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Abstract 

Metastasis is the leading cause of death for breast cancer patients and poses 

significant clinical challenges in the successful treatment of breast cancer. The 

cytoskeleton crosslinker protein ezrin, is frequently over-expressed in invasive cancers, 

including breast, and is correlated with disease progression and poor prognosis. Ezrin is 

often associated with an invasive and metastatic phenotype; however, the mechanisms by 

which ezrin regulates metastatic progression remain unclear. Thus, investigation of the 

functional role of ezrin in specific processes that promote tumour cell invasion, and the 

different stages of tumour cell dissemination, is key to understanding the biology of ezrin 

in cancer progression. Here, I demonstrate a regulatory role of ezrin in promoting focal 

adhesion and invadopodia turnover, two key structures that are necessary for effective 

cancer cell invasion. I also show that ezrin interacts with, and regulates the activity of the 

cysteine protease calpain, which cleaves several focal adhesion and invadopodia-

associated proteins to promote their disassembly. Ezrin-mediated regulation of calpain 

requires the fully open and active conformation of ezrin, and is shown in this study to be 

specific for the calpain-1 isoform. In vivo assessment of ezrin function reveals that this 

protein is primarily required for late stage disease events, including organ seeding and 

colonization, but not primary tumour growth or intravasation, as measured by circulating 

tumour cell levels. Furthermore, ezrin is important for Src-induced lymph node metastasis, 

and correlates with high Src expression and the presence of lymphovascular invasion in a 

cohort of 63 primary invasive breast cancers. Collectively, these findings provide novel 

and much needed insight into the molecular and functional role of ezrin as a pro-metastatic 

regulator in breast cancer. 
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Chapter 1 

General Introduction 

 

1.1 Breast cancer statistics and risk factors 

Breast cancer (BC) is a heterogeneous, systemic disease that is the most common 

malignancy affecting women in the developed world including Canada, and is the second 

leading cause of cancer-related deaths [1]. BC can also occur in men, however it is very 

rare. An estimated 1 in 9 Canadian women will develop breast cancer within their lifetime 

and of these diagnosed cases, 1 in 30 will eventually succumb to the disease [1]. The 

incidence of BC in Canada rose in the early 1990s due to the implementation of screening 

programs such as mammography, and the use of hormone replacement therapy (HRT) in 

post-menopausal women. HRT use however, dropped significantly in early 2000s when it 

became known that HRT increased the risk of BC [1]. BC mortality rates on the other hand 

have been declining in every age group since the 1980s which is largely attributed to 

mammographic screening and effective systemic therapies [1].  

Several modifiable and non-modifiable risk factors have been identified, including 

alcohol consumption, smoking, oral contraceptive use, obesity, breast density, family 

history of BC, BRCA1/2 (breast cancer 1/2 early onset) gene mutations and early age of 

menarche. Recent evidence suggests that one-third of BCs are potentially preventable, as 

only 5-10% of BCs are linked to family history and only 1-2% of women are considered 

to be at high risk (e.g. BRCA1/2 mutation carriers, 2 or more immediate family members 

with BC) [2]. These data place considerable emphasis on reducing one’s modifiable risk 
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factors by maintaining a healthy, physically active lifestyle, being conscious of one’s breast 

health and having a thorough understanding of one’s risk.  

 

1.2 Breast cancer classification and subtypes 

The heterogeneity of BC is reflected in its various morphologic and 

clinicopathologic features, molecular profiles, and responses to therapy. Histologically, BC 

can be broadly divided into non-invasive and invasive [3]. Non-invasive tumours are 

confined within lumen structures and have not yet invaded through the basement 

membrane. Depending on the epithelial cell type of origin, non-invasive tumours include 

ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS), the most common 

being DCIS [3]. Invasive tumours on the other hand, have breached the basement 

membrane and have begun to spread into the surrounding stromal and fat tissue. These 

tumours can be subdivided into invasive ductal carcinoma (IDC) and invasive lobular 

carcinoma (ILC). Still, other histological subtypes do exist (e.g. inflammatory), but IDC 

accounts for 70-80% of all diagnosed BC cases [3, 4]. Additional classification systems 

are used for prognostication purposes. TNM (tumour, lymph node, metastasis) staging is 

used to assess the pathologic state of the disease i.e. how large/locally invasive the tumour 

is, the extent of lymph node involvement and if distant metastasis is present. A higher stage 

is associated with a worse prognosis. Histological grade assesses tumour morphology, 

nuclear pleomorphism and tubule formation to determine the extent (or lack) of tumour 

differentiation. A higher histological grade is indicative of more poorly differentiated 

tumours that exhibit higher nuclear pleomorphism, mitotic activity, lack of tubule 
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formation, and is associated with poor prognosis. Other prognostic indicators include age 

and receptor status.     

Traditional classification of BC subtypes is based on estrogen receptor (ER), 

progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) status 

using immunohistochemistry (IHC). Determining receptor positivity for ER and PR 

depends on the percent of positive staining cells per field of view, with 10% or greater 

considered as positive. The American Society of Clinical Oncology/College of American 

Pathologists guideline recommends a cutoff of 1% to define ER/PR positivity, as patients 

with ER levels as low as 1% could achieve meaningful clinical responses from endocrine 

therapy [5]; however, a recent study suggests that many low ER-expressing (1-10%) 

tumours are molecularly more similar to ER negative tumours (i.e. basal or HER2+) and 

argues that a 10% cutoff is more accurate when defining ER positivity [6]. Tumours are 

only considered HER2 positive if they exhibit 3+ staining, or if 2+ (i.e. equivocal) cases 

show gene amplification by fluorescence or chromogeneic in situ hybridization (FISH or 

CISH, respectively). Based on the expression status of these receptors alone, BC is 

classified into 3 main subtypes: ER and/or PR positive (+), HER2+ or triple-negative (TN; 

ER/PR/HER2 negative).  

 The majority (~70%) of BC cases are ER+ and these patients will receive some 

form of endocrine therapy (i.e. tamoxifen or aromatase inhibitors, depending on 

menopausal status). ER+ BC is associated with a good prognosis, especially when treated 

with endocrine therapy which substantially reduces recurrence rates [7]. However, tumour 

dormancy, or the ability of cancer cells to survive in a quiescent non-proliferative state for 

extended periods of time, is particularly prevalent in this subtype, as 20-40% of ER+ 
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patients will eventually develop metastasis, with roughly half of these occurring >5 years 

after diagnosis [7, 8]. HER2+ BC, representing ~20% of all BC cases, is more aggressive 

and is associated with lower disease-free and overall survival rates, compared to patients 

with normal HER2 levels [9]. HER2+ patients receive targeted therapies, such as 

trastuzumab, a humanized monoclonal antibody directed against the extracellular domain 

of HER2 and lapatinib, a small molecule inhibitor that targets the intracellular domain of 

HER2 as well as epidermal growth factor receptor (EGFR). Recently, two new targeted 

therapies have been approved for HER+ BC (reviewed in [10]). Pertuzumab, a humanized 

monoclonal antibody that targets HER2 at a distinct site from trastuzumab, shows 

significant benefit for patients with HER2+ metastatic BC. Trastuzumab emtansine (T-

DM1) is a novel antibody drug-conjugate that links trastuzumab with the cytotoxic 

maytansinoid, DM1. T-DM1 is effective in treating HER2+ patients that have progressed 

on other HER2 targeted therapies. HER2 status holds prognostic and predictive value, as 

it can predict response to trastuzumab, and adjuvant endocrine therapy and chemotherapy 

[9, 11].  The first significant clinical advancements in the targeted treatment of BC came 

with the introduction of trastuzumab as well as tamoxifen, as targeted therapies for HER2+ 

and ER+ BC respectively, and has revolutionized the standard approach to BC diagnosis 

and treatment.  

More recently, gene expression profiling has significantly expanded BC subtype 

classification by identifying molecular or “intrinsic” BC subtypes, including luminal A, 

luminal B, normal breast-like (normal-like), HER2+, basal-like and claudin-low [12-14]. 

First described in 2001 by Sørlie et al. [12], these intrinsic subtypes are clinically relevant 

with respect to outcome and have identified heterogeneity within the ER+ and TNBC 
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subtypes. For example, the luminal A and B intrinsic subtypes are ER+ and/or PR+; 

however, luminal B cancers are also HER2+ and/or have high Ki-67 levels and thus have 

poorer outcomes compared to luminal A cancers [15, 16]. The basal-like and claudin low 

groups generally fall under the TN subtype.  

Indeed, molecular profiling has pioneered the development of new prognostic 

platforms based on gene expression signatures, including Oncotype DXTM (ODX), PAM50 

and MammaPrint [17-19]. Retrospective studies have shown that the addition of 

chemotherapy to adjuvant endocrine therapy is not efficacious in all subsets of ER+ 

patients, particularly in those cases with high ER levels [20, 21]. The ODX 21-gene assay 

was developed by Genomic Health with the goal of optimizing patient selection for 

adjuvant chemotherapy [18]. ODX determines the 10-year recurrence risk in ER+, HER2 

negative early stage BC patients by calculating a recurrence score based on the 21-gene 

expression profile to evaluate whether patients are at low risk, intermediate risk, or high 

risk of developing recurrence (local and/or distant). Therefore ODX provides a molecular 

tool to assess whether a patient would benefit from adjuvant chemotherapy or not. ODX 

testing has since been expanded to the lymph node positive (LN+) BC population with 

demonstrated prognostic and predictive value in the United States [22]; however, there are 

currently limited data on the impact of ODX testing with respect to treatment 

recommendations in LN+ patients [22]. In Ontario, it remains unclear whether LN+ 

patients derive any benefit from this testing in the adjuvant setting [23]. Other tests such 

as PAM50, have the ability to identify intrinsic BC subtypes in addition to providing risk 

of recurrence information and has been shown to provide more reliable prognostic 
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information compared to ODX, by better differentiating intermediate- and high recurrence 

risk groups [24].  

Given the potential for these molecular-based tools to reduce unnecessary exposure 

to toxic chemotherapy treatment that may not provide any added benefit to patients, their 

clinical use has the potential to dramatically improve treatment stratification. However, 

these prognostic tools have not yet been adopted into standard clinical practice, where 

current diagnostic and treatment decisions are primarily based on hormone receptor and 

HER2 receptor status.  

 

1.3 Triple-negative breast cancer 

Compared to the other subtypes, TNBC accounts for ~10- 15% of all diagnosed BC 

cases and poses significant clinical challenges for several reasons. TNBC in itself is a 

heterogeneous disease and is usually associated with aggressive clinical behaviour. No 

targeted therapies exist to treat this subtype which tends to be more resistant to adjuvant 

chemotherapy [25, 26], the only modality of systemic therapy currently available for 

TNBC. Patients with TNBC tend to be younger (<50 years) compared to the overall BC 

patient population [27], and have higher rates of distant recurrence and death, particularly 

within the first 3 years following therapy [28].  

 Significant overlap has been demonstrated between TN and basal-like tumours.  

The basal-like molecular subtype was so named because several genes that are normally 

expressed in basal/myoepithelial cells, are highly expressed in these tumours. These 

include basal cytokeratins (CK) 5/6, and 17, vimentin, P-cadherin and caveolins 1 and 2. 

In addition, basal-like tumours are more likely to be TN (~70%), have TP53 and germline 
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BRCA1 mutations, and express EGFR. Basal-like cancers show aggressive clinical 

behavior and display a particular pattern of metastatic dissemination: they are less likely to 

spread to axillary LNs and bone, and favour hematogenous spread with a tendency to 

develop metastases in the lungs and brain (reviewed in [29]). Despite the overlap between 

TN and basal-like tumours, these subtypes are not synonymous. For example, 15-54% of 

basal-like tumours have been shown by microarray based profiling to express at least one 

of the ER, PR or HER2 markers [30, 31]. In addition, patients with TN tumours that express 

a basal phenotype have a significantly shorter disease-free survival compared to those TN 

patients that lack the expression of basal markers [32, 33]. Another molecular subtype, 

normal-like, is associated with a TN phenotype and emphasizes the fact that TNBC does 

not solely encompass basal-like cancers. Studies demonstrate that normal-like tumours 

have a slightly better prognosis compared to basal-like tumours [31] but interestingly, do 

not respond to neoadjuvant chemotherapy as do basal-like tumours [34].  

As TN and basal-like cancers generally respond poorly to chemotherapy, new and 

more effective therapies are urgently needed to combat these cancers. Efforts have been 

made to evaluate whether the specific genetic alterations found in TN/basal-like tumours 

lead to vulnerabilities that can be exploited therapeutically. Indeed, BRCA1 pathway 

dysfunction is frequently found in TN and basal-like cancers, and shows increased 

sensitivity to cross-linking agents (e.g. platinum salts) [35, 36] and poly ADP-ribose 

polymerase (PARP) inhibitors [37]. As a result, several clinical trials are currently testing 

the efficacy of cisplatin and carboplatin compounds (e.g. ISRCTN97330959 and 

NCT00483223 [38]) and PARP inhibitors [37] in TNBC. Still, improved biomarkers that 

predict treatment response are needed.  
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1.4 Clinical challenges of breast cancer metastasis 

Despite the recent medical advances which have led to declining BC mortality rates, 

metastasis remains the leading cause of death for cancer patients [1] and poses significant 

clinical challenges in the treatment of BC with curative intent. Approximately 20-30% of 

all patients diagnosed with BC will develop metastasis within their lifetime, while 10-15% 

of patients are at risk of developing metastasis within the first 3 years after initial diagnosis 

[39]. Currently, when BC progresses to the metastatic state it is considered incurable, with 

a 5-year survival rate of ~20% [40]. At this stage, treatment goals are centered on 

controlling disease progression and alleviation of symptoms [40]. Several established 

prognostic markers are used to determine the risk of developing distant metastasis, 

including LN positivity, large primary tumour size and high grade [39]. However, these 

markers are unable to reliably predict patients who will, or will not develop metastatic 

disease or those who will, or will not benefit from more aggressive systemic treatments. 

For example, one-third of LN+ patients will remain distant metastasis-free 10 years after 

local therapy, while ~30% of LN negative patients will eventually develop metastasis [39, 

41]. Therefore, many BC patients who would otherwise be cured with local treatment alone 

(i.e. surgery and radiation therapy), are unnecessarily exposed to the toxic effects of 

chemotherapy [39].  

 

1.5 Cancer cell dissemination: an introduction to the complexity of the metastatic 

cascade 

Metastasis is a complex multi-step process that requires the progressive acquisition 

of traits by cancer cells that allow them to disseminate and colonize at distant organ sites. 
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In order to accomplish this, malignant tumour cells must invade and migrate into the 

surrounding stromal environment, intravasate into blood or lymphatic vessels, survive in 

the circulation, extravasate from vessels at a preferred distant site where they colonize and 

grow to establish metastatic lesions (reviewed in [42]).   

1.5.1 Induction of angiogenesis 

Strong selective pressures in the primary tumour microenvironment contribute 

significantly to the acquisition of metastatic traits. For instance, hypoxic conditions in the 

growing tumour mass can trigger angiogenesis and the establishment of the tumour 

vasculature, which in turn promotes tumour progression by providing nutrients to the 

growing tumour as well as an escape route for tumour cells to leave the primary tumour 

site [42, 43]. Indeed, hypoxia is known to drive the transcriptional activity of hypoxia 

inducible-factor 1α (HIF-1α) and expression of its target genes, including vascular 

endothelial growth factor-A (VEGF-A) [44, 45]. VEGF-A stimulates the proliferation and 

migration of endothelial cells resulting in sprouting neoangiogenesis. VEGF-A also 

enhances microvascular permeability by inducing Src kinase activity within endothelial 

cells, leading to aberrant localization of junctional proteins (e.g. ZO-1, VE-cadherin) and 

disrupted endothelial barrier function. Unlike normal vasculature, tumour vessels are 

structurally abnormal and leaky, due to reduced endothelial cell-cell junctions and 

supporting cells (i.e. pericytes). This in turn can promote further hypoxia, angiogenesis and 

escape of tumour cells into the vasculature [46]. In addition to driving angiogenesis, 

hypoxia can stimulate tumour cell survival and invasion and may promote organ-specific 

metastatic colonization in a CXC chemokine receptor 4 (CXCR4)-dependent manner [47]. 
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Furthermore, hypoxia can lead to tumour immune escape [48-50] and is associated with 

the development of chemo-resistance [51].  

1.5.2 Activating invasion through EMT 

Tumour cells must alter their cell-cell contacts as well as their cell-extracellular 

matrix (ECM) adhesions prior to escaping into the vasculature. Tumour progression results 

in loss of E-cadherin expression and the transition of tumour cells into a more elongated, 

mesenchymal phenotype, a process referred to as epithelial-to-mesenchymal transition 

(EMT). This phenotypic change encompasses loss of epithelial polarity, reduced E-

cadherin-mediated cell-cell adhesion and up-regulation of mesenchymal markers, 

including N-cadherin, vimentin and fibronectin (FN), as well as matrix-degrading 

proteases (e.g. matrix metalloproteinases, MMPs; reviewed in [52]). Collectively, EMT 

promotes increased tumour cell migration, invasion into the stromal environment and 

anchorage-independent growth [53]. It is therefore not surprising that EMT has been linked 

with poor prognosis in BC [53, 54].  

1.5.3 Cell migration and regulation of focal adhesions 

Cell migration is fundamental to the process of tumour cell dissemination and 

requires dynamic regulation of cytoskeletal changes, actomyosin contractions and focal 

adhesion (FA) turnover. The RhoGTPases (i.e. RhoA, cdc42 and Rac1) and integrin-based 

FAs are critical regulators of cytoskeleton remodeling and cell adhesion, respectively, and 

have been implicated in tumour cell migration and invasion [55-57]. Signalling through 

RhoGTPases leads to filopodia and lamellipodia formation at the cell periphery, as well as 

stress fibre contraction. In addition, RhoGTPases are known to regulate FA assembly at 

the leading edge of migrating cells. FAs provide a physical link between the ECM and the 
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actin cytoskeleton. During cell migration, engagement of integrins with the ECM initiates 

the recruitment of several adhesion and adaptor proteins to FA sites including focal 

adhesion kinase (FAK), talin, paxillin and Src kinase (Figure 1.1A). This in turn initiates 

downstream signalling events leading to RhoGTPase activity, stress fibre 

formation/contraction and adhesion turnover (Figure 1.1B; reviewed in [58]). 

FA formation is a highly ordered process which entails hierarchical recruitment of 

FA proteins (reviewed in [59]). Initially, nascent adhesions or focal contacts (FXs) are 

formed just behind the leading edge/lamellipodium of migrating cells and as the 

lamellipodium advances, more FXs are formed in front of the “older” FXs which dissociate 

after a few minutes. The transition from FXs to FAs occurs during lamellipodium 

contraction and manifests not only as an increase in size, but also by changes in molecular 

composition [59]. As cells migrate, FAs appear to move centripetally, relative to the 

substratum (Figure 1.1A). The FX-FA transition is also dependent on actomyosin-driven 

contractions and facilitates FA elongation and maturation [59]. Talin and paxillin are 

among the first adhesion components found in FXs, while FAK and vinculin recruitment 

occurs later on in the developing FX [59]. Auto-phosphorylation of FAK at Y397 happens 

quickly after its incorporation into FXs and is known to be important for Src kinase 

recruitment [60]. Src phosphorylates FAK at specific residues (e.g. Y925) and stimulates 

the recruitment of additional scaffolding molecules and kinases to the growing FX. In 

addition, the Src/FAK interaction is critical for Src activity and for the transmission of 

signals downstream of integrins (Figure 1.1B). 



 

 

 

12 

 
 

Figure 1.1 Regulation of focal adhesions during cell migration 

(A) During cell migration, integrin engagement with the ECM stimulates the recruitment of 

adhesion molecules including talin, paxillin and FAK to the intracellular domain of β integrins and 

the formation of nascent adhesion sites called focal contacts (FXs). Numerous FXs form just behind 

the lamellipodial protrusion and dissociate within a few minutes. Lamellipodial retraction induces 

a transformation of FXs into focal adhesions (FAs), leading to further recruitment of adhesion 

molecules and adaptor proteins that transmit signals downstream of integrins (B). Src/FAK 

signalling induces actin remodeling and stress fibre assembly/actomyosin contractions through 

RhoGTPases and the ERK/MAP kinase axis which facilitates the stabilization of FAs and 

eventually, FA disassembly. Calpain is an important promoter of FA disassembly and turnover by 

cleaving FAK and talin. Interestingly, calpain activity can also mediate integrin activation, 

suggesting that spatiotemporal regulation of calpain is important for proper FA formation and 

turnover. Dotted line represents indirect activation of the ERK/MAPK axis from Src/FAK, as 

indicated. Modified from [58] with permission from Trends in Cell Biology.   
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Indeed, Src/FAK signalling promotes ERK/MAP kinase and RhoGTPase activation, 

leading to stress fibre formation and contraction. Furthermore, Src-dependent 

phosphorylation of FAK on Y925 is important for adhesion turnover [61]. The 

transformation of FXs to FAs is accompanied by zyxin and tensin recruitment and 

assembly of F-actin bundles which help to stabilize FA structures. The final composition 

of mature FAs is distinct from FXs: very low levels of FAK and zyxin are present in FXs 

compared to mature FAs, which display increased amounts of these adhesion molecules, 

in particular zyxin [62].  

FAs are essential to migrating cells, even tumour cells. Indeed, highly motile 

tumour cells require FA formation, but form fewer mature adhesions and are capable of 

promoting efficient FA turnover. Failure of FAs to turn over properly significantly impairs 

cell migration. Indeed, studies looking at the regulation of FA dynamics by FAK have 

shown than FAK-deficiency does not abrogate FA formation, but rather leads to abnormal 

FA disassembly and therefore defects in cell motility and invasion [63]. Interestingly, FAK 

has been shown to be upregulated in BC, where it is associated with a more metastatic 

phenotype [64, 65]. In addition, integrin-mediated Src/FAK signalling is an important 

regulator of EMT [57], and targeted disruption of β1 integrin has been shown to inhibit 

metastasis [66]. The cysteine protease calpain is another critical mediator of FA 

disassembly turnover (Figure 1.1). Several studies demonstrate that calpain-mediated 

cleavage of FA proteins including talin [67] and FAK [63] triggers FA disassembly and 

that inhibition of calpain activity impairs retraction of the cell rear and suppresses cell 

movement [68].  
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1.5.4 Invadopodia: mediators of proteolytic-based invasion 

Proteolytic degradation of ECM proteins is required for tumour cell invasion and 

many of the proteins involved in cell-ECM adhesion, including Src, β1 integrin and talin, 

are important for the formation and maturation of invasive structures known as 

invadopodia (reviewed in [69]). Invadopodia are F-actin-rich membrane protrusions 

formed by invasive tumour cells which function to degrade ECM proteins and are 

analogous to podosomes formed by non-neoplastic cells such as macrophages and smooth 

muscle cells. These structures have adhesive properties and are enriched with key actin-

binding proteins, such as cortactin, cofilin, neuronal Wiskott-Aldrich Syndrome protein 

(N-WASp) and Arp2/3. Tumour cells form invadopodia in order to penetrate through 

basement membrane (e.g. surrounding carcinoma in situ), stromal ECM, and endothelial 

basement membrane during intravasation [69, 70].  

Invadopodia have been shown to undergo a 4-stage maturation process (reviewed 

in [69]; Figure 1.2). Invadopodia assembly begins with the formation of invadopodia 

precursors, consisting of a core structure containing cortactin, cofilin, Tks5, N-WASp and 

actin (stage 1, early precursor stage). In the late precursor stage (stage 2), Tks5 anchors 

invadopodia precursors to plasma membrane areas rich in the phosphoinositide PI(3,4)P2. 

β1 integrin and talin are also recruited at this stage and several kinases get activated, 

including Src, which activates Abl-related gene (Arg) kinase by phosphorylating its Y439 

residue. Arg in turn phosphorylates cortactin on Y421 and Y466 which stimulates the 

recruitment of Nck1, an adaptor protein that binds N-WASp to promote Arp2/3 activation. 

Phosphorylation of cortactin also disrupts the inhibitory interaction between cortactin and 

cofilin, allowing cofilin to sever F-actin to form barbed ends which are used to elongate   
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Figure 1.2 Stages of invadopodia maturation 

Invadopodia formation and maturation occurs in 4 stages. Stage 1: stimulation of tumour cells by 

growth factors (e.g. epidermal growth factor, EGF), EMT or, hypoxia induces the formation of 

non-degradative invadopodia precursor structures, consisting of cortactin, cofilin, N-WASp, actin 

and other proteins. Stage 2 (late precursor stage): β1 integrin and talin are recruited, kinases such 

as Src and Arg become activated in an RTK/integrin dependent manner and Tks5 anchors the 

invadopodia precursor to PI(3,4)P2 enriched membrane regions. Stages 3-4 (invadopodia 

maturation): in stage 3, talin/moesin/NHE-1 are recruited and intracellular pH changes activate the 

NHE-1-cofilin-Arp2/3 axis to drive actin polymerization and invadopodia elongation. In stage 4, 

MT1-MMP and other ECM-degrading proteases are recruited to the mature invadopodia and 

further elongation of the invadopodia protrusion is facilitated by microtubule and intermediate 

filaments. Modified from [69, 71] with permission from Journal of Cell Biology and European 

Journal of Cell Biology.  
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actin filaments. Localization of talin to invadopodia precursors facilitates recruitment of 

the ERM protein moesin and is dependent upon β1 integrin, as inhibition of β1 disrupts 

recruitment of both talin and moesin [71]. Moesin recruitment marks the beginning of stage 

3, where it is responsible for recruiting sodium-hydrogen exchanger-1 (NHE-1) to 

invadopodia precursors, which alters intracellular pH levels [71]. This pH change 

contributes to the disruption of cortactin-cofilin interactions, therefore enhancing barbed 

end formation and actin polymerization. Stage 3 predominately involves actin 

polymerization and is driven by the synergistic NHE-1-cofilin-Arp2/3 axis, wherein 

continued actin polymerization facilitates invadopodia elongation and stabilization [69]. 

Invadopodia maturation culminates in the recruitment of proteases including cathepsins 

and MMPs, as well as microtubule and intermediate filaments which facilitates further 

invadopodia elongation (stage 4). Membrane type 1-MMP (MT1-MMP) is a critical 

transmembrane protease that gets trafficked to invadopodia through several mechanisms, 

including cortactin [72], and cdc42-interacting protein (CIP4; [73]). In addition, cortactin 

is also responsible for regulating MMP-2 and MMP-9 secretion [72]. Proteolytic cleavage 

of various invadopodia proteins, including talin, and cortactin, by calpain initiates 

invadopodia disassembly and turnover [74, 75], similar to its regulation of FAs. 

Though invadopodia are classically studied under 2 dimensional (2D) in vitro 

culture conditions, studies using fluorescently-labelled invadopodia markers (i.e. cortactin, 

Tks5) show that invadopodia-like structures can form in 3 dimensional (3D) cell cultures, 

primarily in protrusions formed at the leading edge [76]. However under 3D in vitro and 

in vivo conditions, tumour cells are known to exhibit two distinct morphologies that are 

associated with different modes of motility and invasion: amoeboid and 



 

 

 

17 

mesenchymal/fibroblastic [55]. Amoeboid movement involves high levels of actomyosin 

contractility and membrane blebbing and is independent of protease activity, as cells are 

able to squeeze through voids and deform the ECM [77]. On the other hand, tumour cells 

may also exhibit mesenchymal/fibroblastic motility, wherein cells adopt an elongated 

morphology and require proteolysis to cleave matrix fibres. These modalities are regulated 

by different signalling pathways: amoeboid movement is dependent upon Rho/Rho kinase 

(ROCK) signalling and the cytoskeletal crosslinker ezrin [55], whereas mesenchymal 

movement is Rho/ROCK-independent and is under the regulation of Rac [78]. 

Interestingly, these two modes of cell movement are interconvertible, where inhibition of 

one phenotype results in tumour cells switching to the other [78]. This feature has led to 

the hypothesis that tumour cells acquire either an amoeboid or fibroblast-like phenotype 

depending on the type of ECM that they engage, with more dense ECM proteins requiring 

degradation, compared to loose matrices that tumour cells can simply squeeze through or 

push aside [55]. Thus, the ability of tumour cells to switch between these two modes 

suggests a plasticity to invasion where invadopodia would be required under certain 

situations, such as intravasation. Furthermore, targeting only one mode would likely be 

insufficient at blocking invasion, and this may explain why essentially all clinical trials of 

MMP inhibitors have failed [79].  

1.5.5 Intravasation: the process of gaining access to the vasculature 

  Although EMT promotes the movement of single tumour cells into vessels, 

collective migration of tumour cells can also occur. In this instance, tumour cells retain 

intercellular junctions as they intravasate and subsequently circulate as tumour emboli, 

attached to platelets [80]. Interestingly, the mode of cell motility seems to determine 
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whether tumour cells exit the primary tumour via a hematogenous or lymphatic route [81]. 

It has been proposed that lymphatic dissemination is mediated predominately by collective 

cell migration, whereas hematogenous spread is favoured by singly migrating tumour cells 

[81]. Interestingly, the switch between these two migration modes is regulated by 

transforming growth factor β (TGFβ) signalling, whereby TGFβ promotes cohesive cells 

to switch to a single cell migratory phenotype [81]. Furthermore, while TGFβ-induced 

single cell motility promotes intravasation, these cells are less capable of lung colonization, 

suggesting that transient/reversible TGFβ signalling is required for optimal lung metastasis 

as well as maintaining cell-cell contacts [81]. The advantages of maintaining cohesive 

interactions may lie in the ability of collectively migrating tumour cells to resist immune-

mediated mechanisms of clearance and shear stress [80]. Additionally, cohesive tumour 

cells exhibit greater colonization potential compared to single tumour cells [82]. 

Collectively, these findings suggest a potential survival and proliferative advantage to 

collective invasion.   

Whichever mode is preferred by tumour cells, effective intravasation encompasses 

both tumour-endothelial cell interactions and tumour-macrophage communication to 

disrupt endothelial cell permeability/integrity and promote tumour cell transmigration. As 

mentioned above, VEGF is an important cytokine that increases vessel permeability by 

inducing activation of Src family kinases in endothelial cells leading to disruption of 

junctional complexes. Tumour cells and macrophages are known to cooperate in multiple 

ways throughout the metastatic cascade. Indeed, macrophages facilitate tumour cell 

polarization and motility towards blood vessels, a process that is dependent upon paracrine 

signalling between macrophage-secreted epidermal growth factor (EGF) and colony-
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stimulating factor-1 produced by tumour cells. Macrophages also have a demonstrated role 

in intravasation by stimulating invadopodia formation in tumour cells thereby promoting 

degradation of endothelial basement membranes [70, 83]. Though a basal-level of 

intravasation can occur in the absence of macrophages, their presence greatly enhances 

tumour cell entry into the blood vasculature [70]. Furthermore, tumour cell-macrophage 

interactions are also important during metastatic seeding events, where macrophage 

binding to VCAM-1 on tumour cells triggers survival signals through the 

phosphoinositide-3 kinase (PI3K)/Akt pathway, a process which requires ezrin [84].   

1.5.6 Metastatic dissemination: extravasation and colonization 

Whether tumour cells prefer a hematogenous or lymphatic dissemination route, 

they eventually enter into the systemic circulation where a harsh environment awaits them. 

Circulating tumour cells (CTCs), whether solitary or in a cluster, face immune-mediated 

destruction and physical shear stress. Tumour cells can acquire mechanisms to survive such 

stresses as mentioned above (i.e. immune escape, resistance to anoikis) and if successful, 

must then adhere to endothelial cells and extravasate to begin the process of metastatic 

colonization. Signals emanating from metastatic tumour cells can once again induce 

vascular permeability to facilitate extravasation. Some reports support a requirement for 

invadopodia during extravasation [85], but others have found invadopodia to be 

dispensable at this stage [86], suggesting a complexity to invadopodia regulation at the 

extravasation step. Interestingly, only a small proportion of cells which have extravasated 

are capable of seeding to a secondary site, as the majority of tumour cells die within 24 

hours of initial organ seeding, in what has become known as metastatic inefficiency [87]. 
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Thus, survival signalling becomes crucial once again for tumour cells to establish 

metastatic lesions. 

During systemic circulation, tumour cells have ready access to essentially all organs 

of the body. However, metastasis is not a random process but rather is organ-specific and 

the organ to which tumour cells home depends on the cancer type. For instance, BC tends 

to metastasize to the bone, lung, liver and brain, whereas sarcomas (e.g. osteosarcoma) 

usually spread to the lungs and rarely to lymph nodes. Several mechanisms of organ 

tropism have been proposed, including adhesion-mediated interactions between specific 

integrin types or other cell adhesion receptors (e.g. cadherins [88]) expressed on metastatic 

tumour cells and their cognate ligands expressed at target sites [89], as well as chemokine-

mediated homing (i.e. CXCR4-CXCL12) [90]. Still, disseminated tumour cells need a 

compatible tissue microenvironment or “soil” in which to grow, a theory first proposed by 

Stephen Paget in 1889 [91]. Metastatic cells may accomplish this by recruiting innate or 

adaptive immune cells and bone marrow-derived cells (e.g. myeloid-derived suppressor 

cells, hematopoietic progenitor cells) to target sites which function to precondition the 

metastatic niche to facilitate the survival and growth of metastatic cells [92]. Studies show 

that metastatic niche priming can occur before any evidence of micrometastatic disease at 

the target site is present, and potentially prior to the dissemination of tumour cells from the 

primary site [92, 93]. The driving mechanisms of immune/hematopoietic progenitor cell 

recruitment remain unclear. However, a recent study by Chang and colleagues show that 

tumours expressing high levels of interleukin-6 (IL-6) and signal transducer and activator 

of transcription 3 (Stat3) demonstrate increased recruitment of myeloid-derived suppressor 

cells (MDSCs) both at the primary tumour and metastatic sites and suggests that the IL-



 

 

 

21 

6/Janus kinase (JAK)/Stat3 signalling axis may be critical for metastatic niche priming 

[93].  

 

1.6 The ERM family of cytoskeletal proteins 

Ezrin, radixin and moesin (ERM) are a trio of cytoskeleton crosslinker proteins that 

belong to the band 4.1 ERM (FERM) superfamily [94] and whose function is to provide 

regulated linkage between the actin cytoskeleton and the plasma membrane. Ezrin (also 

known as cytovillin and villin2) was the first ERM to be discovered and is the most well 

studied member of the ERM family. ERMs are key organizers of specialized membrane 

domains, such as apical microvilli [95, 96], lamellipodia and filopodia [97, 98]. Because 

of their cytoskeletal linker function, ERMs regulate several cellular processes including 

cell migration, cell-cell adhesion and polarity (reviewed in [99]) and can modulate 

intracellular signalling pathways downstream of receptor tyrosine kinases (RTKs) [100, 

101] and through RhoGTPases (reviewed in [102]). 

Ezrin, radixin and moesin are encoded by the EZR, RDX and MSN genes on human 

chromosomes 6, 11 and X, respectively, with each gene giving rise to a single protein 

species [103], despite the existence of multiple transcripts. ERMs share more than 70% 

amino acid identity, particularly in their FERM domains and F-actin binding sites [104]. 

Though most cell lines express ERMs, in vivo they are expressed in a developmental and 

tissue-specific manner: ezrin is primarily expressed in epithelial cells, whereas moesin 

predominates in endothelial and hematopoietic cells and radixin in hepatocytes. In addition 

to their tissue specificity, ERMs also demonstrate subcellular localization specificity. For 

example, ezrin is found localized to the apical surface of intestinal microvilli and in luminal 
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cells of normal breast ductules. Moesin (also expressed in normal breast epithelia), on the 

other hand, is restricted to the myoepithelial cells located on the basal side of luminal cells. 

Ezrin-specific knockouts, while not embryonically lethal, die within 3 weeks of birth due 

to severe defects in the micro-villi structures of their gastrointestinal epithelium [105]. 

Radixin-deficient mice experience hyperbilirubinemia with defective localization of the 

multi-drug resistance protein-2 (MRP2) transporter to bile canalicular membranes [106]. 

Moesin knockout mice on the other hand, do not exhibit any gross abnormalities [107], 

suggesting that some functional redundancy exists amongst ERMs.  

However, several notable differences in ERMs are beginning to emerge that suggest 

functional diversity does indeed exist among these proteins. For example, moesin lacks 

proline-rich sequences that are found in both ezrin and radixin [108], and two tyrosine 

residues, Y353 and Y477, are unique to ezrin and have different signalling implications in 

cells [109, 110], as described below. Furthermore, recent studies have shown that the 

presence of different ERMs in the same cell type can have distinct but complementary 

functions. For instance, ezrin and moesin have separate roles during immunological 

synapse formation [111] and in invasion of melanoma cells in 3D matrix cultures [112]. 

 

1.7 Ezrin function in development and morphogenesis 

Ezrin (named after the co-founder of Cornell University, Ezra Cornell) was 

originally identified as a minor cytoskeletal component of brush border microvilli in 

chicken intestinal epithelial cells with unknown function [113, 114]. Since then, ezrin has 

been recognized as having a critical role in organizing the apical domain of intestinal and 

gastric epithelial cells [105, 115]. Early studies using ezrin knockout (Ez-/-) mice revealed 



 

 

 

23 

several important functions of the cytoskeletal protein in the developing intestinal 

epithelium. As ezrin is the only ERM expressed in the small intestines, Ez-/- mice exhibit 

severe intestinal defects resulting in death shortly after birth due to malabsorption. Normal 

mature intestinal epithelium is covered with a dense brush border of individual microvilli 

at their apical surface. In contrast to wild type mice, Ez-/- mice exhibit dysfunctional brush 

borders with disorganized terminal web regions and short, thick, fused microvillar 

structures [105]. Failure to develop normal polarized microvilli also affects secondary 

lumen formation and collectively leads to severely abnormal villus morphology in Ez-/- 

mice [105].  

Other studies using organisms that express only one ERM have also contributed to 

our understanding of the role of ezrin during development and morphogenesis. For 

example, loss of the ezrin orthologue erm-1 in Caenorhabditis elegans results in luminal 

cysts and constriction/obstruction of the intestine due to impaired lumen formation and 

tubulogenesis [116, 117]. These studies also demonstrate the importance of ezrin in cell-

cell junction remodeling, as depletion of ERM-1 results in the failure of apical junctions to 

properly reposition to the apico-lateral region during lumen formation. These results are 

consistent with ezrin knockout studies in mice that show elongated adherens junctions, 

resulting in the fusion of individual microvilli [105] and demonstrate that ezrin plays a 

regulatory role in the proper localization of cell-cell junctions.   

 

1.8 Regulation of ezrin activation 

Structurally, ezrin (as with the other ERM proteins) consists of an N-terminal 

FERM domain (~300 amino acids, aa), an alpha-helical region (~200 aa), and a small 
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proline-rich linker region that is connected to the C-terminus (~100 aa; Figure 1.3). The 

N-terminal FERM domain (also called N-terminal ERM associated domain, N-ERMAD) 

is composed of 3 lobes (F1, F2, F3) arranged in a cloverleaf shape and is responsible for 

linking ezrin to specific membrane-bound proteins, including CD44, intracellular adhesion 

molecules (ICAMs), NHE-1, and the cystic fibrosis transmembrane conductance regulator 

(CFTR) (reviewed in [118]; Figure 1.3). The C-terminal ERM domain (or C-ERMAD) 

contains the highly conserved regulatory threonine 567 residue (T564 in radixin; T558 in 

moesin) and the F-actin binding site that mediates linkage of the actin cytoskeleton to the 

plasma membrane. Ezrin must undergo conformational and biochemical changes in order 

to become active [119]. In normal epithelial cells, the majority of ezrin exists in a closed, 

inactive state in the cytoplasm where intramolecular interactions between the FERM and 

C-terminal domains mask critical membrane and cytoskeleton binding sites (Figure 1.4; 

reviewed in [120]). Homotypic and heterotypic intermolecular interactions between the 

FERM domain of one ERM and the C-terminus of another ERM have been reported which 

can also lead to ERM inactivation [121]. Activation of ezrin has been proposed to occur by 

a two-step process. First, ezrin is recruited to the plasma membrane where 

phosphatidylinositol-4,5-bisphosphate (PIP2) binds to the FERM domain of ezrin. Binding 

of PIP2 to ezrin causes a conformational change that exposes the regulatory T567 residue 

which is normally buried in the C-ERMAD-FERM interface when ezrin is fully closed.  
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Figure 1.3 Structure of ERM proteins 

The ERM family of cytoskeletal linker proteins consist of a ~300 residue amino-terminal FERM 

domain (or N-ERMAD), an α-helical domain, a small linker region and a c-terminal domain (or C-

ERMAD) containing the F-actin binding region and the conserved regulatory threonine. The FERM 

domain consists of 3 lobes, F1, F2 and F3 and have structural homology to previously described 

folds: F1 to ubiquitin, F2 to acyl-CoA binding protein and F3 or a phosphotyrosine-binding (PTB), 

pleckstrin-homology (PH) or an Enabled/VASP-1 (EVH1) domain [99]. A proline rich region 

within the linker region (shown in red) is found in ezrin and radixin, but not in moesin. Two tyrosine 

residues unique to ezrin, Y353 and Y477, are found within the α-helical and linker regions, 

respectively. The ribbon structure of full length Spodoptera frugiperda moesin shows extensive 

interactions between the F2 and F3 lobes with the C-ERMAD which masks ligand binding sites. 

The black arrow points to the binding site of the IP3 region of phosphoinositol-4.5-bisphosphate 

(PIP2) Modified from [103, 122] with permission from Cell Adhesion & Migration, and Nature 

Reviews Molecular Cell Biology. 
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Secondly, T567 gets phosphorylated which weakens the C-ERMAD-FERM interactions, 

thereby allowing the molecule to unfold and associate with the actin cytoskeleton and its 

various binding partners (Figure 1.4).    

A number of kinases have been reported to phosphorylate ezrin at T567 including 

PKCα, PKCθ, NIK, Mst4, LOK and ROCK. Which of these kinases phosphorylates ezrin 

at T567 depends on the cell type/tissue in which this ERM is expressed and its proposed 

function. For example, both PKCα and ROCK can phosphorylate ezrin in epithelial cells 

to promote cell motility [123-125], while Mst4 phosphorylates ezrin to regulate brush 

border polarity in intestinal epithelial cells [126]. LOK on the other hand, is a lymphocyte-

specific kinase which phosphorylates ezrin to induce lymphocyte polarization and 

migration [127]. In its fully open conformation, ezrin facilitates the linking of the actin 

cytoskeleton to the plasma membrane, directly through electrostatic interactions between 

the F3 lobe and PIP2 [128], and indirectly through its interactions with transmembrane or 

scaffolding proteins (reviewed in [99]). Once active, ezrin is able to act as a scaffold and 

participates in numerous signal transduction pathways (Figure 1.4). 

 

1.9 Ezrin function and cell signalling 

Phosphorylation of ezrin regulates not only its activation, but also its function and 

the signalling pathways that it modulates. In its open conformation, ezrin is able to bind 

(through its FERM domain) to the cytoplasmic region of many cell adhesion receptors such 

as CD44, ICAM-1, -2 and -3 and L1CAM to affect phosphoinositide and nuclear factor-

kappaB (NF-κB) signalling [129-131]. In addition, ezrin interacts both directly and 

indirectly with the RTKs EGFR and Met, thereby promoting phosphorylation of ezrin at 
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Figure 1.4 Ezrin activation and signalling 

In normal epithelial cells, ezrin primarily exists in a closed, inactive conformation wherein intra- 

or intermolecular interactions between the N-terminal FERM domain and the C-ERMAD mask 

membrane or F-actin binding sites, including the regulatory threonine 567 residue, indicated with 

an asterisk. Ezrin gets recruited to the plasma membrane (PM) where PIP2 can bind to its FERM 

domain. This facilitates phosphorylation of T567 by ROCK or PKC. This results in the fully open 

and active configuration of ezrin where it can bind and crosslink actin to the plasmsa membrane 

(PM) and participate in several important signalling pathways. Phosphorylation of ezrin on 

additional residues, namely Y145, Y353 and Y477, regulates specific pathways, as indicated. 

Modified from [118] with permission from Journal of Cell Science. 
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Y145 and Y353 [100, 110, 124]. Phosphorylation of Y353 ezrin is required for activation 

of the PI3K/Akt-dependent cell survival pathway [109], whereas phosphorylated T567 

disrupts localization of E-cadherin at adherens junctions [132]. Another tyrosine residue, 

Y477, which is unique to ezrin and is phosphorylated by Src, plays an essential role in 

hepatocyte growth factor (HGF)-induced cell scattering [110]. Upon HGF stimulation, 

ezrin is recruited to the plasma membrane where it controls actin remodeling and the 

formation of membrane extensions such as lamellipodia, to promote cell migration [100, 

110]. Furthermore, phosphorylated Y477 ezrin facilitates the activation and recruitment of 

Fes kinase to cell-cell contacts, leading to their dissociation and an enhanced cell scattering 

phenotype [110]. Additionally, Src-mediated phosphorylation of ezrin at Y145 regulates 

epithelial cell spreading and requires prior Src binding through its SH2 domain to ezrin at 

phosphorylated Y190 [133]. Interestingly, this initiates a positive feedback loop whereby 

Src phosphorylation of Y145 maintains Src activity and its binding to ezrin [133]. The 

exact mechanism behind this feedback loop remains unknown, but may involve 

interactions between ezrin and a Src regulator (e.g. phosphatases).  

 Ezrin also plays a critical role in regulating RhoGTPase signal transduction. Early 

work on ezrin/RhoGTPase signalling focused on the role of ezrin as a downstream effector 

of RhoA activity, since RhoA/ROCK was known to regulate phosphorylation of ezrin at 

its regulatory threonine. Studies have also shown an upstream regulatory role for ezrin on 

RhoGTPase activity by demonstrating that ezrin interacts with and sequesters Rho GDP 

dissociation inhibitor (RHOGDI), a negative regulator of RhoGTPases, to promote 

RhoGTPase activation by guanine nucleotide exchange factors (GEFs) [134, 135]. Ezrin 

also associates with GEFs [136, 137] and GTPase-activating proteins (GAPs) [138] to 
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modulate RhoGTPase activity. Which RhoGTPase is activated by ezrin may depend on the 

function of ezrin and/or the specific RhoGTPase regulator with which it interacts. For 

instance, ezrin preferentially activates cdc42 by recruiting the GEF Dbl to lipid rafts in 

order to promote directional migration [137]. However, ezrin can also positively regulate 

Rac1, leading to loss of E-cadherin at cell-cell contacts and disruption of adherens junction 

formation in MDCK cells [132].     

 Another mechanism that regulates ezrin activity and function is through proteolytic 

cleavage by calpain. Ezrin was first described as a substrate of calpain in gastric parietal 

cells, where cleavage of ezrin by calpain was shown to regulate acid secretion [139]. 

Interestingly, ezrin interacts specifically with calpain-1 and is the only ERM member 

which is cleaved by calpain [139, 140]. As mentioned previously, calpain is known to 

orchestrate FA turnover during cell migration, and invadopodia turnover during tumour 

cell invasion. Furthermore, its participation in cytoskeletal reorganization is thought to 

occur by cleaving ezrin, which serves to down-regulate its membrane-actin crosslinker 

function and promote membrane extension/cell spreading [140, 141]. The mechanisms 

behind the ezrin-calpain interaction remain unclear (i.e. the calpain cleavage site(s) on 

ezrin), and the significance of ezrin/calpain in the context of cancer has not yet been 

elucidated. 

 

1.10 Ezrin in cancer progression 

There is increasing evidence supporting a pivotal role for ezrin in tumour 

progression and given the numerous signalling pathways in which it participates, it is not 

surprising that this ERM protein is often found over-expressed in several invasive cancers 
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including breast, prostate, ovarian, colorectal and sarcomas, including osteosarcoma. 

Furthermore, over-expression of ezrin is associated with tumour progression and poor 

overall survival in BC patients [142, 143]. The factors driving ezrin over-expression in 

cancer are not fully understood, but new evidence is beginning to shed light on this area. 

To date, no activating mutations or gene amplifications have been identified for ezrin in 

breast cancer, suggesting that its over-expression may be due to altered epigenetic or 

transcriptional regulation, or by some other means. Recent evidence from a prostate cancer 

study suggests that oncogenic Myc can induce transcription of ezrin, which in turn can 

increase Myc protein levels through the PI3K/Akt pathway, creating a positive feedback 

loop between Myc and ezrin [144]. This regulation of ezrin expression is androgen 

dependent and may be important for a specific subset of BCs that respond to androgen-

based signalling (i.e. androgen receptor positive TNBC). Other studies implicate BRCA1 

in controlling ezrin protein levels by binding directly to ezrin and, through its E3 ubiquitin 

ligase activity, targeting ezrin for proteasomal degradation [145]. Therefore, loss of 

BRCA1 function may lead to increased accumulation of ezrin in BC cells, resulting in an 

increased migratory and invasive phenotype [145]. Furthermore, epigenetic data have 

identified ezrin as a direct target of microRNA-183 (miR-183) and recent evidence 

suggests that miR-183 expression is reduced in certain BC subtypes, especially in ER+ and 

HER2+ tumours [146] and may therefore implicate ezrin as an important invasion and 

metastasis promotor in these subtypes.  

Ezrin has been shown to be necessary for metastasis in several preclinical models 

[147, 148] and its expression is increased in metastatic samples compared to primary 

tumours [149, 150]. Interestingly, ezrin is not required for primary tumour growth, 



 

 

 

31 

implicating ezrin specifically as a pro-metastatic molecule. Not only is the expression level 

of ezrin increased in invasive cancers, but its subcellular localization is also altered. In 

normal epithelial cells, localization of ezrin is restricted to the apical surfaces of polarized 

cells, while it is predominately cytoplasmic in tumour tissue (Figure 1.5). This observation 

suggests that ezrin activity is no longer confined to the plasma membrane and that the 

cytoplasmic localization of ezrin may alter how signals are transmitted intracellularly from 

membrane receptors [122] and its interactions with other invasive/metastatic proteins.  
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Figure 1.5 Ezrin in cancer progression 

In normal breast epithelial cells, ezrin functions to maintain apical-basal polarity, adherens junction 

disassembly and actin remodeling in a regulated manner during cell migration. In BC however, 

overexpression of ezrin leads to dysregulation of these functions, as well as increased signalling 

between ezrin and its binding partners including Src and PI3K, leading to tumour cell invasion and 

metastasis. Furthermore, ezrin localization is no longer restricted to the plasma membrane which 

may alter how signals are transmitted through this molecule. Though ezrin activity has been linked 

to cell proliferation, it is not required for tumourigenesis, but plays a significant role in promoting 

metastasis. Modified from [118] with permission from Journal of Cell Science.  
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1.11 Rationale, hypothesis and objectives 

Metastasis is the leading cause of death for BC patients and therefore warrants 

investigation into the molecular determinants which drive metastatic spread. Ezrin is a 

cytoskeleton crosslinker protein that is frequently over-expressed in BC and is highly 

associated with an invasive phenotype. Furthermore, several preclinical studies reveal that 

ezrin is required for metastasis but not tumourigenesis, making this molecule a promising 

candidate as a metastasis-specific biomarker and potential treatment target. However, the 

molecular mechanisms underlying the pro-invasive and metastatic functions of ezrin 

remain unclear. My hypothesis is that ezrin is required for specific steps of tumour cell 

invasion and dissemination and that ezrin is an improved prognostic biomarker in BC.  

The objectives of this work are: 

(i) To elucidate the role of ezrin in focal adhesion and invadopodia dynamics, 

which are key features necessary for tumour cell migration and invasion 

(ii) To identify which steps in the metastatic cascade are regulated by ezrin,  

including tumour growth, local invasion, circulating tumour cells, distant 

organ seeding and colonization 

(iii) To evaluate the prognostic significance of ezrin and its signalling partner 

Src, in BC by testing association of Src/ezrin expression with clinico-

pathological parameters in a tissue microarray (TMA).  
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Chapter 2 

Ezrin regulates focal adhesion and invadopodia dynamics by altering 

calpain activity to promote breast cancer cell invasion 
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2.1 Summary 

Up-regulation of the cytoskeleton linker protein ezrin frequently occurs in 

aggressive cancer types and is closely linked with metastatic progression. However, the 

underlying molecular mechanisms detailing how ezrin is involved in the invasive 

phenotype remain unclear. Here, we report a novel function of ezrin in regulating focal 

adhesion (FA) and invadopodia dynamics, two key processes required for efficient 

invasion to occur. We show that depletion of ezrin expression in invasive breast cancer 

cells impairs both FA and invadopodia turnover. We also demonstrate that ezrin-depleted 

cells display reduced calpain-mediated cleavage of the FA and invadopodia-associated 

proteins talin, focal adhesion kinase (FAK) and cortactin, and reduced calpain-1-specific 

membrane localization, suggesting a requirement for ezrin in maintaining proper 

localization and activity of calpain-1. Collectively, our results unveil a novel mechanism 

by which ezrin regulates breast cancer cell invasion. 
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2.2 Introduction 

The ability of cancer cells to migrate and invade beyond the boundaries of the 

primary tumor and into the surrounding stromal microenvironment represents a critical step 

in the dissemination process. Two prominent structures involved in cancer cell migration 

and invasion are integrin-based focal adhesions (FAs) and invadopodia, respectively. FAs 

are the main sites of cell-extracellular matrix (ECM) attachment that mediate activation of 

downstream signaling pathways important for cytoskeletal reorganization and the 

generation of traction forces during cell migration [58]. In contrast, invadopodia are 

specialized F-actin-rich membrane protrusions which secrete matrix degrading proteases 

[151].  

Both FAs and invadopodia are highly dynamic, transient structures requiring 

effective assembly and disassembly in order to facilitate migration and invasion [67, 152] 

and have been implicated in cancer metastasis [153, 154]. Structurally, FAs and 

invadopodia are quite distinct, yet they share many of the same constituent adhesion 

molecules as well as mechanisms regulating their dynamics [152, 155-158], thus 

suggesting an important interplay between these two multi-protein complexes. In 

particular, the cysteine protease calpain has been studied extensively in this context and 

has been shown to be a key promoter of both FA and invadopodia turnover through 

cleavage of specific substrates [63, 67, 74, 75].  

The membrane cytoskeleton crosslinker protein ezrin is the only ERM family 

member known to be cleaved by calpain [139], though little is known about the significance 

of their interaction. Ezrin participates in several actin-based functions, including 

maintenance of epithelial cell polarity [99] and microvilli organization [105] and a growing 
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body of evidence implicates ezrin as an important regulator and promoter of tumor 

progression [148, 159, 160]. However, what remains unclear are the underlying molecular 

mechanisms by which ezrin drives the invasive phenotype. In this study, we investigate the 

function of ezrin in regulating FA and invadopodia dynamics. Our findings highlight novel 

functions of ezrin in regulating cancer cell invasion by promoting FA and invadopodia 

turnover through regulation of calpain activity.  
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2.3 Materials and Methods 

 

2.3.1 Antibodies and reagents 

Rabbit anti-β1 Integrin, goat anti-CAPN1 and rabbit anti-FAK were from Santa 

Cruz Biotechnology. Rabbit anti-ezrin was purchased from Cell Signaling. Rabbit anti-

phospho-Y397 FAK and mouse anti-paxillin were from BD Transduction Labs. Mouse 

anti-cortactin was purchased from Millipore. Mouse anti-γ-tubulin, mouse anti-moesin, 

mouse anti-vinculin, mouse anti-talin and rabbit anti-zyxin and were purchased from 

Sigma Aldrich. Rabbit anti-calpain-2, which recognizes both CAPN2 and CAPNS1, was a 

kind gift from P. Greer (Queen’s University, Kingston, ON). Transwell chambers (8 µm 

pore) were obtained from Corning Inc. Eight-well chamber slides were purchased from 

Labtek. µ-Slide VI, 35 mm µ-Dish and 8 well µ-Slides were from Ibidi. Alexa-Fluor 

reagents and cell trackers were obtained from Molecular Probes. Growth Factor Reduced 

Matrigel and Rat-tail collagen-I were purchased from BD Biosciences. Fibronectin, Gelatin 

and Puromycin were from Sigma Aldrich.  

2.3.2 Cell culture, transfection and constructs 

MDA-MB-231 (MDA231) human breast cancer cells were provided by P. Siegel 

(McGill University, Montreal, QC). MDA231 cells stably expressing an avian Src Y527F 

mutant (referred to as MDASrc) were obtained from A. Mak (Queen’s University, 

Kingston, ON) [73]. MDA231 and MDASrc cells were transduced with either empty vector 

(EV) or ezrin shRNA as described below. HEK293T cells were obtained from American 

Type Culture Collection (Manassas, VA). All cell lines were maintained in DMEM 

supplemented with 10% FBS (Sigma) at 37°C in a humidified atmosphere with 5% CO2. 
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Transient transfections were performed using FugeneHD reagent (Promega) according to 

the manufacturer’s protocol. RFP-zyxin was obtained from Addgene (plasmid 26720). 

GFP-cortactin was provided by A. Craig (Queen’s University, Kingston, ON). The pCB6 

empty vector, WT and T/A ezrin constructs were a kind gift from M. Arpin (Curie Institute, 

Paris). All cell lines were routinely tested for mycoplasma using Lookout Mycoplasma 

PCR Detection Kit (Sigma Aldrich). 

2.3.3 Ezrin and calpain knockdown 

Human EZR and capns1 specific shRNA and empty vector (EV) control pLKO.1 

lentiviral vectors were purchased from Open Biosystems. Viral particles were prepared by 

transfecting HEK293T cells with psPAX2 packaging, pMD2.G envelope and pLKO.1 EV 

or ezrin shRNA vectors using Lipofectamine2000 transfection reagent, as per the 

manufacturer’s protocol. Virus-containing supernatant was collected and passed through 

0.45µm syringe filters prior to addition to target cells. Stably transfected cells were selected 

in 4µg/ml puromycin. Knockdown of ezrin protein was confirmed by immunoblot.  

2.3.4 Immunoblotting 

Whole cell lysates were prepared as follows. Cells were rinsed twice in ice cold 

PBS and lysed in 2xLaemmli buffer. Total protein concentrations were determined using 

the DC Protein Assay (Biorad). 10-30µg of protein were separated by SDS-polyacrylamide 

gel electrophoresis and transferred to 0.45 µm PVDF membranes (Millipore). Membranes 

were blocked in 5% non-fat dry milk in 1X TBS, 0.1% Tween-20 and then probed with the 

indicated antibodies. Primary antibodies were detected with horseradish peroxidase-bound 

secondary antibodies and Pierce ECL Plus Western Blotting Substrate (Pierce). 
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Densitometry was performed using ImageJ software (National Institutes of Health, 

Bethesda, MD).  

2.3.5 Calpain substrate cleavage analysis 

Quantitative assessment of the levels of calpain-mediated cleavage of talin, FAK 

and cortactin was performed by calculating the ratio of the cleavage product to the full 

length protein based on densitometry readings from the same gel. Different 

autoradiographic exposures were used for optimal detection of the full length and cleaved 

proteins. The molecular weights of the major calpain-specific cleavage products for talin, 

FAK and cortactin were used for the above analyses (~200kDa, ~35kDa and ~55kDa 

respectively) and have been previously described [63, 161, 162].  

2.3.6 Immunofluorescence 

Cells (1.7x104) were seeded onto collagen-I coated Ibidi µ-Slides (VI), fixed in 2% 

paraformaldehyde, permeabilized with 0.2% TritonX-100 (Fisher Scientific) and blocked 

in 3% BSA. Cells were then stained with the indicated primary antibodies and appropriate 

AlexaFluor 488 or 633 secondary antibodies. For focal adhesion proteins, cells were 

visualized by total internal reflection fluorescence microscopy (TIRF) using a 63x 1.42na 

oil objective on an inverted Olympus BX-80 confocal microscope equipped with a multi-

color TIRF module and a Hamamatsu EM-CCD digital camera (Spectral Applied 

Research, Richmond Hill, ON). Images were collected through 525/50 or 545/40 emission 

filters. All other markers were visualized using a 63x oil objective on an inverted Quorum 

WaveFX-X1 Spinning Disk confocal microscope system (Quorum Technologies, Inc., 

Guelph, ON). 16-bit images were aligned and quantified using Metamorph software. 
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2.3.7 Real-time fluorescence microscopy and quantification of FA and invadopodia 

dynamics 

Fluorescence imaging of RFP-zyxin and GFP-cortactin dynamics was performed 

to detect FA and invadopodia, respectively, using a 40x objective on an inverted Quorum 

WaveFX-X1 Spinning Disk confocal microscope (Quorum Technologies, Inc.), in a closed 

system at 37°C and 5% CO2.  35 mm µ-Dishes (Ibidi) were coated with 10µg/ml collagen-

I for 1 h at 37°C. Cells (3.5x104) were plated in DMEM/F12 containing 10% FBS and 

20mM Hepes, and were allowed to adhere for 3 h. Images were captured every 1 min for a 

minimum of 3 h. Measurements of fluorescent-labelled FA and invadopodia spots, and 

calculations of assembly and disassembly rate constants were performed as described 

previously [152, 163]. At least 40-60 FAs or invadopodia spots were analyzed per 

experiment. 

2.3.8 Real-time cell migration assays 

Cells (1.5x104) were seeded sparsely onto collagen I-coated 8 well µ-slides (Ibidi) 

in DMEM/F12 containing 10% FBS and 20mM Hepes, and were incubated at 37°C for 3 

h. Cells were then imaged every 10 min for 18 h using a 10x objective on an inverted 

Quorum WaveFX-X1 Spinning Disk confocal microscope with bright field illumination 

(Quorum Technologies, Inc.), in a closed system at 37°C and 5% CO2. Individual cells 

were tracked using Metamorph software in order to generate velocity and directional 

persistence measurements. Cell tracks were graphed using GraphPad Prism 5.0 software. 

A minimum of 50 cells were analyzed per experiment. Persistence was calculated as the 

displacement from the initial to the final position (D), divided by the total distance travelled 

(T) by cells.  
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2.3.9 Immunoprecipitation 

Cells were grown to 85% confluence and were lysed in a buffer containing 20mM 

Tris (pH 7.5), 150mM NaCl, 1mM EDTA, 1 % (w/v) NP-40 and 1x Halt protease/ 

phosphatase inhibitor cocktail (Pierce). Lysates were incubated overnight with 

Gammabind G sepharose beads plus antibody (GE Healthcare). Immunoprecipitates were 

subsequently analyzed by immunoblot as described above. 

2.3.10 Extracellular matrix degradation and gelatin zymogram assays 

Cells (1x104) were plated onto gelatin-coated coverslips containing a layer of FITC-

conjugated fibronectin, prepared as previously described [164]. Cells were incubated for 

72 h for consistency of ECM degradation [165] and were subsequently fixed in 2% 

paraformaldehyde and stained for F-actin using AlexaFluor Phalloidin 594. Images were 

acquired using Spinning Disk confocal microscopy. In this assay, proteolysis of the FITC-

fibronectin results in the appearance of non-fluorescent areas. Due to the strong migratory 

phenotype of MDASrc cells, extensive areas of ECM degradation not associated with actin-

rich structures were visible (Figure 2.6B). Therefore the total area of degradation spots 

from at least 10 fields per experiment were quantified using Image Pro Plus 6.0 software 

(Media Cybernetics). MMP activity was assessed using gelatin zymography, as described 

previously [166]. Briefly, conditioned media from MDASrc and MDASrc shEZR cells was 

collected for 48 h and were resolved in non-reducing gels containing 0.2% (w/v) gelatin. 

Areas of gelatin degradation bands were visualized using 0.4% Coomassie Blue staining.   

2.3.11 Cell adhesion assays 

Cells (5x104) were seeded in quadruplicate onto 5 µg/ml collagen-I or 3% BSA-

coated wells (as a negative control) in a 96-well plate and were allowed to adhere for 30 
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min at 37 °C. Wells were then washed several times with PBS to remove any unbound 

cells. Cell were then fixed and stained using a 0.4% solution of Toluidine Blue O in 4% 

paraformaldehyde/PBS for 15 min at room temperature. Adhesion was measured 

colorimetrically at 570 nm.  

2.3.12 Invasion assays 

Transwell inserts (8-µm pore, Costar) were coated with 100 µl of 20% Matrigel 

(diluted in serum-free DMEM) and were incubated at 37°C for 1hr to allow the Matrigel 

to gel. Cells were trypsinized and resuspended in serum-free DMEM. 100 µl containing 

5x104 cells were seeded into the upper chamber and 500 µl of DMEM + 10% FBS were 

added to the lower chamber as a chemoattractant. Cells were allowed to invade for 18 h, 

were fixed in 2% paraformaldehyde and stained using DAPI. The number of invaded cells 

was quantified using ImagePro Plus 6.0 software. 

2.3.13 Quantitative real time PCR (qRT-PCR) 

Total RNA was purified from MDA231-EV and shEZR-1 cells using Trizol 

Reagent according to the manufacturer’s instructions (Life technologies, Burlington, 

ON). cDNA was synthesized from 1 μg total RNA using the iScript Select cDNA Synthesis 

Kit with random primers (Bio-Rad, Mississauga, ON). Samples were incubated at 16oC for 

30 min, followed by 42oC for 30 min and 85oC for 5 min.  The levels of capn1 and capn2 

were detected using the iQ SYBR Green Supermix Kit on the iQ5 Multi-Color Real-Time 

PCR Detection System (Bio-Rad, Mississauga, ON). Primer sequences were: CAPN1 

forward 5’-AACAAGGAGGGCGACTTCGT-3’, CAPN1 reverse 5’-CTTCCGGAAGA 

TGGACAGGT-3’; CAPN2 forward 5’-AGGCATACGCC AAGATCAAC-3’, CAPN2 

reverse 5’-GGATGCGGATCAGTTTCTGT-3’; GAPDH forward 5’-GAGTCAACGGA 
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TTTGGTCGTAT-3’, GAPDH reverse 5’AGTCTTCTGG GTGGCAGTGAT-3’. 

Conditions of the thermal cycling were: initial denaturation for 3 min at 95oC, followed by 

50 cycles of denaturation for 15 sec at 95oC and annealing/extension for 45 sec at 55oC. 

Differences in the expression levels of genes were determined by calculating the fold-

change in expression (2-ddCT). Values are expressed relative to control MDA231-EV. All 

primer sequences were used in previous publications [167, 168].  

2.3.14 Statistical analysis 

All statistical analyses were performed using GraphPad Prism Software Version 

5.0.  All error bars represent standard deviation (SD) from the mean. P-values were 

calculated by unpaired or one sample t-test, one-way or two-way analysis of variance 

(ANOVA). Specific conditions and p values for each test are described in the figure 

legends. A p value of less than 0.05 was considered statistically significant. 
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2.4 Results 

2.4.1 Ezrin regulates focal adhesion turnover and cell adhesion 

Previous studies have demonstrated a critical role for ezrin in maintaining epithelial 

integrity as well as for cell spreading and migration in cancer cells [99, 133, 137]. However, 

the role of ezrin in FA dynamics and ECM attachment, which are tightly regulated in 

migrating cells, has not been characterized. To this end, we generated ezrin-deficient 

MDA-MB-231 (MDA231) breast cancer cells using two independent shRNA constructs 

that depleted endogenous ezrin by at least 75% (Figure 2.1A). Surprisingly, the number 

and size of FAs, as judged by staining for three different FA proteins, paxillin, vinculin 

and FAK, were significantly increased in ezrin-depleted cells compared to control (empty 

vector transduced, MDA231-EV) (Figures 2.1B and Appendix A). Furthermore, the 

number and size of FAs per cell remained consistent among all proteins assessed within 

the same cell line. We also detected an increase in FAs containing zyxin (Figures 2.2 and 

Appendix A), which is a marker for stable, mature adhesions [59, 62]. To determine 

whether ezrin regulates FA turnover, we used time-lapse fluorescence microscopy to 

visualize the dynamics of RFP-zyxin in control and ezrin-deficient MDA231 cells (Figure 

2.3). Ezrin-deficient cells showed a ~50% reduction in disassembly rate with no significant 

change in the rate of assembly of FAs (Figure 2.3B, C). Furthermore, the duration of FAs 

was significantly increased in ezrin-deficient cells (mean >75 min) when compared to 

control cells (mean ~40 min; Figure 2.3D) and resulted in an increase in the percentage of 

longer-lived versus short-lived FAs found at any given time within ezrin-depleted cells 

(Figure 2.3E). Since ezrin depletion altered FA disassembly rates, we predicted that 

changes in cellular adhesion and potentially integrin engagement would ensue. 
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Figure 2.1 Depletion of ezrin increases the number and size of FAs 

(A) Cell lysates from control MDA231-EV and ezrin-depleted (shEZR-1) cells were subjected to 

immunoblot analysis and probed for anti-ezrin, anti-moesin or anti-γ-tubulin antibodies. The 

percent reduction in endogenous ezrin protein expression by each shRNA construct was determined 

by densitometry. (B) MDA231 and ezrin-depleted cells were stained with anti-paxillin, anti-

vinculin or anti-FAK antibodies and imaged by TIRF microscopy. Boxed areas depict regions of 

FAs that are magnified in insets. (C, D) Quantification of the number and size of FAs is shown. **, 

p<0.01, by unpaired t test; ***, p <0.0001 by one-way ANOVA (A) or unpaired t test (C, D). Scale 

bars, 15 µm. 
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Figure 2.2 Depletion of ezrin increases FA stability 

(A) MDA231-EV and ezrin-depleted cells were stained with anti-paxillin or anti-zyxin antibodies 

and imaged by TIRF microscopy. Boxed areas depict regions of FAs that are magnified in insets. 

(B) The percentage of zyxin-containing FAs was quantified by dividing the number of FAs where 

both zyxin and paxillin co-localized, by the total number of paxillin-containing FAs. Data shown 

represent means + SD of 3 independent experiments.  **, p < 0.01 by unpaired t test.  
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Figure 2.3 Depletion of ezrin impairs FA turnover 

(A) RFP-zyxin was transiently transfected into MDA231-EV and ezrin-depleted (shEZR-1) cells 

and analyzed by time-lapse fluorescence microscopy for a minimum of 3 h. Images are 

representative of the dynamics of the FA marker RFP-zyxin over a period of 40 min. Red arrows 

indicate FAs. Scale bar, 5 µm. Rate constants for assembly (B) and disassembly (C) were calculated 

as described in Materials and Methods. (D) The mean duration of FAs for each cell type was 

calculated. (E) The percentage of short-lived and longer-lived FAs were quantified, with short-

lived adhesions defined as those that formed and disassembled within 40 min; any FAs with a 

duration >40 min were counted as longer-lived. Data shown represent means + SD of three 

independent experiments. *, p <0.02 (D, E); ** p <0.007 by unpaired t test (C); ns, not significant. 

 



 

 

 

50 

Indeed, we observed increases in total FAK levels as well as phosphorylation of Y397FAK, 

which is known to occur upon integrin engagement and clustering (Figure 2.4A). In 

agreement with these results, we detected increased cell attachment to collagen-I, as well 

as increased β1 integrin total protein (Figure 2.4B, C). No significant change in the 

expression of paxillin or vinculin was detected; however, both FAK and zyxin protein 

levels were elevated by approximately 35 and 20%, respectively (Figure 2.4C). 

Collectively, these findings indicate that ezrin promotes the disassembly and turnover of 

FAs in breast cancer cells.    

 

2.4.2 Ezrin regulates Src-induced invadopodia dynamics but does not alter MMP 

activity 

To determine whether ezrin affects invadopodia turnover, we used time-lapse 

fluorescence microscopy to visualize the invadopodia marker GFP-cortactin in MDA231 

cells expressing constitutively active Src Y527F plus empty vector (MDASrc-EV cells; 

Figure 2.5A) and in ezrin-deficient MDASrc cells, which show ~90% reduction in ezrin 

protein (Appendix B). We chose this approach since MDA231 cells readily form FAs, 

whereas exogenous expression of constitutively active Src strongly induces the formation 

of numerous cortactin-rich invadopodia compared to parental cells [73, 169]. Similar to 

our FA dynamic studies, we observed that the rate of invadopodia disassembly was 

diminished by ~4-fold in ezrin-deficient compared to control MDASrc-EV cells, while the 

assembly rate did not change (Figure 2.5B, C). 
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Figure 2.4 Depletion of ezrin increases cell adhesion 

(A) MDA231-EV and ezrin-depleted (shEZR-1) cell lysates were analyzed by immunoblot using 

phospho-specific anti-tyrosine 397FAK (pY397FAK) or anti-FAK antibodies. Densitometry was 

performed to assess relative changes in pY397FAK to total FAK protein. (B) MDA231-EV and 

ezrin-depleted cells were plated on collagen-I -coated 96 well plates and allowed to adhere for 30 

min prior to fixation and staining. Quantification of data is shown relative to MDA231 cells on 

collagen-I. (C) Cell lysates from MDA231-EV and ezrin depleted cell were analyzed by 

immunoblot using anti-β1 Integrin, anti-paxillin, anti-vinculin, anti-zyxin and anti-γ-tubulin 

antibodies. Quantification of immunoblots was performed using densitometry. Expression levels 

were calculated relative to the levels in control MDA231-EV cells. Data shown represent means + 

SD of three independent experiments. *, p < 0.05; ** p <0.01; ***, p < 0.001 by one sample t test; 

ns, not significant. 
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Figure 2.5 Depletion of ezrin impairs Src-induced invadopodia turnover 

(A) GFP-cortactin was transiently transfected into MDASrc-EV and ezrin-depleted MDASrc 

(MDASrc shEZR) cells and analyzed by time-lapse fluorescence microscopy for a minimum of 3 

h. Images are representative of the dynamics of GFP-cortactin over a period of 10 min. XZ images 

(top panels) demonstrate that the invadopodia formed protrude downward into the matrix. Rate 

constants for the assembly (B) and disassembly (C) of invadopodia were calculated as described in 

Materials and Methods. The mean duration of invadopodia (D) and the number of invadopodia per 

cell (E) were analyzed. (F) The percentage of short-lived and longer-lived invadopodia was 

assessed; invadopodia that formed and disassembled within 10 min were counted as short-lived and 

those that persisted for more than 10 min were considered longer-lived. Data shown represent 

means + SD of three independent experiments. **, p <0.01; ***, p < 0.001 by unpaired t test; ns, 

not significant.  
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We also observed significantly more invadopodia spots in ezrin-deficient MDASrc cells 

which had longer durations (mean >30 min; Figure 2.5D, E) and consequently a greater 

percentage of longer-lived versus shorter-lived invadopodia, compared to control MDASrc 

cells (Figure 2.5F).  

 To assess whether there was any change in proteolytic activity in ezrin-depleted 

MDASrc cells, we performed gelatin zymography and ECM-degradation assays. We did 

not detect any significant change in MMP-2 or MMP-9 activity between MDASrc-EV and 

ezrin-depleted cells (Figure 2.6A). However, we observed that ezrin depletion resulted in 

markedly larger non-fluorescent areas representing ECM degradation when cells were 

seeded onto a fluorescently labelled fibronectin-gelatin substratum (Figure 2.6B) which is 

likely attributable to the defect in disassembly kinetics and prolonged duration of 

invadopodia structures. Furthermore, despite the presence of an increased number of 

invadopodia in ezrin-depleted cells, we observed a significant reduction of invasion 

through Matrigel (Figure 2.6C). Taken together, our results suggest a novel role for ezrin 

in invasion by promoting invadopodia turnover. 
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Figure 2.6 Depletion of ezrin does not alter proteolytic activity but inhibits 3D invasion 

(A) Conditioned media from MDASrc-EV and ezrin-depleted MDASrc cells was collected and 

analyzed by gelatin zymography for MMP-2 and MMP-9 activity. (B) Cells were plated onto FITC-

fibronectin gelatin coverslips for 72 h, fixed and stained with F-actin (red). For each cell type, the 

total area of matrix digestion (dark spots) was calculated using ImagePro Plus 6.0 software. (C) 

Cells (5x104) were seeded onto transwell inserts coated with 100 µl of 20% Matrigel and were 

allowed to invade for 18 h. Invaded cells were stained with DAPI and quantified using Image 

ProPlus 6.0 software. Data shown represent means + SD of three independent experiments. *, p < 

0.05; ***, p < 0.001 by unpaired t test (B) or by one sample t test (C).  
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2.4.3 Ezrin is required for directional migration and front-rear cell polarization 

Since depletion of ezrin hinders FA and invadopodia turnover, we predicted that it 

might also perturb directional cell migration. Previous reports have linked tail retraction - 

known to involve dynamic adhesions – and front-rear cell polarization to cell directionality 

[170, 171]. We therefore performed time-lapse microscopy to monitor random migration 

in sparse cells, and directional migration in wounded (induced) cells in a confluent 

monolayer as shown in Figure 4 A. In both cases, cell tracks from ezrin-deficient cells were 

more convoluted compared to control cells, which exhibited relatively straighter paths 

(Figure 2.7A). This is also reflected in the reduced velocity and persistence values of ezrin-

deficient cells (Figure 2.7B), supporting a loss in directionality. Similar results were 

obtained with MDASrc-EV and MDASrc ezrin-depleted cells (Appendix C). 

We next examined the morphology of MDA231-EV and ezrin-depleted cells to 

determine if ezrin depletion affects the front-rear axis of polarization. MDA231-EV cells 

exhibited organized stress fibers aligned in a front-rear fashion, consistent with a polarized 

morphology, whereas ezrin-deficient cells were significantly less polarized, much flatter 

and displayed stress fibers with little/no front-rear organization (Figure 2.8A). We 

quantified these changes in cellular morphology using cell area as a measure of flatness, 

and the presence or absence of aligned stress fibers to distinguish polarized versus non-

polarized cells (Figure 2.8B, C). As an independent assessment of front-rear polarization, 

we calculated the axial ratio (length/width) of cells [172]. MDA231-EV cells consistently 

had an elliptical factor of at least 1.5 (indicative of an elongated and polarized 

morphology),  
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Figure 2.7 Depletion of ezrin perturbs cell directionality 

MDA231-EV and ezrin depleted (shEZR-1) cells were plated either sparsely (A, upper panels), or 

as a confluent monolayer and then wounded (A, lower panels), in order to assess random or induced 

cell migration, respectively. Cells were analyzed by time-lapse bright field microscopy for 18 h. 

Cell tracks were generated using Metamorph Software and plotted using Graphpad Prism software. 

(B) Cell velocities were calculated using Metamorph software. (C) Directional persistence (D/T) 

was calculated as the ratio of displacement (D) over total distance travelled (T) by cells. *, p < 0.05; 

**, p < 0.01; ***, p<0.0001 by two-way ANOVA.  
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Figure 2.8 Depletion of ezrin results in loss of front-rear cell polarization 

(A) MDA231-EV and ezrin-depleted cells were stained for F-actin using Alexa-488 phalloidin. XZ 

planes (lower panels) show the relative flatness of the cells. (B) Cell areas were calculated by 

tracing individual cell outlines using Metamorph software. (C) The percentage of polarized and 

non-polarized cells was calculated. Polarized cells were defined as those cells that displayed stress 

fibres aligned along the front-rear axis. (D) The axial ratio, defined by the ratio of the long axis to 

the short axis of the cell, was calculated using F-actin stained confocal images of cells. Data shown 

represent means + SD of three independent experiments. *, p < 0.05 (B, G); **, p < 0.01 (C, E); 

***, p < 0.001 (F) by unpaired t test. Scale bar, 20 µm. 
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whereas ezrin-depleted cells had a mean elliptical factor of 1 (Figure 2.8D), thus 

suggesting a loss of front-rear polarized morphology. 

 

2.4.4 Ezrin regulates calpain activity and expression 

Multiple lines of evidence suggest that both FA and invadopodia turnover are 

regulated by similar pathways. Indeed, the protease calpain has been causally linked to 

promoting FA and invadopodia/podosome disassembly through cleavage of its substrates, 

including talin [67], FAK [63] and cortactin [75]. Ezrin is also a substrate specifically of 

calpain-1 [140, 173], whereas other ERMs such as moesin, are insensitive to proteolytic 

cleavage by calpain [174]. However, it is not known whether ezrin is involved in regulating 

calpain-mediated FA and invadopodia turnover. To this end, we assessed relative changes 

in the levels of talin and FAK cleavage by immunoblot analysis in MDA231-EV cells and 

cortactin cleavage in MDASrc-EV cells, as indicators of calpain-mediated FA and 

invadopodia turnover, respectively. To validate the specificity of the calpain cleavage 

products, we depleted calpain-1 and calpain-2 activity in MDA231 cells by targeting the 

obligate regulatory subunit (CAPNS1) using lentiviral shRNA. We observed significant 

reductions in calpain-mediated cleavage of all the above molecules in ezrin-depleted 

MDA231 and MDASrc cells (Figure 2.9), suggesting that ezrin may regulate FA and 

invadopodia dynamics through calpain. Since cleavage of talin by calpain is also important 

for mediating turnover in invadopodia [74], we assessed talin cleavage in MDASrc-EV and 

ezrin-depleted MDASrc cells. As expected, the calpain-generated cleavage product of talin 

was markedly reduced in MDASrc cells depleted of ezrin (Figure 2.9).  



 

 

 

59 

 

Figure 2.9 Depletion of ezrin reduces calpain-mediated cleavage of talin, FAK and cortactin 

Lysates from MDA231-EV and shEZR-1 (A, B), or MDASrc-EV and MDASrc shEZR-1 (C, D) 

cells, were analyzed by immunoblot using anti-talin, anti-FAK, anti-cortactin or anti-γ-tubulin 

antibodies. MDA231 CAPNS1-depleted (shCAPNS1) cell lysates were used to verify the calpain-

specific cleavage products for talin, FAK and cortactin. Quantification of immunoblots (IB) was 

done using densitometry and the results expressed as the fold-change in cleavage product to full 

length (FL) protein, relative to the control MDA231-EV or MDASrc-EV as described in Materials 

and Methods. Black lines represent merged lanes (vertical) or sections (horizontal) from a different 

area on the same gel, except for shCAPNS1 talin which was from a separate gel. Data shown 

represent means + SD of at least three independent experiments. **, p < 0.01; ***, p < 0.001 by 

one-way ANOVA one sample t test. 
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Together, these results indicate that ezrin depletion reduces cleavage of specific calpain 

substrates involved in FA and invadopodia disassembly. We next examined the interaction 

between ezrin and calpain. Co-immunoprecipitation studies demonstrated that ezrin 

interacts with CAPN1, the catalytic subunit of calpain-1, but not CAPN2, the catalytic 

subunit of calpain-2 (Figure 2.10A), consistent with previous reports in the literature 

indicating an ezrin-calpain-1 specific interaction [139]. Furthermore, double 

immunofluorescence staining for CAPN1 and ezrin show significant co-localization of 

these proteins at the cell membrane (Figure 2.10B). Since localization of calpain to the 

cell periphery is important for its activity [175, 176], and active ezrin is found at the plasma 

membrane, we postulated that ezrin depletion may affect calpain membrane localization. 

We therefore performed immunofluorescence staining for CAPN1 in ezrin-depleted and 

control MDA231-EV cells. We detected reduced localization of CAPN1 at the membrane, 

particularly at lamellipodia structures, as well as in the cytoplasm in ezrin-depleted cells 

compared to control MDA231 cells (Figure 2.10C).   

Based on these results, we hypothesized that disrupting ezrin function at the plasma 

membrane would alter calpain activity. To test this notion, we monitored talin cleavage in 

MDA231-EV and MDASrc-EV cells transiently over-expressing vector control (pCB6), 

wild type (WT) ezrin, or a point mutant of ezrin (threonine to alanine 567 substitution; 

T/A) that is not phosphorylatable and therefore not fully open or active but is still able to 

localize to the membrane [177]. Interestingly, we observed a strong induction of talin 

cleavage with WT-ezrin compared to pCB6 control; however, the T/A ezrin mutant did not 

induce talin cleavage in MDA231-EV or MDASrc-EV cells (Figure 2.10D and Appendix 

D)   
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Figure 2.10 Ezrin is required for membrane localization of calpain-1 

(A) MDA231-EV cell lysates were immunoprecipitated (IP) using anti-rabbit IgG or anti-ezrin 

antibodies and then immunoblotted (IB) using anti-ezrin, anti-CAPN1 or anti-CAPN2 antibodies. 

(B) MDA231-EV cells were stained by immunofluorescence using anti-ezrin and anti-CAPN1 

antibodies. (C) MDA231-EV and ezrin-depleted cells were stained by immunofluorescence using 

anti-CAPN1 antibody. (D) MDA231-EV cells were transiently transfected with either empty vector 

control (pCB6), wild-type ezrin (WT EZR) or a mutant form of ezrin with alanine substituted for 

threonine at residue 567 (T/A). Both WT EZR and T/A were tagged at the N-terminus with VSV-

G. Cell lysates were prepared and analyzed by immunoblot using anti-ezrin, anti-talin, anti-VSV-

G or anti-γ-tubulin antibodies. Densitometry was performed to assess the fold-change in talin 

cleavage to full length protein, as well as the amount of exogenous ezrin present in WT and T/A 

transfected cells, relative to pCB6. Data represent means + SD of 3 independent experiments. **, 

p < 0.01; ***, p < 0.001 by one-way ANOVA with Tukey’s Multiple Comparison Test. Scale bars, 

20 µm; ns, not significant. 

 



 

 

 

62 

but had talin cleavage levels comparable to pCB6 control. These results suggest that the 

open and active ezrin conformation is important for regulating calpain activity toward talin. 

We also looked at total endogenous levels of both CAPN1 and CAPN2 to see if there was 

any change in protein expression when ezrin is depleted. Our results revealed that CAPN1, 

but not CAPN2 expression was reduced by at least 50% in ezrin-deficient cells (Figure 

2.11). Interestingly, when we looked at mRNA levels by qRT-PCR there was no significant 

change in either capn1 or capn2 mRNA (Figure 2.11), suggesting that the effects of ezrin 

depletion on calpain protein expression are largely at the post-translational level. Taken 

together, these data suggest that ezrin regulates both the expression of calpain-1 and its 

proteolytic activity toward specific membrane-associated protein substrates involved in FA 

and invadopodia turnover. 

 

2.5 Discussion 

Important features of invasive cancer cells are directional migration and the ability 

to adhere to and degrade ECM proteins through the formation of FAs and invadopodia. 

While ezrin is known to promote migration and invasion, no studies have yet linked ezrin 

function to FA or invadopodia dynamics. The data reported here, to our knowledge, are the 

first to show that ezrin is required for proper disassembly and turnover of FA and 

invadopodia structures. Two cell types were utilized to examine these effects: parental 

MDA231 cells for FA dynamics and MDASrc cells for invadopodia, as the latter cell type 

preferentially form invadopodia over FAs due to the active Src mutant. While MDA231 

cells are capable of forming invadopodia (i.e. through stimulation with EGF; [73]), the Src-

induced invadopodia model, though an artificial system, still yields valuable information   
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Figure 2.11 Depletion of ezrin reduces calpain-1, but not calpain-2, protein expression 

(A) Immunoblot analysis of MDA231-EV and ezrin-depleted (shEZR-1) cell lysates using anti-

CAPN1, anti-CAPN2 or anti-γ-tubulin antibodies. The CAPNS2 antibody also detects CAPNS1. 

(B) Densitometry was performed to quantify changes in CAPN1 and CAPN2 protein expression 

relative to MDA231-EV cells. Quantitative real-time PCR was performed to analyze capn1 and 

capn2 mRNA levels from MDA231-EV and ezrin-depleted cells. Data shown represent means + 

SD of three independent experiments. **, p < 0.002 by one sample t test; ns, not significant. 
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as it allows one to interrogate the role of ezrin in invadopodia function downstream of Src. 

A study by Cortesio et al. utilizing a similar Src-induced invadopodia model with MTLn3 

cells shows that calpain depletion inhibits invadopodia turnover downstream of Src, similar 

to the results presented herein. However, when upstream of Src, calpain regulates 

invadopodia formation, thus emphasizing the dual, context-specific roles of calpain in 

regulating invadopodia function.  

Recent evidence suggests that another ERM protein moesin can also affect 

invadopodia function, but in a manner that differs from ezrin. Beaty et al. demonstrate that 

unlike ezrin, moesin localizes to invadopodia in MDA231 cells and is important for 

promoting maturation of invadopodia to proteolytically active structures by recruiting the 

sodium ion exchanger NHE-1 to invadopodia precursors [71]. This function is specific to 

moesin, as Beaty et al. show that depletion of ezrin does not affect the number of mature 

invadopodia [71], even though ezrin can also interact with NHE-1 [178]. These data also 

indicate that ezrin may not be required for invadopodia formation as ezrin-depletion did 

not affect invadopodia numbers in this study. Furthermore, our results suggest that 

endogenous moesin levels are not sufficient to maintain proper invadopodia disassembly 

in the absence of ezrin. Thus, despite the high homology between ezrin and moesin, our 

findings and those of Beaty et al. highlight distinct and complementary roles of these two 

ERM protein in invadopodia function.  

Phosphorylation of FAK at Y397 induced by cell-ECM adhesion is known to 

trigger downstream signaling events that lead to adhesion disassembly [179, 180]. 

However, our data suggest potential defects in these signaling events, as increased 

phosphorylation of FAK following ezrin depletion is associated with impaired FA 
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turnover. Despite observing an increase in the number of invadopodia, the invasive 

capacity of ezrin depleted cells was still significantly impaired. This result is consistent 

with the notion that the ability of cancer cells to form invadopodia alone is not sufficient 

for invasion to occur, and that perturbed FA dynamics and increased cellular adhesion can 

also impact invasion by impeding cellular migration [152]. 

Regulation of adhesion dynamics is also important in cell directionality. Multiple 

studies have linked defects in adhesion turnover to a loss of directional migration [170, 

172]. In our study, ezrin depletion markedly increased the tendency of cells to change 

direction, an indication that these cells could not maintain a stable polarized morphology 

with distinct leading and trailing edges. Interestingly, cancer cells that exhibit random 

migration have been linked to tumor progression [181] and this characteristic is postulated 

to be an advantage for cancer cells, as a more exploratory migration phenotype can increase 

the likelihood of engaging blood or lymphatic vessels for intravasation [182].  

RhoGTPases are also important for directional motility [183] as well as adhesion 

dynamics. For instance, Rac activity is associated with lamellipodia and adhesion 

formation at the leading edge of the cell, whereas Rho-dependent actomyosin contractions 

result in FA maturation and subsequent formation of stress fibres that align in the direction 

of migration [62]. Our data suggest that Rho activity may not be affected by ezrin depletion, 

as ezrin-depleted cells form disorganized stress fibers, indicative of a loss of front-rear cell 

polarity, and display larger more elongated adhesions in contrast to shorter adhesions that 

are characteristic of disrupted Rho function [184, 185]. We did not observe any defects in 

FA assembly or lamellipodia formation, implying that Rac activity is also not being 

affected. Since ezrin can preferentially activate cdc42 to promote directional migration 
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[137], we cannot exclude the possibility of an independent defect in cdc42 activity 

contributing to the loss of directional persistence upon ezrin depletion in our study. 

Nevertheless, our results support the notion that ezrin may regulate directional motility at 

least in part by promoting proper adhesion turnover. Additionally, RhoGTPases are also 

important for promoting invadopodia maturation by regulating cofilin activation through 

the Rho-ROCK-LIMK pathway, as well as trafficking of MT1-MMP to invadopodia via 

the IQGAP1-WASH-exocyst complex (reviewed in [69]). As I did not observe any defects 

in invadopodia structure or MMP secretion/inhibition of ECM degradation, it is unlikely 

that ezrin-deficiency affects RhoGTPase activity in this study.  

Given that ezrin depletion alters both FA and invadopodia disassembly, and that 

calpain is a known regulator of FA/invadopodia turnover, we hypothesized that ezrin may 

affect calpain activity. In this study, we show that ezrin-depletion inhibits calpain-mediated 

cleavage of talin, FAK and cortactin. Furthermore, we demonstrate that a threonine-to-

alanine mutation of residue 567 on ezrin hinders calpain cleavage of talin, suggesting that 

the fully open conformation of ezrin is important for calpain function. Further analysis 

revealed interestingly that CAPN1 but not CAPN2 protein levels were reduced upon ezrin 

depletion with no difference in capn1 or capn2 mRNA expression. Thus not only is the 

open and active conformation of ezrin important for CAPN1 activity, but its presence 

within cancer cells is also required to maintain proper CAPN1 protein expression. These 

results are intriguing and highlight a newly identified role of ezrin in regulating translation 

and expression of proteins relevant for metastasis to specific subcellular locations, as was 

shown for invasive pseudopods [186]. As calpain function is important for invasion [75], 

an interesting hypothesis would be that the regulation of CAPN1 levels through protein 
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translation may be one way in which ezrin enhances cancer cell invasion and metastasis. 

The differential regulation of CAPN1 versus CAPN2 by ezrin is also intriguing since both 

isoforms are expressed in MDA231 cells and have similar functions. Calpain-2 is the 

predominant isoform linked to adhesion turnover at the cell rear and is therefore necessary 

for promoting tail retraction [67, 187], whereas calpain-1 activity is primarily associated 

with adhesion assembly and disassembly at the leading edge of polarized cells [188, 189]. 

Many studies have also attributed calpain-2 activity to invadopodia dynamics. For 

example, calpain-2 cleavage of talin at the adhesion sites within these structures is required 

for podosome turnover [74]. In addition, calpain-2-mediated cleavage of the phosphatase 

PTP1B which regulates Src activity, as well as proteolytic cleavage of cortactin, the latter 

being important for promoting invadopodia disassembly downstream of Src [75]. Our 

results suggest that calpain-1 also plays a role in invadopodia dynamics and demonstrate 

that while ezrin has been characteristically known as a substrate of calpain-1 [139], it can 

also function as an upstream regulator of calpain-1 activity and expression (Figure 2.12). 

In support of this notion, a study by Youn et al. has shown ezrin to act upstream of a 

calpain-specific signaling cascade leading to nitric oxide production [190].  

In summary, our findings reveal a novel regulatory role for ezrin in promoting 

proper FA and invadopodia turnover by regulating calpain-1, in part through directing its 

activity toward key components of FAs and invadopodia. Future investigation will 

elucidate the precise regulation of calpain-1 activity by ezrin and whether calpain-1 is 

required for ezrin-mediated metastasis.  
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Figure 2.12 A model for ezrin regulation of calpain-1 and FA/invadopodia turnover 

Plasma membrane localization of ezrin and calpain is important for their function. By facilitating anchorage of calpain-1 to the cell periphery, ezrin 

promotes FA and invadopodia turnover by placing calpain-1 in close proximity to its substrates, talin, FAK and cortactin. Depleting ezrin expression 

(by shRNA), or inhibiting its open conformation (by T/A mutation) interferes with calpain-1-activity and therefore cleavage of the calpain substrates 

necessary for efficient FA/invadopodia disassembly, resulting in impaired cancer cell invasion. 
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Chapter 3 

Dissecting the metastatic cascade: understanding the role of ezrin as a 

metastasis-associated protein
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3.1 Summary 

The ERM crosslinker protein ezrin functions to link the actin cytoskeleton to the 

plasma membrane and mediates the transmission of signals downstream of transmembrane 

receptors. As a result, ezrin has been shown to play a pivotal role in the metastatic 

progression of several cancer types, including breast. However, the precise steps of the 

dissemination process in which this ERM is involved remain unclear. In this study, we 

examine the function of ezrin in the metastatic cascade using spontaneous and experimental 

metastasis xenograft models. We show that ezrin is required principally for late stage 

disease events, including extravasation, organ seeding and colonization, but not primary 

tumour growth or intravasation, as determined by circulating tumour cell levels. These 

findings are consistent with a pro-metastatic function of ezrin. Furthermore, we 

demonstrate an important regulatory role for ezrin in Src-induced lymph node metastasis 

and show that high expression of both Src and ezrin correlates with the presence of 

lymphovascular invasion in human breast cancer. Taken together, our results provide novel 

insight into how ezrin functions as a metastasis-associated protein.  
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3.2 Introduction 

Metastasis is a complex multistep phenomenon that requires the acquisition of an 

invasive phenotype by cancer cells, resulting in intravasation into blood or lymphatic 

vasculature, extravasation, and ultimately colonization at a distant site [191, 192]. The 

cytoskeleton crosslinker protein ezrin is frequently over-expressed in many invasive 

cancers including breast, and is associated with poor prognosis [143, 193]. Several lines of 

evidence reveal ezrin to be a key metastasis-associated protein. Indeed, previous work from 

our lab and others have shown that abrogation of ezrin function by mutational or RNA 

interference approaches leads to inhibition of metastasis, with little effect on tumour 

growth [147, 148]. Gene expression profiling of paired metastatic and non-metastatic 

cancer osteosarcoma cell lines, as well as human pancreatic and colorectal cancers reveals 

a strong increase in ezrin expression in the metastatic cell lines and tissues [149, 150]. 

Furthermore, high ezrin levels were found to predict the development of distant metastasis 

in a mixed cohort of soft tissue sarcomas [194].  

However, exactly how ezrin regulates metastasis remains poorly understood. 

Herein, we sought to determine precise steps along the metastatic cascade in which ezrin 

is involved. We evaluate the role of ezrin in local invasion, transendothelial migration, 

distant organ seeding and colonization and provide novel insight into the mechanisms by 

which ezrin regulates the metastatic phenotype.   
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3.3 Materials and Methods 

 

3.3.1 Cell lines and reagents 

Human lymphatic endothelial cells (hLEC) were purchased from Lonza (Walkersville, 

MD). Human umbilical vein endothelial cells (HUVEC) were kindly provided by P. Greer 

(Queen’s University, Kingston, ON). MDA-MB-231 cells were provided by P. Siegel 

(McGill University, Montreal, QC). MDA-MB-231 cells expressing constitutively active 

Src (MDASrc), were obtained from A. Mak (Queen’s University, Kingston, ON) Anti-α6 

integrin was from Abcam (Toronto, ON). Alexa-546, Alexa-488 fluorescent secondary 

antibodies and Alexa-594 phalloidin were from Molecular Probes (Mississauga, ON). 

Matrigel was purchased from BD Biosciences (Mississauga, ON). 8-well chamber slides 

were from Nunc Labtek (Thermofisher Scientific, Waltham, MA). Cell TrackerTM Green 

CMFDA and Orange CMRA were obtained from Molecular Probes (Mississauga, ON). 

Transwell inserts (8-µm pore) were purchased from Corning Costar (Thewksbury, MA).  

3.3.2 Ezrin knockdown 

Ezrin knockdown using lentiviral shRNA was performed as described in Chapter 2 

Materials and Methods (Section 2.3.3).  

3.3.3 Three-dimensional cell culture  

Cells (5x103) were grown in growth factor reduced Matrigel (BD Biosciences) in 8-well 

chamber slides (Labtek) using the total embedment method as previously described [195]. 

After 9 days, colonies were fixed in 2% paraformaldehyde and stained for anti-α6 integrin, 

F-actin and DAPI as previously described [195]. Images were acquired using a 40x 

objective on an inverted Quorum WaveFX-X1 Spinning Disk confocal microscope. Images 
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were deconvolved using Huygens software (Scientific Volume Imaging, The Netherlands) 

and subsequent 3D reconstructions generated using Metamorph software. 

3.3.4 Transendothelial migration assays 

hLECs or HUVECs (5x104) were seeded on collagen-I-coated transwell inserts (8-µm pore, 

Costar) and allowed to adhere for 18 h. Tumor cells from a subconfluent 100 mm plate 

were loaded with a Green CMFDA cell tracker (Molecular Probes). 2.5x104 cells were 

seeded on top of the endothelial monolayer. Cells were allowed to migrate for 6 h, after 

which transwell membranes were fixed, stained for DAPI and then imaged. The number of 

invaded cells was quantified using ImgePro Plus 6.0 software.  

3.3.5 Transwell invasion assays 

Invasion assays were performed and quantified as described in Chapter 2 Materials 

and Methods (Section 2.3.12). 

3.3.6 In vivo studies 

Mice were housed in the Queen’s Animal Care Facility and procedures were carried out 

according to the guidelines of the Canadian Council on Animal Care, with the approval of 

the institutional animal care committee. For tumour xenograft studies involving GFP-

labelled MDA231 control (MDA231-GFP) or ezrin-depleted cells (shEZR-GFP),  1x106  

cells in 50 µl of a 1:1 mixture of Matrigel:PBS were orthotopically injected into the number 

four left mammary fat pad of Rag2-/-γc-/- mice, as described previously [147]. Primary 

tumours and lungs were excised 25 days post-injection and fixed in 4% 

paraformaldehyde/PBS. Xenografts of MDASrc-EV or MDASrc shEZR cells (7.5x104 in 

50 µl of Matrigel:PBS) were performed as described above with the following 
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modifications: primary tumours were excised by day 21 post-injection and mice were 

monitored for an additional 14 days. Recurrences at the primary tumour site and axillary 

lymph node were then harvested and fixed. Measurements of tumour volume, histological 

processing and assessments, and analysis of local invasion and metastasis were performed 

as described previously [196]. For assessment of GFP-expressing metastatic nodules, lungs 

were excised and analyzed by biophotonics. Images were captured using a Hamamatsu 

ORCA-ER digital camera. For the lung seeding assays, MDA231-EV and shEZR-1 cells 

were pre-loaded with Orange CMRA and Green CMFDA cell trackers (Life Technologies), 

respectively. Cells were mixed in equal proportion and injected into the tail vein of mice 

(1x106 total in 200 µl of PBS), as previously reported [197]. Lungs were harvested 1 h or 

24 h post-injection, fixed in 4% paraformaldehyde/PBS and directly imaged using a 10x 

objective on a Spinning Disk Confocal microscope. At least 10 fields were imaged per 

lung, with a minimum of 150 cells counted per mouse.  

3.3.7 Detection of CTCs  

Twenty-one days after engraftment with GFP-expressing MDA231 or ezrin-deficient cells, 

peripheral blood was collected from mice by cardiac puncture under deep anesthesia with 

isofluorane, using 21-gauge needles pretreated with EDTA. Blood samples were collected 

in a 50 mL conical tube containing 0.1 mL EDTA to prevent coagulation. Red blood cells 

(RBCs) were lysed using ACK lysis buffer (155mM NH4Cl, 10mM KHCO3, 0.1mM 

EDTA, pH 7.3) for up to 10 min at room temperature. Samples were washed with 5ml PBS 

to remove RBC debris, resuspended in 0.5 mL cold PBS with 1% FBS, and then analyzed 

by flow cytometry.  
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3.3.8 Analysis of ezrin and Src expression by automated quantitative analysis in a 

63-patient breast cancer tissue microarray  

Automated Ventana immunohistochemistry (IHC) and immunofluorescence (IF) 

staining of a 63-TMA was performed using the Ventana Discovery XT system (Ventana 

Molecular Discovery Systems, Tucson, AZ). Automated quantitative analysis (AQUA) 

was carried out for ezrin and Src (NEB) expression as previously described [198]. AQUA 

scores for ezrin and Src were obtained as previously described [199]. Cytokeratin and 

DAPI staining were used to create epithelial and nuclear compartment masks. The signal 

intensity of the marker was then quantified within each compartment to generate an AQUA 

score, which represents the sum of the pixel intensities for the marker divided by the area 

of the mask and normalized for exposure time.  For IF staining of TMA sections, α-rabbit 

EnVision+ HRP labeled polymer (Dako, Burlington, ON) and Cy5 Tyramide 

(PerkinElmer, Waltham, MA) were used to amplify target signals. Details of the cohort 

characteristics and inclusion criteria are in Appendix E. 

3.3.9 Statistical analysis 

Statistical analyses were performed using GraphPad Prism Software Version 5.0.  

All error bars represent standard deviation (SD) from the mean, unless otherwise specified. 

P-values were calculated by unpaired t-test, two-way analysis of variance (ANOVA), 

Mann-Whitney U test or Fisher’s Exact test.  Specific conditions and p values for each test 

are described in the figure legends. A p value of less than 0.05 was considered statistically 

significant. 
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3.4 Results 

3.4.1 Ezrin regulates invasive growth in 3D culture 

In order to gain a comprehensive understanding of the function of ezrin as a 

metastasis-associated protein, we sought to identify at which steps along the metastatic 

cascade ezrin in involved. We initially examined the growth of the highly invasive and 

metastatic cell line MDA-MB-231 (MDA231-EV) in 3D culture which better recapitulates 

cancer cell growth compared to 2D cell culture. MDA231-EV cells were embedded and 

grown for a period of 9 days in Matrigel, a mixture of basement membrane proteins 

including collagen IV and various laminins. Under these conditions, MDA231-EV cells 

formed predominantly stellate colonies with numerous protrusions extending into the 

surrounding matrix (Figure 3.1A, B). When ezrin was depleted in MDA231 cells (shEZR-

1) the resulting colonies of cells were round with very few protrusions, indicating a loss of 

invasive growth. Interestingly, ezrin depletion did not affect the number of colonies 

formed, nor the number of nuclei per colony, compared to control (Figure 3.1C, D), 

suggesting that ezrin is not required for colony formation or proliferation. To assess the 

architectural organization, colonies were stained for α6 integrin, a known basolateral 

marker, and F-actin by immunofluorescence. MDA231-EV colonies exhibited diffuse 

cytoplasmic localization of α6 integrin and actin-rich invasive extensions. In contrast, 

ezrin-depleted colonies displayed marked staining of α6 integrin as well as actin structures 

at cell-cell junctions particularly at the basal (outer) cellular layer (Figure 3.2), suggesting 

a more polarized morphology compared to control MDA231 colonies.  
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Figure 3.1 Depletion of ezrin inhibits 3D invasive growth 

(A) MDA231-EV and ezrin-depleted (shEZR-1) cells were embedded in Matrigel and grown for 

up to 9 days. (B) Colony morphology was categorized as either stellate or round as previously 

reported [200] and quantified. Arrow points to invasive growths and magnified in inset. (C) The 

number of colonies formed per field of view at 4x magnification for MDA231-EV and shEZR-1 

cells was quantified. (D) The number of nuclei per colony was quantified based on DAPI staining. 

A minimum of 5 colonies per experiment were included in the analysis. **, p <0.001 by two-way 

ANOVA with Bonferroni’s post test; ns, not significant by unpaired t test. Image magnification, 

100x. Data shown represent means + SD of three independent experiments. 
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Figure 3.2 Ezrin depletion partially restores apical-basal polarity of 3D colonies 

Colonies were grown in Matrigel for 9 days, fixed and stained for anti-α6 integrin, F-actin and 

DAPI as described in Materials and Methods. Representative deconvolved images are shown and 

are taken from the middle of the colony for each cell line. White arrow points to α6 integrin 

localization at the outer/basal region of the colony; yellow arrow points to region of actin staining 

at cell-cell junctions. Scale Bar, 15µm.  
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Staining for DAPI in the ezrin-depleted colonies revealed the presence of cells within the 

central/lumen region of these acini-like structures, analogous to ductal carcinoma in situ. 

Taken together, these findings suggest that ezrin is required for invasive growth in 3D 

culture.  

 

3.4.2 Ezrin is required for transendothelial migration 

To assess whether ezrin is involved in transendothelial migration (TEM) in vitro, 

we performed TEM assays by co-culturing tumour cells over an endothelial cell monolayer. 

This assay is often used to assess the capability of tumour cells to undergo extravasation 

[201]. We compared the migration of MDA231-EV cells across lymphatic and vascular 

endothelial cell monolayers using hLECs and HUVECs, respectively, as previous studies 

have suggested differences in the migratory capabilities of tumour cells depending on their 

interaction with lymphatic or blood vascular endothelium [202]. As shown in Figure 3.3, 

depletion of ezrin markedly reduced migration across both types of endothelial cell 

monolayers. Taken together, these data suggest a requirement for ezrin in facilitating TEM.  

 

3.4.3 Ezrin depletion inhibits local invasion, but not the presence of circulating 

tumour cells 

Our lab [147], was the first to show that ezrin is an important regulator of metastasis 

in a breast cancer cell line model. Using a syngeneic mammary gland engraftment model,  

we demonstrated that disruption of ezrin function by overexpressing a dominant-negative 

truncated amino-terminal domain of ezrin (NT-ezrin, aa 1-309) inhibited pulmonary 

metastasis of a highly metastatic AC2M2 cell line, compared to full length ezrin. 
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Figure 3.3 Ezrin is required for transendothelial migration 

MDA231-EV and shEZR-1 cells were loaded with a green cell tracker and seeded on top of either 

a hLEC or HUVEC monolayer and allowed to migrate for 6 h as described in Materials and 

Methods. Representative images of the migrated tumour cells (green) are shown. Quantification of 

the percentage of migrated tumour cells, relative to the total number of cells seeded is shown 

(bottom panel). **, p = 0.0058; ***, p = 0.0009 by unpaired t test. Image magnification, 100X. 

Data shown represent means + SD of at least three independent experiments.  
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No effect of ezrin blockade on primary tumour growth was observed [147]. A similar 

phenomenon has also been reported for the non-phosphorylatable T/A ezrin mutant when 

over-expressed in several cancer cell types including osteosarcoma [148]. However, a 

central question remaining is at what steps along the metastatic cascade ezrin is involved. 

To begin, we assessed whether specific depletion of ezrin using lentiviral shRNA affects 

local invasion. GFP-positive MDA231 or ezrin-deficient cells were orthotopically injected 

into the number four mammary fat pad of immune-deficient Rag2-/- γc-/- mice, and 

tumours excised 25 days post-injection. Biophotonics imaging revealed evidence of locally 

invasive MDA231-GFP control tumour extending into the peritumour region, whereas 

ezrin-deficient tumours showed no sign of invasion (Figure 3.4A). Upon histological 

analysis, all MDA231-GFP tumours (6/6) exhibited extensive invasion into the 

surrounding mammary fat pad tissue and/or abdominal wall. In contrast, very few ezrin-

deficient tumours showed evidence of local invasion (1/6, p=0.015), with most tumours 

displaying well-defined tumour-muscle or tumour-fat pad boundaries (Figure 3.4B). 

Interestingly, when we analyzed the peripheral blood from mice for the presence of CTCs, 

we observed no statistically significant difference in the number of CTCs present per mL 

of blood between control and ezrin-depleted groups (Figure 3.4C). This result suggests 

that while ezrin may be important for promoting local invasion, it does not affect CTC 

levels. No significant difference in tumour growth was observed between control and ezrin-

deficient tumours (Figure 3.5A, B). However, ezrin depletion significantly abrogated 

metastasis to the lungs as demonstrated by biophotonics imaging (Figure 3.5C, D). These 

data are consistent with our previous findings and with a metastatic-specific function of 

this protein. 
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Figure 3.4 Depletion of ezrin inhibits local invasion but not the presence of CTCs 

(A) Representative biophotonics images of MDA231-GFP and shEZR-GFP tumours (n=6 per 

group). White arrows point to areas of peritumor invasion. Dotted lines indicate boundary between 

abdomen (ab) and skin flap (sk). (B) Histology of excised primary tumours (T) showing local 

invasion into the surrounding mammary fat pad (FP) and abdominal wall muscle (M). (C) Table 

shows analysis of the number of tumours exhibiting local invasion. Peripheral blood was isolated 

from mice (n=12 per group) and analyzed by flow cytometry as described in Materials and 

Methods. Data shown represents the total number of detected GFP-positive tumour cells relative to 

the volume of blood analyzed. *, p = 0.015 by Fisher’s Exact test; ns, not significant.    
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Figure 3.5 Ezrin is required for lung metastasis but not primary tumour growth 

(A) Primary tumor volumes were measured and calculated as described in Materials and Methods 

(n=6 mice per group). (B) Tumor growth rates were generated from the slopes of tumor growth 

curves. (C) Representative biophotonics images of lungs harvested 24 days post-tumor injection 

(n=6 mice per group). Quantification of the number of GFP-positive tumour nodules was done 

using ImagePro Plus 6.0 software. Data shown represent means + SD. **, p < 0.01 by Mann-

Whitney U test; ns, not significant.  
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3.4.4 Ezrin is required for initial lung seeding and colonization 

The TEM results support a potential role of ezrin in mediating early metastatic 

events in the target organ. To test this notion, a 50:50 mixture of control MDA231-EV and 

ezrin-deficient cells labelled with orange and green cell trackers respectively, were 

intravenously injected into immune-deficient Rag2-/- γc-/- mice. Mice were sacrificed 1 h 

or 24 h post injection and lungs excised, fixed, and imaged directly by Spinning Disk 

confocal microscopy. After 1 h, both cell types were present in the lungs in equal 

proportions. However after 24 h, the proportion of ezrin-deficient cells in the lung was 

reduced to ~30% of the total remaining cell population (Figure 3.6A). Next, we assessed 

the effect of ezrin depletion on longer term lung colonization events. To this end, GFP-

positive control or ezrin-deficient cells were intravenously injected into mice and lung 

tissue harvested 3 weeks post injection. Lungs were imaged using biophotonics to quantify 

the number of GFP-positive tumor nodules and total tumour burden. As shown in Figure 

3.6B, ezrin depletion significantly inhibited the number of tumor colonies as well as total 

tumor load in the lungs (Figure 3.6C). Together, these results demonstrate that ezrin is 

required for both initial seeding and longer term outgrowth of metastatic colonies in the 

lung.  

 

3.4.5 Ezrin regulates Src-induced lymph node metastasis 

Previous data from the Elliott lab have shown a co-operative interaction between 

ezrin and Src kinase and that ezrin is an important regulator of Src activity [133, 159]. 

Recent evidence from our group and others demonstrates a critical role for Src in regulating 

tumour cell-induced angio- and lymphangiogenesis [203, 204] and have  
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Figure 3.6 Ezrin is required for early lung seeding and colonization 

(A) MDA231-EV and ezrin-depleted (shEZR-1) cells were labeled with orange and green cell 

trackers, respectively. Equal proportions of cells were mixed and injected into the tail vein of mice. 

Representative confocal images of lungs harvested 1 h or 24 h post injection are shown, with 

MDA231-EV cells pseudocoloured as red. Histogram denotes the relative proportion of cells at the 

indicated times (n=5 mice per group, per time-point). (B) Representative biophotonic images of 

lungs harvested 3 weeks post tail vein injection of GFP-labelled MDA231 and ezrin-depleted cells 

(n=5 mice per group). The total number of lung colonies was quantified using ImagePro Plus 

software. (C) Tumor burden was evaluated as the percentage of GFP-positive pixel area over total 

lung area. Data shown represent means + SD. **, p = 0.0059 by Fisher’s exact test; ***, p < 0.001 

by Mann-Whitney U test (B, C). 
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correlated high Src expression with lymph node positivity and lymphovascular invasion 

(LVI) [204, 205]. Furthermore, our group has shown that ezrin can regulate the 

Src/Stat3/IL-6 axis to promote VEGF-C expression within tumour cells [18]. Based on this, 

we tested the hypothesis that ezrin may be involved in Src-induced lymphatic invasion.  

Initially, we tested whether depletion of ezrin affected TEM of MDA231 cells 

expressing constitutively active Src (MDASrc-EV). MDASrc-EV cells exhibited increased 

migration across a hLEC monolayer compared to MDA231-EV cells (Figure 3.7A), 

whereas no significant difference in TEM was observed between these two cell lines across 

an HUVEC monolayer (Figure 3.7B), despite the fact that MDASrc-EV cells are 

significantly more invasive than MDA231-EV cells (Figure 3.7C). These results are 

consistent with the notion that Src preferentially directs cancer cell invasion through the 

lymphatics. When ezrin was depleted from MDASrc cells, a marked reduction in TEM 

across hLECs (~70%) was observed, comparable to ezrin-depleted MDA231 cells (Figure 

3.7A). Though ezrin-deficient MDASrc cells were able to reduce TEM across HUVECs 

by ~37%, this reduction in transmigration was much less compared to the transmigration 

of the same cell type across hLECs. Taken together, the data suggest that ezrin may 

preferentially regulate lymphatic TEM downstream of Src in this model.  
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Figure 3.7 Ezrin is required for Src-induced lymphatic transendothelial migration 

MDA231-EV, shEZR-1, MDASrc-EV and MDASrc shEZR-1 cells were loaded with a green cell 

tracker and seeded on top of a hLEC (A) or HUVEC (B) monolayer and allowed to migrate for 6 h 

as described in Materials and Methods. Quantification of the percentage of migrated tumour cells, 

relative to the total number of cells seeded is shown. (C) MDA231-EV and MDASrc-EV cells were 

seeded on top of 100 µL of 20% Matrigel and allowed to invade for 24 h. Invaded cells were stained 

with DAPI and counted using ImagePro Plus 6.0 software. Data were normalized to MDA231-EV. 

* p = 0.038 by one sample t test (C); *, p < 0.05; **, p < 0.01; ***, p < 0.0001 by one-way ANOVA 

with Tukey’s multiple comparison test (A, B). Data shown represent means + SD of at least three 

independent experiments.   
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Next we assessed whether ezrin depletion alters Src-induced lymph node metastasis 

in vivo. To this end, MDASrc-EV and MDASrc shEZR cells were engrafted into 

immunocompromised mice as described in Materials and Methods. In order to facilitate 

LN metastasis in this model, primary tumours were excised 21 days post-injection (tumour 

volume: <500mm3). Recurrence at the primary tumour site and at axillary lymph nodes 

was monitored until the end of the study, at ~35 days post-injection. Similar to the results 

shown previously, ezrin-deficient MDASrc-EV cells did not affect the growth of primary 

tumours. However, growth of the recurring tumours was substantially reduced upon ezrin 

depletion (Figure 3.8A, B). Histological assessment of these recurrences revealed marked 

inhibition of local invasion into the abdominal wall in ezrin-deficient tumours, compared 

to control MDASrc-EV tumours which displayed extensive local invasion. In addition, the 

proportion of mice with locally invasive recurrences was significantly lower in the ezrin-

depleted group (3/12) when compared to the control group in which nearly all mice 

exhibited local invasion (11/12; Figure 3.8C). 

  Based on our in vitro TEM data, we predicted that MDASrc-EV cells would have 

a greater propensity to disseminate to draining lymph nodes in vivo compared to MDA231-

GFP cells. Results showed that half of MDASrc-EV tumour-bearing mice presented with 

metastasis to the ipsilateral axillary lymph node (6/12), in contrast to MDA231-GFP 

tumours which did not metastasize to this lymph node (0/12). Interestingly, ezrin depletion 

reduced the frequency of lymph node metastasis (3/12) compared to MDASrc-EV, 

although this did not achieve statistical significance (Figure 3.9).  
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Figure 3.8 Ezrin is required for Src-induced local invasion 

(A) Slopes from primary and recurring tumour growth curves, representing tumour growth rates, 

were generated from linear regression analysis and plotted in the histogram shown. Numbers within 

the bars denote the proportion of animals exhibiting each phenotype. (B) Quantification of the size 

of recurrences for each animal at the end of the study is shown. Right panel depicts gross pathology 

of 3 representative recurrences per group. (C) Representative histology of recurrences for each 

group. Lower panel shows the proportion of recurrences that exhibited local invasion. Mus, muscle; 

T, tumour; *, p = 0.026 by unpaired t test with Welch’s correction; ***, p <0.0001 by two-way 

ANOVA with Bonferroni’s post test; ††, p = 0.0028 by Fisher’s Exact test; ns, not significant; n=12 

mice per group.  
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Figure 3.9 Src enhances axillary LN metastasis 

The presence of activated Src in MDA231 cells (MDASrc-EV) greatly enhanced the frequency and 

size of metastases to the axillary lymph node, as depicted in the upper panels and quantified in the 

lower panel, compared to MDA231-GFP cells which do not express activated Src. *, p = 0.0137; 

**0.4003 by Fisher’s Exact test; †, p = 0.0373 by Mann-Whitney U test; n = 12 mice per group.  
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The size of the lymph node metastases in the MDASrc-EV group were significantly larger 

compared to the metastases that formed as a result of ezrin depletion (mean + SEM: 124.4 

+ 49.82 mm3 versus 32.06 + 5.12 mm3; Figure 3.9). Collectively, the data suggests a 

potential role for ezrin in regulating Src-mediated lymph node metastasis. 

 

3.4.6 Ezrin and Src expression correlates with lymphovascular invasion in breast 

cancer 

Our observation that ezrin is required for Src-induced lymph node metastasis 

(Figure 3.9), promoted us to assess whether ezrin correlates with LN status and LVI in a 

63-patient primary breast cancer TMA (Appendix E). Total ezrin and Src expression were 

assessed by IF and staining intensity quantified by automated quantification analysis 

(AQUA). Multiplex staining with cytokeratin (an epithelial marker) and DAPI (nuclear 

marker) allowed for the quantification of our markers specifically in the cytoplasmic 

tumour regions (Figure 3.10). Correlation analysis between continuous AQUA scores and 

dichotomized clinic-pathological data revealed statistically significant associations 

between high Src and ezrin expression with LVI (p=0.039 and p=0.024, respectively; 

Figure 3.10). A trend between high Src and ezrin and LN positivity was suggested, but 

this did not reach statistical significance. Interestingly, we observed a significant 

association between dichotomized ezrin AQUA scores (cutoff: median) and continuous Src 

AQUA scores (p=0.0002; Figure 3.10C). Together, these data suggest that Src and ezrin 

correlate with LVI status in human breast cancer.  
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Figure 3.10 Ezrin and Src expression correlates with lymphovascular invasion 

(A) IHC staining of breast normal and tumour tissue was used to validate Src and ezrin antibodies. 

Scale bars = 75μm. (B) Cy5 immunofluorescence staining was used to assess the expression levels 

of Src and ezrin in the 63-patient breast cancer TMA. Representative tumour cores with high and 

low expression of Src and ezrin are presented. Images were acquired using Aperio ScanScopeFL. 

Scale bars = 100μm. C) Association between dichotomized ezrin AQUA scores (cutoff: median) 

and continuous Src AQUA scores based on IF-stained 63-TMA. Continuous AQUA scores of total 

Src (D) and ezrin (E) were correlated against dichotomized LVI status (n=16 for LVI present; n=45 

for LVI absent). Statistical analysis was performed using the unpaired t test. Associations were 

considered significant when p<0.05. This figure is from a recent publication from our group  in 

which I am a co-author [204]. Permission granted from Breast Cancer Research. 
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3.5 Discussion 

Several previous studies have implicated the ERM protein ezrin as an important 

metastasis promoter [147, 148, 194, 206]; however, the precise stages along the metastatic 

cascade in which ezrin is involved remains poorly understood. This study is the first to 

provide a detailed functional analysis of ezrin at specific steps in the metastatic cascade. 

By employing an in vivo spontaneous metastasis model, we assessed local invasion and 

tumour blood burden as representative of early stage dissemination and lung metastasis as 

indicative of end-stage metastatic potential. Furthermore, by using an experimental 

metastasis model, we examined the role of ezrin in initial organ seeding and longer term 

lung colonization and demonstrate that ezrin is needed predominately for these late stage 

disease events.  

 Prior to developing into macrometastatic lesions, tumour cells must overcome 

several barriers, including acquiring invasive properties to facilitate local invasion, gaining 

entry into the vasculature, surviving in the circulation, exiting the circulation, as well as 

surviving and eventually proliferating at a preferred secondary site. Data obtained from our 

3D culture studies demonstrate that ezrin is important for promoting invasive growth of 

3D colonies. Though ezrin depletion did not affect cell proliferation or number of colonies 

formed, the resulting colonies were round with no stellate projections and exhibited strong 

α6 integrin localization in the basal region as well as increased actin staining at cell-cell 

junctions, indicative of a more polarized, cohesive morphology. Histological analysis of 

primary tumours also demonstrated a marked reduction of local invasion in ezrin-depleted 

tumours, consistent with the 3D in vitro results in Figure 3.1 and a known invasive function 

of ezrin [159, 196]. However, examination of peripheral blood samples from mice for 
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presence of CTCs, an indicator of intravasation events, revealed no difference in the levels 

of CTCs between control and ezrin-deficient groups, even when evaluated at earlier time 

points (Appendix F). This data suggest that despite a reduction in local invasion, ezrin-

depleted cells are still able to access intratumoral vasculature and intravasate.  

Indeed, intravasation that occurs within the primary tumour is important in 

facilitating systemic dissemination, as suggesting by numerous studies that use intravital 

imaging to detect intratumour intravastation events [207-209]. Many unexpected features 

of tumour cells have also been noted from in vivo studies that can affect intravasation. A 

study by Tsuji et al. shows that tumour cells which have not undergone EMT are capable 

of intravasating by following the channels of more invasive, mesenchymal-like tumour 

cells into the vasculature [82]. Since ezrin function has been implicated in promoting EMT 

[210, 211] and depletion of ezrin reduces invasion and enhances cell-cell contacts [159], it 

is possible that ezrin-depleted tumour cells, with their enhanced epithelial characteristics, 

are still capable of intravasating by following a proportion of tumour cells which have 

retained invasive characteristics.  

Invadopodia are also believed to facilitate intravasation by degrading the 

endothelial basement membrane. [70, 83]. Our previous work has shown that depletion of 

ezrin does not reduce invadopodia formation, but rather leads to increased invadopodia 

numbers because of defects in disassembly kinetics (see Chapter 2) which could lead to 

enhanced intravasation/CTC levels, as these invadopodia remain proteolytically active. 

However, the same ezrin-depleted cells exhibit reduced migration and polarization 

capabilities and are not able to sustain or enhance invasion in vitro (Chapter 2), suggesting 

that ezrin deficiency could also lead to reduced intravasation and consequently lower CTC 



 

 

 

96 

levels. Both of these competing factors can influence intravasation and may lead to a net 

effect of seemingly equal proportions of CTCs among control and ezrin-deficient groups. 

Nevertheless, a more direct approach to studying intravasation using an in vitro model 

[212], as well as an assessment of intratumoural events in vivo would help to further 

elucidate ezrin’s role in intravasation.      

The above results suggest that ezrin may not be critical for early dissemination into 

blood vasculature. We therefore tested whether ezrin is required for late stage 

dissemination events at a distant organ site such as lung. The in vitro TEM results show 

that ezrin is important for promoting transmigration across an endothelial barrier and 

analysis of lung seeding and colonization ability reveals a critical role for ezrin in these 

later metastatic events in vivo. While the ability of tumour cells to extravasate from the 

vasculature is not a trivial feat, survival post-extravasation is crucial for the establishment 

of metastatic lesions. Ezrin has been shown to regulate several survival signalling pathways 

including PI3K/Akt [84, 109, 148] and Stat3/survivin  [204]. Studies have also shown that 

activation of PI3K/Akt signalling requires ezrin function for metastatic colonization to 

occur [84, 148]; although Akt activity is not sufficient to restore metastatic survival when 

ezrin expression is suppressed [148], These findings suggest that other survival pathways 

mediated by ezrin contribute to its enhanced survival phenotype. Interestingly, the survival 

advantage provided by ezrin only seems to be critical during metastatic colonization and 

not tumourigenesis; this could be attributed to more robust survival signals that 

predominate in a primary tumour setting, such as cadherin-mediated Stat3 activation [213, 

214], whereas survival signalling from ezrin may take over under harsher 

microenvironmental conditions when very few cells are present (i.e. distant organ seeding).   
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Dissemination through the lymphatics is another important route that tumour cells 

can utilize and is particularly troublesome clinically, because the presence of LVI and/or 

LN metastasis is indicative of an increased  risk of developing distant metastasis in breast 

cancer patients and poor survival [215-217]. Our in vivo model of Src-induced lymph node 

metastasis shows that Src activity is required for lymphatic metastasis, consistent with the 

in vitro lymphatic TEM results and other studies implicating Src in regulating lymph node 

metastasis [204, 205]. Analysis of the frequency of LN metastasis in MDASrc versus 

MDASrc ezrin-depleted groups did not reach statistical significance; however, this may be 

due to the relatively small sample size (n=12 per group) in our study and therefore warrants 

further investigation. Ezrin deficiency did however, significantly reduce the size of LN 

metastases, suggesting that ezrin may be important for regulating lymphatic spread in cases 

where Src activity is upregulated. To assess whether these observations are clinically 

important, we performed AQUA analysis of ezrin and Src expression in a cohort of 63 

primary breast cancer cases which has been previously validated [218, 219]. We show that 

high ezrin and Src expression is correlated with LVI, although association of these markers 

with LN status was not statistically significant in this cohort. Multivariate analysis of Src 

and ezrin expression in a larger cohort will help to elucidate whether these proteins serve 

as indicators of LVI and/or LN metastasis, or have the potential to identify a subgroup of 

patients that do poorly, especially LN negative patients, of which 20% will go on to develop 

distant metastasis. 

In summary, by dissecting the various steps of the metastatic cascade, we show that 

ezrin function is indeed required for specific aspects of tumour cell dissemination and thus 

begin to understand the complexity of ezrin as a metastasis-associated protein. Information 
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from this study will provide important mechanistic insight in evaluating ezrin as a potential 

prognostic marker of metastatic relapse in breast cancer patients. 
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Chapter 4 

General Discussion 

 

 

4.1 Ezrin regulation of FA and invadopodia dynamics 

In the first phase of this project, I established a novel regulatory role of ezrin in 

mediating focal adhesion (FA) and invadopodia turnover (Chapter 2). Our in vitro model 

system of Src-induced invadopodia highlights the function of ezrin downstream of Src 

kinase, and demonstrates that ezrin is not required for invadopodia formation in this 

context. This finding raises the question of whether ezrin plays a role in invadopodia 

function upstream of Src, given that ezrin is an important regulator of Src activity [133] 

and that co-operative interactions between ezrin and Src enhances several functional steps 

associated with the invasive phenotype, including cell scattering and migration [159]. To 

address this, I utilized the non-neoplastic HC11 epithelial cell line, to examine the effect 

of a constitutively active ezrin mutant (T567D ezrin) on invadopodia formation, in the 

presence or absence of the constitutively active Y527F Src mutant (Appendix G). HC11 

cells do not form invadopodia without exogenous expression of activated Src. Interestingly, 

expression of T567D ezrin alone in HC11 cells did not form invadopodia; however, 

expression of both T567D ezrin and activated Src significantly enhanced invadopodia 

formation and ECM degradation, compared to HC11 cells expressing active Src alone 

(Appendix G). In order to inhibit ezrin function in this system, I utilized an amino-terminal 

truncated domain (aa 1-309) of ezrin (NT-ezrin; [147]). Surprisingly, introduction of NT-
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ezrin into HC11 cells expressing active Src completely abrogated invadopodia function 

and ECM degradation. Biochemical analysis revealed that NT-ezrin significantly inhibited 

Src and cortactin activity, as shown by reduced phosphorylation of Y421 cortactin and 

Y416 Src (Appendix G; data not shown for Y416 Src). These data suggest that ezrin has 

a significant regulatory role upstream of Src in promoting invadopodia formation and 

activity, a role that is quite distinct from its role downstream of Src. This is reminiscent of 

the dual role of calpain in invadopodia function, wherein calpain is required upstream of 

Src to drive invadopodia formation by proteolytically activating PTP1B, leading to 

increased Src activity. However downstream of Src, calpain is required for turnover 

(through cleavage of cortactin) but not formation, of invadopodia [75]. Whether activated 

ezrin can enhance calpain activity upstream of Src to promote invadopodia formation is 

unknown and warrants further investigation.  

The NT-ezrin construct has been extensively used to inhibit ezrin function [100, 

132, 147, 220]; however the exact mechanism of its action is unclear. It is presumed to 

inhibit ezrin function by binding to the C-ERMAD of endogenous ezrin, thus mimicking 

the closed, inactive conformation of ezrin. But since heterotypic C-ERMAD-FERM 

interactions can occur [120, 177], the truncated ezrin domain is also capable of binding the 

C-ERMAD of other ERMs to negatively impact their function as well. Considering the 

function of moesin in invadopodia maturation [71], it is possible that NT-ezrin may bind 

to and therefore inhibit moesin activity, leading to abrogation of invadopodia maturation 

and proteolysis. However, NT-ezrin may also interfere with other proteins involved in 

invadopodia formation, such as Src, since NT-ezrin can inhibit Src activity [147]. This 

suggests a more complex mechanism of action of NT-ezrin in blocking ERM functions. 
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We therefore used a shRNA approach to down regulate ezrin expression specifically. A 

mutational approach to blocking ezrin function by over-expressing the T/A ezrin mutant 

was also used, as this mutant is unable to participate in a co-operative protein-protein 

interaction due to its closed conformation. 

 

4.2 Significance of ezrin/calpain interactions in breast cancer 

The data presented here, to our knowledge, are the first to show that: 1) an 

ezrin/calpain-1 specific interaction occurs in breast cancer; and 2) that ezrin acts upstream 

of calpain-1 to regulate its activity and protein expression. While inhibition of the calpain-

generated talin, FAK and cortactin fragments is not complete, it is sufficient to dramatically 

alter FA/invadopodia turnover. Moreover, our data indicate that calpain-2 is not able to 

compensate for the lack of calpain-1 activity, and suggest that calpain-1 is indeed a major 

contributor to proper FA/invadopodia dynamics in our system, a role that has been 

predominately credited to calpain-2 [63, 67, 75, 221]. Given that over-expression of WT 

ezrin induced calpain cleavage of talin, our data suggest a functional role for ezrin in 

promoting calpain activity. This could be achieved by recruiting and/or maintaining calpain 

localization at the plasma membrane, which would serve to place calpain in close proximity 

to its substrates, resulting in their cleavage and thus FA/invadopodia disassembly. This 

recruiting/anchoring function of ezrin may be facilitated by PIP2, as both ezrin and calpain 

bind to PIP2 in order to relocate to the plasma membrane [176, 222]. 

It is interesting to note that the effect of ezrin depletion on FA/invadopodia 

dynamics is very similar to that of calpain inhibition, where loss of calpain activity perturbs 

FA/invadopodia turnover, and is supportive of a role for calpain downstream of ezrin. As 
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ezrin is a substrate of calpain, calpain can also act to modulate ezrin function through 

proteolytic cleavage. A prime example of this comes from the study of leukocyte 

extravasation, in which calpain-1 cleavage of ezrin leads to plasma membrane expansion 

and a flattened morphology as leukocytes adhere to the endothelium (reviewed in [173]). 

In the context of FA and invadopodia dynamics, it is possible that calpain-mediated 

cleavage of ezrin would serve to “turn off” its crosslinker function and/or release ezrin (as 

well as calpain) from the plasma membrane, thus marking the end of the disassembly 

phase. Whether the ezrin fragments generated by calpain activity retain any cellular 

function is intriguing and needs to be addressed, as many calpain-generated fragments from 

other substrates have been shown to have altered activity [75, 221]. For instance, the 

calpain-generated fragment of PTP1B is important for invadopodia formation, as over-

expression of this fragment in breast cancer cells lacking calpain can still form invadopodia 

[75]. Several studies have indicated that invadopodia are required for cancer metastasis, 

largely at the stage of intravasation [70, 71, 83], though some debate exists as to whether 

this extends to extravasation as well [85, 86]. In theory, blocking any stage of tumour cell 

dissemination would be sufficient to block metastasis and whether any one stage can be 

considered strictly rate-limiting is unlikely and highly debatable. With respect to ezrin, we 

find that the rate-limiting function of this ERM protein is at late stage dissemination events, 

namely organ seeding/colonization. While ezrin is important for promoting local invasion 

of tumour cells, an effect which may require proper FA/invadopodia dynamics, it is not 

required for intravasation, further emphasizing its role in later stage disease.  
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4.3 The role of ezrin as a metastasis-associated protein 

In the second phase of this project, we investigated the role of ezrin in specific 

stages of tumour cell dissemination. While ezrin has been linked with a pro-metastatic role, 

exactly how it contributes to metastasis has remained largely unexplored in breast cancer. 

Most of what is known about the functional contribution of ezrin to metastasis has come 

from osteosarcoma studies. Metastasis rates are very high for osteosarcoma patients, 

despite successful clinical management of the primary tumour (reviewed in [223]). Ezrin 

is known to be necessary for osteosarcoma metastasis [148], the mechanisms behind which 

are only starting to become unveiled. For instance, ezrin function seems to provide 

metastatic tumour cells with a survival advantage early on in distant organ seeding through 

activation of the PI3K/Akt pathway [148]. Consistent with these observations, our in vivo 

lung seeding and colonization data support a role for ezrin in mediating early metastatic 

colonization. Our in vitro transendothelial migration studies also indicate the potential for 

ezrin to regulate extravasation, a step that precedes the requirement for increased survival 

signals within distant organ sites. Therefore, further investigation is required to determine 

whether ezrin function is necessary for disseminated cells to exit the systemic circulation, 

or specifically for providing critical survival signals at the distant site post-extravasation.  

In addition to these tumour intrinsic survival signals, metastatic colonization 

requires recruitment of host immune/stromal cells, as a result of tumour-secreted 

chemokines/cytokines, in order to provide the appropriate microenvironment conditions 

conducive for growth of newly disseminated tumour cells (reviewed in [224]). An 

important question stemming from the work presented in this thesis is whether ezrin is 

required to “prime” the metastatic, or pre-metastatic niche. A recent study from Chang et 
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al. shows that the IL-6/JAK/Stat3 pathway is critical for pre-metastatic niche priming, 

through recruitment of CD11b+/Gr1+ MDCSs, and that pharmacological inhibition of this 

pathway is sufficient to block MDSC recruitment to the lungs and subsequent metastasis 

[93]. New data from the Elliott lab suggest that ezrin can regulate IL-6/Stat3 expression in 

the context of angio- and lymphangiogenesis [204]. Furthermore, preliminary data from a 

cytokine and chemokine screen show that secreted levels of various factors, including 

granulocyte macrophage-colony stimulating factor (GM-CSF), IL-6 and IL-8 were 

reduced, while CCL2 was markedly increased in ezrin-depleted compared to control 

MDA231-EV cells. (Appendix H). Many of these factors are responsible for recruiting 

monocytes (i.e. macrophages) and other immune cells to the metastatic niche. These data 

underscore the potential for ezrin to regulate metastatic niche priming at distant organ sites.  

Breast and prostate cancers, as well as melanoma, demonstrate a predilection for 

lymphatic dissemination [225-227], and the presence of LN metastasis in BC patients is 

currently the most robust prognostic indicator of distant metastasis and disease recurrence. 

Current controversy exists surrounding the notion of whether metastatic tumour cells 

within LNs actually contribute to distant metastasis or are a mere reflection of tumour 

aggressiveness (reviewed in [228]). New research however, is beginning to shed light on 

this issue and demonstrates that LN metastasis often precedes metastasis to visceral organs 

and that metastatic cells in LNs can indeed serve as reservoirs for further dissemination to 

distant organ sites (reviewed in [228]). For example, over-expression of VEGF-C or D, 

known lymphangiogenic cytokines, increases not only peritumoural lymphangiogenesis 

and LN metastasis but also lung metastasis [229, 230]. Furthermore, targeting VEGF-C or 

D inhibits both LN and lung metastasis [231, 232], a phenomenon which would not occur 
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if the latter transpired independently of lymphatic dissemination [228]. Distant metastasis 

does not occur in mice that have no LN lesions [233], suggesting that metastasis to the LNs 

is a prerequisite for later dissemination events. The data reported here show the importance 

of ezrin in LN metastasis mediated by Src. Data from our lab provide some insight into 

how ezrin may promote LN metastasis. We show that ezrin can regulate VEGF-A and C 

expression through an IL-6/Src/Stat3 axis in vitro and promotes lymphangiogenesis using 

an in vivo Matrigel plug assay [204]. Lymphangiogenesis is important for increasing lymph 

flow and transporting metastatic cells from the primary tumour to sentinel LNs. In fact, 

lymphangiogenesis occurs not only at the primary tumour, but also at the LN where it is 

posited to enhance the transit of metastatic cells to more distant LNs (reviewed in [228]). 

Based on our data, it will be important to determine precisely how ezrin functions in LN 

metastasis using in vivo mouse models of LN metastasis and whether ezrin-driven pre-

metastatic niche formation within LNs differs from niche formation at other metastatic 

sites.  

 An intriguing question is whether the activity of ezrin is required throughout the 

entire metastatic colonization process. Interestingly, phosphorylation of ezrin at its 

conserved regulatory threonine (phospho-threonine ERM, or pTERM) seems to be 

dynamically regulated. Indeed, metastatic osteosarcoma cells exhibit increased pTERM 

during their initial arrival at a distant site, and then later on specifically at the invasive front 

of metastases [234]. Another study looking at metastatic colorectal cancer showed 

increased pTERM staining in liver metastases of orthotopic xenografts as well as human 

patient samples compared to their matched controls. Furthermore, inhibiting  T567 

phosphorylation using insulin-like growth factor 1 receptor (IGF1R) inhibitory antibodies 
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or the T/A ezrin mutant reduced survival signaling through survivin and X-linked inhibitor 

of apoptosis protein (XIAP) [235]. It will therefore be important to determine whether 

dynamic regulation of ezrin activity also occurs in the metastases of breast cancer. Initial 

investigation with primary breast tumour samples indicates that a similar dynamism to 

ezrin activity may occur in this cancer type. IHC staining of pTERM on whole tissue 

sections of primary breast cancers was performed and analyzed using the automated 

scoring platform HaloTM (Appendix I). Preliminary analysis reveals strong membranous 

pTERM staining specifically at the invasive front of tumours, with weak/negative pTERM 

in central tumour regions. Total ezrin on the other hand, did not exhibit any significant 

heterogeneity of staining pattern (Appendix I). These data suggest that the activity of ezrin 

is localized to more invasive regions of primary tumours and are consistent with the notion 

that differential activation of ezrin during tumour progression is an important mechanism 

that promotes metastatic spreading of the disease [234]. Analysis of matched primary 

tumour and metastatic breast cancer patient samples will be important in validating these 

results.   

 

4.4 Future directions 

The following questions highlight key areas of future investigation emanating from 

this work: does ezrin play a role in pre-metastatic niche formation and through what 

mechanism? What role, if any, does ezrin/calpain interactions play in niche formation and 

does their interaction extend to other areas of BC biology? What is the clinical significance 

of high ezrin expression with respect to disease recurrence in BC patients and does it hold 

any prognostic and/or predictive value? As discussed above, metastatic colonization is a 
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complex process that requires the formation of a pre-metastatic niche. We have recently 

provided preliminary evidence that ezrin contributes to a specific cytokine/chemokine 

profile. Therefore determining how this novel ezrin function may affect immune/stromal 

cell recruitment to the niche will provide insight into the precise mechanisms by which 

ezrin regulates metastatic colonization. Assessment of the role ezrin/calpain interactions in 

this context will elucidate the relevance of their interaction beyond that of promoting 

FA/invadopodia turnover i.e. whether calpain is required for ezrin-directed metastatic 

events. As ezrin is important for providing key survival signals, it will be important to 

assess whether targeted inhibition of ezrin can reduce or block metastatic occurrences. 

Indeed, a novel small molecule inhibitor of ezrin has been identified and is able to inhibit 

pulmonary metastasis in a preclinical osteosarcoma model [236]. No studies to date with 

ezrin inhibitors have been conducted for BC and therefore future investigation using this 

inhibitor are needed.  

Despite the abundance of preclinical data highlighting the importance of ezrin as a 

pro-metastatic molecule, further studies are required to assess the clinical implications of 

high ezrin expression in order to evaluate ezrin as a prognostic and/or predictive tool in the 

clinical management of BC. Indeed, high ezrin expression in soft tissue sarcomas predicts 

local recurrence and distant metastasis [194] and our data suggest an association between 

high ezrin expression and LN positivity. Thus, investigation into whether ezrin expression 

is associated with a specific BC subtype and/or with recurrence may identify a subgroup 

of BC patients who are at high risk of developing distant metastasis. Of particular interest 

is the assessment of ezrin expression in LN negative patients, as roughly 30% of these 

patients will eventually develop metastasis [39].   
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4.5 Significance  

This study provides novel mechanistic insight into the regulation of breast cancer 

cell invasion and metastasis by the ERM protein ezrin. As metastasis poses significant 

clinical challenges, identification of clinically relevant biomarkers is necessary for the 

development of better treatment strategies for patients. Given the metastasis-specific role 

of ezrin, our data provides strong rationale for looking at ezrin as a marker of metastatic 

relapse and therapeutic target in BC. 
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Appendix A 

Ezrin depletion construct shEZR-2 produces a similar phenotype as 

shEZR-1 

 

 

(A) Immunofluorescence staining of anti-paxillin, anti-vinculin or anti-FAK was performed on 

MDA231 cells expressing an independent shRNA construct, shEZR-2, with similar effects as 

shEZR-1. Quantification of the number (B) and size of FAs (C) in shEZR-2 cells was calculated 

and compared to control MDA231-EV cells. (D) Immunofluorescence staining of anti-paxillin and 

anti-zyxin was performed on shEZR-2 cells. The percentage of zyxin-containing FAs was 

quantified by assessing the number of FAs where zyxin and paxillin co-localized, compared to the 

total number of FAs counted. Data shown represent means + SD of at least 3 independent 

experiments. **, p <0.01; ***, p < 0.001 by unpaired t test (B, C, D). Scale bars, 15 µm. 

Experiments performed by Victoria Hoskin. 
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Appendix B                                                                                           

Analysis of ezrin depletion in MDASrc cells 

 

 

 

 

 

Ezrin expression was depleted in MDASrc cells as described in Chapter 2 Materials and Methods 

(Section 2.3.3). Lysates from ezrin depleted and empty vector control cells were subjected to 

immunoblotting analysis and probed for anti-ezrin and anti-γ-tubulin antibodies. The percent 

reduction in endogenous ezrin protein expression by each shRNA construct was determined by 

densitometry. Data shown represent means + SD of 3 independent experiments. Statistical analysis 

was performed using a one sample t test. Experiment performed by Victoria Hoskin. 
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Appendix C                                                                                              

Ezrin depletion reduces directional migration in MDASrc-EV cells 

 

 

 

 

 

(A) MDASrc-EV and MDASrc ezrin depleted cells were seeded sparsely onto collagen-I-coated 8 

well µ-Slides and random motility was analyzed by time-lapse microscopy for 18 h. Cell tracks 

were generated using Metamorph Software and plotted using Graphpad Prism software. (B) Cell 

velocities were calculated and graphed. (C) Directional persistence (D/T) was calculated as the 

ratio of displacement (D) over total distance travelled (T) by cells. Data shown represent means + 

SD of at least 3 independent experiments. **, p <0.001 (B); ***, p < 0.0001 (C) by unpaired t test. 

Experiment performed by Victoria Hoskin. 
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Appendix D                                                                                              

Expression of T/A ezrin reduces talin cleavage by calpain in       

MDASrc-EV cells                                                                

 

 

 

 
 

 

pCB6 (empty vector control), Wild-type ezrin (WT-EZR) or T/A ezrin were transiently over-

expressed in MDASrc cells. Corresponding lysates were obtained and analyzed by immunoblotting 

and probed for anti-ezrin, anti-talin, anti-VSV-G or anti-γ-tubulin antibodies. Densitometry was 

performed to assess changes in talin cleavage relative to pCB6 control. Data shown represent means 

+ SD of three independent experiments. **, p < 0.01; ***, p < 0.001 by one-way ANOVA with 

Tukey’s Multiple Comparison Test. Experiment performed by Victoria Hoskin.  
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Appendix E                                                                                                    

63 primary invasive breast cancer TMA:                                    

description of cohort characteristics  

 

Archived breast tumour specimens were collected from 63 female patients who 

received treatment at the Cancer Centre of Southeastern Ontario at Kingston General 

Hospital between 2005 and 2007, with approval from Queen’s University Research Ethics 

Board. A tissue microarray was constructed from triplicate cores of 0.6 mm diameter from 

each sample. Clinico-pathological data, including LVI status, was collected retrospectively 

from electronic and paper medical files by a medical oncologist (D. Y. Madarnas).  

Patient inclusion criteria for this cohort were as follows: premenopausal women of 

age 49 years or younger at the time of diagnosis, had primary invasive breast cancer 

(infiltrating ductal/lobular), with stage T1-3, N0-1, and M-0. Patients with any previous 

history of cancer, bilateral breast disease or neoadjuvant chemotherapy were excluded. In 

addition to the 63 tumour samples, 20 reduction mammoplasties were included as non-

malignant controls. 
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Appendix F                                                                                                    

Circulating tumour cell analysis two week post mammary fatpad 

injection  

 

 

 

 

MDA231-GFP and shEZR-GFP cells were orthotopically injected into immunocompromised mice 

(n=6 per group). Two week post-injection, peripheral blood was harvested from animals and 

processed for flow cytometry as described in the Materials and Methods section of Chapter 3. Data 

shows the number of GFP-positive tumour cells per ml of blood analyzed. Statistical analysis was 

performed using the unpaired t test and showed no statistical significance (ns; p=0.9486). 

Experiment performed by Victoria Hoskin. 
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Appendix G                                                                                                 

Co-operativity of ezrin and Src in invadopodia formation in HC11 

breast epithelial cells 
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(A) HC11 cells expressing activated ezrin (T/D), activated Src, both TD and activated Src, or 

activated Src and the inhibitory N-term ezrin mutant (NT), were cultured on FITC-labelled 

fibronectin (FITC-FN) for 72 hours to allow for degradation of the matrix by invadopodia. Cells 

were then fixed and stained for F-actin and imaged using 2-photon confocal microscopy. Red 

arrows point to areas where invadopodia co-localize with digested spots, indicative of active 

invadopodia. (B) XZ image shows the protrusion of invadopodia into the FITC-FN Quantification 

of the fold-increase in the number (C) and the area (D) of degradation spots, relative to control 

HC11 cells, is shown.  (E) Immunoblotting analysis of HC11 cell lines expressing the various ezrin 

and Src mutants for phospho-cortactin and total cortactin. γ-tubulin is shown as a loading control. 

Scale bar, 10 µm.  P-values represent the statistical comparison between activated Src and activated 

Src + TD ezrin by unpaired t-test. Experiments performed by Victoria Hoskin. 
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Appendix H                                                                                              

Ezrin depletion alters the chemokine and cytokine profile of              

MDA231-EV cells   

 
 

MDA231-EV and shEZR-1 cells were seeded onto 100mm plates at 80% confluency under reduced 

serum conditions (1% FBS). Conditioned media were collected after 48 h, spun at 1000 RPM to 

remove any cellular debris, protein determined and normalized. Samples were sent to Eve 

Technologies (Calgary, AB) and were analyzed using the Human Cytokine Array/Chemokine 

Array 64-Plex Panel (HD64). Shown are the 8 factors which exhibited the greatest fold changes 

relative to control, from 2 independent analyses. Values are expressed as averages + SD. Since the 

experiment has only been repeated twice, no statistical comparisons between the groups could be 

performed. Secreted levels of various factors, including GM-CSF, IL-6 and IL-8 were reduced, 

while CCL2 was markedly increased in ezrin-depleted compared to control MDA231-EV cells. 

Analysis of array results performed by Victoria Hoskin.    
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Appendix I                                                                                          

pTERM expression and analysis on whole tissue sections 

 

 

Ten (10) whole tissue sections were stained for pTERM and ezrin using the automated Ventana 

system. Of the 10 cases, 7 stained positively for pTERM. 5 of these 7 positive pTERM cases had 

an identifiable invasive front, as determined by a senior pathology resident (Dr. G. Turashvili). Top 

right panel shows the no primary α-rabbit control. Left vertical panels show representative pTERM 

and ezrin staining of the same case at 4x magnification. The bottom right panels show 

representative staining of the markers at the invasive front and central tumour regions of the same 

section at 20x magnification. The invasive front and central tumour regions were annotated and 

Halo analysis was performed for pTERM and ezrin staining within these regions using an algorithm 

that detects membranous/cytoplasmic staining only. The percentage of cells that had moderate to 

strong staining from each region of interest and for each marker is shown in the table. ***, p = 

0.0009; †, p = 0.5770 by unpaired t test, comparing invasive front to central tumour within the same 

marker.  Staining performed by Lee Boudreau at the QLMP; analysis performed by Victoria 

Hoskin. 


