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Abstract 

Met has been found to be over-expressed in human breast cancer, correlating with 

disease progression and poor prognosis. Src and Stat3 have also been found to be over-

expressed in many human cancers, including breast. Met, Src and Stat3 have all been 

proposed as potential therapeutic targets for basal-like breast cancer (BLBC), an 

aggressive subtype of breast cancer defined by expression of Cytokeratin 5/6 and 

epidermal growth factor receptor (EGFR). In addition, Src and Stat3 have been shown to 

act co-operatively to promote the transcription of HGF, while Stat3 can also increase the 

expression of Met mRNA. The goal of this study was to determine if Src and Stat3 affect 

the activity and expression of Met in human breast cancer. The study has also assessed 

the functional effect of Src, Stat3 and Met blockade on cultured breast cancer cells and a 

breast tumour xenograft model. Finally, a preliminary assessment was performed of Src, 

Stat3 and Met as biomarkers for distinct clinico-pathological parameters in a breast 

cancer cohort, and of the prognostic value of these markers in an online, publically 

available, breast cancer database.  

The results demonstrate a density- and Src-dependent increase in Met protein 

levels in cultured cells, through Stat3 (Src/Stat3-Met). Furthermore Src, Stat3 or Met 

blockade in tumour xenograft models were found to inhibit primary tumour growth. 

However treatment with Dasatinib (Src inhibitor) or Met knockdown had no effect on 

pulmonary metastasis, while Stat3 inhibition (CPA7) increased metastasis, indicating that 

Stat3 may have a protective function in metastatic breast cancer. Finally Src and the Stat3 

target gene, Cyclin D1, were found to correlate with distinct clinico-pathological 

parameters in a human breast cancer cohort.  
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My study has identified a Src/Stat3-regulated Met pathway in human invasive 

breast cancer. These findings further provide insight into the minimal effectiveness of Src 

and Met inhibitors as single agent therapeutics in breast cancer treatment. 
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Chapter 1 

General Introduction 

Basal-like breast cancer (BLBC) has been identified as a particularly aggressive subtype 

of human breast cancer (Pazaiti and Fentiman, 2011). It was originally identified by gene 

expression analysis and is defined by the expression of Cytokeratin 5/6 and 17 which are 

associated with basal or myoepithelial cells (Perou et al., 2000). BLBC has also been found to be 

highly heterogeneous in nature, consisting of several different sub-categories such as Triple 

negative (Estrogen Receptor-, Progesterone Receptor-, Human Epidermal growth factor 

Receptor 2-), HER2+ and BRCA1 mutated BLBC (Pala et al., 2012). Targeted therapies for the 

treatment of BLBC have been proposed due to the failure of traditional therapies and hormonal 

therapies to successfully treat BLBC (Pazaiti and Fentiman, 2011).  

Src and Stat3 have been found to increase transcription of Hepatocyte Growth Factor 

(HGF) in breast carcinoma cells which leads to an increase in Met activity (Hung and Elliott, 

2001). This expression of HGF has been found to promote transformation and migration of non-

neoplastic mammary epithelial cells (Hung and Elliott, 2001).  

In this study I have assessed the effect of Src and Stat3 on Met expression in the BLBC 

cell line MDA-MB-231 (Finn et al., 2007). The effect of Src, Stat3 or Met inhibition on 

components of metastasis has been assessed in vivo to determine the functional effect of Src, 

Stat3 and Met in BLBC. I have also completed in vivo studies to assess the effect of Src 

(Dasatinib) (Finn et al., 2007; Turkson et al., 1998) or Stat3 (CPA7) (Turkson et al., 2004) 

inhibition or Met knockdown on tumour growth and pulmonary metastasis in tumour xenograft 

models of MDA-MB-231 cells expressing constitutively active Src (MDA-Src). I elected to use 
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the MDA-Src cell line in tumour xenograft models as opposed to the MDA-MB-231 cell line as 

it allows us to assess the effect of inhibition in a particularly aggressive subtype of breast cancer.  

Finally I have made preliminary investigations into Src, Stat3 and Met expression in a 

human cohort of invasive breast cancer using a Tissue Microarray of 63 breast cancer patients. 
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Chapter 2 

Literature Review 

2.1 The normal breast  

The mammary gland consists of branching ducts which extend from the nipple and end in 

terminal ductal lobular units (TDLU) (Pollard, 2001). Each duct consists of an inner layer of 

luminal epithelial cells, surrounded by myoepithelial cells (also referred to as basal), both of 

which arise from Mammary Stem Cells (MaSC) (Visvader, 2009). The basal aspect of the 

myoepithelial layer is surrounded by a basement membrane to form the ductal unit (Watson and 

Khaled, 2008)(Visvader, 2009) (Figure 2.1).  Alterations in the mammary gland are largely 

insignificant until pregnancy at which point proliferation and production of milk protein ensues 

(Rhoads and Grudzien-Nogalska, 2007). Luminal epithelial cells are stimulated by prolactin, 

progesterone and hydrocortisone to produce milk casein whereas myoepithelial cells contract to 

restrict mammary gland size and stimulate secretion (reviewed in Rhoads and Grudzien-

Nogalska, 2007).   The majority of breast cancers arise from epithelial cells lining the duct or 

lobules of the mammary gland, however some subtypes appear to arise from myoepithelial cells 

(basal-like breast cancer). 
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Figure 2.1 Mammary gland duct diagram: 

The diagram depicts a cross-sectional view of a mammary gland duct. The duct is encased by a 
basement membrane that separates the duct from the surrounding stroma. Myoepithelial/ basal 
cells encircle the luminal epithelial cells and are interspersed with mammary stem cells which 
give rise to both the luminal and myoepithelial cells of the mammary gland. Adapted from 
(Dimri et al., 2005). Permission granted from Breast Cancer Research. 
 

2.2 Breast Cancer 

Breast cancer is a debilitating disease that arises from the cells of the breast and affects 1 in 9 

women in Canada during their lifetime, of which 1 in 3 will succumb to metastasis (Can. Can. 

Soc.). Risk factors for breast cancer include heredity, obesity, alcohol consumption, shift work 

and ethnicity (Can. Can. Soc.). Although the incidence of breast cancer has increased, early 

detection due to routine mammograms has contributed to a decrease in mortality (Drukteinis et 

al., 2013).  

Breast cancer prognosis is largely dependent upon pathological assessment of tumour 

type (histological), grade and stage (Carter et al., 1989; Elston and Ellis, 1991). Histological 

classification of breast cancers first designates tumours as in situ or invasive. Invasive breast 
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cancers are then classified as tubular, ductal, lobular, mucinous, medullary or infiltrating ductal. 

In situ breast cancers are defined as either ductal or lobular. In situ ductal carcinomas can be 

further characterized as comedo, cribriform, micropapillary, papillary or solid depending on 

physical characteristics observed by light microscopes (Malhotra, 2010). Breast cancer stage is 

determined by the size of the primary tumour, presence of carcinoma cells in the lymph node 

(lymph node involvement) and presence of metastasis (TNM) (Table 2.1) (reviewed in Guthrie, 

2009). The grade of a breast carcinoma is determined by histopathological analysis of mitotic 

rate, nuclear pleomorphisms, tubule formation and nuclear grade, totalled to a score out of 9 

(Meyer et al, 2005). Grade 1/low grade tumours have a score of 1-5, grade 2/intermediate grade 

reflects a score of 6-7 and grade 3/ high grade tumours indicates a score of 8-9 (Meyer et al., 

2005). Tumours with high grade and stage are generally associated with poor prognosis while 

tumours of low grade and stage are associated with improved prognosis (Elston and Ellis, 1991).  

The majority of breast cancer related deaths occur from metastasis (Weigelt et al., 2005). 

While TNM staging and grade can provide an accurate prognosis for outcome and disease 

progression in the majority of cases, approximately 30% of women diagnosed with early stage 

breast cancer (stage I or II) will develop distant metastasis in spite of a good initial prognosis 

(reviewed in Redig, 2013)(Carter et al., 1989). 

Classification of breast carcinomas based on receptor status for example, Estrogen 

receptor (ER), Progesterone receptor (PR) and Human Epidermal Growth Factor receptor 2 

(HER2, also referred to as Erb-2 and neu), provides additional prognostic information to tumour 

stage and grade (Bauer et al., 2010). Histo (H)-scores are determined for each of the receptors 

based on the intensity of IHC staining (1, 2 or 3) and the percentage of tumour area that 

expresses the receptor. Tumours that exhibit a level 2+ staining intensity for HER2 are sent for 
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further analysis by Fluorescent in situ Hybridization (FISH) to determine if gene amplification is 

present (reviewed in Guthrie, 2009).  

Studies have found that ER+ve cases account for the majority of breast carcinomas with 

80% of breast carcinomas in persons over 50 years of age and 65% of cases in women less than 

50 years of age showing ER+ve status (Anderson et al., 2002). In addition, ER status is 

associated with improved survival as compared to ER-ve tumours (Crowe et al., 1991). 

Conversely HER2 +ve tumours, have been found to be less frequent but are associated with a 

poor prognosis (Yang et al., 2007).   

  



 

7 

 

 

Table 2.1 TNM Breast Cancer Staging 

Primary Tumour Lymph Node Status Metastasis 
TX: Primary 

tumour 
cannot be 
assessed 

NX - Nearby lymph 
nodes cannot 
be assessed 

MX Distant 
metastases 
cannot be 
assessed 

T0 No evidence 
of primary 
tumour 

N0 -Cancer has not 
spread to 
nearby lymph 
nodes 

M0 No distant 
spread 

Tis Carcinoma in 
situ 

N1 -Cancer has 
spread to 1 – 3 
axillary lymph 
nodes 

M1 Spread to 
distant 
organs 

T1 Tumour is ≤ 
2cm 

N2 -Cancer has spread to 4 – 9 axillary lymph 
nodes or 

T2 

has enlarged the internal 
mammary lymph nodes 

Tumour is ≥2 
cm but ≤5 
cm 

N3 cancer has spread  to: 
- 10+ axillary lymph nodes 
-  lymph nodes under /above the clavicle 
- axillary lymph nodes and 

- 4+ axillary lymph nodes, small amount in 
internal mammary lymph nodes  

enlarged internal 
mammary lymph nodes 

T3 Tumour is ≥ 
5 cm 

T4 Tumour is 
growing into 
chest wall or 
skin (any 
size) 

 

Table 2.1 Breast cancer staging 

The stage of a breast cancer involves assessment of tumour size, spread of cancer to lymph nodes 
and metastasis to distant organs (TNM). The stage assigned provides prognostic information. 
Adapted from Guthrie, 2009. Permission requested from US Phamacist. 
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In 2001 Sorlie and colleagues identified 6 clinically significant subtypes of breast cancer 

using hierarchal gene clustering: Luminal A, Luminal B, Luminal C, Normal breast-like, 

ERBB2+ and Basal-like. Two main clusters were identified based on ER gene expression. 

Cluster 1, consisted of Luminal A, B and C while cluster 2, consisted of Basal-like, ERBB2+ve  

(HER2+ve) and Normal-like (Sorlie et al., 2001). All Luminal cancers expressed ER with 

Luminal A demonstrating the highest gene expression and Luminal B/C demonstrating moderate 

ER gene expression (Sorlie et al., 2001). The basal-like subtype, HER2+ve and Normal-like 

breast cancer subtype all demonstrated little or no ER expression (Sorlie et al., 2001). The basal-

like subtype is further defined by the expression of cytokeratins normally expressed in basal or 

myoepithelial cells of the breast such as CK5 and 17 (Sorlie et al., 2001). HER2+ve, defined 

primarily by the expression of HER2,  was found to have a significantly worse outcome as 

compared to the other subtypes with a mean overall survival of less than two years (Sorlie et al., 

2001). The basal-like subtype also displayed poor outcome with a mean overall survival of less 

than three years. (Smith et al., 2007; Sorlie et al., 2001). 

2.3 Basal-like breast cancer 

BLBC is an aggressive subtype of breast cancer that was first identified in 2000 by Perou and 

accounts for 10 – 25% of breast cancers. It was labelled as ‘basal-like’ due to the increased gene 

expression of cytokeratins 5 and 17 that are associated with the basal or myoepithelial cells of 

the breast. Low gene expression of ER and HER2 was also found to be associated with BLBC 

and more than 50% of basal-like tumours also expressed mutated p53 (Perou et al., 2000). 

Assessment of BLBC prognosis found that it is associated with decreased overall and recurrence 

free survival (Rakha and Chan, 2011; Sorlie et al., 2001).  
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 Several studies have been conducted in which proteins have been proposed as biomarkers 

of BLBC using immunohistochemistry. Currently, BLBC is identified by CK5/6 , 17 and EGFR 

staining (reviewed in Rahka, 2007). Several subgroups have been identified within BLBC including 

claudin-low, HER2 over-expressing, BRCA-1 mutated and triple negative breast cancer 

(reviewed in Badve, 2011). Triple negative breast cancer (TNBC) is defined as ER-ve, PR-ve 

and HER2-ve (reviewed in Foulkes et al., 2010). They are very aggressive and have been found 

to have a higher prevalence in pre-menopausal women (reviewed in Bayraktar, 2013). Gene 

expression analysis of TNBC compared to BLBC has found that 77% of BLBC are also triple-

negative (Bertucci et al., 2008). 

 

 

2.4 Src 

2.4.1  Structure and activation: 

The expression of Src, a non-receptor tyrosine kinase, has been found to be over-

expressed in both basal-like and triple negative breast cancers (Finn, et al., 2007) in addition to 

many other cancer types. Src was the first oncogene discovered. Evidence of its existence 

stemmed from investigations of Rous Sarcoma Virus in chickens that produced a transmissible 

sarcoma by inoculation of chickens with supernatant derived from tumour tissue in the breast of 

an infected chicken (Rous, 1911). This transformative effect of Rous Sarcoma Virus was later 

attributed to v-Src (viral) (reviewed in Yeatman, 2004) while cellular (c-) Src was not identified 

until 1979 by Varmus and Bishop. It is similar in structure to v-Src but contains a negative 

regulatory c-terminal sequence (tyrosine 530) that is lost in v-Src and is necessary for the 

regulation of Src activity (Figure 2.2).   
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Src is a non-receptor tyrosine kinase that promotes growth, motility, invasion and 

survival (reviewed in Dehm, 2004). It is one of nine members of the Src Family Kinases that 

includes Yes, Fyn, Fgr, Lyn, Lck, Hck, Blk, and Yrk and is expressed by the c-Src gene on 

chromosome 20 by Sp1, a member of the Sp family of transcription factors (Ritchie et al., 2000). 

The structure of Src is consistent with that of other members of the Src Family Kinases 

consisting of an Amino-terminal domain followed by a SH (Src Homology) 4, SH3, SH2, SH1 

and C-terminal domain (Dehm and Bonham, 2004)(Figure2.2).  The SH4 domain contains a 

myristoylation site that allows Src to be anchored to the plasma membrane and is essential for 

Src activity (Bagrodia et al., 1993). The SH2 domain mediates Src activity by binding to 

phosphorylated tyrosine 530 (Y530) on the C-terminus, promoting a closed conformation 

(Songyang et al., 1993). The SH2 domain also determines substrate specificity (Songyang et al., 

1993). The SH1 domain contains the auto-phosphorylation site, tyrosine 419 (Y419) which 

allows Src to activate down-stream signaling molecules (Figure 2.2) (reviewed in Roskoski, 

2004). 
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Figure 2.2 Structural diagram of c-Src and v-Src: 

c-Src is composed of an N-terminal, SH4, SH3, SH2, SH1 and C-terminal domain. The SH4 
domain contains a myristoylation site (M), the SH2 domain mediates interactions with receptors 
while SH1 contains the auto-phosphorylation site (Y419 for humans).  The C-terminus maintains 
Src in a closed conformation by binding of phosphorylated Y530 to the SH2 domain. v-Src lacks 
the regulatory C-terminal domain found in c-Src. The autophosphorylation site for v-Src is Y416 
rather than Y419 (Adapted from Yeatman, 2004. Permission granted from Nature Publishing 
Group). 
 

Src can also be forced into an active conformation by binding to proteins or receptors 

such as Fak or Epidermal growth factor receptor (EGFR) without de-phosphorylation of Y530 

(Roskoski, 2004). This step also results in auto-phosphorylation of tyrosine 419 and full 

activation of Src (Roskoski, 2004; Stover et al., 1994).  
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Figure 2.3 Src activation: 

Phosphorylation of tyrosine 530 maintains Src in an inactivate state through interaction with its 
SH2 domain, sequestering the auto-phosphorylation domain. Following tyrosine 530 de-
phosphorylation, autophosphorylation of tyrosine 419 occurs allowing Src to activate down-
stream signalling molecules. Adapted from (Roskoski, 2004). Permission granted from 
Biochemical and Biophysical Research Communications.  
 

The activity of Src can be regulated by several proteins. Src activity is down-regulated by 

c-Src Kinase (Csk), a tyrosine kinase located in the cytosol of cells (Roskoski, 2005). Csk 

phosphorylates Src at Y530, thus inactivating the kinase domain (reviewed in Chong, 2005). Csk 

binding protein (Cbk) increases the effectiveness of Csk by relocating it to the plasma 

membrane, where active Src is normally found (Takeuchi, 2000, Roskoski, 2005).  

Src activity can be increased by a number of phophatases such as PTP1B (Protein 

Tyrosine Phosphatase 1B), PTPα (Protein Tyrosine Phosphatase 1α) and Shp (Src homology 

region 2 domain-containing phosphatase) 1 and 2 (reviewed in Ingley, 2008), that cause 

dephosphrylation of the Y530 – thus activating the kinase domain.  

2.4.2 Src in normal tissue 

Src is involved in the differentiation of several tissues. Studies with a hippocampal cell 

line, H19-7, have found that expression of dominant-negative Src inhibits fibroblast-derived 
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growth factor (FGF) stimulated differentiation (Kuo et al., 1997).  It should be noted that 

expression of v-Src in H19-7 cells was not sufficient to induce differentiation, indicating that Src 

is essential but not the sole requirement for hippocampal cell differentiation (Kuo, 1997). 

Studies by Soriano and colleagues (1992) using Src-deficient mice demonstrated that Src 

is necessary for osteoclast maturation and bone resorption. Treatment of Src-deficient mice with 

bone resorption stimuli: IL-1α, parathyroid hormone (PTH) and parathyroid hormone-related 

protein (PTH-rP) increased the number of osteoclasts similar to wild-type mice but failed to 

induce bone resorption. (Boyce et al., 1992).  Further investigations by Soriano found that 

osteopetrosis, a disorder resulting in excessive accumulation of bone matrix, develops in Src 

deficient mice, providing further support for the role of Src in osteoclast function (Lowe, 1993).  

Targeted expression of constitutively active Src in the mammary gland using the murine 

mammary tumour virus (MMTV) promoter was found to rescue ductal growth and branching 

morphogenesis in mice that displayed mesenchymal dysplasia due to Hedgehog (Hh) truncation 

(Chang, 2012). 

2.4.3 Src in Cancer 

Given that Src was the first oncogene discovered, a branch of cancer research has been 

devoted to its involvement in several human malignancies. Breast cancer is one such malignancy 

in which Src has proven to play an integral role. In fact, Src has been found to be over-expressed 

in a number of human cancers such as breast (Elsberger, 2009) and late stage ovarian cancer 

(Wiener et al., 2003). However, investigations involving mouse mammary carcinomas using the 

MMTV promoter found that Src is necessary but not sufficient for induction of tumourigenesis in 

the mammary fat pad of mice (Webster, 1995  
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One pathway through which Src promotes cancer progression is through the 

RANK/RANL pathway (receptor activator for nuclear factor κB ligand/receptor activator for 

nuclear factor ΚB).  RANKL stimulation of RANK promotes metastasis of the breast carcinoma 

cells to the bone. Expression of RANK/RANKL in tumours is thought to promote the 

preferential metastasis of certain tumour types, such as breast to the bone.  Src has been found to 

be activated by stimulation of RANK promoting cell migration and therefore metastasis through 

Src mediated activation of Erk and Akt (Zhang, et al., 2012). Treatment of cells with PP2, an 

inhibitor of Src activity, in the presence of RANKL resulted in an inhibition of cell migration 

and Erk and Akt activity, highlighting the dependence of RANK signalling on Src in this 

pathway (Zhang, et al., 2012).  

The role of Src in tumour proliferation has also been highlighted. Src has been found to 

mediate cell proliferation through the activity of Stat3 (Turkson, et al., 1998) which promotes the 

transcription of cell proliferation promoters Cyclin D1 and c-myc (reviewed in Jove, 2004). 

Additionally, Src can increase the expression of Cyclin D1 through phosphorylation of p120 

catenin which binds to the transcription factor Kaiso in the nucleus relieving its suppressive 

effect on the transcription of Cyclin D1 (reviewed in Daniel et al.,  2007).  (Chen, et al.,  2011).  

Inhibition of Src has been found to inhibit cell proliferation in the ER positive breast cancer cells 

lines BT-474 and MDA-MB-361 more effectively than ER inhibition alone (Chen, et al., 2011). 

Src inhibition by Saracatinib (small molecule ATP competitive inhibitor of Src) induced cell 

cycle arrest at the G1 phase.   

Src has also been found to promote tumour angiogenesis through Stat3-induced expression of 

VEGF-A (Niu, et al., 2002). This process has been shown to require the membrane-type 1matrix 

metalloproteinase (MT1-MMP)(Sounni et al., 2004). Moreover, inhibition of Src has been found 
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to decrease the expression of VEGF, supporting the notion that Src is a key regulator of 

angiogenesis in breast cancer (Sounni, 2004). Src-dependent degradation of von Hippel Lindau 

(VHL) protein has been found to contribute to angiogenesis as Src phosphorylates tyrosine 185 

on the VHL protein, targeting it for ubiquitination. Degradation of VHL increases Hypoxia 

Inducible Factor-1α stability resulting in increased VEGF production (Chou et al., 2010). 

 Src has been found to promote malignancy through stimulation of Epithelial to 

Mesenchymal transition (EMT) (Avizienyte et al., 2002). Src has been found to mediate the 

degradation of E-cadherin through activation of E3 ubiquitin ligase (reviewed in Avizienyte and 

Frame, 2005), which promotes EMT. Src also promotes EMT through engagement of β1-

integrins and activation of Fak (Serrels, et al., 2011). Specifically, integrins promote 

autophosphorylation of FAK at Y397, thereby providing a binding site for the Src SH2 domain 

and stimulating autophosphorylation of Src (Y419). Src then phosphorylates additional tyrosines 

on Fak leading to increased interactions with downstream signalling targets such as paxillin, 

talin, and RhoA and Rac-1 and increased cell motility (reviewed in Avizienyte and Frame, 

2005). Additional studies have found that Src and Fak signalling may contribute to EMT through 

activation of Met in breast cancer cell lines, a process which also requires integrin engagement 

(Hui, et al., 2009). Although increased expression of Src frequently occurs in breast cancer, no 

mutations have been indentified in human breast cancer, suggesting that dysregulation of 

proteins that mediate Src activity or expression more likely contribute to tumour progression in 

this cancer type. The expression of C-Src kinase (Csk), a negative regulator of Src activity is 

diminished in some breast cancers providing a possible explanation for increased Src expression 

(Chong et al., 2004). In vitro studies of PTP1B (protein-tyrosine phosphatase 1B), another 

regulator of Src activity, have  demonstrated the importance of this phosphatase in stabilizing Src 
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activity in breast cancer (Bjorge et al., 2000). Breast cancer cells lines that exhibit high levels of 

Src activity also exhibit high levels of PTP1B (Bjorge et al., 2000). Studies have also linked 

HER2 to the activity of Src in breast carcinoma cell lines. HER2 signalling promotes 

phosphorylation of Src at tyrosine 215, thereby promoting increased activity and auto-

phosphorylation of Src at Y419 (Vadlamudi et al., 2003). This mechanism of Src activation has 

also been found to increase Fak activity and promote metastasis in breast cancer cell lines 

(Vadlamudi et al., 2003). 

The site of Src expression as well as its phosphorylation can provide prognostic information 

for breast cancer. Increased membranous staining of Src Y419 and cytoplasmic Src have been 

found to correlate with poor prognosis (Elsberger et al., 2009), whereas expression of nuclear 

and cytoplasmic phosphorylated at Y215 have been found to be associated with good prognosis 

(Elsberger et al., 2009). 

2.5 Stat3 

2.5.1Structure 

Stat3 is a transcription factor that can be activated by Src phosphorylation at tyrosine 705 

(Turkson, 1998). Stat3, originally discovered as Acute-Phase Response Factor, is one of 6 

members of the family of Signal Transducers and Activators of Transcription (Akira et al., 

1994). The Stat3 gene is located on chromosome 17 and encodes the Stat3 isoforms α and β that 

are produced by differential splicing at the 3’ end of the transcript (reviewed in Bowman, 2000). 

Stat3 drives the transcription of several different proteins promoting survival, migration, 

invasion and angiogenesis (reviewed in Yu, 2004). The protein structure of Stat3 is similar to 

other members of the Stat family, consisting of an N-terminal, coil-coil, DNA-binding, linker, 

SH2, and C-terminal trans-activation domains (Yu and Jove, 2004) (Figure 2.4). 
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Figure 2.4 Schematic of Stat3 structure showing functional domains 

 
Diagram of the structure of Stat3. Stat3 contains an N-terminal, coil-coil, DNA binding, linker, 
SH2 and c-terminal trans-activation domain. Both Tyrosine 705 and Serine 727 are located in the 
trans-activation domain, phosphorylation of which activates Stat3. Adapted from (Yu and Jove, 
2004). Permission granted from Nature Reviews Cancer. 
 

 

2.5.2 Activation of Stat3 

In addition to activation by Src, Stat3 has been found to be activated by several cytokines, 

growth factors, and non-receptor tyrosine kinases (Yu and Jove, 2004). IL-6 stimulates the gp130 

receptor activating Janus Activated Kinases (JAK) and inducing Stat3 Y705 phosphoryation 

(Stat3-705) (reviewed in Murray, 2007) (Figure 2.5). Phosphorylation of Y705 allows for 

dimerization of Stat3 through SH2 domains and can be facilitated by MgcRacGAP (male germ 

cell RacGAP) (reviewed in Raptis, 2011). The nuclear localization signal (NLS) on MgcRacGAP 

then targets the complex to the nucleus where the Stat3 dimer targets specific sequences in the 

promoter of target genes (reviewed in Raptis, 2011) (Figure 2.5). Stat3 induces transcription of 

several genes such as survivin, HGF, Cyclin D1 and Stat3 itself (Narimatsu et al., 2001). In 

addition, Stat3 binds to the p53 promoter to prevent transcription and therefore apoptosis (Niu et 

al., 2005). Phosphorylation at serine 727 activates Stat3 stimulating survival through 
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mitochondria, rather than DNA binding, in response to Ras and MAPK (Mitogen Activated 

Protein Kinases) activation (Demaria and Poli, 2011; Gough et al., 2009).  
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Figure 2.5: Stat3 activation 

 
Stimulation of growth factor and cytokine receptors by their ligands results in receptor 
phosphorylation and activation of tyrosine kinases, Src and JAK. Both Src and JAK activate 
Stat3 by phosphorylation at tyrosine 705. Phosphorylation of Stat3 allows for reciprocal SH2-
tyrosine 705 binding with other molecules of Stat3 resulting in dimerization and translocation to 
the nucleus where it induces the transcription of survival and proliferation genes such as Cyclin 
D1, Survivin, HGF and Stat3 itself. Stat3 dimers also bind to the p53 promoter to prevent 
transcription and therefore inhibit apoptosis. Adapted from Raptis, 2011. Permission granted 
from Experimental Cell Research. 

 

2.5.3 Regulation of Stat3 activity 

Stat3 activity can be inhibited directly by Y705 dephosphorylation or indirectly through 

activators of Stat3. Shp -1 and 2, and PTP1B can dephosphorylate Stat3-705 or phospho-residues 

on Src and JAK (reviewed in Jove, 2004). The suppressors of cytokine signaling family (SOCS) 

family reduce Stat activity by binding to JAK (Sasaki et al., 1999). SOCS3 specifically inhibits 

Stat3 signaling by binding to JAK via its SH2 domain and targeting the protein for degradation 
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as well as directly inhibiting the kinase activity of Jak through its kinase inhibitory region (KIR) 

(Sasaki et al., 1999). The protein inhibitor of activated Stat3 (PIAS3) was found to specifically 

inhibit Stat3 in response to IL-6 stimulation by binding to the DNA-binding domain on Stat3 to 

prevent transcription (Chung et al., 1997).  

2.5.4 Functions of Stat3 in Cancer 

 Stat3 promotes several processes in cancer including cell survival, proliferation and 

inhibition of apoptosis. To promote survival, Stat3 induces the transcription of Survivin which 

inhibits apoptosis by binding to caspase (Cheung et al., 2013) and B cell lymphoma-extra large 

(BCL-XL)  which binds to the pro-apoptotic proteins  p53, BAX (Bcl-2-associated X protein) and 

BAK(Bcl-2 homologous antagonist killer) to prevent apoptosis (Michels et al., 2013). Stat3 also 

directly inhibits apoptosis by binding to the p53 promoter, thus inhibiting its transcription (Niu et 

al., 2005).  

Sustained activity of Stat3 can also contribute to tumourigenesis through increased 

expression of cell cycle regulators such as Cyclin D1 (Pestell, 2013).  In addition, Stat3 has been 

found to promote angiogenesis in tumours through the transcription of vascular endothelial 

growth factor (VEGF) in response to IL-6 stimulation (Ii et al., 2003) and invasion through 

transcription of matix metalloproteinases (MMPs) (Xie et al., 2004).   

2.5.5 Expression of Stat3 in cancer 

Activating mutations of Stat3 have been reported in human inflammatory hepatacellular 

carcinomas (Pilati et al., 2011), however no mutations of Stat3 have been indentified in human 

breast cancer despite observed increases in total and phosphorylated Stat3 (reviewed in Jove, 

2004). Elevated activity of Stat3 has been found to be positively associated with increased 

expression of transcriptional targets Survivin, VEGF, MMP-2, and c-myc (Hsieh et al., 2005). 
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Due to the involvement of Stat3 in processes that contribute to tumour progression it could 

logically be assumed that increased Stat3 expression would correlate with poor prognosis in 

breast cancer. However, activity of Stat3 and total Stat3 has been found to be associated with 

improved outcome (Dolled-Filhart et al., 2003).   

2.6 Stat3 and Cell-cell adhesion 

Cell culture is an essential part of our ability to test hypotheses prior to attempting in vivo 

models. Culturing cells past confluence to increase the number of cell contacts is more 

representative of the in vivo environment than experiments conducted at sub-confluency. Studies 

have found that protein expression can be altered by differences in cell density alone 

(Arulanandam et al., 2009).  

Stat3 activity is dramatically increased with cell density (Vultur et al., 2004), due to 

increased cadherin engagement (Arulanandam et al., 2009), while knockdown of E-cadherin 

results in an abrogation of the cell density dependent phosphorylation of Stat3-705. Knockdown 

of Cadherin 11 also resulted in a dramatic reduction in Stat-705 expression in Balb/c 3T3 cells 

(Geletu et al., 2013). Increased cadherin engagement results in increased expression of 

Rac1/Cdc42 protein as shown by knockdown of cadherin-11 in HC11 cells (Geletu 2013) or E-

cadherin in HC11cells (Arulanandam et al., 2009), while constitutive activation of Cdc42 and 

Rac-1in both cell types increase Stat3 activity (Arulanandam et al., 2010).  Both cadherin types 

increase the levels of total Rac/Cdc42 through inhibition of proteasomal degradation and this 

leads to increased transcription of IL6 family of transcription factors which activate Stat3 

through their common receptor, gp130. Therefore, as cell density increases, the number of 

cadherin engagements increases and an increase in Stat3 activity is observed (Raptis et al., 2009) 

(Figure 2.6). 
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Figure 2.6: Cadherin mediated Stat3 activation 

 
Cadherin engagement increases expression of Rac1 and Cdc42 which acts through NF-Κb to 
increase transcription of IL-6. IL-6 stimulates cytokine receptors to increase activity of Stat3 
(red) through JAK.  MgcRacGAP binds to Stat3 to assist in phosphorylation and nuclear 
localization where Stat3 induces transcription of several proteins. MgcRacGAP is involved in 
both cadherin-mediated and classical activation of Stat3. Adapted from (Raptis et al., 2011). 
Permission granted from Experimental Cell Research. 
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2.7 HGF 

2.7.1 Structure and Function 

Stat3 acts as a transcription factor for Hepatocyte growth factor (HGF), or scatter factor, 

which was first discovered in the 1980s as a regulator of hepatocyte growth and differentiation 

(Nakamura, 1991). HGF is secreted as pro-HGF, which contains an α and β chain (Nakamura, 

1991)(Figure 2.7). The α unit contains the N-terminal domain and 4 kringle domains, the β chain 

contains a Serine proteinase-like domain that lacks activity (reviewed in Nakamura, 2011). Upon 

release from stromal cells HGF is cleaved between Kringle domain 4 and the β chain, α and β 

chains are then linked by disulfide bridges (Nakamura et al., 2011).  

2.7.2 HGF in normal tissues 

HGF has been found to be expressed  in several tissues and directs the regulation of  

developmental processes including embryogenesis, and organogenesis ( reviewed in Matsumoto 

and Nakamura, 1996). Knockout studies of HGF  have been found to be lethal in utero, most 

likely due to the inability of the liver and placenta to develop  (Schmidt et al., 1995). In addition, 

HGF has been found to be essential for survival and proper guidance of motor neurons to their 

synapse (Ebens et al., 1996; Yamamoto et al., 1997).  Yet another role for HGF has been 

identified in the development of β cells in the pancreas (Otonkoski et al., 1996).   

The localization of HGF expression to mesenchymal tissue in the embryo and the 

expression of its receptor Met in epithelial tissues, suggest that HGF/Met regulates normal 

epithelial development in a paracrine fashion (Brinkmann et al., 1995).  
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Figure 2.7: Pro-HGF Structure 

HGF is synthesized as Pro-HGF, an 84 kDa protein consisting of an α chain that contains the N-
terminal domain and 4 kringle domains and a β chain containing a serine protease domain that is 
inactive.  HGF is cleaved by Serine proteases following release from mesenchymal cells 
resulting in linkage between the α and β structure by disulfide bridges. Adapted from (Gherardi 
et al., 2012). Permission granted from Nature Reviews Cancer. 
 

2.7.3 HGF and Cancer 

HGF has been identified as a contributor to tumourigenesis, and is thought to exert these 

effects through increased activation of its receptor Met (reviewed in Rahimi et al., 1996). 

Elevated expression of HGF has been correlated with poor prognosis in solid tumours, including 

breast (Edakuni et al., 2001) and has been found in the serum of women with advanced breast 

cancer (Sheen-Chen et al., 2005). Interestingly, HGF expression in benign, hyperplastic breast 

tissue is similar to that found in the normal breast while a significant increase in its expression is 

observed in DCIS (Ductal Carcinoma in Situ)  and is further increased in invasive ductal 

carcinomas (IDC) (Jin et al., 1997). Other studies have found co-expression of HGF and Met at 

the invading front of breast tumours which correlates with poor survival (Edakuni et al., 2001). 

These findings suggest that HGF and its receptor are involved in the transition of breast cancer 

from a benign to an invasive, life threatening disease. 

2.8 Met  

2.8.1 Structure and Function 
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Met, the receptor for HGF, is a tyrosine kinase receptor that was first discovered as Tpr-

Met, an oncogenic protein resulting from translocations between chromosomes 1 and 7 (Cooper 

et al., 1984). c-Met is transcribed as a 170 kDa precursor protein that is glycolsylated and 

cleaved into α and β chains, non-covalently linked to form the mature Met heterodimer.  Mature 

Met consists of an extracellular, glycosylated domain, to which the β-chain is linked to form a 

large extracellular region (Sema), a membrane spanning segment and an intracellular tyrosine 

kinase domain (Figure 2.8) (Gherardi et al., 2012). The Sema-domain allows for the binding of 

Met’s ligand, HGF (Gherardi et al., 2012). The β chain contains an extracellular region that 

assists in protein binding, an intracellular domain that contains a trans-activation domain 

(tyrosine 1234/5) and a downstream multi-docking site tyrosines (1349 and 1356) that is 

necessary for binding of down-stream effectors (Gherardi et al., 2012).  
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Figure 2.8 Diagram of the mature Met protein 

The precursor Met protein is cleaved into α and β chains which become non-covalently 
linked to form a transmembrane protein heterodimer. The extracellular region contains an α and 
β chain component (Sema-domain) to which the ligand HGF binds. The cytosolic portion of Met 
consists of a catalytic region that undergoes trans-phosphorylation at tyrosines 1234 and 1235 
during receptor dimerization, and a docking site (tyrosines 1349 and 1356) that is functional after 
phosphorylation. Adapted from Faria 2011. Permission granted by Intech. 

 
Met can be stimulated directly by HGF  (Bottaro et al., 1991) or through ligand-

independent interactions (Mitra et al., 2011). Upon stimulation of Met, the receptor undergoes 

dimerization and auto-phosphorylation at Y1234/1235 (Boccaccio and Comoglio, 2006). Further 

phosphorylation at Y1349 and Y1356 allows binding of multiple adaptor molecules such as 
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GRB2 (Growth Factor Receptor Bound Protein-2), Gab1 (GRB2 associated protein 1), PI3K 

(phosphoinositide-3 Kinase),  Src, and JAK (reviewed in Boccaccio and Comoglio, 2006) 

(Figure 2.9).  Gab1 can bind to Met indirectly through GRB2 or directly through a Met binding 

domain (MBD), independently of the Met docking site (Tulasne et al., 1999). This GRB2 

independent docking of Gab1 allows maintained Ras activity in the absence of functional Met 

docking sites (Tulasne et al., 1999).  Met, similar to HGF, has been found to be essential for 

processes such as embryogenesis, organogenesis and wound healing (Uehara et al., 2000).  
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Figure 2.9 Met activation 

Met can be stimulated by HGF or ligand independent interactions with integrins and CD44. 
Activation of Met results in phosphorylation of the transactivation domain and downstream 
docking sites. Grb2 is a scaffolding protein that can bind to the phosphorylated tyrosines in the 
docking site to allow binding and activation of several effector molecules such as PI3K, Gab-1, 
Src and Stat3. Gab-1 can also bind directly to the docking site in the absence of Grb2 to 
stimulate sustained activation of Rac.  Adapted from Trusolino, 2010. Permission granted from 
Nature Reviews Cancer. 
 

2.8.2 Regulation of Met 

 Activation of Met immediately induces processes that down-regulate Met expression to 

prevent sustained signalling in non-neoplastic cells. Following activation, Met is internalized by 

clatherin-coated vesicles and transferred to endosomes (reviewed in Faria, 2011), at which point 

Met can be targeted for degradation or recycling. C-cbl targets Met for internalization by binding 

to phosphorylated Y1003, which has been found to be essential for the turnover of Met (Faria, 

2011).  

 Binding sites for E26 transformation-specific (Ets) transcription factors have been 

identified on the Met promoter, disruption of which has been found to inhibit Met transcription 

(Gambarotta et al., 1996).  p53 has also been found to increase the transcription of Met (Seol et 

al., 1999).  Binding sites for specificity protein 1 (Sp1) have also been identified on the Met 

promoter and HGF stimulation has also been found to increase transcription of Met through the 

activator protein-1 (AP-1) transcription factor (Seol et al., 2000).  

Inhibition of Met transcription has been found to require Death associated protein 6 

(DAXX) which displays an inverse relationship with Met expression in breast cancer (Morozov 

et al., 2008). Daxx-dependent inhibition of Met transcription was also found to require Histone 
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Deactylase 2 (HDAC2), indicating a role for chromatic acetylation in the regulation of Met 

transcription (Morozov et al., 2008).  

 

2.8.3 Met in Cancer 

Met mutations  have been identified in colorectal cancers, gastric cancers, gliomas, 

hereditary papillary renal cell carcinoma and  lung cancer, resulting in aberrant activation 

(reviewed in Sierra and Tsao, 2011). The expression of Met in cancers that do not exhibit 

mutational events may be caused by de-regulation of Met activity. Activation of Met through 

ligand independent means may account for increased activity in cancer. Interaction of α6β4 with 

Met in the presence of cadherin engagement has been found to increase activity of Met and result 

in stimulation of invasion pathways (Mitra et al., 2011). Src and Fak have also been found to 

increase the activity of Met in the presence of integrin engagement and induce transformation of 

epithelial cells (Wojcik et al., 2006). This process may be induced by direct interaction of Fak 

with Met tyrosine 1349 promoting invasion and motility (Chen and Chen, 2006). Met has also 

been found to interact with EGFR, a process which contributes to cancer progression (Acunzo et 

al., 2013). 

Elevated expression of total Met protein has been identified in human cancers (Scarpino 

et al., 2004). In particular, Met has been found to be over-expressed in hypoxic regions of 

tumours (Scarpino et al., 2004). It has also been found to be more highly expressed at the 

advancing front of human breast carcinomas suggesting a role in invasion (Edakuni et al., 2001). 

Increased expression of total Met has been correlated with poor prognosis for breast cancer 

(Ghoussoub et al., 1998). More recently it has also been identified as a potential biomarker of 

BLBC, and therefore has prognostic potential (Garcia, 2007)(Ho-Yen et al., 2013).  
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Increased expression of Met is often coupled with increased expression of HGF 

suggesting an autocrine role of HGF in activation of Met (Jin et al., 1997). However, while HGF 

expression is found in both the carcinoma and adjacent stromal cells in tumour samples, Met is 

largely localized predominantly to carcinoma cells themselves (Matsumoto and Nakamura, 

2006). 

Similar to Met activation, stimulation of Frizzled receptors by Wnt ligand results in 

transcription of proteins that promote cell motility, proliferation and invasion. Wnt promotes 

these pathways through β-catenin transcriptional activity. Binding of Wnt to Frizzled receptors 

releases GSK-3β from an APC/Axin complex which promotes B-catenin degradation. B-catenin 

is then translocated to the nucleus by Rac-1 and complexes with LEF/TCF transcription factors 

to promote the transcription of genes such as MMP-7, c-myc and Cyclin-D1 (reviewed in Yang, 

2011). Similar to Met, the activation of Wnt signalling pathways has been found to be increased 

in many human cancers including basal-like and triple negative breast cancers (reviewed in 

Yang, 2011 and Wend, 2012). Interestingly, a study involving increased Wnt and Met signalling 

in the mammary glands of mice induces basal-like mammary carcinomas (Holland, 2013). 

Conversely, inhibition of Met and Wnt suppresses tumour growth (Holland, 2013).  

2.9 FAK 

2.9.1 Structure and regulation 

Met can be activated by ligand-independent means via Fak (Focal adhesion kinase), a 

non-receptor kinase that is highly involved in the maintenance of cell contacts and assists in the 

transmission of signals through the plasma membrane (reviewed in Mitra et al., 2005).  Fak 

consists of a FERM (protein 4.1 Ezrin, Radixin Moesin homology) domain, a Kinase domain and 

a FAT (Focal Adhesion Targeting) domain (Luo and Guan, 2010). The FERM domain regulates 
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interactions with EGFR, PDGF and Ezrin while the Kinase domain contains three tyrosines that 

are phosphorylated for activation (reviewed in Luo and Guan, 2010). Tyrosine 397 is auto-

phosphorylated in response to growth factors and integrins and is required for activation and 

binding of proteins that contain SH2 (Src-homology -2) domains (e.g. Src and PI3K), while 

tyrosine 576 and 577 further increase the activity of FAK (Luo and Guan, 2010). The FAT 

domain associates with paxillin and talin therefore recruiting FAK to focal adhesions. FAK also 

contains two proline rich regions (PRR) that bind proteins which contain SH3 (Src-homology-3) 

domains (reviewed in Mitra et al., 2005) (Figure 2.10). 

 

 
 

Figure 2.10 Structure of FAK 

FAK consists of a FERM domain, Proline-rich region 1 (PRR1), Kinase domain, Proline rich 
region 2 (PRR2) and a FAT (Focal Adhesion Targeting) domain.  FAK interacts with PDGFR, 
EGFR and Ezrin through its FERM domain, while proteins containing SH3 domains bind to PRR 
1 and 2. Upon activation by growth factors or integrins, tyrosine 397, located in the kinase 
domain, becomes phosphorylated allowing proteins with SH2 domains to bind and become 
activated. Tyrosine 576 and 577 must be phosphorylated in order to achieve maximal FAK 
activity. Tyrosine 861 allows for increased SH3 binding and is required for Ras activity. 
Tyrosine 925 is involved in MAPK activation through GRB2 binding and is located in the FAT 
domain that targets FAK to focal adhesions. Lysine 152 allows for the ubiquitination of FAK.  
(Adapted from Mitra, 2005). Permission granted from Nature Reviews Molecular Cell Biology. 
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Interactions between integrins or growth factor receptors force FAK into an open 

conformation, stimulating the auto-phosphorylation of Fak at Y397 (reviewed in Parsons, 2003). 

Src binds to Y397 through its SH2 domain and phosphorylates additional tyrosines on FAK 

including 576 and 577 which further increases the activity of FAK (reviewed in Parsons, 2003).  

Src can also phosphorylate tyrosine 861 which is necessary for Fak-dependent activity of Ras, 

and Y925 which binds Gbr2 to induce MAPK signalling (reviewed in Luo, et al., 2009). 

 

2.9.2 Fak in cancer 

Assessment of Fak by IHC has found that over-expression of FAK correlates with high 

grade, ER/PR-ve and HER2+ve breast tumours (Lark et al., 2005). Over-expression of FAK has 

also been correlated with p53 mutations (Golubovskaya et al., 2009) and interactions between 

p53 and the N-terminal of Fak have been found to enhance tumour growth (Golubovskaya et al., 

2013). An inhibitor of FAK, PND-1186 prevents phosphorylation of Fak tyrosine 397 and has 

been found to prevent metastasis of the 4T1 breast cancer cell line to the lungs (Walsh et al., 

2010). Fak has also been found to suppress anoikis (apoptosis induced by loss of cell adhesion), 

a process that requires autophosphorylation of Fak at tyrosine 397 and contributes to metastasis 

of tumour cells (Frisch et al., 1996). 

 

2.10 Tumour-stromal interactions  

HGF activation of Met is a classic example of mesenchymal-epithelial interactions which 

represent fundamental actions in tissue development and function. The development of epithelial 

tissues is largely dependent on factors secreted by mesenchymal tissues which direct cell 
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polarity, as observed in 3D tissue culture (reviewed in Gudjonsson et al., 2002). Much like 

mesenchymal cells and epithelial tissues, tumour cells interact with surrounding stromal cells  

(Trusolino and Comoglio, 2002). Abnormal signaling from surrounding stroma tissue can induce 

transformation in epithelial cells and lesions. Carcinoma and surrounding stromal cells exert 

effects on each other thereby creating an environment that allows the outgrowth of the tumour as 

well as promoting invasion and metastasis via production of proteases such as MMP-2, 

recruitment of macrophages and alterations to the composition of the surrounding stroma 

(reviewed in Trusolino and Comoglio, 2002).  Tumour cells commonly express HGF-inducing 

proteins that act on surrounding stromal cells and stimulate the production of HGF causing 

proliferation and invasion by binding to Met receptors expressed on the carcinoma cells (Elliott 

et al., 2002). In some cases this paracrine expression is also thought to transform into an 

autocrine process (Jin et al., 1997), which may further enhance metastatic progression. HGF-Met 

signalling functions to break cell-cell contacts by displacing cadherins and proteolytically 

digesting them through the production of matrix metalloproteinases (MMPs) (Trusolino and 

Comoglio, 2002). HGF also suppresses the transcription of cadherins, thus preventing the 

formation of adherens junctions (Trusolino and Comoglio, 2002).  

Recent studies have shown that the ECM environment can dramatically affect the 

differentiated versus invasive phenotypes of cancer cells (Even-Ram, 2005). Furthermore, the 

Elliott lab, and others, previously observed a positive regulatory effect of integrins on Met 

signalling (Hui, 2009).  Therefore my thesis study includes an assessment of the effect of Met, 

Stat3 and Src inhibition on the tumour pheontype in 3 dimensional (3-D) Matrigel cultures. 

Matrigel is an ECM-like substance derived from Engelbreth-Holm, Swarm (EHS) tumour cells 

in mice, and possesses all of the pertinent components of ECM such as collagen 4 and laminin-
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1(Sodek, 2008). Culture of non-neoplastic mammary epithelial cells, in Matrigel has been found 

to promote differentiation into spheroid-like acini structures that possess apico-basal polarity and 

can be stimulated to produce beta-casein in response to lactogenic hormones (Lee, 2007). Within 

these culture systems carcinoma cells have been found to form loosely aggregated structures 

which extend or invade throughout the Matrigel, and thus more closely resemble the in vivo state 

than the flat sheets of cells observed in 2-D culture. Further analysis of breast carcinoma cell 

colony morphology in Matrigel revealed that breast cancer cell lines can adopt one of four 

conformations - round, mass, grape-like or stellate – which reflects the gene expression profile of 

the cell line Bissell, et al., 2007. Interestingly, cell lines which exhibited a stellate morphology in 

Matrigel, the most aggressive morphology, were found to express a basal-like breast cancer gene 

expression profile (Bissell, et al., 2007).  

 

2.11 Targeted Therapies 

 Traditional chemotherapies act as broad spectrum drugs that induce non-specific toxicity 

and can be ineffective for some types of breast cancer in addition to having harmful side effects. 

These issues have led to the need for the development of therapies that target specific proteins. 

2.11.1 Inhibition of HER2 

HER2 (human Epidermal growth factor receptor 2), is a member of the Human 

Epidermal Growth Factor family that is over-expressed in approximately 25-30% of breast 

cancers through gene amplification (Ariga, 2005). HER2 does not have a ligand but dimerizes 

with other members of the Human Epidermal Factor Family to induce proliferation and survival 

through sustained activation of PI3K ,  Mitogen-Activated Protein Kinase (MAPK) and Stat3 

through IL-6 (Vrbic et al., 2013) (Hartman et al., 2011). Prognostic assessment of HER2 has 
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found that it has a worse overall and distant metastasis-free outcome as compared to other breast 

cancer subtypes (Sorlie, 2001). 

 Herceptin, also known as Trastuzumab, is a monoclonal antibody that inhibits the HER2 

receptor by targeting its extracellular domain blocking downstream signalling pathways that 

promotes rapid proliferation (Carter et al., 1992). Assessment of Herceptin efficacy as a single 

agent in women with HER2 +ve metastatic breast cancer has found that it induces a response in 

only 26% of patients (Vogel et al., 2002).  However, combination of Herceptin with other 

cytotoxic chemotherapies has proven to be effective in improving distant metastasis free and 

overall survival (Dahabreh et al., 2008).  

Lapatinib is a small molecule kinase inhibitor that has been developed to inhibit HER2 as 

well as EGFR (HER1) receptor activity by binding to their ATP domains (Wood et al., 2004). 

Combination of Lapatinib and Herceptin treatment in breast cancer patients has been found to be 

more successful in inhibiting disease progression and increasing over-all survival than Lapatinib 

or Herceptin treatment alone (Gampenrieder et al., 2013).   

2.11.2 Inhibition of ER 

Over-expression of breast ER (Estrogen Receptor) has been identified in approximately 

70% of breast cancers, with better prognosis than ER-ve breast cancers (Crowe et al., 1991). 

Tamoxifen is a non-steroidal anti-estrogenic compound that was designed to induce ovulation as 

an anti-fertility drug (Jaiyesimi et al., 1995) and was approved for use in the clinic in the 1970s 

to treat women with ER+ breast tumours.  In the breast, Tamoxifen is metabolized to trans-4-

hydroxytamoxifen by cytochrome p450 and binds to the ER receptor to prevent signaling (Crewe 

et al., 2002).  Tamoxifen has been found to significantly reduce disease progression in breast 

cancer patients (Jaiyesimi et al., 1995). It has also been found to be effective as a preventative 
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compound for breast cancer as women  receiving Tamoxifen treatment were found to have a 

reduced risk of invasive breast cancer of almost 50% (Fisher et al., 1998). However, long-term, 

treatment with Tamoxifen is associated with an increase in endometrial cancer incidence (Nelson 

et al., 2013) due to its metabolism to an agonist of ER and ability to stimulate the MAPK 

pathway in the uterus (Wang et al., 2002). 

2.11.3 Inhibition of Src 

Due to ample evidence of Src`s involvement in carcinogenesis, several small molecule 

inhibitors have been developed and proposed for use in clinical trials of breast, pancreatic, lung, 

head and neck, colorectal, and prostate cancers (reviewed in Wheeler et al., 2009). Dasatinib 

(Appendix D) is a small molecule, ATP-inhibitor of Src Family Kinases that binds to the ATP 

binding site in the autophosphorylation region to reduce kinase activity (Lombardo et al., 2004). 

Dasatinib is used to treat Imatinib (tyrosine kinase inhibitor of BCR-Abl) resistant acute 

lymphocytic leukemia and chronic myeloid leukemia  that express the Phillidelphia 

chromosome, a chromosome translocation that results in the fusion of  B-cell receptor (Bcr) and 

Ableson tyrosine protein kinase (Abl)  to form  Bcr-Abl (reviewed in Hochhaus and Kantarjian, 

2013; Wheeler et al., 2009).  

In solid tumours Dasatinib has been found to promote a reduction in tumour growth in 

combination with other therapies. In tumour xenograft models of head and neck squamous cell 

carcinomas, Dasatinib was found to prevent repair of DNA breaks following  radiotherapy by  

immunofluorescent  assessment of p53 binding protein (53PB-1), therefore increasing the 

efficacy of radiation  (Stegeman et al., 2013). Combination of Dasatinib with Oxaliplatin, a 

derivative of Platinum,  results in a greater reduction in tumour growth than oxaliplatin and 

Dasatinib alone in xenograft models of gastric carcinomas (Shi et al., 2013).   
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Despite strong pre-clinical evidence for the efficacy of Src inhibitors in the treatment of 

carcinomas, clinical trials for Dasastinib as a single agent in the treatment of metastatic breast 

cancer, TNBC and  HER2+ve breast cancer have shown no significant reduction in disease (Finn 

et al., 2011; Herold et al., 2011; Mayer et al., 2011). Additionally, a phase II clinical trial of 

Dasatinib in the treatment of non-small cell lung cancer has been found to pose no greater benefit 

than chemotherapy (Johnson et al., 2010). Alternate inhibitors of Src such as Saracatinib, an 

ATP-competitive tyrosine kinase inhibitor of Src, have also failed to significantly limit disease 

progression in breast cancer clinical trials (Gucalp et al., 2011).   

 

2.11.4 Inhibition of Met 

Due to the over-expression of Met in a number of cancer types, several inhibitors have 

been designed to block Met activity (reviewed in Eder et al., 2009). Foretinib (Appendix D) is an 

ATP- competitive, tyrosine kinase inhibitor that targets the trans-activation domain of Met to 

block its activity (Tiedt et al., 2011). Foretinib also inhibits VEGFR, PDGFβ, RON and other 

receptor tyrosine kinases and is currently in the second phase of clinical trials for the treatment of 

TNBCs (NCIC IND. 197). Results for Foretinib in clinical trials have been unfavourable in 

metastatic gastric adenocarcinomas as no regression of disease was observed and only 23% of 

patients showed stable disease (Shah et al., 2013). Foretinib has successfully passed phase II 

trials for treatment of papillary renal cell carcinoma and has been found to be more likely to 

induce a response in tumours that express germ-line mutations (Choueiri et al., 2013). Therefore 

the efficacy of Foretinib in human cancer may be dependent on tumour type. 
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2.11.5 Inhibition of Stat3 

Inhibitors of Stat3 have also been designed as targeted therapies. An oligonucleotide 

Stat3 decoy has been developed that inhibits binding of Stat3 to DNA (Sen and Grandis, 2012). 

This decoy has been found to effectively overcome resistance to Cetuximab, a monoclonal 

antibody that targets the extracellular domain of EGFR, in cell lines and tumour growth of 

tumour xenograft models for head and neck squamous cell carcinomas (Sen et al., 2012).  CPA7 

(Appendix D) is a Stat3 inhibitor derived from platinum IV that has been found to reduce tumour 

growth in xenograft models of colon cancer (Turkson et al., 2004). CPA7 inhibits the 

transcriptional activity of Stat3 by blocking its ability to bind to DNA and also drastically 

reduces phosphorylation of Stat3 at Y705 (Turkson et al., 2004).  

Alternative inhibitors that target molecules upstream of Stat3 such as JAK or IL-6 have 

also been proposed as mechanisms to disrupt Stat3 signaling in cancer. Ruxolitinib a small 

molecule inhibitor of JAK 1 and 2 has been approved for treatment of myeolofibrosis 

(Mascarenhas et al., 2012). It has also been proposed for clinical trials involving breast cancer 

due to the observed increase of IL-6/JAK/Stat3 expression in BLBC tumour cell lines (Marotta et 

al., 2011).  

 

2.12 HGF/Met – Src/Stat3 signalling 

HGF stimulates Met in a paracrine manner in normal tissues and possibly an autocrine 

manner in transformed cells. Examination of HGF gene regulation revealed that Stat3 binds to 

the HGF promoter and drives its transcription (Hung and Elliott, 2001). Futhermore, deletions in 

the HGF promoter in a negative regulatory sequence termed ‘DATE’ have been found to 

correlate with the expression of HGF in invasive breast tumours (Ma et al., 2009). To date, this is 
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the only known mutation of HGF in breast carcinomas. It was found that increasing Stat3 activity 

results in stimulation of HGF transcription in non-tumourigenic mammary epithelial cells that 

had previously suppressed transcription of HGF (Hung and Elliott, 2001; Ma et al., 2009). Src 

was also found to be essential to the process as increased Src activity was also required to 

increase HGF transcription (Hung and Elliott, 2001). This is mostly likely due to the fact that Src 

activates Stat3 and is therefore necessary to increase active Stat3 expression to a level that 

induces HGF transcription. This stimulation of HGF transcription caused cells to adopt a 

transformed phenotype indicating that Stat3 activity promotes carcinogenesis through HGF 

transformation of cells (Wojcik et al., 2006) (Figure 2.11).  

 

 

Figure 2.11: Src/Stat3 – HGF/Met pathway 
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Src and Stat3 act co-operatively to promote HGF expression. Induction of HGF expression in 
epithelial cells can result in transformation and an up-regulation of survival, motility, invasion 
and metastasis in carcinoma cells. Fak acts downstream of integrin to increase the activity of Src.  
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Hypothesis and Objectives 

Previous findings from our lab have demonstrated that Src promotes transcription of HGF 

through Stat3 in breast carcinoma cells (Hui et al., 2009; Hung and Elliott, 2001) and that 

induction of HGF transcription can induce migration and transformation in non-neoplastic 

mammary epithelial cells (Wojcik et al., 2006).  

My hypothesis is that Src and Stat3 contribute to the invasive phenotype observed in 

human breast carcinomas through Met and may be an improved biomarkers for prognosis and 

treatment response in human breast cancers that express this activated pathway.  

The following aims are proposed: 

Aim 1: Investigate the role of the Src/Stat3 axis upon HGF/Met activation on motility and 

invasion in MDA-MB-231 cells. 

Aim 2: Investigate the role of the Src/Stat3-Met pathway on tumour growth and metastasis. 

Aim 3: Evaluate the predictive/prognostic capacity of the Src/Stat3- Met pathway in human 

breast cancer. 
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Chapter 3 

Src promotes increased Met expression through Stat3, enhancing migration 

and invasion of breast cancer cells 
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Abstract 

BLBC breast cancer is an aggressive subtype of breast cancer that has a poor prognosis, 

due to its ability to metastasize quickly and the lack of viable treatment options. The proto-

oncogene Met has been found to be over-expressed in basal-like carcinoma cell lines as well as 

other cancers, making it a possible biomarker and treatment target. 

 Src and Stat3 have been previously shown to increase transcription of HGF resulting in 

an increase in the activity of Met. Additionally, Stat3 has been found to increase mRNA 

expression of Met in mouse epithelial cells. The purpose of this study was to determine if Src 

and Stat3 affect Met expression in the BLBC cell line MDA-MB-231 and whether inhibition of 

this pathway prevents tumour cell migration and invasion. Results show that Stat3 activated by 

cadherin engagement or by Src, mediates an increase in Met protein as well as phosphorylation. 

Furthermore, Src, Stat3 and Met were found to participate in the migration and invasion of 

MDA-MB-231 cells. The evidence from this study supports the Src/Stat3 – Met pathway as a 

potential therapeutic target for the BLBC subtype.  
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Introduction 

Met expression has been found to be increased in BLBC, and correlates with poor 

prognosis (Garcia et al., 2007) (Ho-Yen et al., 2013). Src and Stat3 have been found to increase 

the activity of Met through transcription of its ligand, HGF (Hung and Elliott, 2001). The 

increase in HGF transcription in response to Src and Stat3 is specific to breast cancer and 

represents a potential target for breast cancer therapy (Sam et al., 2007). In addition, Stat3 has 

been found to increase the expression of Met mRNA in response to IL-6 stimulation (Yang et al., 

2005) suggesting that Stat3 may increase not only the activity but the total expression of Met. 

 Src is a non-receptor tyrosine kinase that has been found to be over-expressed in breast 

cancer and is an indicator of poor prognosis (Elsberger et al., 2009). Dasatinib is a small 

molecule, ATP-competitive tyrosine kinase inhibitor of Src Family Kinases that bind to the ATP 

binding site of Src to prevent auto-phosphorylation of tyrosine 419 (Lombardo and Lee, 2004).  

Stat3, a member of the Signal Transducers and Activators of Transcription family is activated by 

Src (Turkson et al., 1998) as well as many cytokine and growth factor receptors (Yu and Jove, 

2004). Stat3 expression has also been found to be dependent on cadherin engagement and 

therefore increases with cell density (Arulanandam et al., 2009). CPA7 (Turkson et al., 2004) is a 

platinum IV containing compound that disrupts the ability of Stat3 to bind to DNA and inhibits 

phosphorylation at tyrosine 705 (Littlefield et al., 2008) .  

In this study, CPA7, Dasatinib and Met knockdown (KD), were used to determine the 

effect of Stat3, Src or Met blockade on cell migration and invasion in the BLBC cell line MDA-

MB-231. In addition, Foretinib, a small molecule ATP competitive inhibitor of Met that binds to 

its ATP-binding site to prevent phosphorylation (Logan et al., 2013) was used. The results have 

confirmed a pathway in which Stat3 promotes density-dependent increases in total Met protein 
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and Src contributes to increased Met expression by increasing Stat3 activity (Src/Stat3-Met 

pathway). In addition, I found that the Src/Stat3-Met pathway contributes to migration and 

invasion of MDA-MB-231 cells. 
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Materials and Methods 

Cell lines  

Human MDA-MB-231 cells are classified as a BLBC cell line, based on their ER-ve/PR-

ve, HER2-low, EGFR+ve and cytokeratin 5/6+ve pheontype (Finn et al., 2007). They were 

originally derived from the pleural effusion of a 51 year old breast cancer patient (ATCC) and 

were gifted to our lab by Dr. Peter Siegel (McGill University).   

MDA-Src cells were a gift from Dr. U.K Mukhopadhyay (Mukhopadhyay et al., 2010). 

The MDA-Src cell line is the MDA-MB-231 parental line expressing a constitutively active 

(Y527F) avian Src pWZL vector (vector map shown below). MDA-MB-231 and MDA-Src cells 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal 

Bovine Serum (FBS) in a 5% CO2 incubator at 37°C.  

 

Lenti-viral knockdown of Met 

Knockdown vectors for Met were expressed in MDA-MB-231 and MDA-Src cells with 

pGIPZ short hairpin RNA (shRNA) vectors from Open Biosystems as follows (vector map 

shown below): an empty vector control, shMet-1 (ATTCTTGTGTGAAAAGTCT) 

(V3LHS_646098) and shMet-2 (TAAACACTTCCTTCTTTGT) (V3LHS_381508 ) vectors 

were transduced into HEK293T cells at 70% confluence in 35mm plates in serum free 

Dulbecco’s Modified Eagle Medium (DMEM) for 4 hours with Lipofectamine 2000 (Life 

Technologies, catalogue number11668019). Transduction media was them removed and replaced 

with DMEM supplemented with 10% Fetal Bovine Serum (FBS). Medium was collected the next 

day and syringe-filtered with a 0.4µM filter prior to being added to MDA-MB-231 or MDA-Src 

cells. The supernatant was removed from MDA-MB-231 and MDA-Src cells after 6 hours and 
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replaced with DMEM supplemented with 10% FBS. The infection process was repeated twice to 

increase copy number and Met knockdown. Cells were selected by addition of 4µg 

puromycin/mL to medium. Cell lines are henceforth referred to as MDA-MB-231 shMet-1, 

MDA-MB-231 shMet-2, MDA-Src shMet-1 and MDA-Src shMet-2. Cells were maintained in 

DMEM supplemented with 10% FBS in a 5%CO2 incubator at 37°C.  

 
 
Western blotting 

Cell lysates were prepared in NP-40 (10 μg/mL aprotinin, 10 μg/mL leupeptin, 0.5 mM 

PMSF, 100mM NaF and 2 mM Na3VO4 in a stock buffer containing 50 mm Hepes, pH 7.4, 10 

mM Na4PO7, 150 mm NaCl, 10 mm EDTA and 1% Triton X-100) (Greer et al., 2010). Protein 

concentration was determined using the Bio Rad DC protein assay kit (catalogue number 500-

0114/0113). 20µg of protein per extract were boiled with β-mercaptoethanol (3%) 100°C for 5 

minutes. Extracts were resolved on 8% polyacrylamide gels along with a Pierce pre-stained 

protein ladder for molecular weight reference (Pierce, catalogue number 26619). Samples were 

then transferred to an Immobilon-P membrane with a 0.45µm pore size (Millipore, catalogue 
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number IPVH000010), that had been soaked in 100% methanol for 10 minutes. The semi-dry 

transfer method was then used at 100mA/gel for 1 hour and 20 minutes. Following transfer, 

membranes were blocked in either 5% milk or BSA in TBST (1M Tris, 150mM NaCl, 0.1% 

Tween-20 pH 8.0) for 1 hour before probing overnight with diluted primary antibodies (Table 

3.1). The total Src antibody used in this study (Cell signaling, catalogue number 2109) does not 

detect avian Src and will therefore not reflect an increase in total Src in the MDA-MB-231 cells 

expressing constitutively active Src (MDA-Src) as compared to the MDA-MB-231 cells. After 

overnight incubation, membranes were washed 3 times for 5 minutes each. TBST with 5% milk 

and appropriate secondary antibodies diluted to 1:2500 were applied to the membranes and 

incubated for 1 hour at room temperature. Membranes were washed 3 times, 5 minutes each, 

with TBST. Proteins were visualized using enhanced chemiluminescence reagent (Pierce, 

catalogue number 32106), followed by exposure to autoradiographic film (Fuji Medical x-ray 

film, Christie Group Ltd., Mississauga, ON). 
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Table 3.1 Antibody Specifications for Western Blotting 
Primary 
Antibody 

Company Name 
and Catalog 

number 

Dilution Block Secondary 
Antibody 
Species 

Species reactivity 

pAkt Cell Signaling 4051 1:1000 Milk Rabbit Human, Mouse, Rat 

Akt Cell Signaling 4691 1:1000 BSA Rabbit Human, Mouse, Rat, 
Monkey, D. 
melanogaster 

Cyclin D1 Santa Cruz sc-717 1:1000 BSA Rabbit Mouse, Rat, Human 

pERK Cell Signaling 9101 1:1000 BSA Rabbit Human, Mouse, Rat, 
Hamster, Monkey, 
Mink, D. melanogaster, 
Zebrafish, Bovine, Pig, 
C. elegans 

ERK Cell Signaling 4695 1:1000 BSA Rabbit Human, Mouse, Rat, 
Hamster, Monkey, 
Mink, D. melanogaster, 
Zebrafish, Bovine, Dog, 
Pig, C. elegans 

pY925 FAK Cell Signaling 
9142S 

1:500 BSA Rabbit Mouse, Rat, Human, 
Chicken 

Fak Santa Cruz sc-557 1:1000 Milk Mouse Mouse, Rat, Human, 
Chicken 

pY1234/5 Met Cell Signaling 3126 1:500 BSA Rabbit Human, Mouse, Rat, 
Monkey 

Met Invitrogen 37-0100 1:500 Milk Mouse Human, Mouse, Rat, 
Monkey 

pY419 Src Cell Signaling 2101  1:1000 BSA Rabbit Human, Mouse, Rat 

Src Cell Signaling 2109 1:1000 BSA Rabbit Human, Mouse, Rat, 
Monkey, Hamster, 
Bovine, Pig  

pY705 Stat3 Cell Signaling 9131 
& 9145 

1:500 Milk Rabbit Human, Mouse, Rat, 
Monkey  

 

Stat3 Cell Signaling 9132 1:1000 BSA Rabbit Human, Mouse, Rat, 
Monkey  

 

γ-tubulin Sigma-Aldrich 
T5326 

1:1000 BSA Mouse Human , Mouse, Dog, 
Bovine, Rat, Hamster, 
Chicken 
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Luciferase Assays 

HGF-luciferase constructs were created as described in Wojcik (2006). The HGF 

fragment expressed in the cells consists of the 538 base pairs (bp) upstream of the HGF 

transcription start site. The mutated site is 95 bp upstream of the HGF promoter and is altered 

from TTACCGTAA to GACGTCTAA. HGF-luciferase reporters were transfected using the 

LipofectAMINE plus system (Invitrogen catalogue number 15338-100) according to 

manufacturer's protocols. MDA-Src cells were plated in 6-well 35mm plates at 80% confluence. 

In an eppendorf tube, 1µg of the HGF luciferase construct was added to 100µL of serum free 

media with 100 ng of Renilla-luciferase construct and 8µL Lipofectamine Plus. The reagents 

were left at a room temperature for 15 minutes. In a second tube 100µL of Serum free media was 

added to 4µL of Lipofectamine reagent and combined with the first tube. Medium was removed 

from the cells and replaced with 0.8mL of serum free media. Lipofectamine reagents were then 

added drop-wise and left in an incubator for 5 hours at 5% CO2, 37°C. Serum free media was 

removed and replaced with 2mL of DMEM supplemented with 10% FBS.  Cells were 

trypsinized the following day and seeded into 24-well plates with the indicated drug 

concentrations. Treatment groups were then analyzed using the Promega Dual-Luciferase 

Reporter Assay System (catalogue number E1910). Data is represented as HGF reporter 

expression/ renilla reported expression. Experiments were performed in triplicates.  

 

Wound Healing Assays 

Cell lines were grown in 6 well, 35 mm plates to 100% confluence +1day. Two wounds 

were made in each well using a plastic 10µL pipette tip. Medium was changed and re-applied to 
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remove any non-adherent cells, and indicated concentrations of inhibitors were added. 

Photographs were taken every 4 hours until wounds were closed. An inverted Nikon microscope 

with a 10x objective was used to capture photographs. Wound area was measured using 

Photoshop CS4 (Adobe). The percentage of wound closure at 8 hours was determined by 

dividing the area of the wound at 8 hours by the area of the wound at 0 hours and multiplied by 

100.  Statistical significance was determined using one-way ANOVA. Statistical analysis was 

performed by Graph Pad Prism (Graph Pad Software), which was also used to generated 

histograms. 

Invasion Assay  

Cells were seeded into 20% growth factor reduced Matrigel (BD Biosciences, 354230) in 

DMEM without serum in 6.5 mm transwell chambers with a 8.0µm pore polycarbonate 

membrane (Corning, catalogue number 3422) for 18 (MDA-Src) or 24 (MDA-MB-231) hours. 

The indicated drug concentrations were added to the wells 1 hour after addition to 20% Matrigel. 

After 18 (MDA-Src) or 24 (MDA-MB-231) hours the wells were fixed in 4% paraformaldehyde 

and stained with DAPI to identify the nuclei. The membrane from each transwell was removed 

and mounted on a glass slides with cover-slips. Photographs were taken using a Leica 

microscope. The number of invading cells were counted using Image Pro (Media Cybernetics). 

Each treatment and cell line was assessed in quadruplicates. Statistical significance was 

determined by one-way ANOVA. Statistical analysis was performed by Graph Pad Prism (Graph 

Pad Software), which was also used to generate histograms. 

 
3-D Matrigel Cell Culture 

Matrigel is an ECM-like substance derived from Engelbreth-Holm Swarm (EHS) 

tumours in mice and possesses all of the pertinent components of ECM such as collagen 4 and 
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laminin-1 to mimic in vivo conditions (Sodek, 2008). 3D Matrigel embedded cultures were set up 

as previously described by Lee et al. (2007). Pre-chilled 96-well plates with glass bottom 

coverslips (In vitro scientific P96-1.5H-N) were used to set up 3-D cultures. 30 μl of 100% 

growth factor-reduced Matrigel (BD Biosciences, 354230) was added as the base layer in the 

well. 2500 cells were suspended in100µL of 75% Matrigel in DMEM/F12 + 5% FBS and added 

to the base layer. 120µL of 3D medium (DMEM/F12 + 1% Pen/Strep + 5%FBS + 5% Matrigel) 

was added to the well with appropriate drug concentrations 30 minutes after cells were 

suspended to allow for gelling. 3D medium was replaced every 48 hours. Cultures were 

monitored up to 6 days during which time tumor cells formed colonies from single cells. Phase 

contrast photographs of colonies were taken at various times using an inverted Olympus 

microscope. The number of colonies per well was determined and colony forming ability was 

calculated. Morphology of colonies was assessed as "invasive" structures with branching chains 

of cells (extensions) and cellular protrusions, or cohesive "round" colonies with no chains or 

protrusions. The presence of 5 or more cellular extensions or protrusions per colony was 

considered positive. Colony growth was assessed by counting the number of nuclei per colony 

for a representative number of colonies at 120 hours and the average number of nuclei per colony 

calculated. Statistical significance was determined by one-way ANOVA. Statistical analysis was 

performed by Graph Pad Prism (Graph Pad Software) which was also used to generate 

histograms. 

 

Immunofluorescence of 3-D Matrigel cell cultures 

Colonies were fixed in wells with 4% paraformaldehyde in PBS for 30 min. 

Permeabilization was performed with 0.5% Triton X100 for 15 min, and left in 
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immunofluorescence (IF) buffer  for 1.5 hours (130 mM NaCl, 7 mM Na2HPO4, 3.5 mM 

NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% Triton-X 100, 0.05% Tween 20) with 10% goat 

serum. Cells were then stained with DAPI and Alexa488-phalloidin (Invitrogen) for 15 minutes, 

and rinsed with PBS. Preparations were imaged using a Quorum Wave FX spinning disk 

confocal microscope (Quorum Technologies, Inc.) in the Queen's Cancer Research Institute and 

Protein Discovery and Function Facility. 3D reconstruction of deconvoluted image stacks was 

carried out using Metamorph imaging software (Molecular Devices, Inc., Sunnyvale, CA). . 

Statistical analysis was performed by Graph Pad Prism (Graph Pad Software), which was also 

used to generate histograms. 
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Results 

3.1 Constitutively active Src increases active and total Met protein 

We previously demonstrated that Src increases transcription of HGF in mammary epithelial 

cells, through its effector, Stat3 (Wojcik et al., 2006). Therefore I examined the effect of 

activated Src -Y527F upon the HGF receptor, Met.  

Avian Src- Y527F had been previously expressed in MDA-MB-231 cells (MDA-Src) 

using a pWZL vector (see Materials and Methods for vector structure, (Mukhopadhyay et al., 

2009). As shown in Figure 3.1A (lane 1 vs. 2) there was a substantial increase in Src-419 

phosphorylation, which correlates with its activity, following Src-Y527F expression. 

Interestingly, an increase in Met phosphorylation at tyr1234/5, which correlates with its activity, 

was also observed (Figure 3.1a, lane 1 vs. 2), indicating that Src-Y527F increases the activity of 

Met. 

Stat3 is a prominent Src effector. Previous results indicated that Stat3 activity is 

drastically increased by cell density, through cadherin engagement (Geletu et al., 2013). 

Therefore, to examine the effect of Stat3 upon Met, I assessed the effect of increasing cell 

density on total Met protein levels in MDA-MB-231 and MDA-Src cells. 

 Equal numbers of MDA-MB-231 and MDA-Src cells were seeded in 60mm plastic petri 

dishes and grown to the indicated confluences. Lysates were prepared at different times relative 

to confluence, from 50% to 100% +3 days. The results demonstrate that the levels of Stat3 -705 

phosphorylation which correlates with its activity increase with cell density (lanes 1 vs. 7 and 6 

vs 13, Figure 3.1B). As expected, since Stat3 is known to activate its own promoter total Stat3 

levels also increased slightly in both MDA-MB-231 and MDA-Src (Figure 3.1B lane 1 vs. 6 and 
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7 vs. 13) (Narimatsu et al., 2001). Interestingly, the results demonstrated an increase in total Met 

protein levels with density in both MDA-MB-231 and MDA-Src cells (Figure 3.1B lane 1 vs. 6 

and lane 7 vs. 13). Total Met protein expression was also found to be greater in MDA-MB-231 

cells expressing Src Y527F than the parental line (Figure 3.1b lane 1 vs. 7). The expression of 

two bands for Met, a denser lower and lighter upper band, most likely represents the 150kDa and 

170kDa bands (precursor protein), respectively. These results indicate a close correlation 

between Stat3 activity and Met levels either when Stat3 is activated by cadherin engagement or 

by Src. 

 

 
 

Figure 3.1 Constitutive Activation of Src increases total and active Met 

A) MDA-MB-231 and MDA-Src cells were grown to 100% confluence +1 day. Lysates were resolved by 
gel electrophoresis and Western immunoblots were probed for Src-419, Met-1234/5 and γ–tubulin as a 
loading control. 20 µg of protein were loaded in all lanes. Experiments were repeated three times. 
 
B) MDA-MB-231 and MDA-Src lysates were grown to the indicated confluences. Lysates were resolved 
by gel electrophoresis and Western immunoblots were probed for total Met, Stat3-Y705, total Stat3 and 
γ–tubulin as a loading control. 20 µg of protein were loaded in all lanes. Experiments were repeated three 
times. 
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3.2 Dasatinib treatment reduces Met protein levels 

To determine the contribution of Src to the activity of the HGF receptor, Met, MDA-MB-231 

and MDA-Src cells were treated with Dasatinib, a Src family kinase inhibitor that reduces Src-

419 phosphorylation. Equal numbers of cells were seeded in 60mm plates so that they would be 

50% confluent the next day and grown to the indicated confluences prior to treatment with 4µM 

Dasatinib for 24 hours.  

The results demonstrate a dramatic decrease in the activity of Src-419 as expected 

(Figure 3.2 A, lane 1 vs 5). This Src inhibition resulted in a dramatic inhibition in Stat3-705, 

which was less evident at high densities, as previously demonstrated for other cells (Raptis, 

2009)(Figure 3.2 A, lane 4 vs 8). Interestingly Dasatinib treatment reduced Met-1234/5 and total 

Met protein, indicating that Src is required for Met protein expression and activity in MDA-MB-

231 cells (Figure 3.2 A, lane 1 vs. 4).  

 Dasatinib treatment of MDA-Src cells reduced Src-419 as well (Figure 3.2 B, lane 1 vs. 

6). No effect of density upon Src-419 was observed, as previously reported (Geletu et al., 2013). 

Interestingly, Dasatinib reduced total Met levels (Figure 3.2 B lane 5 vs. 10), as well as active 

Met-1234/5 (Figure 3.2C lane 1 vs. 3). Inhibition of the Src effector substrate Fak-925, a 

substrate of Src was also detected in MDA-MB-231 (Figure 3.2 A lane 1 vs. 5) and MDA-Src 

(Figure 3.2 B lane 1 vs. 6) cells following treatment with Dasatinib. 

Taken together, the above data point to the possibility that Src, or other kinases that may 

be inhibited by Dasatinib, are required for the maintenance of Met levels both in MDA-MB-231 

and MDA-Src cells. 
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Figure 3.2 Dasatinib inhibits Met protein expression and activation 

A) MDA-MB-231 cells were grown to the indicated confluences up to 100% confluence + 2 days prior to 
treatment with Dasatinib for 24 hours. Lanes 1-4 are un-treated while lanes 5-8 represent cells treated 
with 4µM Dasatinib. Lysates were resolved by gel electrophoresis and Western immunoblots were probed 
for Src-419, total Src, Fak-925, total Fak, Stat3-705, total Stat3, Met-1234/5, total Met and γ–tubulin as a 
loading control. 20 µg of protein were loaded in all lanes. Experiments were repeated 3 times. 
 
B) MDA-Src cells were grown to the indicated confluences up to 100% confluence + 3 days prior to 
treatment with Dasatinib for 24 hours. Lanes 1-5 are un-treated while lanes 6-10 represent cells treated 
with 4µM Dasatinib. Lysates were resolved by gel electrophoresis and Western immunoblots were probed 
for Src-419, total Src, Fak-925, total Fak, Stat3-705, total Stat3, total Met and γ–tubulin as a loading 
control. 20 µg of protein were loaded in all cases. Experiments were repeated 3 times.  
 
C) MDA-Src cells were grown to 100% confluence +1 day prior to treatment with Dasatinib for 24 hours. 
Lanes 1 &2 represent controls while lane 3 is treated with 4µM Dasatinib. Lysates were resolved by gel 
electrophoresis and Western immunoblots were probed for Met1234/5, total Met and γ–tubulin as a 
loading control. 20 µg of protein were loaded in all lanes. Experiments were repeated 3 times.  

 

3.3 CPA7 inhibits density-dependent expression of Met in MDA-MB-231 cells 
Previous studies have shown that Stat3 can increase the expression of Met mRNA and 

protein in response to IL-6 stimulation (Yang et al., 2005). Since total Met levels increase with 

cell density in parallel to Stat3-705 in MDA-MB-231 and MDA-Src cells, I examined the effect 

of Stat3 inhibition. We used CPA7, a Stat3 inhibitor which has been previously shown to cause a 

dramatic reduction in Stat3-705 phosphorylation and Stat3 DNA binding (Turkson, 2004). Cells 

were grown to the indicated densities and treated with 75µM CPA7 for 24 hours.  

The results revealed a dramatic reduction in the activity of Stat3-705 at all densities in 

both MDA-MB-231 and MDA-Src cells (Figure 3.2A lane 6 vs. 11, B lane 4 vs. 14).  

Interestingly, results also display a dramatic reduction in total Met protein in response to CPA7 

treatment in MDA-MB-231 and MDA-Src cells (Figure 3.2A lane 6 vs. 11, B lane 4 vs. 14). In 

addition, a dramatic decrease in the activity of Met1234/5 was observed in both MDA-MB-231 

and MDA-Src cells (Figure 3.2C lane 1 vs. 2 and lane 3 vs. 4, shown at 100% confluence  +1 
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day). These results indicate that Stat3 is required both for the density- and Src- dependent Met 

expression and consequently its activity.  
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Figure 3.3 CPA7 reduces total and active Met levels 

A) MDA-MB-231 cells were grown to the indicated confluences up to 100% confluence + 3 days prior to 
treatment with CPA7 for 24 hours. Lanes 1-6 are un-treated while lanes 7-11 represent cells treated with 
75µM CPA7. Lysates were resolved by gel electrophoresis and Western immunoblots were probed for 
Stat3-705, total Stat3, total Met and γ–tubulin as a loading control. 20 µg of protein were loaded in all 
lanes. Experiments were repeated 3 times. B)  MDA-Src cells were grown to the indicated confluences up 
to 100% confluence + 4 days prior to treatment with CPA7 for 24 hours. Lanes 1-7 are un-treated while 
lanes 8-14 represent cells treated with 75µM CPA7. Lysates were resolved by gel electrophoresis and 
Western immunoblots were probed for Stat3-705, total Stat3, total Met and γ–tubulin as a loading control. 
20 µg of protein were loaded in all lanes. Experiments were repeated 3 times.  
 
C) MDA-MB-231 and MDA-Src cells were grown to 100% confluence +1 day prior to treatment with 
CPA7 for 24 hours. Lanes 1 &3 represent controls while lanes 2 and 4 are treated with 75µM CPA7. 
Lysates were resolved by gel electrophoresis and Western immunoblots were probed for Met1234/5 and 
γ–tubulin as a loading control. 20 µg of protein were loaded in all lanes. Experiments were repeated 2 
times.  
 

3.4 CPA7 inhibits transcription of HGF in MDA-Src cells 

Previous studies have found that Src, through Stat3, can induce HGF transcription in mouse 

mammary epithelial cells (Wojcik et al., 2006). To verify this in human breast carcinoma, MDA-

Src cells were transiently transfected with an HGF-luciferase reporter construct under the control 

of an HGF promotor. In addition, an HGF luciferase reporter construct with a mutation 95 base 

pairs upstream of the promotor was used. This site has been previously shown to be essential for 

Stat3 driven HGF transcription (Wojcik et al., 2006). Treatment of cells expressing the wildtype 

HGF luciferase reporter construct with 1.0 µM Dasatinib or 25µM or 50µM CPA7 resulted in a 

significant decrease in HGF transcription, similar to levels observed with the mutated HGF 

promoter (Figure 3.4). These results demonstrate that Src and Stat3 are essential for HGF 

transcription in MDA-Src cells. 
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Figure 3.4 CPA7 significantly inhibits HGF transcription 

Transient expression of wildtype and mutated HGF-luciferase reporter constructs in MDA-Src cells. The 
mutated construct disrupts the Stat3 binding site necessary for Stat3-driven transcription of HGF. Co-
transfection of each group with the Renilla construct, provided a normalization control. Cells at 70% 
confluence were treated with the indicated concentrations of Dasatinib and CPA7 for 24 hours prior to 
analysis. Significance was assessed with respect to the no treatment group by one-way ANOVA with * 
denoting a p-value < 0.01. Each group was assessed in triplicate, experiments were repeated twice. 

3.5 Dasatinib, CPA7, Foretinib and Met knockdown inhibit migration of MDA-MB-231 
cells 

Since Met levels in MDA-MB-231 cells are dependent on Src and Stat3 I examined the 

effect of inhibition of this pathway upon cell migration.  

In wound healing assays, Src was inhibited with Dasatinib and Stat3 with CPA7 while 

Met was inhibited with Foretinib, a small molecule ATP competitive inhibitor of Met tyrosine 

kinase activity. As shown in Figure 3.5A Foretinib inhibits Met-1234/5 activity at 10µM and 

30µM. Cells were grown to 100% confluence + 1 day in 6 well, 35 mm plates and a 10µL pipette 

tip was used to create wounds in the monolayer. Serum-containing medium was then added with 

the indicated drugs. Measurements at 8 hours after wounding are shown.  

The results demonstrate that Dasatinib, CPA7 and Foretinib significantly inhibit wound 

closure, compared to the no treatment or DMSO control for both MDA-MB-231 and MDA-Src 
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cells when assessed by one-way ANOVA (Figure 3.5 B and C). These results demonstrate that 

Src, Stat3 and Met are essential to migration and that the Src/Stat3/Met pathway may have 

functional relevance to breast cancer as it promotes migration. 
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Figure 3.5 CPA7, Dasatinib and Foretinib inhibit cell migration  
A) MDA-MB-231 cells were grown to 100% confluence +1 day and MDA-Src cells to 90% confluence 
prior to serum starvation for 18 hours. Foretinib was then added to the indicated cells for 3 hours followed 
by stimulation with 50ng/mL of HGF for 10 minutes. Lysates were resolved by gel electrophoresis and 
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Western immunoblots probed for Met -1234/5 and γ-tubulin as a loading control. Lanes 1 and 5 were not 
treated with HGF or Foretinib, lanes 2 and 6 received stimulation with HGF while lanes 3, 4, 7 and 8 
were treated with Foretinib as well as stimulated by HGF. Experiments were repeated twice.  
B) Wound healing assays of MDA-MB-231 cells. Cells were grown to 100% confluence +1 day in 35mm 
plates prior to scoring two parallel wounds and addition of inhibitors at the indicated concentrations. 
Photographs were taken every 4 hours and the percentage of wound closure examined. Results are shown 
8 hours after wounding. Statistical analysis was performed with respect to the control using a one-way 
ANOVA, ** denotes a p-value of <0.001. Experiments were repeated four times for Dasatinib and CPA7 
and twice for Foretinib. 
 
C) Wound healing assays of MDA-Src cells. Cells were grown to 100% confluence +1 day in 35mm 
plates prior to scoring two parallel wounds in each sample and addition of inhibitors at the indicated 
concentrations. Photographs were taken every 4 hours and analyzed to determine the percentage of wound 
closure. Results are shown 8 hours after wounding. Statistical analysis was performed with respect to the 
control using a one-way ANOVA, *** denotes a p-value of <0.0001. Experiments were repeated four 
times for Dasatinib and CPA7 and twice for Foretinib. 
 

 

To further examine the effect of Met dose-response on wound healing, Met levels were 

knocked down through expression of shRNA with a lentiviral pGIPZ vector (see Materials and 

Methods). Two lines for each of MDA-MB-231 or MDA-Src cells were produced. Expression of 

shMet-2 resulted in a 91% knockdown of total Met protein in MDA-MB-231 (Figure 3.6A, lane 

3) and 92% in MDA-Src cells (Figure 3.6 B, lane 3). shMet-1 expression resulted in a 

knockdown of total Met protein of 77% in MDA-MB-231 cells (Figure 3.6A, lane 2) and 67% in 

MDA-Src cells (Figure 3.6B, lane 2).  

The results demonstrated that Met down-regulation through shMet expression inhibited 

wound closure as shown in line shMet-2 in both MDA-MB-231 (Figure 3.6C, p-value <0.0001) 

and MDA-Src cells (Figure 3.6D, p-value <0.01). Similarly down-regulation through shMet 

expression inhibited wound closure as shown in line shMet-1 in MDA-MB-231 cells (Figure 3.6, 

p<0.001).  Down-regulation through shMet inhibited wound closure in shMet-1 in MDA-Src 

cells but results were not deemed significant (Figure 3.6 D, p>0.05). These results further 

confirm that Met is essential to migration.  



 

65 

 

 

 
 
 
 

Figure 3.6 Met knockdown inhibits cell migration: 

A) Lentiviral shRNA- mediated knockdown of Met in MDA-MB-231 cells using pGIPZ vectors. Two 
different vectors, shMet-1 and shMet-2 were used to create the MDA-MB-231 knockdown lines. Cells 
were grown to 100% confluence, lysates resolved by gel electrophoresis and Western immunoblots 
probed for total Met and γ-tubulin as a loading control. The percentage of Met knockdown as compared to 
the control empty vector line is shown directly under total Met lanes 2 and 3. Experiments were repeated 
twice. 
 



 

66 

 

B) Expression of lentiviral shRNA knockdown of Met in MDA-Src cells using pGIPZ vectors. Two 
different vectors, shMet-1 and shMet-2 were used to create the MDA-Src knockdown lines. Cells were 
grown to 80% confluence and resultant lysates were resolved by gel electrophoresis, Western 
immunoblots were probed for total Met and γ-tubulin as a loading control. The percentage of Met 
knockdown as compared to the control empty vector line is shown directly under total Met lane 2 and 3. 
Experiments were repeated twice. 
 
C) Wound healing assays of MDA-MB-231 shMet 1 and 2. Cells were grown to 100% confluence +1 day 
in 35mm plates prior to scoring two parallel. Photographs were taken every 4 hours and analyzed to 
determine the percentage of wound closure. Results are shown 8 hours after wounding, statistical analysis 
was performed with respect to the empty vector line using a one-way ANOVA, ** denotes a p-value of 
<0.001 whereas ***indicates a p-value of <0.0001. Experiments were repeated twice. 
D) Wound healing assays of MDA-Src shMet1 and 2. Cells were grown to 100% confluence +1 day in 
35mm plates prior to scoring two parallel wounds. Photographs were taken every 4 hours and analyzed to 
determine the percentage of wound closure. Results are shown 8 hours after wounding, statistical analysis 
was performed with respect to the empty vector line using a one-way ANOVA, *denotes a p-value of 
<0.01 as compared to the control. Experiments were repeated twice. 
 
 
 

3.6 Dasatinib, CPA7, Foretinib and Met Knockdown inhibit invasion of MDA-MB-231 cells 

In order to determine whether the Src/Stat3-Met pathway identified can affect cell invasion, 

Src, Stat3 and Met were inhibited with Dasatinib, CPA7 or Foretinib, respectively. MDA-Src 

cells were added to transwells in 20% Matrigel (see Materials and Methods) and appropriate 

drug concentrations added. The membranes were fixed 18 hours after addition of cells to the well 

and stained with DAPI to detect the nuclei. Treatment of MDA-Src cells with 4µM Dasatinib, 

75µM CPA7 or 30µM Foretinib all significantly reduced the invasive capacity of the cells 

compared to the control by one-way ANOVA (Figure 3.7A, p-value <0.0001). These results 

indicate that Src, Stat3 and Met are necessary for cell invasion. 

To further assess the effect of Met down-regulation on invasion, the shMet knockdown cells 

were examined in transwell invasion assays. 2,500 cells for shMet-1 and 2 in both the MDA-

MB-231 and MDA-Src cells were seeded in transwells with 20% Matrigel. The MDA-MB-

231knockdown lines were fixed 24 hours after seeding while MDA-Src cells were fixed 18 hours 

following seeding. Similar to the results of cell migration, MDA-MB-231 shMet-1 cells 
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(p<0.001) and MDA-MB-231 shMet-2 cells (p<0.001) displayed in a significant reduction in cell 

invasion when compared to the control by one-way ANOVA (Figure 3.7B).  

Expression of shMet-2 in MDA-Src cells resulted in a significant reduction of invasion 

(p<0.001) (Figure 3.7C). Taken together, these results indicate that Src, Stat3 and Met are all 

necessary for invasion in MDA-MB-231 and MDA-Src cells.  
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Figure 3.7 Dasatinib, CPA7, Foretinib and Met knockdown inhibit invasion 

A) Transwell invasion assays for MDA-Src cells was performed by seeding 25000 cells per well in 20% 
Matrigel in serum free DMEM. Inhibitors were added at the indicated concentrations 1 hour after seeding 
of cells at which point DMEM with serum was added to the plate under the well as a chemoattractant for 
the cells. The transwell membranes were fixed in 4% paraformaldehyde 18 hours after seeding and 
assessed using an inverted Leica microscope to determine the number of cells that invaded.  Significance 
was assessed with respect to the control using a one-way ANOVA with *** indicating a p-value of 
<0.0001. Each group was assessed in quadruplicates; experiments were repeated twice.  
 
B) Transwell invasion assays for MDA-MD-231cells expressing Met knockdown vectors shMET-1 and 
shMet-2. 25000 cells per well were seeded in 20% Matrigel in serum free DMEM, DMEM with serum 
was added to the plate under the well as a chemo-attractant for the cells. The transwell membranes were 
fixed in 4% paraformaldehyde 24 hours after seeding and assessed using an inverted Leica microscope to 
determine the number of cells that invaded.  Significance was assessed with respect to the control using a 
one-way ANOVA with *** indicating a p-value of <0.0001.  Each group was assessed in quadruplicates; 
experiments were repeated twice.  
 
C) Transwell invasion assays of MDA-Src cells expressing Met knockdown vectors shMet-1 and shMet-
2. 25000 cells per well were seeded in 20% Matrigel in serum free DMEM, DMEM with serum was 
subsequently added to the plate under the well as a chemo-attractant for the cells. The transwell 
membranes were fixed in 4% paraformaldehyde 18 hours after seeding and observed using an inverted 
Leica microscope to determine the number of cells that invaded.  Significance was assessed with respect 
to the control using a one-way ANOVA with *** indicating a p-value of <0.0001.  Each group was 
examined in quadruplicates; experiments were repeated twice. 
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3.7 CPA7, Dasatinib and Foretinib inhibit colony growth and invasion of MDA-Src cells in 
3D cell culture 
In order to assess the effect of the Src/Stat3-Met pathway in a model of cell culture that is 

more relevant to the in vivo context, 3-D Matrigel cell cultures were used and the effect of Src, 

Stat3 and Met inhibition on cell growth and invasion was examined. 

2500 MDA-Src cells were embedded in 75% Matrigel and treated with the indicated drug 

concentrations for 5 days (Figure 3.8).  Assessment of cell growth was performed by determining 

the number of cells per colony 72 hours after treatment. Results demonstrated that the colony 

forming ability, measured as the total number of colonies,  was not significantly altered 

throughout a range of Dasatinib (0.125µM to 4µM) and CPA7 (1.25µM to 25µM) concentrations 

(Figure 3.8D, one-way ANOVA, p>0.05). However, Dasatinib (one-way ANOVA, p<0.0001) 

and CPA7 (one-way ANOVA, p<0.0001) were found to significantly reduce the number of cells 

per colony (Figure 3.8C). Concentrations at which inhibition of colony growth was observed 

were 8x lower than the concentrations necessary to induce detectable inhibition of Src and Stat3 

activity in 2-D cell culture (Figure 3.8C).  

The invasive capacity of MDA-Src colonies in 3D Matrigel cultures was also assessed, at 

120 hours after treatment. Colonies were classified as cohesive or invasive. A colony was 

considered invasive if it had 5 or more branching extensions, while it was considered cohesive if 

it had fewer than 5 extensions (Bissell, et al., 2007). Control colonies were approaching 100% 

invasiveness after 120 hours of treatment, whereas Dasatinib and CPA7 treatment significantly 

inhibited the invasive capacity of the colonies (one-way ANOVA, p<0.0001). Only 30% of 

colonies treated with CPA7 showed an invasive phenotype, while no colonies treated with 

Dasatinib exhibited an invasive phenotype after 96 hours of treatment (Figure 3.8C).  
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Treatment of colonies with Foretinib resulted in colony death as assessed by microscopic 

observation, at all concentrations used in the experiment (3.725µM to 30µM) at 72 hours after 

treatment. However, colonies did not display any cell death until 72 hours. Assessment of 

colonies at 24 and 48 hours post-treatment reflected a cohesive phenotype in all treatment 

groups. Prior to 72 hours, colonies treated with Foretinib were single cells (Figure 3.9A) and 

displayed an invasive phenotype (Figure 3.9B). The delayed onset of cell death occurred in 

colonies treated with 10x lower concentration than necessary to inhibit Met activity in 2-D cell 

culture. These results indicate that Src and Stat3 activity are necessary for the growth and 

invasion of MDA-Src colonies in 3-D cell culture. Inhibition of Met activity was found to induce 

cell death 72 hours after treatment indicating that Met is necessary for survival in MDA-Src cells 

in a 3D culture. Additionally, these results indicate that the sensitivity of MDA-Src cells to 

Dasatinib, CPA7 and Foretinib in 3-D cell culture is greater than in 2-D cell culture as the 

concentration of inhibitor necessary to reduce proliferation and invasion was significantly less 

than was necessary to reduce migration or invasion in 2-D cell culture.  
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Figure 3.8 Dasatinib and CPA7 inhibit proliferation and invasion of 3-D culture: 

A) Representative images of MDA-Src colonies grown in 3D Matrigel cell culture for 120 hours. Cells 
were fixed and stained with DAPI and Phalloidin 488 to reveal nuclei and actin respectively. Note that 
colonies treated with Dasatinib and CPA7 display a rounded, cohesive phenotype and are smaller in size 
than colonies in the control group. 
 
B) Quantitation of invasion: Colonies were assessed on the basis of morphology after 120 hours of 
growth in 3D Matrigel. Colonies were considered cohesive (non-invasive) if fewer than 5 protrusions 
were noted in phase contrast images. Colonies with more than 5 protrusions were considered to exhibit an 
invasive phenotype (Bissell, 2007). Dasatinib and CPA7 resulted in almost 100% of colonies displaying a 
cohesive phenotype while control colonies exhibited a mostly invasive phenotype. Significance was 
assessed by one-way ANOVA with respect to the no treatment group. 
 
C)  Colony cell proliferation: Proliferation of MDA-Src cells in 3D culture were assessed based on the 
number of nuclei per colony 72 hours after treatment. Dasatinib and CPA7 show significantly reduced 
numbers of nuclei per colony as compared to the controls (p<0.0001). Significance was assessed by one-
way ANOVA with respect to the no treatment group. 
 
D) Colony formation assessment: MDA-Src cells in 3D Matrigel demonstrated no significant difference 
in the number of colonies per group, indicating that CPA7 and Dasatinib were not toxic to colonies 
(p>0.05). Significance was assessed by one-way ANOVA with respect to the no treatment group. 
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Figure 3.9 Effect of Foretinib in 3-D culture  

A) MDA-Src cells were embedded in 75% Matrigel and treated with Foretinib at the indicated 
concentrations. Representative phase contrast images of MDA-Src colonies at 48 hours were taken with 
an inverted Leica microscope at 20x objective.  
 
B) Colony morphology was assessed using phase contrast images taken with an inverted Leica 
microscope. Colonies were considered cohesive if fewer than 5 branches extended from the colony 
(Bissell, 2007). Significance was determined by one-way ANOVA with respect to the un-treated group. 
***indicates p<0.0001. 
 
C) The number of cells per colony was determined at 48 hours. Significance was determined by one-way 
ANOVA with respect to the un-treated group. ***indicates p<0.0001. 
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Discussion 

The results from this investigation confirm the existence of a pathway in which Src and 

Stat3 affect total Met expression and activity in the BLBC cell line MDA-MB-231. Furthermore, 

Src, Stat3 and Met were found to be important in cell migration, invasion and proliferation.  

I observed that Src inhibition by Dasatinib was able to inhibit the expression of total Met 

in MDA-MB-231 cells. Additionally, I found that inhibition of Stat3 by CPA7 was able to inhibit 

Met expression in MDA-MB-231 cells even in cells that express constitutively active Src. These 

results indicate that Src-dependent expression of Met is also dependent on Stat3. Src, through 

Stat3, has been previously shown to increase HGF transcription (Sam et al., 2007; Wojcik et al., 

2006). Src has also been found to increase Met activity through Fak (Hui et al., 2009). 

Interestingly, it was also demonstrated by Stark et al.(2005) that unphosphorylated Stat3 

monomers can bind DNA and trigger transcription of a number of genes including Met in human 

epithelial cells immortalized by a pBabe+hTERT (human Telomerase Reverse Transcriptase) 

retroviral vector (Yang et al., 2005). It was also demonstrated that even Y705F Stat3 

(inactivating Stat3 mutation) can cause an increase in Met mRNA indicating that the increase in 

transcription can be mediated by Stat3 monomers, in the absence of Stat3-705 phosphorylation 

(Yang et al., 2005). It is therefore possible that Met is induced in MDA-MB-231 and MDA-Src 

cells by unphosphorylated Stat3 monomers. Although Stat3 consensus sites have not yet been 

identified on the Met promoter, Sp-1 sites have been identified (Seol and Zarnegar, 1998). Co-

operative Sp-1 and Stat3 DNA binding has been previously identified in the promoter of the 

C/EBP delta (CCAAT/enhancer binding protein delta) gene (Cantwell, 1998). Stat3 may 

therefore induce transcription of Met through interactions with Sp1, resulting in increased Met 

expression in MDA-MB-231 cells.  
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Further evidence that Met expression is dependent on Stat3 can be seen in Figure 3.1 as 

the expression of Met increases with density and Stat3. The observed density-dependent 

expression of Met is due to increased cadherin engagement that increases IL-6 expression 

through Cdc42 and Rac-1 (Raptis, 2013). Since the observed increase in Met with density 

parallels that of the expression of total Stat3 and Stat3-705 it is likely that Stat3 is promoting the 

transcription of Met in MDA-MB-231 cells.  

The fact that we observed decreased migration, invasion and proliferation of MDA-MB-

231 cells at the same concentrations necessary to inhibit protein expression suggests that the 

Src/Stat3-Met pathway has functional relevance to breast cancer. Dasatinib, CPA7 and Foretinib 

treatment as well as Met KD in MDA-MB-231 cells results in reduced migration and invasion in 

2-D cells culture suggesting that inhibition of Src, Stat3 or Met may reduce metastasis in basal-

like breast cancers. Further observations of a reduction of colony proliferation in 3-D Matrigel 

cell culture following treatment of colonies with Dasatinib, CPA7 or Foretinib also suggests that 

treatment of tumour with any of these inhibitors will reduce primary tumour growth. The 

potential of inhibition of Src, Stat3 and Met as therapies for breast cancer is supported by other 

studies. Dasatinib has been previously proposed as an inhibitor of BLBC, as cell lines of this 

subtype have been found to display increased sensitivity to Dasatinib treatment (Finn et al., 

2007). In contrast, breast cancer cell lines classified as luminal (ER+ve. PR+ve) displayed 

resistance to Dasatinib (Finn et al., 2007). In addition, combination of Dasatinib treatment with 

Doxorubicin reduced invasion and migration of MDA-MB-231 cells, providing further support 

for the role of Src in BLBC progression (Pichot et al., 2009). Stat3 has been proposed as a 

possible therapeutic target in BLBC since IL-6/JAK/Stat3 signalling has been found to be 

increased in basal-like cell lines compared to cell lines of the luminal subtype. Futhermore 
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treatment of MDA-MB-231 tumour xenograft models with an inhibitor of Jak reduced the 

activity of Stat3-705 and resulted in reduced tumour volume compared to the control. Recently, a 

Stat3 oligonucleotide that inhibits Stat3 activity by preventing the binding of Stat3 to DNA has 

been tested in Phase 0 clinical trials in head and neck tumours (Sen et al., 2012). In addition, 

inhibition of Met by Tivantinib, a small molecule ATP competitive inhibitor of Met, reduces 

metastasis of MDA-MB-231 cells to the bone in athymic nude mice (Previdi et al., 2012).  

Furthermore, an inducible shRNA vector targeting Met showed similar reduction in bone 

metastasis, which supports the potential of Met as promoter of tumour progression (Previdi et al., 

2012).  

 

.  

 

 

Figure 3.10 The Src/Stat3 – Met pathway 

Src activates Stat3 leading to an increase in total Met expression. Src can act to increase Met activity 
independently of Stat3 through Fak (Hui et al., 2009). Stat3 can also increase Met activity through the 
transcription of HGF (Wojcik et al., 2006). IL-6 further induces Stat3 activity through cadherin 
engagement resulting in increased expression of Met (Yang et al., 2005). 
  



 

77 

 

Chapter 4 

The role of Src, Stat3 and Met in a xenograft model of human breast tumour 

growth and metastasis 

 

 

 

 

 

 

 

 

 

 

  



 

78 

 

Abstract 

Src and Stat3 have been previously shown to positively regulate HGF transcription and 

protein expression in normal and neoplastic breast epithelial cell lines that express the Met 

receptor tyrosine kinase, resulting in activation of an autocrine HGF/Met loop. Additionally, Src, 

Stat3 and Met have been identified as positive regulators of metastasis, and have been proposed 

as potential therapeutic targets in BLBC. To investigate the effect of Src, Stat3 and Met on breast 

cancer metastasis I have tested the effect of inhibitors of Src family kinases (Dasatinib) and Stat3 

(CPA7), and knockdown of Met in a BLBC tumour xenograft model. Since Src is frequently 

over-expressed in invasive breast cancers and is an upstream regulator of both Stat3 and Met, I 

used a BLBC cell line (MDA-MB-231) expressing an activated Src mutant (MDA-Src). I found 

that Src or Stat3 inhibition, as well as knockdown of Met (Met KD), resulted in a decrease in 

primary tumour growth. Unexpectedly, Src inhibition and Met KD did not inhibit pulmonary 

metastasis, while Stat3 inhibition showed a marked increase in the number of lung nodules. 

Interestingly, the activity of FAK, a known driver of the invasive phenotype, was frequently 

increased in the primary tumours of mice following Src or Stat3 inhibition, or Met KD. These 

findings suggest that aberrant up-regulation of a FAK-dependent pathway may lead to outgrowth 

of metastasizing MDA-Src cells undergoing Src, Stat3 or Met blockade. This study provides 

novel insight into possible mechanisms leading to relapse in cancer patients undergoing therapies 

targeting Src or its downstream effectors Stat3 and Met. 

  



 

79 

 

Introduction 

Metastasis accounts for the large majority of breast cancer related deaths. Despite an 

increase in early stage diagnosis, metastasis still develops within 5-10 years, indicating that 

earlier diagnosis is not sufficient to prevent metastatic disease (Nekhlyudov et al., 2012). Basal-

like breast cancer (BLBC) is a particularly aggressive cancer subtype with a marked 

predisposition for metastasis. BLBC has been found to metastasize more quickly than other 

cancer types and forms metastases in the lungs and brain preferentially (Rakha and Chan, 2011). 

BLBC has been found to have a shorter disease free and overall survival than other subtypes of 

breast cancer, and is rivalled in this regard only by HER2+ve breast cancer cases (Yehiely et al., 

2006). Triple Negative breast cancer (TNBC), defined as ER-ve /PR-ve /HER2-ve, is sometimes 

erroneously used interchangeably with BLBC, while in fact only a portion (~70%) of BLBC are 

negative for ER/PR and HER2 status (Dent et al., 2009). TNBCs have been found to have a four 

times increased risk of metastasis than that of other breast cancer subtypes (Dent et al., 2009). 

Met, Src and Stat3 have been proposed as predictive biomarkers and possible therapeutic targets 

of BLBCs due to their over-expression in BLBC tumours (Charpin et al., 2009) and BLBC cell 

lines (Finn et al., 2007; Marotta et al., 2011) for this aggressive breast cancer subtype.  

The non-receptor kinase Src has also been found to be pivotal to metastatic disease in a 

variety of human cancers, including breast, colorectal and endometrial origins (Nielsen et al., 

2004). Based on this information, Src has been proposed as a target for treatment of BLBC due 

to its increased expression in tumours with poor prognosis (Elsberger et al., 2009). Dasatinib, a 

small molecule inhibitor of Src family kinases that inhibits Src activity by blocking the ATP-

binding site of Src (Lombardo et al., 2004), has been previously shown in in vitro studies to 

inhibit the growth of BLBC cells lines (Finn et al., 2007). Clinical trials for Dasatinib have been 
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designed with the hopes of targeting aggressive cancers such as TNBC that over-express the Src 

pathway (Finn et al., 2011). However, Dasatinib has shown minimal benefit in clinical trials of 

breast cancer patients (Finn et al., 2011; Herold et al., 2011; Mayer et al., 2011).  

 Stat3 regulates transcription of genes that drive survival and expression of specific 

growth factors (eg. HGF, VEGF) (Wei et al., 2003; Wojcik et al., 2006) that promote tumour 

progression. Stat3 is phosphorylated by Src at tyrosine 705, resulting in dimerization of Stat3 and 

translocation to the nucleus and is frequently upregulated at the invading tumour front (Chang et 

al., 2013). As well, Stat3 can be activated independently of Src by an IL-6/JAK/Stat3 forward 

loop (reviewed in Raptis et al., 2009). Since both of these pathways are upregulated in BLBC, 

Stat3 has been proposed as a potential target for treatment of this aggressive cancer subtype. 

CPA7 is an inhibitor that has been found to block the DNA-binding ability of Stat3, and to 

reduce phosphorylation of tyrosine 705 (Littlefield et al., 2008). CPA7 has been found to induce 

apoptosis and inhibit proliferation of tumours in xenograft models (Turkson et al., 2004).  

Met is a receptor tyrosine kinase that is activated by binding of its ligand, HGF, to the 

extracellular domain of the receptor (Nusrat et al., 1994). Met is frequently over-expressed in 

BLBCs, and can be activated through ligand-independent interactions requiring integrin 

engagement and Src/FAK activation (Hui et al., 2009). A similar mechanism of integrin-

dependent activation of EGFR by Src has also been reported (Mitra et al., 2011). In addition, 

Stat3 and Src have been found to promote the expression of HGF in non-neoplastic and 

neoplastic cell lines (Hung and Elliott, 2001; Wojcik et al., 2006).  This increase in HGF 

expression can result in autocrine activation of Met, which increases cell migration and invasion 

(Hung and Elliott, 2001).  Considering the importance of Met signalling in BLBC, Foretinib, a 

small molecule tyrosine kinase inhibitor of Met that blocks the ATP-binding site in the trans-
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phosphorylation domain (Logan, 2013), is currently being used in clinical trials as a therapy for 

this aggressive breast cancer subtype (NCIC IND 197).  

In view of the cross-talk among Src, Stat3 and Met signalling pathways described in 

Chapter 3 (Figure 3.10), I undertook to analyze the effect of Src or Stat3 inhibition or Met 

knockdown (KD) on tumour growth and metastasis in a BLBC cell line (MDA-MB-231) 

expressing constitutively active avian Src (527F) (MDA-Src). I found that Src or Stat3 inhibition 

or Met KD resulted in a reduction in the rate of tumour growth. Additionally, I found that Src or 

Met blockade had no significant effect on metastasis. Unexpectedly, Stat3 inhibition caused a 

marked increase in lung metastasis. Our results support the idea that aberrant up-regulation of 

downstream effectors (eg. pY975FAK) of Src may mediate outgrowth of metastatic lesions 

following Src, Stat3 or Met blockade.  
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Materials and Methods 

Tumour Xenograft  Studies  

Rag2-/-γc-/- (referred to as Rag2γ) mice were kindly provided by Dr. Tayade (Department 

of Biology, Queen’s University) and used for intra-mammary, xeno-engraftment of tumour cell 

lines. Isoflurane was used to anesthesize mice. Mice were given 0.1mL of .5mg/mL Metacam in 

Saline approximately 10 minutes prior to surgery. Tear gel was applied to the eyes of mice to 

prevent drying and blindness. A small incision above the right abdominal mammary gland was 

made. 7.5 x 103 cells, suspended in a 1:1 ratio of Matrigel (BD Biosciences, 354230) to Saline 

(Hospira, 00037796) were injected in a 50µL volume into the mammary fat pad of each mouse 

with a Hamilton syringe (100µL). The wound was closed with two surgical clips; 

Lidocaine/Bupivicaine was applied along the incision to induce numbness. 0.05mL Metacam 

was administered for 3 days after surgery to alleviate pain. 1mL of Saline was also administered 

on the day of surgery and continued for 3 days after surgery to prevent dehydration. The protocol 

for animal experimentation was approved by the Queen’s University Animal Care Committee.  

 

Measurement of primary tumour growth 

Primary tumour growth was monitored every day. Perpendicular measurements were 

recorded in the presence of 2 persons using calipers. Tumour volume was calculated using the 

formula: (a)(b2)/2; ‘a’ being the larger of the two measurements and plotted as average tumour 

volume versus time post engraftment. Tumour growth rate was approximated by the slope of the 

linear phase of the growth curve. Statistical significance between groups was determined using 

an unpaired Student t-test.   
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Assessment of metastasis  

Primary tumours were surgically excised at approximately 1cm x 1cm to prevent 

ulceration, and mice were allowed to survive post-surgery. One half of the primary tumour was 

Formalin fixed and paraffin embedded while the other half was snap frozen in liquid nitrogen for 

biochemical assessment. Mice were sacrificed approximately two weeks after primary tumour 

removal to allow development of metastases, as indicated in Figures 4.2, 4.6 and 4.9.  A 

combination of Ketamine and Xylazine was administered by intraperitoneal injection prior to 

cervical dislocation of mice and were obtained from McGill University and Queen’s University 

Animal Care Services, respectively.  Autopsies included an assessment of local invasion and 

metastasis into intestines, leg muscle, liver, kidneys, lungs and axillary lymph nodes. Samples of 

primary tumour including the surrounding margins of normal tissue as well as samples taken 

during the autopsy were fixed in 4% paraformaldehyde. Tissues were then embedded in paraffin 

and 5µm sections were cut for hematoxylin and eosin staining.  For scoring of metastatic 

nodules, three sections (superficial, 1/3 and ½ depth) from the total lung FFPE block of each 

mouse were assessed by two persons using bright field microscopy. A nodule was defined as >4 

tumour cells. In the case of small discrepancies between scorers (± 2 nodules) the average 

number of metastases was used. The section with the largest number of lesions was used as an 

estimate of the number of nodules per total lung tissue. Statistical significance between groups 

for metastasis was assessed using Graph Pad Prism (Graph Pad Software).  Data were expressed 

as dot plots, and analyzed using a parametric unpaired Student t-test, a Welch’s correction for a 

t-test with unequal variance, and a non-parametric Mann-Whitney U test. These statistical tests 

represent increasing stringency with respect to variance due to outliers.   
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Preparation of Tissue Homogenates  

A homogenizer was used to homogenize primary tumour lysates in RIPA buffer (150mM 

NaCl, 0.5% Deoxycholate, 0.1% SDS, 50mM Tris, 1% Nonidet P-40, 10mM EDTA, pH to 7.4)  

containing a 1:100 dilution of HALT protease inhibitors (Thermo Scientific, 1861281). 

Homogenates were then sonicated for 2 seconds each and left for 15 minutes at 4°C. Following 

nutation, homogenates were centrifuged at 13,000x rpm for 10 minutes at 4°C following. The 

supernatant was kept for protein determination with a BioRad DC protein assay kit (500-

0114/0113) prior to normalization and dilution in 2x SDS. 

 

Western Blot Analysis 

3%, β-mercaptoethanol was added to homogenates. The homogenates were then boiled at 

100°C for 5 minutes. Samples were resolved on 8% polyacrylamide gels along with a Pierce pre-

stained protein ladder for molecular weight reference (Pierce, 26619). Gels were transferred to 

an Immobilon-P membrane with a 0.45µm pore size (Millipore, IPVH000010) that had been 

soaked in 100% methanol for 10 minutes. Semi-dry transfer was performed at 100mA/gel for 1 

hour and 20 minutes. Following transfer, membranes were blocked in either 5% milk or BSA in 

TBST, depending on antibody requirements for 1 hour. The blocking solution was then removed; 

primary antibodies were added to each membrane and probed overnight (Appendix B). 

Following incubation, membranes were washed 3 times for 5 minutes each, with TBST. 

Appropriate secondary antibodies (Appendix B), diluted to 1:2500 in TBST were applied to the 

membranes and incubated for 1 hour at room temperature. Membranes were washed 3 times for 

5 minutes each, with TBST following secondary antibody incubation. Proteins were visualized 

using an enhanced chemiluminescence reagent (Piece, 32106), followed by exposure on 
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autographic film (Fuji Medical x-ray film, Christie Group Ltd., Mississauga, ON). Densitometry 

was performed on bands to determine the band intensity of the phosphorylated protein relative to 

total protein or the total protein relative to the loading control (γ –tubulin) using Image J 

software (Image and Processing and Analysis in JAVA). Statistical analysis was performed 

between groups by a parametric unpaired Student t-test and histograms were generated using 

Graph Pad Prism (Graph Pad Software). 

 

Hemotoxylin and Eosin staining of lung and tumour tissues 

To visualize tissue morphology, tissue sections were stained with hematoxylin and eosin. 

Hematoxylin stains the basophilic structures (nucleus and ribosomes), while eosin stains 

structures that are eosinophilic structures in nature (intracellular or extracellular protein). H & E 

staining was performed by Lee Boudreau of the Queen’s Laboratory of Molecular Pathology. 

Tissues were deparaffinized by submersion in 3 toluene baths for 4 minutes, followed by 7 dips 

in each of three graded ethanol baths of 100%, 85% and 70%. The deparaffination process was 

completed by submersion insertion of sections in a water bath for 4 minutes. Sections were 

stained for 4 minutes in hematoxylin and placed in a running water bath for 5 minutes. Next, the 

sections were dipped 6 times in an acid-alcohol wash and placed back in the water bath for 8 

minutes. Sections issues were then transferred into ammonia water for 2 minutes and then to 

eosin for 1 minute. Following a quick water wash, tissue sections were dipped 10 times through 

the graded ethanol baths of 70%, 85% and 100% followed by 10 dips in 3 consecutive toluene 

baths. Tissues were mounted with Permount and coverslipped. 
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Results 

4.1 Dasatinib inhibits primary tumour growth 

I previously demonstrated that Src inhibition reduces growth and invasion of MDA-MB-231 

cells expressing constitutively active Src-Y527F (MDA-Src) in 3-D culture, in addition to 

inhibiting the activity of Stat3 and total Met protein levels (Chapter 3). In order to determine if 

Src inhibition affects tumour growth and invasion in vivo I tested the effect of Dasatinib, a Src 

family kinase inhibitor, on tumour growth and metastasis, using MDA-Src cells as a model of an 

aggressive breast cancer subtype. 7.5x104 MDA-Src cells with Matrigel were injected into the 

right mammary fat pad of nulliparous Rag2γ mice between 6 and 8 weeks of age. Dasatinib 

treatment of 50mg/kg in water commenced when tumours became palpable and was continued 

by oral gavage every 48 hours (treatment onset is indicated in Figure 4.1C by a red arrow). 

Tumours were removed at day 18 to prevent ulceration, and the study continued for an additional 

two weeks to allow recurrence and lung metastases to develop. Results demonstrate that 

treatment of mice with 50mg/kg Dasatinib significantly reduced tumour volume (Figure 4.1C, 

two-way ANOVA: p-value < 0.0001).  A significant decrease in the rate of tumour growth of the 

Dasatinib treated group compared to the control was also observed by assessment of the slope 

determined by linear regression analysis of the growth curve (Figure 4.1D, unpaired Student’s t-

test: p-value = 0.0141). These results indicate that Dasatinib significantly reduces tumour size 

and growth rate in MDA-Src xenografts. 



 

87 

 

 

Figure 4.1 Dasatinib inhibits primary tumour growth: 

MDA-Src cells (7.5x104) were engrafted into the mammary fat pads of Rag2γ mice as described in 
Materials and Methods. When palpable tumours were detected, mice were divided into two groups so that 
the average tumour size in each group was similar: Vehicle alone (control) and Dasatinib (50mg/kg). 
Primary tumours were surgically removed after 18 days, and the mice were allowed to survive post 
surgery. The experiment consists of four mice per group and was performed twice.  
 
A) and B) Representative photographs of primary tumours for control and Dasatinib 50mg/kg treatment 
groups are shown. 
 
C) Tumour growth

 

: Tumour volume is represented as mm3 and was determined using perpendicular 
measurements of the tumour with calipers. Tumour volume was calculated using the formula: (a)(b2)/2; 
‘a’ being the larger of the two measurements. Red arrow indicates initiation of treatment. Significance 
was assessed by two-way ANOVA: p<0.0001. 

D) Tumour growth rate

 

: Linear regression analysis of the slope was used to determine the rate of tumour 
growth. Treatment with Dasatinib significantly reduced the tumour growth rate (Student’s t-test: p = 
0.0141).  

4.2 Dasatinib does not inhibit lung metastases 

In order to determine the effect of Src inhibition on lung metastasis in MDA-Src cells, 

analysis of lung sections by H&E staining of formal fixed paraffin embedded (FFPE) tissues was 
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performed. One section was taken superficially, followed by a section at 1/3 and 1/2 depths into 

the lung tissue block, and the total number of nodules per lung was determined by histological 

examination, as described in Materials and Methods. Photographs of representative lung nodules 

in each treatment group are shown in Figure 4.3. Three methods of statistical analysis, 

representing increasing stringency with respect to variance due to outliers were used to assess 

metastasis in each group: an un-paired Student’s t-test, a Welch’s correction for a Student’s t-test 

with unequal variance, and a non-parametric Mann Whitney U test. No significant difference in the 

number of lung metastasis was found between treated and control groups (Figure 4.2), as 

determined by all three statistical tests. These results indicate that Dasatinib treatment does not 

affect the development of lung metastasis in our MDA-Src tumour xenograft model.   
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Figure 4.2 Dasatinib does not inhibit lung metastasis: 

Mice from the experiment in Figure 4.1 were euthanized 13 days after primary tumour removal, and 
necropsies were performed as described in Materials and Methods.  For scoring of metastatic nodules, 
three sections (superficial, 1/3 and ½ depth) from the lung block of each mouse were stained with H & E, 
and assessed independently by two scorers. The section with the highest number of lung nodules was used 
in the analysis of each mouse.  Statistical significance between groups for metastasis was assessed using 
Graph Pad Prism (Graph Pad Software) in addition to generation of dot plots.  P-values are shown for an 
un-paired Student’s t-test, Mann-Whitney U test and Welch’s correction for a Student’s t-test with 
unequal variance using Graph Pad Prism. Dasatinib treatment had no significant effect on metastasis as 
determined by all three statistical tests. The total number of mice (n) per group represents a pool of two 
experiments.  
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Figure 4.3 Representative images of lung metastases: 

Photographs of representative lung metastases from the Control, Dasatinib 50mg/kg, CPA7 5mg/kg, 
Empty Vector and Met KD groups for mouse experiments. Images are shown at 10x magnification. 

 

4.3 Dasatinib inhibits Stat3 activity but promotes Fak activity 

In order to determine the effect of Dasatinib treatment on the expression and activation status 

of proteins of interest in tumour xenografts, Western blot analysis of primary tumour lysates was 

performed. Analysis of lysates from mice that received Dasatinib treatment show a significant 

reduction in the activity of the Src substrate, Stat3-705, compared to lysates from the control 

group (Figure 4.4B, un-paired Student’s t-test: p= 0.0096). However, no significant reduction in 

the activity of Src-419 was observed (Figure 4.4C, un-paired Student’s t-test: p= 0.2484), 

possibly due to the fact that the final treatment of Dasatinib prior to primary tumour removal 

occurred approximately 48 hours prior to tumour excision. This lag in time could have allowed 

the activity of Dasatinib, and therefore inhibition of Src-419 activity to dissipate. Unexpectedly, 
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an increase in the activity of Fak-925, also a known substrate of Src, was observed in mice that 

received Dasatinib, compared to mice in the control group (Figure 4.4D, un-paired Student’s t-

test: p = 0.0366). These results indicate that repeated Dasatinib treatment results in a reduction in 

Stat3 activity and an increase in Fak-925 activity in MDA-Src breast tumour xenografts. 
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Figure 4.4 Dasatinib inhibits active Stat3 but increases active Fak expression:  

A) Western blot analysis was performed on homogenates prepared from primary tumour xenografts from 
the experiment described in Figure 4.2. See Materials and Methods for protocol details. Lysates were 
resolved by gel electrophoresis and Western immunoblots were probed for total Met, Fak-925, total Fak, 
Stat3-705, total Stat3, Src-419, total Src and γ-tubulin as a loading control. 20 µg of protein was loaded in 
all lanes. 
 
 B-D) Densitometry analysis was performed and the ratio of pY-protein to total protein was determined. 
As a control, γ-tubulin showed equal protein loading.  Histograms indicate the mean optical density ratios 
of 19 tumours, 9 from the control group and 10 that had undergone treatment with Dasatinib. Statistical 
significance was determined using an unpaired Student’s t test in Graph Pad Prism (Graph Pad Software). 
No significant alteration in pYSrc (419)/Src was observed in the control group as compared to the group 
treated with Dasatinib (B, un-paired Student’s t-test: p=0.2484). A significant reduction in pYStat3 
(705)/Stat3 was observed in the Dasatinib treated group as compared to the control (C. un-paired 
Student’s t-test, p= 0.0096). A significant increase in pYFak (925)/Fak was observed in the Dasatinib 
treated groups as compared to the control (D. un-paired Student’s t-test: p=0.0366) 
 
 
 

4.4 CPA7 reduces primary tumour growth  
 
I next examined whether inhibition of Stat3, a known downstream substrate of Src, can block 

primary tumour growth and metastasis of the MDA-Src xenograft model. In order to determine 

the effect of Stat3 inhibition on primary tumour growth, Rag2γ mice bearing MDA-Src 

xenografts were treated with 5mg/kg CPA7 every 72 hours by tail vein injection, as described in 

Materials and Methods. As expected, CPA7 treatment resulted in a significant reduction in 

tumour volume, compared to the control (Figure 4.5C two-way ANOVA: p-value <0.0001). The 

tumour growth rate, as determined by linear regression analysis was also significantly reduced 

(Figure 4.5D, un-paired Student’s t-test: p-value = 0.0062). These results indicate that Stat3 

inhibition reduces growth of primary tumours in MDA-Src breast tumour xenograft models. 
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Figure 4.5 CPA7 inhibits primary tumour growth:  

MDA-Src cells (7.5x104) were engrafted into the mammary fat pads of Rag2𝛾 mice as described in 
Materials and Methods. When palpable tumours were detected, mice were randomly divided into two 
groups: Vehicle alone (control) and CPA7 (5mg/kg), administered by tail-vein injection every 3 days. 
Primary tumours were surgically removed after 22 (Control) and 23 days (CPA7), and the mice allowed 
to survive post surgery. The experiment consists of four mice per group and was performed twice. 
A) and B) Representative photographs of primary tumours for control and CPA7 5mg/kg treatment 
groups are shown. 
 
C) Tumour growth

 

: Tumour volume is represented as mm3 and was determined using perpendicular 
measurements of the tumour with calipers. Tumour volume was calculated using the formula: (a)(b2)/2; 
‘a’ being the larger of the two measurements. Red arrow indicates initiation of treatment. Statistical 
significance between the groups was determined by two-way ANOVA (p<0.0001). 

D) Tumour growth rate

 

: Linear regression analysis of the slope was used to determine the rate of tumour 
growth. Treatment with Dasatinib significantly reduced the tumour growth rate (un-paired Student’s t-
test: p = 0.0062).  

 

4.5 CPA7 treatment promotes lung metastasis 

In order to determine the effect of Stat3 inhibition on the development of lung metastasis, 

analysis of the number of metastatic nodules in the lungs of control and CPA7 treatment groups 

was determined, as described in Figure 4.2. Unexpectedly, a significant increase in the number of 



 

95 

 

lung nodules in the CPA7 treated group compared to the control group was observed by 

statistical assessment using a un-paired Student’s t-test (p=0.0301) and a Welch’s Student’s  t-

test with unequal variance (p=0.0301) (Figure 4.6). Close to statistical significance was observed 

using a non-parametric Mann-Whitney U test (p = 0.0571).  These results indicate that Stat3 

inhibition promotes lung metastasis in our MDA-Src breast tumour xenograft model. 
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Figure 4.6 CPA7 promotes lung metastasis:  

Mice from the experiment in Figure 4.5 were euthanized 12 days after primary tumour removal, and 
necropsies were performed as described in Materials and Methods.  For scoring of metastatic nodules, 
three sections (superficial, 1/3 and ½ depth) from the lung block of each mouse were stained with H & E, 
and assessed independently by two scorers. The section with the highest number of lung nodules was used 
in the analysis of each mouse.  Statistical significance between groups for metastasis was assessed using 
Graph Pad Prism (Graph Pad Software) in addition to generation of dot plots.  P-values are shown for an 
un-paired Student’s t-test, Mann-Whitney U test and Welch’s correction for a Student’s t-test with 
unequal variance. CPA7 treatment significantly increased lung metastasis in the CPA7 treated group as 
compared to the control as assessed by an un-paired Student’s t-test and the Welch’s Student’s t-test. The 
total number of mice (n) per group represents a pool of two experiments. 
 
 

4.6 CPA7 treatment promotes increased Erk and Fak activity 

In order to determine the effect of CPA7 treatment on the expression and activity of 

proteins of interest in tumour xenografts, Western blot analysis of primary tumour lysates was 

performed. No significant difference in the activity of Stat3- 705 between the CPA7 and control 

group was found (Figure 4.7B, un-paired Student’s t-test: p= 0.6457), most likely due to the 

extended period of time (72 hours) between last treatment and tumour excision. Unexpectedly, a 

marked increase in the activity of Fak-925 in CPA7 treated mice was also observed compared to 
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the control group (Figure 4.7 D, unpaired Student’s t-test: p-value = 0.0133). These results 

indicate that CPA7 treatment results in an increase in the activity of Fak in an MDA-Src tumour 

xenograft model.   
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Figure 4.7 CPA7 increases active Erk and Fak expression in primary tumours: 

A) Western blot analysis was performed on homogenates prepared from primary tumour xenografts from 
the experiment described in Figure 4.5. See Materials and Methods for protocol details. Lysates were 
resolved by gel electrophoresis and Western immunoblots were probed for total Met, Fak-925, total Fak, 
Stat3-705, total Stat3, Src-419, total Src, pErk, total Erk and γ-tubulin as a loading control. 20 µg of 
protein was loaded in all lanes. 
 
 B-D) Densitometry analysis was performed and the ratio of pYprotein to total protein was determined. 
As a control, γ-tubulin showed equal protein loading.  Histograms indicate the mean optical density ratios 
of 14 tumours, 7 from the control group and 7 that had undergone treatment with CPA7. Statistical 
significance was determined using an unpaired Student’s t test in Graph Pad Prism (Graph Pad Software). 
No significant alteration in pYStat3 (705)/Stat3 was observed in the control group as compared to the 
group treated with CPA7 (B, un-paired Student’s t-test: p=0.6457). A significant reduction in pYFak 
(925)/Fak was observed in the CPA7 treated group as compared to the control (D. un-paired Student’s t-
test: p=0.0133). The ratio of pErk to total Erk also appears to be increased in the CPA7 group as 
compared to the control although the results were not significant (Figure 4.7C, un-paired Student’s t-test: 
p= 0.3251). 
 

4.7 Met knockdown reduces tumour growth 

Since we and others have shown that Met activity is regulated by Src (Hui et al., 2009), I 

determined the effect of Met knockdown on tumour growth and metastasis in our MDA-Src 

xenograft model.  As described in Chapter 3 (Figure 3.6 B), I achieved a 92% KD of Met 

following expression of shMet-2, a lentiviral shRNA targeting Met in MDA-Src cells. MDA-Src 

shMet-2 (henceforth referred to as Met KD) or control (Empty Vector) cell lines were engrafted 

into the mammary fat pad of two groups of Rag2γ mice. Met KD tumours were found to have a 

significantly lower primary tumour volume than the control (Figure 4.8B, two-way ANOVA: p-

value <0.0001). The slope of tumour growth was also found to be significantly reduced 

compared to the control group indicating a reduction in the rate of tumour growth (Figure 4.8D, 

un-paired Student’s t-test: p-value = 0.0194). These results indicate that knockdown of Met 

reduces growth of primary tumours in MDA-Src breast tumour xenograft models. 
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Figure 4.8 Met knockdown inhibits primary tumour growth: 
MDA-Src cells (7.5x104) were engrafted into the mammary fat pads of Rag2(-/-)gamma(c)(-/-) mice as 
described in Materials and Methods. Primary tumours were surgically removed after 22 (Control) and 27 
days (Met KD), and the mice allowed to survive post surgery. The experiment consists of four mice per 
group and was performed twice. 
 
A) and B) Representative photographs of primary tumours for control and Met KD groups are shown. 
 
C) Tumour growth

 

: Tumour volume is represented as mm3 and was determined using perpendicular 
measurements of the tumour with calipers. Tumour volume was calculated using the formula: (a)(b2)/2; 
‘a’ being the larger of the two measurements. Significance was between the groups was determined by a 
two way ANOVA (p<0.0001) 

D) Tumour growth rate

 

: Linear regression analysis of the slope was used to determine the rate of tumour 
growth. Met KD significantly reduced the tumour growth rate as compared to the control (un-paired 
Student’s t-test: p = 0.0194).  

 

4.8 Knockdown of met does not inhibit lung metastasis 

In order to determine the effect of Met inhibition on the development of lung metastasis 

the number of metastatic lung nodules in the control and Met KD groups was determined by 

histological assessment as described for Dasatinib and CPA7 experiments in Figures 4.2 and 4.6. 
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Lung metastases were not significantly affected by Met KD compared to the control group as 

determined by three types of analysis (unpaired Student’s t-test p = 0.3413, Mann-Whitney U 

test p = 0.4052, Welch’s correction p = 0.3450). These results indicate that knockdown of Met 

does not inhibit lung metastasis in our MDA-Src breast tumour xenograft model 
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Figure 4.9 Met knockdown does not inhibit lung metastasis: 

Mice from the experiment in Figure 4.8 were euthanized 14 days after primary tumour removal, and 
necropsies were performed as described in Materials and Methods.  For scoring of metastatic nodules, 
three sections (superficial, 1/3 and ½ depth) from the lung block of each mouse were stained with H & E, 
and assessed independently by two scorers. The section with the highest number of lung nodules was used 
in the analysis of each mouse.  Statistical significance between groups for metastasis was assessed using 
Graph Pad Prism (Graph Pad Software) in addition to generation of dot plots.  P-values are shown for an 
un-paired Student’s t-test, Mann-Whitney U test and Welch’s correction for a Student’s t-test with 
unequal variance. No significant difference in the number of lung nodules in the control group as 
compared to the Met KD group was observed when assessed by an un-paired Student’s t-test, Mann-
Whitney U test and the Welch’s Student’s t-test. The total number of mice (n) per group represents a pool 
of two experiments. 
 
 
 



 

102 

 

4.9 Knockdown of Met significantly inhibits Erk activity  

In order to determine the effect of Met KD on downstream signalling molecules 

expressed in the primary tumour, biochemical analysis was performed as described in Figure 

4.10. Western blot analysis of primary tumours show a significant decrease in the expression of 

total Met (Figure 4.10B, un-paired Student’s t-test: p = 0.0004) in the Met KD group, indicating 

that the shRNA KD of Met had remained stable at the time of tumour excision. As expected, a 

significant decrease in the expression of active Erk (p42/44), a downstream effector of Met, was 

observed (Figure 4.10C, un-paired Student’s t-test: p = 0.011).  The activity of Fak-925 as 

compared to total Fak has also increased in the Met KD group, compared to the control (Figure 

4.10D, un-paired Student’s t-test: p= 0.025). These results indicate that Met knockdown inhibits 

the expression of active Erk, and increases the expression of active Fak in primary tumour breast 

cancer xenografts.  
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Figure 4.10 Met knockdown decreases Erk activity but increases Fak activity: 

A) Western blot analysis was performed on homogenates prepared from primary tumour xenografts from 
the experiment described in Figure 4.8. See Materials and Methods for protocol details. Lysates were 
resolved by gel electrophoresis and Western immunoblots were probed for total Met, Fak-925, total Fak, 
Stat3-705, total Stat3, Src-419, total Src, pErk, total Erk and γ-tubulin as a loading control. 20 µg of 
protein was loaded in all lanes. 
 
 B-D) Densitometry analysis was performed and the ratio of pY-protein to total protein was determined. 
As a control, γ-tubulin showed equal protein loading.  Histograms indicate the mean optical density ratios 
of 20 tumours, 10 from the control group and 10 from the Met KD group. Statistical significance was 
determined using an unpaired Student’s t test in Graph Pad Prism (Graph Pad Software). A significant 
reduction in total Met was observed in Met KD group as compared to the control (B, un-paired Student’s 
t-test: p=0.004). A significant reduction was also observed in the activity of Erk in the Met KD group as 
compared to the control (C, un-paired Student’s t-test: p= 0.0016). An increase in the activity of Fak-925 
is also present in the Met KD as compared to the control (D, un-paired Student’s t-test: p=0.025).  
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Discussion 

The results from this investigation show that Dasatinib, CPA7 and knockdown of Met all 

reduce the growth rate of primary mammary carcinomas in the MDA-Src tumour xenograft 

model. Interestingly, I also found that treatment of mice with Dasatinib or knockdown of Met in 

MDA-Src cells had no effect on pulmonary metastasis while inhibition of Stat3 by CPA7 

promoted pulmonary metastasis 

 The ability of Dasatinib, CPA7 and Met knockdown to reduce the rate of primary tumour 

growth was  predicted by my results in 3-D Matrigel cell culture, as treatment of MDA-Src 

colonies with Dasatinib, CPA7 or Foretinib reduced proliferation as compared to the control 

(Figure 3.8 and 3.9).  These results are also supported by a previously reported, tumour 

engraftment model of assessment of the effect of Dasatinib treatment on tumour growth in a 

BT474 model of breast cancer which demonstrated that Dasatinib inhibits primary tumour 

growth (Seoane et al., 2010). CPA7 was previously reported to induce apoptosis and reduce 

tumour growth in mouse models of colorectal cancer (Turkson et al., 2004) and Met KD has 

been shown to block primary growth of a human prostate carcinoma cell line (PC3-LN4) 

following orthotopic injection into the prostate gland (Shinomiya and Vande Woude, 2003). 

Also, the Met inhibitor, Foretinib, has been found to reduce growth of hepatocellular carcinomas 

(Huynh et al., 2012).  

The biochemical analysis of lysates of excised primary MDA-Src tumours provided a 

possible explanation for the inability of Dasatinib and Met knockdown to inhibit metastasis and 

the observed increase in metastasis in response to CPA7 treatment. In fact, a significant increase 

in Fak-925, a substrate of Src, was observed in tumours treated with Dasatinib as well as CPA7, 

compared to the control group, and in the Met KD group as compared to the control. Fak has 
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been found to be over-expressed in breast cancer (Lark et al., 2005), and to exhibit an amplified 

gene copy number in many breast carcinomas (Pylayeva et al., 2009). Increased Fak expression 

has also been found to be increased in breast tumours that express mutated p53 (Golubovskaya et 

al., 2013). Interestingly, MDA-MB-231 cells have been found to express mutated p53 indicating 

that Fak may be important in this model of tumourigenesis (Golubovskaya et al., 2009). In 

Chapter 3 of this thesis, I showed that Dasatinib treatment reduces Fak-925 levels in MDA-MB-

231 and MDA-Src cells (Figure 3.2 A and B), using the same conditions that are required to 

inhibit cell migration and invasion in 2-D cell culture. These results provide further evidence for 

the involvement of Fak in the persistence of metastatic outgrowth from primary tumour 

xenografts in mice treated with Dasatinib, CPA7 or expressing the Met KD vector.   

Our observed sustained activation of Fak in MDA-Src tumour xenografts compared to 

inhibition of Fak in cell culture models, undergoing Src/Stat3 inhibition or Met KD, may be due 

to higher levels of integrin engagement in the animal and auto-phosphorylation of Fak at Y397, 

than in cultured cells. This notion is supported by a previous study showing that targeted 

disruption of β1-integrin in a transgenic mouse model of human breast cancer blocks 

proliferative and invasive capacity of late-stage tumor cells (White et al., 2004). In our MDA-Src 

xenograft model, phosphorylated Fak-397 then binds Src, which subsequently phosphorylates 

Fak at additional tyrosine sites including Fak-925 (Figure 2.10).  Fak-397 also binds PI3K and 

p130Cas (reviewed in Luo and Guan, 2010). PI3K has been shown to contribute to metastasis by 

stimulating cell survival (via pAkt) and cell migration (Pylayeva et al., 2009).  Activation of 

p130Cas and c-Jun N-terminal kinase (JNK) can induce expression of MMPs, required for 

invasion (Hauck et al., 2002). Binding of Grb2 to Fak-925 results in increased angiogenesis 

during tumour growth through activation of the MAPK pathway (Mitra et al., 2006). Finally 
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increased Fak-925 in our MDA-Src cell line model may contribute to metastasis by overcoming 

anoikis, a process that induces cell death in response to detachment from the surrounding extra-

cellular membrane (reviewed in (Frisch and Screaton, 2001). Fak can suppress anoikis by 

activating the PI3K/Akt survival pathway and   the expression of the pro-survival genes Bcl-xL 

and Bcl-2 (reviewed in Paoli et al., 2013) (Figure 4.11). 

The expression of Src-419 also appears to be elevated in tumours treated with CPA7 as 

compared to the control, although this result was not found to be statistically significant. 

Elevated Src activity in this group provides another plausible explanation as to why CPA7 

treated mice possessed significantly greater numbers of pulmonary metastases as compared to 

the control, as Src is a known driver of metastasis (reviewed in Roskoski, 2005).  

Further biochemical analysis of primary tumour homogenates revealed a reduction (although 

not significant) in Stat3 activity in response to CPA7 treatment as compared to control mice and 

reduced expression of Met in mice that were injected with Met KD cells as compared to the 

control. The lack of significant reduction in Stat3-705 following CPA7 treatment likely reflects 

the fact that CPA7 primarily functions through an inhibition of Stat3 binding to DNA rather than 

inhibition of Y705 phosphorylation.  

Interestingly, primary tumour homogenates from mice treated with Dasatinib did not exhibit 

reduced Src activity as compared to the control. This is most likely due to the fact that primary 

tumours were excised almost 48 hours after treatment. Previous studies have shown that 

reduction of Src activity in response to Dasatinib treatment in xenograft studies is only detectable 

up to seven hours after treatment (Feng, 2008). It is therefore quite possible that the doses of 

Dasatinib given to the mice in our study were sufficient to reduce phosphorylation of Src but that 

we did not detect a reduction in phosphorylated Src-Y419 due to the amount of time that had 
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passed between drug treatment and tumour excision. However, a reduction in the activity of 

Stat3 (Src substrate) was observed, suggesting that a transient reduction in Src activity may have 

occurred. The fact that we did observe a treatment response (ie. reduced rate of primary tumour 

growth) in Dasatinib treated mice as compared to mice in the control group further supports our 

belief that Dasatinib treatments were given in sufficient quantities to reduce Src activity in this 

study. Finally, it is possible that feedback loops might be in existence and cause an increase in 

Src activity after several hours. In fact, in a different model (Byers et al., 2009), an increase, 

rather than decrease in Stat3 was observed at different time-points following Dasatinib treatment.  

The failure of Dasatinib to inhibit metastasis in our MDA-Src xenograft model provides 

context for the failure of clinical trials of Dasatinib in breast cancer (Finn et al., 2011; Herold et 

al., 2011; Mayer et al., 2011).  In addition, we can predict from this study that inhibition of Met 

and Stat3 will provide minimal therapeutic benefit in human breast cancers that over-express 

Fak. Furthermore, our results provide support for the use of inhibitors of Fak as therapeutics in 

human breast cancer. Currently an inhibitor of Fak, PF-0056221, has passed phase I clinical 

trials in solid tumours (Infante et al., 2012). Additional clinical trials involving combination 

treatments of the Fak inhibitor GSK2256098 and the Mek inhibitor, Trametinib, have also 

showed some promise in the treatment of solid tumours 

(http://clinicaltrials.gov/ct2/show/NCT01938443). The promising results of these trials provide 

further support for our proposed involvement of Fak in breast cancer progression. Thus, our 

study provides novel insight into possible mechanisms leading to relapse in cancer patients 

undergoing therapies targeting Src or its downstream effectors Stat3 and Met. 

http://clinicaltrials.gov/ct2/show/NCT01938443�
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Figure 4.11 Proposed role of FAK in breast cancer metastasis: 

We identified a Src/Stat3-Met signalling pathway in MDA-MB-231 and MDA-Src cells in 2D and 3D 
cell culture conditions. I found that inhibition of Src (Dasatinib) and Stat3 (CPA7) dramatically reduces 
total Met level and activity (pYMet) in addition to cell migration, invasion and growth. In tumour 
xenograft models of MDA-Src cells, blockade of Src and Met by Dasatinib and Met KD respectively, 
resulted in decreased tumour growth but demonstrated no significant effect on metastasis. CPA7 
inhibition of Stat3 resulted in decreased tumour growth but increased pulmonary metastasis.  All primary 
tumours demonstrated increased levels of pY925Fak. It is therefore our hypothesis that MDA-Src cells 
were able to metastasize through Fak by integrin engagement to promote metastasis through PI3K, 
MAPK or p130Cas/JNK pathways.  Adapted from Luo, M et al 2010.  Permission granted from Cancer 
Letters. 
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Chapter 5 

Src, Stat3 and Met: Potential Biomarkers of Breast Cancer 
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Abstract 

Immunohistochemical analysis of biomarkers HER2, ER and PR have been identified as 

significant prognostic indicators for subtypes of breast cancer. Our studies have found that Src, 

Met and Stat3 significantly contribute to the metastatic phenotype observed in cell lines that 

represent the BLBC subtype. Additionally, Met, Src and Stat3 have all been found to be over-

expressed in breast carcinomas. I therefore undertook an analysis of Src, Met and Stat3 in a 63 

tumour cohort of invasive breast carcinomas. Our findings have shown that Src is associated 

with pathological parameters of ER, HER2, PR and grade. Cyclin D1, a target of Stat3, has been 

found to associate with ER and PR status while Stat3 was not found to associate with any 

pathological parameters tested. Analysis of Met in the 63 tumour TMA has not yet been 

completed, but shows promise in analysis of whole tumour sections. 
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Introduction 

Prognosis in breast cancer is primarily driven by histological type,  (TNM) stage, and 

further informed by histopathological information routinely reported on surgical specimens; 

including tumour type, grade, lymphovascular invasion (LVI), estrogen and progesterone 

receptor (ER/PR) expression and HER2 expression (reviewed in Guthrie, 2009). However, risk 

assessment in early stage breast cancer is limited since approximately 30% of women diagnosed 

with early stage breast cancer will develop metastasis (reviewed in Redig, 2013). Additionally, 

we are still not able to predict who will respond to therapy, as resistance frequently occurs, even 

in cancers that are treated with targeted therapies such as Tamoxifen or Herceptin (Vogel et al., 

2002). 

 Recently, gene expression profiling has led to the discovery of molecular biomarker sets 

that define five breast cancer subtypes, which are associated with differential prognoses and are 

correlated with previously identified clinico-pathological biomarkers (Sorlie et al., 2001). 

Moreover, basic discoveries in cancer biology over the past two decades have identified key 

signaling pathways that drive malignant progression in breast cancer, and could lead to improved 

prognostic and predictive biomarkers (Taube et al., 2009). 

 Most BLBCs (~70%) are triple negative (Dent et al., 2009), and have been further 

subdivided according to expression of cytokeratin 5/6 (CK5/6), CK17 and pan cadherin (Charpin 

et al., 2009). Due to its heterogeneous nature, several different subtypes of BLBC have been 

identified, not all of which may be accurately represented by the currently available markers 

(Badve et al., 2011). Moreover, there are few reliable prognostic and predictive markers for 

BLBC.  
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Recently, Met, has been identified as a marker of BLBC, and has been found to be 

associated with poor prognosis in this aggressive breast cancer subtype (Charpin et al., 2009; Ho-

Yen et al., 2013). Moreover, Src and Stat3 have both been identified as possible therapeutic 

targets of BLBC (Finn et al., 2007; Marotta et al., 2011). Src has been shown to phosphorylate 

tyrosine 705 of Stat3 (Stat3-705), following which Stat3-705 dimerizes and translocates to the 

nucleus, to regulate gene transcription. The Elliott lab has previously demonstrated an activating 

role of Src and Stat3 on HGF transcription and protein expression (Sam et al., 2007; Wojcik et 

al., 2006). Our group has also shown that Src can regulate Met activation independently of HGF 

(Hui et al., 2009). Moreover, In Chapter 3 of this thesis, I have shown that Stat3 acts to increase 

Met protein expression at high cell density, an effect that is likely due to increased Met mRNA 

expression (Yang et al., 2005). Thus, Src activates an autocrine HGF/Met loop through 

Src/Stat3-HGF/Met (Figure 3.10 and 4.11). These findings prompted us to determine if 

Src/Stat3/Met protein expression profiles can identify potential biomarkers with improved 

prognostic or predictive power in human breast cancers, particularly of the BLBC subset. 

As a first step, we undertook an analysis of Src, Met and Stat3 protein expression (IHC) 

profiles in a 63 tumour cohort of human invasive breast carcinomas and tested associations with 

clinico-pathological parameters. Our findings have shown that Src is negatively correlated with 

ER, PR, and positively correlated with HER2 and high grade tumours, corresponding to the 

HER2+ve breast cancer subtype. Expression of Stat3-705 phosphorylation, representative of 

Stat3 activation, was difficult to detect in FFPE blocks of our 63 tumour TMA. However, total 

Stat3 protein was not associated with any clinico-pathological parameters tested. I therefore 

assessed the Stat3 target gene, Cyclin D1, as a surrogate of Stat3 activation status. Interestingly, 

Cyclin D1 was found to be positively associated with ER and PR status in our breast cancer 
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cohort.  As an indirect validation of these studies, I examined association of Src, Stat3, and Met 

gene expression profiles with survival outcome data in a 3,455 breast cancer cohort, using a 

Kaplan Meier plotter in an online gene expression database (Gyorffy et al., 2010). As predicted, 

Src expression was associated with poor relapse free and overall survival. Interestingly, Stat3 

was associated with better overall and disease free survival. Together, these findings suggest that 

Src and Stat3 pathways may be differentially associated with HER2+ve (poor prognosis) and 

ER/PR+ve (better prognosis) cancer subtypes, respectively. 
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Materials and Methods 

Human breast cancer cohort 

A breast cancer cohort of 63 female patients was accrued from the Cancer Centre of 

Southeastern Ontario at Kingston General Hospital in Kingston, ON. All patients had been 

diagnosed with breast cancer and undergone treatment between 2005 and 2007. The collection of 

breast tumour specimens for this study was approved by the Queen’s University Research Ethics 

Board (See Appendix A). Patient inclusion criteria consisted of the following: pre-menopausal 

(less than 49 years of age), primary invasive breast carcinomas, and stage: T1-3a, N0-1, M0. The 

majority of patients (90%) had primary invasive ductal/lobular breast carcinomas. (Cass et 

al.,2012). Patients who had a previous history of cancer, had undergone neoadjuvant therapy 

and/or had a history of bilateral breast disease were excluded from the study. This homogeneous 

population was chosen in order to represent an aggressive early stage subset of breast cancers 

with a high risk of relapse. A database of clinical and pathological information was created 

retrospectively from patient records, by an oncologist (Dr. Yolanda Madarnas). Patients ranged 

in age from 29 – 49 years of age with a mean age of 43.5 years. 20 mammoplasty sections were 

included in the TMA as non-neoplastic controls. Mammoplasties were accrued from archived 

tissue at Kingston General Hospital in Kingston, ON. Futher information regarding the clinic-

pathological characteristics of patient samples used in this study can be found in Appendix E. 

 

Tissue Microarray construction 

Tissue Microarray (TMA) construction was performed by the Queen’s Laboratory of 

Molecular Pathology (QLMP) in Kingston, ON. Primary tumour blocks that had been formalin 

fixed and paraffin embedded (FFPE) were collected for each patient. Hematoxylin and Eosin 
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staining was performed on a section from each FFPE block, and was assessed by pathology 

residents (overseen by Dr. Sandip SenGupta) to determine the areas from which cores for the 

TMA should be taken to construct the TMA. Triplicate cores 0.6 cm in diameter were extracted 

from the tumour blocks and were used to construct the TMA by insertion into a recipient block, 

1mm apart. Technical TMAs were constructed to determine antibody specificity and to optimize 

antibody concentrations and staining protocols prior to use of the 63 tumour TMA. Technical 

TMAs contained cell pellets, breast tumour and mammoplasty cores and cores from other tissues 

such as tonsil and intestine. 

 

Immunohistochemistry 

For Stat3, Src and Cyclin D1 antibodies, immunohistochemistry for the TMA was 

automated using the Ventana Discovery XT module, as this procedure decreased variability and 

background in staining. Sections (5µm) were placed on slides and were heated to 75°C. De-

paraffinization solution was incubated on the slides for 8 minutes prior to application of the 

antigen retrieval solution (pH =8.0, 100°C). Following antigen retrieval, slides were allowed to 

cool for 8 minutes prior to applying Inhibitor D for 4 minutes. Cyclin D1 (Neo Markers-RM-

9104-S, Freemont, CA, USA) and Stat3 (Cell Signaling-9132, Whitby, ON) were stained at 

1:100. Src was stained at 1:700 (Cell Signaling-2109, Whitby ON). Blocking peptide for 

antibody competition assays with anti-Src antibody was obtained from Cell Signalling (1235B). 

Total Stat3 and Src staining was performed by Lee Boudreau in the QLMP. For Src peptide 

blocking experiments, anti Src antibody was incubated with blocking peptide (containing 

immunizing epitope) or control (scrambled) peptide for 30 min, before proceeding with the IHC 
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staining protocol. The Cyclin D1 staining protocol was optimized and performed by Ms. Jillian 

Jaynes in the Clinical Pathology Laboratory in Kingston General Hospital, Kingston, ON.  

 

Manual Immunohistochemistry staining for Stat3-705 

For Stat3-705 antibody staining of mouse breast tissues, a manual IHC method was used, 

as described in (Arulanandam et al., 2009). Serial tissue sections (6μm) from a FFPE block of the 

#4 mammary fat pad from a nulliparous (8-12 wk old) strain 129 mouse bred in the Queen’s 

University Animal Care Facility were deparaffinized and rehydrated by submersion in three 

toluene baths for 4 minutes and then washed in graded ethanol baths (100%, 85% and 70%) 7 

times and submerged in a water bath for 4 minutes. Antigen retrieval was performed by 

submersion in a 1:10 dilution of 10 mM sodium citrate buffer, pH 6.0 at 95°C for 30 minutes. 

Tissues were then cooled to room temperature before washing twice with a tris-buffered saline 

(TBS) buffer. A 3% hydrogen peroxide block was applied to sections and tissues were incubated 

for 5 minutes. Permeabilization was performed in 25 μg/ml Digitonin in TBS, and blocked with 

5% horse serum in TBS for 30 min. Excess blocking medium was removed and antibodies were 

added: monoclonal anti-E-cadherin antibody (BD Transduction Labs), mouse IgG2α control 

(Invitrogen Inc., Burlington, ON), or rabbit anti-Stat3-705 antibody (Cell Signalling NEB, 

Pickering ON) . For Stat3-705 staining, sections underwent an additional trypsinization step after 

antigen-retrieval in which sections were incubated in 0.01N hydrochloric acid (HCl) and 0.4% 

Trypsin for 20 min at 37°C, prior to application of rabbit anti-Stat3-705 antibody. Sections were 

incubated with antibodies overnight at 4°C in a humidified chamber. The next day, the 

biotinylated link (Dako North America Inc.) was applied and incubated for 15 min. Streptavidin-

peroxidase (Dako North America Inc.) was then applied to the specimens and incubated for 
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another 15 minutes. Finally, DAB (diaminobenzidine) with DAB chromogen substrate (Dako 

North America Inc.) was added to each section and incubated for 10 min. Tissues were counter-

stained lightly with hematoxylin, dipped three times in 1% HCl in 70% ethanol and placed in a 

water bath. The sections were then dehydrated in a graded ethanol series (70%, 85%, 100%). 

followed by three toluene baths, and cover-slipped using permount. Representative images were 

acquired under brightfield illumination using a Leitz microscope. 

 

Scoring: 

Scoring was performed by two Pathologists, with discrepant cases being resolved by Dr. 

Sandip SenGupta. Staining was assessed based on intensity (0, 1, 2, 3) and the percentage of 

positively stained tumour area. Staining could also be categorized by cell localization 

(cytoplasmic, membranous and nuclear). Histo (H)-scores were determined for each core by 

multiplying the staining intensity (scale 0-3) by the percentage of positive tumour area (range, 0-

300). The mean H-score of 3 cores per tumour was determined and used in subsequent analyses. 

 

Statistical Analysis 

H-scores for ER, PR and HER2 were dichotomized with a negative stain denoting 0 and a 

positive stain denoting 1. Scores for tumour grade were assigned based on mitotic activity, size 

of the nucleus and tubule formation. Values for grade were dichotomized with values 6 and 

below denoting low and values 7 through 9 donating high. The Wilcoxan rank sum test was used 

to compare the mean H-score for triplicate cores per tumour (continuous data) to pathological 

parameters ER, PR, HER2 status and grade (dichotomized data). This test was used as our data 

could not be assumed to be normally distributed. The Wilcoxan rank sum test allowed for a non-
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parametric assessment of the mean H-scores for each dichotomized group. As a secondary 

assessment, the concordance index was used as described in Cass et al. (2012): “The association 

between clinico-pathological variables and continuous H scores is described by the concordance 

index which is the probability that someone with a positive clinico-pathological variable has a 

higher H score than someone with a negative clinico-pathological variable plus half the 

probability that they have the same H score. The concordance index is also known as the C-

statistic which is equivalent to the area under the Receiver Operating Characteristics curve 

(ROC) (Hanley and McNeil, 1982). A concordance index of <0.5 implies an inverse correlation, 

while a concordance index of >0.5 implies a direct correlation”. Statistical analysis was 

performed using IBM SPSS software version 21. Dot plots were created using Graph Pad Prism 

(Graph pad software). 

 

Kaplan Meier plotter analysis 

An on-line gene expression database of 22, 277 genes was used to assess survival in a 

cohort of 2, 977 breast cancer cases (Gyorffy et al., 2010) (kmplot.com). This database utilized 

the GEO (Gene Expression Omnibus, www.ncbi.nlm.nih.gov/geo) database of HG-U133A 

(GPL96) and HG-U133Plus 2.0 (GPL570) affymetrix microarrays. Associations can be made 

with recurrence free (RFS), overall (OS) and distant metastasis free (DMFS) survival. The breast 

cancer cohort can also be divided based on ER, PR, HER2, and lymph node status and grade. 

Breast cancer subtypes (basal, luminal A, luminal B and HER2+) and treatment can also be 

specified.  Kaplan Meier estimates are made to determine survival over-time with respect to gene 

expression. The log-rank test determines if the difference between survival times in the high and 

http://www.ncbi.nlm.nih.gov/geo�
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low gene expression groups is statistically different or not (Goel et al., 2010). Log-rank p-values 

of <0.05 were considered to be statistically significant. Hazard ratios indicate the risk of an event  

occurring at any point in time in the high gene expression group compared to the low gene 

expression group (Goel et al., 2010). Affymetrix IDs 217828_at, 208991_at, and 213324_at were 

used to assess Met, Stat3 and Src gene expression, respectively.  
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Results 

5.1 Validation of Src, Stat3, Cyclin D1 and Met antibodies for IHC: 

Prior to examination of antibodies in the 63 tumour TMA, the optimal concentration and 

antibody specificity was determined using designated control tissues and cell pellets. 

Comparison of total Src staining in breast tumour with non-neoplastic mammoplasty tissues 

demonstrated expected differential localization patterns. Apical expression of Src was observed 

on epithelial cells of the mammary ducts in normal breast tissue, whereas Src exhibited both 

cytoplasmic and membranous expression in regions of invasive carcinoma (Figure 5.1). A 

blocking peptide consisting of the epitope that was used for immunization compared to a control 

(scrambled peptide) was utilized to confirm the specificity of the primary antibody (See 

Appendix B).  

Total Stat3 was found to be strongly expressed in the nuclei of epithelial cells in both 

non-neoplastic mammoplasty and breast cancinoma tissues (Figure 5.1). Some cytoplasmic 

expression of Stat3 was also observed in regions of breast carcinoma (Figure 5.1). Staining for 

phosphorylated tyrosine 705 of Stat3 (Stat3-705), the activated form of Stat3, proved to be very 

difficult with our FFPE processed tumour tissue sections, most likely due to uncontrolled 

fixation conditions of archival tissues.  In contrast, we were able to detect nuclear Stat3-705 

expression in luminal epithelial cells of murine breast ductal units, which co-express E-cadherin-

based cell-cell contacts (Figure 5.2). This co-localization pattern of E-cadherin with pY705Stat3 

corroborates the cell confluence-dependent Stat3 pathway reported by the Raptis Lab described 

in Chapter 3 (Arulanandam et al., 2009).  

As an alternative to Stat3-705, I have examined expression of the Stat3 target gene, 

Cyclin D1. Cyclin D1 showed moderate nuclear staining in non-neoplastic mammoplasty tissues, 
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while strong Cyclin D1 staining was evident in breast carcinoma tissues (Figure 5.1).  The 

number of cells with positive nuclear staining in tumour regions was much greater than in non-

neoplastic mammoplasty tissues. Mesenchymal cells were not found to display Cyclin D1 

staining. 

 



 

123 
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Figure 5.1 Immunohistochemical Src, Stat3 and Cyclin D1 expression in non-neoplastic and breast 

carcinoma cores. 

 Src is expressed on the apical aspect of epithelial cells in mammary ducts of non-neoplastic tissue but 
displays a cytoplasmic and/or membranous staining pattern in breast carcinoma tissue. Stat3 expression is 
nuclear in non-neoplastic tissue as well as breast carcinoma tissue. Stat3 is also expressed in the 
cytoplasm of breast carcinoma tissue. Cyclin D1 displays a nuclear expression in the epithelial cells of 
non-neoplastic mammoplasty. Cyclin D1 is also expressed in the nucleus of breast carcinoma cells but not 
in the nucleus of surrounding mesenchymal tissue in either tumour or non-neoplastic cores. Images were 
taken using QLMP’s on-line Spectrum Webscope database. Whole core images were captured at a 
magnification of 7x, inserts were captured at a magnification of 33x. 
 

 

 

 

 

 

 

 

 

Figure 5.2 Immunohistochemical staining of  Stat3-705 and E-cadherin  
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Immunohistochemical staining of  Stat3-705 and E-cadherin in the normal mouse breast ductal epithelium 
on serial sections. Nuclear Stat3-705 expression was observed in luminal epithelial cells of murine breast 
ductal units, which co-expressed E-cadherin-based cell-cell contacts. Representative images taken with a 
40× or 100× objective. Bar, 100 μm. Adapted from Arunlanadam, 2009. Permission granted from 
Molecular Cancer Research.  
 
 

5.2 Total Src associates inversely with ER/PR status and directly with HER2 status 

I next assessed whether Src is associated with clinico-pathological parameters in our 63 

breast tumour TMA. H-scores were assigned for both cytoplasmic and membranous Src staining 

of tumour cores, as described in Materials and Methods. Statistical analysis of associations of 

membranous or cytoplasmic Src expression (continuous H-scores) with dichotomized clinico-

pathological parameters was performed using the Wilcoxon rank sum test and Concordance 

Index (Figures 5.3-5.4 and Table 5.1). Both membranous and cytoplasmic Src expression were 

directly associated with high grade, and inversely associated with ER+ve status (Figure 5.3). 

Cytoplasmic Src was also inversely associated with PR+ve status, but was directly associated 

with HER2+ve status (Figure 5.4). Membranous Src was not found to have any association with 

PR or HER2 status. In summary, both membranous and cytoplasmic Src expression is associated 

with high grade. Furthermore, cytoplasmic Src is inversely associated with ER+ve and PR+ve 

status, and directly associated with HER2.  
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Figure 5.3 Association of Src with tumour grade and ER status 

Dot plots of significant associations observed for H-scores of cytoplasmic and membranous Src as 
compared to pathological parameters ER and grade. A significant positive association of cytoplasmic 
(p=0.006, CI = 0.760) and membranous Src (p=0.010, CI=0.716) Src with tumour grade was observed. A 
significant inverse association was found for cytoplasmic (p=0.010, CI=0.273) and membranous 
(p=0.003, CI = 0.240) Src with ER status. Bars indicate the mean H-score score for each group. Staining 
scores were dichotomized for ER with staining <1 denoting a negative stain and >0 denoting a positive 
stain. Grade scores Ire also dichotomized with values of 6 or less denoting low grade and a values of 7 
through 9 denoting high grade. 
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Figure 5.4 Association of Cytoplasmic Src with PR and HER status 

 Dot plots of significant associations observed of cytoplasmic Src H-scores compared with pathological 
parameters. A significant inverse association of cytoplasmic Src with PR (p=0.042, CI=0.307) was 
observed. A significant positive association was found for cytoplasmic Src and HER2 (p=0.013, 
CI=0.764) status. Bars indicate the mean H-score score for each group. Staining scores were 
dichotomized for PR and HER2 with stains <1 denoting a negative stain and >1 denoting a positive stain. 

  

 
Figure 5.5 Association of Cyclin D1 with PR and ER status 

Dot plots of significant associations observed for nuclear Cyclin D1 H-scores compared to pathological 
parameters. A significant positive association for nuclear Cyclin D1 with PR (p=0.001, CI=0.787) and ER 
(p<0.0001, CI=0.860) status was observed. Bars indicate the mean H-score score for each group. Staining 
scores were dichotomized for PR and ER with <1 denoting a negative stain and >0 denoting a positive 
stain.  
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Table 5.1 Assessment of  Src, Stat3 and Cyclin D1 association with pathological parameters 

Association of membranous and cytoplasmic Src, Stat3 and nuclear Cyclin D1immunohistochemical 
staining with pathological parameters grade, ER, PR and HER2. P-values were assessed by a Wilcoxon 
Rank Sum test. Concordance indexes (CI) were assessed by ROC curves. CI <0.5 indicates an inverse 
correlation, CI >0.5 indicates a positive correlation. HER2, ER and PR staining values were dichotomized 
with a scores <1 denoting a negative stain and > 0 denoting a positive stain. Grade scores were also 
dichotomized with values of 6 or less denoting low grade and values 7 through 9 denoting high grade. 
Significant associations are displayed in bold. 

 

5.3 Cyclin D1 is associated with PR+ve and ER+ve status 

No correlations of total Stat3 with clinico-pathological parameters were observed (Table 

5.1). I therefore tested for associations with Cyclin D1, a transcriptional target of Stat3 in our 63 

tumour TMA. Nuclear staining of Cyclin D1 was found to be directly associated with PR+ve 
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(p=0.001, CI=0.787) and ER+ve (p<0.0001, CI=0.860) status, as determined using the Wilcoxon 

Rank Sum Test and ROC curve analysis (Fig. 5.4 and Table 5.1).  
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Discussion 

Src and Cyclin D1 correlate with pathological parameters 

The results from this investigation show that Src and the Stat3 target gene, Cyclin D1 

correlate with distinct clinico-pathological parameters in our 63 breast tumour TMA. Both 

membranous and cytoplasmic Src expression is associated with high grade and ER-ve status. 

Furthermore, cytoplasmic Src was found to be associated with PR-ve status and HER2+ve status. 

Thus high cytoplasmic Src is associated with ER-ve, PR-ve and HER+ve breast cancers in our 63 

breast tumour cohort.  

Since high grade is usually associated with poor prognosis in breast cancer (Le Doussal et 

al., 1989), I expect that increased expression of membranous and/or cytoplasmic Src will also 

associate with poor prognosis (Table 5.1).  In support of this notion, Zhang et al. have 

demonstrated that Src is associated with worse disease specific survival and progression free 

survival in breast cancer patients (Zhang et al., 2012). Interestingly, another report described a 

correlation of Src in a subset of ER+ve breast cancers, with reduced disease specific survival 

after Tamoxifen treatment (Elsberger et al., 2012). This study may have identified a more 

aggressive subset of Tamoxifen resistant ER+ve breast tumours. Unfortunately we were not able 

to analyze outcome parameters, due to too few recurrence events in the 63 tumour cohort. 

However, a larger cohort of 411 breast cancer cases with up to 12 years of clinical outcome data 

has been accrued from our local patient base and archives at the South Eastern Ontario Cancer 

Centre and KGH. This cohort will be used to test candidate biomarker sets identified in our 63 

tumour TMA studies.  

In contrast to Src, Cyclin D1 was found to have a positive association with ER+ve and 

PR+ve status. This finding validates a previous report that identified a direct association bedizen 
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Cyclin D1 and ER+ve status (Tobin et al., 2012). Thus Cyclin D1 may identify a subset of 

ER+ve breast cancers with higher risk of relapse. 

In our 63 tumour TMA, total Stat3 did not correlate with any clinico-pathological 

parameters tested. In a previous study by a different group, total Stat3 was also found not to 

correlate with ER+ve, PR+ve, HER2+ve status or tumour grade (Sonnenblick et al., 2012), thus 

corroborating our current findings. Our finding that Cyclin D1 correlates with clinico-

pathological parameters of breast cancer, but Stat3 does not, suggests that Cyclin D1 may be a 

more informative biomarker in our cohort.  

Interestingly, two other groups have shown that (active) Stat3-705 expression is 

associated with better prognosis (Dolled-Filhart et al., 2003; Sonnenblick et al., 2012). This 

observation is opposite to the hypothesized effect based on my in vitro investigations, in which 

inhibition of Stat3 blocked cell migration, invasion and growth in 3D Matrigel cultures (Chapter 

3 Figures 3.5, 3.7 and 3.8). Active Stat3 expression has also been found to be associated with the 

invasive edge of  MDA-MB-231 breast tumour xenografts in immune-deficient nude mouse 

recipients (Chang et al., 2013). This finding indicates that assessment of whole tumour sections, 

rather than TMA cores, may be more accurate in determining the efficacy of Stat3 as a 

prognostic biomarker - based on assessment of its expression at the leading edge of the tumour.  

Additionally, careful extraction of tumour cores from the leading/invasive edge of breast 

carcinomas may also be more indicative during assessment of Stat3, compared to removal of 

cores from central portions of breast carcinomas.  Further studies are required to fully assess the 

value of Stat3 as a prognostic biomarker in human breast cancer. 

 

The prognostic value of Src, Stat3 and Met in human breast cancer 
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Since our current analysis could not provide prognostic information, I performed Kaplan 

Meier assessment of gene expression profiles of Src, Stat3 and Met in a breast cancer cohort 

using an on-line gene expression database.  This database allows for the comparison of gene 

expression with overall survival and relapse free survival in breast cancer using Kaplan Meier 

analysis (Gyorffy et al., 2010). Gene expression profiles for this database were obtained from 

GEO (Gene Expression Omnibus, www.ncbi.nlm.nih.gov/geo) using affymetrix arrays. A total 

of 3455 breast cancer cases are included in the database (kmplot.com).  

Based on Kaplan Meier analysis of the above gene expression profiles, high expression of  

Met in ER negative breast cancer cases was found to associate with worse recurrence free 

survival (RFS) (log rank p = 0.018, HR = 1.44) and distant metastasis free survival  (DMFS) (log 

rank p=0.011, HR = 1.96), compared to low Met expression (Appendix Figure C.1). No 

significant association was found for any other subtypes of breast cancers tested (results not 

shown).  

Kaplan Meier analysis indicated a significant association of high Src expression with 

worse RFS (log rank p = 0.031, HR = 1.32) and over-all survival (OS) (log rank p = 0.00000034, 

HR = 1.42) in breast cancer patients, compared to low Src expression (Appendix Figure C.2). 

These findings confirm results from other groups and are consistent with our in vitro findings 

that active Src can promote a transformed metastatic phenotype (Chapter 3) (Dolled-Filhart et 

al., 2003; Sonnenblick et al., 2012).   

Interestingly, Kaplan Meier analysis showed association of high Stat3 expression with 

better OS (log rank p= 0.0036, HR = 0.69) (Appendix Figure C.3). This finding suggests that 

high Stat3 expression may have a protective effect in human breast cancer. In addition, this 

http://www.ncbi.nlm.nih.gov/geo�
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association provides clinical context to my finding of increased metastasis following inhibition 

of Stat3 through CPA7 in our MDA-Src xenograft model (Chapter 4 Figure 4.6).  

Together these results indicate that Src and Cyclin D1correlate with pathological 

parameters and are predictors of poor survival in breast cancer. Additionally over-expression of 

Met correlates with poor prognosis in the Kaplan Meier analysis of the online gene expression 

database. In contrast, Stat3, although demonstrating no correlation with clinico-pathological 

parameters, was found to be associated with better overall outcome. Future approaches to 

perform multivariate analysis of Src, Stat3 and Met by IHC in the context of clinical outcome 

may provide improved prognostic information.   
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Chapter 6 

Summary and Conclusions 

The identification of pathways that can promote tumour progression is essential to the 

development of effective targeted therapies in cancer. This thesis has taken a transdisciplinary 

approach to the assessment of the Src/Stat3-Met pathway as a potential therapeutic target and 

prognostic indicator for breast cancer.  

 I have identified the presence of a Src/Stat3-Met pathway in a BLBC cell line, in which 

Src, through Stat3 increases the activity and total expression of Met. Further to this, results from 

cell culture investigations found that the Src/Stat3-Met pathway has functional relevance to 

breast cancer, as blockade of Src, Stat3 or Met was found to disrupt migration, invasion and 

growth.  

 Assessment of the Src/Stat3-Met pathway in MDA-Src (MDA-MB-231 cells expressing 

Src Y527F) tumour xenografts found that inhibition of Src (Dasatinib), Stat3 (CPA7) or 

knockdown of Met (Met KD) reduced the rate of primary tumour growth. Assessment of lung 

nodules revealed that inhibition of Src or Met KD had no effect on pulmonary metastasis. 

Contrary to cell culture results, treatment of tumours with CPA7 (Stat3 inhibitor) resulted in 

increased pulmonary metastasis. Biochemical assessment of tumour lysates found that Fak may 

be driving metastasis in this breast cancer model as the activity of Fak-925 is increased in mice 

treated with CPA7 or Dasatinib as compared to mice in the control groups. Mice from the Met-

KD group also exhibited the same trend as compared to the control. 

 Assessment of Src, Stat3 and Cyclin D1 expression by immunohistochemical analysis in 

a human breast cancer cohort found that Src is directly associated with HER2+ve status and high 
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grade, in addition to an inverse association with ER+ve and PR+ve status. Cyclin D1, a target of 

Stat3, was found to have a direct association with ER+ve and PR+ve status.  

 Comparisons of gene expression of Src, Stat3 and Met from an online human breast 

cancer cohort with patient survival data using the Kaplan Meier plotter (kmplot.com) 

demonstrated that elevated Src gene expression is associated with worse overall (OS) and 

recurrence free survival (RFS). While elevated gene expression of Met in ER-ve tumours was 

associated with worse RFS and distant metastasis free survival. Conversely elevated gene 

expression of Stat3 was associated with improved RFS and OS. These results demonstrate that 

Stat3 may have a protective effect in breast cancer, providing a human application to my 

observed increase in metastasis in response to treatment with CPA7 in the MDA-Src tumour 

xenograft model. 

 

Significance 

This study provides insight into the poor performance of Dasatinib as a single agent 

therapeutic in breast cancer treatment.  Phase II clinical trials involving Dasatinib in the 

treatment of metastatic breast cancer (Herold, et al., 2011), triple negative breast cancer (Finn, et 

al., 2011) and HER2+ve breast cancer (Mayer, et al., 2011), have all shown little to no benefit. 

Although Src over-expression is associated with poor prognosis (Elsberger, et al., 2009), our 

results demonstrate that Src is not essential for metastasis in our tumour xenograft model, since 

metastasizing tumour cells were resistant to Dasatinib treatment. Therefore, a reduction in distant 

metastasis, or over-all survival would not be expected in response to Src inhibition.  

Furthermore this study provides support for the previously demonstrated association of 

Stat3 over-expression with good prognosis (Dolled-Filhart, et al., 2003, Sonnenblick, Shriki et al. 
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2012), as MDA-Src tumour xenografts display an increase in pulmonary metastasis following 

inhibition of Stat3 with CPA7. Additionally, I also found using the Kaplan Meier plotter that 

elevated Stat3 gene expression is associated with improved OS and RFS, indicating that Stat3 

may be protective of metastasizing cells in some human breast cancers.  

 

Future Directions  

This study points to a role of Fak in metastasis of invasive breast cancers. Assessment of 

Fak inhibition in tumor xenograft models would be helpful in determining if it is an effector of 

MDA-MB-231 metastasis. Additionally, combinations of Src, Stat3 or Met with Fak inhibition 

may reduce metastasis in tumour xenograft models. 

A larger tissue microarray (TMA) that includes patient outcome data has been 

constructed by the Queen’s Laboratory of Molecular Pathology. Assessment of Src, Stat3 and 

Met in this TMA would indicate whether protein expression correlates with survival data 

achieved from gene expression analysis (Kaplan Meier plotter). Assessment of Fak may also 

provide information regarding its association with survival in breast cancer patients. 
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Appendix B 

 

 
 

Appendix B. Validation of Src antibody by Src peptide block. IHC for Src was performed in human 
mammary glands, and invasive ductal carcinoma tissue on serial sections with the corresponding blocking 
peptide. Photographs were taken at 40x objective. Scale bars indicate 50 μm. Results are representative of 
at least 2 experiments. Staining was performed by Hannah Mak in the Elliot Lab. 
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Appendix C 

 

 
Figure C.1 High Met gene expression is associated with poor overall survival and distant metastasis free 
survival in breast cancer tumours that are ER negative. Analysis was performed using kmplot.com 
(Gyorffy, Lanczky et al. 2010). Associations were performed using Kaplan-Meir comparisons of the 
selected gene expression to specific outcome parameters. Hazard-ratios are also displayed.  
 

 

 
Figure C.2 High Src gene expression is associated with poor overall survival and recurrence free survival 
in breast cancer tumours. Analysis was performed using kmplot.com (Gyorffy, Lanczky et al. 2010). 
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Associations were performed using Kaplan-Meir comparisons of the selected gene expression to specific 
outcome parameters. Hazard-ratios are also displayed.  
 

 
 

Figure C.3 High Stat3 gene expression is associated with good overall survival and recurrence free 
survival in breast carcinomas. Analysis was performed using kmplot.com (Gyorffy, Lanczky et al. 2010). 
Associations were performed using Kaplan-Meir comparisons of the selected gene expression to specific 
outcome parameters. Hazard-ratios are also displayed. 
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Appendix D 

 

CPA7 schematic adapted from Turkson, 2004. Permission requested from Molecular Cancer 

Therapeutics. 

 

 

Structural Diagram of Dasatinib adapted from Lombardo, 2004. Permission granted by the Journal of 

Medicinal Chemistry. 
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Structural diagram of Foretinib adapted from Selleckchem (Selleckchem.com).  
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Appendix E 

 

Appendix E. Table of clinic-pathological characteristics of patients included in the TMA. The table is 

adapted from Cass, et al,. 2012. Permission granted by Cancers.  
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