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Abstract 

Breast cancer (BC) is one of the leading causes of cancer-related deaths in Canadian 

women. Aggressive BCs (e.g. triple-negative subtype; TN) present a clinical challenge as 

defined biomarkers, particularly those indicative of unique cancer-associated signaling pathways, 

are needed to improve prognostication and prediction of therapeutic response. Overexpression of 

Src and its substrates, Ezrin and Tks5, have been associated with poor prognosis in many 

cancers. We have previously shown that Ezrin regulates proteolytic-independent invasion, while 

others have shown that Tks5 is associated with proteolytic-dependent invasion. Thus, expression 

of Ezrin versus Tks5 in BC cases may represent different invasion modalities. Additionally, 

immunofluorescence (IF)-based technologies may provide a more quantitative and objective 

approach for analysis of biomarker expression and subcellular compartmentalization compared 

to immunohistochemistry (IHC). In this study, I hypothesize that expression and subcellular 

localization of Src, Ezrin and Tks5, have improved prognostic significance in BCs, compared to 

current clinico-pathological parameters. To assess this, I optimized an IF-based automated 

quantification analysis (AQUA) system to measure subcellular expression in a 63-patient BC 

cohort and tested associations with clinico-pathological data. This thesis presents that: 1) 

Expression of Src and Ezrin increased, but that of Tks5 decreased in breast tumours compared to 

normal breast. 2) Src and Ezrin localized to the apical regions of normal breast epithelia but 

shifted to the cytoplasm in breast tumours. Tks5 exhibited a granular basal expression in normal 

breast epithelia, and is weakly expressed in tumour cellular compartments. 3) In our 63-patient 

cohort, Src and Ezrin had significant correlations with multiple clinico-pathological parameters, 

including TN status and lymphovascular invasion. 4) Clinico-pathological associations with IF-

based AQUA scoring are directly comparable to conventional manual IHC scoring. Our study 

supports the role of Src and Ezrin as potential prognostic biomarkers for BC.  
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CHAPTER 1 – INTRODUCTION 
1.1. Breast Cancer 

1.1.1. Statistics & Risk Factors 

Breast cancer is the most common type of cancer among Canadian women, and is the 

second leading cause of cancer-related deaths in Canadian women [1].  According to the 

Canadian Cancer Society, 1 in 9 women will experience breast cancer in their lifetime, while 1 in 

29 will succumb to the disease. It is estimated that 23,800 women will be diagnosed with breast 

cancer, representing 26% of all new cancer cases in women and that 5,000 women will die from 

the disease (14% of all cancer deaths in women); 65 women are diagnosed with breast cancer 

every day [1]. Breast cancer incidence rates rose through the 1990s due to the adoption of 

mammography and the introduction of breast cancer screening programs. The increased usage of 

hormone replacement therapy (HRT) in post-menopausal women may have also contributed to 

this rise. In the 2000s, a decline in breast cancer incidence was seen, which coincided with the 

decrease in HRT use due to its associated risk with breast cancer [1]. However, there is still 

much debate as to whether HRTs do increase risk of disease, and multiple long-term follow-up 

studies are in progress [2, 3]. In general, overall breast cancer deaths have decreased as a result 

of increased screening and the advent of improved treatment options, such as neoadjuvant 

therapies. Nevertheless, the disease remains as one of the most common causes of death among 

Canadian women aged 20-59. Deaths do not result from primary tumour disease which are 

associated with high survival rates if removed and treated early, but from metastatic disease 

where the tumour spreads to distant sites throughout the body [4]. Clinical management has been 

a challenge as the heterogeneous nature of breast cancer allows it to evade both detection and 
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treatment. Therefore, new prognostic and predictive markers are required to fully assess this 

disease, allowing oncologists to tailor individualized treatment strategies for each patient. 

Numerous established risk factors are associated with the development of breast cancer, 

especially gender and age. Some non-modifiable risk factors include: familial history of breast 

cancer, inherited genetic mutations (e.g. BRCA1/2), high breast tissue density, early menarche, 

late menopause, and ethnicity [1]. Other modifiable risk factors include: pregnancies 

(late/few/none), use of HRTs, radiation exposure, no breastfeeding, high alcohol consumption, 

and tobacco smoke [5]. 

 
1.1.2. Classifications 

The heterogeneity of breast cancer has led to a continually expanding and refined 

classification system. The diversity of the disease has been found to be a result of distinct 

genetic, epigenetic and transcriptomic alterations [6]. Though morphology is an important 

distinguishing feature, cancers of the same histological type can still exhibit a diverse range of 

clinical behaviours (e.g. response to treatment, recurrence, overall survival). Breast neoplasms 

are broadly divided into non-invasive and invasive subgroups [7]. Non-invasive neoplasms are 

restricted within the basement membrane and have not reached the stroma, most commonly 

presenting as ductal carcinoma in situ (DCIS) [7]. Invasive neoplasms have breached the 

basement membrane and have penetrated into the stroma, enabling metastasis to distant sites. 

These cancer types include invasive ductal carcinomas and invasive lobular carcinomas (IDC 

and ILC, respectively), which account for 50-90% of all invasive breast cancers [7, 8]. Metastatic 

breast cancers tend to spread to the lung, liver, and bone. 

Pathologists have developed multiple classification schemes to assess the severity and 

spread of the disease. Still, there is a need for more reliable prognostic and predictive markers of 
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metastasis, which are integral in determining overall survival and outcome. One prognostic 

metric in use for breast cancer is the TNM staging system which assesses the pathological stage 

of the disease. The TNM staging system assigns a numerical value to each of the three categories 

based on tumour size and degree of local invasion (T), lymph node involvement (N), and distant 

metastasis (M). Higher stage is associated with worse prognosis. Histological grade is also used 

for prognostication: the Scarff-Richardson-Bloom (SBR) score assesses the morphology of the 

tumour, which is the sum of the scores (totaling out of 9) based on tubule formation (1-3), 

nuclear pleomorphism (1-3), and mitotic count (1-3). Other prognostic and predictive markers 

include lymphovascular invasion (LVI), number of positive lymph nodes, hormone receptor 

status (estrogen receptor, ER; progesterone receptor, PR) HER2 amplification, and triple 

negative status (ER-/PR-/HER2-). 

Along with receptor status, molecular profiling has identified additional subtypes which 

better classify the disease. Information from simultaneous expression analyses of whole genome 

screens has allowed researchers to understand and classify breast cancer with greater precision. 

Intrinsic subtype classification has provided a valuable framework and provides a wealth of 

biological information. There are currently at least six subtypes, namely Normal breast-like, 

Luminal A, Luminal B, HER2-enriched, Basal-like, and Claudin-low [9]. New classifications are 

currently being added, thus corroborating the notion of  breast cancer heterogeneity [10]. Basal-

like breast cancers have one of the worst prognoses, and are often considered to be synonymous 

with triple negative breast cancers, though there is a discordance of up to 30% between the two 

classifications [11]. The basal-like/triple negative cancer subtype is still heterogeneous and 

always insensitive to hormone receptor therapy (e.g. trastuzumab vs. HER2 receptors, tamoxifen 

vs. ER); effective treatments are still being investigated. The majority of Claudin-low tumours 
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are concordant with basal-like status, and are also associated with poor prognosis and high 

recurrence [12]. Molecular profiling has led to the development of new prognostic tools based on 

assessing gene signatures, such as Oncotype DX and MammaPrint [13, 14]. 

Treatment options typically include surgery, radiation, endocrine therapy and/or 

chemotherapy. Surgical intervention is usually successful if the primary tumour has not yet 

spread or metastasized. Radiation therapy is also employed to eradicate subclinical disease post-

surgery, and has been shown to reduce local recurrence rates in early-stage breast cancers [15]. 

For metastatic cases, chemotherapy is often required. However, prolonged, non-specific 

treatments pose the risk of overtreatment. Current prognostic and predictive markers are not 

sophisticated enough to determine who will relapse or benefit most from certain treatments. 

Exposure to chemotherapeutics has a broad effect on all cellular functions, while those therapies 

that lack tumour specificity induce short-term side effects such as tissue toxicity (e.g. 

gastrointestinal tract), as well as long-term side effects, such as cardiac toxicity, secondary 

leukemia, cognitive dysfunction, neurotoxicity and fertility issues [16]. Our growing 

understanding of tumourigenic pathways will aid the development of new predictive markers and 

more effective personalized treatment options. 

 
1.1.3. Breast Cancer Metastasis 

As metastasis remains the primary challenge for breast cancer patients, understanding the 

underlying biological mechanisms is imperative for determining effective prognostic and 

predictive markers. The metastasis cascade is characterized by a multi-step process where 

tumour cells invade the local stroma, intravasate into vessels, travel to distant sites, and 

extravasate into secondary regions where they establish new tumours [17]. Certain phenotypes, 

such as the triple negative/basal-like subtype, represent a more aggressive population of cells, 
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than the Luminal A/B subtypes. Tumour cells invade the surrounding tissue and intravasate into 

blood or lymphatic vessels, where they can then disseminate from primary tumours and travel to 

distant organs to establish metastatic sites [18]. During this stage, the tumour cells undergo cell 

cycle arrest and adhere to the capillary beds of the target organs where they may lay dormant or 

proliferate [19].  As mentioned in 1.1.2, common metastatic sites for breast cancer include the 

lung, liver, and bone, as they provide a receptive environment for distant tumour growth [20]. 

Prior to invasion, cells lose their cell-to-cell adhesions and adhere to the extracellular 

matrix (ECM). Progression of carcinoma is advanced by loss of epithelial features, a process 

known as epithelial-to-mesenchymal transition (EMT). This phenotypic change is marked by 

changes in epithelial markers, resulting in loss of epithelial polarity, reduced intracellular 

adhesion, increased cell motility, and anchorage-independent growth [21]. Loss of E-cadherin 

expression, a well-characterized epithelial protein regulating adherens junctions, has been 

associated with poor prognosis in breast cancer [22, 23].  In conjunction with the down-

regulation of epithelial proteins, transition to the mesenchymal phenotype is promoted through 

upregulation of proteins involved with cytoskeletal remodeling (e.g. N-cadherin, vimentin, actin, 

β-filamen, talin) and extracellular matrix remodeling (fibronectin, matrix metalloproteinases) 

[24]. N-cadherin, which is not expressed in normal epithelial cells, is upregulated in breast 

carcinoma and is thought to enable adhesion to stromal cells and facilitate invasion [25]. 

 Degradation of ECM is facilitated by matrix metalloproteinases (MMPs) and the 

urokinase plasminogen activator (uPA) system, both of which are associated with poor prognosis 

in breast cancer patients [26-29]. MMPs are a class of calcium-dependent, multi-domain 

proteolytic enzymes which are either secreted or membrane bound, and capable of degrading 

most ECM proteins [30]. Most MMPs are synthesized in their latent form and must be activated 
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through proteolytic removal of their pro-domain or by auto-activation, and are inhibited by tissue 

inhibitors of MMPs (TIMPs) sequestered in the ECM [31]. Of the 24 known human zinc-binding 

endopeptides, MMP-2, -3, -11, MT1-MMP, and MT4-MMP have been shown to be involved in 

breast cancer metastasis (reviewed in [32]). 

 As breast carcinomas form in epithelial ducts and are then still joined by intercellular 

junctions, they often exhibit collective cell migration (of cellular “sheets”) which is evident in 

well-differentiated lobular carcinoma [33]. Eventual loss of epithelial anchorage, as mentioned 

above, facilitates a switch to single-cell migration. Single-cell migration can occur in either a 

proteolytically-dependent or proteolytically-independent manner. Proteolytically-dependent cells 

acquire an elongated, fibroblastic/mesenchymal shape through Rac-dependent signaling and 

integrin engagement [34]. Mesenchymal cells invade and migrate through the multi-layer ECM 

with the use of MMPs [35]. However, inhibition of MMPs was not sufficient to abolish cancer 

cell invasion [36]. Alternatively, proteolytically-independent cells adopt an amoeboid-like 

(rounded) morphology through Rho/ROCK kinase signaling pathway activation and integrin 

engagement, and thus, are able to quickly penetrate through the ECM without matrix degradation 

[37]. The amoeboid morphology is also characterized by high actomyosin contractility, and 

membrane blebbing [38]. Cancer cells readily undergo mesenchymal-amoeboid transition (MAT, 

or conversely, AMT) using both Rac and Rho/ROCK signaling to navigate through the ECM 

[38]. This level of motile plasticity is exhibited in response to the extracellular environment (e.g. 

when pericellular proteolysis is blocked, then there is a switch to amoeboid-like migration) [39]. 

Typically, invasion occurs through the blood vasculature via a process known as 

intravasation which involves proteolytic digestion of basement membrane and transendothelial 

migration [40]. In contrast, lymphatic vessels provide an indirect pathway into the vasculature, 
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especially for rounded, proteolytically-independent amoeboid-like tumour cells which can take 

advantage of the loose overlapping lymphatic endothelial cell-cell junctions and lack of a 

complete basement membrane [41]. Accordingly, lymphatic invasion is a key prognostic factor 

for survival of patients with breast cancer. Tumour cells which have disseminated into the 

lymphatic vessels often form tumours at draining lymph nodes before proliferating and further 

disseminating to distant organ sites [41]. Thus, prognostic factors such as positive sentinel/non-

sentinel lymph nodes and overall lymph node status are valuable in predicting metastatic 

occurrence.  

 Metastatic tumour cells revert to an epithelial phenotype following a mesenchymal-to-

epithelial (MET) transition and reestablish epithelial junctions once they colonize a distant site, 

thereby providing a survival signal [42]. A suitable tumour microenvironment is critical for 

distant tumour growth and development, which can be influenced by different specialized cells, 

including fibroblasts, immune cells endothelial cells, and mural cells of blood and lymph vessels 

(reviewed in [43]). Other factors such as tumour vasculature impact the growth of tumour 

populations once they are established at distant sites. Pro-angiogenic factors promoting vascular 

growth, such as VEGF (vascular epithelial growth factor), provide a source of oxygen and 

nutrients, as well as an exit conduit for the developing tumour cell population [40]. Hypoxic 

conditions perpetuated by enlarged secondary tumours (>500µm in diameter) will promote the 

expression of pro-angiogenic factors through HIF-1 (hypoxia-inducible factor-1), propagating 

the pro-angiogenic cycle [44]. Overexpression of VEGF and HIF-1 both indicate poor prognosis 

[44, 45]. Tumours can also facilitate metastasis through the secretion of lymphangiogenic 

factors, such as VEGF-C and VEGF-D, and incorporation of lymphatic vasculature in the tumour 

[46].  
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Understanding the biochemical influences and mechanisms of tumour invasion and 

migration will provide valuable diagnostic, prognostic and predictive information that may 

reduce mortality and provide novel treatment options for metastatic breast cancer. 

 
1.2. Src 

1.2.1. Biochemical Features and Src Activation 

Src is a 60 kDa non-receptor tyrosine kinase member of the Src family of kinases (SFK). 

SFKs also include Yes and Fyn, which are widely expressed in most tissues, as well as Fgr, Lck, 

Lyn, Blk and Yrk, which are more selectively expressed in specific tissues [47]. In 1911, Peyton 

Rous described a viral v-src gene encoded by the Rous sarcoma virus, attributing it to the 

transmissible growth of sarcomas in chickens [48]. It was later found that v-Src was derived 

from the cellular homolog, c-Src, which, unlike v-Src, has the potential to become an oncogene 

when activated (i.e. a proto-oncogene) [47]. By comparison, v-Src possesses a greater level of 

activity and transforming ability due to the lack of a C-terminal negative regulator domain (as 

found in c-Src), and contains 12 substituted C-terminal amino acids with numerous point 

mutations [49]. 

Regulation of Src activity is mediated by intramolecular interactions controlled by 

tyrosine phosphorylation, as well as Src-homology domains (SH2, SH3) mediating protein-

protein interactions with sequences containing phosphotyrosine and proline-rich motifs, 

respectively [50]. c-Src is comprised of a C-terminal negative regulatory tyrosine residue (Y530 

in human, Y527 in chicken), four Src homology (SH) domains, and a unique amino-terminal 

domain (Figure 1a) [47]. Full Src activation requires autophosphorylation of the SH1 kinase 

domain (Y419 in human, Y416 in chicken), while the SH2 domain interacts with negative-

regulatory Y530. The SH3 domain promotes intramolecular contact with the kinase domain 
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when in the inactive form through binding to proline-rich regions, and the SH4 domain contains 

a myristoylation site that is important for membrane localization [47, 51].  

In its inactive state, Src is localized to the perinuclear region of the cell. However, Src 

localization to the plasma membrane brings Src within close proximity to upstream and 

downstream signaling molecules, a process that is critical for Src’s transforming ability [52]. 

When the Y530 residue in the C-terminal negative regulatory tail is phosphorylated by kinases, 

such as C-terminal Src kinase (CSK), Y530 binds to the SH2 domain. This interaction also 

promotes the formation of intramolecular bonds between SH2 and SH3, resulting in a closed 

loop conformation (Figure 1b) [53]. The closed conformation results in an inactive Src protein, 

as substrate binding to both SH2 and SH3 domains is restricted. Activation of c-Src is mediated 

through dephosphorylation of Y530 by phosphatases, including SH2-containing phosphatase 

(SHP) 1 and 2, protein tyrosine phosphatase α (PTPα), and protein tyrosine phosphatase 1B 

(PTPB) [54, 55]. Removal of the C-terminal negative residue disrupts the weak intramolecular 

forces and enables an open configuration. 

 
1.2.2. Src in Normal Development 

Src, which is ubiquitously expressed in all cells, plays a broad role in signal transduction 

in non-oncogenic cells, specifically in regulating signals from cell surface receptors. It is 

involved in many cellular processes, including transcription, cell cycle progression, adhesion, 

angiogenesis, migration, apoptosis, and differentiation [50, 56, 57]. Due to the redundancy of 

SFKs, Src/Yes/Fyn triple knockouts (SYF-/-) in transgenic mice were required to show severe 

developmental defects and lethality in utero [58]. Use of c-Src-deficient mice also demonstrated 

a delay in mammary gland, ovarian, and uterine development [59].  
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a) 

b) 
 

 

Figure 1. The structure and activation of Src.  
a) Structure of Src. The c-Src oncoprotein structure consists of four Src homology (SH) 
domains, a negative-regulatory C-terminal tail tyrosine residue and an N-terminal domain. The 
SH1 kinase domain contains an autophosphorylation activation site required for full Src 
activation (Y419). The SH2 and SH3 domains interact to negatively regulate c-Src, resulting in a 
closed structure of the oncoprotein and blocking off the kinase function.  The Y530 of the C-
terminal tail binds to the SH2 domain when phosphorylated by CSK, while the SH3 domain 
interacts with the kinase site to inactivate c-Src.  The SH4 domain contains the myristoylation 
site which is vital for membrane localization.  Activation of c-Src is performed by removal of the 
phosphate on Y530 by phosphatases such as protein tyrosine phosphatase-α (PTPα). The specific 
tyrosine sites vary with species: Y416, Y527 (avian); Y419, Y530 (human). 

b) Src activation.  Src primarily exists in an inactive state with Y530 phosphorylated, allowing 
the intramolecular binding of Src to its SH2 domain. A Y530F mutation of the activated Src 
construct prevents phosphorylation of the negative regulatory site, maintaining a constitutively 
active (open) conformation which allows autophosphorylation at Y416 and substrate binding.
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Furthermore, this study showed impaired cell spreading and migration in c-Src deficient 

fibroblast and mammary cells, as well as turnover of focal adhesion [60]. Molecular inhibition of 

Src in keratinocytes demonstrated that Src plays a role in the regular destabilization and 

controlled disassembly of cell-cell adhesions [61]. Src deletion in mice showed that c-Src is 

critical in osteoclast-mediated bone resorption, as src-/- mice revealed the presence of increased 

bone mass, loss of bone marrow spaces and formation of odontomas (neoplastic teeth) [62]. Src-

mediated osteoclast activity has also been shown to be critical in osteolytic bone metastasis [63]. 

Membranous Src interacts with signal transduction proteins, cytosolic Src is involved with 

protein trafficking, perinuclear Src regulates microtubules formation, and nuclear Src functions 

as a cell cycle regulator [64]. Inactive Src tends to localize around the perinuclear region until 

activation, where it relocates to membrane for endosome-mediated recycling [65]. 

 
1.2.3. Src in Cancer 

Src has been extensively studied and reviewed in the context of cancer development [47, 

50, 56]. Src expression and/or activity have been found to be upregulated in numerous cancers, 

including breast, colon, pancreas, esophageal, gastric, ovarian, as well as head and neck cancer 

[66-74]. c-Src has been shown as a critical factor of multiple signaling pathways regulating 

proliferation, survival, angiogenesis, and metastasis [75]. v-Src transformation in fibroblasts 

incurs visible changes to the morphology, rounding up and disaggregating due to the loss of 

intracellular epithelial contacts [76]. Additionally, the transformed cells are more motile, more 

readily invade the basement membrane, and form overgrown clumps of cells due to lack of 

density inhibition [47]. Increased expression of Src at later stages of tumour progression suggests 

that Src has a major role in invasion and migration, as shown in tamoxifen-resistant breast cancer 

[77]. Integrin-mediated signaling pathways, which regulate adhesion, motility, and cell polarity 
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are targeted by SFKs [50]. Inhibition of the Src/FAK signaling pathway diminishes turnover of 

cell-matrix adhesions and reduces activation of ECM-degrading proteases, such as MMPs and 

uPA [78]. Thus, the overexpression and enhanced activation of Src, and as a result, its many 

coupled signaling transduction pathways, leads to dysregulated morphology and activity. 

 
1.2.4. Clinical Significance of Src 

Growing evidence has supported the role of Src as an effective clinical biomarker and 

therapeutic target. Of the eight SFKs, Src has the highest expression in breast cancer and is 

negatively associated poor disease-specific survival [79]. High levels of c-Src in DCIS correlated 

with HER2 positivity, high tumour grade, and lowered recurrence-free survival [80]. In addition 

to total Src expression, subcellular localization of tyrosine-phosphorylated Src also correlated 

with clinical outcome: in ER-negative breast cancer patients, pY530Src was found to be highly 

expressed in the nucleus, while cytoplasmic phosphorylated/dephosphorylated Y530Src 

associated with low membranous Src expression (site of activation) [81]. Furthermore, IHC 

scoring of a 315 breast cancer patient cohort indicated that cytoplasmic c-Src, as well as 

membranous pY419Src associated with decreased disease-specific survival [82]. However, high 

expression of pY215Src in the nuclear and cytoplasmic compartments correlated to improved 

disease-specific survival in the ER/HER2-negative subgroup. Elsberger et al. (2009) further 

suggest that hormone-receptor status be properly identified prior to the administration of Src 

inhibitor therapy.  

Multiple ongoing clinical trials have assessed the efficacy of Src inhibitors, such as 

Dasatinib (BMS-354825), Saracatinib (AZD0530), and Bosutinib (SKI-606) [83-85] . Despite 

the critical role of Src shown in pre-clinical studies and the efficacy of treatment against chronic 

myeloid leukemia, monotherapies with Src inhibitors have generally been ineffective in solid 
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tumours in Phase II studies [84, 86-89]. The inefficacy of Src inhibition in these trials may be 

due to activation of redundant pathways mediated by Src. Pre-clinical studies have shown that 

ER-positive breast cancers acquire resistance to Saracatinib through reactivation of the mTOR 

signaling pathway [90]. Due to the disappointing results from Phase I/II monotherapy trials, 

there are currently very few clinical trials underway involving Src inhibitors for breast cancer 

[83, 84]. However, partial responses were still observed in some patients undergoing Dasatinib 

monotherapy for non-small cell lung carcinoma (NSCLC) [91]. This finding suggests that Src 

inhibitors may have some benefit for certain patients with solid tumours. Pre-screening for 

prognostic and predictive biomarkers, such as Src, is necessary to design individualized patient 

treatment regimens. 

 
1.3.Ezrin 

1.3.1. Biochemical features and Ezrin Activation 

Ezrin is a 81 kDa polypeptide member of the ezrin-radixin-moesin (ERM) family of 

plasma membrane-cytoskeletal cross-linker proteins, and plays an integral role in cortical 

structure, cell adhesion, motility, endocytic trafficking, signal transduction, and regulation of 

growth (Figure 2a, reviewed in [92]). ERM proteins are widely distributed in the cellular cortex, 

including the microvilli and adherens junctions [93]. Their roles involve linking of actin 

filaments to the membrane, by either directly attaching to the cytoplasmic tails of transmembrane 

proteins (e.g. CD43, CD44, intercellular adhesion molecules (ICAMs)), or indirectly binding via 

membranous scaffolding proteins attached to the transmembrane proteins, (e.g. ezrin-binding 

phosphoprotein 50 (EBP50), Na+/H+ exchanger regulating factor 1 (NHERF1), and Na+/H+ 

exchanger type 3 kinase A regulatory protein (NHERF2)) [94-96]. 
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a) 

 

b) 

 

Figure 2. The structure and activation of Ezrin.  
a) Structure of Ezrin. A comparison of the domain organization among members of the 4.1 
(FERM-domain containing) superfamily of proteins, Ezrin, Radixin and Moesin as well as 
Merlin. The ERM proteins show high sequence identity with one another, but diverge from 
Merlin. Figure adapted from [94]. 

b) Activation of Ezrin. In its inactive state, Ezrin remains in a closed loop where the N-terminal 
FERM domain and the C-terminal ERM association domain (C-ERMAD) interact to effectively 
mask the F-actin binding domain at the C-terminal [97].  Binding of PIP2 to the N-ERMAD and 
subsequent phosphorylation of the T567 residue in the C-ERMAD by kinases such as PKC and 
ROCK results in activation and conformational change to expose the F-actin binding site for 
enhanced binding [98]. Other tyrosine sites, such as Y145 and Y477, are shown to interact with 
kinases such as Src as well [99]. 
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The gene for Ezrin has been mapped to chromosome 6 (moesin to X, radixin to 11), and 

contains 13 exons [100]. ERMs contain a conserved, 300 amino acid, tri-lobed N-terminal lipid 

and membrane binding domain, also known as the FERM (4.1-ezrin-radixin-moesin) domain. 

The highly conserved 4.1-band, found on over 50 proteins, is a membrane protein involved in the 

cortical cytoskeleton [101]. An α-helical-coiled-coil structure connects the N-terminal to the C-

terminal domain containing a major F-actin-binding site [92].  In its inactive form, the N-

terminal FERM domain, also known as the N-terminal ERM-association domain (N-ERMAD) 

and C-terminal ERM-assoication domain (C-ERMAD) interact to for a closed-loop 

configuration, effectively masking membrane and actin binding sites [102]. 

 Activation of ERM proteins is regulated by T567 phosphorylation, resulting in disruption 

of the intramolecular forces involved in the N-ERMAD/C-ERMAD interaction (Figure 2b). 

Binding of phosphatidylinositol 2,4-biphosphate (PIP2) to the N-ERMAD, and subsequent 

RhoGTPase-dependent phosphorylation of a conserved threonine (T567 in Ezrin, T558 in 

Moesin, T564 in Radixin) located on the C-terminus, enables activation through unmasking of 

the actin binding sites [103-106]. Although PIP2 interaction is a prerequisite for T567 binding, it 

is not required for membrane interaction [107]. Threonine phosphorylation of ERM proteins is 

thought to occur by protein kinase C α (PKCα), Rho-kinase (ROCK), and Nck-interacting kinase 

(NIK) [108, 109]. Generation of knockout mice for each ERM protein demonstrated that ERMs 

have a functional redundancy. In contrast, constitutively active T567D Ezrin (non-

phosphorylatable threonine) induced the formation of cell-surface stuctures such as lamellipodia, 

membrane ruffles and microvilli tufts [110]. The open conformation exposes the N-ERMAD and 

C-ERMAD domains and allows for additional phosphorylation and interactions with other 

molecules, such as phosphatidylinositol-3-kinase (PI3K) and Src [111, 112].  
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 Src kinase binds to a phosphorylated Y190 Ezrin at its SH2 domain, and subsequently 

phosphorylates Y145, which promotes and stabilizes Src activity [99]. Loss-of-function Ezrin 

mutant, Y145F, was able to delay cell spreading and inhibit stress fibre formation, and impede 

focal adhesion assembly in LLC-PK1 kidney cells [99]. Src has also been found to phosphorylate 

Y477 on ezrin, independent of Y190 phosphorylation [112]. A previous study from our lab has 

shown that expression of Y477F Ezrin (non-phosphorylatable tyrosine) can block cell migration, 

local invasion, and metastasis [113]. 

 
1.3.2. Ezrin in Normal Development 

Ezrin, originally identified as Villin due to its presence in microvilli, was first isolated in 

gastric parietal cells and have since been shown to be present in polarized epithelial and 

mesothelial cells, whereas moesin is found in the myoepithelial cells and radixin is found in 

hepatocytes [93, 114, 115]. Mutant mice lacking Ezrin showed malformation in the intestinal 

epithelium, presenting with thicker, shorter, and less well-oriented microvillus morphology 

compared to the wild-type. Newborn mice with the Ezrin defect did not survive long after birth 

due to the malabsorption of nutrients [114]. Interestingly, moesin knockout in mice did not result 

in functional or structural abnormality of the tissues, and suggests that Ezrin and Radixin take 

over to serve a redundant function [116]. During T-lymphocyte activation, Ezrin, but not 

Moesin, was present in the immuno synapse, where changes in cell shape, loss of villi, and 

reduction of actin polymerization was observed [117]. This demonstrated a non-redundant role 

of Ezrin and Moesin, which interacted mainly with CD43 while Ezrin interacted with signalling 

kinase ZAP-70 [118]. Furthermore, Ezrin and Moesin play concerted roles in cortical 

polarization and directional migration in melanoma [119]. 
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1.3.3. Ezrin in Cancer 

Ezrin is overexpressed in multiple cancers, including breast, soft tissue sarcomas, 

gliomas, ovarian carcinomas, endometrioid carcinomas, lung adenocarcinomas, primary 

cutaneous melanomas, and oral cancers, and often indicative of poor prognosis [120-125]. In 

addition, Ezrin has been shown to interact directly with several molecules involved with 

metastasis, such as CD44, NHERF1, podcalyxin, podoplanin, and Lamp-1 (reviewed in [126]). 

Ezrin acts co-operatively with Src to disrupt cell-cell contacts and induce cell scattering, which 

augments cell motility and the potential for invasion and metastasis [113]. Disruption of Ezrin 

function with mutations and RNA interference abrogated malignant behavior of pancreatic, lung 

and breast cancer in vitro [127-129]. Expression of Y477F Ezrin inhibited local invasion in vivo, 

showing little invasion in the surrounding stroma and abdominal wall, and reduced the number 

of lung metastases [113]. 

 In addition to its role in cytoskeletal reorganization, Ezrin was found to be critical in 

amoeboid-type migration in melanocytes through membrane blebbing [130]. Rounded A375 

melanocytes exhibited Ezrin-rich uropod-like structures (ERULS) which polarized the cell for 

invasion. Lorentzen et al. (2011) further postulated that the rigid ezrin-containing structure 

determines the direction of a moving cell through localized inhibition of membrane blebbing. 

 

1.3.4. Clinical Significance of Ezrin 

Overexpression of Ezrin has been found to correlate with poor prognosis in many cancers, as 

noted in 1.3.3. In breast tumours, Ezrin is localized diffusely to the cytoplasm and strongly to the 

motile structures, a feature which is also associated with large tumour size [131]. This is in 

contrast to the strong apical localization of the ducts in non-tumourigenic breast [10]. 

Interestingly, smaller invasive ductal carcinomas (T1, 1cm) also present with an apical 
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membrane and perinuclear localization, and weak cytoplasmic staining in locally advanced 

breast cancer. Membranous Ezrin staining in breast carcinoma was associated with high grade, 

strong HER2, and p-Akt expression [132]. Overexpression of Ezrin in colorectal cancer is also 

associated with decreased time to recurrence [133]. A recently concluded 15-year follow-up 

study of stage II ductal breast cancer patients demonstrated a significant correlation between 

nuclear Ezrin expression and lymph node metastases, but did not predict patient survival or 

hormone receptor status [134].  

 Though inhibition of Ezrin through shRNA and small molecule inhibitors has been 

generally successful in reversing the malignant phenotype in pre-clinical settings, there are no 

inhibitors of Ezrin currently being assessed in clinical trials [135].  Interestingly, the multi-kinase 

inhibitor Sorafenib (BAY-43-9006) demonstrated a dose-dependent downregulation of ERM 

threonine phosphorylation in osteosarcoma [136]. Thus, targeting Ezrin pathway or the protein 

itself may be a viable therapeutic option for patients with tumours that overexpress Ezrin, 

especially for those unresponsive to standard treatments [136].  

 

1.4.Tks5 

1.4.1. Biochemical Features of Tks5 

Originally known as SH3PXD2A (Src homology (SH) 3, Phox homology (PX) adaptor 

protein) and Fish (five SH3 domains), Tks5 has been shown to interact with Src tyrosine kinase 

to promote invadopodia formation in multiple cancers [137]. Tks5 was first observed when Src 

substrates were rapidly screened using an enriched preparation of Src, which phosphorylated 

proteins produced from phage expressing mammalian cDNA libraries [138]. Two Tks5 

transcripts were identified in embryonic mouse cDNA [139]. The Tks5 protein contains an 

amino-terminal Phox homology domain, five SH3 domains, two alternative splice sites, multiple 



  

19 
 

proline-rich motifs and tyrosine phosphorylation sites (Figure 3). The alternative splice variant, 

Tks4, does not contain the same putative tyrosine phosphorylation sites as Tks5, but includes a 

canonical Src SH2 domain binding sequence (YEEI) [140]. As there is no catalytic or kinase 

domain, Tks5/Tks4 are considered to be scaffolding and adaptor proteins.  

Though both are necessary for podosomal formation, Tks5 and Tks4 were found to have 

overlapping but different functions. Tks5 is known to bind to actin regulatory proteins N-WASP 

and Nck [137, 141]. The fifth SH3 domain of Tks5 has been found to interact with ADAM13 

proteins, which localize to podosomes in Src-transformed fibroblasts [139, 142]. 

Phosphorylation of Y557 on Tks5 induces direct association with Nck1 and Nck2 in invadopodia 

[137]. Both Tks5 and Tks4 interact with the ADAMs metalloproteinase family [142, 143]. 

Tks5 has been found to form pre-podosomal structures through the recruitment of 

podosomal proteins, such as cortactin and vinculin, while Tks4 is required for further actin 

polymerization [143]. Tks proteins organize reactive oxygen species (ROS) by the NADPH 

oxidase family of enzymes, which are integral in podosomal development [144, 145]. 

Furthermore, Tks4, but not Tks5, has been shown to be required for MT1-MMP recruitment, 

which can subsequently recruit other MMPs (e.g. MMP2 and MMP9) to further promote ECM 

degradation [146].  

 

1.4.2. Tks5 in Normal Development 

Tks5 is found in normal physiological processes requiring podosomes for motility and 

ECM degradation, such as osteoclasts, macrophages, endothelial cells, vascular smooth muscle 

cells, and neural crest cells [147-149]. Migratory capacity is especially important during 

embryonic development. In normal fibroblasts, Tks5 and Tks4 are found in the cytoplasm, and 

are localized to podosomal structures following Src activation [141]. Reduction of Tks5  
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Figure 3. Structure of Tks5 and related protein Tks4.  
Previously known as Fish (for Five SH3 domains), two Tks5 (tyrosine kinase substrate 

with 5 SH3 domains) transcripts have been identified, varying by two alternative splice sites (*) 
surrounding the first SH3 domain. The Tks5 protein comprises of an amino-terminal Phox 
homology (PX) domain, five Src homology 3 (SH3) domains, multiple proline-rich motifs 
(PxxP) and phosphorylation sites (Y). The Tks4 transcript shares a 36% similarity to Tks5, and 
maintains a distinct Src phosphorylation site (YEEI) which binds optimally to SH2 binding sites 
[147, 150]. Figure adapted from Courtneidge, 2005. 

 

expression in zebrafish using morpholino technology resulted in severe developmental 

abnormalities, including craniofacial and pigmentation defects, heart malformations, impaired 

motion and edema [151].  Furthermore, observations in 3D culture and in vivo have 

demonstrated that the Src-Tks5 pathway is vital to the neural crest cell migration during 

embryonic development through the promotion of actin-rich pro-migratory structures.  

 

1.4.3. Tks5 in Cancer 

As Tks5 is required for the formation of pre-invadopodia structures, reduction of Tks5 is 

expected to inhibit tumour growth and metastasis. Blouw et al. (2008) knocked down (KD) Tks5 

in Src-activated mouse fibroblast (NIH3T3) cells and found a reduction in subcutaneous tumour 

growth in mice [152]. Following tail-vein injections, the size of metastatic lesions in the lung 

were smaller compared to control, though the number micrometastases did not change, 

suggesting the Tks5-mediated invadopodia migration is not required for extravasation into the 

lung parenchyma. Tks5 KD showed a non-significant increase in apoptosis and a significant 

decrease in angiogenesis, shown by reduced vessel density and vessel dilation. 
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1.4.4. Clinical significance of Tks5 

No clinical studies of Tks5 have been reported in human breast cancer. However, Stylii et 

al. (2012) assessed the prognostic significance of Tks5 in 57 glioma patients. It was found that 

Tks5 overexpression was significantly associated with poor patient survival in all gliomas, 

including glioblastoma multiforme (GBM), anaplastic astrocytoma (AA), and most effectively, 

low-grade astrocytoma and oligoastrocytoma (A/OA), [153]. Interestingly, cortactin, which is 

also required along with Tks5 for invadopodia formation, did not show any prognostic 

significance, despite being overexpressed in other cancers such as breast, colorectal, head and 

neck, hepatocellular, gastric, esophageal, and ovarian carcinomas [147]. Thus, Tks5 may serve as 

a distinct and informative clinical marker. Clinical studies on larger cohorts and other human 

cancers have not yet been reported; this study aims to elucidate the clinical significance of Tks5 

in breast cancer.  

 
1.5. Manual and Automated Scoring of Biomarker Expression in Human Cancers 

Immunohistochemical (IHC) staining is the most widely used form of assessment for 

protein expression in both clinical practice and research. Tissue specimens from patients are 

stained using hematoxylin and eosin (H&E) to assess changes in morphology. Antibodies are 

also used to assess the expression of specific prognostic and predictive biomarkers. Standardized 

scoring systems for assessing tumour grade vary between diseases, such as SBR for breast cancer 

and Gleason score for prostate cancer. Prognostic and predictive information from these scores 

provide a clinical advantage, such as risk assessment guiding treatment recommendations. 

Researchers and clinicians have coupled IHC staining with the use of tissue microarrays 

(TMAs). TMAs can contain hundreds of cores from paraffin-embed tissue blocks, allowing 

pathologists to evaluate multiple patients at once. This methodology also reduces the number of 
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slides required to be cut and the amount of diagnostic reagents needed, and ensures consistent 

staining for all samples. However, multiple cores from each patient are generally required in 

order to address the heterogeneous nature of breast cancer. 

Traditionally, scoring is performed manually by trained pathologists, though this has 

become a labourious task, especially for large cohorts (e.g. clinical trials) and multiple 

biomarkers. Several commercial automated image analysis technologies have since been 

introduced to the market, including AQUA (Automated Quantification Analysis, HistoRx) and 

Ariol (Applied Imaging). Though each technology employs its own proprietary reagents, 

scanners and algorithms, they all aim to reduce pathologists’ workload, provide a systemic and 

objective method for pathological analysis, and reduce intra- and inter-observer variability. 

AQUA is coupled with an immunofluorescence (IF) imaging system, which enables multiplexing 

of different markers on the same specimen at different wavelengths [154]. Specific biomarkers of 

subcellular compartments, cytokeratin and DAPI, are binarized into masks to be used as 

inclusive areas. The intensity of the target marker is assessed within these masks with user-

defined algorithms to produce a continuous AQUA score [154]. Using AQUA, members of our 

group have also found that abundant expression of IL-21 is indicative of aggressive follicular 

lymphoma [155]. 

Multiple studies have compared manual vs. automated scoring, noting that automated 

scores are comparable to manual pathologists’ scores [156-158]. For example, our lab has 

recently demonstrated that automated analysis of p53, Cyclin D1, Ki-67, and pERK expression 

does not differ between expert pathologist scoring and clinico-pathological parameters using 

Ariol [158]. Interestingly, Ong et al. (2010) showed that automated pathological image analysis 

was more time-effective than conventional scoring. Pathologists scoring time doubled after the 
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first 50 cores, whereas automated scoring remained consistent [159]. Automated pathological 

image analysis technologies are welcome additions to the clinician’s toolkit and are most 

effective when employed with pathologist supervision [160]. With the need for more effective 

prognostic and predictive biomarkers, these technologies will accelerate high-throughput and 

large cohort studies [157]. 

 
1.6. Rationale, Hypothesis and Objectives 

In order to effectively diagnose and manage patients with a heterogeneous disease like breast 

cancer, new biomarkers are required to develop a personalized approach. To this end, biomarkers 

indicative of unique cancer-associated signaling pathways may have potential to improve 

prognostication and prediction of therapeutic response. A major roadblock is the need for better 

assays to define the expression and activity profiles of biologically significant candidate 

biomarkers using FFPE tumour specimens in clinical settings. Src has been extensively studied 

in the past and a mounting body of evidence continues to suggest that overexpression of Src is a 

prominent biomarker indicative of poor prognosis in many cancers [66]. Two substrates of Src, 

Ezrin and Tks5, are also overexpressed in many cancer types and have also been associated with 

poor prognosis. Furthermore, Ezrin and Tks5 are implicated to be involved in contrasting modes 

of invasion that may be involved in specific stages of breast cancer progression (Figure 4). Our 

group and others have shown that Ezrin regulates proteolytic-independent events in invasion 

(unpublished data) and rounded cell migration [130], which could occur during spreading of 

tumour cells into porous, lymphatic vessels. Conversely, Tks5 regulates proteolytic-dependent 

invasion and mesenchymal-type cell migration, which could effectively spread through less 

permeable, blood vascular structures [147]. It has also been suggested that breast cancer 
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metastasis may occur initially through lymphatic vessels with subsequent blood vessel 

involvement [161].  

Currently, few studies take advantage of the new pathological tools available, such as 

automated quantification systems, which enables more objective and reproducible analysis 

compared to traditional IHC scoring by pathologists. Continuous datasets generated using 

automated quantification technology also possess greater statistical power as dichotomizing 

 

Figure 4. Possible interactions of Src, Ezrin and Tks5 in lymphovascular invasion. 
Src is a non-receptor tyrosine kinase that is overexpressed in many invasive cancers, and has 
been extensively studied. It is involved in a variety of signaling pathways in tumour cells, such 
proliferation, survival, migration, invasion, and angiogenesis. Activated Src via Y416 
phosphorylation results in subsequent phosphorylation of multiple downstream substrates, such 
as Ezrin and Tks5. Ezrin-mediated changes to the cytoskeletal membrane promotes a rounded-
cell, proteolytically-independent form of amoeboid-type migration. This particular phenotype 
might take advantage of the porous nature of lymphatic vessels, possibly encouraging lymph 
node metastasis. Alternatively, Src-mediated recruitment of Tks5 promotes invadopodia 
formation, which subsequently recruits MMPs to degrade surrounding ECM. This elongated 
morphology coupled with proteolytically-dependent invasion may promote blood vessel invasion 
and encourage metastasis. 
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cut-points can be adjusted and no data are lost through arbitrary categorizations. Recent studies 

suggest that marker subcellular localization may add another level of resolution for 

prognostication with IHC-based methods. It was previously shown that differential subcellular 

localization of activated Src could result in either improved or reduced overall survival 

depending on its compartmentalization, which could have consequences on treatment 

recommendations [82]. Our group has recently begun exploring the use of automated 

pathological tools, such as AQUA and Ariol [155, 158]. Additionally, we have completed 

construction of a 435-patient TMA (SEOBC TMA), as well as a nested 63-patient breast tumour 

TMA, which are both linked to a large database of clinico-pathological data. Associations with 

clinico-pathological parameters, such as LVI and recurrence, could substantiate the role of Src, 

Ezrin, and Tks5 in breast cancer invasion and metastasis, and support their role as prognostic 

biomarkers. 

In this study, I have examined the hypothesis that: expression and subcellular localization 

of Src, Ezrin and Tks5, have improved prognostic significance in breast cancers, compared 

to current clinico-pathological parameters. 

My specific aims to test this hypothesis are: 

1) Quantify the expression and subcellular localization of Src, Ezrin, and Tks5, in normal and 

tumour breast tissues using automated quantification algorithms. 

i. Optimize antibody concentrations and specificity for IHC and IF  

ii. Evaluate subcellular compartmentalization markers using AQUA algorithms 

2) Correlate total and subcellular expression of Src, Ezrin, and Tks5 with clinico-pathological 

parameters and clinical outcome in a 63-patient breast tumour cohort. 
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The combined pre-clinical and clinical aspects of this study will provide new insights into the 

use of Src, Ezrin, and Tks5, as prognostic and predictive markers in breast cancer, as well as 

serve as a useful platform for automated analysis of other candidate biomarkers.  
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CHAPTER 2 – MATERIALS AND METHODS 

2.1 Reagents 
General reagents are listed in Appendix 5.1. 

2.2. Cell Lines and Tissue Culture 

2.2.1. Cell Lines and Tissue Culture 

A broad selection of cell lines was used in this study to serve as positive and negative 

controls for Src, Ezrin, and Tks5. The name, description, and culture conditions of each cell line 

used are included in Table 1. All cells were harvested using EDTA/trypsin (Gibco, Burlington, 

ON) and maintained in their respective media at 37°C in 5% CO2. The lentiviral Ezrin shRNA 

construct contains a puromycin selection marker and the cell lines expressing Ezrin shRNA were 

cultured with puromycin (1 μg/mL) to maintain selection pressure. Similarly, the constitutively 

active Src mutant contains a hygromycin selection marker and cells expressing activated Src 

were cultured with hygromycin B (100mg/mL, Sigma-Aldrich, Oakville, ON). Culture media 

can be found in the Appendix. Dr. Alan Mak provided the MDA-Src cell line. Dr. Daniel Medina 

(Baylor College of Medicine, Houston, TX) provided the HC11 cell line. Dr. Chris Mueller 

provided the BT-474, MDA-MB-468, and ZR-75-1 cell lines. Dr. Leda Raptis provided the 

NIH3T3 and NIH3T3 v-Src cell lines. 

 
2.2.2. Cell Pellet Construction 

To maximize the number of cells, each cell line was grown in five 25mm plates up to 

80% confluence. Cells were then trypsinized, resuspended in media containing 10% FBS was 

used to inactivate the trypsin, and collected in a single 50mL conical tube, before being 

centrifuged at 1000rpm to form a cell pellet. The pellets underwent three successive rinses with 

PBS* followed by centrifugation. After the third rinse, the cells were fixed using 10% formalin 

in PBS*, and centrifuged in an Eppendorf tube at 2500rpm. The cell pellet was then suspended in  
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Table 1. Cell Line Panel. 

Cell Line Source Origin 
Genetic Alteration 

(Vector) 
Culture Media 

BT-474 
Gift from Dr. 

Mueller 

Human Mammary 
Epithelial Ductal 

Carcinoma 
-- DMEM+10%FBS 

FAK-/- ATTC 
Mouse Embryonic 

Fibroblast 
FAK-/-, p53-/- DMEM+10%FBS 

HC11 
Gift from Dr. 

Medina 

Mouse (Balb/c-
COMMA-D) 

Non-tumourigenic 
Mammary 
Epithelia 

-- HC11 Media 

MCF-10A ATTC 

Human 
Non-tumourigenic 

Mammary 
Epithelial 

-- MCF10A Media 

MDA-MB-231 ATTC 
Human Mammary 

Carcinoma 
Empty Vector (pLKO.1) DMEM+10%FBS 

MDA-MB-231 
+shEZR 

Dr. Bruce 
Elliott 

Human Mammary 
Carcinoma 

shEZR-1 (pLKO.1) 
DMEM+10%FBS 

+Puromycin 

MDA-MB-468 
Gift from Dr. 

Mueller 

Human Mammary 
Epithelial 

Adenocarcinoma 
-- RPMI+10%FBS 

MDA-Src 
Gift from Dr. 

Mak 
Human Mammary 

Carcinoma 
Activated Src (pWZL) 

DMEM+10%FBS 
+Hygromycin B 

NIH3T3 
Gift from Dr. 

Raptis 
Mouse Embryonic 

Fibroblast 
-- DMEM+10%FBS 

NIH3T3 v-Src 
Gift from Dr. 

Raptis 
Mouse Embryonic 

Fibroblast 
v-Src DMEM+10%FBS 

SKBR-3 ATTC 
Human Mammary 

Epithelial 
Adenocarcinoma 

-- DMEM+10%FBS 

SYF-/- 
(Src/Yes/Fyn) 

ATTC 
Mouse Embryonic 

Fibroblast 
SV40 large T antigen DMEM+10%FBS 

SYF-/- +Src ATTC 
Mouse Embryonic 

Fibroblast 
SV40 large T antigen with 
reintroduced Src (pLXSH) 

DMEM+10%FBS 

T47D ATTC 
Human Mammary 
Epithelial Ductal 

Carcinoma 
--- RPMI+10%FBS 

ZR-75-1 
Gift from Dr. 

Mueller 

Human Mammary 
Epithelial Ductal 

Carcinoma 
-- RPMI+10%FBS 

Abbreviations: ATTC, American Type Culture Collection; DMEM, Dulbecco's Modified Eagle Medium; RPMI, 
Roswell Park Memorial Institute  
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2/3 volume of 1% agarose and left to solidify at 4°C. After 1 hour, 1mL of 10% formalin in 

PBS* was added to the top for preservation. Melted paraffin was used to embed the pellets 

before they were left to cool and harden in paraffin blocks.  

 
2.3. Immunoblotting 

2.3.1. Preparation of Cell Line Lysates 

Cells were grown to 80% confluency as described in 2.2.1, which were then lysed in 2X 

SDS (sodium dodecyl sulfate) containing Halt Phosphatase/Protease Inhibitor Cocktail (Thermo 

Scientific). Lysates were boiled at 100°C for 5 minutes to reduce the viscosity and left to cool to 

room temperature. Lysates were stored at -20°C in 500mL aliquots to prevent excessive 

freeze/thaw cycles. Protein concentrations were determined via spectroscopy and normalized 

prior to SDS-PAGE loading. 

 
2.3.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Prior to loading of the samples, β-mercaptoethanol (3%) was added to the lysates and 

boiled at 100°C for 5 minutes. The samples were loaded and resolved on 8% polyacrylamide 

gels for SDS-PAGE along with the PageRuler Plus Prestained Protein Ladder (Thermo 

Scientific) for size reference. Gels ran at 100mV/gel for 90 minutes. Samples were then 

transferred to PVDF (polyvinyl difluoride) membranes (Millipore, Villerica, MA), which were 

pre-treated in 100% methanol for at least 10 minutes. The semi-dry transfer method was used at 

100mA/gel for 75 minutes. 

 

2.3.3. Immunoblotting 

Once the semi-dry transfer was completed, the membranes were blocked in 5% BSA in TBST 

(Tris-Buffered Saline with Tween 20) for at least 1 hour at room temperature.  The membranes 
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were then incubated with the primary antibodies of interest (Table 2) diluted in 5% BSA for a 

continuous block. After overnight incubation at 4°C, membranes were washed 3 times for 10 

minutes each with TBST, and then incubated with the appropriate secondary antibody diluted to 

1:2500 in TBST at room temperature. Proteins were then visualized using enhanced 

chemiluminescence reagent (ECL; Perkin Elmer, Wellesley, MA), followed by exposure to 

radiographic film (Fuji Medical X-Ray Film, Christie Group Ltd, Mississauga, ON) or digital 

imager (Kodak Imager, Onex Corporation, Toronto, ON).  

 
2.3.4. Densitometric Analysis  

Protein expression was quantified by deriving the relative band intensities from the 

product of the mean intensity and the pixel area. X-ray films were scanned using a flatbed 

scanner (Epson Canada Limited, Toronto, ON) and assessed with ImageJ software (National 

Institutes of Health, Bethesda, MD). For membranes digitally scanned, band intensities were 

assessed using the Carestream software (Onex Corporation, Toronto, ON). Band intensities of 

proteins of interest were normalized to that of γ-tubulin, the loading control.  

 
2.3.5. Standard Curve Construction 

Multiple exposures were taken digitally to confirm a linear expression profile using a 

titrated sample.  As band intensities have been shown to increase logarithmically, the exposure 

with the linear standard would be most reflective of relative expression levels [162, 163]. For 

example, MDA-Src lysates were loaded at 0µg, 0.25µg, 0.5µg, 1µg, 2µg, along with the cell line 

panel. The exposure with the highest R2 value was used to standardize the proteins levels. This 

exposure was compared with expression data from AQUA scores.   
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Table 2. List of Antibodies & Biomarkers Used 

Name Host Clone Catalog # Vendor 
Optimized 

Concentrations 
WB IHC IF* 

Primary Antibodies 
Src Rabbit 36D10 2109 Cell Signaling 1:1000 1:100 1:500 

Y416 Src Rabbit Polyclonal 2101 Cell Signaling 1:1000 1:50 1:25 
Ezrin Rabbit Polyclonal 3145 Cell Signaling 1:1000 1:200 1:400 

Tks5 (SH3PXD2A) Rabbit Polyclonal HPA037922 Sigma-Aldrich -- 1:400 1:800 
Tks5 

(fish, M-300) 
Rabbit Polyclonal sc-30122 

Santa Cruz 
Biotechnologies 

1:2000 -- -- 

γ-tubulin Mouse GTU-88  Sigma-Aldrich 1:1000 -- -- 
AE1/AE3 

Cytokeratin 
Mouse Monoclonal sc-81714 

Santa Cruz 
Biotechnologies 

-- -- 1:400 

Secondary Antibodies 
α-mouse IgG 

HRP 
Sheep Monoclonal NA931V GE Healthcare 1:2500 -- -- 

α-rabbit IgG HRP Donkey Monoclonal NA934V GE Healthcare 1:2500 -- -- 
α-mouse Alexa 

488 
Goat Monoclonal 4408 Cell Signaling -- -- 1:1000 

α-rabbit Cy5 Goat Monoclonal A10523 Invitrogen -- -- 1:200 
Other Detection Reagents 

α-rabbit 
EnVision+ HRP 
labeled polymer 

Goat Monoclonal K4002 Dako -- -- -- 

Cy5 Tyramide  -- -- NEL745001KT PerkinElmer -- -- 1:50 
DAPI -- -- 32670 Sigma-Aldrich -- -- 1:3000 

*Primary concentrations for IF are all optimized for use with the α-rabbit EnVision+ system with HRP-linked 
polymer (Dako) in combination with the TSA-Plus Cy5 tyramide signal amplification reagent (Perkin-Elmer). 
 
2.4. Tissue Staining 

2.4.1. Slide Preparation 

All sections were cut at the Queen's Laboratory for Molecular Pathology (QLMP). 

Sections were cut from cold whole tissue and TMA blocks using a microtome (Leica, Richmond 

Hill, Canada), mounted on glass slides (Surgipath Canada, Winnipeg, Canada), baked at 52°C, 

and stored at 4°C until staining, which usually occurred within a week from sectioning. 

Immunohistochemical staining was performed manually and via Ventana automated 

immunostainer (Ventana, Tuscon, AZ). 
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2.4.2. Manual Immunohistochemical (IHC) Staining  

Formalin-fixed paraffin embedded (FFPE) tissue were cut into 6µm thick sections and 

mounted onto glass slides. Sections were deparaffinized and rehydrated before being submerged 

in three toluene baths for 4 minutes each, and then sequentially rinsed 7 times in each of the 

100%, 85%, and 70% ethanol baths. Afterwards, the slides were washed with water for 4 

minutes. Antigen retrieval solutions and times were optimized for each antibody (see Table 2). 

After deparaffinization, the tissues were incubated in a sodium citrate antigen retrieval solution 

(pH 6.0) at 95°C for 30 minutes. Once cooled for 20 minutes, the slides were washed with 1X 

TBS buffer and blocked with 3% hydrogen peroxide solution for 5 minutes in a humidity 

chamber. The slides were then rinsed again with 1X TBS and placed in a solution of 0.025% 

Triton-X-100 in TBS for 10 minutes. A blocking solution of 3% bovine serum albumin (BSA) in 

TBS was then applied to the slides for 20 minutes. After incubation, liquid blocker was applied 

around the perimeter of the tissue. The primary antibody, prepared in the 3% BSA in TBS, was 

then applied and incubated in a humidity chamber for at 1 hour at room temperature. 

Following primary antibody incubation, the slides were rinsed with 1X TBS solution. 

Liquid blocker was reapplied as required. For human tissue, a universal secondary antibody 

cocktail, DAKO LSAB+ System Horse Radish Peroxidase (HRP), was used (Figure 5a). The 

slides were incubated sequentially with a biotinylated antibody solution for 15 minutes, and 

HRP-conjugated streptavidin for 15 minutes. After, 3.3’-Diaminobezadine (DAB) was allowed 

to react for up to 10 minutes (time varied with primary antibody) to form a brown precipitate. 

The slides were then washed with water to stop the precipitation reaction, counterstained with 

hematoxylin for 1 second, and then placed in a running water bath for 5 minutes. Next, the slides 

were dipped 10 times in ammonia water, and then washed again in running water for 2 minutes. 
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The slides were then dehydrated in a sequentially graded-ethanol baths (70%, 85%, 100%, 

respectively), and three toluene baths. Coverslips were mounted onto the slides with Permount. 

 
2.4.3. Manual Immunofluorescence (IF) Staining  

FFPE tissue were mounted, deparaffinized, hydrated, and placed in antigen retrieval 

solution as in manual IHC staining. After antigen retrieval, the slides were rinsed 3 times with 

1X PBS* (phosphate buffered saline with CaCl2 and MgCl2). The slides were then incubated 

with 0.2% Triton-X solution in PBS* in a humidity chamber for 10 minutes. Liquid blocker was 

used to mark around the perimeter of the tissue. After washing 3X with PBS*, the slides were 

incubated in a blocking solution of 3% BSA in PBS* for 20 minutes. Primary antibodies were 

diluted in 3% BSA in PBS*, and slides were incubated for at least 1 hour. After washing 3 times 

in PBS*, the slides were incubated in fluorescent secondary antibodies for at least 1 hour at room 

temperature in the dark (Figure 5b). For three-colour staining, the secondary fluorescent 

antibodies included α-rabbit Cy5, α-mouse Alexa488, and DAPI. When enhanced antibody 

sensitivity was desired, Cy5 Tyramide Signal Amplification (TSA, Perkin Elmer) was used 

(Figure 5c). Secondary antibodies were diluted in a solution of α-rabbit EnVision+ system with 

HRP-linked polymer (Dako) and were used to incubate the slides for 1 hour. Dilute biotin 

tyramide stock Solution (1:50) in 1X Amplification Diluent was used to make the biotin 

tyramide solution. After secondary antibody incubation, the slides were washed 7-10 times with 

PBS*. The biotin tyramide solution was applied for 15 minutes in the dark, where the conjugated 

HRP catalyzes the formation of TSA free radicals, which from covalent bonds with tyrosine 

residues proximal to the HRP and antigen. Slides were then washed again 7-10 times with PBS* 

to remove the excess TSA before a coverslip was mounted with Mowiol. Slides were left 

overnight in the dark to dry at room temperature before the edges were sealed with clear nail 
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polish to prevent desiccation. Slides were scanned the next day. Depending on the robustness of 

the primary antibody, fluor signals will deteriorate over time. Slides can be preserved for about 2 

weeks if kept at 4°C in the dark.  Primary antibody concentrations were optimized separately for 

both Cy5 secondary fluors and Cy5 tyramide signal amplification.  

 
2.4.4. Automated Ventana Staining 

IF staining was also performed using the automated Ventana Discovery XT staining 

module (Ventana Molecular Systems, Tucson, AZ). Slides were warmed to 75°C before a 

deparaffinization solution was applied and incubated for 8 minutes. Slides were then subject to 

an antigen retrieval process using EDTA (pH 8.0, 100°C, CC1 protocol), and then cooled for 8 

minutes. After a series of washing steps, the biomarkers of interest were localized by the Cy5 

tyramide amplification system, as mentioned in 2.4.3. The Ventana protocol was modified to 

stop 1 hour after the secondary antibody application step for manual application of the Cy5 

reagent. The slides were manually mounted and left in the dark overnight at room temperature 

before being sealed with clear nail polish. 
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Figure 5. Immunohistochemical (IHC) and Immunofluorescent (IF) staining. 
In general, staining begins with application of a primary antibody for the detection of the antigen 
of interest. Depending on the species the primary antibody is raised in, an appropriate secondary 
antibody must be used. The secondary antibody binds to the Fc portion of the primary antibody. 
Depending on which method of staining is used, the secondary antibody and following steps will 
vary: 

a) IHC staining with diaminobenzidine (DAB). The applied secondary antibody is conjugated 
to biotin. Horseradish peroxidase (HRP)-conjugated streptavidin binds to the biotinylated 
secondary antibody and catalyzes the breakdown of DAB, leaving a brown precipitate near the 
antigen of interest. 

b) IF staining. The secondary antibody is directly conjugated to a fluorphore that will fluoresce 
under the appropriate excitation wavelengths.  

c) IF staining with Tyramide Cy5 amplification. After primary antibody incubation, an HRP-
labeled secondary antibody is applied. HRP can be conjugated via streptavidin, biotin, or Dako 
EnVision+ HRP-labeled polymer system. Subsequent addition of the Cy5 tyramide signal 
amplification (TSA) reagent is catalyzed by HRP, resulting in the formation of free radicals. The 
tyramide-bound fluors deposit and form covalent bonds in the immediate proximity of the 
antigen of interest. This method is preferred if the primary antibody used is not very robust and 
requires high concentrations. TSA enhances the sensitivity of the fluorescent signal. 
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2.4.5. Hematoxylin and Eosin (H&E) Staining 

            The TMAs containing human tissue (see 2.6.2) were stained with hematoxylin and eosin 

to clearly visualize the tissue morphology. Hematoxylin stains basophilic structures, such as the 

nucleus and ribosomes, while eosin stains eosinophilic structures such as intracellular and 

extracellular proteins. H&E staining was done manually, where tissues were deparaffinized by 

immersing the slides in 3 toluene baths for 4 minutes each, followed by 7 dips in 3 graded 

ethanol baths (100%, 85%, and 70%), and a water bath for 4 minutes. Tissues were stained for 

up to 7 seconds in hematoxylin and submerged in clean running water for 5 minutes. The tissues 

were then dipped 7 times in an acid-alcohol wash before being submerged again in running water 

for 8 minutes. Next, the tissues were placed in ammonia water for 2 minutes and then eosin for 1 

minute. After a quick rinse in the water bath, the tissues were then dipped progressively in 

graded ethanol (70%, 85%, and 100%) followed by 10 dips in 3 consecutive toluene baths. The 

slides were the mounted with Permount and coverslipped.  

  
2.4.6. ER/PR/HER2 Staining 

ER, PR and HER2 staining was done at the Kingston General Hospital via the Ventana 

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

Ventana pre-diluted antibody kit (ER, #790-4324; PR, #790-2223; HER2, #790-2991).  

 
2.5. Antibody Optimization Strategy 

As TMA sections and clinical specimens are a valuable commodity, the antibody 

optimization process had been streamlined to limit the amount of staining needed on the larger 

TMAs (Figure 6). Though automated Ventana staining provides many technical advantages 

(2.4.4), it is also very costly. In this study, both manual and automated Ventana staining were 
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performed for IHC and IF. IHC stains do not degrade over time and can be stored at room 

temperature. In contrast, IF slides must be scanned within a few days of staining at the risk of 

signal degradation, and must be stored in the dark at 4°C.  Thus, IHC staining was optimized 

before IF staining to test the robustness of the antibodies, to assess the validity of the positive 

and negative controls, and to provide a valuable reference for future IF staining. Optimal 

antibody concentrations for manual staining and automated Ventana staining protocols were 

assessed separately as manually optimized concentrations are not directly transferable to 

automated Ventana staining due to the numerous technical differences.  

Manual staining was done on whole tissue sections of normal and tumour breast, and the 

Technical TMA, which contains sample tissue and the cell line panel (see 2.6.2), for preliminary 

assessment of each antibody’s specificity and sensitivity. Negative controls include no primary 

antibody staining, as well as cell lines and tissues that lack the antigen of interest. Multiple 

dilutions of each antibody were tested to find the optimal conditions, and the final concentrations 

were assessed by a pathologist (Dr. Gulisa Turashvili). Once the protocols were optimized on the 

Technical TMA and other smaller TMAs, the 63 tumour TMA was stained. Final analysis was 

done on the slides stained by Ventana. 

 

2.5.1. Antibody Controls and Validation 

Various controls were used to determine any false positive or false negative staining. In 

addition to no primary controls, antibodies were tested on selected tissues and cell lines to ensure 

their specificity. For the Src antibody, human tonsil and SYF-/-+c-Src (Src/Yes/Fyn knockout 

cells expressing Src) were used as positive controls, while SYF-/- cells were used as a negative 

control. For the Ezrin antibody, human intestine tissue was used as a positive control, while 
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Figure 6. TMA Staining Strategy 
Antibodies were first optimized on whole tissue sections to ensure compatibility with 
immunohistochemistry and immunofluorescence detection, as well as to give reference to tissue 
staining patterns and protein localization. Next, positive and negative controls were stained as 
part of the cell line panel to assess the specificity of the antibody. Eight tumour and 63 tumour 
tissue microarrays were used to assess protein staining intensities, as well as to optimize the 
AQUA algorithms. AQUA scores were associated with clinico-pathological data. Next steps 
include expanding the study on the 435 patient Southeastern Ontario Breast Cancer (SEOBC) 
TMA. 

 

MDA-MB-231+shEZR cells (MDA-MB-231 cells with Ezrin shRNA KD) were used as a 

negative control. For TKS5, human spleen served as a negative control [147]. The Tks5 antibody 

used was created as part of the Human Protein Atlas and made against human recombinant 

protein fragments of Tks5. Rabbit polyclonal Tks5 antibody was enriched for using the Protein 

Epitope-Signature Tags (PrEST), where monospecific antibodies were captured in affinity 

columns and validated on protein microarrays and human tissue microarrays [164]. For all 

antibody optimizations, a no primary antibody control was used.  

 
2.5.2. Antibody Optimization for Immunohistochemistry 

Whole tissue sections, including normal and tumour human breast tissue, were assessed 

before using the Technical TMA. For the manual staining optimization, multiple parameters 
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were assessed for each antibody for a chosen concentration, including: antibody dilution (two-

fold dilutions), antigen retrieval buffer (citrate, pH 6.0 vs. EDTA, pH 8.0), antigen retrieval time 

(20, 30, 45 min), and DAB reaction time (up to 10 minutes).  

A pathologist was consulted to determine the antibody dilution presenting the highest 

specificity and lowest background staining. Both normal and tumour breast on the Technical 

TMA were used to assess specific staining, and to limit the amount of background staining. In 

general, the highest concentration that presented the least amount of background staining while 

remaining negative in the negative control was chosen.  

 

2.5.3. Antibody Optimization for Immunofluorescence 

Multiplex IF staining allows for detection of multiple antibodies at different wavelengths on 

the same sample (Figure 7).  The AQUA staining system, as described in 2.8.2, can be used to 

isolate the target of interest into different subcellular compartments, as defined by specific 

staining. Commonly, pan-cytokeratin (AE1/AE3) has been used to define epithelial tissue, while 

DAPI has been used to define the nucleus. Together, these stains can be combined using user-

defined algorithms to define total cellular expression, cytoplasmic/membranous expression and 

nuclear expression. Both cytokeratin and DAPI concentrations were optimized by manually 

staining on the Technical TMA and kept constant for all slides. For cytokeratin, the optimal 

concentration for the primary antibody was determined to be 1:200, while the α-mouse 

secondary antibody was 1:1000. For DAPI, the optimal concentration was determined to be 

1:3000. E-Cadherin was also considered to define the membranous region, though its expression 

is decreased and inconsistent in breast tumour epithelium. All antibodies for our targets of 

interest were α -rabbit, and thus could be used with the α-mouse cytokeratin. The DAPI, being a 

fluorescent DNA stain, does not require a secondary antibody. As a result, the following staining 
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platform used was: α-rabbit Cy5 for the target of interest (Src/Ezrin/Tks5), α-mouse Alexa 488 

for AE1/AE3 cytokeratin, and DAPI. 

 

 

 
 

Figure 7. Multiplex 3-colour staining. 
In order to assess co-localization, expression and subcellular compartmentalization via AQUA, 
immunofluorescent staining was optimized. α-rabbit primary antibodies were used for all target 
marker of interest (Src, Ezrin, Tks5), which was detected by Cy5 Tyramide Signaling 
Amplification. In addition to each target biomarker, α-mouse AE1/AE3 cytokeratin with Alexa 
488 fluor, and nuclear DAPI staining (350) were used. No primary controls and single/dual 
colour staining were done to ensure the absence of IF bleed-through. Cell line and tissue controls 
were used to assess the specificity of target marker. 
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In this study, three-colour multiplex staining was used for IF analyses. Once individual 

staining concentrations were optimized, no-primary, single-primary, and dual-primary staining 

with all secondary antibodies was also performed on whole tissue sections to ensure there was 

minimal bleed-through. Bleed-through, also known as cross-talk or cross-over, occurs when the 

spectral profile of the fluors overlap (i.e. broad absorption and emission spectra). This may cause 

artificially bright staining and artifacts, which is especially troublesome for co-localization 

studies. This can be remedied by choosing fluors distant enough of the spectrum and using 

wavelength-specific filters. We employed non-overlapping fluors with narrow bandwidths, 

including 350, 488 and Cy5 (670) to avoid bleed-through.  

Tyramide Cy5 amplification was employed and optimized for all targets of interest, as it 

boosted the Cy5 signal, reduced the amount of primary antibody required, and enhanced overall 

specificity and sensitivity of the antibody. Not all primary antibodies were equally robust, and 

thus required high exposure times. For example, pY416Src required high antibody 

concentrations and exposure times, and Cy5 amplification could not improve its signal. Once the 

multiplex antibody concentrations were determined to be robust with minimal bleed-through, the 

concentrations were optimized for automated Ventana staining using the Technical TMA, 

performed at the Queen’s Laboratory of Molecular Pathology (QLMP). All optimal 

concentrations were chosen based on qualitative assessment of the positive and negative control 

cell pellets, and were assessed by a pathology resident (Dr. Gulisa Turashvili). 

 
2.6. Human Tissue Microarray  (TMA) 

2.6.1. Selection Criteria & Construction 

Following Queen’s Research Ethics Board approval, breast tumour specimens were 

collected from 63 consenting female patients who received treatment for breast cancer at the 
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Cancer Centre of Southeastern Ontario at Kingston General Hospital between 2005 and 2007. 

Clinico-pathological information for each patient was retrospectively obtained from electronic 

and paper medical files, and was entered into an anonymized database by an experienced 

oncologist. Tissues were taken from premenopausal women that were 49 years of age or younger 

at the time of diagnosis, had primary invasive mammary carcinomas (infiltrating ductal and/or 

lobular), and staged within T1-3a, N0-1, and M0, indicators of tumour grade, nodal status, and 

metastases, respectively.  Patients with any previous history of cancer, bilateral breast disease or 

neoadjuvant chemotherapy were excluded. Archival reduction mammoplasties from 20 

consenting individuals were included as non-malignant controls. 

The majority of the clinical data was collected and organized into spreadsheets by Dr. 

Yolanda Madarnas. Clinical data for the Large Breast TMA was maintained and updated in an 

Excel spreadsheet was used for pilot analyses. This data was also nested within a larger database 

maintained by a biostatistician (Andrew Day) which contained the clinical data from the SEOBC 

TMA. Examples of parameters collected are: carcinoma subtype, tumour size, multifocality, 

SBR histologic grade, lymph node positivity (sentinel and non-sentinel nodes), LVI, TNM 

staging, ER/PR/HER2 receptor status, hormone/radiation/chemotherapy status, date of birth, date 

of first biopsy (with positive diagnosis), date of surgery, date of last follow-up, date of death, 

survival status, and recurrence status. 

Tumour grade showed the following distribution based on SBR (Scarff-Bloom-

Richardson) score: grade I (SBR 3-5, 14%), grade II (SBR 6-7, 37%), grade III (SBR 8-9, 51%). 

ER, PR and HER2 receptor status was based on immunohistochemistry. As the cohort was 

assembled from consecutive consenting patients, there was no selection bias for any prognostic 
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variables tested.  Survival was defined as the number of patients that were alive or had 

recurrence up to January 2013 (Table 4). 

After patient selection, slides and blocks were pulled from the Kingston General Hospital 

archives. Previously stained H&E slides were reviewed by pathologists and representative areas 

were marked on the glass slides. Corresponding areas were marked on the tumour blocks, which 

were subsequently sampled for TMA construction. As clinical specimens are extremely valuable, 

multiple smaller TMAs were constructed for testing and optimizing purposes (see 2.6.2). 

Breast tumours were cored in triplicate 0.6 mm cores from paraffin blocks construct the 

TMAs at the QLMP.  Normal breast from reduction mammoplasties were cored in sextuplicate 

as normal breast epithelia were harder to capture. The TMA was constructed using a tissue-

arraying instrument (Beecher Instruments, Silver Springs, MD).  
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Table 3. Clinico-pathological Parameters and Information of the 63 patient cohort 

Parameters Status Number (%) 

Age 
(Median: 45, Range: 29 - 49) 

<30 1 (1.6) 
30-40 12 (19) 
41-49 50 (79.4) 

Tumour Stage Stage 1 25 (39.7) 
Stage 2 30 (47.6) 
Stage 3 4 (6.3) 
Stage 4 1 (1.6) 

Unknown 3 (4.8) 
Tumour Gradea Grade I 9 (14.3) 

Grade II 23 (36.5) 
Grade III 31 (49.2) 

Lymphovascular Invasion (LVI) Negative 45 (71.4) 
Positive 16 (25.4) 

Missing Values 2 (3.2) 
Number of Positive 

Lymph Nodes 
(Sentinel & Non-Sentinel) 

0 38 (60.3) 
1-3 18 (28.5) 
4-10 3 (4.8) 
>10 2 (3.2) 

Missing Values 2 (3.2) 
ER Status Negative 16 (25.4) 

Positive 47 (74.6) 
PR Status Negative 14 (22.2) 

Positive 49 (77.8) 
HER2 Statusb Negative 45 (71.4) 

Positive 12 (19.1) 
Missing value 6 (9.5) 

ER/PR/HER2 Status Triple-negative 9 (14.3) 
Others 54 (85.7) 

Recurrence Negative 45 (71.4) 
Positive 10 (15.8) 

Missing value 8 (12.8) 
Survival Alive 55 (87.3) 

Deceased 8 (12.7) 
aTumour grade is determined based on SBR score 
bHER2 staining was scored using the Hercept test® scoring system 
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2.6.2. Constructed TMAs 

The first TMA, the Technical TMA, was used to optimize technical parameters, including 

staining conditions, optimal antibody dilutions and replicability between staining runs. The 

Technical TMA was comprised of 2 reduction mammoplasties, 3 breast tumour samples, as well 

normal human tissues (kidney, tonsil, intestine, and spleen) (Figure 8 and Appendix 5.2). It also 

included 15 cell pellet controls: MCF-10A, MDA-MB-231, MDA-MB-468, MDA-Src, FAK-/-, 

SYF-/-, MDA-MB-231+shEZR, T47D, SK-BR-3, SYF-/-+c-Src, ZR-75-1, HC11, NIH3T3, and 

NIH3T3 v-Src (see Table 1). 

The second TMA, the 8 tumour TMA (TMA3A), consisted of 2 reduction 

mammoplasties, 8 breast tumour samples, and various cell line controls. TMA3A was used to 

assess the variation of biomarker expression in breast tumour tissue.  

The third TMA, the 63-patient breast tumour TMA, consisted of 20 reduction 

mammoplasties in sextuplicate and 63 breast tumours in triplicate (Figure 9 and Appendix 5.3).  

This TMA was primarily as a pilot to establish initial correlations between our biomarkers of 

interest with clinico-pathological parameters (tumour type, size, histological grade, 

lymphovascular invasion status, ER/PR/HER2, survival status, and recurrence status). 

A fourth TMA, the South East Ontario Breast Cancer (SEOBC) TMA, consisted of 435 

breast tumour cases with adjacent normal cores and up to 8 years of clinical data. Preliminary 

staining for ER/PR/HER2 revealed a distribution corresponding to previous reports: Luminal A 

(ER/PR+/HER2-), 65.5%; Luminal B (ER/PR/HER2+), 5.5%; HER2 overexpressing (ER/PR-

/HER2+), 4%; and triple-negative (ER/PR/HER2-), 14% [165, 166].  
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Figure 8. Technical TMA with Cell Line Panel 
A Technical TMA was built to assess the specificity and reproducibility antibodies during optimization. Sample tissue and cell 

lines were included to test the range of expression for each marker. The TMA comprised of 2 cases of normal reduction 
mammoplasties (in sextuplicate), 3 cases of breast tumour (in triplicate), normal human tissue (kidney, tonsil, intestine, and spleen), 
and 15 cell lines (see Table 1). Positive and negative controls for each biomarker of interest were also included. See Appendix (5.2) 
for TMA map. 
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Figure 9. 63-Breast Tumour TMA  
Included in this TMA is a cohort of 63 women who presented with breast cancer at the Cancer Centre of Southeastern Ontario at 

Kingston General Hospital between 2005-2007. Patients selected were under the age of 49 at the time of diagnosis, had primary 
invasive carcinoma (T1-3a, N0-1, M0), received no neoadjuvant chemotherapy, and had no previous signs of cancer. 20 normal 
reduction mammary samples (in sextuplicate) were included for comparison. See Appendix (5.3) for TMA map. 
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2.7. Image Acquisition 

All images of IHC slides were acquired using the ScanScope (Aperio Technologies, Vista, 

CA) at 20X magnification. Fluorescent images were acquired on the ScanScopeFL (Aperio 

Technologies, Vista, CA) at 20X magnification. Monochrome images were acquired using filter 

set for Cy5 to quantify Src, Ezrin and Tks5 targets, Alexa 488 to define the 

membranous/cytoplasmic compartment, and DAPI to define the nuclear compartment. Exposure 

times were standardized on select breast tumour samples for each antibody in order to maximize 

the signal-to-noise ratio and reduce background/non-specific staining.  Images were then 

uploaded to the Spectrum server for digital viewing and annotation. 

 
2.8. Quantification & Scoring  

2.8.1. Manual IHC Pathologist Scoring 

Manual IHC Src and Ezrin scoring was done independently by two pathologists (Dr. 

Sonal Varma and Dr. Ashish Rajput) while blinded to clinical outcome. Discordant scores 

resolved by a staff pathologist (Dr. Sandip SenGupta). The percent (%) of tissue area with 

tumour and % positive tumour area were assessed. The H-score for each core is product of the 

intensity (0-3) and percent (%) of cells stained (i.e. % positive of level 1 intensity x 100 + % 

positive of level 2 intensity x 200 + % positive of level 3 intensity x 300). The average H-score 

of the triplicate values was used as the representative value for each case. Cases with 

missing/damaged cores or less than 10% of tissue with tumour were not scored and were 

omitted. 

ER and PR staining scores were determined by the percentage of ER and PR positive 

tumour cells 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+). HER2 membranous staining was 
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scored using Hercept® test (Dako Corporation, Carpinteria, CA) scoring system as “0” if no 

staining was observed, or membrane staining was observed in <10% of the tumour cells; “1+” if 

incomplete membrane staining was observed in >10% of the tumour cells; “2+” if weak to 

moderate complete membrane staining was observed in >10% of tumour cells; “3+” if strong 

complete membrane staining was observed in>10% of tumour cells. Unequivocal cases of HER2 

staining were confirmed with fluorescent in-situ hybridization (FISH) analysis. The data for 

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

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

30% of invasive carcinoma cells showing 3+ membranous staining and patient care decision 

were made upon the basis of those results.  Cases where ER/PR/HER2 statuses were available 

(i.e. none of the three were missing) were used to define triple negative status.   

 
2.8.2. Automated Quantification Analysis  (AQUA) 

To objectively quantify expression and subcellular localization of Src, Ezrin, and Tks5 in 

tumour tissues, automated imaging algorithms were used with the immunofluorescence-based 

Automated Quantification Analysis (AQUA, HistoRx, Brantford, CT) system. AQUA was 

designed to quantify protein expression in subcellular compartments. This platform addresses 

three common issues associated with traditional IHC: time-consuming pathologist-based scoring, 

objective quantification of protein expression and localization, and high-reproducibility to reduce 

intra- and inter-observer variability. Fluorescence staining also reduces the background signal 

and increases the sensitivity of immuno-detection compared to brown-staining. Biologically 

relevant protein markers, namely cytokeratin and DAPI, are used to define subcellular 

compartments with multiplex IF staining.  
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2.8.2.1. Compartmentalization and Masking Algorithms 

Regions of interest were defined pixel-by-pixel by binarizing the Alexa 488 and DAPI 

staining. Binarized masks define an area which is to be either excluded or included depending on 

the threshold defined by the user. Cytokeratin (Alexa 488) stains specifically for the epithelial 

cells and can discern tumour tissue from the stroma, while DAPI strictly stains for the nuclei. 

These regions were binarized to become “masks,” where users can then define thresholds of 

intensity (i.e. define the inclusive regions), as well as manipulate the masks prior to analysis 

(Figure 10).  

In this study, three masks were generated by user-defined algorithms: total cytokeratin (total 

expression in epithelial cells), membranous/cytoplasmic mask (cytokeratin excluding DAPI), and 

nuclear (DAPI within cytokeratin regions). Masks were spot-checked to ensure consistency 

before being applied to all TMA cores. The Cy5 signal was then exclusively quantified within 

each mask to generate an AQUA score, where AQUA score is the sum of target pixel intensity 

divided by the compartment area, and normalized for exposure time. Prior to analysis, specimens 

were also manually annotated on Spectrum to exclude non-epithelial regions and artifacts.   

  User-defined algorithms are created to properly identify the thresholds and subsequently 

binarize those compartments into inclusive or exclusive masks. For example, the analysis can be 

set to only include Src expression co-localized with a filled cytokeratin (epithelial) expression, 

which would exclude Src expressed in the stroma. Mask areas can be manipulated and combined 

to a certain extent, using options such as fill holes, dilate, erode, add/exclude other masks.  
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Figure 10. Generation of binarized masks for AQUA. 
a) After the biomarkers are stained for via immunofluorescence, images of each channel are 
taken using the ScanScope FL (Aperio Technologies, Vista, CA). b) Epithelial cells are defined 
by Alexa 488 cytokeratin, c) nuclei by DAPI staining, and d) the target marker by Cy5. e-f) The 
cytokeratin and DAPI images are thresholded to define the minimum and maximum signal, and 
are creates the binarized masks. g) The signal from the target marker is scaled between 0-255. 
The cytokeratin mask if filled in via AQUA algorithms to represent the entire epithelial region.  

Once defined, each mask can be manipulated to precisely define subcellular compartments. h) To 
generate the membranous/cytoplasmic mask, the positive DAPI areas are excluded (OUT 
operator) from the filled cytokeratin mask. i) To generate the nuclear mask, only positive pixels 
that are included in both cytokeratin and DAPI masks (AND operator) are used, to effectively 
exclude any nuclear regions in the stroma. These masks are further refined by remove small 
artifacts and dilated to include membranous regions. Finally, the greyscale target marker is 
assessed within each of the masks: cytokeratin (total epithelial), cytoplasmic, and nuclear, to 
generate an AQUA score. The AQUA score is defined by the sum of pixel intensities divided by 
the compartment area, and is also normalized for exposure time. 
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2.9. Statistical Analyses 

2.9.1. Cell Line Panel Standardization 

Protein expression between fixed cell line pellets and their respective whole cell lysates 

were compared to validate the positive and negative controls, and to assess the range of 

expressions. Following densitometric analysis (2.3.4), band intensities of the proteins of interest 

were normalized to γ-tubulin, and then correlated with the average AQUA score of the triplicate 

cell pellet cores. Pearson correlation coefficients (R2) values were used to assess the core-to-core 

reproducibility of the cell line pellets, as well as for the immunoblotting standard curve (2.3.5). 

2.9.2. Analysis of AQUA Scores and Clinico-pathological Parameters 

Pearson/Spearmen correlation coefficient was used to assess core-to-core reproducibility 

of AQUA scores by comparing the minimum and maximum score per triplicate case. The 

average of the triplicate scores per patient was used as the representative AQUA score. Due to 

the limited size of the cohort, patient cases with only 1 or 2 available scores were still included. 

For each analysis and biomarker, cases with no AQUA score (due to lost/damaged cores) or 

corresponding clinico-pathological parameter were omitted. 

Both continuous and dichotomized AQUA scores were used for analysis; AQUA scores 

were recorded as continuous data, where the median was used as the cut points to dichotomize 

high and low expression. 

Unpaired t-tests were used to assess associations between continuous markers of interest 

(AQUA scores, manual IHC H-scores) and dichotomous clinical factors (ER/PR/HER2 status, 

triple negative status, LVI, survival, SBR scores, recurrence and LN status). Also, AQUA scores 

for total, membranous/cytoplasmic, and nuclear expression were compared between normal and 

tumour breast. ANOVA was used to compare continuous AQUA scores to categorical clinical 
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factors (TNM stage, histological grade). Fisher Exact test and Chi-squared analyses were used 

for 2 categorical factors (e.g. high/low expression vs. LVI absence/presence). 

The concordance index was used to evaluate the level of direct association and 

significance between continuous AQUA scores and manual IHC H-scores versus clinical 

parameters. The concordance index is equivalent to the area under the Receiver Operating 

Characteristic (ROC) curve which plots the specificity and sensitivity of the data.  An index >0.5 

represents a direct association, while <0.5 represents an inverse relation. Scores range between 

0.4-0.6 (weak discrimination), 0.6-0.8 (0.2-0.4 for inverse, good discrimination), >0.8 (or <0.2 

for inverse, good discrimination, and 1 (0 for inverse, perfect discrimination).  

Kaplan-Meier curves and Log-rank (Mantel-Cox) tests were used to assess survival, 

where time to event (death) was calculated as the time between first diagnosis to date of last 

follow up or death.  

All statistical associations were determined to be significant if p < 0.05, and approaching 

significance if 0.05 < p < 0.1. 

Previous correlative work with the NCIC MA.22 study, 50 patients were sufficient to 

indicate significant associations, and thus 63 patient cohort should have sufficient power for 

exploratory investigations between most clinico-pathological parameters [167]. However, as 

there are only 8 death events in this cohort, there is not enough power for significant association. 

Statistical analyses were performed under guidance of Andrew Day (KGH Research Group) on 

Microsoft Excel 2010 (Microsoft Canada, Mississauga, ON) and GraphPad Prism 5 (GraphPad 

Software Inc., La Jolla, CA). 
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CHAPTER 3 – RESULTS 

3.1. Quantifying the expression and subcellular localization of Src, Ezrin, and Tks5, in 

normal and tumour breast tissues using automated quantification algorithms 

3.1.1. Validation of Antibodies 

Proper validation of an antibody is first done by demonstrating its specificity, using a cell 

line panel, along with positive and negative controls through immunoblotting [168]. Ideally, the 

expression levels detected by immunoblotting should strongly correlate with the TMA scores. As 

indicated in 2.5.1, SYF-/-+c-Src and SYF-/- cells were used as the positive and negative controls 

for Src, respectively (Figure 11a). MDA-MB-231 and MDA-MB-231+shEZR (shRNA 

knockdown) cells were used as positive and negative controls for Ezrin, respectively (Figure 

11b). However, the Tks5 antibody (Sigma) was shown to have positive and negative staining on 

human intestine and spleen tissue, respectively, on The Human Protein Atlas [169]. Past studies 

have also show spleen to have low expression of Tks5 [147].   

In addition to positive and negative controls, a cell line panel was used to assess the range 

of expression and specificity of each antibody (Figures 12a & 13a). Use of multiple cell lines in 

addition to the controls further strengthens the validation of antibody specificity and correlation 

between expression data [168]. As band intensities of immunoblots increase logarithmically, a 

standard curve was run alongside each cell line panel to confirm linear expression (2.3.5). For 

Src, SYF-/-+c-Src cells were used (R² = 0.8542, p = 0.02), as well as γ-tubulin (R² = 0.9320, p = 

0.045) (Figures 12b). For Ezrin, SK-BR-3 cells were used (R² = 0.8803, p = 0.018), as well as γ-

tubulin (R² = 0.8081, p = 0.05) (Figure 13b). SYF-/-+c-Src and SK-BR-3 cell lysates were used 

for the standard curve as they demonstrated the highest expression of each respective protein 

using preliminary SDS-PAGE. When evaluating band intensities, densitometric analysis was 

used, and each band was normalized to its respective γ-tubulin loading control. For Src, SYF-/-
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+c-Src whole cell lysates exhibited the highest expression, while the SYF-/- lysates expressed the 

lowest expression (Figure 12c). For Ezrin, SK-BR-3 cell lines exhibited the highest expression, 

while the MDA-MB-231+shEZR cell line exhibited the lowest expression (Figure 13c). Tks5 

was assessed with the cell line panel with two different antibodies, as the antibody used for IHC 

(Sigma, HPA037922) was not validated for immunoblotting. A different Tks5 antibody (Santa 

Cruz, sc-30122) identified Tks5 to be at 140kDa in immunoblotting but was ineffective for IHC 

(Appendix 5.5a), while the Sigma antibody showed faint bands in that region for MDA-Src and 

SK-BR-3 lysates (Appendix 5.5b).  

The cell line and tissue controls were further validated with both IHC and IF staining 

(Figure 14). By confirming with both IHC and IF, as well as negative controls, similar specificity 

can be expected with different detection systems (i.e. with or without Cy5 TSA). The same 

positive and negative staining was seen in the Technical TMA as in the immunoblots, confirming 

the specificity for the Src and Ezrin antibodies. As expected, the human intestinal and splenic 

tissue demonstrated positive and negative Tks5 staining, respectively [169]. With respect to the 

cell line panel, IF staining of Tks5 staining also showed some variability among cell line pellets, 

where T47D and SKBR3 had the highest positive staining (data not shown).  

AQUA scores for Src and Ezrin demonstrated a similar protein expression distribution on 

the Technical TMA with the cell line panel. The SYF-/-+c-Src cells expressed the highest level of 

Src (average AQUA Score: 209.35), while SYF-/- cells had the lowest Src expression (average 

AQUA Score: 10.64) (Figure 15a). Again, similar to the immunoblot data, SK-BR-3 cells 

showed the greatest expression of Ezrin (average AQUA Score: 92.3), while the MDA-MB-

231+shEZR cells expressed the lowest (average AQUA Score: 4.66) (Figure 15 b).  
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The AQUA scores for the Tks5 tissue controls were also compared: normal intestine had 

the highest expression of Tks5 (average AQUA Score: 25.2), compared to the normal spleen 

which expressed the lowest (average AQUA Score: 4.17) (Figure 15c).  

Finally, the expression data from AQUA scores and immunoblot data were compared to 

assess the strength of correlation, which adds validation to the specificity of the antibody. Strong, 

direct correlations were observed for both Src expression (Pearson Correlation Coefficient, R² = 

0.8973, p < 0.0001) and Ezrin expression (Pearson Correlation Coefficient, R² = 0.7333, p = 

0.0004) (Figure 16).  

 

 

Figure 11. Immunoblotting controls for Src and Ezrin. 
Antibody specificity was confirmed using immunoblots. a) For Src expression, SYF-/-+c-Src and 
SYF-/- cells were used as the positive and negative controls, respectively. b) For Ezrin 
expression, MDA-MB-231 and MDA-MB-231 shEZR (shRNA knockdown) cells were used as 
positive and negative controls, respectively. Results are representative of 3 separate SDS-PAGE 
analyses of the same whole cell lysates. 
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Figure 12. Src expression in the Cell Line Panel via immunoblot. 
a) Multiple exposures were taken digitally to confirm a linear expression profile using a titrated 
sample.  As band intensities have been shown to increase logarithmically, the exposure with the 
linear standard would be most reflective of relative expression levels. MDA-Src lysates were 
loaded at 0µg, 0.25µg, 0.5µg, 1µg, 2µg, along with the cell line panel. The exposure with the 
highest R2 value was used to standardize the proteins levels. This exposure was compared with 
expression data from AQUA scores. Whole cell lysates of multiple cell lines were used to assess 
the range of expression of Src and to validate the specificity of the antibody. Results are 
representative of 3 separate SDS-PAGE analyses of the same lysates. γ-tubulin served as the 
loading control. Whole immunoblots can be seen in Appendix 5.4a. 

b) To ensure linearity of the protein expression, a protein standard was run along side each cell 
line panel. Whole cell lysate from SYF-/-+c-Src (Src/Yes/Fyn knockout fibroblasts with c-Src 
added back) were used for the standard curve as they had demonstrated the highest Src 
expression in previous runs. Following protein determination, lysates were loaded at 0, 2.5, 5, 
10, and 20µg quantities. Immunoblots were imaged using a digital imager (see 2.3.3 in Materials 
and Methods). Densitometric analyses were done in real-time to select the exposure which 
produced a linear curve for Src (R2 = 0.8542, p = 0.02, red) and γ-tubulin (R2 = 0.9320, p = 
0.045, blue). The linear exposure was used to assess total protein expression. 

c)  Densitometric analysis was performed on the exposure with the highest protein linearity. Of 
the 12 cell lines examined, SYF-/- cell line expressed the lowest amount of Src, while SYF-/- +c-
Src expressed the highest. Positive and negative controls used for each marker are indicated in 
green and red, respectively. AQUA scores are normalized to the area assessed and the exposure 
times. Results are normalized to γ-tubulin and are representative of 3 SDS-PAGE analyses of the 
same lysates. 
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Figure 13. Ezrin expression in the Cell Line Panel via immunoblot. 
a) Multiple exposures were taken digitally to confirm a linear expression profile using a titrated 
sample.  As band intensities have been shown to increase logarithmically, the exposure with the 
linear standard would be most reflective of relative expression levels. SK-BR-3 lysates were 
loaded at 0µg, 0.25µg, 0.5µg, 1µg, 2µg, along with the cell line panel. The exposure with the 
highest R2 value was used to standardize the proteins levels. This exposure was compared with 
expression data from AQUA scores. Whole cell lysates of multiple cell lines were used to assess 
the range of expression of Ezrin and to validate the specificity of the antibody. Results are 
representative of 3 separate SDS-PAGE analyses of the same lysates. γ-tubulin served as the 
loading control. Whole immunoblots can be seen in Appendix 5.4b. 

b) To ensure linearity of the protein expression, a protein standard was run along side each cell 
line panel. Whole cell lysate from SK-BR-3 cells were used for the standard curve as they had 
demonstrated the highest Ezrin expression in previous runs. Following protein determination, 
lysates were loaded at 0, 2.5, 5, 10, and 20µg quantities. Immunoblots were imaged using a 
digital imager (see 2.3.3 in Materials and Methods). Densitometric analyses were done in real-
time to select the exposure which produced a linear curve for Ezrin (R2 = 0.8803, p = 0.018, red) 
and γ-tubulin (R2 = 0.8018, p = 0.05, blue). The linear exposure was used to assess total protein 
expression. 

c)  Densitometric analysis was performed on the exposure with the highest protein linearity. Of 
the 12 cell lines examined, MDA-MB-231+shEZR (shEZR, basal-like breast carcinoma cell line 
with shRNA knockdown of Ezrin) cells expressed the lowest amount of Ezrin, while SK-BR-3 
cells expressed the highest. Positive and negative controls used for each marker are indicated in 
green and red, respectively. AQUA scores are normalized to the area assessed and the exposure 
times. Results are normalized to γ-tubulin and are representative of 3 SDS-PAGE analyses  of 
the same lysates.  
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Figure 14. Immunohistochemistry & Immunofluorescence staining controls. 
The Technical TMA containing the cell line panel and normal tissues were used to optimize 
staining conditions and assess antibody specificity. Both immunohistochemistry (IHC) and 
immunofluorescence (IF), where automated Ventana staining was employed (see 2.4). For Src 
expression, SYF-/-+c-Src cells (Src/Yes/Fyn knockout fibroblasts with c-Src added back) were 
used as the positive control (A, C), while SYF-/- cells were used as the negative control (B, D). 
For Ezrin, MDA-MB-231 cells (basal-like breast carcinoma cell line) were used as the postiive 
control (E, G), while MDA-MB-231+shEZR cells (MDA-MB-231 cells with stable shRNA 
knockdown of  Ezrin) were used as the negative control (F, H).  For Tks5, normal human 
intestine tissue was used as the positive control (I, K), and normal spleen was used as the 
negative control (J, L). Normal and tumour breast tissues were used as no primary controls (M-
L).  

IHC staining was used as a reference when optimizing the IF staining protocols. Positive and 
negative staining of each respective marker confirms that there is high antigen specificity with 
little affect from the detection system. Cy5 tyramide amplification system was used to enhance 
the IF signal intensity of the target marker (C,D,G,H,K,L). DAPI is also shown to confirm the 
presence of a pellet or tissue core. Images were acquired using ScanScopeFL imager (see 2.7) at 
20X magnification. Scale bars represent 150µm. 
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Figure 15. AQUA Scores of Src, Ezrin, and Tks5 from the Technical TMA. 
AQUA scores were calculated for each candidate biomarker on the Technical TMA. The cell line 
panel and normal tissue provides a platform to assess the range of expression and antibody 
specificity for each marker. The AQUA algorithm devised for this analysis included total 
expression: for each cell line pellet, cytokeratin expression was disregarded and the entire pellet 
was masked; for tissue samples, only the expression of the target within the cytokeratin-defined 
epithelia was considered (see 2.8.2). The average AQUA score from each triplicate set was used. 
Positive and negative controls used for each marker are indicated in green and red, respectively. 
AQUA scores are normalized to the area assessed and the exposure times. 

a) For Src expression, SYF-/-+c-Src cells (Src/Yes/Fyn knockout fibroblasts with c-Src added 
back) showed the highest exprssion (average AQUA Score: 209.35), while SYF-/- cells showed 
the lowest (average AQUA Score: 10.64). 

 b) For Ezrin, SK-BR-3 cells showed the highest expression (average AQUA Score: 92.3), while 
MDA-MB-231+shEZR cells (shEZR, MDA-MB-231 cells with stable shRNA knockdown of  
Ezrin) exhibited the lowest expression (average AQUA Score: 4.66).   

c) For Tks5, normal human intestine tissue showed the highest epithelial expression (average 
AQUA Score: 25.2), while normal spleen showed the least (average AQUA Score: 4.17). 

The lowest AQUA score (i.e. from the negative controls) is used as the minimal cut-point for 
AQUA scoring on the larger TMAs. 
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a) 

 
 

b) 

 
 
 

Figure 16. Correlation between Immunoblot Expression vs. AQUA Scores.  
In order to validate the specificity of the antibodies, target expression needs to be quantified 
[168]. Relative band intensities for Src and Ezrin were determined via SDS-PAGE and 
densitometric analysis. The same antibody used of immunoblotting was used for IHC/IF 
detection, where AQUA scores were determined. Strong, direct correlations were observed 
between the two for both Src expression (Pearson Correlation Coefficient, R² = 0.8973, p < 
0.0001) and Ezrin expression (Pearson Correlation Coefficient, R² = 0.7333, p = 0.0004) 
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3.1.2. Tests of Reproducibility 

Due to the heterogeneous nature of breast cancer, no two sets of staining will be exactly 

alike and each TMA section will vary slightly from the previous. Furthermore, each set of 

triplicate breast tumours (or sextuplicate cores in the case of reduction mammoplasties) will 

experience core-to-core variability because of the changing distribution of epithelial cells, 

stroma, and adipose tissue. However, as AQUA normalizes for the compartmentalized area in its 

calculation, the AQUA score should be similar between cores. Once the optimal antibody 

concentrations were defined, we assessed the core-to-core reproducibility of the stains. To do so, 

the minimum and maximum AQUA score from each triplicate set of cores were correlated using 

the Pearson correlation coefficient [168]. Missing or damaged cores, as well as cores with less 

than 10% epithelial tissue, were omitted. Analyses were done for both the Technical TMA and 

the 63-patient breast tumour TMA (Figure 17). Overall, AQUA scores within each set of cell line 

or tissue were highly reproducible for Src, Ezrin, and Tks5 in both TMAs (Pearson correlation: 

R2>0.76, p<0.0001).  
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Figure 17. Core-to-Core Reproducibility of Src, Ezrin, and Tks5. 
Up to three AQUA scores were measured for each set of cell line pellets and tissue. A minimum 
of two cores from each set were required to compare AQUA scores. Missing or damaged cores, 
as well as cores with less than 5% of epithelial tissue, were omitted. Core-to-core reproducibility 
was assessed for each target marker in both the Technical TMA and 63 tumour TMA. Pearson 
correlation coefficient analyses were used.  

For Src, strong, positive correlations were observed in both the a) Technical TMA (R² = 0.8017, 
p < 0.0001) and the b) 63 tumour TMA (R² = 0.7665, p < 0.0001). 

For Ezrin, strong, positive correlations were observed in both the c) Technical TMA (R² = 
0.9418, p < 0.0001) and the d) 63 tumour TMA (R² = 0.9508, p < 0.0001). 

For Tks5, strong, positive correlations were observed in both the e) Technical TMA (R² = 
0.8793, p < 0.0001) and the f) 63 tumour TMA (R² = 0. 0.8047, p < 0.0001). 
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3.2. Differential expression and localization of Src, Ezrin, and Tks5 in normal and tumour 

breast tissues 

Once the selected antibodies were optimized, the 63-patient breast tumour TMA was 

stained using IHC (Figure 18) and IF (Figure 19-21).  

Src has been previously described to be ubiquitously expressed in most tissues [47]. In 

normal breast, the N-terminal SH4 myristoylation site localizes Src to the membranous region to 

engage in kinase activities. In our IF staining, Src was localized predominantly to the apical 

region of breast ductal epithelial cells, along with weak membranous staining (Figure 19 A-D). 

In malignant breast, Src has been reported to be expressed in the cytoplasmic and membranous 

regions, a pattern which is also observed in this study [82] (Figure 19 E-L). 

As a membrane-cytoskeletal cross-linker protein, Ezrin has been previously found to be 

expressed in the apical region of breast ductal epithelial cells of normal breast epithelium using 

IHC brown staining [93, 113]. Accordingly, Cy5 staining of Ezrin also exhibited strong apical 

expression in breast ductal epithelium (Figure 20 A-D). In breast tumour, Ezrin exhibited diffuse 

cytoplasmic expression (Figure 20 E-L). 

 Tks5 expression has not been reported yet in the context of breast cancer. Tks5 serves a 

role in recruitment of cortactin and MMPs, and has been shown in vitro to be involved in the 

formation of invasive structures such as invadopodia, which are involved in cellular migration 

and invasion [137]. IF staining of Tks5 in normal breast demonstrated an intense punctate, 

granular pattern in the basal regions of breast epithelial ducts (Figure 21 A-D). Breast tumour 

tissue exhibited an overall reduced expression of total Tks5 protein, showing diffuse 

membranous/cytoplasmic or nuclear staining depending on the specimen (Figure 21 E-L). 
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Figure 18. Localization of Src, Ezrin, and Tks5 in Normal and Tumour Breast Tissue by 
Immunohistochemistry. 

Immunohistochemical brown staining was used to assess the localization of Src, Ezrin and Tks5 
in normal and tumour breast from a 63-patient breast tumour TMA. a) In normal breast, Src 
expression was predominantly localized to the apical region of the breast epithelial ducts 
(indicated by arrow). b) In breast tumours, Src exhibited diffuse cytoplasmic and membranous 
staining. c) Similar to Src, Ezrin showed strong staining of the apical regions of breast epithelial 
ducts in normal breast (indicated by arrow). d) In breast tumours, Ezrin exhibited diffuse 
cytoplasmic staining. e) Tks5 demonstrated a strong, punctate, granular staining around the basal 
areas in breast epithelial ducts (indicated by arrow). f) In breast tumours, the Tks5 staining was 
found to be diffusely expressed in the membrane, cytoplasm and nuclei. Images were acquired 
using Aperio ScanScope at 20x magnification. Inset images are at 40x magnification. Scale bars 
indicate 75µm. Staining of Src and Ezrin were done by Hannah Mak. 
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Figure 19. Localization and Expression of Src in Normal and Tumour Breast Tissue by 
Immunofluorescence. 
Alexa488 and DAPI were used to identify cytokeratin and the nucleus, respectively. Cy5 
immunofluorescent staining was used to assess the localization of Src in normal and tumour 
breast from a 63-patient breast tumour TMA. In normal breast (A-D), Src expression was 
predominantly localized to the apical region of the breast epithelial ducts. In breast tumours (E-
L), a range of Src expression was detected; generally, Src exhibited diffuse cytoplasmic and 
membranous staining. Images were acquired using Aperio ScanScopeFL at 20x magnification. 
Scale bars indicate 100µm. 
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Figure 20. Localization and Expression of Ezrin in Normal and Tumour Breast Tissue by 
Immunofluorescence. 
Alexa488 and DAPI were used to identify cytokeratin and the nucleus, respectively. Cy5 
immunofluorescent staining was used to assess the localization of Ezrin in normal and tumour 
breast from a 63-patient breast tumour TMA.  In normal breast (A-D), Ezrin showed strong 
staining of the apical regions of breast epithelial ducts. In breast tumours (E-L), a range of 
expression was detected; generally, Ezrin exhibited diffuse cytoplasmic staining. Images were 
acquired using Aperio ScanScopeFL at 20x magnification. Scale bars indicate 100µm. 
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Figure 21. Localization and Expression of Tks5 in Normal and Tumour Breast Tissue by 
Immunofluorescent staining. 
Alexa488 and DAPI were used to identify cytokeratin and the nucleus, respectively. Cy5 
immunofluorescent staining was used to assess the localization of Tks5 in normal and tumour 
breast from a 63-patient breast tumour TMA. In normal breast (A-D), Tks5 demonstrated a 
strong, punctate, granular staining around the basal areas in breast epithelial ducts. In breast 
tumours (E-L), a range of expression was detected; generally, Tks5 staining relocalized to the 
membrane, cytoplasm, and nuclei, depending on the specimen. Images were acquired using 
Aperio ScanScopeFL at 20x magnification. Scale bars indicate 100µm. 
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3.2.1. Expression of Src and Ezrin is increased, and Tks5 is decreased in breast tumour 

tissues 

AQUA was initially designed for analysis of biomarkers in subcellular compartments 

[154]. By multiplex staining with cytokeratin and DAPI, subcellular compartmentalization is 

possible with the generation of masking algorithms (see 2.8.2). This is a useful tool for 

identifying biomarker expression specifically in the total epithelial regions, as well as in the 

membranous/cytoplasmic and nuclear regions. The AQUA score is defined as the sum of pixel 

intensities divided by the compartment area, and is normalized for exposure time [154]. 

High Src expression was observed in breast tumour tissue in all subcellular compartments 

compared to normal breast tissue (total, p = 0.01; membranous/cytoplasmic, p = 0.0076, nuclear, 

p = 0.036) (Figure 22 a). Similarly, high Ezrin expression was observed in all subcellular 

compartments of breast tumour tissue compared to normal breast tissue (total, p = 0.047; 

membranous/cytoplasmic, p = 0.046, nuclear, p = 0.049) (Figure 22 b). In contrast, low Tks5 

expression was observed in breast tumour tissue across all compartments compared to normal 

breast tissue (total, p = 0.0018; membranous/cytoplasmic, p = 0.006, nuclear, p = 0.0037) (Figure 

22c). In general, there were no significant differences in total Src and Ezrin expression among 

the total epithelial, membranous/cytoplasmic, and nuclear compartments using AQUA. 

However, nuclear Tks5 showed significantly greater expression in normal breast when compared 

to membranous/cytoplasmic expression (p = 0.002). Additionally, nuclear Tks5 had high 

expression in breast tumour tissue when compared to the total expression (p = 0.025) and 

membranous/cytoplasmic expression (p = 0.0002). In general, a wide range of Tks5 expression 

was observed; certain patients exhibited membranous/cytoplasmic, while others showed nuclear 

staining. The specificity of the Tks5 antibody needs to be further assessed.



  

 

 



  

69 
 

 

 

 

 

 

 

Figure 22. Subcellular expression of Src, Ezrin, and Tks5 in Normal and Tumour Breast. 
AQUA masks were used to define the total epithelial compartment, membranous/cytoplasmic 
compartment, and nuclear compartment. Within each compartment, AQUA scores were assessed 
between normal reduction mammoplasties and breast tumour tissue from the 63-patient breast 
tumour TMA. AQUA scores between normal and tumour breast were compared by unpaired t-
test. AQUA score is defined as the sum of pixel intensities divided by the compartment area. 
Associations with p-values < 0.05 were considered significant. Mean AQUA scores are shown, 
error bars are defined be SEM. 

a) Higher Src expression was observed in breast tumours in all compartments (total, p = 0.01; 
membranous/cytoplasmic, p = 0.0076, nuclear, p = 0.036), compared to ductal epithelium. 

b) Higher Ezrin expression was observed in breast tumours in all compartments (total, p = 0.047; 
membranous/cytoplasmic, p = 0.046, nuclear, p = 0.049), compared to ductal epithelium. 

c) Lower Tks5 expression was observed in breast tumours in all compartments (total, p = 0.0018; 
membranous/cytoplasmic, p = 0.006, nuclear, p = 0.0037), compared to ductal epithelium. 
Nuclear Tks5 expression was significantly greater in normal breast when compared to 
membranous/cytoplasmic expression (p = 0.002), and in the breast tumours when compared to 
the total epithelial expression (p = 0.025) and membranous/cytoplasmic expression (p = 0.0002)  
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3.2.2. High Ezrin, but not low Ezrin,  expression correlates to Src expression in all 

compartments 

To assess co-expression of Src and Ezrin in the same tumour, AQUA scores from 

corresponding cores were compared.  Continuous Ezrin AQUA scores were dichotomized into 

high and low expression subgroups based on the median AQUA score. High Ezrin expression 

(dichotomized data) significantly associated with high Src expression (continuous data) in all of 

the compartments, including the total expression (p = 0.0002), membranous/cytoplasmic (p = 

0.0042), and nuclear (p = 0.0011) (Figure 23 a,c,e). On the other hand, high Tks5 expression 

(dichotomous data) did not significantly associate with high Src expression (continuous data) in 

the total expression (p = 0.3775) or nuclear compartments (p = 0.3176). However, association 

between high Tks5 expression (dichotomous data) and membranous/cytoplasmic Src expression 

(continuous data) approached significance (p = 0.0941) (Figure 23b,d,f).  

Furthermore, using continuous data, high Ezrin expression was shown to have a 

significant, positive correlation to Src expression: total (R2=0.6280, p<0.0001), 

membranous/cytoplasmic (R2=0.6824, p<0.0001), nuclear (R2=0.6409, p<0.0001). Conversely, 

low Ezrin expression showed no correlation with any of the compartments: total (R2=0.0149, p = 

0.003), membranous/cytoplasmic (R2=0.0003, p = 0.0006), nuclear (R2=0.0282, p = 0.0016) 

(Figure 24).  

Also, high but not low Ezrin expression correlated with Src expression in all 

compartments, including the total expression (R2=0.6366, p<0.0001), membranous/cytoplasmic 

(R2=0.6426, p<0.0001), and the nuclear compartment (R2=0.6416, p<0.0001) (Figure 24). 
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Figure 23. High Ezrin, but not high Tks5, expression associates with High Src expression in 
all compartments. 
Compartmentalized AQUA scores for Ezrin and Tks5 were dichotomized into low and high 
expression subgroups based on the median AQUA Score, and were associated to continuous Src 
AQUA scores. High Ezrin expression significantly associated with high Src expression in the a) 
total expression, (p = 0.0002), c) membranous/cytoplasmic (p = 0.0042), and e) nuclear (p = 
0.0011) compartments. High Tks5 expression did not significantly associate with high Src 
expression in the b) total expression (p = 0.3775) and f) nuclear compartments (p = 0.3176). d) 
Association between high Tks5 expression and membranous/cytoplasmic Src expression 
approached significance (p = 0.0941). Statistics were performed using paired t-tests. Values 
p<0.05 were considered to be significant (red), and 0.50<p<0.10 to be approaching significance 
(italics).
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Figure 24. High Ezrin, but not low Ezrin, expression correlates to High Src Expression in 
all compartments.  
Compartmentalized AQUA scores for Ezrin and Src were dichotomized into low (blue) and high 
(red) expression subgroups based on the median AQUA Score. Statistics were performed using 
Pearson correlation coefficient. Values p < 0.05 were considered to be significant. 

a) In the total expression compartment, high Ezrin expression (red) positively correlated to Src 
expression (R2 = 0.6280, p < 0.0001), while low Ezrin (blue) did not show any correlation (R2 = 
0.0149, p = 0.003). b) High Ezrin expression in the total compartment reflected correlation 
between total Ezrin expression (green) and total Src expression (R2 = 0.6366, p < 0.0001). 

c) In the membranous/cytoplasmic compartment, high Ezrin expression (red) positively 
correlated to Src expression (R2 = 0.6824, p < 0.0001), while low Ezrin (blue) did not show any 
correlation (R2 = 0.0003, p = 0.0006). d) High Ezrin expression in the membranous/cytoplasmic 
compartment reflected correlation between total Ezrin expression (green) and total Src 
expression (R2 = 0.6426, p<0.0001). 

e) In the nuclear compartment, high Ezrin expression (red) positively correlated to Src 
expression (R2 = 0.6409, p < 0.0001), while low Ezrin (blue) did not show any correlation (R2 = 
0.0282, p = 0.0016). f) High Ezrin expression in the nuclear compartment reflected correlation 
between total Ezrin expression (green) and total Src expression (R2 = 0.6416, p < 0.0001). 
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3.3. Correlation of total and subcellular expression of Src, Ezrin, and Tks5 with clinico-

pathological parameters and clinical outcome in a 63-patient breast tumour cohort 

3.3.1. Src and Ezrin, but not Tks5, significantly correlate with clinico-pathological 

parameters 

In an exploratory analysis, continuous AQUA scores of total biomarker expression were 

correlated against categorical clinico-parameters available from the 63-patent breast cancer 

cohort, including ER status, PR status, HER2 status, triple negative status, LVI, tumour grade, 

survival and recurrence (Table 3).  

Src demonstrated significant associations with five clinico-pathological parameters 

(Figure 25). High expression of Src significantly associated with ER negativity (p = 0.0065), PR 

negativity (p = 0.0014), triple negative status (p = 0.0036), LVI (p = 0.0319), and tumour grade 

(p = 0.027). The association between high Src expression and recurrence approached 

significance (p = 0.0593). No significant associations were found between Src expression and 

HER2 status (p = 0.317) or survival (p = 0.317).  

High expression of Ezrin significantly associated with two clinico-pathological 

parameters: triple negative status (p = 0.0036) and LVI (p = 0.024) (Figure 26). Associations 

between high Ezrin expression and ER status (p = 0.0726), PR status (p = 0.0673), tumour grade 

(p = 0.0951) approached significance. No significant associations were found between Ezrin 

expression and HER2 status (p = 0.831), survival (g, p = 0.118), or recurrence (p = 0.1605).  

Expression of Tks5 did not demonstrate significant association with any of the clinico-

pathological parameters (Figure 27).  

In addition to analysis of continuous AQUA scores, a parallel assessment was done with 

dichotomized AQUA scores using contingency tables (Table 4). High vs. low expression of the 

markers were categorized using the median score as the dividing cut-point [170].  Fisher exact 
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tests and Chi-squared analyses were used to assess associations between low and high expression 

of Src, Ezrin, and Tks5. Fisher exact tests were used when any one of the observed frequencies 

in the 2x2 contingency tables were less than five. Chi-squared analyses were used when there 

were more than 2 categories. Cores were omitted if they were missing or damaged cores, or 

contained insufficient epithelial tissue.  

Using dichotomized AQUA scores (categorized into high and low expression using the 

median as the cut-off), only one significant correlation was observed, namely high Ezrin 

expression and LVI (p = 0.0296), as was also saw with the continuous AQUA scores. Src 

expression approached significance when associated with tumour size (p = 0.0959). No 

statistically significant associations were observed with Tks5 expression. 
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Figure 25. Continuous Src AQUA Scores vs. Dichotomized Clinico-pathological 
Parameters. 
Continuous AQUA scores of total Src expression were correlated against dichotomized, 
categorical clinico-parameters available for the 63-patient breast tumour cohort. High expression 
of Src significantly associated with a) ER status (p = 0.0065), b) PR status (p = 0.0014), d) triple 
negative status (p = 0.0036), e) lymphovascular invasion (LVI; p = 0.0319), and f) tumour grade 
(p = 0.027). The association between high Src expression and h) recurrence approached 
significance (p = 0.0593). No significant associations were found between Src expression and c) 
HER2 status (p = 0.317) or g) survival (p = 0.317). Statistical associations were assessed using 
the unpaired t-test. Associations were considered significant when p<0.05 (in red), and 
approaching significance if 0.05 < p < 0.1 (in italics). 
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Figure 26. Continuous Ezrin AQUA Score vs. Dichotomized Clinico-pathological 
Parameters. 
Continuous AQUA scores of total Ezrin expression were correlated against dichotomized, 
categorical clinico-parameters available for the 63-patient breast tumour cohort. High expression 
of Ezrin significantly associated with d) triple negative status (p = 0.0036) and e) 
lymphovascular invasion (LVI; p = 0.024). The association between high Ezrin expression and a) 
ER status (p = 0.0726), b) PR status (p = 0.0673), and f) tumour grade (p = 0.0951) approached 
significance. No significant associations were found between Ezrin expression and c) HER2 
status (p = 0.831), g) survival (p = 0.118), or h) recurrence (p = 0.1605). Statistical associations 
were assessed using the unpaired t-test. Associations were considered significant when p<0.05 
(in red), and approaching significance if 0.05 < p < 0.1 (in italics). 
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Figure 27. Continuous Tks5 AQUA Score vs. Dichotomized Clinico-pathological 
Parameters. 
Continuous AQUA scores of total Tks5 expression were correlated against dichotomized, 
categorical clinico-parameters available for the 63-patient breast tumour cohort. Expression of 
Tks5 did not demonstrate significant association with any of the clinico-pathological parameters 
(a-h). Statistical associations were assessed using the unpaired t-test. Associations were 
considered significant when p<0.05 (in red), and approaching significance if 0.05 < p < 0.1 (in 
italics). 
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Table 4. Dichotomized AQUA Scores vs. Categorical Clinico-pathological Parameters with Src, Ezrin, and Tks5 staining. 

 n† Low Src  High Src P  n Low Ezrin  High Ezrin P  n Low Tks5  High Tks5 P 
  Cases %  Cases %    Cases %  Cases %    Cases %  Cases %  
LVI 54      1  54      0.0296**  56      0.759 
    Absent  20 37.0  19 35.2    23 42.6  17 31.5    22 39.3  20 35.7  
    Present  7 13.0  8 14.8    3 5.6  11 20.4    6 10.7  8 14.3  
LN Status 56      1  56      0.573  56      1 
    Negative  18 32.1  18 32.1    20 35.7  17 30.4    18 32.1  19 33.9  
    Positive  10 17.9  10 17.9    8 14.3  11 19.6    10 17.9  9 16.1  
SBR Score 56      0.116*  56      0.284  56      1 
    ≤7  16 28.6  9 16.1    16 28.6  11 19.6    13 23.2  14 25.0  
    >7  13 23.2  18 32.1    12 21.4  17 30.4    14 25.0  15 26.8  
TN Status 56      0.469  56      0.705  56      0.705 
    Other  25 44.6  22 39.3    25 44.6  23 41.1    25 44.6  23 41.1  
    TN  3 5.4  6 10.7    3 5.4  5 8.9    3 5.4  5 8.9  
Recurrence 50      0.294  56      1.0000  49      1 
    No  21 42.0  19 38.0    20 35.7  20 35.7    19 38.8  21 42.9  
    Yes  3 6.0  7 14.0    8 14.3  8 14.3    4 8.2  5 10.2  
Multifocality 53      0.294  53      0.745  53      0.327 
    No  20 37.7  23 43.4    20 37.7  22 41.5    19 35.8  23 43.4  
    Yes  7 13.2  3 5.7    6 11.3  5 9.4    7 13.2  4 7.5  
Stage 54      0.400  54      0.583  54      0.271 
    1  14 25.9  9 16.7    12 22.2  11 20.4    12 22.2  11 20.4  
    2  11 20.4  15 27.8    14 25.9  13 24.1    14 25.9  13 24.1  
    3-4  3 5.6  2 3.7    1 1.9  3 5.6    1 1.9  3 5.6  
Size 56      .0959*  56      0.252  56      0.635 
    <2cm (T1)  16 28.6  8 14.3    15 26.8  11 19.6    11 29.3  15 23.6.  
    2-5cm (T2)  11 19.6  18 32.1    13 23.2  15 26.8    16 28.1  13 22.8  
    >5cm (T3)  1 1.8  2 3.6    0 0  2 3.6    1 1.8  1 1.8  
Fisher exact tests and Chi-squared analyses were used to assess associations between low and high expression of Src, Ezrin, and Tks5. Fisher’s exact tests were 
used when any one of the observed frequencies in the 2x2 contingency tables were less than five. † n = # of evaluable cases. P-values (P) <0.05 indicate a 
significant association. ** denotes significant associations, * denotes associations are approaching significance. AQUA scores were dichotomized into low and 
high expression by using the median as the cut-point. Observations missing AQUA scores were omitted.  
Abbreviations: TN, triple negative status; LVI, lymphovascular invasion, SBR, Scarff-Bloom-Richardson Score; LN, lymph node; NS, not significant. 
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3.3.2. Preliminary overall survival analysis of AQUA scores for Src, Ezrin, and Tks5 

Though survival data was available for the 63-patient breast tumour cohort, the dataset 

only contained 8 events of death. With a sample size of 63, any survival analysis with 8 events 

would not have sufficient power to yield significance (personal communication with Andrew 

Day). However, preliminary analyses were performed to assess any possible trends. Kaplan-

Meier curves were derived from the continuous AQUA scores of total epithelial expression, 

where the median was used as the cut-point to dichotomize low and high expression. Overall 

survival was defined as the time between date of first diagnosis and date of death or last follow-

up. The log-rank test was used for statistical analysis. Though the results lack statistical 

significance, high Src (p = 0.5968, Figure 28a) and high Ezrin (p = 0.5598, Figure 28b) total 

expression suggested reduced overall survival. Conversely, low Tks5 total expression (p = 

0.7264, Figure 28c) suggested reduced overall survival, though this requires further assessment.  
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Figure 28. Preliminary Analysis of Overall Survival based on AQUA scores for Src, Ezrin, 
and Tks5. 
Overall survival was defined as the time elapsed between date of diagnosis and either the date of 
death or last follow-up. Continuous AQUA scores of total expression for each marker were 
dichotomized using the median as the cut-point between low and high expression. The log-rank 
test was used to detect statistical significance. As the available survival data associated with the 
63-patient cohort were limited (number of deaths/events = 8), no statistically significant 
associations were observed. However, high Src and Ezrin expression suggested reduced overall 
survival. In contrast, low Tks5 expression suggested reduced overall survival, though the curves 
converged over time. 
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3.3.3. Comparison of Automated versus Manual Scoring for Src and Ezrin 

Recent findings from our group demonstrated a strong concordance between manual and 

automated Ariol scoring, and yielded meaningful associations with clinico-pathological 

parameters [158]. Therefore, I performed a similar comparison of AQUA scores with manual 

IHC scores for Src and Ezrin. IHC (brown stained) slides of the same 63-patient breast tumour 

cohort were previously scored for the above markers. It should be noted that the manual IHC 

scoring was performed on slides from an older TMA block made from the same tumours. 

Despite the tumour heterogeneity from different cores and technical variations between IHC and 

IF, we observed weak, but significant correlations using the Pearson correlation coefficient 

between continuous AQUA scores and manual IHC scores for cytoplasmic Src (R2 = 0.398, p = 

0.004; Figure 29a) and cytoplasmic Ezrin (R2 = 0.341, p = 0.013; Figure 29b). Similar 

correlations were found using the Spearman rank correlation for Src (ρ = 0.423, p = 0.002) and 

Ezrin (ρ = 0.326, p = 0.018). 

I also compared the concordance indices (CI) between manual IHC scores and AQUA 

scores against clinico-pathological parameters, which measures how well the scores discriminate 

and predict the outcome (i.e. low scores for low expression, high scores for high expression) (see 

2.9.2 & Table 5). Cytoplasmic Src AQUA scores showed similar levels of concordance for 

multiple clinico-pathological parameters when compared to cytoplasmic Src manual IHC H-

scores. AQUA scores showed a more significant and greater direct discrimination for ER 

negativity (CI = 0.7484, p = 0.0039) and PR negativity (CI = 0.7364, p = 0.0086). Also, AQUA 

scores demonstrated a direct discrimination of triple negative status (CI = 0.721, p = 0.037), 

where manual IHC scores did not. However, manual IHC scores showed a direct discrimination 

of HER2 negativity (CI = 0.7538, p = 0.014), where concordance from cytoplasmic AQUA 



  

82 
 

scores was not significant. Manual IHC scores also showed a similar but slightly greater 

discrimination with high SBR grade (CI = 0.6821, p = 0.022) compared to AQUA (CI = 0.6653, 

p = 0.031). Concordance of Src AQUA scores and recurrence approached significance (CI = 

0.665, p = 0.11). For Ezrin, direct discrimination was only seen between cytoplasmic AQUA 

scores and LVI presence (CI = 0.7161, p = 0.017), but not with manual IHC scores. 

 

a) 

 

b) 

 

Figure 29. Correlation between Continuous AQUA scores and Continuous Manual IHC 
Pathologist H-Scores for cytoplasmic Src and Ezrin. 
Continuous manual H-scores of the same 63-patient cohort, but from a different TMA block, 
were available from a previous study. H-scores were calculated as described in 2.8.1. When 
correlated to cytoplasmic AQUA scores, weak, but direct correlations were observed for Src (R2 

= 0.398, p = 0.004) and Ezrin (R2 = 0.341, p = 0.013). Pearson correlation coefficient was used 
for statistical analyses, where significant associations were defined if p < 0.05. 
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Table 5. Comparison of Continuous AQUA Scores and Continuous Manual IHC H-Scores vs. Clinico-pathological parameters 
via Concordance Indices  

  
Cytoplasmic AQUA Scores 

 
Cytoplasmic Manual IHC H-Scores 

Biomarker Clinical Parameter n† Concordance Index P 
 

n Concordance Index P 
Src ER (-) 56 0.7484 0.0039 

 
54 0.7274 0.010 

 
PR (-) 56 0.7364 0.0086 

 
54 0.6935 0.043 

 
HER2 (-) 53 NS 0.31 

 
49 0.7538 0.014 

 
TN 56 0.721 0.037 

 
54 NS 0.22 

 
LVI (present) 54 NS 0.25 

 
53 NS 0.95 

 
Survival (death) 56 NS 0.47 

 
54 NS 0.60 

 
SBR (8 or 9) 57 0.6653 0.031 

 
54 0.6821 0.022 

 
Recurrence (yes) 50 0.665 0.11 

 
47 NS 0.19 

 
LN Status (+) 56 NS 0.90 

 
54 NS 0.34 

Ezrin ER (-) 56 NS 0.66 
 

52 NS 0.76 

 
PR (-) 56 NS 0.63 

 
52 NS 0.44 

 
HER2 (-) 51 NS 0.98 

 
47 NS 0.86 

 
TN 56 NS 0.40 

 
52 NS 0.35 

 
LVI (present) 54 0.7161 0.017 

 
51 NS 0.18 

 
Survival (death) 56 NS 0.83 

 
52 NS 0.87 

 
SBR (8 or 9) 56 NS 0.23 

 
52 NS 0.47 

 
Recurrence (yes) 49 NS 0.49 

 
45 NS 0.52 

 
LN Status (+) 56 NS 0.52 

 
56 NS 0.76 

 

A concordance index <0.5 implies an inverse association, while a concordance index >0.5 implies a direct association. Possible values range from 0 (perfect 
discordance) to 1 (perfect concordance). An index of between 0.4-0.6 indicate poor discrimination, 0.6-0.8 (or inversely, 0.2-0.4) indicate moderate 
discrimination, and >0.8 (or inversely, <0.2) indicate good discrimination. † n = # of evaluable cases. P-values (P) <0.05 indicate a significant association. 
Values in bold indicate significant concordance indices. Values in italics indicate near-significant concordance indices. Observations missing AQUA or manual 
IHC scores were omitted. 

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; HER2, Human Epidermal Growth Factor Receptor 2; TN, triple negative status; LVI, 
lymphovascular invasion, SBR, Scarff-Bloom-Richardson Score; LN, lymph node; NS, not significant. 
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CHAPTER 4 – DISCUSSION 
 

The focus of this thesis is two-fold: 1) to develop a quantitative immunofluorescence 

approach to assess expression profiles of biologically relevant proteins, Src, Ezrin, and Tks5, in a 

breast cancer TMA and 2) to assess the prognostic significance and clinical relevance of the 

above biomarkers. Overall, we provided additional evidence that supports the potential role of 

Src and Ezrin as clinical biomarkers. Also, we assessed Tks5, a less-studied protein, for the first 

time in the breast cancer clinical context, based on its known biological roles in invasion. 

Furthermore, we demonstrated the advantages and feasibility of automated quantification 

analysis in breast cancer. 

This study demonstrates the following: 

i. Based on immunofluorescence staining, there is an overall increased expression of Src 

and Ezrin, but a decreased expression of Tks5 in human breast tumours compared to 

breast ductal epithelium.  

ii. Both Src and Ezrin localize predominantly in the apical regions of breast epithelial ducts. 

Src shows both diffuse cytoplasmic and membranous staining, while Ezrin shows 

predominantly diffuse cytoplasmic staining in breast tumour tissues. Tks5 exhibited a 

granular basal expression in breast ductal epithelium, and diffuse membranous, 

cytoplasmic, and nuclear staining in breast tumour tissues. 

iii. In our 63-patient cohort, both Src and Ezrin have significant correlations with several 

clinico-pathological parameters, including triple-negative status, lymphovascular 

invasion, and tumor grade. 

iv. Clinico-pathological associations with IF-based AQUA scoring are directly comparable 

to, if not more sensitive than, traditional manual IHC scoring. 
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These findings corroborate previous findings from our lab regarding the clinical significance 

of Src and Ezrin as biomarkers (Esther Carefoot, unpublished data, and Hannah Mak [167]), and 

shed new light on the value of Tks5 as a potential clinical biomarker. This study also proposes 

that AQUA and other automated technologies have potential in the clinical setting, as they can 

provide a more quantitative and objective assessment than conventional methods. 

 
4.1. Antibody and Protocol Optimization for IF staining on the breast tumour TMA 

4.1.1. Validation of antibody specificity for IHC and IF 

Antibody optimization and validation is a laborious and challenging task, as it requires 

stringent evaluation, as well as substantial human and economic resources. Standardization of 

IHC protocols, especially with new markers, is challenging due to the numerous pre-analytical, 

analytical, and post-analytical factors that affect FFPE tissue staining. There are already 

considerable and unavoidable technical challenges even before the antibody is selected or the 

TMA is prepared; variables such as time to tissue fixation, inadequate fixation period, 

differences in fixation reagents used, and tissue processing [175]. As we plan to progress onto 

the larger 435-patient SEOBC TMA, additional technical obstacles may present themselves with 

our current antibodies, as well as future antibodies, due to varying tissue antigenicities. 

With antigen sensitivity and specificity varying between lots and freeze/thaw cycles, 

antibody variability is unavoidable. It is imperative to limit the number of variables involved 

while ensuring the antibody selected is robust and reproducible. Antibody clone and dilution, 

antibody retrieval, detection system, and interpretation of results could alter measurements. 

Additionally, optimization of phospho-antibodies presents a greater technical challenge. Though 

phosphorylation status could provide a wealth of information regarding protein activity, there has 

been much criticism regarding the validity of these antibodies as they are subject to false-
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negative results due to antigen masking or non-specific binding [171]. The stability and lability 

of phospho-antibodies are less forgiving to variations in tissue fixation and handling, which may 

affect dephosphorylation kinetics [172].  Rare, exceptional examples include phospho-ERK 

which our lab has used successfully in the past [158]. Antibodies indicated for IHC use may not 

always be suitable for IF staining on tissue. Optimization of a pY419Src antibody for this study, 

which was previously successful on IHC, did not have strong staining intensity with the IF 

detection system [173]. Thus, antibodies must be individually optimized for both IHC and IF.  

Antibodies were controlled for in this study through the use of no-primary antibody and 

single-primary antibody control slides, which are especially important for optimizing multiplex 

IF staining (see 4.1.3). These controls were done to ensure there was no signal bleed-through or 

excessive background. Other validation steps taken were to use cell line knockout and 

knockdown negative controls, such as SYF-/- cells for Src, and MDA-MB-231+shEZR cells for 

Ezrin, and comparing their protein expression to their positive counterparts. These internal 

controls aid in deciding the acceptable baseline staining. A cell line and normal tissue panel was 

also used with both immunoblotting and IHC/IF staining to ensure that staining intensities varied 

as expected between specimen types and antibody dilutions.  

The Sigma Tks5 antibody did not perform well in immunoblotting and the expected 

protein band could not be directly verified. Thus, another Tks5 antibody (Santa Cruz) was used 

to validate expected bands at 140kDa. Both Tks5 antibodies showed high expression with MDA-

Src and SK-BR-3 lysates at the 140kDa region, thus giving us confidence that the two antibodies 

are specific for Tks5. IF staining with the Sigma Tks5 antibody showed some variability among 

cell line pellets, where T47D and SK-BR-3 had the highest positive staining, while MDA-Src 

showed less intense staining (data not shown). Thus, IF staining for Tks5 was not always directly 
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correlative with immunoblot data, possibly due to varied epitope effects from reduced conditions 

in immunoblots compared to FFPE processing. Furthermore, the Sigma Tks5 antibody was 

created against recombinant protein fragments of Tks5, though the recombinant fragment and 

native protein may not necessarily have the same secondary structure [174]. Further study of 

Tks5 involving knockout/knockdown controls or an immunoprecipitated protein band to validate 

antibody specificity is required. 

This study employed both automated Ventana staining and automated quantification. 

Automated Ventana staining is much more consistent and reproducible than manual staining, and 

eliminates multiple variables introduced by manual staining, such as temperature, tissue drying, 

reagent volume, and human error. Manual staining done in preliminary assessments led to 

inconsistent staining intensities despite best attempts to maintain identical conditions.  

 
4.1.2. Accounting for Tumour Heterogeneity 

Tissue heterogeneity also poses an issue when optimizing antibody concentrations. 

Triplicate coring of tissue and tests of reproducibility (3.1.2) aid in ensuring that AQUA scores 

are consistent [175]. However, tissue cores tend to shift position, become lost or damaged during 

preparation. Though tissue cores are taken from pathologist-marked areas, cores from the same 

block do not always contain enough, or even a consistent amount of epithelial or tumour tissue. 

Identical staining should be performed on serial sections of the same block or replicate blocks for 

greater confidence. 

Once the TMA slides were stained and scanned, human intervention was required to 

manually spot-check and annotate each core, which is a time-consuming and laborious process. 

Despite the seemingly convenient nature of automation, user input from a pathologist is still 

needed to design the specific algorithms required and examine the artifacts and details computers 
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cannot. However, the generated AQUA scores provide a continuous and objective dataset that is 

also rich and reproducible. Turnaround times can be improved once staining protocols and 

annotation procedures are optimized. 

 
4.1.3. Masking algorithms and multiplex staining 

Using previously reported, biologically relevant biomarkers, subcellular compartments 

were defined using cytokeratin for epithelial cell staining and DAPI for nuclear staining. Though 

stroma (keratin-negative) and nuclei (DAPI-positive) can be differentiated, there were issues in 

differentiating between membranous and cytoplasmic compartments in the breast tumour 

regions. Depending on the epithelial organization and angle at which the tissue is cut, the 

membranous region could directly border the nuclei and exclude any cytoplasmic area. 

Furthermore, it is difficult for one marker to properly define a specific compartment due to the 

heterogeneity of tumour sections between patients (inter-tumour heterogeneity), as well as for 

the same patient (intra-tumour heterogeneity with different sections and cores). During analysis 

for this study, the intensity of cytokeratin staining used for the epithelial compartment varied 

greatly among tumours across the 63-patient breast tumour TMA. This characteristic created a 

challenge when establishing a threshold of the minimum and maximum values for the inclusion 

areas as the ranges were not consistent throughout. Additionally, early attempts at finding a 

membranous marker were unsuccessful due to tumour heterogeneity. For example, phalloidin 

staining for F-actin showed diffuse cytoplasmic staining in tissues, despite exhibiting distinct 

peripheral structures in cell lines. E-cadherin only demonstrated strong membranous staining in 

normal breast ductal epithelium, and was cytoplasmically diffuse and inconsistent in breast 

tumour tissue where it is often downregulated.  HER2 staining would potentially form a 



  

89 
 

consistent membrane mask as it is routinely used in the clinical setting and clearly defines the 

membranous regions. However, using HER2 as a mask would exclude HER2-negative tumours.  

With the use of IF staining, multiple markers could be used at the same time to assess co-

localization. Though multiplexing via traditional IHC is possible, multiplex IF gives the ability 

to selectively view each individual marker with specific IF filter sets without restaining. 

Preliminary attempts of 4-colour staining were unsuccessful due to high levels of bleed-through 

and inadequate emission and excitation IF filters. In lieu of staining multiple slides with the same 

target antibody, multi-colour staining could increase compartmentalization options and allow for 

assessment of protein-protein interactions through co-localization. Furthermore, phosphorylation 

status and total expression of the same protein could be characterized on the same tissue section. 

In this study, we assessed AQUA scores from corresponding cores from different staining sets to 

indirectly assess co-expression. 

 
4.2. Differential expression and localization of Src, Ezrin, and Tks5 in normal and tumour 

breast tissues 

In this study, we found that Src and Ezrin expression was greater, and Tks5 expression 

was lower, in breast tumours than normal breast epithelial ducts. Generally, our Src and Ezrin 

expression data were consistent between IHC and IF staining. Src is known to be overexpressed 

in multiple types of cancers, with high cytoplasmic expression in breast cancer [72, 76, 82, 176]. 

As Src expression and clinical correlations have already been well documented, this part of the 

study provides validation to our staining protocol and quantification platforms. The apical 

staining of Ezrin in breast ductal epithelia and diffuse cytoplasmic staining in breast tumour was 

previously reported by our group and others using IHC brown staining [113]. Loss of apical 

Ezrin expression in normal breast, and subsequent deregulation of ezrin-mediated processes may 
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result in the loss of normal adhesion molecules and epithelial polarity, leading to EMT and 

enhanced metastatic potential. Arslan et al. (2012) noted that Ezrin primarily localized to the 

cytoplasm in invasive ductal and locally advanced breast cancers. Other studies have shown in 

cell lines and mammary carcinoma tissue that Ezrin is expressed predominantly in the cytoplasm.  

Our staining corroborates this finding, as breast tumours in our TMA exhibited diffuse 

cytoplasmic expression of Ezrin [177] (Figure 20). The significance of cytoplasmic Ezrin 

expression in breast and other cancer types is not known, but may reflect aberrant activation of 

the ERM pathway [178]. 

As of this writing, no studies have been published regarding the subcellular localization 

of Tks5 in breast tissue. In vitro studies have shown Tks5 localization in invasive structures, 

such as podosomes and invadopodia in both normal and tumour cells [137]. However, our study 

shows a unique granular, basal staining in breast ductal epithelia, suggesting high levels of 

cellular organization and polarity. In contrast, IF staining of breast tumours exhibited diffuse, 

membranous, cytoplasmic, and nuclear staining which has not been reported. However, IHC 

staining using the same Tks5 antibody on The Human Protein Atlas showed only marginal 

nuclear staining and stronger cytoplasmic/membranous staining in breast tumour tissue [169]. 

From Figure 22, it can be seen that there is a large overlap in the distribution between the normal 

and tumour Tks5 scores, indicating that there is a wide range and heterogeneity in Tks5 

expression which is not seen with Src and Ezrin. Unfortunately, cell line positive and negative 

controls with known expressions of Tks5 were not available, and thus its validation was not as 

robust compared to Src and Ezrin. Since Tks5 expression and localization between normal and 

tumour breast tissue is statistically significant, this biomarker warrants further investigation. 
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4.3. Limitations of AQUA-based Subcellular Compartmentalization and Co-localization 

Subcellular compartmentalization did not further stratify expression levels as these were 

all relatively similar to total protein levels. This may be due to the nature of the AQUA score 

which normalized the signal intensity to compartment area, whereas manual scoring considers 

the entire positively stained tumour area without normalizing. Only nuclear Tks5 expression 

showed a statistically significant increase compared to the other compartments.  The lack of 

variation between subcellular compartments is contrasted by previous findings where 

membranous pY419Src could imply decreased survival where cytoplasmic and nuclear 

pY215Src could imply improved survival [82]. There may be greater success of finding 

contrasting correlations based on subcellular localization with phospho-epitopes, if the 

appropriate antibodies were available and validated. Phosphorylation status would likely better 

define changes in protein activity than total expression.  

As we were limited to 3-colour staining, co-localization of Src and Ezrin were not 

directly assessed. Due to the design of the multiplex IF platform (i.e. target/cytokeratin/DAPI), 

the optimized target antibodies were all from the same species origin (α-rabbit), disallowing the 

assessment of direct co-localization. Instead, corresponding cores from separately stained TMAs 

were compared to assess their relative expression levels. High Ezrin expression was found to 

significantly associate with high Src levels, whereas low Ezrin levels, which may be indicative of 

normal activity and expression, did not.  Furthermore, high Ezrin expression contributed most to 

the correlation between total Ezrin and Src expressions, whereas low Ezrin expression did not. 

This finding is consistent with the previously reported protein-protein interaction of Src and 

Ezrin and suggests that these proteins may be found to localize as a pair into different subcellular 

compartments [99]. These associations were not seen with Tks5, as high and low Tks5 
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expressions did not exhibit any significant associations. This may suggest that Src has greater 

activity with Ezrin than Tks5 in our breast cancer cohort, or that Src binding to Tks5 is more 

transient. Other IF staining techniques, such as the use of intentional photo-bleaching or quantum 

dots, may aid in multiplex staining with different antibodies using the same TMA sections and 

fluor wavelengths, though these methods will bring additional technical challenges [179, 180]. 

 
4.4. Clinical Implications of Src, Ezrin, and Tks5 in Breast Cancer 

In this study, correlations with clinico-pathological parameters were assessed in multiple 

ways. Both continuous and dichotomized AQUA scores were used in different analyses to test 

the extent of significant associations. The continuous AQUA scores provide an objectively 

scored dataset where rational but arbitrary cut-points can be later determined. Dichotomized 

AQUA scores in broader categories can be used to compare with traditional pathologists’ scores. 

Bioinformatics tools such as X-Tile, which make use of continuous data, are usually considered 

to be less biased in establishing the optimal cut-point when analyzing a given set of survival data 

[181]. However, since the number of deaths/events in our cohort was too small for a significant 

survival analysis, the median was used as the optimal cut-point. In this study, the continuous 

AQUA scores provide greater statistical association compared to the dichotomized AQUA scores 

(e.g. Fisher exact tests and Log-rank tests yielded no significant results). Repeating the analysis 

on the 435-patient SEOBC TMA will provide greater statistical power for clinical assessments. 

 
4.4.1. Src expression is associated with worse prognosis 

Src expression demonstrated significant correlations to clinico-pathological parameters, 

including ER status, PR status, triple-negative status, tumour grade and LVI. High Src 

expression has also been previously found to negatively associate with ER and PR status [79].  c-
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Src is an important mediator for growth pathways in ER-negative breast cancers, and ER 

positivity has been shown to be predictive of resistance to Src inhibitor in vitro [182]. 

Associations of high Src expression with ER receptor status negativity could suggest that the 

tumour foregoes the need for external receptor stimulation. Instead, tumour activity could be 

sustained primarily by aberrant intracellular signal transduction events, which could contribute to 

the highly aggressive triple-negative phenotype. Cross-talk and interaction of Src, EGFR, and 

ER, facilitates hormone receptor signaling, and consequently, overactive Src confers endocrine 

therapy resistance [183]. Src activation plays a role in tamoxifen resistance and is associated 

with poor patient response to the ER antagonist [184]. Thus, combination therapy of ER 

antagonists and Src inhibitors may be a more effective therapeutic option for ER-negative 

patients, a treatment strategy which has already shown promise in the pre-clinical setting [185]. 

As overactive Src can also mediate aberrant nuclear signaling (e.g. through gene transcription), 

increased nuclear Src may predict an improved response to hormonal therapies [186]. 

High Src expression has also been previously found to positively associate with tumour 

grade [79].  Similarly, association of Src expression with SBR score approached significance in 

our contingency table. SBR score and histologic tumour grade are similar metrics, as histologic 

grade can be derived from SBR scores. Elevated Src activity promotes cellular invasion and 

motility in vitro through FAK signaling and enhanced focal adhesion formation, which may 

corroborate our finding with Src and LVI [78]. Interestingly, the concordance index did not yield 

a significant discrimination between Src AQUA scores and LVI, but did show a significant 

association of these two parameters when assessed with the unpaired t-test with the same dataset. 

Assessment with a larger cohort may resolve this discrepancy. Also, high levels of activated c-
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Src are associated with lower recurrence-free survival at 5 years in DCIS [80]. In our study, the 

association between high total Src expression and recurrence approached significance. 

 
4.4.2. Ezrin expression is associated with lymphovascular invasion 

Ezrin expression showed significant associations with triple-negative status and LVI, 

with ER/PR-negativity and tumour grade approaching significance. Previous associations in 

breast cancers only found significant correlations with lymph node status and tumour size in 

locally advanced breast cancer, but not in other clinico-pathological parameters, such as receptor 

status [131]. Studies observing overexpression of Ezrin have already been reported in other 

cancers, such as tongue squamous cell and pancreatic carcinoma, though clinico-pathological 

associations were not noted [187, 188].  

The association of Ezrin expression with LVI has been consistent throughout our 

analyses with both continuous and dichotomized AQUA scores (p = 0.0240 and p = 0.0296, 

respectively). Also, there was a moderate level of discrimination shown with the concordance 

index (CI: 0.7161, p = 0.0170), which was not demonstrated with manual IHC data. Ezrin 

positivity has previously been associated with invasion in non-small cell lung carcinoma and 

thyroid carcinoma [189, 190]. Further distinction between lymphatic and blood vessels with 

specific lymphatic markers such as LYVE-1, Prox-1, and podoplanin, may better resolve the role 

of Ezrin in LVI [41]. Studies from our lab also suggest that Ezrin is important in regulating 

angio- and lymphangio-genesis. Ezrin knockdown in a breast cancer cell line model caused 

reduced VEGF expression in vitro, and abrogated angio- and lymphangiogenesis in an in vivo 

Matrigel plug assay (unpublished data, Dr. Abdi Ghaffari, Elliott Lab). Though metastasis occurs 

through both blood vessel and lymphatic vessel invasion, it has been suggested that the 

preferential method of initial breast cancer metastasis occurs through lymphatic vessels, with 
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subsequent blood vessel invasion [161, 191-193]. Assessing the association of Ezrin expression 

in invasive tumours with lymphatic (e.g. podoplanin) versus vascular (e.g. CD31) markers would 

determine whether high Ezrin expression is preferentially linked to lymphatic or vascular 

invasion. As Ezrin is implicated to drive proteolytic-independent, rounded-cell migration, this 

migratory behavior could take advantage of the structural features of lymphatic vessels, such as 

increased permeability compared to blood vessels. MMP inhibitors have been proven to be 

ineffective in clinical trials against breast cancer and are generally terminated early on [194-196]. 

A phase II clinical trial with the MMP inhibitor marimastat did not improve progression free 

survival and actually caused inferior survival due to increased musculoskeletal toxicity [194]. 

MMP inhibition may also prime the mesenchymal-to-amoeboid transition, possibly resulting in 

an increased proteolytically-independent type of invasion. My data demonstrating that high Src 

is associated with Ezrin, but not Tks5, expression is consistent with a Src/Ezrin pathway 

involved in regulating the lymphovascular invasive phenotype in our breast cancer cohort. 

 
4.4.3. Tks5 expression may have a possible association with tumour recurrence 

Given the role of Tks5 in invadopodia formation, the mesenchymal phenotype, and 

proteolytically-dependent single-cell migration, the enhanced invasive capabilities of high Tks5-

expressing tumours may allow tumour cells to circumvent resection margins. In our study, the 

association between Tks5 and recurrence approached significance (p = 0.105), but not with any 

other clinico-pathological parameters tested. One other study has reported that Tks5-mediated 

invasiveness is a prognostic indicator for tumour recurrence in gliomas, as surgical intervention 

and adjuvant therapies cannot target all malignant cells in brain cancers [153]. Further study is 

needed to confirm Tks5 detection and clinical relevance in our breast cancer cohort. 
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4.4.4. Src, Ezrin, and Tks5 as a potential predictor of overall survival 

Due to the small number of events in the 63-patient breast tumour cohort, any analyses 

would not have had any statistical power or significance. However, in an exploratory analysis, 

Src and Ezrin expression agrees with our a priori expectations in overall survival, as well as 

those reported in literature [177, 197]. Though not statistically significant, our preliminary 

analyses of the survival data suggested that high expression of Src and Ezrin may be associated 

with reduced overall survival. It has been reported that high cytoplasmic c-Src expression, but 

not membranous or nuclear expression, associated with significantly reduced disease-free 

survival [79]. Additionally, high Ezrin expression has been correlated with reduced overall 

survival elsewhere [198].  Despite having limited survival data, Src and Ezrin should continue to 

be assessed as potential prognostic biomarkers. 

With regard to Tks5, there is currently only one clinical analysis assessing the scaffolding 

protein in cancer, where Tks5 expression was a prognostic indicator of poor survival in low 

grade astrocytoma, but not in higher grade GBM [153]; it is possible that Tks5 activity is greater 

in earlier events of invasion, which may explain why it is not seen in our high grade cohort 

(85.7% of the 63-patient cohort is grade II/III) and also its low expression in breast tumour tissue 

compared to normal breast. Also not statistically significant, our study showed that low Tks5 

expression may be associated with reduced overall survival, though the curves appeared to 

converge (Figure 28c). Still, these results are inconclusive and further assessment is required. 

Continued follow-up and updated clinico-pathological data would benefit this part of the study. 

 
4.5. Comparison of Manual IHC scoring vs. AQUA scoring 

Use of an immunofluorescence-based detection system was emphasized in this study, as 

it has been shown to have greater sensitivity, signal-to-noise ratio, and dynamic range compared 
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to traditional DAB-based IHC staining, especially with tyramide signal amplification [199, 200]. 

The advantage of automated scoring is that it provides objective and continuous scores, which 

hold more statistical power over categorical data. Continuous data have greater resolution in 

differences, while information is lost with categorical data when scores are put into ranges. In 

this study, a comparison of the concordance indices showed that AQUA scores have greater 

discrimination than manual IHC continuous scores.  Previous studies assessing AQUA vs. IHC 

saw similar effects, where HER2 expression was compared between traditional IHC, AQUA, and 

FISH analyses [200]. It was found that AQUA scores associated strongly to categorical data via 

Chi-squared analyses and showed similar specificity to IHC staining.  

Although both manual IHC and AQUA scores evaluated staining intensity, it is 

interesting to see significant but weak correlations between the two continuous metrics (Figure 

29). However, it should be noted that the IHC scores were of the same cohort, but from a 

different TMA block than the IF staining; the weak association may be a result of tissue 

heterogeneity and technical variations. Also, the continuous IHC data may not be truly 

continuous, as it was initially scored by discrete percentages (0-100%, in 10% intervals) and 

weighted by intensity. From Figure 29, it can be seen that the distribution of IHC scores are 

clustered at certain intervals. Still, the IHC and AQUA scores showed similar levels of 

discrimination in Src (e.g. ER/PR status and SBR score). Moreover, only AQUA scores 

produced a significant concordance index for Ezrin, whereas manual IHC scores could not. Thus, 

automated quantification may provide an analytic advantage over manual scoring. 
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4.6. Significance 

There is a need for better prognostic and predictive biomarkers that can provide 

additional information for breast cancer patients. Src and its substrates, Ezrin and Tks5, have all 

been shown to play a role in tumour invasion in multiple cancers. Overexpression and 

overactivation of Src lead to dysregulated signaling pathways that effectively enable different 

modes of invasion involving Ezrin and Tks5.  Therefore, assessing downstream effectors, such as 

Ezrin and Tks5, provide an indirect way of measuring downstream Src activity. Ezrin has been 

implicated to be involved in proteolytically-independent, amoeboid-like invasion, while Tks5 has 

been suggested to be involved in a proteolytically-dependent, mesenchymal-like invasion. Our 

findings suggest that Src, Ezrin, and Tks5, may provide prognostic significance in metastatic 

breast cancers. 

Our analysis of a 63-patient BC TMA using an IF-based automated quantification 

analysis platform demonstrated that breast tumour tissue had higher expression of Src and Ezrin, 

and lower expression of Tks5, compared to normal breast. An analysis of the continuous AQUA 

scores showed that Src expression significantly correlated with ER status, PR status, TN status, 

LVI, and tumour grade. Furthermore, Ezrin expression significantly correlated with LVI and TN 

status. Clinico-pathological associations with the use of new pathological quantification tools 

such as AQUA may provide an analytic advantage over manual IHC scoring. Additionally, a 

preliminary analysis suggests that Src and Ezrin may provide useful information on overall 

survival. Further study and validation with Tks5 is needed. Extending this study onto the larger 

435-patient SEOBC TMA will yield more statistically powerful data.  

In conclusion, this study has provided insight into the potential clinical significance of 

Src and Ezrin in breast cancer where differential expression and localization between normal and 
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tumour breast may offer useful prognostic and predictive information for the clinical 

management of breast cancer. 

  



  

100 
 

REFERENCES 

1. Canadian Cancer Statistics 2013. [http://www.cancer.ca/en/cancer-information/cancer-
type/breast/statistics/?region=on] 

2. Antoine C, Ameye L, Paesmans M, Rozenberg S: Update of the evolution of breast 
cancer incidence in relation to hormone replacement therapy use in Belgium. 
Maturitas 2012, 72(4):317-323. 

3. Shapiro S, Farmer RD, Stevenson JC, Burger HG, Mueck AO: Does hormone 
replacement therapy cause breast cancer? An application of causal principles to 
three studies. Part 4: the Million Women Study. J Fam Plann Reprod Health Care 
2012, 38(2):102-109. 

4. Weigelt B, Peterse JL, van 't Veer LJ: Breast cancer metastasis: markers and models. 
Nat Rev Cancer 2005, 5(8):591-602. 

5. Canadian Cancer Society: Breast Cancer Statistics. 2011. 
6. Badve S, Dabbs DJ, Schnitt SJ, Baehner FL, Decker T, Eusebi V, Fox SB, Ichihara S, 

Jacquemier J, Lakhani SR et al: Basal-like and triple-negative breast cancers: a 
critical review with an emphasis on the implications for pathologists and 
oncologists. Mod Pathol 2011, 24(2):157-167. 

7. Harvey JA: Unusual breast cancers: useful clues to expanding the differential 
diagnosis. Radiology 2007, 242(3):683-694. 

8. Berg JW, Hutter RV: Breast cancer. Cancer 1995, 75(1 Suppl):257-269. 
9. Eroles P, Bosch A, Perez-Fidalgo JA, Lluch A: Molecular biology in breast cancer: 

intrinsic subtypes and signaling pathways. Cancer Treat Rev 2012, 38(6):698-707. 
10. Weigelt B, Hu Z, He X, Livasy C, Carey LA, Ewend MG, Glas AM, Perou CM, Van't 

Veer LJ: Molecular portraits and 70-gene prognosis signature are preserved 
throughout the metastatic process of breast cancer. Cancer Res 2005, 65(20):9155-
9158. 

11. Bertucci F, Finetti P, Cervera N, Esterni B, Hermitte F, Viens P, Birnbaum D: How basal 
are triple-negative breast cancers? Int J Cancer 2008, 123(1):236-240. 

12. Lu S, Singh K, Mangray S, Tavares R, Noble L, Resnick MB, Yakirevich E: Claudin 
expression in high-grade invasive ductal carcinoma of the breast: correlation with 
the molecular subtype. Mod Pathol 2013, 26(4):485-495. 

13. Slodkowska EA, Ross JS: MammaPrint 70-gene signature: another milestone in 
personalized medical care for breast cancer patients. Expert Rev Mol Diagn 2009, 
9(5):417-422. 

14. Conlin AK, Seidman AD: Use of the Oncotype DX 21-gene assay to guide adjuvant 
decision making in early-stage breast cancer. Mol Diagn Ther 2007, 11(6):355-360. 

15. Yang TJ, Ho AY: Radiation therapy in the management of breast cancer. Surg Clin 
North Am 2013, 93(2):455-471. 

16. Azim HA, Jr., de Azambuja E, Colozza M, Bines J, Piccart MJ: Long-term toxic effects 
of adjuvant chemotherapy in breast cancer. Ann Oncol 2011, 22(9):1939-1947. 

17. Gupta GP, Massague J: Cancer metastasis: building a framework. Cell 2006, 
127(4):679-695. 

18. Hayes DF, Smerage J: Is there a role for circulating tumor cells in the management of 
breast cancer? Clin Cancer Res 2008, 14(12):3646-3650. 

http://www.cancer.ca/en/cancer-information/cancer-type/breast/statistics/?region=on
http://www.cancer.ca/en/cancer-information/cancer-type/breast/statistics/?region=on


  

101 
 

19. Hunter KW, Crawford NP, Alsarraj J: Mechanisms of metastasis. Breast Cancer Res 
2008, 10 Suppl 1:S2. 

20. Malanchi I, Santamaria-Martinez A, Susanto E, Peng H, Lehr HA, Delaloye JF, Huelsken 
J: Interactions between cancer stem cells and their niche govern metastatic 
colonization. Nature 2012, 481(7379):85-89. 

21. Gould Rothberg BE, Bracken MB: E-cadherin immunohistochemical expression as a 
prognostic factor in infiltrating ductal carcinoma of the breast: a systematic review 
and meta-analysis. Breast Cancer Res Treat 2006, 100(2):139-148. 

22. Berx G, Cleton-Jansen AM, Nollet F, de Leeuw WJ, van de Vijver M, Cornelisse C, van 
Roy F: E-cadherin is a tumour/invasion suppressor gene mutated in human lobular 
breast cancers. EMBO J 1995, 14(24):6107-6115. 

23. Saadatmand S, de Kruijf EM, Sajet A, Dekker-Ensink NG, van Nes JG, Putter H, Smit 
VT, van de Velde CJ, Liefers GJ, Kuppen PJ: Expression of cell adhesion molecules 
and prognosis in breast cancer. Br J Surg 2013, 100(2):252-260. 

24. LaGamba D, Nawshad A, Hay ED: Microarray analysis of gene expression during 
epithelial-mesenchymal transformation. Dev Dyn 2005, 234(1):132-142. 

25. Cavallaro U, Christofori G: Cell adhesion and signalling by cadherins and Ig-CAMs 
in cancer. Nat Rev Cancer 2004, 4(2):118-132. 

26. Egeblad M, Werb Z: New functions for the matrix metalloproteinases in cancer 
progression. Nat Rev Cancer 2002, 2(3):161-174. 

27. Hildenbrand R, Schaaf A: The urokinase-system in tumor tissue stroma of the breast 
and breast cancer cell invasion. Int J Oncol 2009, 34(1):15-23. 

28. Schveigert D, Cicenas S, Bruzas S, Samalavicius NE, Gudleviciene Z, Didziapetriene J: 
The value of MMP-9 for breast and non-small cell lung cancer patients' survival. 
Adv Med Sci 2013:48-57. 

29. Harbeck N, Kates RE, Schmitt M, Gauger K, Kiechle M, Janicke F, Thomassen C, Look 
MP, Foekens JA: Urokinase-type plasminogen activator and its inhibitor type 1 
predict disease outcome and therapy response in primary breast cancer. Clin Breast 
Cancer 2004, 5(5):348-352. 

30. Hadler-Olsen E, Winberg JO, Uhlin-Hansen L: Matrix metalloproteinases in cancer: 
their value as diagnostic and prognostic markers and therapeutic targets. Tumour 
Biol 2013. 

31. Hadler-Olsen E, Fadnes B, Sylte I, Uhlin-Hansen L, Winberg JO: Regulation of matrix 
metalloproteinase activity in health and disease. FEBS J 2011, 278(1):28-45. 

32. Chabottaux V, Noel A: Breast cancer progression: insights into multifaceted matrix 
metalloproteinases. Clin Exp Metastasis 2007, 24(8):647-656. 

33. Bell CD, Waizbard E: Variability of cell size in primary and metastatic human breast 
carcinoma. Invasion Metastasis 1986, 6(1):11-20. 

34. Evers EE, Zondag GC, Malliri A, Price LS, ten Klooster JP, van der Kammen RA, 
Collard JG: Rho family proteins in cell adhesion and cell migration. Eur J Cancer 
2000, 36(10):1269-1274. 

35. Friedl P, Wolf K: Tumour-cell invasion and migration: diversity and escape 
mechanisms. Nat Rev Cancer 2003, 3(5):362-374. 

36. Wyckoff JB, Pinner SE, Gschmeissner S, Condeelis JS, Sahai E: ROCK- and myosin-
dependent matrix deformation enables protease-independent tumor-cell invasion in 
vivo. Curr Biol 2006, 16(15):1515-1523. 



  

102 
 

37. Sahai E, Marshall CJ: Differing modes of tumour cell invasion have distinct 
requirements for Rho/ROCK signalling and extracellular proteolysis. Nat Cell Biol 
2003, 5(8):711-719. 

38. Pankova K, Rosel D, Novotny M, Brabek J: The molecular mechanisms of transition 
between mesenchymal and amoeboid invasiveness in tumor cells. Cell Mol Life Sci 
2010, 67(1):63-71. 

39. Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH, Deryugina EI, Strongin AY, 
Brocker EB, Friedl P: Compensation mechanism in tumor cell migration: 
mesenchymal-amoeboid transition after blocking of pericellular proteolysis. J Cell 
Biol 2003, 160(2):267-277. 

40. Hicklin DJ, Ellis LM: Role of the vascular endothelial growth factor pathway in 
tumor growth and angiogenesis. J Clin Oncol 2005, 23(5):1011-1027. 

41. Ran S, Volk L, Hall K, Flister MJ: Lymphangiogenesis and lymphatic metastasis in 
breast cancer. Pathophysiology 2010, 17(4):229-251. 

42. Bukholm IK, Nesland JM, Borresen-Dale AL: Re-expression of E-cadherin, alpha-
catenin and beta-catenin, but not of gamma-catenin, in metastatic tissue from breast 
cancer patients [seecomments]. J Pathol 2000, 190(1):15-19. 

43. Scully OJ, Bay BH, Yip G, Yu Y: Breast cancer metastasis. Cancer Genomics 
Proteomics 2012, 9(5):311-320. 

44. Pugh CW, Ratcliffe PJ: Regulation of angiogenesis by hypoxia: role of the HIF 
system. Nat Med 2003, 9(6):677-684. 

45. Wang J, Guo Y, Wang B, Bi J, Li K, Liang X, Chu H, Jiang H: Lymphatic microvessel 
density and vascular endothelial growth factor-C and -D as prognostic factors in 
breast cancer: a systematic review and meta-analysis of the literature. Mol Biol Rep 
2012, 39(12):11153-11165. 

46. Achen MG, Stacker SA: Molecular control of lymphatic metastasis. Ann N Y Acad Sci 
2008, 1131:225-234. 

47. Yeatman TJ: A renaissance for SRC. Nat Rev Cancer 2004, 4(6):470-480. 
48. Rous P: A Transmissible Avian Neoplasm. (Sarcoma of the Common Fowl.). J Exp 

Med 1910, 12(5):696-705. 
49. Parsons JT, Weber MJ: Genetics of src: structure and functional organization of a 

protein tyrosine kinase. Curr Top Microbiol Immunol 1989, 147:79-127. 
50. Parsons SJ, Parsons JT: Src family kinases, key regulators of signal transduction. 

Oncogene 2004, 23(48):7906-7909. 
51. Pawson T: Protein modules and signalling networks. Nature 1995, 373(6515):573-580. 
52. Nigg EA, Sefton BM, Hunter T, Walter G, Singer SJ: Immunofluorescent localization 

of the transforming protein of Rous sarcoma virus with antibodies against a 
synthetic src peptide. Proc Natl Acad Sci U S A 1982, 79(17):5322-5326. 

53. Shoji S, Kurosawa T, Inoue H, Funakoshi T, Kubota Y: Human cellular src gene 
product: identification of the myristoylated pp60c-src and blockage of its myristoyl 
acylation with N-fatty acyl compounds resulted in the suppression of colony 
formation. Biochem Biophys Res Commun 1990, 173(3):894-901. 

54. Zheng XM, Wang Y, Pallen CJ: Cell transformation and activation of pp60c-src by 
overexpression of a protein tyrosine phosphatase. Nature 1992, 359(6393):336-339. 



  

103 
 

55. Jung EJ, Kim CW: Interaction between chicken protein tyrosine phosphatase 1 
(CPTP1)-like rat protein phosphatase 1 (PTP1) and p60(v-src) in v-src-transformed 
Rat-1 fibroblasts. Exp Mol Med 2002, 34(6):476-480. 

56. Frame MC: Src in cancer: deregulation and consequences for cell behaviour. Biochim 
Biophys Acta 2002, 1602(2):114-130. 

57. Tatosyan AG, Mizenina OA: Kinases of the Src family: structure and functions. 
Biochemistry (Mosc) 2000, 65(1):49-58. 

58. Klinghoffer RA, Sachsenmaier C, Cooper JA, Soriano P: Src family kinases are 
required for integrin but not PDGFR signal transduction. EMBO J 1999, 18(9):2459-
2471. 

59. Kim H, Laing M, Muller W: c-Src-null mice exhibit defects in normal mammary 
gland development and ERalpha signaling. Oncogene 2005, 24(36):5629-5636. 

60. Mitra SK, Schlaepfer DD: Integrin-regulated FAK-Src signaling in normal and 
cancer cells. Curr Opin Cell Biol 2006, 18(5):516-523. 

61. Owens DW, McLean GW, Wyke AW, Paraskeva C, Parkinson EK, Frame MC, Brunton 
VG: The catalytic activity of the Src family kinases is required to disrupt cadherin-
dependent cell-cell contacts. Mol Biol Cell 2000, 11(1):51-64. 

62. Amling M, Neff L, Priemel M, Schilling AF, Rueger JM, Baron R: Progressive increase 
in bone mass and development of odontomas in aging osteopetrotic c-src-deficient 
mice. Bone 2000, 27(5):603-610. 

63. Myoui A, Nishimura R, Williams PJ, Hiraga T, Tamura D, Michigami T, Mundy GR, 
Yoneda T: C-SRC tyrosine kinase activity is associated with tumor colonization in 
bone and lung in an animal model of human breast cancer metastasis. Cancer Res 
2003, 63(16):5028-5033. 

64. Mamidipudi V, Dhillon NK, Parman T, Miller LD, Lee KC, Cartwright CA: RACK1 
inhibits colonic cell growth by regulating Src activity at cell cycle checkpoints. 
Oncogene 2007, 26(20):2914-2924. 

65. Sandilands E, Frame MC: Endosomal trafficking of Src tyrosine kinase. Trends Cell 
Biol 2008, 18(7):322-329. 

66. Verbeek BS, Vroom TM, Adriaansen-Slot SS, Ottenhoff-Kalff AE, Geertzema JG, 
Hennipman A, Rijksen G: c-Src protein expression is increased in human breast 
cancer. An immunohistochemical and biochemical analysis. J Pathol 1996, 
180(4):383-388. 

67. Egan C, Pang A, Durda D, Cheng HC, Wang JH, Fujita DJ: Activation of Src in human 
breast tumor cell lines: elevated levels of phosphotyrosine phosphatase activity that 
preferentially recognizes the Src carboxy terminal negative regulatory tyrosine 530. 
Oncogene 1999, 18(5):1227-1237. 

68. Lutz MP, Esser IB, Flossmann-Kast BB, Vogelmann R, Luhrs H, Friess H, Buchler MW, 
Adler G: Overexpression and activation of the tyrosine kinase Src in human 
pancreatic carcinoma. Biochem Biophys Res Commun 1998, 243(2):503-508. 

69. Liu AX, Testa JR, Hamilton TC, Jove R, Nicosia SV, Cheng JQ: AKT2, a member of 
the protein kinase B family, is activated by growth factors, v-Ha-ras, and v-src 
through phosphatidylinositol 3-kinase in human ovarian epithelial cancer cells. 
Cancer Res 1998, 58(14):2973-2977. 



  

104 
 

70. Termuhlen PM, Curley SA, Talamonti MS, Saboorian MH, Gallick GE: Site-specific 
differences in pp60c-src activity in human colorectal metastases. J Surg Res 1993, 
54(4):293-298. 

71. Mazurenko NN, Kogan EA, Zborovskaya IB, Kisseljov FL: Expression of pp60c-src in 
human small cell and non-small cell lung carcinomas. Eur J Cancer 1992, 28(2-
3):372-377. 

72. van Oijen MG, Rijksen G, ten Broek FW, Slootweg PJ: Overexpression of c-Src in 
areas of hyperproliferation in head and neck cancer, premalignant lesions and 
benign mucosal disorders. J Oral Pathol Med 1998, 27(4):147-152. 

73. Takeshima E, Hamaguchi M, Watanabe T, Akiyama S, Kataoka M, Ohnishi Y, Xiao HY, 
Nagai Y, Takagi H: Aberrant elevation of tyrosine-specific phosphorylation in 
human gastric cancer cells. Jpn J Cancer Res 1991, 82(12):1428-1435. 

74. Kumble S, Omary MB, Cartwright CA, Triadafilopoulos G: Src activation in malignant 
and premalignant epithelia of Barrett's esophagus. Gastroenterology 1997, 
112(2):348-356. 

75. Thomas SM, Brugge JS: Cellular functions regulated by Src family kinases. Annu Rev 
Cell Dev Biol 1997, 13:513-609. 

76. Irby R, Mao W, Coppola D, Jove R, Gamero A, Cuthbertson D, Fujita DJ, Yeatman TJ: 
Overexpression of normal c-Src in poorly metastatic human colon cancer cells 
enhances primary tumor growth but not metastatic potential. Cell growth & 
differentiation : the molecular biology journal of the American Association for Cancer 
Research 1997, 8(12):1287-1295. 

77. Brunton VG, Ozanne BW, Paraskeva C, Frame MC: A role for epidermal growth 
factor receptor, c-Src and focal adhesion kinase in an in vitro model for the 
progression of colon cancer. Oncogene 1997, 14(3):283-293. 

78. Hiscox S, Morgan L, Green TP, Barrow D, Gee J, Nicholson RI: Elevated Src activity 
promotes cellular invasion and motility in tamoxifen resistant breast cancer cells. 
Breast Cancer Res Treat 2006, 97(3):263-274. 

79. Elsberger B, Fullerton R, Zino S, Jordan F, Mitchell TJ, Brunton VG, Mallon EA, Shiels 
PG, Edwards J: Breast cancer patients' clinical outcome measures are associated with 
Src kinase family member expression. Br J Cancer 2010, 103(6):899-909. 

80. Wilson GR, Cramer A, Welman A, Knox F, Swindell R, Kawakatsu H, Clarke RB, Dive 
C, Bundred NJ: Activated c-SRC in ductal carcinoma in situ correlates with high 
tumour grade, high proliferation and HER2 positivity. Br J Cancer 2006, 
95(10):1410-1414. 

81. Elsberger B, Tan BA, Mallon EA, Brunton VG, Edwards J: Is there an association with 
phosphorylation and dephosphorylation of Src kinase at tyrosine 530 and breast 
cancer patient disease-specific survival. Br J Cancer 2010, 103(12):1831-1834. 

82. Elsberger B, Tan BA, Mitchell TJ, Brown SB, Mallon EA, Tovey SM, Cooke TG, 
Brunton VG, Edwards J: Is expression or activation of Src kinase associated with 
cancer-specific survival in ER-, PR- and HER2-negative breast cancer patients? Am 
J Pathol 2009, 175(4):1389-1397. 

83. Mayer EL, Baurain JF, Sparano J, Strauss L, Campone M, Fumoleau P, Rugo H, Awada 
A, Sy O, Llombart-Cussac A: A phase 2 trial of dasatinib in patients with advanced 
HER2-positive and/or hormone receptor-positive breast cancer. Clin Cancer Res 
2011, 17(21):6897-6904. 



  

105 
 

84. Gucalp A, Sparano JA, Caravelli J, Santamauro J, Patil S, Abbruzzi A, Pellegrino C, 
Bromberg J, Dang C, Theodoulou M et al: Phase II trial of saracatinib (AZD0530), an 
oral SRC-inhibitor for the treatment of patients with hormone receptor-negative 
metastatic breast cancer. Clin Breast Cancer 2011, 11(5):306-311. 

85. Campone M, Bondarenko I, Brincat S, Hotko Y, Munster PN, Chmielowska E, Fumoleau 
P, Ward R, Bardy-Bouxin N, Leip E et al: Phase II study of single-agent bosutinib, a 
Src/Abl tyrosine kinase inhibitor, in patients with locally advanced or metastatic 
breast cancer pretreated with chemotherapy. Ann Oncol 2012, 23(3):610-617. 

86. Zhang S, Yu D: Targeting Src family kinases in anti-cancer therapies: turning 
promise into triumph. Trends Pharmacol Sci 2012, 33(3):122-128. 

87. Puls LN, Eadens M, Messersmith W: Current status of SRC inhibitors in solid tumor 
malignancies. Oncologist 2011, 16(5):566-578. 

88. Herold CI, Chadaram V, Peterson BL, Marcom PK, Hopkins J, Kimmick GG, Favaro J, 
Hamilton E, Welch RA, Bacus S et al: Phase II trial of dasatinib in patients with 
metastatic breast cancer using real-time pharmacodynamic tissue biomarkers of Src 
inhibition to escalate dosing. Clin Cancer Res 2011, 17(18):6061-6070. 

89. Cortes JE, Kantarjian HM, Brummendorf TH, Kim DW, Turkina AG, Shen ZX, Pasquini 
R, Khoury HJ, Arkin S, Volkert A et al: Safety and efficacy of bosutinib (SKI-606) in 
chronic phase Philadelphia chromosome-positive chronic myeloid leukemia patients 
with resistance or intolerance to imatinib. Blood 2011, 118(17):4567-4576. 

90. Chen Y, Guggisberg N, Jorda M, Gonzalez-Angulo A, Hennessy B, Mills GB, Tan CK, 
Slingerland JM: Combined Src and aromatase inhibition impairs human breast 
cancer growth in vivo and bypass pathways are activated in AZD0530-resistant 
tumors. Clin Cancer Res 2009, 15(10):3396-3405. 

91. Haura EB, Tanvetyanon T, Chiappori A, Williams C, Simon G, Antonia S, Gray J, 
Litschauer S, Tetteh L, Neuger A et al: Phase I/II study of the Src inhibitor dasatinib 
in combination with erlotinib in advanced non-small-cell lung cancer. J Clin Oncol 
2010, 28(8):1387-1394. 

92. Niggli V, Rossy J: Ezrin/radixin/moesin: versatile controllers of signaling molecules 
and of the cortical cytoskeleton. Int J Biochem Cell Biol 2008, 40(3):344-349. 

93. Berryman M, Franck Z, Bretscher A: Ezrin is concentrated in the apical microvilli of a 
wide variety of epithelial cells whereas moesin is found primarily in endothelial 
cells. J Cell Sci 1993, 105 ( Pt 4):1025-1043. 

94. Bretscher A, Edwards K, Fehon RG: ERM proteins and merlin: integrators at the cell 
cortex. Nat Rev Mol Cell Biol 2002, 3(8):586-599. 

95. Reczek D, Berryman M, Bretscher A: Identification of EBP50: A PDZ-containing 
phosphoprotein that associates with members of the ezrin-radixin-moesin family. J 
Cell Biol 1997, 139(1):169-179. 

96. Weinman EJ, Steplock D, Donowitz M, Shenolikar S: NHERF associations with 
sodium-hydrogen exchanger isoform 3 (NHE3) and ezrin are essential for cAMP-
mediated phosphorylation and inhibition of NHE3. Biochemistry 2000, 39(20):6123-
6129. 

97. Gary R, Bretscher A: Ezrin self-association involves binding of an N-terminal domain 
to a normally masked C-terminal domain that includes the F-actin binding site. Mol 
Biol Cell 1995, 6(8):1061-1075. 



  

106 
 

98. Fievet BT, Gautreau A, Roy C, Del Maestro L, Mangeat P, Louvard D, Arpin M: 
Phosphoinositide binding and phosphorylation act sequentially in the activation 
mechanism of ezrin. Journal of Cell Biology 2004/3/1, 164:653-659. 

99. Srivastava J, Elliott BE, Louvard D, Arpin M: Src-dependent ezrin phosphorylation in 
adhesion-mediated signaling. Mol Biol Cell 2005, 16(3):1481-1490. 

100. Majander-Nordenswan P, Sainio M, Turunen O, Jaaskelainen J, Carpen O, Kere J, Vaheri 
A: Genomic structure of the human ezrin gene. Human genetics 1998, 103(6):662-
665. 

101. Moleirinho S, Tilston-Lunel A, Angus L, Gunn-Moore F, Reynolds PA: The expanding 
family of FERM proteins. The Biochemical journal 2013, 452(2):183-193. 

102. Gary R, Bretscher A: Heterotypic and homotypic associations between ezrin and 
moesin, two putative membrane-cytoskeletal linking proteins. Proc Natl Acad Sci U S 
A 1993, 90(22):10846-10850. 

103. Niggli V, Andreoli C, Roy C, Mangeat P: Identification of a phosphatidylinositol-4,5-
bisphosphate-binding domain in the N-terminal region of ezrin. FEBS Lett 1995, 
376(3):172-176. 

104. Nakamura F, Amieva MR, Furthmayr H: Phosphorylation of threonine 558 in the 
carboxyl-terminal actin-binding domain of moesin by thrombin activation of human 
platelets. J Biol Chem 1995, 270(52):31377-31385. 

105. Shaw RJ, Henry M, Solomon F, Jacks T: RhoA-dependent phosphorylation and 
relocalization of ERM proteins into apical membrane/actin protrusions in 
fibroblasts. Mol Biol Cell 1998, 9(2):403-419. 

106. Oshiro N, Fukata Y, Kaibuchi K: Phosphorylation of moesin by rho-associated kinase 
(Rho-kinase) plays a crucial role in the formation of microvilli-like structures. J Biol 
Chem 1998, 273(52):34663-34666. 

107. Fievet B, Louvard D, Arpin M: ERM proteins in epithelial cell organization and 
functions. Biochim Biophys Acta 2007, 1773(5):653-660. 

108. Baumgartner M, Sillman AL, Blackwood EM, Srivastava J, Madson N, Schilling JW, 
Wright JH, Barber DL: The Nck-interacting kinase phosphorylates ERM proteins for 
formation of lamellipodium by growth factors. Proc Natl Acad Sci U S A 2006, 
103(36):13391-13396. 

109. Ivetic A, Ridley AJ: Ezrin/radixin/moesin proteins and Rho GTPase signalling in 
leucocytes. Immunology 2004, 112(2):165-176. 

110. Gautreau A, Louvard D, Arpin M: Morphogenic effects of ezrin require a 
phosphorylation-induced transition from oligomers to monomers at the plasma 
membrane. J Cell Biol 2000, 150(1):193-203. 

111. Gautreau A, Poullet P, Louvard D, Arpin M: Ezrin, a plasma membrane-
microfilament linker, signals cell survival through the phosphatidylinositol 3-
kinase/Akt pathway. Proc Natl Acad Sci U S A 1999, 96(13):7300-7305. 

112. Heiska L, Carpen O: Src phosphorylates ezrin at tyrosine 477 and induces a 
phosphospecific association between ezrin and a kelch-repeat protein family 
member. J Biol Chem 2005, 280(11):10244-10252. 

113. Mak H, Naba A, Varma S, Schick C, Day A, SenGupta SK, Arpin M, Elliott BE: Ezrin 
phosphorylation on tyrosine 477 regulates invasion and metastasis of breast cancer 
cells. BMC Cancer 2012, 12:82. 



  

107 
 

114. Saotome I, Curto M, McClatchey AI: Ezrin is essential for epithelial organization and 
villus morphogenesis in the developing intestine. Developmental cell 2004, 6(6):855-
864. 

115. Bretscher A, Weber K: Villin: the major microfilament-associated protein of the 
intestinal microvillus. Proc Natl Acad Sci U S A 1979, 76(5):2321-2325. 

116. Doi Y, Itoh M, Yonemura S, Ishihara S, Takano H, Noda T, Tsukita S: Normal 
development of mice and unimpaired cell adhesion/cell motility/actin-based 
cytoskeleton without compensatory up-regulation of ezrin or radixin in moesin gene 
knockout. J Biol Chem 1999, 274(4):2315-2321. 

117. Shaffer MH, Dupree RS, Zhu P, Saotome I, Schmidt RF, McClatchey AI, Freedman BD, 
Burkhardt JK: Ezrin and moesin function together to promote T cell activation. 
Journal of immunology 2009, 182(2):1021-1032. 

118. Ilani T, Khanna C, Zhou M, Veenstra TD, Bretscher A: Immune synapse formation 
requires ZAP-70 recruitment by ezrin and CD43 removal by moesin. J Cell Biol 
2007, 179(4):733-746. 

119. Estecha A, Sanchez-Martin L, Puig-Kroger A, Bartolome RA, Teixido J, Samaniego R, 
Sanchez-Mateos P: Moesin orchestrates cortical polarity of melanoma tumour cells 
to initiate 3D invasion. J Cell Sci 2009, 122(Pt 19):3492-3501. 

120. Weng WH, Ahlen J, Astrom K, Lui WO, Larsson C: Prognostic impact of 
immunohistochemical expression of ezrin in highly malignant soft tissue sarcomas. 
Clin Cancer Res 2005, 11(17):6198-6204. 

121. Tynninen O, Carpen O, Jaaskelainen J, Paavonen T, Paetau A: Ezrin expression in 
tissue microarray of primary and recurrent gliomas. Neuropathology and applied 
neurobiology 2004, 30(5):472-477. 

122. Kobel M, Gradhand E, Zeng K, Schmitt WD, Kriese K, Lantzsch T, Wolters M, Dittmer 
J, Strauss HG, Thomssen C et al: Ezrin promotes ovarian carcinoma cell invasion and 
its retained expression predicts poor prognosis in ovarian carcinoma. International 
journal of gynecological pathology : official journal of the International Society of 
Gynecological Pathologists 2006, 25(2):121-130. 

123. Ohtani K, Sakamoto H, Rutherford T, Chen Z, Kikuchi A, Yamamoto T, Satoh K, 
Naftolin F: Ezrin, a membrane-cytoskeletal linking protein, is highly expressed in 
atypical endometrial hyperplasia and uterine endometrioid adenocarcinoma. Cancer 
Lett 2002, 179(1):79-86. 

124. Ilmonen S, Vaheri A, Asko-Seljavaara S, Carpen O: Ezrin in primary cutaneous 
melanoma. Mod Pathol 2005, 18(4):503-510. 

125. Ma L, Zhang XH, Xing LX, Li YH, Wang XL, Wang YJ: [Relationship of ezrin protein 
expression to the carcinogenesis and prognosis of infitrating breast ductal 
carcinoma]. Zhonghua Zhong Liu Za Zhi 2008, 30(4):279-283. 

126. Maniti O, Carvalho K, Picart C: Model membranes to shed light on the biochemical 
and physical properties of ezrin/radixin/moesin. Biochimie 2013, 95(1):3-11. 

127. Zhong ZQ, Song MM, He Y, Cheng S, Yuan HS: Knockdown of Ezrin by RNA 
interference reverses malignant behavior of human pancreatic cancer cells in vitro. 
Asian Pacific journal of cancer prevention : APJCP 2012, 13(8):3781-3789. 

128. Li Q, Gao H, Xu H, Wang X, Pan Y, Hao F, Qiu X, Stoecker M, Wang E, Wang E: 
Expression of ezrin correlates with malignant phenotype of lung cancer, and in vitro 



  

108 
 

knockdown of ezrin reverses the aggressive biological behavior of lung cancer cells. 
Tumour Biol 2012, 33(5):1493-1504. 

129. Li Q, Wu M, Wang H, Xu G, Zhu T, Zhang Y, Liu P, Song A, Gang C, Han Z et al: 
Ezrin silencing by small hairpin RNA reverses metastatic behaviors of human 
breast cancer cells. Cancer Lett 2008, 261(1):55-63. 

130. Lorentzen A, Bamber J, Sadok A, Elson-Schwab I, Marshall CJ: An ezrin-rich, rigid 
uropod-like structure directs movement of amoeboid blebbing cells. J Cell Sci 2011, 
124(Pt 8):1256-1267. 

131. Arslan AA, Silvera D, Arju R, Giashuddin S, Belitskaya-Levy I, Formenti SC, Schneider 
RJ: Atypical ezrin localization as a marker of locally advanced breast cancer. Breast 
Cancer Res Treat 2012, 134(3):981-988. 

132. Sarrio D, Rodriguez-Pinilla SM, Dotor A, Calero F, Hardisson D, Palacios J: Abnormal 
ezrin localization is associated with clinicopathological features in invasive breast 
carcinomas. Breast Cancer Res Treat 2006, 98(1):71-79. 

133. Jorgren F, Nilbert M, Rambech E, Bendahl PO, Lindmark G: Ezrin expression in rectal 
cancer predicts time to development of local recurrence. International journal of 
colorectal disease 2012, 27(7):893-899. 

134. Halon A, Donizy P, Surowiak P, Matkowski R: ERM/Rho protein expression in ductal 
breast cancer: a 15 year follow-up. Cellular oncology 2013, 36(3):181-190. 

135. Briggs JW, Ren L, Nguyen R, Chakrabarti K, Cassavaugh J, Rahim S, Bulut G, Zhou M, 
Veenstra TD, Chen Q et al: The ezrin metastatic phenotype is associated with the 
initiation of protein translation. Neoplasia 2012, 14(4):297-310. 

136. Pignochino Y, Grignani G, Cavalloni G, Motta M, Tapparo M, Bruno S, Bottos A, 
Gammaitoni L, Migliardi G, Camussi G et al: Sorafenib blocks tumour growth, 
angiogenesis and metastatic potential in preclinical models of osteosarcoma through 
a mechanism potentially involving the inhibition of ERK1/2, MCL-1 and ezrin 
pathways. Mol Cancer 2009, 8:118. 

137. Stylli SS, Stacey TT, Verhagen AM, Xu SS, Pass I, Courtneidge SA, Lock P: Nck 
adaptor proteins link Tks5 to invadopodia actin regulation and ECM degradation. J 
Cell Sci 2009, 122(Pt 15):2727-2740. 

138. Lock P, Abram CL, Gibson T, Courtneidge SA: A new method for isolating tyrosine 
kinase substrates used to identify fish, an SH3 and PX domain-containing protein, 
and Src substrate. EMBO J 1998, 17(15):4346-4357. 

139. Seals DF, Azucena EF, Jr., Pass I, Tesfay L, Gordon R, Woodrow M, Resau JH, 
Courtneidge SA: The adaptor protein Tks5/Fish is required for podosome formation 
and function, and for the protease-driven invasion of cancer cells. Cancer Cell 2005, 
7(2):155-165. 

140. Bibbins KB, Boeuf H, Varmus HE: Binding of the Src SH2 domain to 
phosphopeptides is determined by residues in both the SH2 domain and the 
phosphopeptides. Mol Cell Biol 1993, 13(12):7278-7287. 

141. Oikawa T, Itoh T, Takenawa T: Sequential signals toward podosome formation in 
NIH-src cells. J Cell Biol 2008, 182(1):157-169. 

142. Abram CL, Seals DF, Pass I, Salinsky D, Maurer L, Roth TM, Courtneidge SA: The 
adaptor protein fish associates with members of the ADAMs family and localizes to 
podosomes of Src-transformed cells. J Biol Chem 2003, 278(19):16844-16851. 



  

109 
 

143. Buschman MD, Bromann PA, Cejudo-Martin P, Wen F, Pass I, Courtneidge SA: The 
novel adaptor protein Tks4 (SH3PXD2B) is required for functional podosome 
formation. Mol Biol Cell 2009, 20(5):1302-1311. 

144. Gianni D, Diaz B, Taulet N, Fowler B, Courtneidge SA, Bokoch GM: Novel p47(phox)-
related organizers regulate localized NADPH oxidase 1 (Nox1) activity. Sci Signal 
2009, 2(88):ra54. 

145. Diaz B, Shani G, Pass I, Anderson D, Quintavalle M, Courtneidge SA: Tks5-dependent, 
nox-mediated generation of reactive oxygen species is necessary for invadopodia 
formation. Sci Signal 2009, 2(88):ra53. 

146. Artym VV, Zhang Y, Seillier-Moiseiwitsch F, Yamada KM, Mueller SC: Dynamic 
interactions of cortactin and membrane type 1 matrix metalloproteinase at 
invadopodia: defining the stages of invadopodia formation and function. Cancer Res 
2006, 66(6):3034-3043. 

147. Courtneidge SA, Azucena EF, Pass I, Seals DF, Tesfay L: The SRC substrate Tks5, 
podosomes (invadopodia), and cancer cell invasion. Cold Spring Harb Symp Quant 
Biol 2005, 70:167-171. 

148. Linder S, Aepfelbacher M: Podosomes: adhesion hot-spots of invasive cells. Trends 
Cell Biol 2003, 13(7):376-385. 

149. Buccione R, Orth JD, McNiven MA: Foot and mouth: podosomes, invadopodia and 
circular dorsal ruffles. Nat Rev Mol Cell Biol 2004, 5(8):647-657. 

150. Courtneidge SA: Cell migration and invasion in human disease: the Tks adaptor 
proteins. Biochem Soc Trans 2012, 40(1):129-132. 

151. Murphy DA, Diaz B, Bromann PA, Tsai JH, Kawakami Y, Maurer J, Stewart RA, 
Izpisua-Belmonte JC, Courtneidge SA: A Src-Tks5 pathway is required for neural 
crest cell migration during embryonic development. PLoS One 2011, 6(7):e22499. 

152. Blouw B, Seals DF, Pass I, Diaz B, Courtneidge SA: A role for the 
podosome/invadopodia scaffold protein Tks5 in tumor growth in vivo. Eur J Cell 
Biol 2008, 87(8-9):555-567. 

153. Stylli SS, I ST, Kaye AH, Lock P: Prognostic significance of Tks5 expression in 
gliomas. J Clin Neurosci 2012, 19(3):436-442. 

154. McCabe A, Dolled-Filhart M, Camp RL, Rimm DL: Automated quantitative analysis 
(AQUA) of in situ protein expression, antibody concentration, and prognosis. J Natl 
Cancer Inst 2005, 97(24):1808-1815. 

155. Wood B, Sikdar S, Choi SJ, Virk S, Alhejaily A, Baetz T, Lebrun DP: Abundant 
expression of interleukin-21 receptor in follicular lymphoma cells is associated with 
more aggressive disease. Leukemia & lymphoma 2013, 54(6):1212-1220. 

156. Prasad K, Tiwari A, Ilanthodi S, Prabhu G, Pai M: Automation of 
immunohistochemical evaluation in breast cancer using image analysis. World J Clin 
Oncol 2011, 2(4):187-194. 

157. Faratian D, Kay C, Robson T, Campbell FM, Grant M, Rea D, Bartlett JM: Automated 
image analysis for high-throughput quantitative detection of ER and PR expression 
levels in large-scale clinical studies: the TEAM Trial Experience. Histopathology 
2009, 55(5):587-593. 

158. Cass JD, Varma S, Day AG, Sangrar W, Rajput AB, Raptis LH, Squire J, Madarnas Y, 
SenGupta SK, Elliott BE: Automated Quantitative Analysis of p53, Cyclin D1, Ki67 
and pERK Expression in Breast Carcinoma Does Not Differ from Expert 



  

110 
 

Pathologist Scoring and Correlates with Clinico-Pathological Characteristics. 
Cancers 2012, 4(3):725-742. 

159. Ong CW, Kim LG, Kong HH, Low LY, Wang TT, Supriya S, Kathiresan M, Soong R, 
Salto-Tellez M: Computer-assisted pathological immunohistochemistry scoring is 
more time-effective than conventional scoring, but provides no analytical advantage. 
Histopathology 2010, 56(4):523-529. 

160. Lloyd MC, Allam-Nandyala P, Purohit CN, Burke N, Coppola D, Bui MM: Using image 
analysis as a tool for assessment of prognostic and predictive biomarkers for breast 
cancer: How reliable is it? J Pathol Inform 2010, 1:29. 

161. Mohammed RA, Martin SG, Gill MS, Green AR, Paish EC, Ellis IO: Improved methods 
of detection of lymphovascular invasion demonstrate that it is the predominant 
method of vascular invasion in breast cancer and has important clinical 
consequences. The American journal of surgical pathology 2007, 31(12):1825-1833. 

162. Pitre A, Pan Y, Pruett S, Skalli O: On the use of ratio standard curves to accurately 
quantitate relative changes in protein levels by Western blot. Analytical biochemistry 
2007, 361(2):305-307. 

163. Suzuki O, Koura M, Noguchi Y, Uchio-Yamada K, Matsuda J: Use of sample mixtures 
for standard curve creation in quantitative western blots. Experimental animals / 
Japanese Association for Laboratory Animal Science 2011, 60(2):193-196. 

164. Zeiler M, Straube WL, Lundberg E, Uhlen M, Mann M: A Protein Epitope Signature 
Tag (PrEST) library allows SILAC-based absolute quantification and multiplexed 
determination of protein copy numbers in cell lines. Molecular & cellular proteomics 
: MCP 2012, 11(3):O111 009613. 

165. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR, Ross 
DT, Johnsen H, Akslen LA et al: Molecular portraits of human breast tumours. 
Nature 2000, 406(6797):747-752. 

166. Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, Deng S, Johnsen H, 
Pesich R, Geisler S et al: Repeated observation of breast tumor subtypes in 
independent gene expression data sets. Proc Natl Acad Sci U S A 2003, 100(14):8418-
8423. 

167. Mak HY: The ezrin signalling network as a potential novel marker in breast cancer 
metastasis. Kingston: Queen's University; 2010. 

168. Bordeaux J, Welsh A, Agarwal S, Killiam E, Baquero M, Hanna J, Anagnostou V, Rimm 
D: Antibody validation. BioTechniques 2010, 48(3):197-209. 

169. Ponten F, Gry M, Fagerberg L, Lundberg E, Asplund A, Berglund L, Oksvold P, Bjorling 
E, Hober S, Kampf C et al: A global view of protein expression in human cells, 
tissues, and organs. Molecular systems biology 2009, 5:337. 

170. Rampias T, Pectasides E, Prasad M, Sasaki C, Gouveris P, Dimou A, Kountourakis P, 
Perisanidis C, Burtness B, Zaramboukas T et al: Molecular profile of head and neck 
squamous cell carcinomas bearing p16 high phenotype. Ann Oncol 2013. 

171. Mandell JW: Phosphorylation state-specific antibodies: applications in investigative 
and diagnostic pathology. Am J Pathol 2003, 163(5):1687-1698. 

172. Mandell JW: Immunohistochemical assessment of protein phosphorylation state: the 
dream and the reality. Histochemistry and cell biology 2008, 130(3):465-471. 



  

111 
 

173. Mak H, Naba A, Varma S, Schick C, Day A, SenGupta S, Arpin M, Elliott B: Ezrin 
phosphorylation on tyrosine 477 regulates invasion and metastasis of breast cancer 
cells. BMC Cancer 2012, 12(82). 

174. Lindskog M, Rockberg J, Uhlen M, Sterky F: Selection of protein epitopes for 
antibody production. BioTechniques 2005, 38(5):723-727. 

175. Neumeister V, Agarwal S, Bordeaux J, Camp RL, Rimm DL: In situ identification of 
putative cancer stem cells by multiplexing ALDH1, CD44, and cytokeratin identifies 
breast cancer patients with poor prognosis. Am J Pathol 2010, 176(5):2131-2138. 

176. Dimri M, Naramura M, Duan L, Chen J, Ortega-Cava C, Chen G, Goswami R, Fernandes 
N, Gao Q, Dimri GP et al: Modeling breast cancer-associated c-Src and EGFR 
overexpression in human MECs: c-Src and EGFR cooperatively promote aberrant 
three-dimensional acinar structure and invasive behavior. Cancer Res 2007, 
67(9):4164-4172. 

177. Arslan AA, Silvera D, Arju R, Giashuddin S, Belitskaya-Levy I, Formenti SC, Schneider 
RJ: Atypical ezrin localization as a marker of locally advanced breast cancer. Breast 
Cancer Res Treat 2012. 

178. Gautreau A, Louvard D, Arpin M: ERM proteins and NF2 tumor suppressor: the Yin 
and Yang of cortical actin organization and cell growth signaling. Curr Opin Cell 
Biol 2002, 14(1):104-109. 

179. Tabatabaei-Panah AS, Jeddi-Tehrani M, Ghods R, Akhondi MM, Mojtabavi N, 
Mahmoudi AR, Mirzadegan E, Shojaeian S, Zarnani AH: Accurate sensitivity of 
quantum dots for detection of HER2 expression in breast cancer cells and tissues. 
Journal of fluorescence 2013, 23(2):293-302. 

180. Au GH, Shih WY, Shih WH, Mejias L, Swami VK, Wasko K, Brooks AD: Assessing 
breast cancer margins ex vivo using aqueous quantum-dot-molecular probes. 
International journal of surgical oncology 2012, 2012:861257. 

181. Camp RL, Dolled-Filhart M, Rimm DL: X-tile: a new bio-informatics tool for 
biomarker assessment and outcome-based cut-point optimization. Clin Cancer Res 
2004, 10(21):7252-7259. 

182. Fan P, McDaniel RE, Kim HR, Clagett D, Haddad B, Jordan VC: Modulating 
therapeutic effects of the c-Src inhibitor via oestrogen receptor and human 
epidermal growth factor receptor 2 in breast cancer cell lines. Eur J Cancer 2012, 
48(18):3488-3498. 

183. Riggins RB, Thomas KS, Ta HQ, Wen J, Davis RJ, Schuh NR, Donelan SS, Owen KA, 
Gibson MA, Shupnik MA et al: Physical and functional interactions between Cas and 
c-Src induce tamoxifen resistance of breast cancer cells through pathways involving 
epidermal growth factor receptor and signal transducer and activator of 
transcription 5b. Cancer Res 2006, 66(14):7007-7015. 

184. van Agthoven T, Sieuwerts AM, Meijer-van Gelder ME, Look MP, Smid M, Veldscholte 
J, Sleijfer S, Foekens JA, Dorssers LC: Relevance of breast cancer antiestrogen 
resistance genes in human breast cancer progression and tamoxifen resistance. J 
Clin Oncol 2009, 27(4):542-549. 

185. Chen Y, Alvarez EA, Azzam D, Wander SA, Guggisberg N, Jorda M, Ju Z, Hennessy 
BT, Slingerland JM: Combined Src and ER blockade impairs human breast cancer 
proliferation in vitro and in vivo. Breast Cancer Res Treat 2011, 128(1):69-78. 



  

112 
 

186. Morgan L, Gee J, Pumford S, Farrow L, Finlay P, Robertson J, Ellis I, Kawakatsu H, 
Nicholson R, Hiscox S: Elevated Src kinase activity attenuates Tamoxifen response 
in vitro and is associated with poor prognosis clinically. Cancer Biol Ther 2009, 
8(16):1550-1558. 

187. Oda Y, Aishima S, Morimatsu K, Hayashi A, Shindo K, Fujino M, Mizuuchi Y, Hattori 
M, Tanaka M, Oda Y: Differential ezrin and phosphorylated ezrin expression profiles 
between pancreatic intraepithelial neoplasia, intraductal papillary mucinous 
neoplasm, and invasive ductal carcinoma of the pancreas. Hum Pathol 2013. 

188. Saito S, Yamamoto H, Mukaisho K, Sato S, Higo T, Hattori T, Yamamoto G, Sugihara 
H: Mechanisms underlying cancer progression caused by ezrin overexpression in 
tongue squamous cell carcinoma. PLoS One 2013, 8(1):e54881. 

189. Lee HW, Kim EH, Oh MH: Clinicopathologic implication of ezrin expression in non-
small cell lung cancer. Korean journal of pathology 2012, 46(5):470-477. 

190. Liu C, Chen X, Gao Z, Liu Z, Tao X: [The study of the correlation of papillary 
thyroid carcinoma's invasion toward Ezrin and E-cadherin]. Lin chuang er bi yan 
hou tou jing wai ke za zhi = Journal of clinical otorhinolaryngology, head, and neck 
surgery 2012, 26(17):789-791, 795. 

191. Lauria R, Perrone F, Carlomagno C, De Laurentiis M, Morabito A, Gallo C, Varriale E, 
Pettinato G, Panico L, Petrella G et al: The prognostic value of lymphatic and blood 
vessel invasion in operable breast cancer. Cancer 1995, 76(10):1772-1778. 

192. Marinho VF, Metze K, Sanches FS, Rocha GF, Gobbi H: Lymph vascular invasion in 
invasive mammary carcinomas identified by the endothelial lymphatic marker D2-
40 is associated with other indicators of poor prognosis. BMC Cancer 2008, 8:64. 

193. Van den Eynden GG, Van der Auwera I, Van Laere SJ, Colpaert CG, van Dam P, Dirix 
LY, Vermeulen PB, Van Marck EA: Distinguishing blood and lymph vessel invasion 
in breast cancer: a prospective immunohistochemical study. Br J Cancer 2006, 
94(11):1643-1649. 

194. Sparano JA, Bernardo P, Stephenson P, Gradishar WJ, Ingle JN, Zucker S, Davidson NE: 
Randomized phase III trial of marimastat versus placebo in patients with metastatic 
breast cancer who have responding or stable disease after first-line chemotherapy: 
Eastern Cooperative Oncology Group trial E2196. J Clin Oncol 2004, 22(23):4683-
4690. 

195. Miller KD, Gradishar W, Schuchter L, Sparano JA, Cobleigh M, Robert N, Rasmussen 
H, Sledge GW: A randomized phase II pilot trial of adjuvant marimastat in patients 
with early-stage breast cancer. Ann Oncol 2002, 13(8):1220-1224. 

196. Miller KD, Saphner TJ, Waterhouse DM, Chen TT, Rush-Taylor A, Sparano JA, Wolff 
AC, Cobleigh MA, Galbraith S, Sledge GW: A randomized phase II feasibility trial of 
BMS-275291 in patients with early stage breast cancer. Clin Cancer Res 2004, 
10(6):1971-1975. 

197. Zhang XH, Wang Q, Gerald W, Hudis CA, Norton L, Smid M, Foekens JA, Massague J: 
Latent bone metastasis in breast cancer tied to Src-dependent survival signals. 
Cancer Cell 2009, 16(1):67-78. 

198. Ma L, Liu YP, Zhang XH, Geng CZ, Li ZH: Relationship of RhoA signaling activity 
with ezrin expression and its significance in the prognosis for breast cancer patients. 
Chinese medical journal 2013, 126(2):242-247. 



  

113 
 

199. Toth ZE, Mezey E: Simultaneous visualization of multiple antigens with tyramide 
signal amplification using antibodies from the same species. The journal of 
histochemistry and cytochemistry : official journal of the Histochemistry Society 2007, 
55(6):545-554. 

200. Giltnane JM, Molinaro A, Cheng H, Robinson A, Turbin D, Gelmon K, Huntsman D, 
Rimm DL: Comparison of quantitative immunofluorescence with conventional 
methods for HER2/neu testing with respect to response to trastuzumab therapy in 
metastatic breast cancer. Archives of pathology & laboratory medicine 2008, 
132(10):1635-1647. 

 

 
  



  

114 
 

APPENDIX 
5.1. General Reagents 

 
Table 6. Reagent Sources 

Reagent Source 
Absolute Ethanol Queen’s University, Stores 
Acrylamide Fisher Scientific, Ottawa, ON 
Ammonia Solution BDH Inc., Toronto, ON 
β-mercaptoethanol Calbiochem, Darmstadt, Germany 
Bio-Rad DC Protein Assay Kit BioRad, Mississauga, ON 
Bis-Acrylamide Fisher Scientific, Ottawa, ON 
Bovine Serum Albumin (BSA) Fisher Scientific, Ottawa, ON 
Bromophenol Blue BioRad, Mississauga, ON 
LSAB + System-HRP Dako Inc., Carpinteria, CA 
Dulbecco’s Modified Eagles Medium (DMEM) Sigma Aldrich, Oakville, ON 
Enhanced Chemi-Luminescence Kit (ECL) Perkin Elmer, Wellesley, MA 
Envision System HRP-labeled Polymer Dako Inc., Carpinteria, CA 
Eosin Protocol, Kalamazoo, MI 
Ethylenediaminetetraacetic Acid (EDTA) Sigma Aldrich, Oakville, ON 
Fetal Bovine Serum Sigma Aldrich, Oakville, ON 
Formaldehyde Solution 37% Fisher Scientific, Ottawa, ON 
Glycerol Sigma Aldrich, Oakville, ON 
Halt Phosphatase/Protease Inhibitor Cocktail Thermo Scientific, Waltham, MA 
Hydrochloric acid (HCl) BDH Inc., Toronto, ON 
Hematoxylin Sigma Aldrich, Oakville, ON 
Low Melting Point (LMP) Agarose BRL Research Lab 
Methanol Fisher Scientific, Ottawa, ON 
Mowiol CalBiochem, Darmstadt, Germany 
N,N,N’,N’-Tetramethylethylenediamine (TEMED) BioRad, Mississauga, ON 
PAP Liquid Blocker Pen Daido Sangyo Co. Ltd., Tokyo, Japan 
Paraformaldehyde Fisher Scientific, Ottawa, ON 
Permount Fisher Scientific, Ottawa, ON 
Potassium Dihydrogen Orthophosphate (KH2PO4) ICN Biomedicals Inc, Irvine, CA 
PageRuler Plus Prestained Protein Ladder Thermo Scientific, Waltham, MA 
Sodium Chloride (NaCl) Sigma Aldrich, Oakville, ON 
Sodium Dodecyl Sulphate (SDS) ICN Biomedicals Inc., Irvine, CA 
Streptavidin/Biotin Blocking Kit Vector Laboratories, Burlingame, CA 
Toluene Fisher Scientific, Ottawa, ON 
Tris Base Sigma Aldrich, Oakville, ON 
Tris-buffered Saline (TBS, 10X, pH 7.4) TEKnova Inc., Hollister, CA 
Triton-X-100 MP Biomedicals Inc., Solon, OH 
Trypsin Gibco, Burlington, ON 
TSA Plus Cyanine 5 PerkinElmer, Wellesley, MA 
Tween-20 Sigma Aldrich, Oakville, ON 
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Phosphate Buffered Saline (PBS)  
137mM NaCl  
2.68mM KCl  
21.7mM Na2HPO4·H2O  
1.47mM KH2PO4  
Adjust to volume with ddH2O and pH 7.3  
 
2xSDS  
20% glycerol 
4.6% SDS  
1% Bromophenol Blue  
0.15% Tris  
Adjust to volume with ddH2O and pH 6.8  
 
Immunohistochemistry and Tissue Staining  
Sodium citrate buffer (10mM)  
Sodium citrate trisodium salt dehydrate (C6N5Na3O7·2H2O)  
Adjust to volume with ddH2O and pH 6.0; dilute to 1x before use  
 
Acid Alcohol 
1% HCl  
70% ethanol 
 
Ammonium water  
250 mL dH2O  
2-3 drops of ammonium hydroxide  
 
SDS-PAGE and Immunoblotting  
Resolving gel (8% gel)  
4.8mL ddH2O  
4x Lower Gel Buffer (LGB)  
29:1 Acrylamide  
10% Ammonium persulfate (APS) 
TEMED  
 
Stacking gel  
2.4mL ddH2O 
1.0mL 4x Upper Gel Buffer (UGB) 
0.6mL 29:1 Acrylamide 
24µL 10% Ammonium persulfate (APS) 
8µL TEMED  
 
4x Lower Gel Buffer (LGB)  
1.5 M Tris  
0.4% SDS  
Adjust to volume with ddH2O and pH 8.8  
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4x Upper Gel Buffer (UGB)  
0.5M Tris  
0.4% SDS (sodium dodecyl sulfate)  
Adjust to volume with ddH2O and pH 6.8  
 
Acrylamide  
29% Acrylamide 
1% Bis-acrylamide  
Adjust to volume with ddH2O and pass through 45μm nitrocellulose filter  
 
SDS-PAGE running buffer (10x)  
0.25M Tris  
1.92M Glycine  
1% SDS  
Adjust to 1L with ddH2O; dilute to 1x before use 
 
Semi-dry transfer buffer  
50mM Tris  
40mM Glycine  
0.0375% SDS  
20% methanol  
Adjust to 1L with ddH2O and pH between 9.0 and 9.4 
 
TBST buffer  
1M Tris  
150mM NaCl  
0.1% Tween-20  
Adjust to volume with ddH2O and pH 8.0 
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5.2. Technical TMA (with Cell Line Panel and Normal Tissue Controls) 

             
 

1 2 3 4 5 6 7 8 9 10 11 12 

1 
Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-1713-A1 

Normal 
Breast  

07-03242 
A01 

Normal 
Breast  

07-03242 
A01 

Normal 
Breast  

07-03242 
A01 

Normal 
Breast  

07-
03242 
A01 

Normal 
Breast  

07-
03242 
A01 

Normal 
Breast  

07-
03242 
A01 

2 

Cancerous 
Breast  

06-1872 
A04 

Cancerous 
Breast  

06-1872 
A04 

Cancerous 
Breast  

06-1872 
A04 

Cancerous 
Breast  

06-2918 
002 

Cancerous 
Breast  

06-2918 
002 

Cancerous 
Breast  

06-2918 
002 

Cancerous 
Breast  

06-2301 F09 

Cancerous 
Breast  

06-2301 F09 

Cancerous 
Breast  

06-2301 F09 
   

3 Normal 
Kidney 

Normal 
Kidney 

Normal 
Kidney 

Normal 
Tonsil 

Normal 
Tonsil 

Normal 
Tonsil 

Normal 
Intestine 

Normal 
Intestine 

Normal 
Intestine 

Normal  
Spleen 

Normal  
Spleen 

Normal  
Spleen 

4             

5 MCF-10A MCF-10A MCF-10A 
MDA-MB-

231 
MDA-MB-

231 
MDA-MB-

231 
MDA-MB-

468 
MDA-MB-

468 
MDA-MB-

468 
MDA-Src MDA-Src MDA-Src 

6 FAK -/- FAK -/- FAK -/- SYF -/- SYF -/- SYF -/- 
MDA-MB-

231-shEZR1 
MDA-MB-

231-shEZR1 
MDA-MB-

231-shEZR1 
T47D T47D T47D 

7 SKBR3 SKBR3 SKBR3 
SYF-/-  

+c-Src 
SYF -/- 
+c-Src 

SYF -/- 
+c-Src 

MDA-Src-
shMSN 

MDA-Src-
shMSN 

MDA-Src-
shMSN 

ZR-75-1 ZR-75-1 ZR-75-1 

8 HC11 HC11 HC11 NIH3T3 NIH3T3 NIH3T3 NIH3T3 v-Src NIH3T3 v-Src NIH3T3 v-Src 
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5.3. 63-patient Breast Tumour TMA
  0.6 mm cores Reduction mammoplasty, 6 cores each  
 1.0 mm spacing Breast tumour, 3 cores each  
   315 cores. Tonsil: Block #2529 A1  

 1 2 3 4 5 6 7 8 9 10 11 12 
1 07/3242 07/3242 07/3242 07/3242 07/3242 07/3242 07/4940 07/4940 07/4940 07/4940 07/4940 07/4940 
2 07/5422 07/5422 07/5422 07/5422 07/5422 07/5422 07/16515 07/16515 07/16515 07/16515 07/16515 07/16515 
3 S11-20553 A1 S11-20553 A1 S11-20553 A1 S11-20553 A1 S11-20553 A1 S11-20553 A1 S11-21334 A1 S11-21334 A1 S11-21334 A1 S11-21334 A1 S11-21334 A1 S11-21334 A1 
4 S11-19614 A1 S11-19614 A1 S11-19614 A1 S11-19614 A1 S11-19614 A1 S11-19614 A1 S11-19828 A1 S11-19828 A1 S11-19828 A1 S11-19828 A1 S11-19828 A1 S11-19828 A1 
5 S11-18216 A1 S11-18216 A1 S11-18216 A1 S11-18216 A1 S11-18216 A1 S11-18216 A1 S11-18148 B1 S11-18148 B1 S11-18148 B1 S11-18148 B1 S11-18148 B1 S11-18148 B1 
6 05/15082 05/15082 05/15082 05-6118 05-6118 05-6118 05-13969 05-13969 05-13969 05-11796 05-11796 05-11796 
7 05-18647 05-18647 05-18647 05-18006 05-18006 05-18006 05-16419 05-16419 05-16419 05-17970 05-17970 05-17970 
8 05-21122 05-21122 05-21122 06-152 06-152 06-152 06-1616 06-1616 06-1616 06-2372 06-2372 06-2372 
9 06-5540 06-5540 06-5540 06-7062 06-7062 06-7062 06-7333 06-7333 06-7333 06-7569 06-7569 06-7569 

10 06-11854 06-11854 06-11854 06-11920 06-11920 06-11920 06-11009 06-11009 06-11009 06-13785 06-13785 06-13785 
11 06-18238 06-18238 06-18238 06-17383 06-17383 06-17383 06-17734 06-17734 06-17734 06-18255 06-18255 06-18255 
12 07-1027 07-1027 07-1027 07-1672 07-1672 07-1672 07-1005 07-1005 07-1005 07-2962 07-2962 07-2962 
13 07-5899 07-5899 07-5899 07-9527 07-9527 07-9527 07-8291 07-8291 07-8291 07-7305 07-7305 07-7305 
14 Tonsil Tonsil Tonsil          

 13 14 15 16 17 18 19 20 21 22 23 24 
1 07-8717 07-8717 07-8717 07-8717 07-8717 07-8717 07-10735 07-10735 07-10735 07-10735 07-10735 07-10735 
2 07-19157 07-19157 07-19157 07-19157 07-19157 07-19157 07-19272 07-19272 07-19272 07-19272 07-19272 07-19272 
3 S11-20456 A1 S11-20456 A1 S11-20456 A1 S11-20456 A1 S11-20456 A1 S11-20456 A1 S11-20844 A1 S11-20844 A1 S11-20844 A1 S11-20844 A1 S11-20844 A1 S11-20844 A1 
4 S11-19332 A1 S11-19332 A1 S11-19332 A1 S11-19332 A1 S11-19332 A1 S11-19332 A1 S11-9222 A1 S11-9222 A1 S11-9222 A1 S11-9222 A1 S11-9222 A1 S11-9222 A1 
5 S11-17775 B1 S11-17775 B1 S11-17775 B1 S11-17775 B1 S11-17775 B1 S11-17775 B1 S11-17647 B1 S11-17647 B1 S11-17647 B1 S11-17647 B1 S11-17647 B1 S11-17647 B1 
6 05-14182 05-14182 05-14182 05-14024 05-14024 05-14024 05-15955 05-15955 05-15955 06-4053 06-4053 06-4053 
7 05-19090 05-19090 05-19090 05-19684 05-19684 05-19684 05-19882 05-19882 05-19882 05-19431 05-19431 05-19431 
8 06-3326 06-3326 06-3326 06-3728 06-3728 06-3728 06-3855 06-3855 06-3855 06-3683 06-3683 06-3683 
9 06-8782 06-8782 06-8782 06-8694 06-8694 06-8694 06-10496 06-10496 06-10496 06-10473 06-10473 06-10473 

10 06-11521 06-11521 06-11521 06-13919 06-13919 06-13919 06-12017 06-12017 06-12017 06-12571 06-12571 06-12571 
11 06-16064 06-16064 06-16064 06-19513 06-19513 06-19513 06-19656 06-19656 06-19656 06-20989 06-20989 06-20989 
12 07-2932 07-2932 07-2932 07-4817 07-4817 07-4817 07-6332 07-6332 07-6332 07-8180 07-8180 07-8180 
13 07-11509 07-11509 07-11509 07-10542 07-10542 07-10542 07-10521 07-10521 07-10521 Tonsil Tonsil Tonsil 
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a) 

 
 
 

b) 

 
 
 

5.4. Whole immunoblots of Src and Ezrin. 
Whole immunoblots are shown to demonstrate the specificity of the a) Src and b) Ezrin 
antibodies used. 
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a) 

 
b) 

 
 

5.5. Immunoblots of Tks5 
A second Tks5 antibody (a, Santa Cruz) was used for immunoblotting since the Sigma Tks5 
antibody (b) used for IHC/IF was not adequate for immunoblotting. The Santa Cruz antibody 
was not effective for IHC/IF (not shown). Both antibodies demonstrated a band at the 140kDa 
(as indicated in the Santa Cruz datasheet) for the MDA-Src and SK-BR-3 lysates. 


	Abstract
	Acknowledgements
	Contributions
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	CHAPTER 1 – INTRODUCTION
	1.1.  Breast Cancer
	1.1.1. Statistics & Risk Factors
	1.1.2. Classifications
	1.1.3. Breast Cancer Metastasis

	1.2.  Src
	1.2.1. Biochemical Features and Src Activation
	1.2.2. Src in Normal Development
	1.2.3. Src in Cancer
	1.2.4. Clinical Significance of Src

	1.3. Ezrin
	1.3.1. Biochemical features and Ezrin Activation
	1.3.2. Ezrin in Normal Development
	1.3.3. Ezrin in Cancer
	1.3.4. Clinical Significance of Ezrin

	1.4. Tks5
	1.4.1. Biochemical Features of Tks5
	1.4.2. Tks5 in Normal Development
	1.4.3. Tks5 in Cancer
	1.4.4. Clinical significance of Tks5

	1.5.  Manual and Automated Scoring of Biomarker Expression in Human Cancers
	1.6.  Rationale, Hypothesis and Objectives

	CHAPTER 2 – MATERIALS AND METHODS
	2.1 Reagents
	2.2.  Cell Lines and Tissue Culture
	2.2.1. Cell Lines and Tissue Culture
	2.2.2. Cell Pellet Construction

	2.3.  Immunoblotting
	2.3.1. Preparation of Cell Line Lysates
	2.3.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
	2.3.3. Immunoblotting
	2.3.4. Densitometric Analysis
	2.3.5. Standard Curve Construction

	2.4.  Tissue Staining
	2.4.1. Slide Preparation
	2.4.2. Manual Immunohistochemical (IHC) Staining
	2.4.3. Manual Immunofluorescence (IF) Staining
	2.4.4. Automated Ventana Staining
	2.4.5. Hematoxylin and Eosin (H&E) Staining
	2.4.6. ER/PR/HER2 Staining

	2.5.  Antibody Optimization Strategy
	2.5.1. Antibody Controls and Validation
	2.5.2. Antibody Optimization for Immunohistochemistry
	2.5.3. Antibody Optimization for Immunofluorescence

	2.6.  Human Tissue Microarray  (TMA)
	2.6.1. Selection Criteria & Construction
	2.6.2. Constructed TMAs

	2.7.  Image Acquisition
	2.8.  Quantification & Scoring
	2.8.1. Manual IHC Pathologist Scoring
	2.8.2. Automated Quantification Analysis  (AQUA)
	2.8.2.1.  Compartmentalization and Masking Algorithms


	2.9.   Statistical Analyses
	2.9.1. Cell Line Panel Standardization
	2.9.2. Analysis of AQUA Scores and Clinico-pathological Parameters


	CHAPTER 3 – RESULTS
	3.1.  Quantifying the expression and subcellular localization of Src, Ezrin, and Tks5, in normal and tumour breast tissues using automated quantification algorithms
	3.1.1. Validation of Antibodies
	3.1.2. Tests of Reproducibility

	3.2.  Differential expression and localization of Src, Ezrin, and Tks5 in normal and tumour breast tissues
	3.2.1. Expression of Src and Ezrin is increased, and Tks5 is decreased in breast tumour tissues
	3.2.2. High Ezrin, but not low Ezrin,  expression correlates to Src expression in all compartments

	3.3.  Correlation of total and subcellular expression of Src, Ezrin, and Tks5 with clinico-pathological parameters and clinical outcome in a 63-patient breast tumour cohort
	3.3.1. Src and Ezrin, but not Tks5, significantly correlate with clinico-pathological parameters
	3.3.2. Preliminary overall survival analysis of AQUA scores for Src, Ezrin, and Tks5
	3.3.3. Comparison of Automated versus Manual Scoring for Src and Ezrin


	CHAPTER 4 – DISCUSSION
	4.
	4.1.  Antibody and Protocol Optimization for IF staining on the breast tumour TMA
	4.1.1. Validation of antibody specificity for IHC and IF
	4.1.2. Accounting for Tumour Heterogeneity
	4.1.3. Masking algorithms and multiplex staining

	4.2.  Differential expression and localization of Src, Ezrin, and Tks5 in normal and tumour breast tissues
	4.3.  Limitations of AQUA-based Subcellular Compartmentalization and Co-localization
	4.4.  Clinical Implications of Src, Ezrin, and Tks5 in Breast Cancer
	4.4.1. Src expression is associated with worse prognosis
	4.4.2. Ezrin expression is associated with lymphovascular invasion
	4.4.3. Tks5 expression may have a possible association with tumour recurrence
	4.4.4. Src, Ezrin, and Tks5 as a potential predictor of overall survival

	4.5.  Comparison of Manual IHC scoring vs. AQUA scoring
	4.6.  Significance

	REFERENCES
	APPENDIX
	5.
	5.1.  General Reagents
	5.2.  Technical TMA (with Cell Line Panel and Normal Tissue Controls)
	5.3.  63-patient Breast Tumour TMA
	5.4.  Whole immunoblots of Src and Ezrin.
	5.5.  Immunoblots of Tks5


