-Abl is an effector of Src for growth factor-induced c-myc expression and DNA 

synthesis. EMBO J. 21:514-524. 

307.	 Kohn,A.D. and Moon,R.T. 2005. Wnt and calcium signaling: beta-catenin

independent pathways. Cell Calcium 38:439-446. 

308.	 Li,G. and Iyengar,R. 2002. Calpain as an effector of the Gq signaling pathway for 

inhibition of Wnt/beta -catenin-regulated cell proliferation. 

Proc.Natl.Acad.Sci.U.S.A 99:13254-13259. 



179 

309. Firestein,R., Bass,A.J., Kim,S.Y., Dunn,I.F., Silver,S.J., Guney,I., Freed,E., 

Ligon,A.H., Vena,N., Ogino,S. et al. 2008. CDK8 is a colorectal cancer oncogene 

that regulates beta-catenin activity. Nature 455:547-551. 

310. Pasteau,S., Loiseau,L., and Brun,G. 1997. Proliferation of chicken neuroretina cells 

induced by v-src, in vitro, depends on activation of the E2F transcription factor. 

Oncogene 15:17-28. 


	Dissertation Title Pages & Abstract Nov 30 2009.pdf
	Dissertation Main Nov 30 2009_JCIThesis09Bibliography.pdf

