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ABSTRACT 
 
Approximately 30% of human breast cancers demonstrate overexpression of the 

receptor tyrosine kinase ErbB2/HER2/Neu, with these cases correlating with 

recurrence and poor prognosis.  While therapy targeting ErbB2 has met with some 

success, particularly in early-stage breast cancers, transformation and progression 

towards a later-stage metastatic phenotype is likely sustained by aberrant signaling 

from additional players, for instance that downstream of integrins.  In fact, treatment 

with integrin-blocking antibodies and ß1-integrin ablation leads to reversion of the 

malignant phenotype of human breast cells in three-dimensional culture and in vivo.  

Moreover, ErbB2 has recently been found to interact with the ß4-integrin subunit to 

promote tumour formation and progression, as deletion of the ß4-integrin signaling 

domain led to suppression of mammary tumour onset and invasive growth, coupled 

with decreases in ErbB2-dependent signaling.  ErbB2 may interact with integrin 

subunits by direct binding or via the intracellular kinases Src and focal adhesion 

kinase (FAK), both known to be activated downstream of ErbB2 and integrins and 

having well-established roles in cell adhesion, migration, and invasion.  Using an 

inducible model of ErbB2 activation, we have demonstrated that controlled ErbB2 

activation in human mammary epithelial cells leads to phosphorylation of Src Tyr215 

and FAK Tyr861, consistent with a recently published clinical study examining 

phosphorylated forms of Src and FAK in ErbB2-positive human breast tumour 

samples.  We have also confirmed that ErbB2 activation increases the capacity of 

cells for survival: Normally, MCF10A human mammary epithelial cells cultured in 

three-dimensional, laminin-rich extracellular matrix gel form mammary acini-like 
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spheroids with hollow lumen surrounded by a single layer of polarized epithelial 

cells.  However, ErbB2 activation prevents luminal clearance and induces luminal 

filling in acini formed in three-dimensional culture, and leads to activation of Akt, a 

known survival signal.  Taken together these data indicate a potential role for ErbB2 

at the apex of cell survival signaling via Src, FAK, and Akt, contributing to luminal 

cell survival in three-dimensional culture.  We have thus confirmed Src, FAK, and 

Akt as potential players in early onset of breast cancer, and targeting these signaling 

players concurrently with ErbB2 may prove effective, especially in early stage breast 

cancers. 
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CHAPTER 1: INTRODUCTION & LITERATURE REVIEW 

 

1.1. The Breast 

1.1.1. Breast Cancer 

Breast cancer will affect 1 in 9 women in their lifetime.  It is the most 

frequently diagnosed cancer among Canadian women, and while detection methods 

continue to increase in sensitivity and effectiveness, approximately 1 in 3 women 

diagnosed with breast cancer will succumb to metastasis.  According to the National 

Cancer Institute of Canada, in 2007 an estimated 22,500 people will have been 

diagnosed with breast cancer with 5,400 people succumbing to the disease [1].  Of all 

cancer types, breast cancer is currently the leading cause of death in non-smoking 

women over 50 years of age, and it is the most common malignant cancer in females 

in the world [1].  Factors contributing to breast cancer incidence include a mix of both 

genetic and environmental predispositions.  Carriers of certain gene mutations, for 

instance a commonly occurring mutation in BRCA1/2, may bear an increased risk of 

acquiring the disease.  In addition, various non-genetic factors increase the risk for 

developing sporadic forms of breast cancer, and include age of menarche and 

menopause, parity, physical activity, diet, and hormone exposure [1].  

Epidemiological studies indicate, for example, that work in agricultural settings 

appears to increase risk of breast cancer incidence by exposure to growth hormones 

and pesticides [2,3].  Overall, the complex etiology of breast cancer makes it 

challenging to design both prevention and treatment strategies.  In any case, where 
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onset of the disease may not be circumvented, treatment may at least be made more 

feasible by achieving earlier diagnosis.   

Breast cancers are classified as invasive or non-invasive, and further 

categorized into various subtypes based on histopathology.  Non-invasive tumours, 

for example ductal carcinoma in situ (DCIS), lack the capacity to invade into the 

surrounding extracellular matrix.  In contrast, invasive breast carcinomas pose a 

greater threat in their capacity to degrade and move through basement membrane, 

infiltrate surrounding tissue stroma, and metastasize throughout the body.  The two 

most common types of invasive carcinomas are lobular and ductal, occurring in 50-

80% of invasive breast cancers (reviewed in [4]).  Clinically, prognostic classification 

of breast tumours accounts for tumour size, grade, degree of lymph node 

involvement, and the presence of molecular markers including estrogen and 

progesterone and ErbB2 amplification (reviewed in [4]). 

In recent years, improvements have been made in the diagnosis of breast 

cancer, namely in how early the disease can be detected [1].  Earlier diagnoses as a 

result of improved detection implicate the need for coordinate improvements in 

treatment of breast cancer in the early stages of the disease.  This will require the 

identification of early-stage markers to which therapy may be directed.  

Approximately 30% of human breast cancers demonstrate overexpression of the 

epidermal growth factor receptor ErbB2/HER2/Neu, with these cases correlating with 

recurrence and poor prognosis.  ErbB2 has been widely investigated and is known to 

play a significant role in the induction and maintenance of breast tumourigenesis. 
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Accordingly, ErbB2 may hold promise as a therapeutic target particularly in early-

stage breast cancer patients.   

 

1.1.2. Mammary Gland Development 

The mammary gland is comprised of two compartments: an epithelium, and a 

surrounding stroma consisting of fibroblasts, adipocytes, blood vessels, and 

extracellular matrix (ECM).  Both (human) male and female mammary glands 

undergo essentially the same prenatal developmental regime: gland development 

initiates during embryogenesis, as multipotent stem cells are induced to differentiate 

into myoepothelial cells and epithelial cells.  The nipple is formed as a bulbous 

epithelial rudiment forms and penetrates into the mammary mesenchyme to form a 

primodial end bud which invades the underlying mammary fat pad.  Post-natally, 

however, the mammary gland remains inactive until female puberty [5].  At puberty, 

estrogen produced and secreted by the ovaries cues the primodial end bud to begin to 

proliferate and to form branching tubules.  These mammary ducts consist of luminal 

epithelial cells surrounded by a layer of myoepithelial cells [6].  Ducts elongating 

from the nipple form, after a series of ductal branchings, terminal ductal lobular units 

comprised of mammary ‘acini’ – circular structures with hollow lumen surrounded by 

polarized epithelial cells [5].  Acini form as multipotent stem cells (‘cap’ cells) of the 

terminal end bud differentiate into myoepithelial and luminal epithelial cells [6].   

During pregnancy, increased levels of estrogen and progesterone induce 

further proliferation of terminal end buds (TEB), as well as side branching.  Stromal 

cells also proliferate, actually causing the breast to swell as a result of ‘stromal 
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edema’.  Upon menstruation, when estrogen and progesterone levels decrease, 

stromal edema regresses and terminal end buds shrink.  During late pregnancy, 

reproductive hormones (such as prolactin) cause lobular epithelial cells to form 

alveoli.  These alveoli differentiate into functional milk-secreting units, secreting the 

milk protein beta-casein in response to contraction of a surrounding layer of 

myoepithelial cells during lactation (reviewed in [7]).  Following lactation, involution 

occurs as the lobular alveoli undergo apoptosis before a period of tissue remodeling 

restores the mammary epithelium close to its pre-pregnancy form (reviewed in [7]).  

Thus, the life cycle of the mammary gland requires an appreciable degree of epithelial 

cell plasticity and turnover, consequently making the gland more susceptible to 

tumourigenesis by mutational events alone.  This characteristic, combined with the 

increased risk posed by environmental factors, makes the mammary gland a high-risk 

locale for cancer incidence. 

 

1.2. Modelling the Mammary Gland in Three-dimensional Culture 

The specific cellular mechanisms that drive tumour pathology in the 

mammary gland in vivo, may be studied efficiently in vitro in three-dimensional 

culture designed to mimic the breast tissue microenvironment as closely as possible 

[8].  Parmar and Cunha (2004) have highlighted the significance of modeling 

epithelial cell differentiation in a three-dimensional environment, emphasizing 

interaction between epithelial cells and surrounding stroma: Estrogen signaling is 

known to be essential to mammary epithelial cell proliferation for ductal growth.  

Accordingly, Parmar and Cunha observed that ductal growth occurred normally in 
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chaemeric mouse transplants having wild type stroma and estrogen-receptor-negative 

epithelial cells, whereas ducts failed to develop properly in chaemeric transplants 

having wild-type epithelial cells but estrogen-receptor-negative stromal cells [5].  

These findings indicate a crucial role for the mammary stroma in proper ductal 

development.   

Various studies have incorporated three-dimensional cultures specifically 

within the context of modeling glandular epithelial cancers, and it has been shown 

that three-dimensional culture can afford glandular mammary epithelial cells in vivo 

characteristics such as apical-basal polarity, the formation of acinar structures with 

hollow lumen, and milk protein secretion (reviewed in [9]).  Debnath et al (2003) 

have implemented three-dimensional basement membrane cultures for the study of 

morphogenesis and oncogenesis in the MCF10A cell line, established from a 

mammary mammoplasty [10].  They cultured MCF10A cells on re-constituted 

basement membrane comprised of Matrigel, a basement membrane solution, solid 

above 4˚C, rich in laminin and other extracellular matrix proteins.   Cells cultured in 

Matrigel exhibited several characteristics of in vivo glandular epithelium, including 

proliferation of cells into acini-like spheroids with hollow lumen, and adoption of cell 

polarity [10].  

 

1.3. Epithelial-Mesenchymal Transition & Metastasis 

Metastasis, the spreading of invasive tumour cells from the confines of their 

primary site to distant regions of the body (for instance bone, lung, liver), is the major 

cause of mortality in breast cancer patients.  The risk for metastasis in breast cancer 
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patients is large and looming:  In 10-15% of breast cancer patients, events 

contributing to metastasis may have been initiated within three years of initial 

detection of the disease, although overt metastasis may not manifest until 10 years or 

more following initial diagnosis (reviewed in [11]).  Unfortunately, there are no 

definitive molecular indicators of risk or onset of metastasis, and treatment options 

following its onset are often very limited and futile.  Thus again, it is crucial to 

elucidate both (a) means of achieving earlier detection of the disease and (b) 

corresponding treatment strategies. 

Onset of metastasis depends on the capacity of cells to undergo epithelial-

mesenchymal transition (EMT).  EMT is in fact a normal and required process in 

many aspects of development: it is the process whereby epithelial cells adopt a 

mesenchymal phenotype in order to traverse a basement membrane and navigate an 

extracellular environment to migrate to other areas of the body in which they become 

involved in processes such as skeletal muscle development and nervous system 

formation.  EMT includes a loss of epithelial cell polarity and epithelial cell-cell 

contacts to afford dispersion of epithelial cells and subsequent extravasation from 

their original site before intravasation to a new site (reviewed in [12]).  While the 

events of EMT afford cells to move throughout the body, they are tightly regulated 

during development.  Tumour cells with metastatic potential, however, may escape 

this regulation, exercising increased cell survival, motility, and invasiveness.  

Accordingly, mutations in signaling molecules involved in EMT are often thought to 

contribute to cancer progression.  These signaling proteins may include focal 

adhesion kinase (FAK) and Src (discussed below), both of which are tyrosine kinases 
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known to be involved in cell spreading and migration [13,14].  Thus, novel breast 

cancer treatment approaches may materialize from targeting key players in EMT, 

such as FAK and Src, in combination with a key molecule associated with aggressive 

disease, such as amplified ErbB2.         

 

1.4. ErbB2 

1.4.1. ErbB2 Structure and Function 

The erbB2 gene, located on chromosome 17, encodes for a 185 kDa 

transmembrane receptor tyrosine kinase, ErbB2, and was originally identified as the 

transforming component in several rat neuro/glioblastomas [15].  ErbB2 is a member 

of the EGFR family of receptors, along with ErbB1/EGFR, ErbB3, and ErbB4.  

ErbB2 consists of an extracellular domain (with two cysteine-rich domains), a 

transmembrane domain, and an intracellular domain with 5 carboxy-terminal tyrosine 

residues.  It has no known physiological ligand, and may either homodimerize or 

participate in heterodimers with other ErbB members, of which it demonstrates 

preference for ErbB3.  These interactions are facilitated by MUC4, a member of the 

mucin protein family, as it facilitates translocation of ErbB2 to the apical surface of 

polarized cells [16].  At the cell surface, ErbB receptors may bind ligand 

extracellularly to expose a domain II dimerization arm (Figure 1) [17,18].  

Interestingly, ErbB2, for which there is no known ligand, remains in a perpetually 

‘open’ or ligand-activated-like conformation, with its dimerization arm exposed.  In 

fact, analysis of the crystal structure of a portion of the ErbB2 extracellular domain 

spanning residues 1 to 509 confirmed an ErbB2 conformation similar to activated 
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Figure 1. Crystal structure of ErbB1 and ErbB2 extracellular domains and their 
interaction.  
The extracellular domains of ErbB receptors are comprised of four domains, 
including a domain IV binding pocket and a domain II dimerization arm.  In its 
inactive state, ErbB1 resides in a conformation in which domain II is sequestered 
within the domain IV binding pocket.  Upon binding ligand, ErbB1 undergoes a 
conformational change to expose the dimerization arm.  In contrast, ErbB2 remains in 
a conformation affording exposure to its dimerization arm, leaving the molecule 
primed for dimerization with, for example, ErbB1. Adapted from [17,18] and with 
permission from Clinical Breast Cancer. 
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ErbB1 [19].  Thus, ErbB2 remains essentially primed for interaction with other ErbB 

molecules.  Accordingly, overexpression of ErbB2 may afford ErbB2 hyperactivity 

overall and thus aberrant downstream signaling, avoiding any activity-limiting ligand-

dependency. 

 

1.4.2. ErbB2 in Normal Development 

During normal development, ErbB2 plays physiological roles in mammary gland 

and heart development, and a minimum threshold level of ErbB2 is necessary for 

normal development [20,21].  ErbB2 knock-outs are embryonic lethal, however 

targeted ErbB2 knockout restricted to the mammary gland affords evasion of 

embryonic lethality and leads to abnormal development of the mammary gland, 

notably improper ductal formation and incomplete ductal branching.  It has also been 

shown that ErbB2 is crucial to the development of Schwann cells and proper myelin 

formation [22]. 

 

1.4.3. ErbB2 in Cancer 

Approximately 30% of human breast cancers demonstrate overexpression of the 

receptor tyrosine kinase ErbB2.  ErbB2 overexpression is often a product of gene 

amplification, and is associated with more aggressive breast cancer, increased 

likelihood of recurrence, and poor prognosis [23,24].  Moreover, in a study of the 

spatial expression of ErbB2 in 63 breast cancer cases, ErbB2 was found to be 

significantly more highly expressed in malignant epithelium than in adjacent normal 

epithelium [25].  While its expression may be high in malignant epithelium, ErbB2 



 11 

may also be a player in earlier stages of tumourigenesis.  Khoury et al showed that in 

Madin-Darby canine kidney (MDCK) cells, a constitutively activated ErbB2 mutant 

appeared to induce epithelial-mesenchymal transition (characterized by loss of cell-

cell contacts, and increased cell motility and dispersal) in two-dimensional culture, as 

well as cell invasion in three-dimensional culture [26].  This was demonstrated to be 

the result of phosphorylation of either of the two carboxy-terminal tyrosine residues 

in ErbB2.  This group also demonstrated synergy between ErbB2 and the Met proto-

oncogene in transformation of epithelial cells to an invasive phenotype, an example 

of ErbB2’s potential for cooperation with other receptor tyrosine kinases.  

Numerous ErbB2-directed therapies exist or are currently in clinical trials for 

breast cancer patients overexpressing ErbB2 (reviewed in [27]), including the 

humanized antibodies trastuzumab and pertuzumab.  Trastuzumab targets ErbB2 by 

binding to the extracellular sub-domain IV, while pertuzumab binds to the 

extracellular dimerization arm, domain II (reviewed in [16]).  While the mechanism 

underlying Trastuzumab treatment remains unclear, pertuzumab likely prevents 

dimerization and thus transphosphorylation between ErbB dimers. Trastuzumab in 

particular has met with some success in the treatment of ErbB2-overexpressing breast 

cancers, however many patients develop recurrence of the disease or  fail to respond 

at all (reviewed in [27]).  Accordingly, identifying additional therapeutic targets in 

ErbB2-driven tumourigenesis may prove beneficial.   
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1.5. Integrins 

1.5.1. Integrin Structure and Function 

Integrins are cell-surface receptors that form heterodimers of α and β 

subunits.  24 potential integrin heterodimers may form from combinations of 18 α 

and 8 β subunits, with each resultant heterodimer having binding specificity for 

particular ECM ligands.  In the mammary epithelium, the major integrin involvement 

is through the laminin-receptor α6β4, which forms hemidesmosomes at the basal side 

of cells, essential for maintaining epithelial polarity (reviewed in [28,29]).  

Alternatively, β1 integrin has been implicated in the proliferation of terminal endbuds 

[30], indicating a role for integrins in early mammary development. 

Following ligand binding, integrins form aggregates and localize in focal 

adhesions. These focal adhesions recruit and include various intracellular proteins 

with scaffolding and signaling functions, including Src and FAK [31].  Integrins may 

also bind to receptor tyrosine kinases, including ErbB2 [32].  Ultimately, recruitment 

of intracellular proteins to focal adhesions at sites of integrin engagement may incur a 

variety of downstream signaling events contributing to various cell processes and 

development [33].  

 

1.5.2. Integrins in Normal Development 

Integrins are ubiquitously expressed during development.  Integrins have 

traditionally been considered as major structural proteins, participating in cell-matrix 

and cell-cell adhesions (reviewed in [34]), however more recently it has been found 

that integrins can serve as important signal transducers, contributing to cell phenotype 
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and function.  There is much overlap of in vivo effects of different integrin 

heterodimers, although knockout studies have indicated that specific integrin subunits 

can be linked to particular phenotype attributes (reviewed in [35]).  For example, a 

homozygous null mutation in the β1 integrin subunit in mice results in embryonic 

lethality, and chimeric mouse experiments show that β1 integrin contributes to 

development of most organs except for the liver and spleen [36].  The α6 and β4 

integrin subunits have both been implicated in epithelial cell adhesion to the basement 

membrane, as null mutations of either subunit lead to blistering as a result of basal 

epithelial cell detachment from the basement membrane [37].       

 

1.5.3. Integrins in Cancer  

Aberrant activation of integrins frequently occurs during oncogenesis. This 

characterisitc is manifested by increased expression of integrins such as α5β1 and 

αvβ1/3, as well as extracellular matrix proteins such as fibronectin, vitronectin and 

tenascin.  In fact, αvβ3 has been shown to interact directly with c-Src to promote cell 

proliferation and tumour growth, and has been established as a strong potential 

therapeutic target for breast cancer bone metastasis [38,39]. 

Several groups have shown that abnormal integrin signaling is linked to 

various cancer types (28).  For instance, the αVβ3 integrin has been implicated in 

melanomas, while α6β4 has been implicated in mammary tumourigenesis [32,40,41].  

Bissell and colleagues were the first to highlight the importance of integrin signaling 

to cancer progression.  Using a β1-integrin function-blocking antibody, they 

demonstrated that β1 blockade in malignant breast epithelial cells grown in three-
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dimensional culture caused cells to revert to a non-malignant phenotype [42].  

Subsequently, using a transgenic mouse model, White et al showed that β1 integrin 

expression is crucial for the initiation of mammary tumourigenesis [43].  α6β4, the 

only known heterodimer in which the β4 subunit participates, is known to be highly 

expressed in several carcinomas (reviewed in [44]) and has been demonstrated to 

have pro-angiogenic, anti-apoptotic and invasive effects [45].  Specifically, the 

integrin α6β4 is thought to promote carcinoma cell invasion via activation of PI3-

kinase [46].  The β4 integrin subunit has also been implicated in ErbB2-induced 

mammary tumourigenesis, invasion, and metastasis:  Deletion of the β4 signaling 

domain led to suppression of mammary tumour onset and invasive growth, and 

enhanced the efficacy of ErbB2-targeted therapy, in MMTV-Neu mice [32]. 

 
 
1.5.4. ErbB2-Integrin Cooperation 

Integrin engagement has been shown to modulate the activity of various receptor 

tyrosine kinases (RTKs), including platelet-derived growth factor ß receptor 

(PDGFR), vascular endothelial growth factor receptor-2 (VEGFR), epidermal growth 

factor receptor (EGFR), Met and ErbB2 [32,47,48,49,50]. As previously mentioned, 

α6β4 has been found to bind directly with Erbb2 and to drive ErbB2-induced 

mammary tumourigenesis and metastasis [32].  It is also possible that ErbB2 may 

cooperate with intergrins like α6β4 via intracellular modulators such as Src and FAK, 

which may serve as both structural and signaling proteins.     
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1.6. c-Src 

Cellular Src (c-Src) is a 60 kDa cytosolic, non-receptor protein tyrosine kinase.  c-

Src is homologous to viral Src (v-Src), the first discovered oncogene and 

transforming component of Rous Sarcoma Virus [51].  The c-Src protein belongs to 

the Src family of protein kinases, along with Yes, Fyn, Lck, Hck, Blk, Fgr, Lyn, and 

Yrk – all of which share similar structures and high sequence homology.   

c-Src is comprised of (from the N- to C-terminus) a Src homology (SH) 4 

domain, unique domain (UD), SH3 domain, SH2 domain, SH2-kinase linker, 

catalytic domain, and a C-terminal negative regulatory tail (RT) [51,52,53] (Figure 

2).  The catalytic domain contains an ATP binding domain (ATP BD) and a kinase 

domain (KD).  The SH4 domain contains a myristoylation site, which is required for 

localization of Src to the plasma membrane [52,53,54].  Src normally resides in a 

folded and inactive state, in which the phosphorylated Y529 site is bound to the Src-

SH2 domain via an intramolecular bond.  This intramolecular bond is relatively weak, 

so that a single activating event can destabilize the inactive structure to expose other 

parts of the molecule to potential activation.  Phosphatases are key players in the 

dephosphorylation of Y529 and subsequent opening of the molecule to its unfolded 

active form [55]. Once unfolded, Src may be phosphorylated at Y215, as well as at its 

autophosphorylation site, Y416, which is homologous to to Tyr877 of ErbB2.  As 

well, this opens the Src kinase domain for binding to, and phosphorylation of, 

available Src substrates. 
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Figure 2.  Interaction between Src and FAK. 
 
Following autophosphorylation at its Y397 residue, FAK may bind to the SH2 of Src.  
Src may then induce phosphorylation of FAK at Y576, Y577, Y861, and Y925.  
Following phosphorylation, these FAK tyrosine residues can serve as docking sites 
for further downstream signaling proteins such as PI3K and Grb2. 
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Membrane targeting has been shown to be critical to Src’s capacity to induce cell 

transformation, as membrance localization affords Src proximity with both upstream 

and downstream signal effectors [56,57].   Targeting to the cell membrane may, for 

instance, afford Src proximity with FAK, an interaction that has been well 

documented and is described below. 

 

1.7. FAK 

FAK is a 125 kDa non-receptor tyrosine kinase which functions as both a 

signaling and scaffolding protein at focal adhesions, where it is involved in focal 

adhesion turnover and downstream signaling. The N-terminal region of FAK has the 

potential to bind to integrin cytoplasmic domains, particularly to that of β1 integrin, 

upon integrin engagement [58].  This interaction allows for the autophosphorylation 

of FAK at Y397 [59].  This autophosphorylation event exposes on FAK a high-

affinity docking site for SH2-domain-containing proteins including Src and PI3K, so 

that these proteins are in turn sequestered to focal adhesions (reviewed in [60,61]).   

FAK is a key amplifier of Src signaling, and acts co-operatively with Src to 

induce cell spreading and to protect cells from anoikis through activation of a 

PI3K/Akt-dependent survival pathway [13,14,62].  Additionally, our lab has shown 

that the ability of Src to bind to and phosphorylate FAK in breast carcinoma cells 

requires integrin engagement [63].  

Following binding of FAK to the SH2 domain of Src, phosphorylation of FAK by 

Src occurs at Y576, Y577, Y861, and Y925 (Figure 2) [64,65].  Upon 

phosphorylation, these FAK tyrosine residues can serve as docking sites for further 
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downstream signaling proteins, including PI3K and Grb2 [61].  In addition, FAK can 

signal via MEK/ERK and Jnk to the nucleus thereby regulating transcription of genes 

that regulate cell growth as well as invasion (metalloproteinases) (reviewed in [13]).   

FAK has also been shown to be required for ErbB2/3-induced tumourigenesis and 

metastasis: Cells co-transfected with ErbB2 and ErbB3 and expressing wild-type 

FAK formed tumours with lung metastasis following transplantation into 

immunodeprived mice, whereas ErbB2/3-positive but FAK-/- cells failed to form 

tumours [66].  

 

1.8. Akt  

Akt, also known as protein kinase B (PKB), is a 60 kDa serine/threonine 

kinase with a well-established role in promoting cell survival (reviewed in [67]).  The 

induction of apoptosis has been shown to correlate with downregulation of Akt [68].  

Consistent with its role in cell survival, Akt is known to play a role in tumourigenesis, 

and has been implicated in human breast cancer progression [69,70].  Specifically, 

activation of Akt has been shown to correlate with ErbB2 overexpression in human 

breast tumour tissue [71,72].  In fact, treatment of a breast cancer cell line engineered 

to overexpress activated ErbB2 and ErbB3, with gefitinib, an EGFR-inhibitor, led to 

decreased cell survival signaling through Akt.  This decreased Akt signaling 

coincided with decreased proliferation and preceeded apoptosis [73].  Akt activation 

is typically linked to PI3K activity, and has also been linked to overexpression and 

activation of the Src and FAK kinases [62,70,72,74].  For instance, treatment of 

MCF-7 breast cancer cells with a dominant-negative Src-inhibitor led to decreased 
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proliferation concomitant with decreased Akt phosphorylation, indicating a role for 

Akt downstream of Src [75].  Additionally, the ability of FAK to interact with 

integrin subunits may be dependent on the Src-PI3K-Akt pathway [58].  Thus, Akt 

activation may potentially function at the crux of ErbB2 and integrin signaling via Src 

and FAK.  However, the potential for both homo- and heterodimerization between 

members of the ErbB family make it difficult to elucidate the specific effect of ErbB2 

alone on activation on Akt.   

 

1.9. Inducible Model of ErbB2 Activation   

A controlled system of ErbB2 activation would, expectedly, allow for the dissection 

of ErbB2-specific signaling events.  As previously mentioned, ErbB2 may 

homodimerize with itself, or may form heterodimers with ErbB1, 3, or 4.  Expectedly, 

different dimer combinations may be associated with different downstream signaling 

effects.  For example, it has been shown that ErbB1 and ErbB2 dimers differ in their 

capacity to transform fibroblast cells [76], and that ErbB3 couples ErbB2 to the 

PI3K/Akt pathway [77].  In this study, we sought to isolate the effects of ErbB2 

activation alone, independent of heterodimerization.  Conveniently, Muthuswamy et 

al (2001) have generated MCF10A mammary epithelial cells expressing a chimeric 

ErbB2 receptor.  MCF10A cells were previously infected with a retroviral vector 

encoding for the transmembrane and extracellular domains of p75 low-affinity nerve 

growth factor receptor, fused to the intracellular domain of ErbB2, fused to dual 

FK506 binding protein (FKBP) domains and a hemagglutinin tag (Figure 3) [76].  A 

bivalent synthetic ligand, AP1510 (Ariad Gene Therapeutics, Inc., Cambridge, MA), 
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Figure 3. Chimeric ErbB2 receptor. 
 
The chimeric ErbB2 construct used in this study was obtained from Muthuswamy et 
al [76, 78]:  The construct consists of the transmembrane (TM) and extracellular 
domain (ECD) of low-affinity nerve growth factor receptor (NGFR), fused to the 
ErbB2 cytoplasmic domain, fused to dual-FK506-binding protein (FKBP) domains to 
which an exogenous bivalent synthetic dimerizer, AP1510, may bind.  Attached to the 
FKBP domain is a hemagglutinin (HA) tag, for the purpose of detection by 
immunoblotting and/or immunofluorescence.  MCF10A human mammary epithelial 
cells engineered to express this construct are herein referred to as “MCF10A IN” 
cells. 
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designed to bind FKBP domains, can induce chimeric ErbB2 homodimerization and 

consequent activation.   

 

1.10. Rationale 

ErbB2, along with other RTKs, has been shown to co-operate with integrins to 

promote cell transformation and invasion of the surrounding extracellular matrix 

[32,79].  In this study, we seek to define intracellular links between ErbB2 and 

integrins.  Muller and colleagues have demonstrated a direct and specific interaction 

between Src and ErbB2 [80], while others have demonstrated interactions between 

Src and FAK, and between FAK and integrin cytoplasmic domains (reviewed in 

[81]).  Furthermore, Src appears to be a key regulator of integrin-based signaling, as it 

was shown that signaling in response to integrin engagement with ECM proteins was 

abolished in cells lacking the Src family kinases Src, Yes, and Fyn, yet could be 

rescued upon over-expression of Src [82].  Recently, it was found that FAK/Src 

signaling is required for ErbB2/3-induced transformation and cell invasion [66].  

Thus it may be possible that a crucial signaling platform exists among ErbB2, FAK, 

Src, and integrins, enabling cooperation between ErbB2 and integrin signaling. 

 

1.11. Hypothesis and Objectives 

Progression of ErbB2-positive tumors towards a later-stage metastatic phenotype 

may be sustained by aberrant signaling from additional players such as integrins.  In 

fact, treatment with integrin-blocking antibodies and ß1 integrin ablation has led to 

reversion of the malignant phenotype of human breast cells in three-dimensional 
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culture and in vivo [42,43,83].  Moreover, ErbB2 may interact with integrin subunits 

by direct binding [32] or via the intracellular kinases Src and focal adhesion kinase 

(FAK), both known to be activated downstream of both ErbB2 and integrins and 

having well-established roles in cell adhesion, migration, and invasion.  Additionally, 

Src and FAK have been shown to support cell survival through the PI3K/Akt 

pathway.  Accordingly, our hypothesis is that cell transformation induced by ErbB2 

activation is dependent on integrin signaling directly, and indirectly via Src and FAK, 

and may be sustained by Akt activation.  The overall aim of this study is to establish 

the role of ErbB2 homodimerization in breast tumourigenesis through dissection of 

ErbB2-based cell signaling and using a three-dimensional tissue culture model.  

 

 

The specific objectives are: 

 

1. To  characterize the AP1510-inducible ErbB2 system for baseline activation, 

signal transduction, cell migration, and invasion, of human mammary epithelial cells. 

 

2. To assess the inducible ErbB2 system for mammary  epithelial cell growth and 

differentiation in a three-dimensional culture model. 

  

This study aims to establish the role of homodimerization-induced ErbB2 

activation in breast tumourigenesis through dissection of ErbB2-based cell signaling 

and using a three-dimensional tissue culture model. 
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 CHAPTER 2: EXPERIMENTAL PROCEDURES 

 
2.1. List of Reagents. 
The sources of reagents used in this study are described in Table 1. 
 
Table 1. List of reagents used in this study. 

Reagent Supplier 
Agarose Fisher Scientific, Ottawa, ON 
Aquatex mounting media EM Science, Gibbstown, NJ 
Bio-Rad Dc protein assay kit Bio-Rad, Mississauga, ON 
Bis-acrylamide FisherBiotech, Ottawa, ON 
B-Mercaptoethanol EMD Biosciences, Inc., La Jolla, CA  
DAKO mounting solution DakoCytomation Inc., Mississauga, ON 
Dulbecco’s Modified Eagle Medium Gibco-Invitrogen, Grand Island, NY 
Enhanced Chemiluminescence Perkin Elmer, Wellesley, MA 
Epidermal Growth Factor Medicorp-Biosource International, 

Montreal, QC 
Ethidium Bromide Sigma, Oakville, ON 
F-12 Nutrient Mixture Gibco-Invitrogen, Grand Island, NY 
Fetal Bovine Serum  HyClone, Logan, Utah 
Harris Modified Hematoxylin FisherDiagnostics, Fair Lawn, NJ 
Mowiol mounting media Sigma, Oakville, ON 
Penicillin-Streptomycin Gibco-Invitrogen, Grand Island, NY 
Ultra Pure Sodium Dodecyl Sulfate ICN Biomedicals Inc., Irvine, CA 
Ultra Pure Acrylamide MP Biomedicals Inc., Irvine, CA 
 
 

2.2. Cell Lines 

The cell lines used in this study include MCF10A, MCF10A IN, and MCF10A YJ - 

all human mammary epithelial cells.  The MCF10A cell line is a spontaneously 

immortalized non-neoplastic human breast epithelial line derived from the breast 

tissue of a woman with non-cancerous fibrocystic disease [84]. MCF10A cells are 

characteristic of normal breast epithelial cells in their incapacity for anchorage-

independent growth or formation of tumours in nude mice, and their requirement for 

hormone (hydrocortisone) and growth factor (EGF) for growth in culture [84,85].  

MCF10A cells express wild-type p53 and express low endogenous levels of ErbB2 
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[76,84].  Thus they are a suitable host for the inducible ErbB2 activation system 

described in Section 1.9.  MCF10A IN and MCF10A YJ cell lines were obtained 

from the Muthuswamy lab and are based on the MCF10A line.  MCF10A IN cells are 

engineered by stable transfection to express the chimeric ErbB2 receptor described 

above.  MCF10A YJ cells were transfected by Muthuswamy et al in parallel to the 

MCF10A IN cells but with an empty vector control [76]. 

In one study, a cell line, MCF10AT3B, was used. MCF10AT3B cells were 

derived from MCF10A cells following transfection with an activated Ha-Ras mutant, 

transplantation of these cells into nude mice, and subsequent culturing of tissue 

explants. MCF10AT3B cells exhibit a scattering, invasive phenotype characteristic of 

premalignant epithelial cells [85].  Cell lines were maintained in MCF10A 

differentiation media (see Appendix). 

 

2.3. Inducible ErbB2 Activation System 

Muthuswamy et al have previously generated MCF10A mammary epithelial cells 

expressing a chimeric ErbB2 receptor, and have kindly provided these cell lines for 

the present study [76,78].  MCF10A cells were infected with a retroviral vector 

encoding the transmembrane and extracellular domains of the p75 low-affinity nerve 

growth factor receptor, fused to the intracellular domain of ErbB2, fused to dual 

bivalent FKBP domains and hemagglutinin (HA) tag (Figure 3).  A synthetic ligand, 

AP1510 (Ariad Gene Therapeutics, Inc., Cambridge, MA), binds to the FKBP domain 

and induces chimeric ErbB2 dimerization and consequent activation.  The optimal 

concentration of ligand was predetermined to be 1 µM (data not shown).  
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2.4. Cell Migration Assay 

MCF10A IN cells were plated onto 6-well tissue culture dishes at near confluence in 

complete MCF10A tissue culture medium.  Confluent cells were scored using a 20 µl 

Eppendorf micropipette tip. Wells were washed gently with PBS* (with 0.1 mM 

MgCl2 and 0.1 mM CaCl2) and the medium was immediately replaced: cells received 

either complete MCF10A media or complete MCF10A media supplemented with 1 

µM AP1510.  Spontaneous cell migration was monitored over 40 hours. Phase 

contrast images were captured, and wound width was measured at three independent 

wound sites per group.  Wound width corresponding to each time point was expressed 

as the mean of three values +/- SE.  

 

2.5. Cell Invasion Assay 

MCF10A IN cells were plated in 12-well transwell culture dishes. Cells (5×104) were 

overlayered in 200 µl of serum-free (0.5% bovine serum albumin/Dulbecco's 

modified Eagle) medium on Matrigel-coated transwell membranes (8 µm pore size), 

and with 0.5 ml of complete MCF10A medium in the lower chamber. After 48 hours, 

cells were fixed and stained with Harris's modified haematoxylin (Fisher Scientific, 

Nepean, Ontario, Canada), after non-invading cells on the top of the membrane were 

removed using a Q-tip. The membranes were then removed from chambers and 

mounted on glass slides, and images corresponding to the entire membrane surface 

were captured.  The total numbers of cells invading through the membrane were 

quantified using ImagePro software (Symbol Technologies, Mississauga, Ontario, 

Canada). 
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2.6. 3D Cell Differentiation Assay 

The wells of a 12-well plate (with one glass coverslip in each well) were coated with 

30µL of 100% Matrigel at 4°C, before Matrigel was allowed to solidify at 37°C.  

Cells were then seeded on the Matrigel-coated, sterile coverslips at 1x105 cells per 

well in MCF10A differentiation medium (see Appendix) supplemented with 4% 

aqueous Matrigel.  The medium was replaced 4 days after seeding, and subsequently 

every 2 days.  Cells on coverslips were fixed and subjected to immunofluorescence 

staining (described below).  This method of cell culture allows normal mammary 

epithelial cells to differentiate into acini-like spheroids within 5-10 days (Figure 4) 

(reviewed in [9]). 

 

2.7. Immunofluorescence 

Cells were seeded on sterile coverslips at 1.25x105 cells per well on a 24-well plate, 

overnight, in the appropriate growth medium.  Alternatively, cells were seeded on 

Matrigel-coated coverslips at 1.25x105 cells per well on a 12-well plate, for 5, 8, 10, 

12, 16, and 20 days, in the appropriate growth medium.  Coverslips in all cases were 

gently rinsed three times (10 sec) with PBS* before fixation in 3% paraformaldehyde 

for 20 min.  Coverlips were then washed three times in PBS* before permeabilization 

in 0.2% Triton X-100 in PBS* for 5 min.  Following three more 5 min washes in 

PBS*, cells were blocked with 0.3% bovine serum albumin (BSA) in PBS* for 20 

min.  Coverslips were incubated in primary antibodies at indicated concentrations 

(Table 2) for 1 hr in a humidity chamber.  Cells were then washed three times for 5 

min in wash reagent before incubation in the appropriate fluorescent-conjugated 
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Figure 4.  Mammary epithelial cells in three-dimensional culture. 

MCF10A cells cultured on a re-constituted basement membrane comprised of 
laminin-rich Matrigel, a basement membrane solution solid above 4˚C, exhibit several 
characteristics of in vivo glandular epithelium, including organization of cells into 
acini-like spheroids with hollow lumen [10]. 
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secondary antibody or stain (Table 3) for 30 min in a humidity chamber.  Following a 

final three 5 min washes in wash reagent, coverslips were mounted on glass slides 

using 4ul of either DAKO or Mowiol mounting media, and visualized under a Leica 

TCS confocal microscope.  Images were processed using Adobe Photoshop and Leica 

Lite software. 

Table 2. Primary antibodies used in this study. 
Primary 
Antibody 

Dilution Supplier Monoclonal 
or Polyclonal  

Species of 
Origin 

 
Actin 

 
1:1000 

Santa Cruz 
Biotechnologies, 
Santa Cruz, CA 

 
Monoclonal 

 
Mouse 

Akt 1:1000 Cell Signaling, 
Beverly, MA 

Monoclonal Rabbit 

Akt pSer473 1:1000 Cell Signaling, 
Beverly, MA 

Monoclonal Rabbit 

Akt pThr308 1:1000 Cell Signaling, 
Beverly, MA 

Monoclonal Rabbit 

 
FAK 

 
1:1000 

Santa Cruz 
Biotechnologies, 
Santa Cruz, CA 

 
Polyclonal 

 
Rabbit 

 
FAK pTyr861 

 
1:1000 

Biosource 
International 
Inc., LA, CA 

 
Polyclonal 

 
Rabbit 

ErbB2 1:1000 Calbiochem, 
Mississaga, ON 

Monoclonal Mouse 

ErbB2 
pTyr877 

1:1000 Cell Signaling, 
Beverly, MA 

Polyclonal Rabbit 

 
Src 

 
1:1000 

Santa Cruz 
Biotechnologies, 
Santa Cruz, CA 

 
Monoclonal 

 
Mouse 

 
Src pTyr215 

 
1:1000 

Santa Cruz 
Biotechnologies, 
Santa Cruz, CA 

 
Polyclonal 

 
Rabbit 

 
Src pTyr418 

 
1:1000 

Biosource 
International 
Inc., LA, CA 

 
Polyclonal 

 
Rabbit 
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Table 3. Fluorescent-conjugated antibodies and stains used for confocal 
microscopy. 

Antibody/Stain Supplier Dilution 
TRIT-C Phalloidin (F-
actin) 

Sigma, Oakville, ON 1:600 

DAPI (nuclear) Sigma, Oakville, ON 1:2000 
Alexa 488 goat anti-rabbit  Invitrogen, Burlington, 

ON 
1:200 

 
 
2.8. Western Blotting 

2.8.1. Preparation of Cell Lysates 

To avoid potential dephosphorylation of tyrosine residues, cells were rinsed twice 

with PBS at room temperature, and immediately lysed in 2x SDS sample buffer.  Cell 

lysates were supplemented with 3.0% β-mercaptoethanol and boiled for 6 minutes 

and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with 

remaining lysates stored at -20°C.   

 

2.8.2. SDS-PAGE 

Cells plated on 100 mm tissue culture plates were washed with PBS, lysed in 500µl 

of 2X SDS sample buffer, and boiled for 6 min at 100oC.  Protein levels in whole cell 

lysates were assayed using the Bio-Rad protein assay kit and normalized based on 

corresponding concentrations.  3% β-Mercaptoethanol was added to each sample and 

samples were boiled for 6 minutes.  Samples were then resolved on reducing mini 

SDS-PAGE gels (10%) alongside BioRad Kaleidescope (pre-stained protein) Marker.  

The mini gels were then transferred, using a Bio-Rad semi-dry transfer apparatus, 

onto PVDF immobilon membranes (Millipore) pre-incubated in 100% methanol for 
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10min and submersed in semi-dry transfer buffer for 5 min prior to transfer.  (Details 

in Appendix A) 

 

 

2.8.3. Immunoblotting 

Following SDS-PAGE and transfer, membranes were blocked with 3% BSA in TBST 

for 1 hour before being probed with primary antibody (1:1000) overnight (Table 2).  

Membranes were then rinsed three times (10 min) with TBST before incubation with 

corresponding secondary antibody (1:2500 in TBST) for one hour (Table 4).  

Membranes were again rinsed three times (10 min) with TBST and immune 

complexes were visualized using enhanced chemiluminescence reagent (Perkin 

Elmer, Wellesley, MA) followed by exposure to autoradiographic film. 

 

 
2.9. Densitometry Analysis for Immunoblotting 

Densitometric analysis was performed using CorelDraw Photo-Paint V12 as a product 

of band intensity (mean) and area (pixels).  Each band was measured three times and 

the standard deviation was calculated for the three measurements.  All values were 

normalized to the background intensity on the gel.  Signal (phosphorylation) 

intensities were normalized according to corresponding loading controls for 

individual lysates. 
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Table 4. Secondary Antibodies used in this study. 

Secondary Antibody Supplier Dilution 
Sheep anti-mouse IgG, 

HRP-linked 
GE Healthcare, Ltd., 

Buckinghamshire, UK  
1:2500 

Donkey anti-rabbit IgG,  
HRP-linked 

GE Healthcare, Ltd., 
Buckinghamshire, UK 

1:2500 

 
 
2.10. Zymogen Gel Assay for MMP Activity 
 
The MCF10A IN, MCF10A, and MCF10AT3B cell lines were seeded in 100-mm 

tissue culture dishes and were grown in MCF10A growth medium until cells reached 

70 % confluency.  Plates were washed two times with PBS and incubated in 6 ml of 

serum-free DMEM for 48 h (MCF10A IN cells were incubated in the serum-free 

DMEM supplemented with 1µM AP1510).  Conditioned medium was then harvested 

and samples were concentrated with Microcon 10 columns. A volume of 2X SDS 

sample buffer was added to an equal volume of samples and incubated at room 

temperature for 10 min.  Samples were subjected to 10 % SDS-PAGE with 0.1 % 

gelatin substrate under non-reduced conditions.  The gel was subsequently stained 

with Coomassie blue overnight at room temperature.  To reveal gelatin degradation, 

the gel was destained with 40 % methanol/10 % acetic acid for 1 h at room 

temperature.  

 

2.11. Statement on Reproducibility of Results 

All results presented herein were reproduced to an ‘n’ of 2, unless otherwise indicated 

in figure captions.  Specifically, results for the gelatin zymography experiment, as 

well as the Boyden Chamber invasion assay (data not shown), both described in 

section 3.5, are preliminary results and were not repeated. 
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CHAPTER 3: RESULTS 

 

3.1 Activation of chimeric ErbB2 receptors. 

Normally, ErbB2 becomes activated via dimerization with another ErbB2 

molecule or with ErbB1, 3, or 4, followed by auto- or trans-phosphorylation 

(reviewed in [16]).  In order to study signaling networks directly linked to ErbB2, a 

chimeric FKBP-ErbB2 fusion protein was previously engineered to allow specifically 

for homodimerization of ErbB2 [76].  In this system, a synthetic bivalent ligand 

(AP1510) for FKBP is used to bind to chimeric FKBP-ErbB2, resulting in 

homodimerization. 

 

3.1.1. AP1510 induces phosphorylation of ErbB2 at tyrosine 877. 

Previous work by Muthuswamy et al demonstrated that addition of synthetic ligand to 

cell medium at a final concentration of 1 µM induced chimeric ErbB2 

homodimerization and subsequent phosphorylation at tyrosine 877 [78].  

Accordingly, we sought to test the effect of AP1510 in our system, that is, MCF10A 

human mammary epithelial cells expressing the chimeric ErbB2 receptor (designated 

MCF10A IN) (Figure 5).  Following incubation with AP1510 for 60 minutes, ErbB2 

Y877 phosphorylation increased significantly in comparison with cells cultured in the 

absence of AP1510.  Further, EGF appeared to not significantly increase ErbB2 

phosphorylation.  However there was some apparent phosphorylation of ErbB2 Y877 

detected in MCF10A YJ cells (not expressing AP1510-inducible chimeric ErbB2) 

incubated in the presence of EGF (Figure 5).  This may actually represent 
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Figure 5. AP1510 induces phosphorylation of ErbB2 at tyrosine 877. 
 
MCF10A cells expressing chimeric ErbB2 (MCF10A IN) were cultured in MCF10A 
medium in the presence versus absence of 1 µM AP1510 ligand or EGF [20ng/mL] 
for 60 minutes.  Cell lysates were then obtained in 2x SDS sample buffer and 
subjected to 10% SDS-PAGE under reducing conditions. Western blotting was 
performed using antibodies specific to ErbB2 pY877, total ErbB2, and actin.  Results 
indicate increased phosphorylation of ErbB2 at tyrosine 877 in the presence of 
AP1510.  This experiment was repeated three times (n=3).   
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phosphorylation of EGFR, as the antibody used to detect phosphorylation of ErbB2 at 

Y877 may cross-react with phosphorylated EGFR.   

 
 
3.1.2. Time course of AP1510-induced ErbB2 phosphorylation.  

Since inducible phosphorylation events in cells are often very transient, we sought to 

characterize AP1510-induced ErbB2 activation over a period of 24 hours (Figure 6).  

AP1510 ligand (1 µM) was added to cell cultures at various time points, in either 

serum-free (SF) or complete (C) media, and cells were grown in parallel and all lysed 

following the final time point.  Protein concentrations in cell lysates were equalized 

prior to immunoblotting. Serum-free conditions were implemented to decrease 

background signaling for better visualization of differences in band intensity.  A 

maximal increase in ErbB2 phosphorylation in the presence of AP1510 ligand, for 

cells cultured in complete MCF10A media, relative to the absence of AP1510 was 

observed after 30 minutes of incubation with the inducer.  An increased level of 

phosphorylation of ErbB2 Y877 was sustained over 60, 90, 120 minutes, and 24 

hours in cultures with +AP1510 and complete media conditions compared to without 

the inducer for the same time points.  A similar pattern of ErbB2 expression was 

observed under serum-free conditions, with the exception that maximum stimulation 

appeared to require incubation with AP1510 for at least 60 minutes.  Confirmation of 

this observation will require densotimetric analysis of immunoblotting corresponding 

to serum-free conditions.  The relative amount of total ErbB2, FKBP and HA-tagged 

ErbB2 was constant, indicating minimal protein degradation and equal protein 

loading.  Immunoblotting bands corresponding to 
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Figure 6. ErbB2 phosphorylation induced by AP1510 increases over time. 
 
MCF10A cells expressing chimeric ErbB2 were cultured in serum-free and complete 
MCF10A media in the presence versus absence of 1µM AP1510 ligand at 37°C for 
30, 60, 90, 120 minutes, and 24 hours.  Cell lysates were then obtained in 2x SDS 
sample buffer and subjected to 10% SDS-PAGE under reducing conditions.  Panel 
A) Western blotting was performed using antibodies specific to ErbB2 pY877, total 
ErbB2, HA, and FKBP.   Panel B) Densitometric analysis was carried out using 
CorelDraw Photo-Paint V12, and all signal (phosphorylation) intensities were 
normalized according to corresponding total protein loading controls for individual 
lysates.  This experiment was done two times (n=2).  Densitometric analysis based on 
one ‘n’, and for samples incubated in complete medium, is displayed above, with 
each bar corresponding to the fold-increase of phosphorylated ErbB2 Y877 in cells 
incubated in the presence of AP1510 compared to that of cells incubated in the 
absence of AP1510.  
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FKBP and HA (Figure 6) appeared at molecular weights of ~185 kDa, indicating that 

they were in fact fused to chimeric ErbB2 receptors.  A faint band corresponding to 

HA was consistently found using the HA-specific antibody in our lab, and should 

only be considered as complimentary to the relatively more intense band 

corresponding to FKBP at ~185 kDa (Figure 6). 

 

3.2. ErbB2 phosphorylation correlates with FAK and Src phosphorylation. 

The non-receptor tyrosine kinases FAK and Src are both known to play 

important roles in cell spreading, migration, and invasion [13,14].  Additionally, it 

has previously been shown that FAK and Src signaling is dependent on ErbB2 [86], 

and thus these signaling molecules are thought to be key players in ErbB2-induced 

tumourigenesis. 

 

3.2.1. ErbB2 phosphorylation correlates with phosphorylation of FAK Y861. 

It has previously been shown that FAK expression is required for ErbB2 

activation: Benlimame and colleagues demonstrated that FAK knockout cells display 

reduced ErbB2 activation in comparison with cells expressing wild-type FAK [66].  

Further, in a study of human mammary tumour tissue samples, Schmitz and 

colleagues demonstrated that ErbB2 phosphorylation correlated with FAK expression 

and FAK phosphorylation at tyrosine 861 [72].  It is also known that FAK plays a key 

role in focal adhesion turnover contributing to cell migration and invasion [87].  

Accordingly, we tested the effect of chimeric ErbB2 activation in MCF10A cells on 

FAK phosphorylation at tyrosine 861. Cells were cultured with or without 1µM 
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AP1510 in either serum-free or complete MCF10A medium, and cell lysis was 

performed at the times indicated (Figure 7).  The largest apparent increase in 

phosphorylation at FAK Y861, compared to untreated cells, was detected at 60 and 

90 minutes under serum-free conditions.  Under complete medium conditions, an 

apparently smaller fold increase was observed, most likely due to the higher level of 

basal Y861 phosphorylation in these cells as a result of additional growth factors 

present in the serum of complete media.      

 

3.2.2. ErbB2 phosphorylation correlates with phosphorylation of Src Y215.   

The non-receptor tyrosine kinase Src is known to interact with, and be activated by, a 

number of receptor tyrosine kinases, leading to activation of Src at its 

autophosphorylation site, Y416 (reviewed in [88]).  Interestingly, studies on the 

interaction between ErbB2 and Src have demonstrated that these two kinases interact 

via specific domains, and that ErbB2 promotes Src activation primarily by 

phosphorylation of tyrosine 215 [80,89].  Similarly, we found that induction of 

FKBP-ErbB2 dimerization by AP1510 correlated with an increase in Src 

phosphorylation at tyrosine 215, compared to untreated cells was detected (Figure 7).  

This effect was most prominent in cell lysates obtained 60 and 90 minutes following 

induction of ErbB2 activation with 1 µM AP1510 in complete media.  The increased 

phosphorylation of Src in complete media versus serum-free media may reflect Src 

activation downstream of EGF and hormone stimulation, as well as signaling 

stimulation by a number of additional growth factors likely present in the horse serum 

of complete media.  Further, differences in Src and FAK phosphorylation in complete 
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Figure 7. AP1510 induces activation of FAK and Src 
 
MCF10A cells expressing chimeric ErbB2 were cultured in MCF10A media in the 
presence versus absence of 1µM AP1510 ligand at 37°C for 60 and 90 minutes.  Cell 
lysates were then obtained in 2x SDS sample buffer and subjected to 10% SDS-
PAGE under reducing conditions.  Panel A) Western blotting was performed using 
antibodies specific to FAK pY861, total FAK, Src pY215, and total Src. Experiments 
were performed under serum-free (SF) or complete (C) medium conditions. 
Following immunoblotting, bands corresponding to Src appeared at 60 kDa, and 
bands corresponding to FAK appeared at 125 kDa, with respect to pre-stained protein 
markers.  This experiment was carried out two times (n=2). Panel B)  Densitometric 
analysis was carried out (next page) using CorelDraw Photo-Paint V12, and all signal 
(phosphorylation) intensities were normalized according to corresponding loading 
controls for individual lysates.  Fold-increases in FAK phosphorylation at Y861 under 
+AP1510 conditions as compared to –AP1510 conditions were calculated as in Figure 
6 and are shown in the two histograms.  
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versus serum-free media may reflect differences in signaling pathways contributing to 

phosphorylation of either kinase. 

 

3.3. ErbB2 phosphorylation correlates with phosphorylation of Akt. 

Src and FAK have been shown to promote cell survival through the PI3K/Akt 

pathway.  As such, we sought to measure Akt phosphorylation as a potential 

indication of ErbB2-induced cell survival.   MCF10A IN cells were treated with 1 µM 

AP1510 for 60 and 90 minutes, and equalized protein concentrations of 

corresponding lysates were subjected to SDS-PAGE and western blotting (Figure 8). 

Increases in Akt phosphorylation at Ser473 were observed at both 60 and 90 minutes, 

with no detectable increase in phosphorylation of Akt at Thr308 (data not shown).   

 

3.4. ErbB2 activation does not appear to increase cell migration. 

 We sought to determine the ability of ligand-activated ErbB2 homodimers to 

induce increased cell migration, as a measure of EMT.  MCF10A IN cells were 

grown to confluence and scratched, or wounded.  Cell media was then replaced, and 

rates of wound closure were monitored in the presence versus absence of AP1510 

ligand, for 40 hours (Figure 9).  Wound width was measured at three independent 

wound sites per group, and mean wound widths were compared at 0, 24, 28, and 40 

hours.  No increase in rate of wound closure was observed in MCF10A cells in the 

presence of ligand. 
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Figure 8. AP1510 induces activation of Akt. 
 
MCF10A cells expressing chimeric ErbB2 were cultured in complete MCF10A 
medium in the presence versus absence of 1µM AP1510 ligand at 37°C for 60 and 90 
minutes.  Cell lysates were then obtained in 2x SDS sample buffer and subjected to 
10% SDS-PAGE under reducing conditions.  Panel A) Western blotting was 
performed using antibodies specific to Akt pSer473 and total Akt. Following 
immunoblotting, bands corresponding to Akt appeared at 60 kDa with respect to pre-
stained protein markers.  This experiment was done two times (n=2). Panel B) 
Densitometric analysis was carried out (above) using CorelDraw Photo-Paint V12, 
and all signal (phosphorylation) intensities were normalized according to 
corresponding loading controls for individual lysates.  Fold-increases in Akt 
phosphorylation at Ser473 under +AP1510 conditions as compared to –AP1510 
conditions were calculated as in Figure 6 and are shown in the histogram. 
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Figure 9. Effect of ErbB2 activation on mammary epithelial cell migration. 
 
MCF10A IN cells were plated onto 6-well tissue culture dishes at near confluence in 
complete MCF10A tissue culture medium.  Confluent cell monolayers were wounded 
by streaking the plate with a 20 µl Eppendorf pipette tip, and medium was 
immediately replaced with either complete MCF10A medium alone or complete 
MCF10A medium supplemented with 1 µM AP1510.  Spontaneous cell migration 
was monitored at various time points over 40 hours.  Phase contrast images were 
captured at 0, 24, 28, and 40 hours.  Two regions of the wound were marked in each 
group, wound width was measured at each time point, and the mean of two values +/- 
range was calculated.  No difference in the rate of wound closure in treated and 
untreated groups was observed. This experiment was carried out two times (n=2). 
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3.5. ErbB2 activation does not appear to increase the capacity of cells for 

invasion 

 We sought to determine protease activity in MCF10A IN cells, as a measure 

of their potential for invasiveness.  We looked specifically at matrix 

metalloproteinase (MMP)-like activity in conditioned media, using Ha-Ras-

transformed cells for comparison.  Our lab has previously shown that Ha-Ras-

transformed cells induce MMP-2-like activity [90, in progress], which was confirmed 

in the present study.  By comparison, it appears that ErbB2 activation in our inducible 

system does not lead to MMP-like activity (data not shown), however this is a very 

preliminary result requiring repetition.  

 

3.6. Effect of ErbB2 induction on MCF10A cells grown in three-dimensional 

culture. 

We and others have shown that human mammary epithelial cells cultured on a 

laminin-rich basement membrane solution (Matrigel) form spherical mammary acini 

with hollow lumen within 5-10 days of seeding cultures (Figure 10) [10].  

Furthermore Muthuswamy et al have shown that ligand-induced activation of 

chimeric ErbB2 induces increased cell survival and lumen filling [78].  Our goal was 

to confirm this observation in our study and to initiate immunostaining approaches 

that could be ultimately used to assess changes in the presence and localization of 

relevant integrin and signaling molecules during ErbB2 activation in three-

dimensional culture. Preliminary results towards this goal are presented here. 
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Figure 10. Human mammary epithelial cells cultured on a reconstituted three-
dimensional basement membrane. 
 
MCF10A cells were cultured in Matrigel with an MCF10A media overlay for 8-10 
days on glass coverslips.  Cells were fixed with 3% paraformaldehyde, permeabilized 
with 0.2% Triton X-100, and non-specific binding was blocked with 3% BSA.  Cell 
nuclei were then labeled with DAPI.  Coverslips were mounted onto glass slides 
using Mowiol mounting medium.  Photomicrographs were taken using a Leica TCS 
SP2 multi-photon confocal microscope in the Queen’s Cancer Research Institute and 
Protein Discovery and Function Facility.  MCF10A cells cultured in Matrigel 
differentiate to form round spheroid structures with hollow lumen, characteristic of 
mammary acini.  
Panel A: MCF10A cysts at Day 8 captured under phase contrast (200X). 
Panel B: MCF10A cysts at Day 10 captured under confocal microscopy, with DAPI 
nuclear staining.   
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3.6.1 MCF10A IN cells form acini-like structures in three-dimensional culture. 

When cultured on a reconstituted three-dimensional basement membrane (Matrigel), 

human mammary epithelial cells expressing chimeric ErbB2 (MCF10A IN) formed 

mammary acini-like structures similar to those formed by untransfected MCF10A 

cells.  MCF10A IN cells were seeded in 30 µL of Matrigel coating glass coverslips in 

2 cm tissue culture plates on Day 0, and by Day 20 had formed hollow spheroid 

structures (Figure 11).  

 

3.6.2. AP1510-induced ErbB2 activation correlates with incomplete luminal 

clearance in three-dimensional culture. 

As a test-of-principle, we first examined the effect of chimeric ErbB2 activation on 

luminal clearance during three-dimensional culture growth under conditions in which 

ligand activation occurs continuously from time zero. MCF10A IN mammary 

epithelial cells were cultured in three-dimensional Matrigel cultures with or without 

the addition of 1µM AP1510 at Day 0 and every 48 hours subsequent, until Day 8.  

Cells were then fixed and stained with DAPI.  By Day 8, cells cultured in the absence 

of AP1510 demonstrated formation of spherical acini with cleared lumen, whereas 

cells cultured in the presence of AP1510 demonstrated formation of spherical acini 

but incomplete luminal clearance (Figure 12).  However at 8 days there was, overall, 

little difference in acinar morphology in the presence versus absence of AP1510.  To 

confirm the acini-like morphology of the mammary spheroids, MCF10A IN cultures 

in this experiment were stained for ß1-integrin and F-actin (Figure 12).  The images 

showed ß1-integrin expression at the basal side of acini and at the matrix interface,  



 56 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Human mammary epithelial cells cultured on a reconstituted three-
dimensional basement membrane. 
 
MCF10A IN cells were cultured in Matrigel with an MCF10A medium overlay for 20 
days on glass coverslips.  Cells were fixed with 3% paraformaldehyde, permeabilized 
with 0.2% Triton X-100, and non-specific binding was blocked with 3% BSA.  Cell 
nuclei were then labeled with DAPI.  Coverslips were mounted onto glass slides 
using Mowiol mounting medium.  Photomicrographs were taken of the xy-axis (top 
panel), the xz-axis (bottom panel), and the yz-axis (right panel) using a Leica TCS 
SP2 multi-photon confocal microscope in the Queen’s Cancer Research Institute and 
Protein Discovery and Function Facility.  MCF10A IN cells cultured in Matrigel 
differentiated to form round spheroid structures with hollow lumen, characteristic of 
mammary acini.  
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Figure 12. MCF10A IN cells cultured on a reconstituted three-dimensional 
basement membrane in the presence and absence of AP1510. 
 
MCF10A cells were cultured in Matrigel with an MCF10A media overlay for 8 days 
on glass coverslips.  Cells were cultured in an aqueous overlay of either MCF10A 
media (Panel A) or MCF10A media supplemented with 1µM AP1510 (Panel B) on 
Day 0 and every 48 hours subsequent.   Cells were fixed with 3% paraformaldehyde, 
permeabilized with 0.2% Triton X-100, and non-specific binding was blocked with 
3% BSA.  Cells were then stained for F-actin with TRIT-C phalloidin (red), pan ß1-
integrin detected with Alexa 488 (green), and with DAPI for cell nuclei (blue).  
Coverslips were mounted onto glass slides using Mowiol mounting medium.  
Photomicrographs were taken using a Leica TCS SP2 multi-photon confocal 
microscope in the Queen’s Cancer Research Institute and Protein Discovery and 
Function Facility.  
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while F-actin was localized near the plasma membrane, most strongly at cell-cell 

contacts.  These patterns of integrin and F-actin staining in acini-like mammary 

spheroids indicate polarization of the luminal epithelial cells and are similar to 

previous reports [42,83]. 

We then repeated the above experiment but doubled the culture time to 16 

days: Cell medium was supplemented with or without 1 µM AP1510 every 48 hours 

for 16 days before cells were fixed and stained and visualized by cross-section via 

confocal microscopy.  By Day 16, cells cultured in the absence of AP1510 

demonstrated formation of spherical acini with cleared lumen, whereas cells cultured 

in the presence of AP1510 demonstrated formation of spherical acini but incomplete 

luminal clearance (Figure 13).  In the group left untreated, of 80 cysts, 24% exhibited 

lumen filling.  In the treated group, of 80 cysts, 84% exhibited incomplete luminal 

clearance.  

 
3.6.3. AP1510-induced ErbB2 activation correlates with luminal repopulation in 

three-dimensional culture. 

To assess whether ErbB2 activation can induce lumen filling in differentiated acini-

like spheroids, the above experiment was repeated but the AP1510 ligand was not 

added until Day 10, at which time most mammary acini have developed hollow 

lumens (Figure 14).  Accordingly, on Day 10 of three-dimensional Matrigel culture, 

AP1510 treatment was initiated and continued every 48 hours until Day 20, at which 

time cells were fixed and stained and visualized by cross-section via confocal 

microscopy (Figure 14).  By Day 20, cells cultured in the absence of AP1510 

demonstrated formation of spherical acini with cleared lumen, whereas cells cultured 
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Figure 13. MCF10A IN cells cultured on a reconstituted three-dimensional 
basement membrane in the presence and absence of AP1510. 
 
MCF10A cells were cultured in Matrigel with an MCF10A media overlay for 16 days 
on glass coverslips.  Cells were cultured in an aqueous overlay of either MCF10A 
media (top panel) or MCF10A media supplemented with 1µM AP1510 on Day 0 and 
every 48 hours subsequent.   Cells were fixed with 3% paraformaldehyde, 
permeabilized with 0.2% Triton X-100, and non-specific binding was blocked with 
3% BSA.  Cell nuclei were then labeled with DAPI.  Coverslips were mounted onto 
glass slides using Mowiol mounting medium.  Photomicrographs were taken using a 
Leica TCS SP2 multi-photon confocal microscope in the Queen’s Cancer Research 
Institute and Protein Discovery and Function Facility. In the absence of AP1510, of 
80 cysts, 24% exhibited lumen filling.  Asterisk indicates a significant increase in 
lumen filling of cysts in the presence of compared to the absence of AP1510 (n = 80)  
(p<0.00001, using Fisher exact one-tailed and two-tailed tests). 
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Figure 14. MCF10A IN cells cultured on a reconstituted three-dimensional 
basement membrane in the presence and absence of AP1510. 
 
MCF10A cells were cultured in Matrigel with an MCF10A media overlay for 10 days 
on glass coverslips.  After 10 days, cells were cultured in an aqueous overlay of either 
MCF10A media or MCF10A media supplemented with 1µM AP1510 every 48 hours 
subsequent.   On Day 20, cells were fixed with 3% paraformaldehyde, permeabilized 
with 0.2% Triton X-100, and non-specific binding was blocked with 3% BSA.  Cell 
nuclei were then labeled with DAPI.  Coverslips were mounted onto glass slides 
using Mowiol mounting medium.  Photomicrographs were taken using a Leica TCS 
SP2 multi-photon confocal microscope in the Queen’s Cancer Research Institute and 
Protein Discovery and Function Facility. In the absence of AP1510, of 70 cysts, 28% 
exhibited lumen filling.  Asterisk indicates a significant increase in lumen filling of 
cysts in the presence of compared to the absence of AP1510 (n = 80)  (p<0.00001, 
using Fisher exact one-tailed and two-tailed tests). 
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in the presence of AP1510, beginning on Day 10, demonstrated formation of 

spherical acini, but with a lack of hollow lumen (Figure 14).  In the group left 

untreated, of 70 cysts, 28% exhibited lumen filling.  In the treated group, of 70 cysts, 

86% exhibited luminal filling.  Total cyst counts were lower than the previous 

experiment, likely due to increased formation of multi-acinar structures, which were 

not included in counts.  Mammary acini formed in the presence of AP1510 also 

appeared to be slightly less spherical than those formed in AP1510-free medium. 
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CHAPTER 4: DISCUSSION 

 This thesis has demonstrated that the ErbB2 receptor tyrosine kinase targets 

specific downstream signaling effectors, and plays an important role in mammary cell 

differentiation.  The most significant results of this study are that ErbB2 activation in 

human mammary epithelial cells promotes (a) activation of Src and FAK at specific 

tyrosine residues, (b) activation of an Akt/survival pathway, and (c) luminal 

repopulation in a three-dimensional culture model. These findings implicate the 

ErbB2 inducible MCF10A system as a useful model to link specific signaling events 

with transformation of breast epithelial cells. 

 

4.1. Activated ErbB2 homodimers trigger distinct downstream signaling events. 

Activated ErbB2 induces phosphorylation of Src at Y215  

Recent research by several groups has made a solid case for an ErbB2-Src 

interaction.  Belsches-Jablonski et al used immunoprecipitation to demonstrate a 

physical association between c-Src and ErbB2 in a human breast carcinoma cell line, 

as well as in human tumour tissue samples [91].  Muller and colleagues have further 

detailed the interaction between ErbB2 and Src, demonstrating that Src associates 

with the ErbB2 catalytic domain, while Vadlamudi et al have demonstrated that 

ErbB2 signaling selectively induces Src phosphorylation specifically at Y215 [80,89].  

Similarly, we show here that activation of chimeric ErbB2 homodimers leads to 

downstream activation of Src Y215 (Figure 7).  This observation is consistent with 

work done by Schmitz and colleagues, who confirmed in a study of human breast 

tumour tissue a correlation between ErbB2 overexpression and Src phosphorylation at 
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Y215 [72].  Thus it appears that ErbB2-driven breast tumourigenesis may function 

through activation of the Src intermediary.  Src Y215 phosphorylation, moreso than 

FAK Y861 phosphorylation, appeared to be increased in complete medium.  Again, 

this may reflect activation to a greater extent of Src-specific signaling pathways by 

hormones and growth factors present in complete media. 

Future studies targeting Src in our system would expectedly shed further light 

on the importance of Src Y215 phosphorylation in ErbB2 induced tumourigenesis.  

Additionally, while our system affords a strict look at ErbB2 homodimerization, full 

transformation may only be observed in a system affording ErbB2/3 

heterodimerization: the MCF10A cell line expresses a low level of endogenous 

ErbB2, and the ectopically expressed chimeric ErbB2 cannot interact with ErbB3.  

ErbB2/3 heterodimerization, then, which is critical in driving tumourigenesis [77], 

does not occur.  Further, it has also been shown by others that c-Src mediates the 

formation of ErbB2/3 heterodimers [92].  Thus in our system, we may not see the full 

transforming capacity of the Src-ErbB2 interaction. 

  

Activated ErbB2 induces phosphorylation of FAK at Y861 

We also show here that activation of ErbB2 chimeric homodimers leads to 

downstream activation of FAK Y861 (Figure 7).  This observation is also consistent 

with work done by Schmitz and colleagues, who in their study of human breast 

tumour tissue confirmed a correlation between ErbB2 overexpression, FAK 

overexpression, and FAK phosphorylation at Y861 [72].  It is therefore possible that 

ErbB2-driven breast tumourigenesis may function through activation of the FAK 
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intermediary.  Furthermore, as described above, it is known that ErbB2 interacts with 

and phosphorylates Src, and that activated Src may bind to and lead to 

phosphorylation of FAK at Y861.  Accordingly, ErbB2 in proximity of focal 

adhesions may activate Src and FAK to enable focal adhesion turnover and cell 

migration.  Although we did not actually observe an increase in cell migration or 

invasive potential as a result of ErbB2 activation, this may be rationalized based on 

low endogenous expression of wild-type ErbB2 and ErbB3 in MCF10A cells, 

especially as a link has been established between FAK signaling and ErbB2/3-driven 

oncogenic transformation and invasion [66].  Future studies targeting FAK in our 

system would expectedly shed further light on the importance of FAK Y861 

phosphorylation in ErbB2-induced tumourigenesis.  

 

4.2. Activated ErbB2 promotes Akt activation and cell survival 

Activated ErbB2 induces phosphorylation of Akt at Ser473 

We further demonstrate that activation of ErbB2 chimeric homodimers leads 

to increased activation of Akt at Ser473 (Figure 8), however not at Thr308 (data not 

shown).  This observation is again consistent with work done by Schmitz and 

colleagues, who in their study of human breast tumour tissues confirmed a correlation 

between ErbB2 overexpression and Akt activation.  They found that a significant 

number of ErbB2-positive tumours also displayed Akt phosphorylation, and that Akt 

phosphorylation in tumour samples correlated positively with FAK overexpression  

[72].  Moreover, Akt has a well-established role in the promotion of cell survival and 

may be activated downstream of PI3K, as PI3K inhibition prevents Akt 
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phosphorylation [93].  Interestingly, it has been shown that cooperative ErbB2-

integrin signaling is required to promote PI3K-dependent cell invasion [79].  

Accordingly, increased Akt activation may be the product of ErbB2-integrin 

cooperation in our system.  Presumably, this would occur by virtue of signaling 

‘overlap’ downstream of integrins and our chimeric ErbB2, so that we may not see 

the full potential of direct interaction between integrin subunits and wild-type ErbB2.  

This may explain why only Akt Ser 473 is found to be active in our system and not 

Akt Thr308 (data not shown).  Normally, phosphorylation at both residues is required 

for full Akt activation.  Regardless, some Akt activation may still make a significant 

contribution to cell survival, as rationalized by our observations of luminal filling of 

mammospheres in three-dimensional culture (see below).  

 

Activated ErbB2 promotes luminal cell survival in mammary acini 

 To further examine the potential for increased cell survival as a result of 

ErbB2 homodimer activation, we cultured MCF10A IN mammary epithelial cells on 

a three-dimensional laminin-rich Matrigel overlay.  The Brugge group has recently 

shown that breast epithelial cells cultured in a three-dimensional system tend to 

differentiate to form circular spheroidal structures with hollow lumen surrounded by a 

single layer of polarized epithelial cells [10].  They stress the relevance of such a 

model based on the role of stromal environment on cell differentiation in vivo, for 

instance that stromal cell signaling appears to dictate epithelial cell differentiation, 

and noteably that replacement of transformed stromal cells with normal cells may be 

sufficient to revert epithelial cell transformation [5].  Accordingly, we sought to better 
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understand our observations of cell signaling events in this more physiologically 

relevant system.  We found that cells subjected to ErbB2 activation failed to undergo 

complete luminal clearance after 8 and 16 days of growth in three-dimensional 

culture (Figure 12, Figure 13).  This observation was consistent with a similar finding 

by Muthuswamy and colleagues, who also demonstrated that ErbB2 activation in 

mammary epithelial cells promoted luminal cell survival while failing to break the 

spheroidal structure and polarity of mammary cysts [78].   

 These results indicate that ErbB2 may drive cell survival within differentiating 

acinar structures in three-dimensional culture.  Interestingly, cysts fixed and analyzed 

by confocal microscopy on Day 16 showed significantly greater luminal cell survival 

than those observed at Day 8.  This apparent difference in the number of luminal cells 

may actually reflect a capacity for luminal invasion or repopulation.  Accordingly, we 

sought to induce cell differentiation in three-dimensional culture in the absence of 

ErbB2 activation, before inducing ErbB2 activation following acinar differentiation, 

so that we could ascertain the possibility for luminal repopulation in already-

differentiated cysts. 

 

4.3. Activated ErbB2 promotes luminal repopulation in three-dimensional 

culture 

As mentioned above, we sought to examine the potential for luminal 

repopulation in mammary acini already differentiated in three-dimensional culture.  

We allowed mammary cells to differentiate in the absence of ErbB2 activation for 10 

days, by which point mammary spheroids had, presumably, differentiated to acquire 
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hollow lumen.  Spheroids then subjected to ErbB2 activation for ten days appeared to 

have nearly full lumen when observed by confocal microscopy.  As these same 

spheroids were presumably hollow before induction of ErbB2 activation, we 

hypothesize that ErbB2 activation was sufficient to induce luminal repopulation.  The 

ErbB2-induced luminal repopulation of mammary acini may be analogous to ductal 

carcinoma in situ, a phenomenon by which mammary ducts are infiltrated by 

surrounding epithelial cells in a fairly early stage of breast cancer.  Akt 

phosphorylation observed in two-dimensionally cultured cells may be consistent with 

increased cell survival within the lumen of mammary spheroids, however actual cell 

invasion/luminal repopulation may be the result of additional biochemical activity.   

While ErbB2 activation in our system appears to induce luminal cell survival 

and luminal repopulation, the integrity of mammary spheroids remained intact.  In 

line with this, no induction of cell migration or increase in capacity for invasion was 

observed in our ErbB2-inducible system (Figure 9, data not shown).  However, the 

observations that cells failed to migrate in a two-dimensional assay yet could infiltrate 

the luminal space of acini in three-dimensional culture appear to be contradictory.  

This may be rationalized by the substratum afforded to cells cultured in laminin-rich 

Matrigel, which may engage integrins and contribute to focal adhesion turnover and, 

consequently, cell migration.  Additionally, engagement of additional signal 

amplification such as is afforded through ErbB2/3 heterodimerization [77], may be 

required for cell migration and invasion responses through surrounding ECM.  In fact, 

Giunciuglio and colleagues have demonstrated that MCF10A cells overexpressing 

both Ha-Ras and ErbB2 display an invasive phenotype [94].  Additionally, we and 
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others have shown that MCF10A cells expressing constitutively active Ha-Ras, a 

known potential contributor to cell transformation and invasion, appear to form 

disorganized masses in three-dimensional culture indicative of a loss of polarity and 

capacity to invade surrounding basement membrance and ECM (data not shown, 83).  

 

4.4. Summary 

In summary, we have determined that ErbB2 activation causes 

phosphorylation of the intracellular kinases Src and FAK at specific tyrosine residues, 

as well as Akt, a known contributor to cell survival signaling, and that controlled 

ErbB2 activation leads to both luminal filling and luminal repopulation in mammary 

pseudo-acini cultured in a reconstituted three-dimensional basement membrane 

(Figure 15).  Taken together, these data indicate a potential for ErbB2 activation to 

drive cellular events contributing to early-stage tumourigenesis.  While roles for Src 

and FAK in EMT have already been well established, a previous study examined the 

role of integrin signaling molecules in malignant transformation of breast epithelium 

and determined that where activation of Src or FAK alone failed to correlate with cell 

invasion, activation of both kinases appeared to correlate with malignant 

transformation [95].   
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Figure 15.  ErbB2 activation and downstream signaling in mammary epithelial 
cells. 
 
Cells expressing chimeric ErbB2 were treated with synthetic dimerizer for 60 and 90 
minutes, and cell lysates were obtained and probed with phosphospecific antibodies 
to Src Y215, FAK Y861, and Akt.  ErbB2 activation leads to phosphorylation of Src 
Y215 and FAK Y861, which may in turn lead to phosphorylation of Akt.  Src Y215, 
FAK Y861, and Akt Ser473 appeared to be phosphorylated at 60 and 90 minutes 
following addition of dimerizer to cell media. 
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4.5. Future Directions 
 
 

1. A continuation of this study would do well to further characterize mammary 

pseudo-acini in terms of expression and distribution of various signaling molecules, 

including total and phosphorylated ErbB2, Src, FAK, and Akt, using 

immunofluorescence.  Additional proteins worth assessing include Par6 and atypical 

protein kinase C (aPKC), particularly in terms of their co-localization with ErbB2: 

Both proteins are responsible for maintenance of cell polarity, and ErbB2-induced 

disruption of breast epithelial cell polarity was shown to depend on a key interaction 

with a Par6-aPKC complex [96]. 

 

2. We found Src to be phosphorylated at tyrosine 215, reflective of the unique 

interaction between Src and ErbB2 [80,89].  Additionally, it has recently been shown 

that protein-tyrosine phosphatase 1B is both required for ErbB2-induced breast 

tumourigenesis, and for Src activation via dephosphorylation of Src Y529 [55,97].  

Further, inhibition of protein-tyrosine phosphatase 1B has been shown to inhibit 

ErbB2-induced mammary tumourigenesis and metastasis [98].  Accordingly, an 

investigation of the phosphatase-dependency of ErbB2-induced Src Y215 

phosphorylation may yield interesting results. 

 

3. Ultimately, we may determine the integrin-dependency of ErbB2-driven 

tumourigenesis through manipulation of integrin expression and activation in our 

system.  Others have demonstrated that ErbB2-driven mammary tumourigenesis is 
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dependent on the integrin α6β4 [99,100].  In particular, we would like to target the β4 

integrin subunit, which has recently been shown to cooperate with ErbB2 in driving 

mammary tumourigenesis [32].    

 

4. This study aimed to isolate the signaling effects of ErbB2 homodimers.  However, 

there is evidence indicating that the role of ErbB2 in cell transformation may differ 

based on its partner [77,101].  Accordingly, future studies may be aimed at 

elucidating the roles of various ErbB dimer combinations in cell transformation, and 

in particular the effect of dimer activation on Src, FAK, and Akt phosphorylation, as 

well as on cell differentiation in a three-dimensional culture model. 

 
 
4.6. Clinical Relevance. 

 Approximately 30% of human breast cancers demonstrate overexpression of 

ErbB2, with these cases correlating with recurrence and poor prognosis.  While 

therapy targeting ErbB2 has met with some success, particularly in early-stage breast 

cancers, transformation and progression towards a later-stage metastatic phenotype is 

likely sustained by aberrant signaling from multiple players.  In our study, we have 

confirmed Src, FAK, and Akt as potential players in early onset of breast cancer, in 

particular by virtue of activation at specific tyrosine residues.   Targeting of these 

signaling players concurrently with ErbB2 may prove more effective, especially in 

early stage breast cancers:  our three-dimensional culture studies indicate a role for 

ErbB2 in deregulated luminal cell survival and luminal infiltration - events which 

may reflect ductal carcinoma in situ.  Importantly, as diagnostic techniques and 
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strategies continue to improve, we can expect to see a greater number of breast cancer 

cases presenting at earlier stages, such as ductal carcinoma in situ.  In particular, the 

implementation of clinical breast examination and mammography-based screening of 

asymptomatic women has led to increased breast cancer incidence and earlier 

diagnosis [1].  Accordingly, studies like ours may provide valuable insight to 

matching therapies to events contributing to early onset of the disease, so that early 

detection efforts can be fully exploited.  
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Appendix – Materials 
 
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 

 
Cell Maintenance 
 
MCF10A complete differentiation media 
 50:50 DMEM/F12 Media, supplemented with: 
  5% Horse Serum 
  10 µg/mL Insulin 
  20 ng/mL EGF 
  100 ng/mL Cholera Toxin 
  0.5 µg/mL Hydrocortisone 
 * Passage with Trypsin/EDTA 
 * Freeze in 10% DMSO + 15% Serum 
 
Cell Lysis 
 
2X SDS-PAGE Sample Buffer 
 20% glycerol 
 4.6% SDS 
 1% Bromophenol Blue 
 0.15% Tris 
 Adjust to volume with ddH2O and pH 6.8 
 Add ß-mercaptoethanol to 3% of total sample volume 
 
SDS-PAGE and Western Blotting 
 
Resolving Gel (makes one mini Bio-Rad 9% gel) 
 4.8 mL ddH2O 
 2.6 mL 4x Lower Gel Buffer (LGB) 
 3.2 mL 29:1 Acrylamide 
 60 µL 10% Ammonium Persulfate (APS) 
 6 µL TEMED 
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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 
 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 
 
Acrylamide 
 29% Acrylamide 
 1% Bis-acrylamide 
 Adjust to volume with ddH2O and pass through 45 µm nitrocellulose filter 
 
SDS-PAGE Running Buffer (10X) 
 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 
 
Stripping Buffer 
 78 mM Tris 
 2% SDS 
 Adjust to volume with ddH2O and pH 6.7 
 Add 0.7% ß-mercaptoethanol just before use 
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Confocal Microscopy 
  
Wash Reagent 
 0.01% Triton X-100 
 0.3% BSA 
 Adjust to volume with PBS* 
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