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Abstract 

Signal Transducer and Activator of Transcription 3, Stat3, has been associated with 

cytokine-induced proliferation, anti-apoptosis and neoplastic transformation, while constitutively 

active Stat3 has been found in many human tumors. Stat3 activation by the Src oncoprotein leads 

to specific gene regulation and the Stat3 mediated signaling pathway is one of the critical 

signaling pathways involved in Src oncogenesis. Our laboratory demonstrated that engagement of 

cadherins, which are a class of cell-cell adhesion molecules, can activate Stat3, even in the 

absence of direct cell to cell contact. Interestingly, a significant increase in total Rac1 and Cdc42 

protein levels triggered by cadherin engagement, and an increase in Rac1 and Cdc42 activity, 

which led to Stat3 activation by a mechanism involving gp130, a common subunit of the IL-6 

family of cytokines, was also observed. To investigate the role of gp130 in vSrc transformation, 

we knocked down gp130 in vSrc transformed cells and found a decrease in the levels of 

phosphorylated Stat3, the rate of cell migration, rate of cell proliferation and the anchorage-

independent growth. 

 It was also previously demonstrated that vSrc had a negative effect on the function of 

cadherins. Surprisingly, however, despite the fact that vSrc may reduce cadherin adhesion, 

previous results in our lab showed that cell density still caused a significant increase in Stat3 

activity in vSrc transformed cells. Moreover, Stat3 downregulation induced apoptosis in 

transformed cells which was more pronounced at high cell densities. This may reflect an 

increased need for Stat3 activity at high densities, possibly to overcome apoptosis, which raised 

the question of the actual role of cadherins in the density-mediated activation of Stat3 in such 

cells.  

 The expression of cadherin-11, a type II cell adhesion molecule, is associated 

with invasive breast cancer and many studies suggest that it may play a significant role in 

facilitating tumor cell invasion and the formation of metastatic tumors. Since Src and its family 
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members participate in many aspects of tumor progression and metastasis, it was interesting to 

see if Src needed cadherin-11 for neoplastic transformation. To this effect, when we knocked 

down cadherin-11 in Balb/c3T3 cells, we observed a significant reduction in levels of 

phosphorylated Stat3-ptyr705 which was also observed when vSrc was expressed in them. 

Moreover, expressing vSrc in cells in which cadherin-11 was knocked down also decreased the 

anchorage –independent growth and increased apoptosis indicating that cadherin-11 is needed for 

transformation and survival respectively, in vSrc transformed cells.  

Our results thus demonstrate that cadherin-11 may be a good target for the selective 

elimination of cells expressing Src and presumably other oncogenes as well. Stat3 activation by 

cadherins is so potent and important that tumor cell death can be enhanced by cadherin inhibition. 

In our experiments, the inhibition of cadherin-11 induced apoptosis in Src expressing cells, while 

the normal cells were not affected. Elucidation of the functions and regulation of cadherin-11 

may enhance our understanding of the roles of cadherins in invasive cancer and may provide 

future targets for therapy. Through our work, the cadherin/IL-6 pathway may emerge as a crucial 

Stat3 activator in vSrc expressing cells.  
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Chapter 1 

Introduction  

Multicellular organisms depend on elaborate intercellular communication networks to 

coordinate fundamental biological processes such as cell survival, cell division and 

differentiation. The mechanisms of this communication are complex. These pathways are often 

initiated by signals such as growth factors, hormones, neurotransmitters, and cytokines released 

by neighboring cells or those that are far apart. The activation of cell surface receptors through 

ligand binding or the interaction between adhesion molecules can communicate the status of the 

extracellular environment to the nucleus, where target gene regulatory proteins become altered, 

thereby generating an appropriate response from the cell concerning proliferation, differentiation 

or survival (Weinberg, 2007; Juliano, 2002). 

 Since these signals communicate information regarding basic cellular activities, it is 

important that these pathways are tightly regulated. In cancer, stepwise mutations of specific 

genes, and the accumulation of these mutations makes normal cells lose control of their growth 

and continue proliferating (Weinberg, 2007). Further mutations and interactions with their 

surroundings may cause these cancer cells to acquire traits allowing them to escape apoptosis and 

to become metastatic (Fidler, 2003). The biological characteristics of any cell are controlled by 

the pattern of gene expression. These mutations can affect the levels or the activities of various 

gene products. These mutations also cause the overexpression or constitutive activation of ligands 

and/or their respective kinase receptors (Hynes and Lane, 2005). Although the signaling pathways 

that are activated by these receptors are diverse, many of them converge onto a limited number of 

transcription factors such as Stat3 that are responsible for regulating the expression of target 
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genes (Johnston and Grandis, 2011; Frank, 2007). Hence, targeting a single transcription factor 

may block the effects of several upstream mutations that cause its activation.  

Signal Transducer and Activator of Transcription 3  

The Signal Transducer and Activator of Transcription 3 (Stat3), a member of a family of 

seven genes called the STAT family, encodes proteins that couple signaling events at the cell 

surface with gene regulation. Stat3 is a critical point of convergence for many intercellular 

pathways involved in several cancers (Johnston and Grandis, 2011). As shown in Figure 1, Stat3 

is activated by receptor tyrosine kinases such as receptors for the epidermal growth factor 

(EGFR) or platelet derived growth factor (PDGFR), or the non-receptor tyrosine kinase, Src. 

Stat3 is latent in the cytoplasm, and on binding to an activated receptor through its SH2 domain 

becomes activated through phosphorylation by the receptor itself or by the associated Janus 

Kinase (JAK) or c-Src tyrosine kinases. Phosphorylated Stat3 molecules dimerize via reciprocal 

phosphorylated tyrosine (ptyr) Src homology 2 (SH2) interactions and migrate to the nucleus 

where they bind target regions of DNA to regulate the transcriptional activation of genes involved 

in immune function, development, differentiation, proliferation and survival (Darnell, Jr., 1997; 

Johnston and Grandis, 2011).  
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Figure 1: Simplified model of Stat3 activation 

Stat3 is an important point of convergence for signaling pathways often activated in 
cancer. Binding of (a) growth factors or (b) cytokines to their receptors results in the stimulation 
of the intrinsic receptor tyrosine-kinase activity or the activity of receptor-associated kinases, 
such as JAKs or cSrc, which may phosphorylate the cytoplasmic tail of the receptor. Cytoplasmic 
Stat3 then binds onto the activated receptor with its SH2 domain, is phosphorylated by the JAK 
kinases, dimerized through reciprocal SH2-ptyr interactions and translocates to the nucleus where 
it activates transcription of a number of genes involved in cell division or survival like Bcl-xl, 
surviving, Mcl-1, myc, VEGF, etc.. Stat3 also downregulates p53 by direct binding to the p53 
promotor (Niu et al., 2005).(c) Mutationally activated Src, or other non-receptor tyrosine kinases 
autophosphorylate and activate Stat3 in a similar manner (Zhang et al., 2000; reviewed in Raptis 
et al., 2009). 
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Stat3 in cancer  

The development of Stat3 as a critical mediator of cellular transformation was derived 

from the development of a constitutively active form of Stat3. This highly active form of Stat3, 

Stat3-C was generated by substituting two cysteine residues within the C-terminal loop of the 

SH2 domain of Stat3 that produces a molecule that dimerizes spontaneously, binds to DNA, and 

activates transcription (Bromberg et al., 1999). Continuous activation of STAT3 was found to be 

sufficient for neoplastic transformation in certain cellular contexts (Frank, 2007).  

Bromberg et al. evaluated the role of Stat3 in cellular transformation by determining its 

contribution to v-src transformation. The enhancement of v-src transformation by Stat3 was 

associated with increased Stat3 activity, which was assayed both as DNA binding and 

transcriptional activation. Suppression of v-src transformation by dominant negative Stat3 

mutants, however, correlated with decreased Stat3 activity. Moreover, the addition of Stat3 or 

Stat3 dominant negative proteins did not affect v-ras-mediated transformation, which indicated 

that the introduced Stat3 molecules do not disrupt normal cellular functions on their own. These 

findings, thus, suggested that activated wild-type Stat3 had oncogenic potential and that v-src 

transformation required Stat3 activation (Bromberg et al. 1998). These findings are clinically 

important because hyperactive Stat3 is found to be present in a large number of cancers like 

breast cancer and prostate carcinoma, and is required for tumor cell growth and survival 

(Bromberg et al., 1999; Bowman et al., 2000, Yu et al., 2009, Johnston and Grandis, 2011). In 

other cancers like renal cell carcinoma and colorectal cancer, elevated levels of activated Stat3 

were also associated with poor prognosis (reviewed in Johnston and Grandis, 2011).  
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Inhibition of Stat3 activation in tumor cells induced apoptosis in tumors but had little 

effect upon normal tissues (Nui et al., 2002; Aoki et al., 2003). That is, tumor cells may have 

become dependent on Stat3 signaling to sustain their growth and survival, while normal cells may 

be able to compensate for Stat3 loss by using alternate pathways like the Ras signaling pathway 

which can stimulate very diverse biological responses such as cell proliferation and the 

PI3K/AKT pathway, which is involved in cell survival signaling (Bowman et al., 2000; Sears and 

Nevins, 2002). As a result, drugs inhibiting Stat3 may be specific for the tumor, with little effect 

upon normal tissues. It is, therefore, important to have a comprehensive understanding of Stat3 

signaling mechanisms in order to develop effective anticancer therapies. (Lewis et al., 2008; 

Frank, 2007).  

Cadherin family of cell adhesion receptors 

Cadherins are a large family of calcium-dependent, transmembrane adhesion molecules 

(Larue et al., 1996). They have a broad range of functions including direct cell-cell cohesion 

(Bogenrieder and Herlyn, 2003), cell signaling (Perez-Moreno et al., 2003) and inhibition of 

apoptosis (Alahari et al., 2002). It has been shown that the loss of adhesive properties is 

associated with the abnormal effects of cancer such as tumor metastasis (Foty and Steinberg, 

2004). Over 100 different cadherins have been identified, among which the classical cadherins 

are the best characterized and are subdivided into type I and type II members. The term 

“classical” refers to the ability of the cytoplasmic domain of these cadherins to interact with β- 

catenin (Stemmler, 2008). Classical cadherins control the organization, specificity and dynamics 

of cell adhesion, which are crucial for the development and maintenance of tissue architecture 

and function (Takeichi, M, 1995; Larue, L et al.,1996). Classical cadherins contain an 

extracellular domain organized into five distinct cadherin-specific repeats (EC) (Leckband and 
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Prakasam, 2006). These repeats display calcium ion binding, a membrane spanning region and a 

highly conserved cytoplasmic domain, and help in their association with the cytoskeletal network 

by interations with catenins expressed in the cytoplasm.  

An exchange of the outermost β-strands in the EC1 domain (critical for the homotypic 

recognition of cadherins and their binding partners), and the docking of a conserved tryptophan 

(W) side chain of one molecule into the hydrophobic pocket of its partner, mediates adhesion 

(Boggon et al., 2002; Chen et al., 2005). While Type I cadherins have a W2 residue in a site 

which surrounds a His-Ala-Val (HAV) triple amino acid sequence in EC1 which is important for 

strong cell-cell adhesion (Stemmler, 2008),  Type II cadherins have two W residues (W2 and W6) 

but lack the HAV motif . The adhesive force is, thus, seven fold less with type II cadherins 

compared to type I cadherins (Patel, et al. 2006; Chu, et al. 2006). Mutation of Tryptophan to 

Alanine (W2A) abolishes the capacity of several cadherins to mediate cell-cell ashesions (Perret 

et al., 2002). The EC1 and EC2 domains have been suggested to be sufficient for cadherin 

engagement. Experiments have been performed on a fragment consisting of the two outermost 

domains of E-cadherin (E/EC1/2) which have shown that it can retain biological activity and be 

selectively recognized by E-cadherin expressing cells (Perret et al., 2002, Arulanandam et al., 

2009). Later studies however showed that at least EC1-3 are involved in maintaining strong 

adhesive bonds and constructs containing additional EC domains may be necessary to restore full 

activity (Leckband and Prakasam, 2006; Boggon et al., 2002). 

Type I cadherins, include epithelial (E)-cadherin, placental (P)- cadherin, neural (N)-

cadherin,  retinal (R)-cadherin and myotubule (M)-cadherin, are found in most tissues and are 

crucial to the developmental process (Stemmler, 2008; Kaufmann et al., 1999). E-cadherin is the 

major receptor involved in establishing and maintaining cell to cell or adherens junctions. N-
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cadherin is expressed in the early stages of neural tube formation. P-cadherin plays a crucial role 

in the terminal differentiation of the epidermis in mouse and human tissues (Takechi, 1990). N-

cadherin, M- and R-cadherins are known to be involved in skeletal muscle differentiation 

(Kauffman et al., 1999).  

A Type II cadherin, cadherin-11 was originally identified in mouse osteoblasts. It is also 

known as osteoblast (OB)-cadherin since it plays a role in the formation of bone and synovial 

lining of joints (Okazaki et al.,1994). It was later found to be expressed in a variety of normal 

tissues of mesodermal origin, such as areas of the kidney and brain (Hoffmann and Balling, 1995) 

and in cultured fibroblasts (Orlandini and Oliviero, 2001). Recent results have also shown that 

cadherin-11 promotes the metastasis of prostate cancer cells to the bone (Chu et al., 2008) and 

breast cancer invasion (Pishvaian et al.,1999). 

  

Cytoplasmic interactions of cadherins 

The association between cadherin complexes and the actin cytoskeleton and the 

clustering of cadherin receptors at adherens junctions strengthen intercellular adhesion (Juliano, 

2002). The cytoplasmic domain of cadherins is linked to underlying actin filaments through a 

group of proteins termed catenins. Classical cadherins encompass a carboxy-terminal, an 

intracellular region for β- or γ-catenin binding and a juxtamembrane region for p120 catenin 

binding. β-catenin and γ-catenin bind to α-catenin, which is able to interact with actin and actin 

binding proteins(Stemmler, 2008). Cadherin, β-catenin and α-catenin form the core cadherin-

catenin complex. Any mutations that affect the expression or association of any of these proteins 

can lead to reduced cell-cell adhesion (Oyama et al.,1994; Stemmler, 2008). p120 catenin, a 

substrate of the Src kinase, may be recruited to the core cadherin complex to generally strengthen 
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adhesions by clustering cadherins to specific sites on the cell surface (Yap et al, 1998; Reynolds 

et al.,1994). In response to extracellular growth factors, tyrosine phosphorylation of cadherins or 

catenins by receptor or non-receptor kinases also correlates with their disassembly at the 

membrane leading to decreased adhesion (Stemmler, 2008). Dissociation of β-catenin from 

cadherins can lead to its accumulation in the cytoplasm, where its levels are kept low through 

targeted destruction by the proteasome (Cavallaro and Christofori, 2004; Yap et al., 2003). The 

EGF receptor, Src and Abl non-receptor tyrosine kinases are often activated in cancer. They can 

phosphorylate β-catenin and disrupt its binding to cadherin, thus leading to adherens junction 

disassembly (Nelson, 2008; Roura et al., 1999).  

Cadherin mediated signaling activates Stat3 

Our laboratory and others (Kreis et al., 2007; Vultur et al., 2004; Onishi et al., 2008) 

recently discovered a novel pathway of Stat3 activation, wherein a significant increase in Stat3 

expression and activity with cell density was observed. Disruption of cell to cell contacts by 

calcium chelation through EGTA/EDTA treatment was found to eliminate density-dependent 

Stat3 activation in normal fibroblasts or breast epithelial cells. On the other hand, cells which 

were grown to post-confluence, or forced to form multi-cellular aggregates showed a dramatic 

increase in Stat3-ptyr705 levels, DNA binding and transcriptional activity (Kreis et al.,2007; 

Vultur et al., 2004; Onishi et al.,2008). As Stat3 was shown to play a positive role in cell 

proliferation, this increase in Stat3 at post-confluence, when the cells do not divide, was 

unexpected. Moreover, this activation was specific to Stat3, as the levels of extra-cellular signal 

regulated kinase (ERK1/2), which is also activated with Stat3 by a number of growth factors and 

oncogenes, remained unaffected by cell density (Kreis et al.,2007; Vultur et al., 2004). These 

observations show that cadherins might be responsible for the increase in Stat3 activity in densely 



 

9 

 

growing cell cultures. To show that the Stat3 activity increase observed at high densities is a 

direct effect of cadherin engagement, rather than cell to cell proximity, normal mouse breast 

epithelial cells (HC11) were plated on petridishes coated with the E/EC1/2 fragment. A dramatic 

increase in Stat3-ptyr705 levels was observed. On the other hand, the same fragment carrying the 

W2A point mutation, which reduces its ability for engagement with wild-type E-cadherin, did not 

show such an effect (Arulanandam et al., 2009). This demonstrated that E-cadherin directly 

activates Stat3 in the absence of cell to cell contact, that is, E-cadherin plays a role in signaling, 

beyond its structural function. This mechanism of Stat3 activation was seen in normal fibroblasts, 

epithelial cells, as well as in neoplastically transformed cells (Vultur et al., 2004; Onishi et al., 

2008; Steinman et al., 2003; Arulanandam  et al., 2009). Neoplastically transformed cells such as 

mouse fibroblasts transformed by vSrc have higher Stat3 activity levels at all cell densities than 

their normal counterparts.  

Cadherin-11 engagement in Balb/c 3T3 fibroblasts activates Stat3 

In order to examine the effect of cadherin-11 engagement on Stat3 activation, the mouse 

fibroblast line Balb/c 3T3 was used. Balb/c3T3 expresses cadherin-11 (Orlandini and Oliviero, 

2001) but not E-cadherin. A distinct increase in Stat3-ptyr705 levels at different densities was 

observed (Arulanandam, PhD Thesis, 2010, a). This suggests that cadherin-11 homophilic 

interactions may be indispensable for the cell to cell adhesion-mediated, Stat3 activation. The 

levels of Erk1/2, however, remained unaffected by density. This showed that in the Balb/c3T3 

fibroblasts, confluence causes a specific increase in Stat3-ptyr705 levels and indicates that 

cadherin-11 may be responsible for the Stat3 activation observed at high cell densities in Balb/c 

3T3 fibroblasts. (Arulanandam, PhD Thesis, 2010, a).  
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Cell to cell adhesion activates Rac1 and Cdc42 

 One of the signaling targets of cadherin engagement is the Rho family. This family 

consists of a number of small GTPases that cycle between the active GTP (guanosine 5’-

triphosphate)-bound state and an inactive GDP (guanosine 5’-diphosphate)-bound form (Etienne-

Manneville and Hall, 2002). The activity of Rho family proteins is regulated by three classes of 

proteins: guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and 

guanine nucleotide dissociation inhibitors (GDIs). Rho-GEFs catalyze the release of GDP from 

the Rho GTPases, the rate-limiting step in Rho activation. The free GTPase then associates with 

GTP, which alters the conformation of the switch regions of the enzyme to increase its affinity for 

the effectors. Rho-GAPs catalyze GTP hydrolysis and Rho-GDIs extract the GTPase from the 

membrane and lock it once again in an inactive state (Bustelo et al., 2007). 

The examination of Stat3 activation by Cadherin engagement in HC11 cells, revealed a 

role for Rac1 and Cdc42 (Arulanandam et al., 2009). An increase in the active, GTP bound forms 

of Rac 1 and Cdc42 was noted as the cells approached confluence, consistent with previous data 

indicating that cell to cell adhesion activates Rac1 and Cdc42 (Noren et al., 2001; Fukuyama et 

al., 2006; Nakagawa et al., 2001; Kim et al., 2000).  Unexpectedly a dramatic increase in total 

protein levels of Rac1 and Cdc42 levels was also found (Arulanandam et al., 2009). Results from 

our lab revealed that cadherin engagement could inhibit the ubiquitination and degradation of 

Rac1 and Cdc42, leading to a further increase in their activity (Arulanandam et al., 2010). Other 

studies have shown that cadherins may increase levels and activity of Rho GTPases through 

phosphatidyl-inositol-3 kinase (PI3K) signalling pathways (Sander et al., 1998). Cell to cell 

contact was shown to cause an association of PI3K with E-cadherin containing complexes, 

possibly through catenins which may serve as docking proteins, and its subsequent activation 
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(Rivard, 2009; Larue and Bellacosa, 2005). This may lead to the recruitment of GEFs such as 

Tiam1, which is Rac-specific, to the membrane, through binding to the products of PI3Kinase 

(Sander et al., 1998; Rivard, 2009). Inhibition of PI3K prevented activation of Rac1 by E-

cadherin but did not abolish it completely indicating that other mechanisms may exist for E-

cadherin to activate Rac1 and other GTPases (Kovacs et al., 2002). Apart from E-cadherin, other 

cadherin family members are also found to activate the Rho GTPases via Tiam1 (Lampugnani et 

al., 2002). 

 Rac1 and Cdc42 were found to be required for Stat3 activation following Cadherin 

engagement, as shown by Rac1 and Cdc42 downregulation (Arulanandam et al., 2009). 

Mutationally activated Rac1 and Cdc42, on the other hand, were independently demonstrated to 

activate Stat3 (Debidda et al., 2005; Faruqi et al., 2001). This shows that Rac1 and Cdc42 are 

integral components of the pathway which leads to Stat3 activation by cadherin engagement, 

which in turn, constitutes a potent survival signal. 

 

The role of IQGAP, a downstream effector of Rac1 and Cdc42, in cadherin-mediated cell to 

cell adhesion 

Rac1 and Cdc42 strengthen cadherin-mediated cell to cell contacts by binding to 

IQGAP1, a downstream effector of these GTPases. As shown in figure 2, when Cdc42 and Rac1 

are in the GDP-bound inactive forms, Cdc42 and Rac1 cannot interact with IQGAP1, and 

IQGAP1 interacts with β-catenin. This causes a dissociation of α-catenin from the cadherin-

catenin complex and confers the weak adhesive activity. In contrast, when Cdc42 and Rac1 are in 

the GTP-bound active forms at sites of cell-cell contact, Cdc42 and Rac1 interact with IQGAP1 

and thereby do not allow IQGAP1 to interact with β-catenin. This results in the stabilization of 
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the cadherin-catenin complex. By suppressing the activity of IQGAP1, Cdc42 and Rac1 

positively regulate cadherin-mediated cell-cell adhesion and this confers the strong adhesive 

activity. Thus, Cdc42 and Rac1 and IQGAP1 can serve as positive and negative molecular 

switches of the cadherin activity, respectively (Fukata and Kaibuchi, 2001; Noritake et al., 2005). 
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Figure 2: Role of the Rac1 and Cdc42 effector, IQGAP, in E-cadherin mediated cell to cell 
adhesion 

When Rac1 and Cdc42 are in the cytosol, IQGAP can negatively regulate cadherin 
activity by binding to β-catenin, thereby displacing α-catenin from the complex. Active, GTP 
bound Rac1 or Cdc42 can sequester IQGAP, to allow the association of the E-cadherin complex 
with α-catenin and the actin cytoskeleton, leading to strong cell-cell adhesion. E: E-cadherin; β: 
β-catenin; α: α-catenin (Figure adapted from Fukata and Kaibuchi, 2001). 
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E-cadherin is an important target of IQGAP1 in carcinogenesis. The translocation of 

IQGAP1 from the cytoplasm to the cell membrane inhibits E-cadherin-mediated cell–cell 

adhesion. This was found to correlate with E-cadherin dysfunction in several cancers (Briggs et 

al., 2003, Takemoto et al., 2001, Nabeshima et al., 2002). This is mostly seen in advanced 

carcinomas with the highest invasive potential and this implies that by reducing E-cadherin 

mediated cell-cell adhesion, IQGAP1 promotes invasion. Moreover, as IQGAP has shown a  

>2.5-fold increase in expression in metastatic cells, it may be important in metastasis and 

neoplastic transformation (Briggs et al., 2003). The cadherin-mediated cell-cell adhesion is 

rearranged in wound-induced cell migration, and tumorigenesis. It is possible that Cdc42 and 

Rac1 together with IQGAP1 regulate these processes 

IL-6 type cytokines and the gp130 receptor 

Cytokines are important mediators of intercellular communication. Following an immune 

stimulus, they can be rapidly synthesized and are secreted by cells (Heinrich, et al., 1998). They 

bind to their cell surface receptors and affect many different target cells in an autocrine or 

paracrine manner. Cytokine receptors are found to be non-covalently associated with the JAK 

family of kinases (Jak1, Jak2 and Jak3 and tyrosine kinase-2 (Tyk2)). Cytokine binding to its 

receptor can lead to the activation of JAKs, which phosphorylate themselves and the receptor at 

specific tyrosines that may be recognized by the SH2-domain of STATs or other SH2-containing 

adaptor proteins (Imada and Leonard, 2000).  Aberrant signaling from these cytokines has been 

shown to contribute to the initiation and progression of several diseases as well as a number of 

different cancers (Heinrich et al., 2003).  

The IL-6 family of cytokines consists of IL-6, IL-11,IL-27, Leukemia Inhibitory Factor 

(LIF), Oncostatin M (OSM), ciliary neurotropic factor (CNTF), cardiotropin-1 (CT-1) and 
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cardiotropin-like cytokine (CLC) (Figure 3) ( Heinrich et al., 2003). In addition to their role in 

inflammation and the acute phase response to infection, IL-6 is involved in haematopoesis, liver 

and neuronal regeneration, embryonal development and fertility (Hirano et al., 2000). Aberrant 

signaling from these cytokines was also found to contribute to the initiation and progression of 

several diseases like rheumatoid arthritis, inflammatory bowel disease, osteoporosis, multiple 

sclerosis and a number of cancers (Heinrich et al., 2003). IL-6 in particular is found to be 

overexpressed in many tumor derived cell lines, breast and lung cancers as well as metastases 

(Scheller and Rose-John, 2006; Selander et al. 2004; Garcia et al.  2001; Gao et al.  2007).  

Faruqi et al. showed that constitutively active small GTPases such as Rac1 stimulates the 

JAK/STAT3 pathway by the induction of an autocrine IL-6 activation loop. Persistently active 

Rac1 results in signaling pathways that lead to NF-κB activation, which in turn leads to its 

translocation to the nucleus, DNA binding, and subsequent induction of NF-κB-dependent genes 

such as IL-6.  After IL-6 binds to its receptor, the JAKs are activated and in turn tyrosine 

phosphorylate STAT3-ptyr705 (Faruqi et al., 2001). Phosphorylated STAT3 molecules form 

dimers and translocate to the nucleus to bind to promoter elements of responsive genes. As 

constitutive STAT3 activity has been shown to result in oncogenic transformation (Bromberg et 

al., 1999), this autocrine loop may play a role in the transforming potential of Rho GTPases. 

Binding of a cytokine of the IL-6 family to the common gp130 receptor phosphorylates 

and activates the gp130-associated JAKs (Jak1, Jak2 and Tyk2) (Hirano et al., 2000). The JAKs 

then phosphorylate gp130 at specific tyrosines which act as binding sites for the SH2 domains of 

Stat3. IL-6, which binds to gp130 homodimers can specifically trigger Stat3 phosphorylation 

(Darnell, Jr. et al.,1997). 
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Figure 3: Receptor complexes of the Il-6 type family of cytokines 

The seven members of the IL6-type family of cytokines are represented by dark grey 
circles. Signalling receptors include gp130 (dark pink), OSMR and LIFR (light pink). The non-
signalling α-receptor subunits for IL-6, IL-11, CT-1 and CNTF are shown. (Adapted from 
Heinrich et al., 2003). 
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IL-6/gp-130 signaling and cancer 

IL-6/gp130 signaling can trigger constitutive activation of Stat3 in a number of tumors 

and tumor-derived cell lines including myeloma, head and neck squamous cell carcinoma 

(HNSCC), breast and prostate cancers, cholangiocarcinoma, and non- small cell lung carcinoma 

(NSCLC) ( Sriurangpong et al., 2003; Gao et al.,2007). Inhibition of gp130 through dominant 

negative mutants was found to downregulate tumor invasion and angiogenesis by blocking 

constitutive Stat3 signaling in the breast cancer line MDA-MB231 (Selander et al., 2004). Gao et 

al. demonstrated that the NSCLC-derived tumor lines produced high levels of IL-6, which was 

secreted into the growth medium and could trigger Stat3-ptyr705 phosphorylation in normal 

MCF-10A cells (Gao et al., 2007). From these data, the gp130/Stat3 axis can be identified as a 

critical marker in carcinogenesis and drugs inhibiting this pathway may be valuable therapeutic 

targets.  

 

Cell to cell adhesion triggers cytokine gene expression 

Initial results indicated that the increase in Stat3-ptyr705 levels following cadherin 

ligation was mediated by secreted factors (Arulanandam et al., 2009). The next question that 

arose was about the nature of the receptor(s) responsible for the activation of Stat3. A quantitative 

RT-PCR array for 86 cytokines was conducted and revealed an increase in mRNA levels of a 

number of cytokines, including a 76-fold increase for IL-6 mRNA. It was also shown that the 

downregulation of gp130 through the expression of shRNA, reduced Stat3-ptyr705 levels in 

HC11 and Balb/c3T3 cells, thus indicating that gp130 activation is at least partly responsible for 

the Stat3-ptyr705 increase (Arulanandam et al., 2009). Downregulation of gp130, the common 

subunit of the cytokine family, prevented density-mediated Stat3 activation, indicating that cell to 
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cell adhesion-dependent activation of the IL-6 receptor family is responsible for the increase in 

Stat3 activity (Arulanandam et al., 2009). It is also possible that receptors other than the IL-6 

family may be activated and might contribute to the increase in Stat3 activity.  Previous results 

from our lab demonstrated that the inhibition of EGFR, IGFR, Fer or the Src family in mouse 

epithelial cells or fibroblasts did not affect density-dependent Stat3 activation (Vultur, 2004). 

This EGFR independence could explain why inhibition of members of the EGFR family of 

receptors (eg.ErBb2) have been ineffective in a large number of ErBb2-positive cancers (Hynes, 

and Lane, 2005).  On the other hand, E-cadherin engagement inhibits the proteasomal degradation 

of the Rho proteins, Rac1/Cdc42 which leads to an increase in IL-6 (Arulanandam et al., 2010). 

   

Functional consequences of Stat3 activation in normal versus tumor cells 

Despite the low Stat3 levels in normal mouse NIH3T3 fibroblasts grown to low 

confluence, Stat3 inhibition caused growth retardation, indicating a role for Stat3 in cell 

proliferation in this setting. In densely growing, normal cells, however, Stat3 inhibition caused 

apoptosis. In vSrc transformed or breast carcinoma cells, although Stat3 inhibition caused 

apoptosis even at sub-confluence, the degree of apoptosis was much greater in post-confluent 

cultures (Anagnostopolou et al., 2006). Similarly, inhibition of E-cadherin engagement using the 

E/EC1/2 fragment or genetic ablation, which abolished density-mediated Stat3 activation, 

induced apoptosis in HC11 or ES cells respectively (Arulanandam et al., 2009). As Stat3 

inhibition in densely growing normal cells promotes apoptosis, the increase in Stat3 may be a 

protective survival mechanism shown as cells reach confluence. In fact, this increase which peaks 

after confluence may be seen as an attempt by the cell to overcome apoptosis. The ability of 

cadherins to perform this function by activating Rac1 and Cdc42, in both epithelial cells and 
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fibroblasts, points to an important role of this pathway in survival signaling (Reviewed in Raptis 

et al., 2009). 

The regulation and activation of Src 

vSrc was the first of numerous viral oncogenes to be identified and its cellular 

counterpart, cSrc is activated in a range of human cancers. Both vSrc and cSrc contain 4 Src 

homology domains. The SH1 domain contains a kinase domain and a conserved tyrosine residue 

mediated by autophosphorylation (Tyr-416). In cSrc, the c-terminal tail contains the negative 

regulatory Tyr-527. Phosphorylation of the Tyr-527 inhibits the activity of cSrc. In contrast, vSrc 

lacks the carboxy terminal negative regulatory domain and contains 12 substituted carboxy 

terminal amino acids. This explains the high level of activity of vSrc.   

When Tyr-527 is phosphorylated by cSrc kinase, the C-terminal region is bound to the 

SH2 domain. Other intramolecular interactions maintain the kinase domain in an inactive 

conformation. Exchange of these intramolecular associations for binding of SH2 to 

phosphotyrosine sequences in other proteins initiates conformational changes that activate the 

kinase. Also, the cSrc SH2 may bind a different phosphotyrosine, for example on a GF receptor 

and then its kinase gets activated. The SH2 domain has a greater affinity for the phosphotyrosine 

site on the growth factor receptors, so that binding to these receptors makes the cSrc open up and 

expose the kinase domain. When Src binds to a number of membrane tyrosine kinases or to the 

middle T antigen of Polyoma (mT) or when it is mutationally activated, a conformational change 

that activates the kinase is induced. The release of the molecule from the autoinhibited state, 

causes the Tyr-416 in the kinase domain to be autophosphorylated. The autophosphorylation of 

tyrosine 416, correlates with the highest level of Src transforming activity (Frame, 2004). 
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Src is a key messenger in many important cellular pathways, including those regulating 

proliferation, differentiation, survival, and motility. The contribution of Stat3 in oncogenesis was 

demonstrated in Src-transformed cell lines. By stably expressing mutationally activated Src 

tyrosine kinase in mouse fibroblasts, it was shown that Src can constitutively activate Stat3 

signaling, while disruption of Stat3 signaling prevented Src-mediated transformation. (Yu et 

al.,1995; Bromberg et al.,1998; Turkson et al.,1998).  

Stat3 in transformation by Src 

Although the constitutive activation of Stat3 signaling is shown to be required for cell 

transformation by Src, the mechanism by which Src activates Stat3 is not very clear. Zhang et al.  

studied Src transformation in NIH3T3 cells and showed that Src does not bind to Stat3 directly, 

but needs JAK to activate Stat3 (Zhang et al., 2000). It is suggested that Src phosphorylates and 

activates JAK. When activated, JAK phosphorylates the cytoplasmic tail of a membrane receptor, 

even mutated kinase dead receptors. The phosphotyrosine on the receptor acts as a docking site 

for recruiting Stat3 from the cytoplasm. Src, then phosphorylates and activates the recruited Stat3, 

which in turn dimerizes and translocates to the nucleus (Figure 4). The fact that kinase dead 

receptors can increase Stat3 phosphorylation by Src suggests that the role of the receptor is to 

serve as a scaffold for the recruitment and activation of Stat3 by vSrc. 

Src increases total Rac1 levels 

Src was shown to increase Rac activity through its downstream effector, Tiam1, a 

specific Rac1-GEF, highly expressed in NIH3T3 cells. (Servitja et al., 2003). Our lab found that 

the levels of total Rac were increased with density, in cells transformed with Src. (Raptis et al., 

unpublished data). 
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Figure 4: Model for the activation of Stat3 by Src and Jak 

Step 1: Src phosphorylates and activates Jak1 
Step 2: Activated Jak1 phosphorylates and activates the cytoplasmic tail of the membrane 
receptor 
Step 3: The phosphotyrosine on the receptor acts as a docking site and Stat3 is recruited from the 
cytoplasm 
Step 4: Src phosphorylates and activates the recruited Stat3 
Step 5: Active Stat3 dimerizes and translocates into the nucleus 
(Figure adapted from Zhang et al., 2000). 
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Cadherin-mediated, Stat3 activation in transformation by vSrc  

The study of vSrc transformation has also led to important insights into the control of cell 

division. Src, through Myc, activates the growth stimulatory transcription factor E2F (Sears and 

Nevins, 2002). E2F was discovered by binding to E2 adenovirus promoter and is therefore called 

E2F (Elongation Factor 2). E2F is a potent apoptosis inducer, apoptosis is normally inhibited by 

Stat3, activated by the E2F/GF receptor branch or by Src. Upon inhibition of Stat3, however, Src 

would cause E2F-triggered apoptosis to occur, hence the enhanced sensitivity of Src-transformed 

cells to Stat3 inhibition (Sears and Nevins, 2002). In the normal cell division cycle, 

phosphorylation of Retinoblastoma (Rb) by cyclin-dependent kinases (CDKs) leads to the release 

of the associated E2Fs, which in turn may promote cell division (Chau and Wang, 2003; 

Trimarchi and Lees, 2002). Rb phosphorylation releases E2F activity (Sullivan and Pipas, 2002). 

E2F, in turn, is known to transcriptionally activate a number of receptor tyrosine kinases (Young 

et al., 2003), which activate Stat3. 

 A number of publications demonstrated a negative effect of vSrc upon cadherin function. 

vSrc expression may result in phosphorylation of E-cadherin, as well as N-cadherin and the 

associated β-catenin (Behrens et al., 1993; Behrens et al., 1989; Hamaguchi et al, 1993). This 

disrupts the cadherin/catenin complex both in tumor cells and in transformed rodent fibroblasts 

(Irby and Yeatman, 2002). Surprisingly, however, despite the fact that vSrc may reduce cadherin 

adhesion, our results showed that cell density still caused a dramatic increase in Stat3 activity in 

vSrc transformed cells (Vultur  et al., 2005; Vultur et al., 2004), although as also documented by 

others, vSrc transformed cells were found to have higher Stat3 levels than normal when sparse 

(Figure 5).  
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Figure 5: Schematic representation of Stat3-ptyr705 levels as a function of density in 

normal or vSrc transformed cells 

Despite the fact that vSrc may reduce cadherin adhesion, cell density still caused a 
dramatic increase in Stat3 activity in vSrc transformed cells. vSrc transformed cells were found to 
have higher Stat3 levels than normal when sparse. Shown here are the results of Western Blotting 
showing Stat3-ptyr705 levels as a function of density in NIH3T3 cells with or without Src. Hsp90 
was used as the loading control (Vultur et al., 2004). 
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It was later shown by our lab and others that this holds true both for a number of 

carcinoma cells, such as head and neck squamous cell carcinoma (Steinman et al., 2003), 

melanoma (Kreis, 2007) or breast carcinoma lines (Vultur et al., 2005), and cultured breast 

epithelial cells as well as fibroblasts transformed by other oncogenes such as v12Rac 

(Arulanandam  et al., 2009, Raptis et al., 2009). Moreover, the apoptosis induced by Stat3 

downregulation in tumor or transformed cells was more pronounced at high cell densities, which 

may reflect an increased need for Stat3 activity at high densities, possibly to overcome apoptosis 

(Anagnostopolou  et al., 2006). Stat3 activation by cadherin engagement generates a potent 

survival signal, possibly via upregulation of survivin, p53 and other genes such as bcl-xL or mcl-

1. Stat3 activation in transformed or tumor cells at high densities required calcium (Steinman  et 

al., 2003; Kreis et al., 2007; Onishi et al., 2008), which raises the question of the actual role of 

cadherins in the density-mediated activation of Stat3 in such cells. The results by Arulanandam, 

et al., unpublished data, show that density increases Stat3 p-tyr705 levels even in vSrc 

transformed cells. Since Stat3 does increase with density, vSrc cannot be eliminating cadherin 

function.  
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Hypothesis  

Engagement of cadherins may cause a significant increase in total Rac1 and Cdc42 

proteins and consequently their activity, which triggers the activation of receptors such as the IL-

6 family leading to Stat3 activation. The increase in Stat3 activity would serve as a potent 

survival signal.  Blocking Stat3 may bring about apoptosis, which would be more pronounced in 

tumor cells due to the higher activity of the E2F transcription factor, which is activated by a large 

number of oncogenes including Src. The importance of this pathway in transformation will be 

examined by the downregulation of cadherin-11 in cells transformed by vSrc (Figure 6). 

Objectives 

My objectives were: 

1)  To examine the role of IL-6 family cytokines in vSrc transformation.  

  a) Does Src need gp130 to activate Stat3? 

  b) Does Src need gp130 to transform? 

 2) To examine the role of cadherin-11 in vSrc transformation.  

  a) Does Src need cadherin-11 to activate Stat3? 

b) Does Src need cadherin-11 to transform? 
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Figure 6: Pathway of Stat3 activation in v-Src mediated transformation 

vSrc can activate the E2F transcription factor. In the normal cell division cycle, 
phosphorylation of Retinoblastoma (Rb) by cyclin-dependent kinases (CDKs) leads to the release 
of the associated E2Fs, which in turn may promote cell division. Rb phosphorylation releases E2F 
activity. E2F, in turn, is known to transcriptionally activate a number of receptor tyrosine kinases 
which activate Stat3. 

Importantly, E2F also induces apoptosis through many pathways and the p19ARF-MDM2-
p53 pathway is one of them. Since vSrc transformed cells have higher E2F, they may also have 
higher Stat3 requirements for survival. Cadherin/Stat3 activation may provide critical survival 
signals in transformed cells. Although vSrc activates Stat3, cadherin engagement can cause a 
further increase which denotes a role for the cadherins in Stat3 activation, in addition to vSrc. 
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Chapter 2 

Materials and Methods 

Cell Lines and Culture Techniques 

Cells were grown in Dulbecco’s modification of Eagle’s medium (DMEM, 

Gibco,Cat.#12800-082), supplemented with the antifungal drug, amphotericin B (0.5µg/mL, 

Gibco,Cat.#041-95780D) and antibiotics (gentamycin,0.01g/mL, Bioworld,Cat.#1405-41-0, 

streptomycin, 60µg/mL, Gibco,Cat.#S-6501), and penicillin G 100µg/mL, Gibco,Cat.#P3032-

25MU). The normal mouse fibroblast cells, NIH DL+10 and Balb/c3T3 were grown in this 

medium supplemented with 5% calf serum or 10% fetal bovine serum respectively (PAA 

Laboratories Inc., Etobicoke, Ontario).  

The NIH3T3 cells are derived from the NIH Swiss mouse embryo. This line was 

established by a rigid ‘3T3’ schedule wherein 3x105 cells were transferred every 3 days. The NIH 

DL+10 cells are a subclone of the NIH3T3 cells (a gift from Dr. Richard Jove, H.Lee Moffitt 

Cancer Center and Research Institute). NIH3T3vSrc cells were a gift from Dr. James Turkson, 

Burnett School of Biomedical Sciences, Orlando, USA). 

The Balb/c 3T3 cells were derived from the embryo cells of the Balb mouse strain.This 

line was established in the same manner as the NIH3T3 cells. This cell line was used because it is 

a stable cell line that is resistant to transformation after prolonged periods in culture, and has been 

extensively employed to examine oncogene function (Reznikoff, 1973). 
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Incubation and Cell Passage 

All cell lines were grown in either 3cm or 6cm petri dishes and incubated at 37ºC in a 5% 

CO2 incubator. Cells were treated with 0.02% trypsin (Gibco,Cat.#15400) in order to disrupt their 

attachment from the bottom of the petri dishes and to disperse them for cell passage. The cells 

were then resuspended in fresh medium and distributed into new petri dishes. An even spread of 

the cells was ensured by gently rocking the petri dishes. The cells were incubated as above and 

allowed to attach to the dishes. 

 

Determining cell confluence 

This was estimated visually by image analysis of live cells under phase contrast. A Leitz 

Diaplan microscope and the MCID-elite software (Imaging Research, St. Catherine’s, Ontario) 

were used. 

 

Retroviral vector production 

The murine retroviral packaging cell line, psi-2, expresses the gag (for nucleocapsid), pol 

(reverse transcriptase and enzymes necessary for host integration), and env (envelope proteins) 

genes of the Murine Moloney Leukemia Virus (MMLV). These genes are necessary for retrovirus 

production (Besmer et al. 1979) and were used in our experiments to generate the gp130, Rac1 

and cadherin-11 shRNA retroviral vectors. These cells were grown in DMEM supplemented with 

5% calf serum. 
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The Phoenix-amphotropic retroviral packaging cell line (a gift from Dr. Bruce Elliott, 

Queen’s University) is based on the 293T cell line, a human embryonic kidney fibroblast. The 

retroviral particles produced in this system carry envelope proteins (amphotropic) that are capable 

of delivering genes to dividing cells of most mammalian species, including human cells.  

The phoenix–amphotropic packaging lines were created by placing into 293T cells 

constructs capable of producing gag-pol, and envelope protein for amphotropic viruses.  

The gag-pol proteins are expressed in these cells from a construct that also imparts 

hygromycin resistance. The construct has an IRES-Lyt2 sequence which consists of the IRES of 

the human encephalomyocarditis virus linked to the murine gene coding for the cell surface 

CD8α (Lyt-2α’) antigen. There is a Rous Sarcoma Virus (RSV) promoter at the 5’LTR (Figure 7a 

and 7b) .  

The envelop protein is the Vesicular Stomatitis Virus G protein expressed from a 

construct with a strong cytomegalovirus (CMV) immediate early promoter (Figure 7c and 7d).  
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Figure 7: Schematic representation of the gag-pol hygro and env constructs in the 

amphotropic packaging cell system 

The gag-pol proteins are expressed in these cells from a construct that also imparts 
hygromycin resistance. The construct has an IRES-Lyt2 sequence which consists of the IRES of 
the human encephalomyocarditis virus linked to the murine gene coding for the cell surface 
CD8α (Lyt-2α’) antigen. There is an RSV promoter at the 5’LTR.  

The envelop protein is the Vesicular Stomatitis Virus G protein expressed from a 
construct with a strong cytomegalovirus (CMV) immediate early promoter.  

A: Plasmid of the gag-pol hygro construct 
B: RNA transcript of the gag-pol hygro construct 
C: Plasmid of the env hygro construct 
D: RNA transcript of the env hygro construct  
 
 
 

 



 

31 

 

Preparation of cell lysates  

Cells were grown to different densities in 3cm or 6cm petri dishes. They were washed 

with 1x PBS and scraped off the bottom of the dish. The cells were collected in eppendorfs and 

centrifuged at 2000 rpm for 20 minutes at 4ºC to obtain the pellet. The cell pellet was 

resuspended with Lysis Buffer: 50mM HEPES,pH7.4, 150mM NaCl, 10mM EDTA, 10mM 

Na4P207, 100mM NaF, 2mM Na3VO4, 0.5 mM PMSF, 10mg/mL aprotinin, and 10mg/mL 

leupeptin  (Raptis et al., 2000), and placed on ice for 10 minutes. The suspension was centrifuged 

at 14,000 rpm for 10 minutes at 4ºC and the cell lysates was collected and stored at -80ºC. 

 

Western Blotting  

 Following a careful protein determination (BCA-1 Protein assay kit, Sigma), 30 µg of 

clarified cell extract were resolved on a 10% polyacrylamide –SDS gel and transferred onto a 

nitrocellulose membrane (Bio-Rad) using the Genie Blot transfer apparatus. Membranes were cut 

into strips and blocked with 5% skimmed milk for at least 3 hours followed by an overnight 

incubation in primary antibody. Immunodetection was performed using antibodies specific for 

Stat3-p-tyr705 (1:5000; Cell Signaling,Cat. # 9131S), total Stat3 (1:5,000; Cell Signaling, Cat# 

9132), total Rac1 (1:5000; BD Transduction Labs, Cat# 610650), total Src (1:5,000; Oncogene, 

Cat# OPO7), Src-p-tyr 418 (1:5,000; NEB 21015), cadherin-11 (1:1,000; LifeSpan BioSciences, 

Cat# LS-B2307), GAPDH (1:10,000; Cell Signaling, Cat# 2118S), α-tubulin (1:5,000; Cell 

Signaling, Cat# 2125X), β- actin (1:10,000; Signal Transduction, Cat # ab8224), followed by 

alkaline phosphatase–conjugated goat anti-mouse or goat anti-rabbit secondary antibodies 

(1:10000; Biosource, Cat. # ALI4405). The bands were visualized using enhanced 

chemiluminescence (ECL), according to the manufacturer’s instructions (Perkin-Elmer Life 
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Sciences, Cat. # NEL602). Quantitation of the bands was achieved by densitometric analysis 

using the Alphaimager. 

Gene expression 

Rac1shRNA encoding retroviral constructs were purchased from Open Biosystems 

(Huntsville, AL, Cat# RMN 1766-97047533), in the retroviral vector pSM2. For gp130 

knockdown, a mouse pSM2 retroviral target gene shRNA set (Cat#. RMM4530-NM_010560) 

was purchased from Open Biosystems. A cadherin-11 shRNA set was also purchased from Open 

Biosystems (Cat#. RMM4530-NM_009866). Cells infected with the pSM2 constructs were 

selected for puromycin resistance (For the complete shRNA sequences, see Table 1) 

(Arulanandam, PhD Thesis, 2010, b). 
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Table 1: shRNA sequences in retroviral vectors 

Target shRNA Oligo ID Sequence 

shRac1 Open Biosystems 
V2MM_7967 

TGCTGTTGACAGTGAGCGsense: 
AGGCGTTGAGTCCATATTTAAA 
loop: TAGTGAAGCCACAGATGTA 
antisense: TTTAAATATGGACTCAACGCCC 
-TGCCTACTGCCTCGGA 

shgp130- 1 Open Biosystems 
V2MM_219118 

TGCTGTTGACAGTGAGsense: 
CGCCCTCCCTTTGCTCTAAGAGAA 
loop: TAGTGAAGCCACAGATGTA 
antisense: TTCTCTTAGAGCAAAGGGAGGTT 
-GCCTACTGCCTCGGA 

shgp130- 2 Open Biosystems 
V2MM_77377 

TGCTGTTGACAGTGAGCGsense: 
CCCGACTGTTCGGACAAAGAAA 
loop: TAGTGAAGCCACAGATGTA 
antisense: TTTCTTTGTCCGAACAGTCGGTT 
-GCCTACTGCCTCGGA 

shgp130- 3 Open Biosystems 
V2MM_70734 

TGCTGTTGACAGTGAGCGsense: 
CCCAGAATGGCTTCATTAGAAA 
loop: TAGTGAAGCCACAGATGTA 
antisense:TTTCTAATGAAGCCATTCTGGT 
-TGCCTACTGCCTCGGA 

shgp130- 4 Open Biosystems 
V2MM71336 

TGCTGTTGACAGTGAGCGsense: 
CGCTGCTTATTCTGTAGTGAAT 
loop: TAGTGAAGCCACAGATGTA 
antisense:ATTCACTACAGAATAAGCAGCT 
-TGCCTACTGCCTCGGA 

shCdh11- 1 Open Biosystems 
V2MM-66004 

TGCTGTTGACAGTGAGCsense: 
GACGTGAGAACATCATAACCTAT 
loop: TAGTGAAGCCACAGATGTA 
antisense: ATAGGTTATGATGTTCTCACGG 
-TGCCTACTGCCTCGGA 

shCdh11-2 Open Biosystems 
V2MM-75136 

TGCTGTTGACAGTGAGCsense: 
GCGCCAACAGCCCAATAAGGTAT 
loop: TAGTGAAGCCACAGATGTA 
antisense: ATACCTTATTGGGCTGTTGGCA 
-TGCCTACTGCCTCGGA 

shCdh11-3 Open Biosystems 
V2MM-81396 

TGCTGTTGACAGTGAGCsense: 
GCGGTATTCAATTGATCGTCATA 
loop: TAGTGAAGCCACAGATGTA 
antisense: TATGACGATCAATTGAATACCT 
-TGCCTACTGCCTCGGA 

shCdh11-4 Open Biosystems 
V2MM-66370 

TGCTGTTGACAGTGAGCsense: 
GAGCACTCTCCAACCAGCCAATA 
loop: TAGTGAAGCCACAGATGTA 
antisense: TATTGGCTGGTTGGAGAGTGCCTGCC 
-TACTGCCTCGGA 
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Plasmid constructs 

pBabe puro Src and pWZL- hygro-CA Src were gifts from Dr. Bruce Elliott from 

Queen’s University (Mukhopadhyay, et al. 2009). 

Preparation of large amounts of DNA  

To produce large amounts of this plasmid necessary for multiple transfections, the 

bacterial stock was grown in 125 ml Luria Broth (LB, 5g/L yeast extract,10g/L bacto-tryptone, 

and 10g/L NaCl in sterile water) and the appropriate concentration of antibiotics, ampicillin  and 

kanamycin , in flasks. The flasks were shaken in a 37ºC incubator at 180rpm overnight. The 

following day, the plasmid DNA was prepared by alkaline lysis using NAOH and Sodium 

dodecyl sulphate (SDS) as follows: The bacterial culture was spun for 5 minutes at 5000rpm in a 

JA-20 Beckman centrifuge. The bacterial pellet was resuspended in Solution1 (50mM D-glucose, 

25mM tris-HCl, 10mM EDTA, in distilled water). Solution II (1% SDS and 0.2M NaOH in 

distilled water) was added slowly while gently stirring to lyse the bacterial cells and avoid 

breakage of the DNA. Finally, Solution III (5M potassium acetate and 20% glacial acetic acid in 

distilled water) was added creating a precipitate comprised of SDS, potassium, RNA, bacterial 

DNA, proteins and bacterial cell wall complexes. The mixture was spun for 20 minutes at 

5000rpm to remove the precipitated debris. The supernatant containing the plasmid DNA was 

filtered and the pelleted precipitate discarded. The initial alcohol precipitation was done using 

isopropanol. To remove any traces of SDS and proteins, the DNA was extracted using phenol-

chloroform-isoamylalcohol. Then the DNA was extracted using Chloroform: isoamylalcohol to 

remove any traces of phenol. The DNA was treated with RNAse (1mg/mL, Sigma) to remove any 

RNA, and then ethanol-precipitated 2-3 times to concentrate and purify the DNA as well as 

remove any phenol traces. 
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Calcium phosphate transfection 

 

In order to produce cadherin-11, Rac1, and the gp130 shRNA retrovirus, the psi-2 or 

phoenix-amphotropic cell lines were transfected with the respective retroviral plasmid vectors.  

Cells were grown in a 24-well plate to around 50% confluence. For each well, the DNA was 

prepared by dissolving a pellet of 3µg in 135µL sterile water and adding 15µL 2.5M CaCl2.6H2O. 

On adding 150µL 2xBES (N,N_-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid, Sigma, Cat 

#B6266, 280mM NaCl, 1.5 mM Na2HPO4.2H2O) and incubating at room temperature for 1 

minute, opalescence appeared which indicated that a precipitate had formed. The suspension was 

added to the cells which were then incubated for 4 hours at 37ºC and 5% CO2. After the 

incubation period, the cells were subjected to glycerol shock. The suspension was suctioned off 

and 1mL of 15% glycerol was added to each well. The cells were then incubated for 2 minutes at 

37ºC and 5% CO2. At the end of two minutes, the glycerol was suctioned off and replaced with 

fresh medium supplemented with 10% calf serum. To yield a stable-virus producing line, the cells 

were selected with 2-5µg/mL puromycin. One clone was selected in each case as the virus 

producing cell line. This cell line was allowed to grow, and the retroviral supernatant was used to 

infect the target cell line of interest. The p-babe puro-Src and the control p-babe puro vectors 

were transfected into psi-2 cell line. Initially we attempted to express Src with a retroviral vector 

(p-babe puro Src) with the puromycin selection marker. Since the shRNA of cadherin-11 or 

Rac1or gp130 was introduced with puromycin, the cells already resisted and could not be 

selected.   Src was expressed by transfecting the plasmid pWZL hygro-CA-Src (in which 

constitutively active Src (CA-Src) is the gene of interest and hygromycin is the selection marker) 

into the phoenix-amphotropic packaging line. 
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Infection with shRNA retrovirus 

 

For the purposes of knocking down gp130, NIH3T3 and Balb/c3T3 mouse fibroblasts 

were infected with the gp130 shRNA retrovirus, using medium from the psi-2 gp130 shRNA 

cells, which contains the  the viral vector. To neutralize the negative charges, polybrene was 

added to a final concentration of 8 µg/mL and acidified with 1M HEPES (unbuffered) to a pH of  ̴ 

6.0 determined by the color of the phenol red pH indicator present in the medium. To remove live 

cells and to sterilize the medium, the suspension was filtered through a 0.2µm filter. 1 ml of the 

filtrate was pipeted onto each 6 cm petri dishes containing the NIH3T3 or Balb/c3T3 cells and the 

cells were incubated for 3 hours in a 37ºC incubator set at 10% CO2. After the incubation, fresh 

DMEM supplemented with 10% calf serum for the NIH3T3 and 10% fetal-bovine serum for the 

Balb/c3T3 cells was added without removing the inoculums. To yield a stable cell line expressing 

the gp130 shRNA construct, the cells were selected using 2-5µg/mL puromycin.  Around 10-15 

clones of each were tested for Stat3-ptyr705 levels.  

In order to downregulate Rac1 or cadherin-11 levels, Balb/c3T3 mouse fibroblasts were 

infected with the Rac1 or cadherin-11 shRNA retrovirus, and the procedure was carried out as 

mentioned above. 

 

Expression of activated Src with amphotropic retroviral vectors   

To generate stable transductant pools of the Balb/c3T3 cells with  cadherin-11 or  Rac1 

or gp130 knockdown,  Balb/c clones were infected with the retroviral containing conditioned 

media expressing constitutively active Src (CA-Src) on three consecutive days- 48 hrs, 72hrs and 

96 hrs after transfection.  The infection protocol was similar to the one mentioned above.  The 
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infection was allowed to go on overnight at 37°C and 10% CO2 and the medium was replaced 

with DMEM supplemented with 5% fetal-bovine serum the following morning. This was 

repeated for the next two days. 24 hrs after the third infection, the infected cells were selected 

with hygromycin (200 μg/ml) for 72 hrs. 

 

Processes involved in the transfection of pWZL-hygro-CA Src vector in the phoenix-

amphotropic packaging line and infection of target cell lines 

pWZL-hygro-CA-Src plasmid was transfected into the phoenix-amphotropic packaging 

line. The pWZL vector system provides the packaging signal, the EMCV UTR 

[encephalomyocarditis virus that has an internal ribosome entry site (IRES) in the 5′ untranslated 

region (UTR)], the hygromycin resistance gene and CA-Src (Figure 8).  
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Figure 8: Schematic representation of the pWZL-Src hygro plasmid and RNA transcript 

The pWZL vector system provides the packaging signal, the EMCV UTR 
[encephalomyocarditis virus that has an internal ribosome entry site (IRES) in the 5′ untranslated 
region (UTR)], the hygromycin resistance gene and the constitutively active (CA) Src.  

A: The pWZL- Src Hygro plasmid 
B: The RNA transcript encoding the CA-Src that gets packaged into virions to infect 
target cells. 
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When the plasmid is introduced by transfection into the packaging line, some of this 

DNA will find its way into the nucleus and will be integrated into many places in the host cell 

DNA. However, no stable lines were produced. The virus was collected at 48-72 hours, that is, 

the RNA was from the unintegrated plasmid. 

The RNA transcript encoding CA-Src interacts with gag, pol and env proteins in the 

phoenix-amphotropic line. This leads to the budding out of viral particles from the transfected 

phoenix-amphotropic cells. The virus is secreted in the medium of the phoenix-amphotropic cells. 

This medium was collected and used to infect the target cell lines- Balb/c 3T3, BcshCadh11, 

BcshRac1 and Bcshgp130. Upon infection of the target line, the viral RNA was reverse 

transcribed, circularized, integrated correctly at the ends of the LTRs, and the CA-Src and 

hygromycin genes were expressed (Figure 9).  

Hygromycin was added to the medium after 72 hours of infection to select for the target 

cells expressing the CA-Src gene. The cells that did not get infected could thus be eliminated 

through hygromycin selection.  
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Figure 9: Schematic representation of the processes of reverse transcription, integration, 

transcription and translation 

A: pWZL- Src hygro plasmid 
B: RNA transcript gets packaged into virions to infect target cells 
C: Reverse Transcription: Reverse Transcription of the RNA involves the duplication and 
translocation of U5 and U3 sequence blocks, and results in the formation of a double-stranded 
DNA molecule containing two Long Terminal Repeats (LTRs), U3RU5. 
D: Integration: The double stranded DNA is circularized in the nucleus and then integrated. The 
integration of the DNA genome occurs at a specific point in between the LTRs, establishing a 
provirus. 
E: Transcription: The transcription of the provirus occurs and the resulting RNA is 
polyadenylated. This is the transcript with CA-Src (our gene of interest) and hygro driven by the 
E1Fα promoter. 
F: Translation: The CA-Src and Hygro proteins are produced after translation. The hygromycin 
gene is expressed from the internal ribosome entry site (IRES) (bicistronic message). 
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Anchorage-independent growth assays  

104 NIH3T3vSrc, NIHvSrcshgp130 (NIH3T3vSrc cells in which gp130 was knocked 

down ) and control NIH3T3 cells were suspended in 2 ml of 0.3% agarose containing DMEM 

supplemented with 10% FCS, on top of a feeder layer of the same medium containing 0.7% 

agarose, in 6-cm petri dishes (Raptis et al.,1989). Colonies were observed, counted and   

photographs were taken 14 days later under brightfield illumination. Experiments were carried 

out in triplicate. The mean of each triplicate measurement was plotted. Anchorage–independent 

growth assay was also carried out to assess the transformation ability of BcSrc cells (vSrc 

expressing Balb/c3T3 cells) and BcshCadh11Src (vSrc expressing Balb/c3T3 cells in which 

cadherin-11 was knocked down) compared to control Balb/c3T3cells. 

Cell proliferation assays 

25, 000 NIH3T3vSrc, NIHvSrcshgp130 and control NIH3T3 cells were plated in 3cm 

petri dishes in 5% calf serum. Cells were counted under the light microscope using a 

hemocytometer and cell numbers were obtained over 12 days. Values represent the averages of 3 

independent experiments. 
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Wound healing cell migration assays 

NIH3T3vSrc, NIHvSrcshgp130 and control NIH3T3 cells were cultured to confluence 

before a scratch was made through the monolayer using a plastic pipette tip. Cells were 

photographed at 0 or 24 hrs after 12 hrs of culturing in 0.5% fetal calf serum using the Olympus 

1X70 microscope. Experiments were carried out in triplicate and the cells were observed at the 

beginning, after 3 hours and after 24 hours.  

Focus formation assays 

 10,000 control NIH3T3 cells were plated and grown to 100% confluence in 3 cm petri 

dishes. 100 NIH3T3vSrc cells and NIHvSrcsh gp130 were plated over the confluent layer of 

control NIH3T3 cells and allowed to grow and form colonies. Cells were fixed, stained with 

Coomasie Blue and photographed using the Olympus 1X70 microscope. Entire petri dishes were 

observed and foci were counted and photographed using the Olympus 1x70 microscope.  

Apoptosis assays 

Apoptotic cells were detected by the terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) assay with an In Situ Cell Death Kit, Fluorescein (Roche, Mississauga, 

ON). Extensive DNA degradation is a characteristic event which occurs in the late stages of 

apoptosis. Cleavage of the DNA may yield double-stranded, low molecular weight DNA 

fragments as well as single strand breaks (nicks) in high molecular weight-DNA. Those DNA 

strand breaks can be detected by enzymatic labeling of the free 3’-OH termini with modified 

nucleotides (dUTP). The labeling enzyme used is the terminal deoxynucleotidyl transferase. 

  Balb/c3T3, BcSrc, BcshCadh11 (Balb/c3T3 cells in which cadherin-11 was 

downregulated) and BcshCadh11Src cells were plated in a 96-well plate. Each type of cell was 
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plated in 3 wells and allowed to grow to two to three days post-confluence. Cells were serum-

starved overnight. Cells were fixed in freshly prepared 4% paraformaldehyde solution in PBS  for 

60 min at room temperature, rinsed with PBS, and incubated in permeabilization solution 

containing 0.1% Triton X-100 and 0.1% sodium citrate for 2 minutes. Cells were rinsed with PBS 

and labeled with the reaction mixture provided by the kit for 1 h at 37°C. The labeling mixture 

was rinsed with PBS before analysis. Apoptotic cells were observed using 2-color fluorescent 

microscopy at 100× magnification; then the total number of cells present in the same microscopic 

field was counted using visible light microscopy.  

 

Immunofluorescence assays 

Balb/c3T3, BcshCadh11, BcSrc, and BcshCadh11Src were grown on coverslips in a 24-

well plate until they reached 80-85% confluence. The cells were then fixed with 4% 

paraformaldeyde in PBS for 15 minutes, washed with PBS and permeabilized with 0.2% Triton X 

in PBS for around 10 minutes. The cells were then washed with PBS and were blocked with 3% 

BSA in PBS for 20 minutes. The cells were washed with PBS again and incubated with the 

primary antibody specific for β-catenin (1:50, NEB, 95825), cadherin- 11 (1:50, LifeSpan 

BioSciences, Cat# LS-B2307), nucleus (DAPI), Src-ptyr-418 (1:50 NEB 21015), and β-actin 

(1:50, Signal Transduction, Cat# ab8224) for 1 hour. After the incubation, the cells were washed 

with the wash reagent and incubated with the secondary antibody (FITC-conjugated anti-mouse 

and RhodamineX-conjugated antirabbit (both from Jackson Immunoresearch) for 1 hour.  The 

cells were washed with the wash reagent again, the coverslips were mounted on slides and the 

edges were sealed. Images were captured using a 20x objective (NA 0.45) on a Nikon TE200 

epifluorescence microscope equipped with a cooled CCD camera (Roper Scientific, Cool Snap 
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HQ) and MetamorphSoftware. Fluorescent images were also analyzed on a laser scanning 

confocal microscope (Leica SP2) with Tsunami 2 photon IR laser using a 100x oil immersion 

lens (NA 1.4) and LCS software for initial acquisition, as well as Image Pro Plus 6.0 software for 

further analysis. 
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Chapter 3 

Results 

1. gp130 is required for the activation of Stat3 and neoplastic transformation by vSrc in 

NIH3T3 cells 

Previous results in our lab indicated that Src increased levels of total Rac (Raptis et 

al.,unpublished data). Since Rac requires gp130 for Stat3 activation (Arulanandam et al., 2010), 

we examined the role of gp130 in vSrc transformation. We, at first,  made use of the mouse 

fibroblast line, NIH3T3  which was previously used in our laboratory to examine the effect of 

density on the tyrosine 705 phosphorylated form of Stat3 (Stat3-ptyr705) levels (Vultur, 2004). 

To knockdown gp130, we expressed shgp130 in vSrc transformed NIH3T3 (NIH3T3vSrc) cells 

with a mouse pSM2 retroviral vector containing shRNA to gp130 with puromycin selection (see 

Materials and Methods). Clones were picked and expanded and transformation parameters were 

examined.  

1a. Src needs gp130 to activate Stat3-ptyr705  

The role of IL-6 family of cytokines was examined by gp130 knockdown in vSrc-

expressing NIH3T3 cells (NIHvSrcshgp130), followed by Stat3 activity assessment.  Four clones 

of NIHvSrcshgp130 were grown to five different confluences: 80%, 100%, and 1, 2 and 3 days 

post confluence. NIH3T3vSrc cells were grown to comparable densities. Cell extracts were 

prepared and Western blots were probed with an antibody specific for Stat3-ptyr705 levels and α-

tubulin as the loading control (Figure 10).  
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Figure 10: Knockdown of gp130 correlates with a decrease in Stat3-ptyr705 levels in 
NIHvSrcgp130 cells compared to NIH3T3 cells grown to comparable densities 

Four clones of NIHvSrcshgp130 were grown to 5 different confluences: 80%, 100%, and 
1, 2 and 3 days post-confluence and compared to NIH3T3vSrc cells grown to comparable 
densities. Cell lysates were probed for (A) Stat3-ptyr705 or (B) α-tubulin as the loading control, 
as indicated. Stat3- ptyr705 levels in NIHvSrcshgp130 were decreased as compared to 
NIH3T3vSrc cells. The clone of NIHvSrcshgp130 with a more pronounced decrease in Stat3-
ptyr705 levels with density was chosen for further experimentation (shown enclosed in a red 
box). 
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A clone in which the levels of Stat3-ptyr705 decreased with density compared to control 

NIH3T3vSrc cells, was chosen for further experimentation (shown enclosed in a red box in 

Figure 10). As we did not have a good antibody for gp130, we used Stat3-ptyr705 as a surrogate. 

The results demonstrated that compared to NIH3T3vSrc cells, the levels of Stat3-ptyr705 were 

lower in NIHvSrcshgp130 cells at most densities examined.    

1b. Src needs gp130 to transform    

Transformation occurs as a result of comprehensive cellular responses to genes and 

cellular machinery, including altered gene expression and signal transduction. Following gp130 

knockdown, the properties of the NIH3T3vSrc cells regarding transformation, for example, their 

anchorage independent growth and their ability to form foci were examined. In addition to 

transformation, the effect of gp130 knockdown on the rate of migration and proliferation of the 

NIH3T3vSrc cells was also examined. . 

(i)  Anchorage –independent growth (AIG)   

 Anchorage-independent growth in soft agar of v-src-transformed cells is potentiated by 

Stat3 and Bromberg et al., showed that vSrc transformation required Stat3 (Bromberg et al., 

1998). To determine if Src needed gp130 for transformation, we examined the anchorage-

independent  growth of the NIH3T3vSrc cells in which gp130 was knocked down. 

  An AIG assay was carried out by suspending the NIH3T3vSrc cells, NIHvSrcshgp130 

cells and the parental NIH3T3 cells in soft agar (see Materials and Methods). Growth was 

recorded and photographs were taken under brightfield illumination (Figure 11). Experiments 

were repeated in triplicate and the mean of each triplicate was plotted. NIHvSrcshgp130 cells 

formed smaller colonies and showed a reduction in anchorage-independent growth in soft agar by 

around 85% compared to NIH3T3vSrc cells. 
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Figure 11: Knockdown of gp130 reduced the anchorage-independent growth of 
NIH3T3vSrc cells 

Anchorage-independent assay was carried out by suspending the NIH3T3vSrc cells, 
NIHvSrcshgp130 cells and the parental NIH3T3 cells in soft agar (see Materials and Methods). 
Growth was recorded, colonies were counted and photographs were taken under brightfield 
illumination. Experiments were carried out in triplicate. The mean of each triplicate measurement 
is shown. Error bars represent the standard deviation.  NIHvSrcshgp130 cells formed smaller 
colonies and showed around 85% reduced anchorage-independent growth in soft agar compared 
to NIH3T3vSrc cells. 
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(ii) Focus formation 

To further examine the ability of the gp130 subunit to transform, 10,000 NIH3T3 cells 

were grown to confluence in 3 cm petri dishes. 100 NIH3T3vSrc cells and NIHvSrcshgp130 cells 

(see Materials and Methods) were plated over the confluent layer of NIH3T3 cells and allowed to 

form colonies, thus overcoming the forces of contact inhibition exhibited by normal cells. Cells 

were fixed, stained with Coomasie Blue and photographed (see Materials and Methods). 

Experiments were carried out in triplicate and the mean of each triplicate was plotted in a graph.  

The NIHvSrcshgp130 cells formed fewer colonies than the NIH3T3vSrc cells (Figure 12) 

indicating that the knockdown of gp130 formed fewer foci in vSrc transformed cells. 
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Figure 12: Knockdown of gp130 formed fewer foci in NIH3T3vSrc cells 

10,000 NIH3T3 cells were grown to confluence in 3 cm petri dishes. 100 NIH3T3vSrc 
cells and NIHvSrcshgp130 cells were plated over the confluent layer of NIH3T3 cells and 
allowed to form colonies. Cells were fixed, stained with Coomasie Blue and photographed. Dark 
spots indicate foci formed in the petri dishes.  Experiments were carried out in triplicate. The 
mean of each triplicate measurement is shown. Error bars represent the standard deviation. The 
NIHvSrcshgp130 cells (C) formed ̴ 90% fewer colonies than the NIH3T3vSrc cells (B) indicating 
that the knockdown of gp130 formed fewer foci in vSrc transformed cells. 
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Arulanandam et al. showed by genetic knockdown experiments that the gp130 function 

and Stat3 activation were required for cell migration and increase in proliferation induced by 

mutationally activated Rac and Cdc42 (Arulanandam et al. 2009). It was thus demonstrated that 

the gp130/Stat3 axis represents an essential effector of activated Rac in the regulation of both of 

these essential cellular functions. In order to determine if Src needs gp130 for cell migration and 

proliferation, we carried out the cell proliferation assay and the wound healing cell migration 

assay. 

(iii)  Cell Proliferation Assay 

To examine the role of gp130 on the rate of cell proliferation of vSrc transformed cells, 

25,000 NIH3T3vSrc cells and NIHvSrcshgp130 cells were plated in 3 cm petri dishes (see 

Materials and Methods), and cell numbers were obtained for the next 12 days. Experiments were 

carried out in triplicate and the mean of each triplicate was plotted in a line graph (Figure 13). 

NIHvSrcshgp130 cells grew at a slower rate compared to NIH3T3vSrc cells, thus demonstrating 

that the knockdown of gp130 reduces the rate of cell proliferation in vSrc transformed cells. 
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Figure 13: Knockdown of gp130 reduced the rate of cell proliferation in NIH3T3vSrc cells 

25,000 NIH3T3vSrc and NIHvScrshgp130 cells were plated in 3cm petri dishes and cell 
numbers were obtained for the next 12 days (see Materials and Methods).  Experiments were 
carried out in triplicate. The mean of each triplicate measurement is shown. Error bars represent 
the standard deviation. NIHvSrcshgp130 cells grew at a slower rate compared to NIH3T3vSrc 
cells indicating that the knockdown of gp130 reduces the rate of cell proliferation in vSrc 
transformed cells. 
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(iv) Cell migration  

To examine the effect of gp130 upon cell migration, NIH3T3vSrc cells, NIHvSrcshgp130 

and NIH3T3 cells were grown in 3cm petri dishes. At two days post-confluence, a scratch-wound 

was introduced to the monolayer using a plastic pipette tip, and the cells were allowed to migrate 

into the gap. As shown in Figure 14, after 24 hours, NIH3T3vSrc cells were able to move   into 

the open wound and close it at a faster rate compared to the parental NIH3T3 cells (panel f vs c). 

However, the downregulation of gp130 abolished this effect (panel i vs f), indicating that gp130 

is an integral component of the pathway leading to the increase in cell migration by Src.  

 

Taken together, my results, thus, demonstrated that the NIHvSrcshgp130 expressing cells 

showed reduced anchorage-independent growth, a lower cell proliferation rate, a lower cell 

migration rate and formed fewer foci compared to the control NIH3T3vSrc cells. This indicates 

that Src needs gp130 for transformation or migration. 
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Figure 14: Knockdown of gp130 reduced the rate of cell migration in NIH3T3vSrc cells 

NIH3T3, NIH3T3vSrc and NIHvSrcshgp130 cells were cultured to two days post 
confluence before a scratch was made through the monolayer using a plastic pipette tip. Cells 
were photographed at 0 (panels a, d, g), 3 hrs (panels b,e, h) or 24 hrs (panels c, f, i), after 12 hrs 
of culturing in 0.5% calf serum and the time required for wound closure was noted. After 24 
hours, NIH3T3vSrc cells were able to move faster to the open wound than the parental NIH3T3 
cells. (panel f vs c). However, the downregulation of gp130 abolished this effect (panel i vs. f). 
The photographs are representative of experiments carried out in triplicate. 
 
 

 

 

 

 



 

56 

 

The role of cadherin-11 in vSrc transformation 

Our laboratory demonstrated that one of the potent Rac activators is E-cadherin. Results 

from our lab showed that cadherin-11 also activates Stat3 (Raptis et al. unpublished data). 

Therefore we decided to examine the role of cadherin-11 upon Src transformation. Cadherin-11 

expression was found to correlate with the invasive phenotype in cancer cells (Pishvaian et al., 

1999), and it was suggested that cadherin-11 may therefore serve as a molecular marker for the 

more aggressive, invasive subset of tumors. Moreover, by mediating the interaction between 

malignant tumor cells and normal cell types that express cadherin-11, it was thought that 

cadherin-11 facilitates tumor cell invasion and metastasis (Pishvaian et al., 1999) contrary to E-

cadherin.    

 Since NIH3T3 fibroblasts have both E-cadherin and cadherin-11, in order to examine the 

role of cadherin-11 specifically, we decided to use the mouse fibroblast Balb/c3T3 cell line, 

which expresses cadherin-11 (Raptis et al. unpublished). Using the pSM2 retroviral vector 

containing an antisense to cadherin-11, Balb/c 3T3 clones with cadherin-11 knockdown were 

generated and selected with puromycin (see Materials and Methods).   

Cadherin-11 activates Stat3 in Balb/c3T3 cells 

Our laboratory showed that plating Balb/c3T3 cells on plastic dishes coated with 

increasing amounts of the cadherin-11 fragment, 11/EC12 resulted in a dramatic increase in 

Stat3-ptyr705 levels, indicating that cadherin-11 can activate Stat3 (Raptis et al. unpublished 

data). To examine whether cadherin-11 was responsible for the density-mediated increase in 

Stat3-ptyr705 levels, cadherin-11 was knocked down through shRNA expression (see Materials 
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and Methods). Balb/c3T3 and Balb/c3T3 cells in which cadherin- 11 was knocked down 

(BcshCadh11) were grown to 6 days post-confluence.  

As shown in Figure 15, the downregulation of cadherin-11 caused a dramatic reduction in 

Stat3-ptyr705 levels, indicating that cadherin-11 is indeed responsible for the Stat3-ptyr705 

phosphorylation observed at high densities (Panel A). Levels of total Rac1 were also decreased in 

BcshCadh11 cells compared to parental Balb/c3T3 cells, indicating that levels of Rac1 were also 

affected by the downregulation of cadherin-11 (Panel B). Western Blotting (Figures 15 and 16) 

demonstrated that cadherin-11 was effectively knocked down in the BcshCadh11 cells. This 

showed that Balb/c3T3 is a good system to show the need for cadherin-11 in vSrc transformation. 

Moreover, the fact that cadherin-11 downregulation essentially eliminated Stat3-ptyr705, 

indicates that Balb/c3T3 cells are not likely to have other cadherins or receptors activating Stat3 

(Figure 15).  

In Figure 16, the expression of cadherin-11 was essentially eliminated in BcshCadh11 

cells (Panel A, Lanes 6-11) compared to the control Balb/c3T3 cells (Panel A, Lanes 1-5). 
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Figure 15: Expression of Stat3-ptyr705 and Rac1 in Balb/c3T3 and BcshCadh11 cells grown 
to comparable densities 

Balb/c3T3 and BcshCadh11 cells were grown to 6 days post-confluence. Detergent 
lysates were probed for Stat3-ptyr705, Rac1 and β-actin as loading control, as indicated. The 
downregulation of cadherin-11 caused a dramatic reduction in Stat3-ptyr705 levels (Panel A). 
Levels of total Rac1 were also decreased in BcshCadh11 cells compared to parental Balb/c3T3 
cells (Panel B).  
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Figure 16: Expression of cadherin-11 in Balb/c3T3 and BcshCadh11 cells grown to 
comparable densities 

Balb/c3T3 and BcshCadh11 cells were grown to 6 days post-confluence. Detergent 
lysates were probed for cadherin-11 and GAPDH as loading control, as indicated. The efficiency 
of cadherin-11 knockdown was clearly indicated as the expression of cadherin-11 was essentially 
eliminated in BcshCadh11 cells (Panel A, Lanes 6-11) compared to the control Balb/c3T3 cells 
(Panel A, Lanes 1-5). 
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2. Cadherin- 11 is required for the activation of Stat3 and neoplastic transformation by 

vSrc in Balb/c3T3 cells 

   The phoenix- amphotropic packaging line was transfected with the mouse pWZL 

retroviral vector (See Materials and Methods) containing the constitutively active Src (CA-Src) 

and a hygromycin resistance gene (Mukhopadhyay et al., 2009). The medium containing the viral 

vector was then used to infect target cells, namely Balb/c 3T3, Balb/c cells with a knockdown of 

gp130 (Bcshgp130), Balb/c3T3 cells with a knockdown of Rac (BcshRac) and Balb/c3T3 cells 

with a knockdown of cadherin-11 (BcshCadh11). NIH3T3 cells were also infected as a control, as 

they grow quickly and it would be possible to check the efficiency of vSrc expression in these 

cells. vSrc expressing clones were selected with hygromycin. Clones transduced with Src were 

picked into 24- well plates and selected with hygromycin again. The transduced cells were 

expanded into 3cm and 6cm petri dishes and further experimentation was carried out. 

To examine whether cadherin-11 is required for Stat3 activation by Src and for 

transformation by Src, Src was expressed in Balb/c 3T3 cells (BcSrc), vSrc expressing BcshCadh 

11 cells (BcshCadh11Src), vSrc expressing Balb/c3T3shRac cells (BcshRac Src). BcSrc, 

BcshCadh11Src, BcshRacSrc clones were grown to confluence and were examined for the 

expression of total Src (Figure 17). The expression of vSrc was quite pronounced in the BcSrc 

clones (Lanes 2-8) and the BcshRacSrc clones (Lanes 9-12) compared to the control Balb/c3T3 

cells (Lane 1) , which demonstrated the efficiency of the infection of the above cells with vSrc. 

The expression of vSrc in BcshCadh11Src clones (Lanes 13-16) was more than that in the control 

Balb/c3T3 cells (Lane 1) but not as pronounced as in the BcSrc clones (Lanes 2-8) or the 

BcshRacSrc clones (Lanes 9-12). 
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Confluence (%): 100  

Figure 17: Expression of Src in BcSrc, BcshRacSrc and BcshCadh11Src cells 

The BcSrc, BcshRac and BcshCadh11Src cells were grown to confluence. Detergent 
lysates were probed for the expression of total Src and GAPDH was used as the loading control, 
as indicated. The expression of Src was quite pronounced in the BcSrc clones (Lanes 2-8) and the 
BcshRacSrc clones (Lanes 9-12) compared to the control Balb/c3T3 cells (Lane 1), which 
demonstrated the efficiency of the infection. The expression of Src in BcshCadh11Src clones 
(Lanes 13-16) was more than that in the control Balb/c3T3 cells (Lane1) but not as pronounced as 
in the BcSrc clones (Lanes 2-8) or the BcshRacSrc clones (Lanes 9-12). 
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2a. Cadherin-11 is required for the activation of Stat3 in vSrc transformation 

In order to demonstrate if Src downregulates cadherin-11, two of the vSrc transduced 

clones of the control Balb/c 3T3 (BcSrc) and cadherin-11 knockdown Balb/c3T3 

(BcshCadh11Src) clones characterized above, were established. As density affects Stat3-ptyr705 

levels, these clones were grown to comparable high densities six days post-confluence.   

 

(i) Immunoblotting Analysis 

Cadherin-11 expression in the clones was validated by immunoblotting analysis. Control 

Balb/c3T3 cells were used for comparison and the degree of knockdown relative to these control 

cells was quantified. The BcSrc and BcshCadh11Src cells were analyzed for levels of Stat3- 

ptyr705, total Src, cadherin-11 and GAPDH as loading control (Figure 18). In Figure 18, Panel A, 

a significant reduction in the levels of Stat3-ptyr705 was observed, upon expressing vSrc in 

Balb/c cells in which cadherin-11 was knocked down (BcshCadh11Src cells) (Lanes 9-14) as 

compared to control Balb/c3T3 cells (Lanes 1-3). Downregulation of cadherin-11 caused a 

reduced proliferation rate of Balb/c3T3 cells (data not shown). Since Src activates Stat3, it was 

expected that Src would improve survival. However, in Panel B, there was a decrease in the 

expression of cadherin-11 in BcSrc cells (Lanes 4-8) compared to control cells (Lanes 1-3), 

which could be because Src disrupts the core cadherin-catenin complex.  In panel C, the levels of 

total Src was much more pronounced in the BcSrc clones (Lanes 4-8) compared to the control 

Balb/c3T3 cells (Lanes 1-3).  
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Figure 18: Significant reduction in Stat3-ptyr705 levels in BcshCadh11Src cells compared 
to Balb/c3T3 cells grown to comparable densities 

BcSrc cells and BcshCadh11Src cells were grown to 6 days post-confluence. Detergent 
lysates were probed for Stat3-ptyr705, cadherin-11 and total Src. GAPDH was used as the 
loading control as indicated. In panel A, a significant reduction in the levels of Stat3-ptyr705 was 
observed, upon expressing vSrc in Balb/c cells in which cadherin-11 was knocked down 
(BcshCadh11Src cells) (Lanes 9-14) as compared to control Balb/c3T3 cells (Lanes 1-3). In panel 
B, there was a decrease in the expression of cadherin-11 in BcSrc cells (Lanes 4-8) compared to 
control cells (Lanes 1-3). In panel C, the levels of total Src was much more pronounced in the 
BcSrc clones (Lanes 4-8) compared to the control Balb/c3T3 cells (Lanes 1-3).  
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The relative levels of all the above were quantified by densitometry. The band intensities 

of Stat3-ptyr705, cadherin-11 and total Src were normalized to GAPDH, the highest value in the 

control Balb/c3T3 cells was taken as 100% and graphs were plotted (Figures 19). In figure 19, 

graph A, the band intensities of Stat3-ptyr705 increased with density in the control Balb/c3T3 

cells but this increase was more pronounced with the BcSrc 5a clone. A significant reduction in 

Stat3-ptyr705 band intensities were observed in both clones of BcshCadh11Src.  

In figure 19, graph B, the band intensities of cadherin-11 did not increase with density in 

the control Balb/c3T3 cells indicating that cadherin- 11 may not be affected by density. There 

was a reduction in the levels of cadherin-11 in the BcSrc clones which points to the possibility 

that Src may be affecting the expression of cadherin-11 in these cells. In graph C of figure 19, the 

levels of total Src are found to be much higher in the BcSrc clones and the BcshCadh11Src cells 

compared to the control Balb/c3T3 cells. 
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Figure 19: Densitometric analysis of levels of Stat3-ptyr705, cadherin-11 and total Src 

The relative levels of all the above were quantified by densitometry. The band intensities 
of Stat3-ptyr705, cadherin-11 and total Src were normalized to GAPDH, the highest value in the 
control Balb/c3T3 cells was taken as 100% and graphs were plotted. In graph A, the band 
intensities of Stat3-ptyr705 increased with density in the control Balb/c3T3 cells but this increase 
was more pronounced with the BcSrc 5a clone. A significant reduction in Stat3-ptyr705 band 
intensities were observed in both clones of BcshCadh11Src. In graph B, the band intensities of 
cadherin-11 did not increase with density in the control Balb/c3T3 cells indicating that cadherin- 
11 may not be affected by density. There was a reduction in the levels of cadherin-11 in the 
BcSrc clones which points to the possibility that Src may be affecting the expression of cadherin-
11 in these cells. In graph C, the levels of total Src are found to be much higher in the BcSrc 
clones and the BcshCadh11Src cells compared to the control Balb/c3T3 cells. 
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(ii) Immunofluorescence Assay 

In order to find out the effect of Src on the localization of cadherin-11, Balb/c3T3, 

BcshCadh11, BcSrc and BcshCadh11Src cells were grown to around 80% confluence, fixed and 

stained with antibodies specific for β-catenin, cadherin-11, Src-ptyr418, β-actin and the nucleus 

(DAPI). Images were captured and analyzed (See Materials and Methods).  

In figure 20, in Balb/c3T3 cells, β-catenin was found to be localized in the nucleus, 

cytoplasm and in the plasma membrane to some extent (Panel A), while cadherin-11 is mostly 

found in the plasma membrane and in the cytoplasm to a lesser extent (Panel B). In BcSrc cells, 

β-catenin was found to be more localized in the nucleus and to a lesser extent in the cytoplasm or 

plasma membrane (Panel I) as compared to the Balb/c3T3 cells (Panel A). In BcSrc cells (Panel 

M), activated  Src (Src-ptyr418) was found to be localized at the focal adhesions and caused the 

translocation of cadherin-11 from the plasma membrane to the cytoplasm (Panel J vs Panel B).  

In Figure 21, a dramatic reduction can be seen in cadherin-11 expression/ staining in the 

BcshCadh11 cells (Panel B). β-catenin was found to be localized in the nucleus and to a lesser 

extent in the cytoplasm (Panel A). Knockdown of cadherin-11 in v-Src expressing cells (Panel J) 

caused the translocation of phosphorylated Src from the focal adhesions to the lammelipodia of 

the cells in BcshCadh11Src cells (Panel M).  

The localization pattern is summarized in Table 2. 
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Figure 20: Activated Src causes the translocation of cadherin-11 from the plasma 
membrane to the cytoplasm 

In control Balb/c3T3 cells, cadherin 11 was mostly found in the plasma membrane (Panel 
B). When vSrc was expressed in Balb/c cells, activated Src (Src-ptyr418) was found to be 
localized at the focal adhesions (Panel M) and caused the translocation of cadherin-11 (Panel J) 
from the plasma membrane to the cytoplasm. The images are representative of 4 images of 
Balb/c3T3 cells and 4 images of each of the 6 clones of BcSrc. 
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Figure 21: The knockdown of cadherin-11 caused the translocation of phosphorylated Src 
from the focal adhesions to the lammelipodia of the cells 

In BcshCadh11 cells, a dramatic reduction in cadherin-11 was visible (Panel B). β-
catenin was found to be localized in the nucleus and to a lesser extent in the cytoplasm (Panel 
A).The downregulation of cadherin-11 (Panel J) caused the translocation of phosphorylated Src 
from the focal adhesions to the lammelipodia of the cells (Panel M).The images are representative 
of 4 images of 1 clone of BcshCadherin11 and 4 images of each of the 2 clones of 
BcshCadh11Src. 
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Table 2: Localization pattern of β -catenin, cadherin-11 and Src-ptyr418 in control 
Balb/c3T3, BcSrc, BcshCadh11 and BcshCadh11Src cells 

The table gives the summary of the localization pattern of β- catenin, cadherin-11 and 

Src-ptyr418 observed in the immunocluorescence assays in Figures 20 and 21, in Balb/c3T3 cells, 

6 BcSrc clones, 1 BcshCadherin11 clone and 2 BcshCadh11 Src clones. Letters in brackets show 

a lesser extent of localization.  
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2b. Cadherin-11 is required for the neoplastic transformation by vSrc in Balb/c3T3 cells 

BcSrc cells and BcshCadh11Src cells were examined to assess the relative extent of vSrc-

induced transformation.  

(i) Morphology on plastic  

BcSrc cells grew in clusters unlike the Balb/c3T3 cells that grew flatter and spread out to 

a greater extent. Moreover, the BcshCadh11Src cells were longer and flatter than the BcshCadh11 

cells (Figure 22). 

(ii) Anchorage-Independent Growth 

  The anchorage-independent assay was carried out by suspending the Balb/c3T3, BcSrc, 

BcshCadh11 and BcshCadh11Src cells in soft agar (see Materials and Methods). Growth was 

recorded and photographs were taken under brightfield illumination (Figure 23). Experiments 

were carried out in triplicate and colonies were counted. The mean of the number of colonies 

greater than 1mm, between 0.5 to 1mm and between 0.2 to 0.5 mm were plotted. BcSrc cels 

formed larger colonies and showed increased anchorage-independent growth in soft agar ( B) 

compared to control Balb/c 3T3 cells (A) and the BcshCadh11Src cells (C), thus indicating that 

cadherin-11 is required in vSrc transformed cells. 
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Figure 22: Morphology on plastic 

The Balb/c3T3, BcSrc (2 clones), BcshCadh11 and BcshCadh11Src cells were 
photographed under phase-contrast illumination. BcSrc cells grew in clusters unlike the 
Balb/c3T3 cells that grew flatter and spread out to a greater extent. Moreover, the 
BcshCadh11Src cells were longer than the BcshCadh11 cells. 
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Figure 23: vSrc expression increased the anchorage-independent growth of Balb/c3T3 cells 

Balb/c3T3, BcSrc, BcshCadh11 and BcshCadh11Src cells were suspended in soft agar. 
Growth was recorded and photographs were taken under brightfield illumination. Experiments 
were carried out in triplicate and colonies were counted. The mean of the number of colonies 
greater than 1mm, between 0.5 to 1mm and between 0.2 to 0.5 mm were plotted. BcSrc cells 
formed larger colonies and showed increased anchorage-independent growth in soft agar (B) 
compared to control Balb/c 3T3 cells (A) and BcshCadh11Src cells (C), thus indicating that 
cadherin-11 is required for vSrc transformation. 
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(iii) Apoptosis  

 

To assess the effect of the knockdown of cadherin-11 upon apoptosis in vSrc expressing 

cells, Balb/c3T3, BcSrc, BcshCadh11 and BcshCadh11Src cells were plated in a 96-well plate, 

grown to three days post-confluence, and apoptosis was examined by TUNEL staining. As shown 

in Figure 24, BcshCadh11Src cells succumbed to apoptosis (~70%) when confluent (panel g),  

followed by the BcshCadh11 cells (panel e), while no significant apoptotic death was noted in the 

BcSrc cells (panel c).Images were captured under fluorescence and phase contrast microscopy 

(see Materials and Methods). 
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Figure 24: Expression of vSrc in cells in which β -catenin, cadherin-11 and Src-ptyr418 in 
control Balb/c3T3, BcSrc, BcshCadh11 and BcshCadh11Src cells 

Balb/c3T3, BcSrc, BcshCadh11 and BcshCadh11Src cells were plated in a 96-well plate, 
grown to three days post-confluence, and apoptosis was examined by TUNEL staining. 
BcshCadh11Src cells succumbed to apoptosis (~70%)  (panel g),  followed by the BcshCadh11 
cells (panel e) while no significant apoptotic death was noted in the BcSrc cells (panel 
c).Experiments were carried out in triplicate and the representative images of each triplicate are 
shown. 
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Chapter 4 

Discussion 

Progression of cancer is associated with mutational events that may lead to persistent 

signaling, causing the cells to divide even in the absence of a stimulus. Bromberg et al. have 

shown that constitutively active Stat3 induces neoplastic transformation (Bromberg et al., 1999).   

In normal cells, STAT3 is transiently tyrosine phosphorylated in response to growth 

factors, and this activation is tightly regulated. In contrast, any mutations in the kinases that 

phosphorylate Stat3 or the loss of key negative regulators cause the persistent tyrosine 

phosphorylation of STAT3 which is found in a wide variety of human cancers (Bowman et al., 

2000). In fact, constitutive STAT3 activation was first described in transformed cells as a 

consequence of the oncogenic tyrosine kinase vSrc ( Yu et al., 1995), and persistent STAT3 

activity was shown to be a required for vSrc-mediated transformation of immortalized fibroblasts 

(Bromberg et al., 1998; Turkson et al., 1998). 

 

Src requires Rac and gp130 to activate Stat3 

Src family kinases are involved in Stat3 activation in many cancers such as breast cancer, 

melanoma, colon and lung cancer. (Garcia et al., 2001; Niu et al.,2002; Song et al.,2003).  

Previous results by Zhang et al. showed that although Src expression leads to the activation of 

Stat3, it does not bind to Stat3 directly (Zhang et al.,2000). They proposed a model (adapted in 

Figure 4) wherein they suggested that at first, Src activates JAK1 which causes the recruitment of 

Stat3 to the receptor complex. Src then phosphorylates Stat3 at Tyr-705.  From this model, it 
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appears that the role of the receptor may serve as a scaffolding function for Stat3 recruitment and 

activation.  

Interestingly, Arulanandam et al. showed that mutationally active Rac is able to activate 

Stat3 (Arulanandam et al., 2010) and this Stat3 increase was shown to be mediated through 

gp130, the common subunit of the IL-6 family cytokines.  Since, Rac required gp130 to activate 

Stat3, we examined the role of gp130 in Src mediated Stat3 activation and we found that Src 

required gp130 for the activation of Stat3. gp130 was found to be required for the migration of 

and for the transformation of cells by vSrc. 

 There could be two possible ways by which Src would require gp130 to activate Stat3 

(Figure 25)  (1) Src might bind gp130 directly or (2) Src might activate and increase the levels of 

Rac which in turn activates Stat3 through gp130. As the levels of Rac increase with Src (Raptis et 

al., unpublished data), and as Rac is needed for the activation of Stat3, it does not seem likely that 

gp130 could have merely a scaffolding role. However, it is possible that Rac may form a complex 

with gp130 in a manner, similar to MgcRacGAP (Doki et al., 2009) and this remains to be 

examined. 
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Figure 25: Potential model of Stat3 activation by Src 

There could be two possible ways by which Src would require gp130 to activate Stat3  
(1) Src might bind gp130 directly or  
(2) Src might activate and increase the levels of Rac (through Tiam1 and Vav2) (Zhang et al., 
2000) which in turn activates Stat3 through gp130.  
As the levels of Rac increase with Src and as Rac is needed for the activation of Stat3, it does not 
seem likely that gp130 could have merely a scaffolding role. It is possible that Rac may form a 
complex with gp130.  
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Src kinases have been reported to regulate a variety of cell functions, and transformation 

by Src plays an important role in many cancers. The inhibition of this oncogene is therefore being 

exploited in clinical trials. Src activates Ras which in turn activates Myc, which causes the 

activation of the transcription factor, E2F (Sears and Nevins, 2002). E2F in turn, transcriptionally 

activates a number of receptor tyrosine kinases which activate Stat3 (Young et al., 2003). 

Interestingly however, E2F is a potent apoptosis inducer, although apoptosis is normally inhibited 

by Stat3. Upon inhibition of Stat3, Src/E2F would allow E2F-triggered apoptosis to occur, hence 

the enhanced sensitivity of Src transformed cells to Stat3 inhibition (Vultur et al., 2005).  On the 

other hand, the inhibition of Stat3 in cells transformed by Src causes the tumor cells to be killed 

preferentially because of higher E2F in these cells than in normal cells, which is the desired 

outcome. Figure 26 demonstrates how E2F can be pro-apoptotic and pro-mitogenic, and the genes 

that it affects to carry out these finctions. 
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Figure 26: Model depicting the dual functions of E2F as pro-mitogenic and pro-apoptotic 

In the normal cell division cycle, phosphorylation of Retinoblastoma (Rb) by cyclin-
dependent kinases (CDKs) leads to the release of the associated E2Fs, which in turn may promote 
cell division. Rb phosphorylation releases E2F activity. E2F, in turn, is known to transcriptionally 
activate p19 ARF which in turn inhibits Mdm1 thus activating p53 and causing apoptosis. E2F also 
transcriptionally activates the S phase genes which promote cell division. 

 

 

 

 

 

 

 

 



 

81 

 

Phosphoinositol-3 Kinase (PI3K), a member of the lipid kinase family, plays a key role in 

regulating cell proliferation, adhesion, survival and motility. PI3K is activated by Src and by Ras 

(Penuel and Martin, 1999) (Figure 27). PI3K activation by v-Src can be mediated by Ras, which 

interacts directly with the p110 catalytic subunit of PI3K (Rodriguez-Viciana et al.,1994). PI3K 

can also be activated by v-Src independently of Ras. Activation of PI3K can result from binding 

of the Src homology 3 domain of Src with a proline-rich region within p85 regulatory subunit of 

PI3K (Pleiman et al., 1994).  

 Rac1 activation was shown to stimulate survival signals through activation of the 

PI3K/Akt pathway (Murga, 2002; Raptis, 2011). However, although following cadherin 

engagement, Rac1 activity is dramatically increased, no increase in Akt phosphorylation was seen 

with cell density in HC11 cells (Raptis et al., unpublished data). Since PI3K plays an important 

role in tumorigenesis, there have been extensive studies to develop PI3K inhibitors as cancer 

potential therapeutic agents, which are now in clinical trials for breast cancer (Chen, 2011).  In 

contrast to the above results, Stat3 is dramatically upregulated at high densities and known to 

provide a major survival mechanism to cultured epithelial cells and fibroblasts (Raptis et al., 

2009, Vultur et al., 2005; Vultur et al., 2004). Given the dramatic increase of Stat3-ptyr705 with 

density and the fact that the inhibition of Stat3 kills cells more effectively than the inhibition of 

PI3K, Stat3 appears to be a more potent survival signal in this system.  
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Figure 27: Simplified model showing the Src pathways leading to the activation of E2F and 
PI3K 

Src activates E2F through Ras and Myc, causing apoptosis. Src, on the other hand, 
activates Stat3 which inhibits apoptosis. One of the effectors of Ras is phosphoinositol-3 Kinase 
(PI3K), which plays an important role as a mediator of RaS-mediated cell survival and 
proliferation. Activation of PI3K by Src can be mediated by Ras which interacts directly with the 
p110 catalytic subunit of PI3K. Src also binds to the p85 regulatory subunit of PI3K and activates 
PI3K independently of Ras. PI3K in turn inhibits apoptosis. 
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Importance of the Cadherin/Stat3 axis in transformation by Src 

vSrc expression causes the disruption of the cadherin/catenin complex both in tumor cells 

and in transformed fibroblasts (Irby and Yeatman, 2002). Surprisingly, however, despite the fact 

that vSrc may reduce cadherin adhesion, results from our laboratory showed that cell density still 

caused a dramatic increase in Stat3 activity in vSrc transformed cells (Vultur et al., 2005, Vultur 

et al.,2004). 

Results from our laboratory (Anagnostopolou et al., 2006) indicated that Stat3 activation 

by Src plays an important role in preventing apoptosis (in addition to promoting growth and 

neoplastic transformation), since vSrc inhibition in tumor or vSrc transformed lines induced 

apoptosis in cells growing at low densities, when vSrc is the main source of most Stat3 activity. 

Once cells reach confluence, however, cell-to-cell adhesion (cadherin engagement) becomes a 

significant source of Stat3 activity, which is Src-independent and is sufficient to provide a 

survival signal. Cells may, therefore, become resistant to Src inhibition both for Stat3 activation 

and apoptosis induction.This points to cadherin engagement as a factor required for Stat3 

activation and survival in vSrc transformed cells. 

 

The functional significance of Cadherin-11 in metastatic and invasive cancers  

Cadherin-11 is a mesenchymal cadherin that is mainly expressed in osteoblasts and at 

low levels in the lung, testis, and brain tissues (Okazaki et al., 1994). Aberrant expression of 

cadherin-11 was observed in several cancers of epithelial origin, including breast (Pishvaian et 

al., 1999), gastric (Shibata et al., 1996), and prostate (Chu et al., 2008) cancers. Although normal 

prostate epithelial cells express E-cadherin, cadherin-11 was found to be expressed in prostate 

cancer cells that have metastasized to the lymph node (Tomita et al., 2000) and bone (Chu et al. 
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2008). In many instances, cadherin-11 expression has been associated with more aggressive, 

gastric carcinoma (Shimazui et al., 1996). In addition, cadherin-11 is differentially expressed in 

more aggressive breast cancer cell lines (Pishvaian et al., 1999).  

Cadherin-11 expression is associated with cells during normal stages of embryogenesis 

and in invasive cancer cells. Cells expressing cadherin-11 may associate with the surrounding 

mesenchymal cells and the surrounding matrix and thus facilitate invasion.  In addition to this, 

cells that undergo an epithelial to mesenchymal transition also begin to 

express cadherin-11 as they invade the surrounding tissue to form new structures.  

Thus, unlike other cadherins, such as E-cadherin, which suppress invasion, cadherin-11 may 

actually enhance tumor cell invasiveness and may be a new target for treatment.  

Cadherin-11 may also be essential for the loose aggregation of cell types and may 

act to specifically target metastatic tumor cells to sites that express cadherin-11.The  expression 

of cadherin-11 may cause the  association of metastatic cells with cadherin-11-expressing 

osteoblasts in the bone, thus facilitating metastasis to the bone.  

 

Cadherin-11engagement in Balb/c3T3 cells activates Stat3 and is required for the neoplastic 

transformation by vSrc   

In order to examine whether cadherin-11 can activate Stat3, we used Balb/c3T3 cells 

which express cadherin-11 but not E-cadherin. By knocking down cadherin-11 in Balb/c3T3 

cells, we found a dramatic reduction in Stat3-ptyr705 levels, indicating that cadherin-11 is indeed 

responsible for the Stat3-ptyr705 phosphorylation observed at high densities. This also showed 

that Balb/c 3T3 fibroblasts do not have significant amounts of other density-mediated Stat3 

activators. Other cell lines like 10 T1/2 and NIH3T3 cells have cadherin-11 as well as other 
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cadherins like E-cadherin. Thus, the Balb/c3T3 is an ideal system to study the effect of cadherin-

11 in vSrc transformation. Although experiments with controls like the scrambled shRNA were 

not performed, the knockdown of cadherin-11 was observed with each of the 4 shRNA sequences 

provided (Arulanandam, PhD Thesis, 2010, b) and the significant reduction in levels of 

phosphorylated Stat3 was found to be consistent.  Knocking down cadherin-11 in vSrc 

transformed cells brought about a significant reduction in the anchorage-independent growth and 

thus the ability of vSrc to transform. This demonstrated that vSrc requires cadherin-11 for 

transformation.  

Although, this was well demonstrated  in Balb/c3T3 fibroblasts, the question remains 

whether a similar effect would be observed in other cell lines that have cadherins other than 

cadherin-11. It is possible that by the process of cadherin switching which involves changes in the 

expression of cadherins, other cadherins may take over the function of a particular cadherin that is 

knocked down, and pathways that emanate from the engagement of the cadherins will proceed 

unaffected. In a similar manner, when tumor cells switch from expressing E-cadherin to 

expressing cadherin-11, they show increased aggressive behavior and the cancer tends to become 

more invasive. Understanding how cadherin-11 influences cell behavior will make it possible to 

design therapies to combat its activity and prevent tumor cell growth, invasion and metastasis. As 

cadherins can be upregulated by diverse extracellular signals, future studies should be aimed at 

further understanding the pathways both upstream and downstream of cadherin switching in order 

to design possible therapeutic interventions.  

.  
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Effect of Src on localization of cadherin-11 

Cadherins are linked to the underlying actin filaments through β-catenin and α-catenin 

which form the core cadherin-catenin complex. Any mutations that affect the expression or 

association of any of these proteins can lead to reduced cell-cell adhesion. Besides, dissociation 

of β-catenin from cadherins can lead to its accumulation in the cytoplasm, where its levels are 

kept low through targeted destruction by the proteasome (Cavallaro and Christofori, 2004). Since 

Src is found to promote a disruption of the core cadherin-catenin complex, we were interested to 

find out the effect of Src on the localization of cadherin-11 and β-catenin. Our preliminary results 

showed that in Balb/c3T3 cells transformed by vSrc, activated Src was found to be localized at 

the focal adhesions and caused the translocation of cadherin-11 from the plasma membrane to the 

cytoplasm (Figure 20). Furthermore, knocking down cadherin-11 caused the translocation of 

phosphorylated Src from the focal adhesions to the lammelipodia with an apparent change in the 

morphology of the cells (Figure 21). Although these results showed the effects of Src on the 

localization of cadherin-11 and β-catenin, as well as the effect of cadherin-11 on Src localization, 

these experiments will need to be repeated and the proportion of cells displaying the phenotype 

will need to be provided. Nevertheless, these data are intriguing, and further studies will need to 

be carried out in order to test cell spreading, cell migration and invasion.  

Immunocytochemistry assays by Pishvaian et al., showed that cadherin-11 was also 

found at lamellipodia-like extensions and possibly at regions of cell-substrate contact, thus 

suggesting that cadherin-11 may have several functions. It may function in a transient form of 

cell-cell adhesion involving the catenins or may also contact the cell-matrix, particularly in 

leading extensions of the cell, which would be much more transient. This might facilitate the 

ability of a motile cell to interact with its surroundings and invade or metastasize (Pishvaian et 
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al., 1999). These functions of cadherin-11, will thus be important with respect to the invasive and 

metastatic ability of tumor cells.  

 

The role of Src and Cadherin-11 in metastasis  

Src family kinases have been shown to be important in tumor migration, invasion, and 

metastasis (Summy et al., 2003). Moreover, Src has been shown to have a role in bone resorption 

(Coluzzi et al., 2011; Boyce et al., 1992) and Src inhibitors may play an important part in 

inhibiting the progression of tumors which have a propensity to metastasize to the bone, such as 

prostate and breast cancer. However, in order to make the best use of these inhibitors, we require 

a basic understanding of the role of Src activation in tumor progression.  

Cadherin- 11 is found to play a critical role in one of the earliest metastasis steps, that is, 

spreading, migration, and invasion. Chu et al, suggests that atypical expression of cadherin-11 

under disease conditions might activate new signal pathways to enhance the metastasis of prostate 

cancer cells to bone. How cadherin-11 signals to increase cell migration and invasion in prostate 

cancer is still unknown. It would be interesting to find out the effect of inhibition of Src on the 

expression of cadherin-11 in the process of metastasis of prostate cancer cells or breast cancer 

cells in general and to the bone in particular.  

 

Stat3 versus cadherin-11 inhibitors in cancer therapy 

STAT3 inhibitors can be exploited extensively in cancer therapy because they have the 

potential to induce apoptosis selectively in cancer cells, sparing normal cells. The increase in 

sensitivity could be due to the higher E2F-mediated apoptotic signaling in the Src expressing 

cells.  
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 Another approach is to inhibit cadherin-11which correlates with metastasis and invasion. 

Stat3 activation by cadherins is so potent and important that tumor cell death can be enhanced to 

a great extent by cadherin inhibition. Therefore, the inhibition of cadherin-11 could induce 

apoptosis via downregulation of Stat3 in metastatic cells, while the normal cells would not be 

affected. Our results showed that the downregulation of cadherin-11 in Balb/c 3T3 leads to an 

increase in apoptotic death as observed by the TUNEL assay. This emphasizes the central role of 

cadherin-11-Stat3 signaling in promoting cell survival, a mechanism which is involved in 

metastasis. 

Inhibiting cadherin-11 seems to be a better approach as the cell surface is more 

accessible. As peptides are also used to inhibit E-cadherin and Stat3 (Arulanandam et al., 2009), 

it would be more feasible to get cadherin-11 specific peptides at first. Later on, peptidomimetic 

analogs can be derived that mirror these structures but have a much greater therapeutic potential.  
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Conclusion 

The above experiments clarify the mechanism of collaboration between vSrc and 

cadherins, for Stat3 activation and survival. Due to the generally higher level of expression of 

E2F transcription factors which are potent apoptosis inducers, many tumor cells may have higher 

requirements for survival signals, such as provided by the cadherin/Rac1/gp130 axis. The 

increased dependence on Stat3 for survival would explain the increased sensitivity of cells 

transformed by oncogenes such as Src (Turkson et al., 2004) to Stat3 inhibition. Previous studies 

have shown that cadherin-11 is associated with invasive breast cancer and may play a significant 

role in causing tumor cell invasion and the formation of metastatic tumors.  It would, therefore, 

be interesting to elucidate the functions and regulation of cadherin-11 and this may enhance our 

understanding of the roles of cadherins in invasive cancer and may provide future targets for 

therapy. Through our work, the cadherin/IL-6 pathway may emerge as a crucial Stat3 activator 

and survival signal in vSrc expressing cells.  
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Appendix A 

  

Confluence (%): 100  

Figure A-1: Increased expression of Src in Balb/c3T3 cells and BcshCadh11Src clones 

Src was expressed in Balb/c3T3 and BcshCadh11 cells. BcSrc clones (Lanes 2-6) and  
BcshCadh11Src clones (Lanes 8-16) were selected with hygromycin,  grown to 100% confluence 
and probed for total Src. Balb/c3T3 and BcshCadh11 cells were also probed for the expression of 
total Src. GAPDH was the loading control, as indicated. The expression of total Src was much 
more pronounced in the BcSrc clones and BcshCadh11Src clones compared to the control 
Balb/c3T3 cells or the BcshCadh11 cells used as controls. 
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Confluence (%): 100  

 

Figure A-2: Increased expression of Src in Balb/c3T3 cells and BcshRacSrc clones 

Src was expressed in BcshRac cells.  BcshRac Src clones (Lanes 2-10) were selected 
with hygromycin, grown to 100% confluence and probed for total Src. Balb/c3T3 cells were also 
probed for the expression of total Src. Hsp90 was the loading control, as indicated. 
The expression of total Src was much more pronounced in the BcshRacSrc clones compared to 
the control Balb/c3T3 cells. 
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           Confluence (%): 100  

 

Figure A-3: Increased expression of Src in Balb/c3T3 cells and Bcshgp130 Src clones 

Src was expressed in Bcshgp130 cells.  Bcshgp130 Src clones (Lanes 2-11) were selected 
with hygromycin, grown to 100% confluence and probed for total Src. Balb/c3T3 cells were also 
probed for the expression of total Src. GAPDH was the loading control, as indicated.The 
expression of total Src was much more pronounced in the Bcshgp130Src clones compared to the 
control Balb/c3T3 cells. 
 

 
  



 

93 

 

 
 

Figure A-4: Increased levels of Stat3-ptyr705 in Balb/c3T3 cells and BcSrc clones grown to 
comparable densities. 

Balb/c3T3 and a clone of BcSrc were grown to confluences of 80%, 100%, and 2, 4 and 6 
days post-confluence. Detergent lysates were probed for Stat3-ptyr705, total Src and total Rac. 
The increase in levels of Stat3-ptyr705 in the BcSrc clones was slightly higher compared to that 
in control Balb/c3T3 cells (Panel A). The expression of total Src in the BcSrc clones was higher 
than in the control Balb/c3T3 cells (Panel B). The levels of total Rac were also higher in the 
BcSrc clones compared to the control Balb/c3T3 cells (Panel C). GAPDH was the loading 
control, as indicated. 
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Figure A-5: Increased levels of Stat3-ptyr705 in a Bcshgp130Src clone and Balb/c3T3 cells 
grown to comparable densities 

Balb/c3T3 and a Bcshgp130Src clone were grown to confluences of 100%, and 2, 4 and 6 
days post-confluence. Detergent lysates were probed for Stat3-ptyr705 and total Src. The increase 
in levels of Stat3-ptyr705 was higher in the Bcshgp130Src clone (Panel A, Lanes 5-8) compared 
to that in control Balb/c3T3 cells (Panel A, Lanes 1-4). The expression of total Src in the 
Bcshgp130 Src clone ( Panel B, Lanes 5-8) was higher than in the control Balb/c3T3 cells (Panel 
B, Lanes 1-4). GAPDH was the loading control, as indicated. 
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Confluence (%): 100+2 days  

 

Figure A-6: Expression of vSrc in psi-2 Src clones and psi-2 empty vector as a control 

Initially we attempted to express Src with a retroviral vector (p-babe puro Src) in the psi-
2 packaging line with the puromycin selection marker. Psi-2 Src clones were selected and probed 
for total Src (Panel A, Lanes 1-11), and the control psi-2 with an empty vector was used as a 
control. Clones were grown to 2 days post-confluence. 

Since the shRNA of cadherin-11,Rac1 and gp130 was introduced with puromycin, the 
cells already resisted and could not be selected. We hoped to get good clones by infecting with a 
high titre stock or few target cells. A better option was to express Src using the phoenix-
amphotropic packaging line and a plasmid (CA-Src) which had hygromycin as the selection 
marker. 
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Safety Concerns while working with phoenix amphotropic retrovirus 

Particles of amphotropic retroviruses can infect humans so all work was carried out in 

Level 2 lab. A labcoat was worn at all times and removed before leaving the lab. Double gloves 

were worn and outside gloves were removed before touching any surfaces. Glass pipettes and 

Pasteur pipettes were submerged into a basin containing 10% bleach placed inside the hood. After 

15 minutes in bleach, Pasteur pipettes were transferred to a glass disposal container outside the 

hood. The plastic tubing and aspiration bottle were disinfected immediately after use by drawing 

concentrated bleach through the line and into the collection bottle. The waste containing virus 

contaminated dishes, filters, syringes, etc. were collected and sealed immediately into an 

autoclave bag inside the hood and taken to the hood for disinfection. Petri dishes containing 

amphotropic retroviruses or lentiviruses were kept only in the incubator in the Level 2 lab. A 

week after infection, target lines were transferred to the Level 1 lab. Liquid spills on any surfaces 

were disinfected with diluted bleach. All surfaces inside the hood were decontaminated with 

diluted bleach immediately after use, then with distilled water and ethanol. 
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