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Abstract 
 

 

Breast cancer is one of the leading causes of death of women in North America.  Signal 

Transducer and Activator of Transcription (Stat)3 and Stat5 are transcription factors 

involved in normal breast development, and are hyperactivated in 30-50% of breast cancers.  

Stat5 is required for breast epithelial cell differentiation and is over-expressed in breast 

cancers with a more differentiated phenotype.  Constitutive over-expression of Stat3 in 

breast cancer, on the other hand, can drive expression of genes involved in survival, 

migration and angiogenesis.  Our group has previously elucidated a novel activation 

mechanism of Stat3 by cadherin engagement in densely growing cells.  We hypothesize that 

Stat5 and Stat3 are regulators of the balance between differentiation and transformation of 

breast epithelial cells:  Stat3 activation is modulated by a cadherin/Rac1 pathway, and this 

may be necessary for differentiation.  Stat5 on the other hand may play a role in 

differentiation independent of cell density.  Therefore, Stat3 and Stat5 may turn out to be 

independent prognostic markers for breast cancer.  

We show here, through pharmacological inhibition experiments, that Stat3 is required for 

differentiation of HC11 breast epithelial cells, measured by β-casein expression. On the 

other hand, we also show that constitutively active Rac, a molecule downstream of cadherin 

in the Stat3 activation pathway, blocks the differentiation of breast epithelial cells.  Stat5 is 

upregulated by hydrocortisone, insulin and prolactin, but is unaffected by density.  Stat5 is 

also required for differentiation; moreover we show that expression of activated Stat5 in 

HC11 breast epithelial cells promotes a more differentiated phenotype.  
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As an initial approach to biomarker development, we have optimized a quantitative analysis 

method to assess protein expression profiles of clinically relevant robust biomarkers using a 

63 tumour breast cancer cohort. Automated quantitative analysis of protein expression in 

human breast cancer specimens, including target genes of Stat3 and Stat5, cyclin D1 and 

p21, are statistically similar to manual scoring, and correlate with clinico-pathological 

parameters.  These data provide a vital link between benchwork and clinical studies, and 

could lead to possible future predictive biomarkers. 
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Chapter 1 

Introduction 

Breast cancer is the most common malignancy in Canadian women and the second leading 

cause of cancer death. In 2013, 23,800 Canadian women will be diagnosed with breast cancer and 

14 women will die every day of the disease (cancer.ca, 2013). Although overall survival rates for 

breast cancer are very good, this is due to early screening and treatment. Patients who present with 

late stage disease or are chemo-refractory rarely survive; they succumb to metastatic spread and 

have few treatment options.  Some molecular subtypes of breast cancer, for example triple-

negative, thus named due to their lack of ER, PR and HER2 expression, have few treatment 

options due to lack of defined molecular targets.  HER2 positive breast cancers can indeed be 

treated with targeted therapies (Herceptin), however, for unknown reasons, approximately 50% of 

these tumours do not respond, and/or subsequently acquire resistance, indicating that additional 

mechanisms are at play.     

There is a need, therefore, to develop molecular biomarkers to better classify breast cancer, 

help predict response to treatment and to identify those patients who are likely to relapse or 

become refractory to hormone therapies. Future advances in breast cancer treatment will also 

identify a broader spectrum of molecules for targeted therapy and thus personalized medicine. 

Previous results from our group have delineated a novel Cadherin/Rac1/Stat3 pathway for 

activation of Stat3.  E-cadherin or cadherin-11 engagement in densely growing, cultured HC11 or 

Balb-c cells, respectively, induces an increase in Rac1 levels and activity, which can dramatically 

increase IL-6 family cytokine transcription (Arulanandam et al., 2009; Geletu et al., 2013).  IL-6 

then acts in an autocrine manner and binds to its receptor, recruiting Jak to the membrane. Jak 
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phosphorylates gp130, the common subunit of IL-6 family receptors, which creates a docking site 

for binding of Stat3, which binds via its SH2 domain (Raptis et al., 2009). Jak can then 

phosphoryate Stat3 at its activating tyrosine 705 residue, causing dissociation from gp130. pY705 

Stat3 dimerizes and translocates to the nucleus where it interacts with promoter regions and 

activates the transcription of a number of target genes (Raptis et al., 2009). The above activation 

mechanism has yet to be explored for Stat5, another member of the STAT family of transcription 

factors. Examining the relationship of activation between Stat3 and Stat5 in regulating breast 

epithelial differentiation and tumourigenesis would be important, as these two molecules seem to 

exert opposing roles in both tumourigenesis and development. Moreover, the involvement of Stat3 

in breast epithelial cell differentiation is not clearly understood.  Previous results from several 

groups indicate a role for Stat3 in adipocytic and MDCK cell differentiation (Deng et al., 2006; 

McGillicuddy et al., 2009; Su et al., 2007) therefore we decided to examine the role of Stat3 in the 

differentiation of breast epithelial cells. Stat5 may be a key player in maintaining a differentiation 

phenotype.  

Reports of Stat3 and Stat5 expression in invasive breast cancer specimens lead us to 

examine expression of Stat3 and Stat5 target genes in our breast cancer cohort.  Breast cancers 

expressing Stat5 tend to be associated with a more differentiated phenotype, however the 

association of Stat3 in breast cancer cohorts remains controversial.  This discrepancy is 

compounded by the fact that assessing total Stat3 protein expression is technically difficult, and, 

because phosphorylation of proteins is often lost quickly after surgery, thus making the detection 

of phosphorylated Stat3 via immunohistochemistry very challenging.  We have, therefore, focused 

on assessing target genes of Stat3 (for example, cyclin D1 and survivin), as a surrogate for Stat3 

activation level.  Assessing not only levels of target gene expression, but also associations 
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between Stat3 target gene expression levels and clinico-pathological parameters could lead to 

possible future predictive biomarkers. 

Basic discoveries in cancer biology over the past two decades have identified key signaling 

pathways that drive malignant progression in breast cancer, and panels of biomarkers that assess 

their activation (Dancey and Chen, 2006). Based on these studies, several commercially available 

molecular marker platforms (such as Oncotype Dx, Mammaprint) have been developed for use in 

certain types of clinical decision-making 

(Sotiriou and Pusztai, 2009). However, there is a critical need for improved biomarker assessment 

platforms to integrate knowledge from traditional clinico-pathological variables such as tumor size 

and grade with pathway-based profiles that better define prognostic subgroups or systemic 

treatment response. One of the specific roadblocks in predictive oncology is the lack of accurate 

and reproducible assays based on molecular biomarkers for predicting therapeutic outcome or 

guiding patient selection during the early clinical stages of testing novel treatment modalities. A 

pathologist usually scores diagnostic immunohistochemistry (IHC) and tissue microarray (TMA) 

slides by bright field microscopy or occasionally by digitally scanned slides. Many factors can 

influence pathologists’ scoring, including varied ambient light conditions, amount of time scoring, 

fatigue and lack of standardization of routine stains (Camp et al., 2008). We sought to determine if 

an objective, automated system, Ariol, could score a breast tissue microarray with the same 

accuracy as two pathologists. We also sought to determine if the automated quantification of our 

biomarkers of interest correlated with relevant clinico-pathological parameters. Our main proteins 

of interest in this study were HER2, pERK, p53, cyclin D1, and Ki67, for which technical 

reliability of antibodies has previously been validated in IHC staining of tissue sections (Cho et 

al., 2008; Frogne et al., 2009; Liu et al., 2010; Plesan et al., 2010).  Manual scores for p21, a cell 
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cycle regulator, and E-cadherin, a tumor-suppressing adhesion molecule, were compared with 

clinic-pathological variables as well.  

HER2 is amplified and over-expressed in approximately 15–20% of breast cancers, and is 

associated with increased recurrence and worse prognosis (Ohlschlegel et al., 2011; Ridolfi et al., 

2000). ERK, or Extra-cellular Regulated Kinase, is a member of the MAP kinase pathway, which 

can activate a variety of transcription factors that regulate cell proliferation. ERK is 

phosphorylated at Thr202/Tyr204 residues upon activation, and its phosphorylated form (pERK) 

is considered as a surrogate of cellular ERK activity.  Aberrant over-expression of pERK 

expression frequently occurs in a variety of cancers (Bobrovnikova-Marjon et al., 2010), making 

the ERK pathway a potential target in cancer therapy (Montagut and Settleman, 2009).  Cyclin 

D1, p53 and Ki67 are regulators of cell cycle. Cyclin D1, a target gene of Stat3 and a member of 

the cyclin-dependent kinase regulator family, acts as an activator of CDK 4 and CDK6 

(Hadzisejdic et al., 2010), and therefore as a positive regulator of cell proliferation. Aberrant 

amplification and over-expression of cyclin D1 is a driving force in 13–20% of human breast 

cancers, and is associated with poor disease outcome (Courjal et al., 1997). p53 is the most studied 

transcription factor involved in cancer and has been called “the Guardian of the Genome” (Borras 

et al., 2011). p53 regulates genes involved in DNA repair and is a check point in cell cycle 

progression. p53 is mutated and over-expressed in approximately 25–30% of human breast 

cancers (Tennis et al., 2006), with an increased incidence in triple negative (ER/PR/HER2-ve) 

breast cancers (Li et al., 2011). Ki67 is frequently used as a clinical measure of proliferation in 

tumors, and high Ki67 expression in combination with high p53 has been correlated with poor 

prognosis and treatment failures in breast cancer (Millar et al., 2011).  Reduced E-cadherin 

expression is a predictor of low overall survival and metastatic spread in breast cancer (Eljuga et 
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al., 2012).  p21 is a target gene of Stat5.  Absence of p21 expression in breast cancer correlates 

with abnormal p53 expression (Ellis et al., 1997). In the present study, we sought to assess 

concordance of visual and automated scoring methods for various biomarkers, and to explore 

associations of automated scores with established clinico-pathological parameters with the hope of 

providing a reference point for validation of automated quantitative scoring methods such as the 

Ariol imaging platform for use in clinical settings. 
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Chapter 2 

Literature Review 

2.1 Breast Cancer 

2.1.1 Breast Cancer Molecular Subtypes 

Breast cancer is an infamously heterogeneous disease.  Molecular profiling has revealed 

heterogeneity of breast cancers within previously defined subtypes defined by hormone receptor 

and HER2 status. Indeed, two cases of breast cancer that are the same grade and stage may have 

completely different prognoses defined by their molecular profiling.  There are currently five 

widely recognized molecular subtypes of breast cancer, originally identified by Sorlie and 

colleagues, using gene expression profiling (Sorlie et al., 2001).  The first is luminal A, which are 

ER and PR positive and HER2 negative with low Ki-67 expression.  Luminal B breast cancers are 

ER/PR positive and HER2 positive, with a small proportion being HER2 negative with high Ki-67 

expression.  HER2-positive breast cancers are usually hormone receptor negative.  The basal-like 

subtype of breast cancers have a high proportion of ER, PR and HER2 negative tumours, but 

express keratins 5 and 17 and laminin.  Finally, normal breast-like tumours show high expression 

of many genes known to be expressed by adipose tissue and other non-epithelial cell types 

(Schnitt, 2010; Sorlie et al., 2001).  Despite the many breast cancer subtypes defined by molecular 

profiling, most clinically available treatment options are based on the presence or absence of 

hormone receptors and HER2, which can be specifically targeted with drugs such as tamoxifen and 

Herceptin, respectively.  Many cancers, however, become refractory to these therapies after an 

initial positive response, and metastatic disease results.  Targeting of additional hyperactivated 
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pathways could prove to be life-saving in patients that initially respond to treatments targeted at 

hormone or HER2 receptors, but then become unresponsive, or that are inherently resistant.    

2.1.2 Grading and Staging Breast Cancer 

Histological grading of breast cancer is a measure of morphological characteristics 

including degree of differentiation and growth pattern (Rakha et al., 2010).  A number of 

standardized protocols for determining breast cancer grade have been established, including the 

Scarff-Bloom-Richardson (SBR) grading system, and the more widely recognized Nottingham 

Grading System, which is a modification of SBR (Rakha et al., 2010).  The Nottingham Grading 

System is dependent on assessing three morphological features: degree of tubule or gland 

formation, nuclear pleomorphism, and mitotic count.  The result is a grade of 1-3; grade three 

cancers are the most poorly differentiated (Rakha et al., 2010).  Histologic grade is only one of the 

considerations for prognostication, however.  Breast cancer staging follows the (T)umour-(N)ode-

(M)etastasis model and takes into account the size of the primary tumour, the extent of lymph 

node involvement, and the presence or absence of metastatic spread (Hammer et al., 2008).  TNM 

staging is on a scale of 0 (carcinoma in situ) to IV (invasive cancer with metastatic spread) 

(Hammer et al., 2008). 

2.1.3 Breast Cancer Treatment and Prognosis 

Currently, breast cancer treatment decisions are based largely on hormone receptor and 

HER2 status resulting in the use of targeted therapies. Unfortunately, ER/PR/HER2 negative 

cancers, also known as the triple negative subtype representing ~15% of breast cancer cases, are 

highly aggressive and currently require adjuvant chemotherapies such as anthracyclines, taxanes or 

platinin-based regimens (Andre and Zielinski, 2012).  Up to 20% of women with early stage breast 

cancer will ultimately not respond to conventional treatments, and will develop recurrence 
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(Hernandez-Aya and Gonzalez-Angulo, 2013).  For metastatic breast cancer, patients have a 

median survival rate of only 2-3 years (Hurtig, 2010).   

Therefore, there is a need for more precision-based therapies for this aggressive cancer 

type. Over the last two decades, a number of signaling networks have been elucidated that drive 

breast cancer initiation, invasion and metastasis (Eroles et al., 2012; Klarenbeek et al., 2013; Yang 

and Yee, 2012).  Developing reliable and affordable assays to assess these pathways in vivo may 

lead to more personalized treatment options for patients who stop responding to classical 

chemotherapy.   

2.1.4 Analyzing Protein Expression Profiles in Breast Cancer 

Diagnostic protein expression analysis in breast cancer is usually done after the biopsy or 

tumor specimen has been formalin-fixed and paraffin embedded.  Immunohistochemical (IHC) 

staining is then performed with hematoxylin, which stains nuclei, and eosin, which counterstains 

other cellular structures (Lee, 2013).  Additional markers, such as the hormone receptors estrogen 

receptor (ER) and progesterone receptor (PR) are also visualized by IHC during the pathologist’s 

assessment. IHC has also been increasingly employed in research methodology to assess signal 

transduction pathways in human cancer samples.  Reagent cost is prohibitive, however, when 

assessing large numbers of patient samples, and many breast cancer cases have several tissue 

blocks that could potentially be assessed.  To circumvent this roadblock, tissue microarrays are a 

reliable alternative to whole tissue sections.  Typically, three 0.6 mm to 1.0mm cores of tissue are 

taken from a ‘donor’ block and embedded into a ‘recipient’ block for each case (Jawhar, 2009).  In 

this way, proteins can be examined for hundreds of cases on the same slide, stained under the same 

conditions, saving precious resources.   
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Traditionally, IHC is scored by a trained pathologist using either brightfield microscopy or 

by scanning the slide and analyzing protein expression digitally.  Many factors can influence 

pathologists’ scoring, including level of ambient light, amount of time spent scoring, fatigue and 

lack of standardization of routine stains (Camp et al., 2008).  Several automated expression 

analysis systems have been developed in an attempt to standardize scoring and reduce scoring time 

for pathologists.  The ARIOL image analysis system has the ability to score up to 50 slides without 

human input after initial scoring bins have been established, and it has been approved by the FDA 

for HER2 scoring in the US (Turashvili et al., 2009).  Platforms like the ARIOL image analysis 

system are also useful to assess protein expression for candidate biomarkers.      

2.2  Breast Development 

 

Mammary gland development is a complex process that starts during embryogenesis and 

continues well into adult life (Hsu et al., 2001).  From late gestation to the pre-pubertal stage, the 

breast epithelium consists of a ductal tree with 15-20 short branching ducts (terminal endbuds) 

(Sternlicht et al., 2006). At puberty and in response to estrogen and progesterone, each terminal 

endbud elongates and undergoes side branching through the breast fat pad (Figure 2.1) (Sternlicht 

et al., 2006). Growth then ceases until pregnancy, when increased estrogen/progesterone and 

prolactin stimulate the ducts to undergo considerable side branching, and lobular-alveolar 

development occurs in preparation for lactation (Sternlicht, 2006).  

Following lactation the gland undergoes involution, a process largely defined by 

widespread apoptosis, after which the breast resembles its pre-pregnancy state (Sternlicht et al., 

2006). Three cell types make up the epithelial component: luminal, basal and myoepithelial cells. 

The epithelial component is surrounded by stroma consisting of adipocytes, fibroblasts and other  
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Figure 2.1: Mammary gland development 
Mammary gland development begins in utero and continues throughout puberty, when it ceases 
unless pregnancy occurs.  During pregnancy, there is a  proliferative phase with side-branching 
and development of lobulo-alveolar structures in preparation for lactation. 
(©Hsu et al., 2001. Originally published in Journal of Cell Biology. 155(6):1055-64.)   
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supporting cell types. Paracrine interactions through growth factors and cytokines between the 

stroma and the epithelial compartments are important in regulating mammary gland development 

(Glukhova et al., 1995). 

2.3 Signal Transducers and Activators of Transcription (STATs) 

2.3.1 STAT Activation 

 

The first members of the STAT family were identified in 1992 (Fu et al., 1992).  The 

STAT family now contains seven proteins: Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b and Stat6, 

named based on date of discovery (Kisseleva et al., 2002).  STATs are a family of cytoplasmic 

transcription factors that become activated by tyrosine phosphorylation.  STATs can be activated 

by growth factor receptors with tyrosine kinase activity such as epidermal growth factor receptor, 

cytokine receptors associated with the Jak-kinase family such as the IL-6 receptor, or non-receptor 

kinases such as Src (Turkson et al., 1998; Yu et al., 2009; Zhong et al., 1994).  Phosphorylated 

STATs dimerize via interactions between their Src-homology-2 (SH2) domains and a 

phosphorylated tyrosine site.  STAT dimers then translocate to the nucleus where they, along with 

co-activators or repressors, affect expression of genes associated with development, immune 

function, survival and proliferation (Furth et al., 2011; Rauch et al., 2013; Wang et al., 2013; Yu 

and Jove, 2004).  An overview of Stat3 signaling is shown in Figure 2.2. 

2.3.2 Structure of STATs 

All seven STAT proteins share the same functional domains and organization (shown in 

Figure 2.3).  The amino-terminal domain of STAT proteins is conserved throughout the family and 

is involved in STAT dimerization events and is necessary together with the DNA-binding domain 

for binding to target sequences (Bowman et al., 2000; Kisseleva et al., 2002; Xu et al., 1996).   The
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Figure 2.2: Classical Stat3 signaling 

Growth factor binding to their receptors (a) triggers intrinsic cytoplasmic kinase activity, and the 
receptor phosphorylates itself, creating a docking site for Stat3, which can then be phosphorylated 
by the receptor at tyrosine residue 705.  Cytokines binding to their receptors recruit Jaks to the 
cytoplasmic side of the receptor, which then phosphorylate the receptor, where Stat3 can bind (b) 
and be phosphorylated by the Jak.  Finally, non-receptor kinases such as Src can phosphorylate 
Stat3 and activate it indirectly (c), by a mechanism involving Jak.  Phosphorylated Stat3 can then 
dimerize in the cytoplasm, travel to the nucleus and bind DNA, causing transcription of several 
target genes including Survivin, VEGF and others.  
(Reprinted from Experimental Cell Research, 317/13, Raptis et al., The R(h)oads to Stat3: Stat3 
activation by the Rho GTPases, pp.787-95, Copyright 2011, with permission from Elsevier.) 
 

 
 

 
 

 
 

 



 16 

 
 

 

 
 

 
Figure 2.3: Structure of Stat3 

STAT family proteins contain five highly conserved domains.  Shown here are the N-terminal 
domain, the coiled coil domain, the DNA-binding domain, the linker domain, the SH-2 domain 
and the trans-activation domain.  The SH-2 domain is the site of pY-residue binding on receptors, 
kinases and other STAT molecules.  The trans-activation domain contains the Y705 residue, the 
phosphorylation site of Stat3 which interacts with SH-2 domains on other Stat3 or Stat1 
molecules.  Also in the trans-activation domain is the S727 residue, which acts in the mitochondria 
to enhance the activity of electron transport chain complexes and glycolysis, thus promoting 
survival. 

(Reprinted from Experimental Cell Research, 317/13, Raptis et al., 1787-95. The R(h)oads to 
Stat3: Stat3 activation by the Rho GTPases, Copyright 2011, with permission from Elsevier.) 
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coiled-coil domain of STAT proteins consists of approximately 180 amino acids arranged in four 

α–helices (Figure 2.4) (Kisseleva et al., 2002).  The coiled-coil domain is needed for SH2 

interactions and binding to other helical proteins (Kisseleva et al., 2002; Zhang et al., 2000).  The 

DNA-binding domain of STAT family members allows the interaction of STAT proteins with 

specific regions of DNA in transcriptional target promoters.  Most STATs recognize an 8-10 base 

pair consensus sequence of 5’ –TT (N4-6)AA – 3’ referred to as the GAS (gamma activation 

sequence) element, so named for their discovery near the interferon-γ gene (Xu et al., 1996).  A 

small linker domain connects the DNA-binding domain to the SH2 domain.  The Src-homology-2 

(SH2) domain has the ability to bind to several phospho-tyrosine motifs; a conserved arginine, 

which mediates the interaction with phosphate, lies at the base of a pocket formed by an anti-

parallel β-sheet surrounded by two α-helices (Kisseleva et al., 2002).  Through interactions 

between the SH2 domain and pY-residues, STATs are able to form stable homo- or heterodimers.  

The SH2 domain is also essential to STAT docking on cytokine receptors and receptor tyrosine 

kinases.  The carboxy-terminal transactivation domain is the most varied domain in the STAT 

family (Kisseleva et al., 2002). 

2.3.3 Nuclear trafficking of STATs 

In order to be effective transcription factors, STATs must move from the cytoplasm, where 

activation and dimerization take place, to the nucleus to bind to DNA, through nuclear pore 

complexes (Sehgal, 2008).  This is accomplished by binding of nuclear localization signals in 

STAT proteins to one of the importin proteins 1 through 6 (for example Stat3 to importin α-3 or α-

6 and β-1) (Reich and Liu, 2006). The importin α complex then interacts with the karyopherin-β 

member, importin-β1, which mediates docking of the complex to the nuclear pore complex where 

the STAT cargo is unloaded into the nucleus (Reich and Liu, 2006).  Stat1 phosphorylation at  
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Figure 2.4: Crystal structure of a Stat3β dimer bound to DNA 

The crystal structure of a Stat3β homodimer, as determined by X-ray crystallography.  
Stat3β is a truncated form of Stat3; 55 C-terminal amino-acid residues are replaced by a stretch of 
7 amino acid residues.  The N-terminal is shown in blue, the linker domain in green, the SH2 
domain in yellow, the DNA binding domain in red, and DNA shown in purple. 
(Reprinted by permission from Macmillan Publishers Ltd: Nature, 394, 145-151: 
doi:10.1038/28101, copyright 1998.) 
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Y701 is required for recognition by importin proteins, indicating that some STATs must be 

activated to enter the nucleus (Reich and Liu, 2006).  In contrast, Stat2 and Stat3 may accumulate 

in the nucleus in their unphosphorylated states (Liu et al., 2005).  Stat3 needs to be 

phosphorylated, however, to bind to DNA (Liu et al., 2005).  The export of STATs out of the 

nucleus is regulated by nuclear export sequences, possibly recognized by the exportin CRM (Reich 

and Liu, 2006). 

2.3.4 Stat3 Functions in Normal Tissues 

Stat3 was first reported in the literature in 1993 and was termed ‘acute-phase response 

factor’, as it was activated following IL-6 stimulation, known to be an important mediator in 

acute-phase response (Wegenka et al., 1993).  Stat3 is expressed in most tissues and is activated by 

phosphorylation at tyrosine 705 by a number of kinases, in addition to cell-to-cell adhesion (Figure 

2.2) (Raptis et al., 2011; Yu et al., 2009).  Stat3 has a diverse set of tissue- and cell-specific 

functions discussed below.   

The importance of Stat3 in development was demonstrated by Takeda et al, who showed 

that Stat3 knockout leads to early embryonic lethality in mice (Takeda et al., 1997).  Using the 

Cre-LoxP system of targeted gene knock-out, a function for Stat3 was found in skin wound 

healing, keratinocyte migration and hair follicle growth (Sano et al., 2008; Sano et al., 1999).   

Stat3 plays a critical role in normal development of the breast. It is essential for the post-

lactation restructuring of the mammary gland, termed involution.  Blocking Stat3 during this 

process delays involution and the cessation of lactation (Watson and Neoh, 2008).  In this case 

Stat3 may be initiating apoptosis by triggering expression of CCAAT/enhancer binding protein δ 

(C/EBPδ), which activates pro-apoptotic genes such as p53 (Thangaraju et al., 2005). 
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Stat3 is an important modulator of the immune response.  Stat3 activation by IL-10 

initiates the anti-inflammatory cascade and thus regulates inflammation (Murray, 2006). T-cells 

deficient in Stat3 are partially defective in IL-2-induced proliferation, and are also defective in IL-

6-induced proliferation (Akaishi et al., 1998; Takeda et al., 1998).  Disruption of Stat3 in 

macrophages and neutrophils in mice results in animals highly susceptible to endotoxic shock with 

increased production of inflammatory cytokines TNFα, IL-1, IFNγ, and IL-6 (Takeda et al., 1999).   

In in vitro cell models, Stat3 has been reported to aid or inhibit differentiation, depending 

on the cell system and culture conditions.  In mouse embryonic stem cells, Stat3 inhibits 

differentiation and is required to maintain the pluripotency of these cells (Raz et al., 1999).  In 

contrast, Stat3 has been reported to be necessary for adipocyte, lymphocyte, granulocyte and 

Madin-Darby canine kidney cell differentiation (Hirano et al., 2000; Su et al., 2007; Wang et al., 

2010).  By regulating a diverse set of target genes, Stat3 has the ability to induce proliferation, 

survival, differentiation and development.  Stat3 is therefore a key regulator of homeostasis in 

normal cells. 

2.3.5 Stat3 in the Mitochondria 

Stat3 has a distinct role in the mitochondria.  When mitochondrial Stat3 serine 727 is 

phosphorylated, this leads to preservation of electron transport chain activity and downregulates 

mitochondrial permeability transition pore opening, which protects against apoptosis triggered by 

stresses such as ischemia (Demaria and Poli, 2011).  This is yet another survival mechanism 

triggered by Stat3 activation. 

2.3.6 Regulation of Stat3 Signaling 

           STAT proteins are negatively regulated in three major ways.  Tyrosine phosphatases such 

as SHP1 and SHP2 regulate Stat3 by dephosphorylating the Jak proteins, which can then no longer 
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activate Stat3 (Bromberg, 2001).  A second mechanism by which STATs can be controlled is via 

protein inhibitor of activated STATs (PIAS), which disrupt promoter binding of activated STATs 

in the nucleus and are ubiquitin ligases (Aggarwal et al., 2009). The third major regulator of STAT 

signaling are the suppressors of cytokine signaling (SOCS), which act upstream of STATs to 

inhibit their initial phosphorylation, by blocking Jak activity.  SOCS can be produced as a result of 

STAT activation, and hence can cause a negative inhibitory loop (Bromberg and Chen, 2001).  

Stat3 can be acetylated at Lys685 by CBP/p300, which modulates dimerization, activation and 

increases transcriptional activity (Paulson et al., 1999; Yang et al., 2005; Yuan et al., 2005).   

2.3.7 Janus Kinases: Activators of STATs 

Janus kinases (Jaks) 1, 2 and Tyk 2 were identified between 1989 and 1991, with the final 

family member, Jak3, following in 1995 (Stark and Darnell, 2012).  Jaks are non-receptor kinases 

that contain a catalytic domain and an autoregulatory pseudokinase domain.  Ligand binding 

causes a change in the cytoplasmic domain of transmembrane receptors, allowing associated Jaks 

to trans- or autophosporylate their kinase domains, and subsequently phosphorylate tyrosine 

resides on the receptor (Harrison, 2012).  STAT proteins can then bind to these phosphorylated 

tyrosine residues via their SH2 domains, and are then phosphorylated by the Jak.  All family 

members except Jak3 are ubiquitously expressed in mammalian tissues, and knockout mice for 

Jak1 and Jak2 die in utero or shortly after birth, which underscores their importance in mammalian 

development (Kiu and Nicholson, 2012).      

2.3.8 Stat3 and Cancer 

Target genes of Stat3 have a wide variety of functions including roles in proliferation, 

angiogenesis and survival, and thus Stat3 has been implicated in cancer initiation and progression.  

Although there are no reports of mutation of Stat3 in human cancers, aberrant activation of 
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upstream signaling can result in continued activation and thus constitutive signaling (Yu and Jove, 

2004).  Several studies of Stat3 expression in human cancers reveal relationships between protein 

expression and clinical parameters.  The 3 and 5 year survival rates for patients with Stat3-positive 

colorectal tumours are significantly less than those with Stat3-negative tumours (Jin et al., 2012).  

Stat3 expression also correlated with grade in colorectal tumours (Jin et al., 2012).  Activated Stat3 

levels are higher in small cell lung cancer than normal surrounding tissue, and Stat3 expression 

correlated with lymph node metastasis, clinical stage, and tumor size (Zhao et al., 2012).  

Expression of phosphorylated Stat3 in esophageal cancer is seen in 40-50% of patients and is 

correlated with worse overall and worse disease-free survival (Schoppmann et al., 2012).  Frank et 

al. found not only a large proportion of human breast and prostate tumours expressed Stat3, but 

also several target genes of Stat3 including VEGF (Alvarez et al., 2005). 

In cell culture models, Stat3 has been implicated in transformation and survival.  Stat3 is 

required for the transformation of cell lines via oncogenes such as Simian virus 40 large tumor 

antigen (Vultur et al., 2005).  Constitutively active Stat3 has also been reported in cells 

transformed by viral Src (Bromberg et al., 1998; Turkson et al., 1998).  Epidermal growth factor 

receptor (EGFR), which can be constitutively active in cancer through mutation or amplification, 

has the ability to activate Stat3 and drive expression of genes involved in cell cycle progression, 

cell survival and metastasis (Grandis et al., 1998; Vigneron et al., 2008). 

Stat3C, a constitutively active form of Stat3 with two cysteine residues in the SH2 domain 

of Stat3, is able to dimerize spontaneously and has a higher binding affinity to DNA than the wild-

type protein (Bromberg et al., 1999; Li and Shaw, 2006).  Stat3C is able to transform fibroblasts in 

culture (Bromberg et al., 1999). 
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Several target genes of Stat3 have been described, including c-Myc, cyclin D1, HGF, 

survivin, bcl-2, mcl-1 and bcl-xL which, collectively, can promote cell survival, motility, cell cycle 

progression, and inhibition of apoptosis (Bowman et al., 2000; Bromberg et al., 1999; Gritsko et 

al., 2006; Hung and Elliott, 2001).  Interestingly, Stat3 also has the ability to bind to the promoter 

of the pro-apoptotic p53 and inhibit expression of this gene (Niu et al., 2005).  

In the MMTV-PyMT mouse model of mammary tumourigenesis, immunohistochemical 

analysis showed phosphorylated Stat3 and IL-6 at the leading edge of invasive tumours (Chang et 

al., 2013).  Not only were tumour cells positive for pYStat3, but associated stromal cells expressed 

phosphorylated Stat3 as well (Chang et al., 2013).  In this study, blocking Stat3 disrupted 

supportive stromal cell roles including angiogenesis, infiltration of fibroblasts and myeloid 

suppressor cell recruitment.  This indicates an important role for the IL-6/Stat3 pathway in the 

tumor microenvironment and at the invasive front of breast tumours (Chang et al., 2013). 

Levels of pY705 Stat3 were found to be higher in invasive human breast cancer than in 

normal tissue, and, interestingly, levels of pY705 Stat3 were higher in patients that only had a 

partial pathological response to chemotherapy, compared to patients who had a complete 

pathologic response to therapy (Diaz et al., 2006).  This suggests that Stat3 could be an important 

target for breast cancer treatment design.   

2.3.9 Stat5 

Stat5 is an essential regulator of the non-malignant mammary gland and was originally 

termed ‘mammary gland factor’(Wakao et al., 1994). There are two variants of Stat5, encoded by 

separate genes: Stat5A and Stat5B.  They share 96% amino acid homology and activate a similar 

gene subset (Ferbeyre and Moriggl, 2011; Tang et al., 2010).  Stat5 can activate genes involved in 

proliferative expansion and lactation in the normal breast. Stat5 is classically activated by Jak2 
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upon stimulation of cells by IL-3, prolactin and growth hormone, and stimulates expression of the 

milk proteins, whey acidic protein (WAP) and β-casein (Bromberg, 2000) (Wagner and Rui, 

2008). Stat5 also induces expression of p21 and is a negative regulator of cdk1, resulting in cell 

cycle arrest (Matsumura et al., 1997; Xiong et al., 2009a; Xiong et al., 2009b). 

2.3.10 Stat5 Signaling in Normal Breast 

In the normal breast, Stat5 activation is predominantly initiated by prolactin, secreted by 

the anterior pituitary (Furth et al., 2011).   Prolactin travels through the bloodstream to the breast, 

where it binds to its receptor in breast epithelial cells to initiate lactation (Hennighausen et al., 

1997).  Jak2 is then recruited to the cytoplasmic domain of the prolactin receptor, and 

phosphorylates the cytoplasmic domain of the receptor, creating a docking site for Stat5 (Figure 

2.5).  The non-receptor kinase c-Src can also activate Jak2, which phosphorylates Stat5 (Silva, 

2004).  Jak2 then phosphorylates Stat5 at Y694. Once phosphorylated, Stat5A and Stat5B can 

homo-or heterodimerize and translocate to the nucleus where they function as transcription factors 

as described above.  Stat5 is required for the differentiation of luminal progenitor cells into 

alveolar cells (Yamaji et al., 2009).  Stat5 is also required for proper ductal side-branching (Furth 

et al., 2011). 

In the normal mammary gland, Stat5 expression is driven by the transcription factor E74-

like factor 5 (ELF5), which is activated upon prolactin receptor binding (Choi et al., 2009) (Furth 

et al., 2011).  Knockout studies have shown that the Erbb4 receptor tyrosine kinase is an essential 

mediator of Stat5 function in breast development and lactation (Long et al., 2003). 

2.3.11 Stat5 and Breast Cancer 

Mutations of Stat5A/B have not been detected in human breast cancer, although both 

proteins show increased expression in a significant proportion of human breast cancer cases.   



 25 

 

 

 

Figure 2.5: Prolactin/Stat5 signaling in breast epithelial cells 

Upon prolactin binding, the prolactin receptor recruits Jak2 to the cytoplasmic domain of the 
receptor which phosphorylates the receptor, creating a docking site for Stat5 via its SH-2 domain.  
Stat5 binds to the prolactin receptor, is phosphorylated by Jak2, dissociates from the receptor, 
dimerizes, then moves to the nucleus where it activates genes involved in differentiation, such as 
β-casein and whey acidic protein.       
 

 

 



 26 

Stat5A expression is associated with better prognosis (disease free survival), and reduced 

expression of cyclin D1 and Myc (Tang et al., 2010; Yamashita et al., 2006). Loss of nuclear 

phosphorylated Stat5 predicts poor clinical outcome in breast cancer patients (Peck et al., 2011).  

In an experimental model of forced expression of constitutively active Stat5A in MCF-7 breast 

carcinoma cells, this protein had the ability to enhance both survival and anchorage-independent 

growth (Tang et al., 2010).  Interestingly, constitutively active Stat5A enhances expression of α- 

and γ- catenin, which are required elements of adherens junctions, characteristic of differentiated 

cells (Tang et al., 2010). Decreased cell migration and invasion is also observed in these cells. 

These findings are consistent with Stat5A being associated with differentiated breast cancers with 

good prognosis (reduced risk of metastasis) (Barash, 2012). In contrast, Stat5B, though similar in 

structure to Stat5A, does not affect adherens junctions, and is associated with increased metastasis 

and worse prognosis (Tang et al., 2010). 

 

2.4 Cadherins 

2.4.1 E-cadherin 

 

The cadherin family is a large group of transmembrane proteins that serve as adhesion 

molecules and, to a lesser extent, Ca2+-dependent signaling proteins. Epithelial (E-) cadherin 

belongs to the first of five cadherin families. First described in the late 1970’s, cadherins were 

investigated by a number of groups under different names (uvomorulin, cell-CAM 120/80, pg84) 

until Takeichi coined the term ‘cadherins’ in 1984 (van Roy and Berx, 2008). 

Cadherins span the plasma membrane and contain an extra-cellular domain, transmembrane 

domain and an intracellular domain, which is sometimes further described as the membrane 
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proximal cytoplasmic domain (MPCD), or juxtamembrane domain (JMD), and the β−catenin 

binding domain (CBD) (Figure 2.6) (Leckband and Sivasankar, 2012). Cadherins are generally 

named based on their tissue of localization, such as N-cadherin (neural), P-cadherin (placental), H-

cadherin (heart), and E-cadherin (epithelial). E-cadherin is a 120-kDa protein essential for the 

strongest adhesion mechanism in breast epithelium, the adherens junction (van Roy and Berx, 

2008).  E-cadherin spans the plasma membrane and interacts in a homotypic manner via the amino 

acid sequence HAV of the extracellular domain in a zipper-like configuration (Blaschuk et al., 

1990). 

Other binding partners in the cadherin complex include β-catenin, α-catenin and p120 

catenin (Leckband and Sivasankar, 2012). A key regulator of E-cadherin membrane localization is 

β-catenin. When phosphorylated by the epidermal growth factor receptor (EGFR) or the non-

receptor tyrosine kinase, Src, β-catenin can dissociate from the adherens junction and cause 

activation of a signaling cascade that results in the endocytosis of E-cadherin (Nelson and Nusse, 

2004). When not sequestered in the adherens junction, β-catenin is normally ubiquitinated and 

degraded by the glycogen synthase kinase 3- beta (GSK-3b) complex (van Roy and Berx, 2008). 

However activation of Wnt signaling blocks this process, allowing β-catenin to accumulate in the 

cytoplasm and shuttle to the nucleus (Lopez-Knowles et al., 2010). Once in the nucleus, β-catenin 

acts as a transcriptional regulator, together with LEF/TCF1, and can activate the transcription of 

genes related to transformation (Shevtsov et al., 2006).   

2.4.2 E-cadherin in Normal Breast Epithelium 

The role of E-cadherin in the normal epithelium is to provide cell-cell adhesion, which creates 

structural integrity and helps maintain apico-basal polarity. E-cadherin can be viewed in vitro at 

the membrane of breast epithelial cells, present in adherens junctions.  This results in  
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Figure 2.6: E-cadherin structure 

The extracellular domain of E-cadherin consists of 5 extracellular repeats, and is connected to the 
cytoplasmic domain by the transmembane domain.  The cytoplasmic domain interacts with a 
number of accessory proteins to form adherens junctions. Calcium binding sites in the extra-
cellular domain are indicated.        
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inhibition of cell spreading, migration and invasion, and is considered a tumor suppressor role for 

E-cadherin (Semb and Christofori, 1998).  

2.4.3 E-cadherin in Breast Cancer 

Loss of heterozygocity (LOH) of 16q results in a loss of E-cadherin in many cancers. In 

infiltrating ductal carcinomas of the breast, approximately 50% of cases show LOH at this locus 

(Berx et al., 1995). Loss of homogeneous expression of E-cadherin is correlated with invasiveness, 

loss of differentiation characteristics and acquired metastatic spread in human ductal carcinoma 

(Baranwal and Alahari, 2009; Berx et al., 1995; Oka et al., 1993; Shiozaki et al., 1991).  Once 

transformed, epithelial cells acquire mesenchymal characteristics (epithelial to mesenchymal 

transition, EMT) where E-cadherin expression is lost and aberrant over-expression of other 

cadherin subtypes such as N-cadherin or cadherin-11 predominates (Bryan and Tselepis, 2010; 

Hazan et al., 2004; Shah et al., 2009). Interestingly, while a primary tumor may lose E-cadherin 

expression, metastases from the same patient sometimes show a re-expression of E-cadherin, 

which is thought to aid the metastases’ establishment in a distant organ.  Also some cancer types 

(eg. lobular breast carcinoma, (Moll et al., 1993)) maintain expression of multiple cadherin types 

(eg. E-, N-). Together these findings suggest a multiplicity of cadherin functions during tumour 

progression.   

 

2.5 Rac1 

2.5.1 Rac1 in Normal Epithelial Cells 

 

Rac1 is a member of the Rho family of guanine triphosphatases (GTPases), which belong 

in the larger group of the Ras superfamily of GTPases. Rac1 was first discovered in 1989 and 
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termed ‘Ras-related C3 botulinum toxin substrate 1’, [reviewed in (Bosco et al., 2009)]. Rho 

GTPases function as power switches for a number of signaling cascades and Rac1 is ubiquitously 

expressed in mammalian tissues.  Rho GTPases exist in two main forms: active and bound to GTP 

or inactive and bound to GDP (Fukata and Kaibuchi, 2001). Guanine nucleotide exchange factors 

(GEFs) are essential for the dissociation of GDP to allow for binding of GTP to Rac (Figure 2.7) 

(Cherfils and Zeghouf, 2013).  GTPase-activating proteins (GAPs) and guanine nucleotide 

dissociation inhibitors (GDIs) are also important in Rac1 regulation (Bosco et al., 2009). 

Rac can be activated by the Rho-GEF Tiam1, which, in turn, is activated by PI3K and Ras 

(Dise et al., 2008; Mertens et al., 2003).  Cellular localization also regulates Rac activation.  Rac 

must be tethered to the membrane to be active, and Rac requires both post-translational 

modification and upstream signaling cues to move from the cytosol to the membrane (Bustelo et 

al., 2007).  

Rac1 is a 21 kDa protein with an essential function in a diverse set of normal cellular 

processes.  Rac1 can signal through IQGAP1 to promote actin polymerization and PAK to regulate 

cytoskeleton remodeling (Briggs and Sacks, 2003; Szczepanowska, 2009). IQGAP1 stabilizes Rho 

GTPases in their GTP-bound, active state and accumulates at sites of lamellipodia formation 

[reviewed in (Briggs and Sacks, 2003)].  Rac1 can activate p67phox to promote superoxide 

production by NADPH oxidase, essential in microbial defense (Sarfstein et al., 2004).   Rac1 can 

activate the serum response factor (SRF) which complexes with ternary complex factor (TCF) to 

promote transcription of genes with serum response elements (SREs) in their promoter regions 

(Westwick et al., 1997). Rac1 is best known for its role in lamellipodia formation at the leading 

edge of migrating cells (Brock and Ingber, 2005). Also of note to this study is Rac1’s role in 

reorganization of the actin cytoskeleton to allow the recruitment of E-cadherin to the membrane  
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Figure 2.7: Rho-GTPase regulators 

In an unstimulated cell, Rho-family GTPases such as Rac are found in their inactive, GDP-bound 
states.  Upon activation by upstream signaling though Src, Ras, or activated receptors, guanine 
nucleotide exchange factors (GEF) such as Tiam1 catalyze the release of GDP, allowing Rac to 
bind to GTP.  Active Rac is reinforced by a GTPase activating protein (GAP) that enhances the 
activity of the GTPase and breaks down the GTP, which results in an inactive Rho-GTPase. 
(Adapted with permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell 
Biology, Fukata et al. 2(12):887-97. Copyright 2001.) 
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during adherens junction formation (Vasioukhin et al., 2000). Experimental microinjection of 

dominant negative Rac1 causes a dramatic decrease in recruitment of E-cadherin at the membrane 

of epithelial cells in close contact (Olson et al., 1995).  

2.5.2 Rac1 in Cancer 

 

Activation of Rac1 is essential for cell-cell contact formation, and Rac1 has the ability to 

recruit adaptor proteins to sites of cell-cell contacts (van Duijn et al., 2010).  Although no 

mutations in Rac1 have been reported in solid tumors, there is often both an overabundance of this 

protein and also increased activation. Known regulators of Rac1 such as Tiam1 are also 

hyperactivated in cancer (Minard et al., 2004). A constitutively active splice variant of Rac1, 

Rac1b, can induce transformation of fibroblasts, and is present in human breast cancer cells (Singh 

et al., 2004). Rac1 has been experimentally shown to activate the PI3K/Akt survival pathway and 

can also influence the expression of the cell cycle regulator cyclin D1 (Yoshida et al., 2010).  Rac1 

is also essential for transformation of several cell lines via oncogenes such as Ras (Bosco et al., 

2009).  Rac1 then has essential roles in structural stability of a normal epithelium and thus a tumor 

suppressing effect, but under conditions of increased expression and activation can also be 

involved in tumor promotion. 

2.6 A Novel Cadherin/Rac1/Stat3 Pathway 

 

Our group has recently delineated a novel activation pathway of Stat3.  E-cadherin 

engagement in confluent epithelial and cancer cell lines induces Rac1 activity, through inhibition 

of proteosomal degradation, which can lead to IL-6 expression (Figure 2.8) (Raptis et al., 2011; 

Raptis et al., 2009; Vultur et al., 2004). IL-6 then acts in an autocrine manner and binds to its  
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Figure 2.8: Stat3 and Stat5 signaling in breast epithelial cells 

Upon cell contact, cadherins form adherens junctions between neighboring cells.  This causes an 
increase in the levels and activity of Rac1 and Cdc42 through inhibition of proteosomal 
degradation.  This triggers an increase in IL-6 secretion, which activates the membrane IL-6 
receptor.  Ligand binding results in the recruitment and binding of Jak kinases to the cytoplasmic 
side of the IL-6 receptor.  The gp130 subunit of the receptor is phosphorylated by the Jak and 
creates a docking site for Stat3.  Stat3 then binds to the receptor and is phosphorylated by Jak.  
Phosphorylated Stat3 then dissociates from the receptor and dimerizes in the cytoplasm.  The Stat3 
dimer then translocates to the nucleus, where it binds to DNA and affects gene expression.  
Unphosphorylated Stat3 monomers may also travel to and from the nucleus (not shown). 
Upon prolactin binding, the prolactin receptor recruits Jak family kinases to the cytoplasmic 
domain of the receptor which creates a docking site for Stat5.  Stat5 then becomes phosphorylated, 
dissociates from the receptor, dimerizes, then moves to the nucleus where it activates genes 
involved in differentiation such as β-casein and whey acidic protein.      
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receptor, recruiting Jak1 to the cytoplasmic common receptor subunit, gp130.  Jak1 

phosphorylates gp130, which creates a docking site for Stat3 (Arulanandam et al., 2010). Stat3 

binds to gp130 via its SH-2 domain, and Jak1 can then phosphorylate Stat3 at its activating Tyr-

705 residue, causing dissociation from gp130. pY705 Stat3 dimerizes and translocates to the 

nucleus where it interacts with promoter regions and activates the transcription of a number of 

target genes including cyclin D1, HFG, VEG-F (Arulanandam et al., 2009; Raptis et al., 2011). 

2.7 Project Rationale 

 

The cadherin/Rac/Stat3 activation pathway has yet to be explored in the regulation of 

Stat5, a transcription factor in the same family as Stat3. Examining the relationship in activation 

between Stat3 and Stat5 in regulating breast epithelial differentiation and tumourigenesis would be 

worth exploring, as these two molecules seem to exert opposite and/or opposing roles in both 

tumorigenesis and development (Figure 2.8). To date, most studies of Stat3 and Stat5 have been 

carried out independently, although in vivo they may have partially overlapping target spectra and 

can signal concurrently. The involvement of Stat3 in breast epithelial cell differentiation is not 

clearly understood.  Previous results from several groups indicate a role for Stat3 in adipocytic and 

Madin-Darby canine kidney cell differentiation (Deng et al., 2006; McGillicuddy et al., 2009; Su 

et al., 2007), so we sought to investigate the role of Stat3 in breast epithelial cell differentiation.  

These preclinical studies would provide important leads to new candidate biomarkers with 

prognostic and predictive potential in proteomic microarray analysis of human breast cancer cases. 
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2.7.1 Hypothesis 

Stat3 and Stat5 are regulators of differentiation vs. transformation of breast epithelial cells:  

Stat3 activation is modulated by a cadherin/Rac1 pathway, and this may be necessary for 

differentiation.  Stat5 on the other hand may play a role in differentiation independent of density.  

Therefore, Stat3 and Stat5 may turn out to be independent prognostic markers for breast cancer.  

2.7.2 Objectives 

1: Assess the effect of Stat3, Stat5 and Rac1 upon differentiation vs. transformation of breast 

epithelial cells (Figure 2.9). 

 2: Assess expression of biomarkers in a human breast tissue microarray using 

immunohistochemistry and test associations with clinico-pathological parameters such as 

ER/PR/HER2 status, grade and lymph node involvement.  

 

Figure 2.9: Model: The Relationship Between Stat3 and Stat5  

In breast epithelial cells, Stat5 is activated by prolactin and acts as a transcription factor to promote 
differentiation. In addition to cytoplasmic and receptor tyrosine kinases, confluence can activate 
Stat3.  This leads to the suppression of p53 expression, and activation of genes involved in 
transformation and survival. This thesis will assess whether or not Stat3 activity affects Stat5 
activity. 
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Chapter 3 

Materials and Methods 

 

3.1 The Role of the Rac/Stat3 Pathway and Stat5 in Breast Differentiation and 

Transformation 

 

3.1.1 Cell Lines and Culture Techniques 

HC11 mouse breast epithelial cells were originally isolated from the COMMA-1D mouse 

epithelial cell line derived from a mid-gestational Balb/c mouse (Ball, 1998). HC11 cells are 

prolactin-responsive and differentiate to produce the milk protein β-casein when stimulated (Shan 

et al., 2008). Upon lactogenic stimulation, HC11 cells also form rudimentary mammary glad-like 

structures termed ‘domes’, which provide a morphological measure of differentiation in 2D culture 

(Morrison and Cutler, 2009).  An activated Rac mutant with a glycine to valine substitution at 

position 12 (referred to as V12Rac), was cloned into a pBabe retroviral expression vector with 

puromycin resistance and was a gift from Dr. John Collard (Arulanandam et al., 2010; Sander et 

al., 1998).  The V12Rac expression vector was transduced into HC11 cells by Arulanandam et al. 

as described previously (Arulanandam et al., 2010).  Stat3C, a constitutively active form of Stat3, 

has cysteine residues at A661 and N663 of the Stat3 protein (Figure 3.1).  Stat3C was stably 

expressed in HC11 cells with a retroviral vector (MSCV vector containing an internal ribosomal 

entry sequence (IRES) motif linked to the enhanced green fluorescent protein (Figure 3.2) 

(Carlesso et al., 1999)) by Arulanandam et al. as described (Arulanandam et al., 2009).  The 

Stat3C plasmid was a gift from Dr. Daniel Link (McLemore et al., 2001).  Cell lysates from  
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Figure 3.1: Structure of Stat3C 

Domain organization of a constitutively active form of Stat3, Stat3C, is shown.  At position 661, 
alanine is replaced by cysteine, and at position 663, asparagine is replaced with cysteine.  This 
allows spontaneous dimerization of two Stat3C proteins through a cysteine bridge (Bromberg 
1999). 
 

 

Figure 3.2: MSCV plasmid vector map 

The map for the murine stem cell virus (MSCV)  plasmid with an enhanced green fluorescent 
protein gene for selection is shown here. Carlesso, N. et al. 1999. 
(http://www.yrgene.com/product/vector/15912) 
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transfected cell lines were tested for expression by Western blot prior to use in experiments. 

The pBabe-puro retroviral vector (Figure 3.3) containing constitutively active Stat5A (CA-

Stat5A) and a puromycin resistance gene was a gift from Dr. Gerardo Febryere. CA-Stat5A has 

two point mutations; at position 299, histidine is replaced by arginine, and at position 711, serine 

is replaced with phenylalanine (Figure 3.4) (Onishi et al., 1998).   CA-Stat5A proteins are 

constitutively phosphorylated and dimerize spontanously.  CA-Stat5A was transfected into Ψ2 

packaging cells using FuGene HD (Promega). Viral supernatant was collected and HC11 cells 

were infected with viral supernatant. When the cells reached 75% confluence, infected cells were 

selected using 4µg/mL puromycin.  Individual clones were picked using cloning rings. Detergent 

lysates were resolved by gel electrophoresis and Western blots probed for total Stat5 to assess 

transfection efficiency. HC11 cells were maintained in RPMI 1640 medium supplemented with 

10% FBS, 2µg/mL insulin and 10ng/mL EGF. 

 

3.1.2 Cell Density Assay 

HC11 cells at approximately 80% confluence were trypsinized and pipetted up and down with a 

Pasteur pipette several times and checked under a microscope for single cell suspension.  Cells 

were plated to achieve 40% confluence after 24 hours in complete medium. Cell lysates were then 

extracted as described at increasing densities up to confluence (100%) plus three days and stored at 

-20° C. 

3.1.3 Differentiation Assay 

Cells were plated to achieve confluence the next day. Cells were rinsed with EGF-free 

control medium containing 10% FBS and 5µg/mL insulin and then treated with EGF-free medium 

for 24 hours. Differentiation plates were given medium containing 10% FBS and 5µg/mL  
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Figure 3.3: bBabe-puro plasmid vector map 

The map for the pBabe plasmid with a puromycin resistance gene for drug selection is shown here.  
(Reprinted with permission; Morgenstern and Land. Advanced mammalian gene transfer: high 
titre retroviral vectors with multiple drug selection markers and a complementary helper-free 
packaging cell line. Nucleic acids research. 18(12):3587-96. 1990.  Oxford University Press.) 
 
 
 

 
 
Figure 3.4: Structure of CAStat5A 
Domain organization of a constitutively active form of Stat5A, CA-Stat5A, is shown.  At position 
299, histidine is replaced by arginine, and at position 711, serine is replaced with phenylalanine 
(Onishi 1998). 
Reprinted with permission, Onishi et al. 1998, from the American Society for Microbiology. 
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hydrocortisone, 5µg/mL insulin and 3mg/mL prolactin (HIP), which was changed every day for 8 

days (Figure 3.5) [Modified from (Doppler et al., 1989; Hynes et al., 1990; Kubista et al., 2002)]. 

Control plates were given EGF-free medium every day. Lysates were extracted every other day 

starting at day 2 post HIP treatment with lysis buffer protocol as above and stored at -20° C. 

Cultures were photographed in a 24-well plate every day and ‘domes’, a mammary acini-like 

structure (Morrison and Cutler, 2009), were counted every day. Only domes that were three cells 

or larger were counted. Cells were fixed on coverslips using 3% paraformaldehyde in PBS* and 

stored at 4° C for immunofluorescent staining. 

 

3.1.4 Stat3 Inhibition  

S3I-201 is a small molecule inhibitor that disrupts Stat3 dimer formation and Stat3 DNA 

binding activity (Figure 3.6) (Siddiquee et al., 2007).  HC11 cells were treated with DMSO, 50µM 

or 100µM S3I-201 in DMSO during the 24 hour EGF-starvation prior to differentiation. 

Differentiation conditions were then maintained as above. Lysates were extracted using lysis 

buffer protocol as above for Western blot analysis every other day (Raptis et al., 1997). 

CPA7 is a platinum-based Stat3 inhibitor that disrupts the ability of Stat3 to bind to DNA 

(Figure 3.7) (Turkson et al., 2004). HC11 cells were also treated with 5µM and 10µM CPA7 in 

50% DMSO, 50% water during the 24 hour EGF-starvation prior to differentiation. Differentiation 

conditions were maintained as above and lysates prepared for Western blot analysis. 

3.1.5 Cell Lysis 

10 µg/mL aprotinin, 10 µg/mL leupeptin, 0.5 mM PMSF, 100mM NaF and 2 mM Na3VO4 

were added to stock buffer containing 50 mm Hepes, pH 7.4, 10 mM Na4PO7, 150 mm NaCl, 

10 mm EDTA and 1% Triton X-100 immediately before use and lysis buffer was kept on ice.  
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Figure 3.5: HC11 Differentiation Protocol 

To differentiate HC11 mouse breast epithelial cells, confluent cultures are grown in EGF-free 
medium for 24 hours, and then treated with hydrocortisone, insulin and prolactin every 24 hours 
for 8 days to induce dome formation and milk protein production. 
 
 
 
 

Day	  -‐2	  

• Cells	  are	  plated	  in	  complete	  medium	  	  to	  achieve	  confluence	  the	  
next	  day	  

Day	  -‐1	  
• Confluent	  cells	  are	  grown	  in	  EGF-‐free	  medium	  for	  24	  hours	  
• [If	  any	  inhibitors	  are	  being	  used,	  this	  is	  when	  inhibitors	  are	  added]	  

Day	  0	  

• First	  treatment	  with	  HIP	  for	  treatment	  plates	  
• Medium	  is	  changed	  on	  EGF-‐free	  control	  plates	  

Day	  1	  

• Second	  treatment	  with	  HIP	  for	  treatment	  plates	  
• Medium	  is	  changed	  on	  EGF-‐free	  control	  plates	  
• First	  dome	  count	  and	  photos	  are	  taken	  

Day	  2	  

• Third	  treatment	  with	  HIP	  for	  treatment	  plates	  
• Medium	  is	  changed	  on	  EGF-‐free	  control	  plates	  
• Second	  dome	  count	  and	  photos	  are	  taken	  
• Day	  2	  plates	  are	  lysed	  and	  whole	  cell	  lysates	  are	  stored	  for	  
Western	  bloOng	  
• Coverslips	  are	  fixed	  for	  immunofluorescence	  

Day	  3-‐8	  

• Medium	  is	  changed	  every	  day	  
• Dome	  counts	  and	  photos	  are	  taken	  every	  day	  
• Plates	  are	  lysed	  and	  coverslips	  are	  harvested	  on	  Days	  4,6	  and	  8	  
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Figure 3.6: Chemical structure of S3I-201 

S3I-201 is a pharmacological inhibitor of Stat3.  S3I-201 inhibits Stat3 dimerization, Stat3 DNA-
binding and transcriptional activities. 
(Siddiquee et al. Copyright 2008 National Academy of Sciences, USA.) 
 
 
 

                                                
 
 
Figure 3.7: Chemical structure of CPA7 

CPA7 is a pharmacological inhibitor of Stat3 that inhibits Stat3 DNA-binding. 
Reprinted from Cancer Letters, 242/1, Anagnostopoulou A, et al. Differential effects of Stat3 
inhibition in sparse vs confluent normal and breast cancer cells, p.120, Copyright (2006), with 
permission from Elsevier. 
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Plates were kept on ice and medium was aspirated off. Cells were rinsed twice with cold PBS and 

then scraped into 1.5 µL Eppendorf tubes in PBS. Cells were spun down at 4°C at 2000 RPM for 8 

minutes and PBS was removed. Lysis buffer was then added, cells were pipetted up and down in 

buffer and the mixture was incubated for 15 minutes on ice. Extracts were then spun down at 4°C 

at 9000 RPM for 10 minutes and the extract was removed from the tube, placed in a clean tube and 

stored at -20°C. 

3.1.6 Sodium Dodecyl Sulphate-polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein concentration was determined in cell lysates using the Bio-Rad DC protein assay 

kit and normalized based on concentration using lysis buffer. Gel loading buffer was added to 

samples, resulting in a final concentration of 3% β-mercaptoethanol. Samples were boiled for 8 

minutes and resolved on 12% mini SDS-page gels with a Frementas PageRuler Plus pre-stained 

protein ladder to assess the molecular weights. PVDF immobilon membranes (Millipore) were 

incubated in 100% methanol for 10 minutes then stored in semi-dry transfer buffer prior to 

transfer. Gels were transferred to membranes using the Bio-Rad semi-dry transfer cell. 

3.1.7 Western Blotting 

Membranes were blocked using 5% BSA in TBST for one hour, then probed overnight at 

4° C with primary antibody (see Table 3.1). Membranes were then washed three times for 10 

minutes with TBST and probed with secondary antibody at 1:2,500 in TBST. The membranes 

were then washed three times for 5 minutes each in TBST, then treated with Pierce enhanced 

chemiluminescence Western blotting substrate as per manufacturer’s directions (Cat# 32106). 

Bands were visualized following ECL-treated membrane exposure to autoradiograph film. 
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Table 3.1: Western blotting antibody concentrations and sources 

 

Primary Antibody Dilution Company 
Catalogue 

Number 
Species of 
Origin 

α-Phospho-Y705 Stat3 1:1000 Cell Signaling, Beverly, MA 9131 
Rabbit 
polyclonal 

α-Stat3 (total) 1:1000 
Santa Cruz Biotechnology, Santa Cruz, 
CA sc-482 

Rabbit 
polyclonal 

α-Phospho-Y694 Stat5 1:1000 Cell Signaling, Beverly, MA 4322 
Rabbit 
polyclonal 

α-Stat5 (total) 1:1000 Cell Signaling, Beverly, MA 9363 
Rabbit 
polyclonal 

α-Stat5A (total) 1:1000 Millipore Biotechnology, Billerica, MA 06-533 
Rabbit 
polyclonal 

α-Rac1 1:1000 Pierce Biotechnology, Rockford, IL  P-091 
Rabbit 
polyclonal 

α-β-casein 1:1000 
Santa Cruz Biotechnology, Santa Cruz, 
CA sc-17971 

Goat 
polyclonal 

α-ϒ-tubulin 1:1000 Sigma-Aldrich, St. Louis, MO T-5326 
Mouse 
monoclonal 

     
Secondary Antibody Dilution Company 

Catalogue 
Number 

Species of 
Origin 

α-mouse IgG HRP 1:2500 GE Healthcare NA931V 
Sheep 
polyclonal 

α-rabbit IgG HRP 1:2500 GE Healthcare NA934V 
Donkey 
polyclonal 

α-goat IgG HRP 1:10000 
Santa Cruz Biotechnology, Santa Cruz, 
CA sc-2020 

Donkey 
polyclonal 

 

3.1.8 Cell Contact Assay 

Cells were plated on glass coverslips in 6 cm petri dishes and grown to confluence. 

Coverslips were fixed with 3% paraformaldehyde for 20 minutes and stored in PBS at 4° C until 

indirect immunostaining was performed. 

3.1.9 Indirect Immunofluorescent Staining 

 Fixed coverslips were permebilized with 0.02% Triton-X, rinsed with PBS three times, then 
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blocked with 3% BSA in PBS* for 20 minutes. Primary antibodies were diluted as described in 

Table 3.2 in 3% BSA in PBS* and coverslips were incubated with diluted primary antibodies in a 

humidity chamber for one hour. Coverslips were then washed three times for five minutes each 

with wash reagent (see Appendix I). Secondary antibodies and stains were diluted in wash reagent 

as described in Table 3.2 and coverslips were incubated in the dark in secondary antibody for one 

hour. Coverslips were then washed three times for five minutes each in wash reagent in the dark, 

then mounted on coverslips using Mowiol and sealed with nail polish. Images were collected with 

a Hamamatsu EM-CCD camera model 09100-13 through a Yokogawa field corrected CSU-X1 

spinning disk confocal microscope, and images were edited using Metamorph software. 

Table 3.2: Indirect immunofluorescence antibody concentrations and sources 

Primary Antibody Dilution Company 
Catalogue 

Number 
Species of 
Origin 

β-casein 1:100 
Santa Cruz Biotechnology, Santa 
Cruz, CA sc-17971 

Goat 
polyclonal 

E-cadherin 1:100 Invitrogen, Camarillo, CA 33-4000 
Mouse 
Monoclonal 

β-catenin 1:50 Cell Signaling, Beverly, MA 9582 
Rabbit 
Monoclonal 

     Secondary 
Antibody Dilution Company 

Catalogue 
Number 

Species of 
Origin 

Alexa 488 IgG green 1:300 Invitrogen, Camarillo, CA A11029 Mouse 
Alexa 546 IgG red 1:800 Invitrogen, Camarillo, CA A11035 Rabbit 
Alexa 546 IgG red 1:200 Invitrogen, Camarillo, CA A11056 Goat 

     
Stains Dilution Company 

Catalogue 
Number 

 Alexa 488 Phalliodin 
green 1:1200 Invitrogen, Camarillo, CA A12379 

 DAPI 1:3000 Sigma-Aldrich, St. Louis, MO 32670 
  

3.1.10 Soft Agar Assay 

To examine the cells’ ability for anchorage-independent growth, approximately 104
 HC11 

cells and HC11 Stat3C were suspended in 2 ml of 0.33% low melting point Agarose (Bioshop, 
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Burlington, ON) containing RPMI 1640 medium supplemented with 10% FBS, on top of a feeder 

layer of the same medium containing 0.7% agarose, in 6 cm cell culture plates. Photographs were 

taken every 7 days after initial plating until 22 d using both brightfield and phase contrast 

illumination. After 22 days of growth, cells were fixed with 20% methanol and stained with 1% 

crystal violet. Counts were performed manually on photographs at 40x magnification. 

 

3.2 Automated Quantification of pERK, p53, Ki67 and cyclin D1 Expression in Invasive 

Breast Cancer 

3.2.1 Patients 

With Queen’s University Research Ethics Board approval (See Appendix A), breast tumor 

specimens were collected from 63 consecutive consenting female patients who received treatment 

for breast cancer at the Cancer Centre of Southeastern Ontario at Kingston General Hospital 

between 2005 and 2007. Clinico-pathological information for each case was retrospectively 

obtained from the electronic and paper patient record and entered into an anonymized database by 

an experienced oncologist. Archival normal breast tissues from twenty reduction mammoplasty 

specimens were included to provide non-malignant controls. 

Patients included in the study were premenopausal (less than 49 years of age at diagnosis), 

had primary invasive mammary carcinomas (>90% are ductal and/or lobular) and were stage T1-

3a, N0-1, M0. Patients were excluded if they had any previous history of cancer, bilateral breast 

disease or neoadjuvant chemotherapy. Mean age of this patient cohort was 43.5 years, (range 29–

49). The majority of the patients (60%) had N0 disease and received adjuvant chemotherapy 

(74%). Tumor grade was defined, based on tubule formation, mitotic activity and nuclear size, and 

showed the following distribution based on SBR (Scarff-Bloom-Richardson) score: grade I (SBR 
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3–5, 14%) grade II (SBR 6–7, 37%) and grade III (SBR 8–9, 51%). ER, PR and HER2 receptor 

status of the patient cohort, based on immunohistochemistry, defined a subgroup (14%) of triple 

negative (ER/PR/HER2-ve) breast cancers in the cohort (Table 3.3). As the cohort was assembled 

from consecutive consenting patients, there was no selection bias for any prognostic variables 

tested. Survival was defined as the number of patients that were alive or had recurrence up to the 

summer of 2010. 

3.2.2 Tissue Microarray Construction 

Primary breast cancer specimens were routinely formalin fixed and paraffin embedded 

(FFPE) in the Queen’s Laboratory of Molecular Pathology (QLMP) and Kingston General 

Hospital. From this material, we constructed primary breast cancer TMAs in the QLMP. Sections 

of FFPE primary tumors were first stained with hematoxylin and eosin and reviewed by a 

pathologist. Representative tumor areas were circled and matched with the donor blocks. From 

each donor block, three 0.6-mm cores were punched out and embedded 1 mm apart in a recipient 

block using a Tissue Microarrayer (Beecher instruments, Silver Springs, MD, USA). A technical 

TMA for antibody optimization was constructed consisting of 8 breast tumors and 4 normal breast 

tissues from reduction mammoplasty specimens. Two test TMAs consisting of tissues from our 63 

tumor cohort and 20 normal mammoplasty specimens were used for correlational studies. 
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Table 3.3: Clinico-pathologic characteristics of patients included in the study (63 tumor 

cohort) 

Parameter Status Number 
(%) 

Age <30 1 (2.1) 
(Median: 45) 30–40 11 (22.9) 

(Range: 29–49) 41–49 36 (75) 

Tumor Stage 

stage 1 26 (54.2) 
stage 2 16 (33.3) 
stage 3 1 (2.1) 
stage 4 1 (2.1) 

Unknown 4 (8.3) 

Tumor Grade a 
Grade I 8 (12.7) 
Grade II 23 (36.5) 
Grade III 32 (50.8) 

LVI 
Absent 42 (64.3) 
Present 15 (35.7) 

Number of positive lymph nodes 

0 21 (60) 
1–3 11 (31.4) 

4–10 1 (2.9) 
>10 2 (5.7) 

ER Status 
Negative 14 (29.2) 
Positive 34 (70.8) 

PR Status 
Negative 12 (25) 
Positive 36 (75) 

HER2 Status b 
Negative 36 (75) 
Positive 9 (18.8) 

Missing value 3 (6.2) 

ER/PR/HER2 Status 
Triple negative  10 (14) 

Others 53 (86) 

Survival 
Positive 11 (17) 
Negative 43 (68) 

Missing value  9 (15) 
a Tumor grade is determined based on SBR score (See Materials and Methods); b HER2 staining was scored 
using the Hercept test® scoring system (See Materials and Methods). 
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3.2.3 Immunohistochemistry 

IHC was performed on 5 μm thick TMA sections for pERK (#4370, Cell Signaling, 

Boston, MA, USA), p53 (#760-2542, Ventana Medical Systems, Tuscon, AZ, USA), Ki67 (#790-

4286, Ventana Medical Systems), cyclin D1 (cat# RM-9104-S, Neo Markers, Freemont, CA, 

USA), p21 (#2546, Cell Signaling, Boston, MA, USA) and E-cadherin (#33-4000, Invitrogen, 

Camarillo, CA), Stat3 (cat#sc482, Santa Cruz Biotechnology, Santa Cruz, CA) according to 

REMARK guidelines (McShane et al., 2006). Antigen retrieval was done with citrate buffer (pH 

6.5) and slides were stained manually overnight at 1:100 dilution (for cyclin D1) or using the 

Ventana Benchmark automated staining system (Ventana Medical Systems, Tucson, AZ, USA) 

(for p53 and Ki67). Normal tonsil tissue was used as positive control for cyclin D1, Ki67, and p53. 

The pERK antibody used in our study has previously been used for staining of breast tumor tissues 

(Booy et al., 2011; Milde-Langosch et al., 2005) and was optimized manually (citrate buffer, pH 

6.5), and then for Ventana staining (1/200 dilution) using protocol #82 CC. HER2+ve breast tumor 

versus normal breast tissues were used as positive and negative controls. In all clinical cases, we 

routinely assessed ER/PR staining (see below) in normal ducts versus tumor regions from whole 

sections, as an internal control for tissue quality (e.g., normal ducts should show focal 

immunoreactivity of ER/PR). Technical reproducibility was tested for each biomarker by 

comparing replicate staining of serial sections from whole tissue blocks or the technical tumor 

TMA. We looked at the overall intensity and gradations in the staining while comparing the cancer 

cells and interspersed stromal elements. Although there were minor differences between two 

consecutive sections, the overall staining intensity and pattern of staining was almost identical 

(data not shown). 

Tumor heterogeneity was assessed by comparing stained sections from each of two test 
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TMAs for cyclin D1, p53, and pERK. The two TMAs represent three cores each from different 

areas of the same tumor, thus allowing us to assess tumor heterogeneity. Excellent reproducibility 

was observed between H scores for each marker from the two TMAs, as determined by 

Pearson/Spearman correlations (0.79–0.82), indicating minimal intra-tumor heterogeneity of 

expression for our biomarkers. The slides were also stained for ER, PR and HER2 (Clone 4B5) on 

the Ventana system using the respective Ventana antibody kits (pre-diluted by the supplier—

Ventana). 

3.2.4 Manual Scoring 

For pERK, p53, cyclin D1 and Ki67 staining, the % positive tumor area and nuclear staining 

intensity (scale of 0–3) were scored by two pathologists independently, with resolution of 

discordant cases by a senior pathologist. Cores that were lost/damaged during sectioning or had 

less than 10% of tissue with tumor were not scored. A histo (H) score was then calculated for each 

core by multiplying % positive area and staining intensity for a value from 0–300, and expressed 

as the average of 3 cores per tumor. For ER and PR staining, the fractions of positive tumor nuclei 

were scored as 0 (<1%), 1+ (1–25%), 2+ (25–75%), and 3+ (>75%). The data for ER/PR staining 

were dichotomized into negative (0) versus positive  (>1+) cases. HER2 membranous staining was 

scored using the Hercept test® (Dako Corporation, Carpinteria, CA, USA) scoring system as “0” 

(no staining or membrane staining in <10% of the tumor cells); “1+” (incomplete membrane 

staining in >10% tumor cells); “2+” (weak to moderate complete membrane staining in >10% of 

tumor cells); “3+” (strong complete membrane staining in >10% of tumor cells). The data for 

HER2 staining were categorized into negative (<1+) versus positive (>3+) cases. In this study, 

breast cancer cases were tested for HER2 in the era prior to the ASCO/CAP guidelines (2007) 

requiring 30% of invasive carcinoma cells showing 3+ membrane staining (Wolff et al., 2007) and 
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patient care decisions were made upon the basis of those results. The incidence of HER2 

overexpression for these cases was 18% (Table 4.1)—within the range reported in the literature. 

These values along with ER/PR status, were therefore used to define triple negative cases in this 

study. 

3.2.5 Automated Scoring 

TMA slides were scanned into the Ariol Image Analysis System SL-50 (Leica, San Jose, CA, 

USA), and an image analysis protocol was adapted based on previous studies for HER2 

(Turashvili et al., 2009; Turbin et al., 2008). Scoring of algorithms was optimized using a nuclear 

script, which gates all hematoxylin-stained tumor nuclei based on geometric characteristics such as 

size, shape, compactness and roundness. This allows for scoring only of tumor area, ignoring 

stromal components such as fibroblasts and tumor-infiltrating lymphocytes. Positive tumor nuclei 

are gated on color, hue and intensity of brown staining (shown for pERK in Figure 3.8a), as well 

as geometric characteristics. This allows for calculation of percentage positivity on a cell-by-cell 

basis. The script is optimized on training areas from several cores and multiple patients (Figure 

3.8b,c). The untrained and trained automated H scores were each plotted against the manual H 

Scores, and a Pearson correlation coefficient (with p value) was calculated (Figure 3.8d,e) to 

assess concordance. For p53 and Ki67, commercially available baseline scripts were optimized for 

our staining, while for cyclin D1 and pERK a generic nuclear script from the company software 

was optimized for scoring (Figures 3.8 and 3.9). A conversion formula for the staining intensity 

provided by the manufacturer was used in the calculation of H scores, analogous to the calculation 

used for manual scoring. 
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Figure 3.8: Optimizing Ariol Software for pERK IHC scoring 

A TMA slide immunostained for pERK was scanned into the Ariol Sl-50 slide scanner (a) and a 
nuclear analysis was done without (b) or with (c) training based on size/shape characteristics (bi, 
bii) and color (ci, cii). The same cores were scored manually by two pathologists. The untrained 
(d) and trained (e) automated H scores were each plotted against the “gold standard” manual H 
Scores, and a Pearson correlation coefficient (with p value) was calculated. A linear regression line 
of best fit is shown. The values at the origin in each plot are indicated. (a), 200x magnification; (b 
and c), 600x magnification. 
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Figure 3.9: Gating of p53, cyclin D1 and Ki67 staining using trained Ariol algorithms 

Examples of positive immunostaining for p53, cyclin D1 and Ki67 are shown (a,c,e). 
Optimized Ariol color classifiers are shown as a red overlay (b,d,f). 100x magnification, 
left, and 600x magnification, right. 
 

3.2.6 Statistical Analysis 

 

Two types of analyses were done, using (a) binarized data (scored +ve or –ve), and (b) 

continuous data (no threshold). The choice of cut-point for binarized data was somewhat arbitrary, 

but was based on the distribution of the markers rather than optimizing the test/agreement 

performance. We noted that for most of the markers, the values were either near zero or quite a bit 

greater than 20, so we considered values less than 20 as negative since these values likely differ 

from zero only by noise due to the limited accuracy of the method. Using the data to choose 

“optimal cut-points” for each marker is to be avoided with such a small sample size, as this 

approach would greatly overestimate the performance of the markers and could introduce 

additional bias. Therefore, we dichotomized the Ariol and manual scores for all biomarkers at 20 

and considered values >20 as positive and <20 as negative. 

Pearson’s correlation coefficient was used to measure the correlation between the Ariol and 

manual continuous scores, as well as the correlation between the various Ariol biomarker scores. 

Since the scores were not normally distributed we used the non-parametric percentile based 

bootstrap with 10,000 replications to estimate confidence intervals for the correlation coefficients. 

The agreement between scoring methods and associations among dichotomized biomarker scores 

is described by Cohen’s Kappa statistic, which corrects for expected chance agreement. 

For testing associations of biomarkers with clinico-pathological parameters two types of 

analyses were done, using (a) binarized (scored +ve or –ve) or (b) continuous (no threshold) Ariol 



 

 

66 

scores. Associations of binarized biomarker scores with clinico-pathological parameters were 

determined by Fisher exact test. For associations of continuous biomarker scores with clinico-

pathological parameters, we used the exact Wilcoxin rank-sum test, which assesses whether one of 

any two samples of independent observations tend to have larger values than the other. 

Next, we assessed the association between the dichotomized Ariol biomarker scores and: grade, 

LVI, lymph node status, ER/PR/HER2 status and recurrence. Grade was dichotomized into low (I 

+ II) and high (III); ER/PR/HER2 receptor status was dichotomized as triple negative versus all other 

subtypes (Table 4.1). The continuous Ariol scores were compared between the dichotomized 

clinico-pathological variables by the exact Wilcoxon-rank-sum test. The association between clinico-

pathological variables and Ariol is described by the concordance index, which is the probability 

that someone with a positive clinico-pathological variable has a higher Ariol score than someone with 

a negative clinico-pathological variable plus half the probability that they have the same Ariol 

score. The concordance index is also known as the C-statistic which is equivalent to the area under 

the Receiver Operating Characteristics curve (Hanley and McNeil, 1982). The strength of 

association between “positive” (i.e., >20) Ariol biomarker values and the clinico-pathological 

variables are described by odds ratios with exact 95% confidence intervals and tested by Fisher’s 

exact test. A concordance index of <0.5 or odds ratio of <1 implies an inverse correlation, while a 

concordance index of >0.5 or an odds ratio of >1 implies a direct correlation. We report unadjusted 

p-values, but to account for the large number of tests we note comparisons that have false 

discovery rates below 5% and 1% (Hu et al., 2010). The analysis was conducted using SAS 

version 9.1 (SAS Institute Inc., Cary, NC, USA). 
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3.2.7 Kaplan-Meier Plotter Gene Expression Analysis 

The Kaplan-Meier Plotter (http://kmplot.com/analysis/) was used to assess Stat3 and Stat5 gene 

expression in 3455 breast cancer patients and compare gene expression with overall and relapse-

free survival. 
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Chapter 4 

Results 

4.1 The Role of the Rac/Stat3 Pathway and Stat5 in Breast Epithelial Differentiation and 

Transformation 

 

4.1.1 Confluence does not affect Stat5 phosphorylation 

Our group has previously shown that Stat3 levels and activity increase with cadherin 

engagement, as occurring in densely growing cells (Arulanandam et al., 2009; Geletu et al., 2013; 

Vultur et al., 2004).  We sought to determine if the same effect could be seen with Stat5. HC11 

cells were plated and lysates were extracted from 40% confluence to confluence plus four days and 

resolved on 12% gels using gel electrophoresis. Western blotting revealed an increase in activated 

(Stat3-pY705) with density, indicating that, in fact, there was an increase in cell-to-cell adhesion, 

and the cells were not clumpy.   Interestingly, activated Stat5 (pY694-Stat5) did not increase with 

density (Figure 4.1). These results indicate that Stat5 activity is not affected by density in HC11 

breast epithelial cells. 

4.1.2 HIP stimulation does not affect Stat3 phosphorylation at Y705 

A reciprocal expression of Stat3 and Stat5 in the mammary gland has been well 

documented (Desrivieres et al., 2006; Haricharan and Li, 2013; Wagner and Schmidt, 2011).  

Using the HC11 cell line, we investigated whether activation of Stat5 by prolactin stimulation 

affected Stat3 levels. Cells were plated at different densities and treated for two days with HIP 

medium or EGF-free medium as a control. Cell lysates were then resolved using SDS-PAGE and 

Western blots probed for activated Stat3 and activated Stat5, total Stat3 and Stat5, β-casein and ϒ- 
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Figure 4.1: Confluence does not increase Stat5-pY694 phosphorylation 

HC11 breast epithelial cells were plated at different densities and lysed at the confluences 
indicated above, from 40% to 100% plus four days.  Detergent extracts were resolved by gel 
electrophoresis and Western blots probed for Stat5-pY694, Stat3-pY705, total Stat3 and γ tubulin 
as a loading control.  Experiment was performed with an n=2.   Positive control lysate for Stat5-
pY694 is detergent lysate of T47D human breast cancer cells treated for 8 days with prolactin.  
Positive control lysate for Stat3-pY705 and Stat3 is detergent lysate of NIH 3T3 fibroblasts 
transformed by viral Src. 
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tubulin. 

The results demonstrated that in both the treatment and control groups, Stat3 increased with 

density to the same degree, indicating Stat3 activity is not affected by lactogenic stimulation 

(Figure 4.2).  In addition, HIP increased pY694-Stat5, but not pY705-Stat3, which points to the 

possibility that Stat5 activation does not affect Stat3. pY694-Stat5 levels were higher in treated 

cells than control cells at all densities, indicating that density does not affect Stat5 activity (Figure 

4.3). However HIP treatment does cause a dramatic increase in Stat5 activity, as previously 

described (Morrison and Cutler, 2009). 

4.1.3 Stat3 inhibition blocks differentiation of HC11 breast epithelial cells 

Since growth arrest is necessary for differentiation, and confluence induces growth arrest, and 

activates Stat3 (Arulanandam et al., 2009; Vultur et al., 2004), we next investigated whether Stat3 

is required for HC11 cell differentiation. To this effect, Stat3 was downregulated using the 

pharmacological inhibitors S3I-201 and CPA7.  

HC11 cells were plated to achieve confluence after 24 hours.  During the subsequent 24 hour 

EGF-starvation, cells were treated with the Stat3 inhibitor S3I-201 in DMSO, or DMSO-only. 

Cells were then either given HIP medium every day for 8 days or EGF-free control medium, and 

extracts were harvested every other day. β-casein protein expression by Western blotting was used 

to assess differentiation ability. 

Results of Western blotting revealed that when treated with 50µM S3I-201, β-casein 

expression was only partially inhibited, however when treated with 100µM S3I-201 for 24 hours, 

β-casein expression is dramatically reduced, compared to the untreated controls (Figure 4.4). 

Dome counts on both S3I-201 treatment groups were four times lower than the control DMSO-

only treatment group (Figure 4.5). Results were confirmed using a second Stat3 inhibitor, CPA7  
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Figure 4.2: HIP stimulation does not affect Stat3 activity 

HC11 breast epithelial cells were plated at different densities and lysed at the confluences shown, 
from 65% to 100% plus two days.  Cells were either given control EGF-free medium (left) or 
hydrocortisone, insulin and prolactin (HIP) medium.  Detergent extracts were resolved by gel 
electrophoresis and Western blots probed for Stat3-pY705 and total Stat3. Experiment was 
performed to an n=2. Positive control lysate for Stat3-pY705 and Stat3 is detergent lysate of NIH 
3T3 fibroblasts transformed by viral Src.  Positive control lysate for β casein is 4µg mouse breast 
milk.  Note the absence of an increase in Stat3 with HIP treatment. 
 

                      
Figure 4.3: Confluence does not affect Stat5-pY694 phosphorylation in the presence or 
absence of HIP 
 
HC11 breast epithelial cells were plated at different densities and lysed at the confluences shown, 
from 65% to confluence plus three days.  Cells were either given control EGF-free medium (left) 
or hydrocortisone, insulin and prolactin (HIP) medium.  Detergent extracts were resolved by gel 
electrophoresis and Western blots probed for Stat5-pY694 (a), total Stat5 (b) and γ tubulin (a) as a 
loading control.  Experiment was performed to n=2. Note an increase with HIP, but the absence of 
an increase in Stat5 with density. 
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Figure 4.4: Stat3 inhibition by S3I-201 blocks differentiation in HC11 breast epithelial cells 
 
Confluent HC11 cell cultures were washed once with EGF-free medium, then treated with EGF-
free medium with the DMSO carrier as a control (a), 50µM S31-201 in EGF-free medium (b) or 
100µM S3I-201 in EGF-free medium (c) for 24 hours.  Cultures were then treated with EGF-free 
medium (left) for HIP medium (right) for eight days.  Detergent extracts were harvested every 
other day and resolved by gel electrophoresis and Western blots probed for Stat3-pY705, β-casein 
and γ-tubulin as a loading control. Each inhibitor concentration was tested once. Positive control  
for Stat3-pY705 is detergent lysate of NIH 3T3 fibroblasts transformed by viral Src.  Positive 
control for β casein is 4µg mouse milk protein.  Densitometry revealed a 3-fold reduction in β-
casein protein in 100µM S3I-201group after 8 days of HIP treatment compared to DMSO control. 
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Figure 4.5: Stat3 inhibition by S3I-201 blocks dome formation in HC11 breast epithelial cells 

Confluent HC11 cell cultures were treated with EGF-free medium and the DMSO carrier (a), 
50µM S31-201 (b) or 100µM S3I-201 (c) for 24 hours.  Cultures were then rinsed with EGF-free 
medium, and treated with EGF-free medium (upper) or HIP medium (lower) for eight days. 
Domes were counted in two wells, ~2cm2 each, of a 24 well plate each day and the averages were 
plotted (d). Error bars indicate range.  Red arrows indicate domes. 
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(Figure 4.6). HC11 cells were treated with 5µM or 10µM CPA7 during the 24 hour EGF-starvation 

phase of the differentiation assay. Western blotting showed a dramatic reduction in Stat3-pY705.  

Interestingly, CPA7 suppressed β-casein expression.  Dome formation for the 5µM treatment 

group was half of the control group, and the 10µM treatment group was completely unable to form 

domes (Figure 4.7). Taken together, these data indicate that Stat3 inhibition drastically reduces the 

ability of HC11 cells to differentiate, that is, Stat3 may be required for differentiation. 

4.1.4 Activated Rac blocks differentiation in HC11 breast epithelial cells 

Since Rac mediates the activation of Stat3 by cadherin ligation, we examined the effect of 

mutationally activated Rac on breast epithelial cell differentiation. Two clones of HC11 cells 

expressing V12Rac along with the parent HC11 cells were plated to achieve confluence after 24 

hours. Cells were EGF-starved for 24 hours, then given HIP medium or EGF-control medium for 8 

days, with extracts harvested every other day. Extracts subjected to SDS-PAGE and Western 

blotting revealed very low levels of pY694-Stat5 and no β-casein expression (Figure 4.8). Dome 

counts revealed four times fewer domes in HC11 cells with activated Rac than control HC11 cells 

(Figure 4.9). In addition, all domes produced were smaller in size than domes produced by the 

parent cell line (Table 4.1). 

β-casein expression was visualized using indirect immunofluorescence, and, while parent 

cells showed robust cytoplasmic expression of β-casein in clusters of cells (Figure 4.10), one 

HC11 V12Rac clone showed no β-casein expression, and the second clone showed very select 

cells with β-casein present (Figure 4.11). Western blotting analysis revealed the absence of β-

casein in both lines. These data indicate that activated Rac blocks differentiation in HC11 cells, 

and the level of Rac protein present may be critical for differentiation to take place. 

 



 

 

78 

 

Figure 4.6: Stat3 inhibition by CPA7 blocks differentiation in HC11 breast epithelial cells 

Confluent HC11 cell cultures were rinsed with EGF-free medium, then treated with 5µM CPA7 in 
EGF-free medium (a) or 10µM CPA7in EGF-free medium (b) for 24 hours.  Cultures were then 
treated with EGF-free medium (left) or HIP medium (right) for eight days.  Detergent extracts 
were harvested every other day and resolved by gel electrophoresis and Western blots probed for 
β-casein, Stat3-pY705, total Stat3,Stat5-pY694, total Stat5 and γ-tubulin as loading control. Each 
concentration was tested once. Positive control for β casein is 4 µg mouse breast milk. 
Positive control  for Stat3-pY705 and Stat3 is a detergent lysate of NIH 3T3 fibroblasts 
transformed by viral Src.    
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Figure 4.7: Stat3 inhibition by CPA7 blocks dome formation in HC11 breast epithelial cells 

Confluent HC11 cell cultures were treated with EGF-free medium and DMSO (a), 5µM CPA7 (b) 
or 10µM CPA7(c) for 24 hours.  Cultures were then rinsed with EGF-free medium, and treated 
with EGF-free medium (upper) or HIP medium (lower) for eight days.  Domes were counted in 
two wells, ~2cm2 each, of n a 24 well plate each day and plotted (d).  Error bars indicate range.  
Red arrows indicate domes. 
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Figure 4.8: Activated Rac blocks differentiation of HC11 breast epithelial cells  

Confluent cultures of HC11 parent cells (a) and HC11 cells stably expressing activated Rac 
(V12Rac) (b), (c) were rinsed with EGF-free medium, then treated with EGF-free medium for 24 
hours.  Cultures were then treated with EGF-free medium (left) or HIP medium (right) for eight 
days.  Detergent extracts were harvested every other day and resolved by gel electrophoresis and 
Western blots probed for β-casein, Stat5-pY694, Stat3-pY705, total Stat3 and γ-tubulin as loading 
control.  Each clone was tested once.  Positive control for β casein is 4 µg mouse breast 
milk.Positive control  for Stat3-pY705 and Stat3 is detergent lysate of NIH 3T3 fibroblasts with 
viral Src.  pY694-Stat5 levels in HC11 cells at different densities are shown in comparison to 
T47D breast cancer cells (d). 
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Figure 4.9: Activated Rac blocks dome formation in HC11 breast epithelial cells  

Confluent cultures of HC11 parent cells (a) and HC11 cells stably expressing activated Rac 
(V12Rac) (b), (c) were treated with EGF-free medium for 24 hours. Cultures were then rinsed with 
EGF-free medium, and treated with EGF-free medium (top panel) or HIP medium (bottom panel) 
for eight days. Domes were counted in two wells, ~2cm2, of a 24 well plate each day and averages 
were plotted (d). Error bars indicate range.  Red arrows indicate domes. 
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Figure 4.10: β-casein expression in HC11 parent cells 
HC11 cells were grown on coverslips and treated with HIP medium or EGF-free control medium 
for 8 days.  Cells were stained with DAPI to visualize nuclei, FITC-phalloidin to visualize actin 
and β-casein (see Materials and Methods).  Experiment was performed once.  Photos were taken at 
600x magnification. 
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Figure 4.11: Activated Rac blocks differentiation: lack of β-casein expression in HC11 cells 
with activated Rac 

HC11 cells stably expressing activated Rac were grown on coverslips and treated with HIP 
medium or control EGF-free medium for 8 days.  Cells were stained with DAPI to visualize 
nuclei, FITC-phalloidin to visualize actin and β-casein (see Materials and Methods).  Experiment 
was performed once.  Photos were taken at 600x magnification. 
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Table 4.1: Comparison of % dome formation in CA-Stat5 and V12 Rac expressing cells 
stimulated with HIP medium 

 

Dome Size HC11 parent HC11 V12 Rac 1c HC11 V12 Rac 1f 
HC11 CA-Stat5A 
1a 

HC11 CA-
Stat5A 2e 

3-5 cells 50.0% (6/12) 100.0% (6/6) 100.0% (5/5) 44.2% (26/59) 16.7% (1/6) 

6-8 cells 33.3% (4/12) 0.0% (0/6) 0.0% (0/5) 33.8% (20/59) 16.7% (1/6) 

>8 cells 16.6% (2/12) 0.0% (0/6) 0.0% (0/5)  22.0% (13/59) 66.6% (4/6) 

HC11 parent cells and HC11 cells with activated Rac and Stat5A were grown in a 24 well plate 
and domes were photographed after 7 and 8 days of treatment with HIP.  Dome size was then 
measured and recorded for each line in pooled photos (4-6 photos/cell line).  Raw data are 
presented in parentheses and percent of total domes counted in each category is indicated. This 
pilot experiment was performed once.  

 

4.1.5 Activated Stat5A accelerates differentiation in HC11 breast epithelial cells 

It has been previously shown that Stat5A is required for breast differentiation (Liu et al., 

1997). However, Stat5A has also been detected in breast cancer specimens (Walker et al., 2009). 

To resolve this apparent controversy, we assessed the effect of constitutively active Stat5A in 

HC11 breast epithelial cells. Constitutively active Stat5A was stably expressed in HC11 cells and 

two clones were selected. These cells were then induced to differentiate as described in the 

Materials and Methods. Cell lysates were subjected to SDS-PAGE and Western blotting. Parent 

HC11 cells start expressing detectable levels of β-casein at 5 days post-HIP treatment (Figure 

4.12). HC11 cells expressing high levels of active Stat5A, however, expressed β-casein after two 

days post-HIP treatment.  HC11 cells expressing moderately high Stat5A levels showed β-casein 

expression by Western blot at the same time-point as HC11 control cells. Dome counts on both 

clones of HC11 Stat5A cells revealed twice as many domes as parent controls after 8 days of HIP 

treatment (Figure 4.13). A greater proportion of domes were also larger than domes formed by the 

parent cell line (Table 4.1). Immunostaining of fixed cells revealed β-casein expression diffusely  
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Figure 4.12: Activated Stat5A initiates differentiation three days earlier in HC11 cells  

Confluent cultures of HC11 parent cells (a,b) and HC11 cells stably expressing activated Stat5A 
(c,d) were rinsed with EGF-free medium and grown in EGF-free medium for 24 hours.  Cultures 
were then treated with EGF-free medium (left) or HIP medium (right) for eight days.  Detergent 
extracts were harvested every other day and resolved by gel electrophoresis and Western blots 
probed for β-casein, Stat5-pY694, Stat3-pY705, total Stat3 and γ-tubulin as loading control. Each 
clone was tested once. Positive control for β-casein is mouse breast milk.  HC11 parent detergent 
extracts with or without HIP treatment after 8 days are shown in panels c and d for comparison. 
Positive control for Stat3-pY705 and Stat3 is detergent lysate of NIH 3T3 fibroblasts transformed 
by viral Src.  β casein expression was seen in HC11 cells after 5 days of HIP treatment (b), 
however in HC11 cells expressing high levels of activated Stat5A, β casein expression was seen as 
early as 2 days (c).  These is small difference in migration of β-casein seen in the mouse breast 
milk compared to cell extracts (c, d). Levels of Stat5 expression in activated Stat5A clones used 
are indicated by * in (e).  Positive control for Stat5 antibody is BJAB (human Burkitt lymphoma 
B) cell line.  Densitometry revealed β-casein levels in HC11 Stat5A 1a cells are similar to the 
parent cell line. 
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Figure 4.13: HC11 cells with activated Stat5A produce twice as many domes as the parental 
HC11 breast epithelial cells  
 
Confluent cultures of HC11 parent cells (a) and HC11 cells stably expressing activated Stat5A 
(b,c) were rinsed with EGF-free medium and treated with EGF-free medium for 24 hours.  
Cultures were then treated with EGF-free medium (upper) or HIP medium (lower) for eight days.  
Domes were then counted in three wells, ~2cm2 each, of a 24 well plate and the means were 
plotted. Error bars indicate standard error.  Red arrows indicate domes. 
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present in the cytoplasm of Stat5A-expressing HC11 cells. Also visible was punctate, cytoplasmic 

expression of β-casein in the cytoplasm of EGF-free control HC11 Stat5A cells (Figure 4.14). This 

β-casein expression was not detectable by Western blotting. 

These data show that Stat5A promotes differentiation; differentiation starts earlier in HC11 

cells expressing activated Stat5A, and more HC11 cells are able to differentiate when expressing 

activated Stat5A (as measured by dome counts). 

4.1.6 E-cadherin and β-catenin localization in HC11 cell lines 

Normal epithelial cells express E-cadherin localized on the membrane when cell-cell 

contacts, termed adherens junctions, are formed. Adherens junctions also contain β-catenin on the 

cytoplasmic side of the plasma membrane. During transformation, however, E-cadherin can be 

pulled away from the membrane or completely recycled, and aberrant expression of other 

cadherins is possible (Baranwal and Alahari, 2009).  In addition, β-catenin can translocate to the 

nucleus during transformation, where it affects gene transcription (Sabbah et al., 2008). Using 

indirect immunofluorescence we explored the localization of these proteins in the HC11 series to 

assess transformation status. 

In parent HC11 cells, E-cadherin showed crisp membranous expression, and co-

localization with β-catenin at the membrane was observed (Figure 4.15). HC11 cells with activated 

Rac1 showed membranous E-cadherin expression, however β-catenin expression was nuclear, 

indicating possible partial transformation. HC11 cells with activated Stat3 showed very little E-

cadherin expression at all, and β-catenin was localized to the nucleus, indicating transformation. 

Finally, HC11 cells with activated Stat5A showed membranous E-cadherin expression, and β-

catenin expressed at both the membrane and in the nucleus. This result, coupled with the ability for 

HC11 Stat5A cells to differentiate, indicate that these cells are only partially transformed. 
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Figure 4.14: β-casein expression in HC11 cells with activated Stat5A 

HC11 cells stably expressing activated Rac were grown on coverslips and treated with HIP 
medium or control EGF-free medium for 8 days.  Cells were stained with DAPI to visualize 
nuclei, FITC-phalloidin to visualize actin and β-casein (see Materials and Methods).  Experiment 
was performed once.  Photos were taken at 600x magnification. 
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Figure 4.15: β-cateinin and E-cadherin localization in HC11 cells and derivatives  

HC11 parent cells and HC11 cells with activated Rac, Stat3 and Stat5A were grown on coverslips 
and fixed at high densities.  Cells were stained for DAPI to visualize nuclei, and E-cadherin and β-
cateinin to assess localization (see Materials and Methods).  Experiment was performed once.  
Photos were taken at 600x magification. 
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4.1.7 HC11 cells with activated Stat3 exhibit anchorage-independent growth 

Given that HC11 cells with activated Stat3 show little membranous expression of E-cadherin 

and express nuclear β-catenin, we decided to investigate the ability of these cells to grow in soft 

agar, which is an additional method to measure transformation in vitro. HC11 parent cells and 

HC11 cells with Stat3C were plated in agar and photographed every 7 days after initial plating for 

22 days. Cells were then fixed and stained with crystal violet, and colonies were manually 

counted. HC11 parent cells were unable to form colonies in agar, however HC11 cells with 

activated Stat3 did show some ability for anchorage-independent growth (Figure 4.16). This 

provides further evidence that Stat3 is an oncogene in certain situations.  A summary of results of 

cell experiments is presented in Figure 4.17. 

 

4.2 Automated Quantification of Biomarker Expression Results 

 

4.2.1 Comparison of Manual vs. Automated Scoring 

We observed a strong correlation between the manual and automated biomarker scores for the 

five biomarkers based on continuous data, ranging from 0.80 for p53 to 0.90 for HER2 (Table 

4.2). When scores were categorized as positive or negative based on a threshold H score of >20, 

we found that chance corrected agreement between the two scoring methods ranged from Kappa = 

0.55 for Ki67 to Kappa = 0.92 for pERK (Table 4.2). The proportion of tumors with positive 

biomarkers using Ariol scoring was: HER2 (25%), nuclear p53 (29%), cyclin D1 (65%), pERK 

(31%) and Ki67 (30%). 

 

 

 



 

 

91 

 

       

Figure 4.16: HC11 Stat3C cells form colonies in agar 

HC11 parent cells (a) and HC11 cells with activated Stat3 (b,c) were plated in soft agar and photos 
of colonies were taken at 8 days, 15 days and 22 days.  Cultures were fixed after 22 days and 
stained with crystal violet (see Materials and Methods).  Colonies were counted as a percentage of 
total cell count (d).  This pilot experiment was performed once with three petri dishes per group.  
Red arrows indicate colonies. 



 

 

92 

 

Figure 4.17: Stat3 and Stat5 in Differentiation 

In parent HC11 breast epithelial cells, confluence-induced Stat3 activation and HIP-induced Stat5 
activation are needed for differentiation. 
In HC11 cells with activated Stat5A, differentiation is induced earlier than the parent cell line.  In 
HC11 cells with activated Rac, differentiation is blocked.  HC11 cells with activated Stat3 
displayed a transformed phenotype.  
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Table 4.2: Correlation of manual scoring and Ariol automated scoring of biomarkers 

 

Biomarker 
Pearson Correlation 
Coefficient (95% CI) 

Kappa Statistic (95% CI) Proportion Positive + 

pERK 0.89 (0.75–0.97) 0.92 (0.80–1.00) 18/58 (31%) 
p53 0.80 (0.65–0.92) 0.75 (0.56–0.95) 16/56 (29%) 

Cyclin D1 0.85 (0.71–0.94) 0.73 (0.55–0.92) 37/57 (65%) 
Ki67 0.81 (0.71–0.91) 0.55 (0.36–0.74) 17/56 (30%) 

HER2 0.90 (0.83–0.95) 0.62 (0.40–0.84) 14/56 (25%) 
CI, Confidence interval; +: Determined based on threshold H score of >20. Denominators 
are less than 63 due to cores missing Ariol or manual scores. 

4.2.2 Associations of Automated Scoring Between Biomarkers 

 

We first correlated each of the biomarkers with one another using continuous scores. Of the 

ten pairs of correlations, none were significant (all p > 0.1 and r < 0.22), except p53 with Ki67 

which had a correlation of 0.43 (95% CI, 0.05, 0.67) yielding a p-value of 0.0013 and a false 

discovery rate of 0.013. There was no significant association between any biomarkers using 

dichotomous scores (all Kappas < 0.25). 

4.2.3 Associations of Automated Scoring of Biomarkers with Clinico-pathological 

Parameters 

 

In an exploratory analysis of continuous biomarker data, we found that over-expression of 

pERK was correlated with absence of LVI (p = 0.005) and lymph node negativity (p = 0.002) 

(Table 4.3, Figure 4.18). An association of p53 over-expression with high grade tumors was 

observed (p = 0.032). Ki67 positivity was also correlated with high grade (p = 0.0007), and 

inversely with triple negative cases (p = 0.008) (Table 4.3, Figure 4.19b,c). Thus p53 over-

expression and Ki67 are associated with aggressive rapidly proliferating cancers. However, cyclin 

D1 expression correlated inversely with the triple negative tumor subset (p = 0.0002) (Table 4.3,  
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Figure 4.18: Dot plots of pERK Ariol H scores versus two clinico-pathological parameters 

Dot plots of pERK Ariol H scores versus LVI (present, absent) (a) and lymph node (−,+) (b) 
status are shown. Significance between groups was determined using an exact Wilcoxon 
rank sum test, as described in Materials and Methods (p values indicated). Bars indicate the mean 
H score in each group, and the dotted line indicates the threshold for positive versus negative stain 
based on dichotomized data. Twenty five biomarker associations were tested in total. The dot plots 
displayed had a False Discovery Rate of <5% (see Materials and Methods). The displayed p-
values are unadjusted for the number of tests performed. 
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Figure 4.19: Selected dot plots of associations of p53, Ki67 and cyclin D1 with 
clinico-pathological parameters  
Dot plots of Ariol H scores of p53 (a), Ki67 (b,c) and cyclin D1 (d–f) versus selected clinico-
pathological parameters are shown. Significance between groups was determined using an exact 
Wilcoxon rank sum test, as described in Materials and Methods (p value indicated). Bars indicate 
the mean H score in each group, and the dotted line indicates the threshold for positive versus 
negative stain based on dichotomized data. Statistical analysis was performed as in previous 
figure. Examples of significant biomarker associations with indicated clinico-pathological 
parameters are shown (a–e). An example of no correlation of cyclin D1 with grade is shown for 
comparison (f). 
 

Figure 4.19d), but showed no correlation with high grade (Table 4.3, Figure 4.19f). Consistent 

with its known adverse prognostic effect, a trend of HER2 association with recurrence (p = 0.096) 

was also evident (Table 4.3). Using dichotomized data (based on a threshold H score of >20), we 

observed a similar pattern of associations, except a correlation of pERK with lymph node 

negativity was not evident. 
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a A concordance index <0.5 implies an inverse association while a concordance index >0.5 implies a direct association. Possible values range from 
zero (perfect discordance) to one (perfect concordance); b An odds ratio <1 implies an inverse association while and odds ratio >1 implies a direct 
association; c An inverse correlation was observed based on a and b above; d SBR score (8 or 9) denotes high grade tumours, compared to all 
others. * and ** denote false discovery rates of <0.05 and <0.01 accounting for the 25 comparisons.; Abbreviations: LVI, lymphovascular invasion; 
TN, triple negative; NS, not significant. † n = # of evaluable cases. Observations missing Ariol score or parameter do not contribute to the measures 
of bivariate association. 

 
Table 4.3. Unadjusted bivariate association between biomarkers and clinico-pathological parameters

Biomarker 
(Ariol Score) Clinical Parameter n † 

Original continuous score  Score dichotomized as positive >20 
Concordance index a p-value  Odds Ratio (exact 95% CI) b p-value 

pERK LVI (present) 56 0.25 c 0.005 *,c  0.00 (0.00–0.41) c 0.0028 *,c 
 Lymph node status (+) 58 0.28 c 0.002 *,c  NS 0.22 
 SBR score d (8 or 9) 58 NS 0.37  NS 0.38 
 ER/PR/HER2-ve (TN) 58 NS 0.89  NS 0.44 
 Recurrence (yes) 51 NS 0.47  NS 1 

p53 LVI (present) 54 NS 0.21  NS 0.74 

 Lymph node status (+) 56 NS 1.00  NS 1.00 
 SBR score (8 or 9) 56 0.67 0.032  6.5 (1.4–40) 0.0074 * 
 ER/PR/HER2-ve (TN) 56 NS 0.11  NS 0.26 
 Recurrence (yes) 48 NS 0.92  NS 1.00 
cyclin D1 LVI (present) 55 NS 0.36  NS 1 
 Lymph node status (+) 57 NS 0.033  4.3 (0.96–26.1) 0.041 
 SBR score (8 or 9) 57 NS 0.44  NS 0.17 
 ER/PR/HER2-ve (TN) 57 0.15 c 0.0002 **,c  0.038 (0.001–0.34) c 0.0003 **,c 
 Recurrence (yes) 50 NS 0.69  NS 0.72 
Ki67 LVI (present) 55 NS 0.42  NS 0.55 
 Lymph node status (+) 57 NS 0.36  NS 0.57 
 SBR score (8 or 9) 57 0.75 0.0007 **  9.4 (2.4–38) 0.0002 ** 
 ER/PR/HER2-ve (TN) 57 NS 0.008 *  NS 0.083 
 Recurrence (yes) 50 NS 0.2  NS 0.15 
HER2 LVI (present) 54 NS 0.16  NS 0.11 
 Lymph node status (+) 56 NS 0.38  NS 0.76 
 SBR score (8 or 9) 56 NS 0.13  NS 0.16 
 ER/PR/HER2-ve (TN) 56 NS 0.24  NS 0.47 
 Recurrence (yes) 49 0.65 0.096  NS 0.26 
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4.2.4 Associations of Manual Scoring of Biomarkers with Clinico-pathological Parameters 

 

We assessed manual scoring of two biomarkers, E-cadherin and p21, in our signaling 

pathway with clinico-pathological data available in the 63-tumour cohort.  E-cadherin, which 

drives Rac1/Stat3 activation, was found to be correlated with LVI (p=0.014), as has been reported 

previously in the literature (Gupta et al., 2003).  This finding indicates that E-cadherin is important 

not only in non-malignant cell-cell adhesion, but also in cancer cell invasion into the lymphatic 

and vascular vessels.  Expression of p21, which is regulated by Stat5A, did not show any 

correlations with clinico-pathological data.  

4.2.5 Additional Staining and Gene Expression Analysis 

 

We stained for pan Stat3 in a pilot study and showed that this protein is strongly expressed 

in regions of invasive breast cancer, compared to focused expression in luminal cells of normal 

ducts  (Figure 4.20). However, no significant associations with clinico-pathological parameters 

were detected using the 63-tumour TMA (E. Carefoot, data not shown).  

As an alternative approach, we have used the Kaplan Meier Plotter, an online gene 

expression analysis tool (http://www.kmplot.com), to assess gene expression of Stat3 and Stat5 

with clinically relevant available data in a 3455-breast cancer cohort.  Interestingly, Stat3 gene 

expression was correlated with better overall and relapse-free survival (Figure 4.21) (Gyorffy et 

al., 2010). Using the Kaplan Meier Plotter, we also assessed Stat5 gene expression in the same 

3455-breast cancer patient cohort.  Stat5 expression also correlated with better overall survival 

(Figure 4.21) (Gyorffy et al., 2010).  
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Figure 4.20: Total Stat3 protein expression in human tissue specimens 

Immunohistochemical staining was performed for total Stat3 in reduction mammoplasty 
specimens (a) and invasive breast cancer (b).  Normal mammoplasty tissue showed strong nuclear 
staining in luminal epithelial cells of breast ducts. Invasive breast carcinoma cells showed strong 
nuclear staining in invasive tumour.  Staining was performed in the Queen’s Laboratory for 
Molecular Pathology.  
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Figure 4.21: Stat3 gene expression correlates with better relapse-free and overall survival 

Using the Kaplan Meier Plotter, gene expression data for 3455 patients (RFS, a) and 1115 patients 
(OS, b) was analyzed for Stat3 expression and a Kaplan Meier curve was generated. 

 

 

 
 

Figure 4.22: Stat5 gene expression correlates with better overall survival, but not relapse-
free survival 

Using the Kaplan Meier Plotter, gene expression data for 3455 patients (RFS, a) and 1115 patients 
(OS, b) was analyzed for Stat3 expression and a Kaplan Meier curve was generated. 
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Chapter 5 

Discussion 

5.1 The Role of the Rac/Stat3 Pathway and Stat5 in Breast Differentiation and 

Transformation  

5.1.1 Confluence does not affect phosphorylation of Stat5 

Our group has previously shown how drastically the interactions between neighboring cells 

increase Stat3 phosphorylation at Tyr-705 (Anagnostopoulou et al., 2006; Arulanandam et al., 2009; 

Vultur et al., 2004).  Given that all members of the STAT family share similar domain organization 

and activation mechanisms, for example, Src can activate both Stat3 and Stat5, we assessed whether 

confluence could increase phosphorylation of Stat5 at its activating tyrosine, 694.  Our finding that 

Stat5 phosphorylation is not increased with density demonstrates a novel difference in activation of 

Stat3 and Stat5 in breast epithelial cells, a tissue that expresses both transcription factors.  In 

addition, it shows that the state of Stat3 in densely growing cells is more relevant to the in vivo 

situation, since only dense cultured cells can produce milk.  

5.1.2 Stat3 is required for differentiation in HC11 breast epithelial cells 

Since density is required for differentiation, and density activates Stat3, (Arulanandam et al., 

2009), we explored whether Stat3 was in fact required for HC11 breast epithelial cell differentiation.  

This was accomplished by using two different pharmacological inhibitors to downregulate Stat3 

during the 24 hour EGF-starvation phase prior to HIP stimulation.  In fact, both inhibitors reduced 

or completely inhibited β-casein production, and they also drastically reduced the formation of 

dome structures.  Since confluence is a prerequisite of differentiation (Merlo et al., 1996), it stands 

to reason that the survival signal offered by Stat3 is required for HC11 cells to survive for the nine 
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days post-confluence needed for this experiment.  It has been previously reported that insulin is 

required for breast epithelial cell differentiation, as cells treated with dexamethasone (in place of 

hydrocortisone) and prolactin undergo apoptosis without insulin (Merlo et al., 1996).  In HC11 cells, 

activation of Stat3 by density peaks approximately 3 days post 100% confluence, however, to 

differentiate, cells must remain in confluent culture several days after this.  In our cell system, the 

insulin added to cultures every day might activate Stat3 to work synergistically with the confluence-

dependent activation of Stat3, inhibiting apoptosis and allowing differentiation to take place.   It 

would be interesting to inhibit Stat3 after HIP stimulation has been initiated and assess whether 

differentiation could still be blocked.  It is possible that the timing of Stat3 inhibition is crucial, and 

inhibiting Stat3 once differentiation has already been induced will not have such a dramatic effect 

on β-casein production.  This is reminiscent of the role of Ras in adipocytic differentiation.  Ras 

activation is critical before confluence takes place to promote differentiation in adipocytes.  If Ras is 

activated after confluence, 10T1/2-derived preadipocytes cannot differentiate (Preston et al., 1997).  

 This is not the first report of a requirement of Stat3 in epithelial cell differentiation.  Su et al. 

showed that Stat3 is required for dome formation, a morphological feature unique to epithelial 

polarization, in Madin-Darby canine kidney cells (Su et al., 2007).  These data support our findings 

that Stat3 is required for HC11 breast epithelial cell differentiation.   

5.1.3 HIP stimulation does not affect Stat3 phosphorylation at Y705 

Stat3 and Stat5 are both activated by a number of growth factor receptors and cytokines.  We 

sought to determine whether activation by a lactogenic hormone cocktail (hydrocortisone, insulin 

and prolactin) known to activate Stat5, would have an effect on Stat3 705 phosphorylation.  HC11 

breast epithelial cells showed a similar increase in pY705-Stat3 with density when treated with 

EGF-free control medium or with HIP medium.  This indicates that the signaling cascade initiated 
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by prolactin stimulation does not affect Stat3 Y705 phosphorylation.  This may be evidence that the 

cells need Stat3 to maintain a survival signal after the EGF-starvation and growth inhibition 

required for differentiation.  During breast development, Stat5 is expressed and active during the 

proliferative phase prior to lactation, as well as during lactation, however Stat3 signaling is not 

initiated until lactation is finished to promote apoptosis and involution (Haricharan and Li, 2013).  

These results indicate that Stat3 and Stat5 can be activated concurrently without interfering with, or 

promoting phosphorylation of each other.  The role of Stat3 and Stat5 appears to be dramatically 

different in cultured, differentiating cells than in vivo.      

 The presence of a number of STATs (Stat1, Stat3, Stat5 and Stat6) in breast epithelial cells 

suggests at least partial specificity of activators (such as prolactin) and signaling targets (such as the 

milk protein β-casein) (Haricharan and Li, 2013).  We have shown here that prolactin can activate 

Stat5, but does not affect the confluence-induced cadherin/Rac1 activation mechanism of Stat3.  

This is consistent with the finding that prolactin does not activate Jak1, the Janus kinase responsible 

for Stat3 activation, in HC11 breast epithelial cells (Neilson et al., 2007).    

5.1.4 Activated Rac blocks differentiation in HC11 breast epithelial cells 

After demonstrating that Stat3 is required for differentiation in HC11 breast epithelial cells, 

we examined the effect of activated Rac, a GTPase that mediates the activation of Stat3 by 

cadherins, on breast epithelial cell differentiation.  The clones of V12Rac HC11 cells were unable to 

produce β-casein after 8 days of HIP stimulation, and produced drastically reduced numbers of 

domes.  It is possible that the level of Rac activity is crucial to the delicate process of differentiation.  

That is, if there are very low levels of Rac activity, or an increased activity of Rac (as in this case), 

HC11 cells are unable to differentiate.  This can be seen with the GTPase Ras and adipocytic 

differentiation.  Pre-adipocytes need cellular Ras to transmit the insulin signaling required to 
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differentiate, however expression of V12Ras, a constitutively active mutant of Ras, blocks 

differentiation as measured by lipid droplet formation and expression of adipocyte biomarkers 

(Murholm et al., 2010). 

Interestingly, a previous group expressed V12Ras or dominant negative Ras in HC11 cells 

and assessed the affect on differentiation.  Their results indicated that the constitutively active Ras 

(V12Ras) showed delayed β-casein expression and reduced activation of Stat5 by prolactin (Cerrito 

et al., 2004).  The dominant negative Ras-expressing cells, however, showed an increased capacity 

for Stat5 phosphorylation and β-casein transcriptional activity (Cerrito et al., 2004).  In light of 

these findings, it would be interesting to express dominant negative Rac and investigate the capacity 

of HC11 cells to differentiate, given that Rac is an effector of Ras, as well as cadherins.   

5.1.5 Activated Stat5A accelerates differentiation in HC11 breast epithelial cells 

We next assessed the effect of constitutively active Stat5A upon the differentiation of HC11 

cells.  HC11 cells expressing high levels of Stat5A were able to differentiate three days earlier than 

parent HC11s, and produced twice as many domes.  In contrast, the moderately expressing HC11 

Stat5A breast epithelial cells had similar differentiation kinetics to the parent line.  Fluorescence, 

however, showed β-casein expression in both treated and untreated cells of both clones, indicating 

HC11 cells with activated Stat5A may be able to partially differentiate without prolactin 

stimulation.  This finding, however, needs further exploration, and could be verified by measuring 

β-casein using an ELISA, as Western blotting was not sensitive enough to measure protein 

expression.  

Human breast cancers with Stat5A expression tend to be more differentiated and have a 

better prognosis than cancers not expressing Stat5A (Yamashita et al., 2006), and, as we show here, 
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constitutively active Stat5A drives breast epithelial cells toward a more differentiated phenotype, 

rather than transformation. 

5.1.6 E-cadherin and β-catenin localization in HC11 cell lines 

Loss of membranous E-cadherin and nuclear expression of β-catenin are characteristics of 

transformation in vitro (Ayoub et al., 2013; Berkhout et al., 2006; Kyrodimou et al., 2013).  We 

assessed localization of these proteins in HC11 cells with activated Stat3, Stat5 or Rac, in addition 

to the parental HC11 cells by indirect immunofluorescence.  HC11 parent cells showed crisp 

membranous expression of E-cadherin and β-catenin, which is characteristic of an epithelial cell 

line.  HC11 cells expressing activated Stat5 showed membranous E-cadherin and both nuclear and 

membranous β-catenin, which is consistent with reports in the literature of tumours over-expressing 

Stat5 exhibiting a more differentiated phenotype (Barash, 2012).  HC11 Stat3C cells, however, 

expressed little visible E-cadherin and almost exclusively nuclear β-catenin, indicating a possibly 

transformed phenotype.  Given that Stat3 is considered an oncogene, and is required for 

transformation by Src, SVLT, and others (Turkson et al., 1998; Vultur et al., 2005), we were not 

surprised to see signs of transformation in these cells.  HC11 cells transduced with activated Rac 

expressed E-cadherin at sites of cell-cell contact, but β-catenin was principally localized to the 

nucleus, indicating a disruption in the integrity of adherens junctions.  Previous results from our 

group indicate that HC11 V12Rac are able to close wounds faster than the parent HC11 cells, which 

is an additional measure of transformation (Arulanandam et al., 2010). 

5.1.7 HC11 Stat3C cells are able to form colonies in agar 

 

The capacity for anchorage-independent growth in HC11 Stat3C cells was assessed 

using the soft agar assay in a pilot experiment.  HC11 Stat3C cells were able to form small colonies 
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in soft agar, while, as expected, the parent HC11 cells were not able to form colonies.  This is 

consistent with initial reports from the Bromberg group that NIH 3T3 fibroblasts expressing Stat3C 

are able to weakly form colonies in agar (Bromberg et al., 1999).   This, however, is a very 

preliminary report and will need to be repeated with additional lines expressing different levels of 

Stat3C.      

The above data can be summarized in the model in Figure 3.18.  Both the confluence/Rac1/Stat3 

and HIP/Stat5 are required for differentiation.  Constitutively active Rac and Stat3C, however, 

induce transformation and/or block differentiation.   

5.2 Quantification of pERK, p53, Ki67 and cyclin D1 Expression in Invasive Breast Cancer 

 

In this study we have demonstrated strong concordance between manual and automated 

Ariol scoring for both dichotomized (positive versus negative) and continuous data for five 

extensively studied robust biomarkers. Both dichotomous and continuous scores yielded similar 

results with appropriate statistical testing, though the latter generally yielded a higher level of 

significance. Our findings indicate that our software algorithms have been properly optimized, and 

that Ariol analysis provides an objective means of automated quantification of IHC scoring. 

Automated Ariol methodologies are therefore reliable and may allow higher throughput, with 

standardized quantitative scoring for broader comparison among pathologists. 

Although computer-assisted image analysis enables automated quantification of IHC 

staining intensity, its accuracy strongly depends on a priori lesion grading and epithelial/stromal 

compartment identification by trained Pathologists. Pathologic assessment is also crucial for 

selecting appropriate cut-offs for positive and negative stains, and for optimal training of 

algorithms. Our observed concordance between manual and automated scoring is similar to that 
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reported previously for HER2 (Turashvili et al., 2009), estrogen/progesterone receptors (Bolton et al., 

2010; Turbin et al., 2008) and aromatase (Bolton et al., 2010). However, the novelty of our study 

lies in the training of the Ariol computer algorithms to score the TMA slides. Moreover, we have 

created our own algorithms for both cyclin D1 and pERK and have shown that statistically they are 

as robust as the commercially available algorithms, and can yield relevant associations with clinico-

pathological data. Furthermore, our study has extended Ariol-platform based analysis to include 

continuous as well as dichotomous scores for five biomarkers that could provide a more quantitative 

assessment for clinical correlative studies. 

In an exploratory, hypothesis-generating analysis, automated Ariol scoring yielded some 

statistically significant correlations of specific pairs of biomarker and clinico-pathological 

parameters, using bivariate analysis. Furthermore, continuous and dichotomous (+ve versus –ve) 

data yielded similar results, except for pERK which correlated with lymph node negative status, 

Ki67 which correlated with triple negative cases, and HER2 which approached significance with 

recurrence using continuous but not dichotomous scores. Thus analysis of continuous data can 

validate thresholds set based on pathologists’ assessment and may provide improved statistical 

power for clinical correlative studies. 

In this same cohort we have reported a significant increase in expression of Centromere 

Protein-A (CENPA) expression in invasive breast cancers compared to normal breast tissues using 

bivariate analysis of continuous data (Rajput, 2011). Similarly, a 50 case breast cancer study 

(CAN-NCIC-MA22) was used to demonstrate significant association of low tumor RNA integrity 

with response to chemotherapy (Parissenti et al., 2010). While our study demonstrates the 

feasibility and potential reliability of this approach, the sample size is insufficient for multivariate 

analysis of biomarkers and clinical parameters. We believe this cohort is representative of an 
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otherwise unselected population of premenopausal women with breast cancer given its assembly 

as consecutive premenopausal patients seen at a single institution over a defined timeframe. 

Whether our observations can be generalized to a population including postmenopausal women, or 

even male breast cancer, is unknown. Ultimately, validation of any biomarker correlations or 

associations with molecularly defined breast cancer subtypes and clinical outcome requires 

prospective validation of hypotheses so generated in a larger patient cohort with clinical follow-up 

data. 

Several clinical studies have suggested that high pERK expression correlates with early stage 

node-negative breast cancer, and is an independent indicator of long relapse-free and overall survival 

(Whyte et al., 2009). Taken together, these studies indicate that ERK is not associated with enhanced 

proliferation and invasion of human breast carcinomas. Our analyses also show a correlation 

between pERK and LVI/lymph node negativity consistent with reported correlations between 

elevated pERK and early stage breast cancer. Other clinical studies however, show that ERK1/2 

activity in primary tumors correlates with node-positivity, suggesting a correlation with late stage, 

metastatic breast cancer (Cortes et al., 2012). We speculate therefore that ERK activity may have 

different roles in early (initiation and progress) and late (metastatic) stages of tumor development. 

As a result, correlative relationships between pERK and clinical parameters and as well their 

“detectability” may be strongly dependent on tumor stage. Stratification of samples into early and 

late stage tumors may enhance the power and “detectability” of correlations, especially in studies on 

a larger cohort. 

Previous reports have shown ERK regulates G1 cell cycle progression through activation of 

several immediate early genes, which in turn lead to induction of Cyclin D1, a major regulator of 

G1-S transitions (Torii et al., 2006). However our data, as well as those of others, have not 
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identified correlations between cyclin D1 and pERK and the reason for this is presently unclear 

(Milde-Langosch et al., 2005). We speculate that at early stages, ERK activity is sensitized to 

regulation by stromal influences (that include growth-factors and ECM), and hence it may exhibit 

temporally transient fluctuations in its steady-state activity. Thus the window of detection may be 

small and would hamper detection of correlations with cyclin D1, especially in the reduced sample 

size of our representative cohort. Moreover, signal regulatory mechanisms are more likely to be intact in 

the early stages of breast cancer. Hence, pERK signal may be immediately down-regulated upon cyclin 

D1 induction by feedback mechanisms. This would further reduce the window of detection for 

correlations (Torii et al., 2006). Lastly, since ERK activity associated with upregulation of cyclin 

D1 requires ERK translocation to the nucleus, we examined nuclear pERK activity to optimize 

unmasking of correlations in our study. However, correlations masked by feedback dependent 

down-regulation of ERK activity (post-cyclin D1 induction) could be detected if nuclear localization 

of inactive ERK was used as a surrogate marker of cyclin D1 transcriptional induction. In this 

regard it is interesting that correlations between cyclin D1 and inactive (nonphosphorylated) ERK 

have been reported (Milde-Langosch et al., 2005). 

We detected positive correlations between TN tumors and proliferation (Ki67 staining). 

Surprisingly, however an inverse correlation between TN tumours and cyclin D1 levels was found. 

This finding is consistent with previously reported associations of cyclin D1 with better prognosis in 

breast cancer (Agarwal et al., 2009; Bostrom et al., 2009; Whyte et al., 2009). However, in addition to 

their role in promoting cell cycle entry, evidence suggests that cyclin D1 over-expression also 

serves to maintain proliferation and concomitantly inhibit differentiation (Torii et al., 2006). We 

speculate that cyclin D1 levels may be reduced in advanced terminally-differentiated metastatic 

tumors, as cells at this stage no longer require cyclin D1’s regulatory effects on proliferation and 
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differentiation. Indeed these cells may have acquired terminal invasive states in which upstream 

inputs are uncoupled from cyclin D1 induction. Such cells may take constitutive proliferative and 

differentiative cues instead, from aberrantly functioning downstream components such as Rb and 

E2F (Caldon et al., 2010). Hence reduced cyclin D1 levels may be an important marker for TN 

tumors and warrants additional confirmation in a larger cohort.  

5.2.1 Kaplan-Meier Gene Expression Analysis 

The finding that Stat3 gene expression associates with better patient survival, based on 

Kaplan Meier plotter analysis, is consistent with that of the Rimm group, who showed in a separate 

study that pY705 Stat3 protein expression in node-negative breast cancers correlated with better 

overall survival (Dolled-Filhart et al., 2003).  My demonstration that endogenous Stat3 is required 

for breast cell differentiation (Section 4.1.3), would suggest that active (pY705)Stat3 detected in the 

Rimm cohort may represent a less aggressive, ie more differentiated breast cancer subset.  

 My Kaplan Meier analysis of Stat5 gene expression in the same cohort mirrors a previous 

protein expression study that shows Stat5 expression correlates with improved overall survival in 

breast cancer patients (Yamashita et al., 2006).  This finding is consistent with our demonstration 

that over-expression of activated Stat5A enhances differentiation of breast epithelial cells, and 

would therefore be associated with a more differentiated tumour phenotype.  

Further studies to validate these findings in other cohorts are required.  
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Chapter 6 

Summary and Conclusions 

6.1 Stat3 and Stat5 in Breast Differentiation vs Transformation 

In the breast, there is a delicate balance of growth factors and cytokines acting on 

epithelial cells to maintain homeostasis and induce differentiation.  This work examines some of 

the potential consequences of hyperactivation of molecules that are involved in STAT signal 

transduction in normal breast epithelial cells.  We have shown here that endogenous Stat3 is 

required for HIP-induced differentiation of HC11 breast epithelial cells.  However, expression of 

constitutively active Stat3 (Stat3C) promotes transformation of breast epithelial cells, indicating 

that high Stat3 levels cause a shift towards a malignant phenotype. Similarly, we have 

demonstrated that mutationally activated Rac1(V12) inhibits differentiation, consistent with a 

previous observation that active Ras(V12) inhibits adipocyte differentiation (Murholm et al., 

2010).  In contrast, constitutively activated Stat5A accelerates differentiation as manifested by 

increased β-casein production and dome formation within two days following HIP treatment.  

Taken together, these data provide new insights into complementary roles of Stat3 and Stat5A in 

the regulation of differentiation. Furthermore, constitutively active Stat3 and Stat5A promote 

transformation and differentiation, respectively, indicating that these molecules have opposing 

roles in the regulation of differentiation versus transformation in breast epithelial cells.  These 

studies provide insight into possible strategies for treatment of breast cancers that exhibit 

deregulation of Stat3/Stat5A pathways.  
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6.2 Assessing Expression of Signaling Molecules in Human Breast Tissue Samples 

We have demonstrated here that an automated protein expression quantification system can 

be used to analyze human breast tissue samples in a 63 tumour TMA with a statistically similar 

accuracy manual scoring by to two pathologists, the gold standard of protein quantification.  

Additionally, we have demonstrated correlations between five robust biomarkers commonly used 

in certain clinical situations (HER2, p53, cyclin D1, pERK and Ki67) and relevant clinico-

pathological parameters that could potentially be used in prognostication and prediction of 

treatment response.  Due to technical constraints however, we were unable to complete protein 

expression analysis of phosphorylated forms of Stat3 or Stat5, two important molecules in our 

signaling network, on the 63 tumour TMA.  The age of our fixed tissue may have affected our 

ability to obtain technically reproducible staining of phospho-epitopes.  Indeed, few groups have 

successfully stained for either of these phosphorylated proteins using immunohistochemistry.  

6.3 Future Directions in our Biomarker Development Study 

As an initial approach to biomarker development, I have optimized a quantitative analysis 

method to assess protein expression profiles of clinically relevant robust biomarkers using a 

locally accrued breast cancer cohort.  This approach would then be applied to the biomarkers of 

interest in my wet lab project. At this time, antibody optimizations for Rac, Stat3 and survivin are 

still in progress. I have shown staining patterns of Stat3 on breast cancer specimens to indicate 

relevant tissue localization patterns (Figure 4.20).  The next step will be to assess these candidate 

molecules as prognostic/predictive biomarkers in a locally accrued (~450) breast tumour cohort 

with up to 12 years of clinical outcome data. We also plan to cross validate our biomarker sets 

with independent cohorts at other centres (e. NCIC Clinical Trials Group, Kingston  

Ontario).     
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Signficance: 

This project has begun to elucidate what shifts the balance between differentiation and a loss 

of differentiation as breast epithelial cell characteristics move toward a transformed phenotype.  

Stat3 and Stat5 pathways could provide leads to improved prognostic markers for patient outcome, 

as well as promising predictive targets for the treatment of breast cancer. 
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Appendix: Reagent List 
 

Regent Company 
Agar Fisher, Ottawa, ON 
Bis-acrylamide Bio-Rad, Mississauga, ON 
Bio-Rad DC protein assay kit Bio-Rad, Mississauga, ON 
Bovine Serum Albumin Fisher, Ottawa, ON 
Enhanced chemiluminescent Western blotting substrate Pierce, Nepean, ON 
Fetal Bovine Serum Gibco, Oakville, ON 
Hydrocortisone Sigma, Oakville, ON 
Insulin Sigma, Oakville, ON 
Prolactin Sigma, Oakville, ON 
Epidermal Growth Factor Gibco, Oakville, ON 

FuGene HD 
Roche Applie Science, Laval, 
PQ 

RPMI 1640 medium Invitrogen, Burlington, ON 
 

 
 

Appendix – Recipes 
 
General Use 
 
Phosphate Buffered Saline (PBS) 
137 mM NaCl 
2.68 mM KCl 
21.7 mM Na2HPO4.H2O 
1.47 mM KH2PO4 

Adjust to volume with ddH2O and pH 7.3 
 
Phosphate Buffered Saline* (PBS*) 
PBS 
0.1 mM CaCl2 

0.1 mM MgCl2 

 

Tissue Culture 
 
Cell Lysis Buffer 
 
50 mM HEPES, pH 7.4 
150 mM NaCl 
10 mM EDTA 
10 mM Na4P2O7 
100 mM NaF* 
2 mM Na3VO4* 
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0.5 mM phenylmethylsulfonyl fluoride* 
10 µg/ml aprotinin* 
10 µg/ml leupeptin* 
1% Triton X-100 
*Not added until just before use 
 
 
SDS-PAGE and Western Blotting 
 
Gel Loading Buffer 
 
150 mM TRIS-HCl pH 6.8 
300 mM β-mercaptoethanol  
6% SDS 
30% glycerol 
0.3% promophenol blue 
 
Resolving Gel (recipe for one mini Bio-Rad 12% gel) 
 
3.70 ml ddH2O 
2.60 ml 4x Lower Gel Buffer (LGB) 
4.27 ml 29:1 Acrylamide 
90 μl 10% Ammonium Persulfate (APS) 
9 μl TEMED 
 
Stacking Gel (makes one mini Bio-Rad gel) 
 
2.4 ml ddH2O 
1.0 ml 4x Upper Gel Buffer (UGB) 
0.6 ml 29:1 Acrylamide (BioRad) 
24 μl 10% Ammonium Persulfate (APS) 
8 μl TEMED 
 
4x Lower Gel Buffer (LGB) 
 
1.5 M Tris 
0.4% sodium dodecyl sulfate (SDS) 
Adjust to volume with ddH2O and pH 8.8 
 
4x Upper Gel Buffer (UGB) 
 
0.5 M Tris 
0.4% SDS 
Adjust to volume with ddH2O and pH 6.8 
 
SDS-PAGE Running Buffer (10X) 
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0.25 M Tris 
1.92 M Glycine 
1% SDS 
Adjust to 1L with ddH2O and dilute to 1X prior to use 
 
Semi-dry Transfer Buffer 
 
50 mM Tris 
40 mM Glycine 
0.0375% SDS 
20% Methanol 
Adjust to 1L with ddH2O and pH between 9.0 and 9.4 
 
TBST Buffer 
 
1 M Tris 
150 mM NaCl 
0.1% Tween-20 
Adjust volume with ddH2O and pH 8.0 
 
Indirect Immunofluorescence 
 
Wash Reagent 
 
0.01% Triton X-100 
0.3% BSA 
Adjust to volume with PBS* 
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