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ABSTRACT 

 Breast cancer (BC) is the second most commonly occurring malignant disease in 

women and one of the leading causes of cancer-related death worldwide, globally 

accounting for almost half-a-million deaths per year. In Canada, BC is the second leading 

cause of death in women preceded only by lung cancer. Invasion and metastasis are the 

most common causes of mortality in patients with BC.  Studies show that extracellular 

vesicles (EVs) play an important role in immune system evasion, invasion and metastasis. 

Studies have shown a significant elevation of EVs in the serum of cancer patients 

compared to healthy subjects. Furthermore, elevated secretion of EVs has been correlated 

with cancer malignancy. Therefore, it has been suggested that EVs may be an important 

non-invasive diagnostic and prognostic tool for cancer. Herein our in vitro studies show 

that ER-α is secreted via EVs from MCF-7 cells. Furthermore, our mass spectrometry 

(MS)-based proteomic study showed that the proteomic profile of EVs from the plasma of 

BC patients differs from that of healthy subjects. In addition, we have also shown that 

vesicular abundance of proteins associated with tumour malignancy, such as tissue factor 

(TF), plasminogen activator inhibitor (PAI-1),  a disintegrin and metalloproteinase 12 

(ADAM12) and β-Catenin is different between primary tumour and metastatic disease. 
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CHAPTER 1: INTRODUCTION  

 Breast cancer (BC) is the second most commonly occurring malignant disease in 

women and one of the leading causes of cancer-related death worldwide, globally 

accounting for almost half-a-million deaths per year [1]. In Canada, BC is the second 

leading cause of cancer-related death in women preceded only by lung cancer [2]. It has 

been estimated that in 2015, 25,000 Canadian women were diagnosed with BC, and 5,000 

died as a result of the disease [2]. Furthermore, one in nine Canadian women develop BC 

during their lifetime, and one in 30 die as a result of BC morbidities [2]. Several 

environmental [3], hereditary [4-7] and lifestyle [8-13] factors have been associated with 

increased risk of developing BC and poor patient outcome.  

 Invasion and metastasis are the most common causes of mortality in patients with 

BC [14]. Distant metastasis are commonly found in the brain, lungs, bone, and liver [14]. 

The estrogen receptor (ER)-α, progesterone receptor (PR) and human epidermal growth 

factor receptor 2 (HER2) are the main prognostic and diagnostic biomarkers for BC [15]. 

Current clinical practices require assessment of tumour-core biopsies in order to 

accurately diagnose BC patients and choose the course of treatment [15, 16]. However, 

there is evidence showing that tumour-core biopsies or other needle procedures can 

disseminate tumour cells, potentially contributing to the development of metastasis [16]. 

Therefore, there is an urgent need for the development of non-invasive diagnostic tools 

that would allow for the monitoring of changes in tumour phenotype, without the 

consequence of contributing to disease progression.  
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 It is well established that tumour cells and the surrounding stroma secrete a 

variety of tumour associated proteins via extracellular vesicles (EVs) [17-21]. Studies 

have shown a significant elevation of EVs in the serum of cancer patients compared to 

healthy subjects [17, 22]. Furthermore, elevated secretion of EVs has been correlated with 

cancer malignancy [23]. Therefore, it has been suggested that EVs may be an important 

non-invasive diagnostic and prognostic tool for cancer [18-21, 24]. To test this 

hypothesis, we have examined the cargo of EVs derived from the plasma of BC patients 

and BC cells.  

 Our in vitro studies show that ER-α is secreted via EVs derived from the BC 

MCF-7 cells. Furthermore, our mass spectrometry (MS)-based proteomic study showed 

that the proteomic profile of EVs from the plasma of BC patients differs from that of 

healthy subjects. In addition, we have also shown that vesicular abundance of proteins 

associated with tumour malignancy, such as tissue factor (TF), plasminogen activator 

inhibitor (PAI) -1,  a disintegrin and metalloproteinase 12 (ADAM12) and β-Catenin is 

different between primary tumour and metastatic disease. 

1.1 Breast Cancer Development and Characterization  

 The mechanism by which the progression of BC develops from a localized state to 

that of a metastatic state is well-established [14, 25, 26]. BC is assessed in stages, from 

zero to four, and each stage represents the progression of the disease state (Figure 1). The 

most commonly used staging system for BC is the tumour-node-metastasis (TNM) 
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classification system, which takes into account the tumour size, spread of cancer to the 

lymph nodes, and presence of distant metastasis [27, 28]. In addition, examination of 

tumour histology to determine tumour grade is crucial for the prediction of disease 

behaviour and patient outcome [29]. BC can be further classified based on the molecular 

profile of established BC biomarkers [1, 30]. Current diagnostic and prognostic 

techniques can be utilized independently, however, a better diagnosis can be achieved 

when such methods are used in a complementary fashion [31] . 

 The ductal carcinoma in situ (DCIS), or stage 0, is characterized as an abnormal 

proliferation of breast epithelium in milk ducts and lobules, respectively [32]. The DCIS 

is not considered invasive, however, if left untreated, it can progress to metastatic disease 

[25, 32]. Stage 1 BC is characterized by an increase in tumour size within the breast, with 

no expansion to the lymph nodes [28, 33]. In stage 2 BC, the tumour is contained within 

the breast tissue, but has spread to the adjacent lymph nodes [28, 33]. BC is classified as 

stage 3 if tumour cells have spread past the region of origin, to the muscle and lymph 

nodes of the chest wall, but has not spread to distant organs [28, 34]. Lastly, the hallmark 

of stage 4 BC is the presence of distant metastasis in the bone, liver, lungs and brain [28]. 

Therefore, as disease stages progress (Figure 1), the complexity of both disease and 

treatment become more convoluted.  

 In addition to classification of the tumour with accordance to the TNM staging 

system, tumour tissue can also be further classified based on the tissue grade. The tumour 

grade system is a scoring system that is used to assess the rate of growth and the 
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differentiation status of tumour cells compared to normal cells in the tissue of interest [29, 

35]. Based on this grading system, the tumour is then classified as low, medium or high 

grade, where low grade tumour cells are similar to normal cells and tend to be less 

aggressive than high grade tumours [29, 35]. Therefore, complimentary to the staging 

system, the tumour grade is predictive of patient outcome.  

 In addition to the TNM staging system and the tumour grade classification, BC is 

characterized based on the molecular profile of established BC biomarkers, including ER, 

PR, HER2 [14]. BC can be subdivided into four major subtypes, as well as pre-invasive 

subtype known as DCIS [ER±, HER2 ± ] [25, 32, 36]. The subtypes of BC include: basal-

like or triple negative BC (TNBC) [ER-, PR-, HER2-] [37], the HER2+ subtype [±ER+/

HER2+] [36], luminal A [ERhigh, PR+, HER2-, low Ki67] [38], luminal B [ERlow, PR+, 

HER2±, high Ki67] [36, 39]. Regardless of the stage and grade, these subtypes are 

associated with different clinical outcomes and varied responsiveness to therapy [32, 37, 

38]. In addition to classification by molecular subtype, several prognostic assays have 

been developed based on gene expression profile of whole tumour tissues and molecular 

profiling of circulating tumour cells, many of which are clinically relevant [14, 40]. 

Furthermore, there is evidence that BC can be subdivided into ten clusters of breast-

associated diseases based on copy number variation and gene polymorphisms assessed 

together with genomic profiles [41]. However, this technique has not yet reached clinical 

use. Current efforts are directed towards the development of reliable non-invasive 

prognostic and diagnostic tools.  
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Figure 1. The TNM Staging System for BC.  

A simplified diagram representation of the TNM classification system for BC, as per 

Canadian Cancer Society recommendations. The TNM staging system takes into 

account the tumour size, lymph node involvement and the presence of metastasis at 

distant sites.  
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Stage 0  
Abnormal 

noninvasive cells 
in the lining of 
the ducts or the 
lobules of the 

breast (DCIS or 
LCIS). Increases 

the risk of 
developing BC.  

Stage I  
Invasive 
tumour is 

found in the 
breast. The 

tumour is < 2 
cm in diameter 

and has not 
spread to the 

lymph nodes or 
distant sites.  

Stage II  
The tumour is 
found in the 
breast. The 

tumour size is 
between 2-5 cm 

in diameter. 
Cancer may 
affect 1-3 

axillary lymph 
nodes. No 

distant 
metastasis. 

Stage III  
The tumour is 
found in the 
breast. The 

tumour is >5 cm 
in diameter. 

Cancer spread to 
axillary and 

internal mammary 
lymph nodes  and 

may affect 1-9 
lymph nodes. No 

distant metastasis. 

Stage IV 
The tumour is of any size. Any degree of 

lymph node involvement may be observed. 
The tumour has spread to distant organs such 
as the bone, liver, lung, brain or lymph nodes 

far from the breast. 



1.2 Breast Cancer Treatment  

  BC is a clinically heterogeneous disease, depending on BC stage and molecular 

profile of the tumour, there are many treatment options. The DCIS is a non-invasive form 

of BC, therefore, combination of lumpectomy (breast conserving surgery) and radiation 

therapy are a typical course of treatment [32]. If cancerous cells are found to spread 

through ducts, resulting in stage 1 BC, a combination of surgery and adjuvant molecular 

targeted therapy are chosen as first line of treatment by many physicians [42, 43]. For 

stage 1 BC, lumpectomy and mastectomy (removal of the breast) are both viable options 

depending on the degree that tumour cells have spread [44]. Also, both radiation therapy 

and hormone therapy are often recommended for patients with stage 1 BC [33, 42]. For 

stage 2 patients, treatment options include a combination of surgery, radiation therapy, 

chemotherapy, and/or hormone therapy [33, 42]. Treatment for stage 3 BC is similar to 

that of stage 2 BC, however, the order of interventions may differ based on the size of the 

tumour. For example, if the primary tumour is large, the physician may recommend 

chemotherapy treatment before surgery in order to reduce tumour size [34]. For metastatic 

BC treatment options are limited [34]. The sites and the extent of metastasis limit surgical 

interventions. Also, depending on the molecular profile of the tumour, stage 4 patients are 

predominantly treated with molecular targeted therapies as well as chemotherapy [34, 45]. 

Therefore, as disease progresses, the treatment options become more complex and 

invasive.  
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 Molecular targeted therapies have been developed based on BC molecular 

subtype. Tamoxifen (TAM) is the most widely used selective ER modulator (SERM) 

currently used in the clinic. TAM is both an antagonist and agonist of the ER based on the 

tissue [46, 47]. In addition to inhibition of ER signalling by TAM, aromatase inhibitors 

(AIs) are also used to prevent conversion of endogenous androgens to estrogen, which 

further reduces estrogen signalling [48]. TAM and AIs are clinically relevant for ER+ BC, 

however, ineffective against HER2+ and TNBC subtypes.  

 The first line of therapy for HER2+ subtype entails treatment with Trastuzumab 

and Pertuzumab, which are both monoclonal antibodies against the HER2 receptor [49]. 

Trastuzumab blocks homodimerization [50] of HER2, whereas Pertuzumab blocks 

heterodimerization of the HER2 receptor [51]. If the first line treatment fails, the second 

line of intervention consists of tyrosine kinase inhibitors, such as Lapatinib. By binding to 

the ATP-binding pocket of HER2 and epidermal growth factor receptor (EGFR), these 

agents block phosphorylation, subsequently inhibiting the initiation of downstream 

signalling cascades [52]. 

 TNBC is defined by lack of expression of the ER, PR and HER2 [37], 

consequently resulting in irresponsiveness to endocrine therapy. Therefore, there is 

currently no established molecular targeted therapies for TNBC, however, potential 

targets that are currently being studied include the phosphatidylinositide 3-kinases (PIK3) 

and EGFR [37, 53, 54]. Paradoxically, patients with TNBC are more sensitive to 

chemotherapy compared to other BC subtypes [37]. Therefore, usual treatment for TNBC 
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includes a combination of chemotherapy, radiation therapy and surgery [37]. The 

molecular profile of BC is mainly defined by the expression of ER, PR and HER2 (Table 

1), however, our studies focused on characterization of the ER-α in EVs.   

  

!9



!10

Table 1: Breast cancer subtypes and therapies  

The summary of  BC molecular subtypes, therapeutic approaches commonly used for 

each subtype and prevalence of each subtype expressed as a percent-value [37]. 
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Subtype Molecular 
markers 

First line therapy Second line 
therapy

Approximate 
occurence (%)

DCIS ER±, HER2 ± Surgery, radiation 
therapy, 

chemoteherapy

Adjuvant therapy 
such as 

Tamoxifen (ER+) 
or Trastuzumab 

(HER2+)

20

Luminal A ERhigh, PR+, 
HER2-, low 
Ki67

Tamoxifen Aromatase 
inhibitors 

40

Liminal B ERlow, PR+, 
HER2±, high 
Ki67

Tamoxifen Aromatase 
inhibitors 

20

HER2+ ±ER+/HER2+ Trastuzumab, 
pertuzumab

Lapatinib 10

TNBC ER-,PR-,HER2- Molecular targeted 
therapies depending 

on subtype in 
combination with 

chemotherapy, 
radiation therapy, 

surgery

Chemotherapy, 
surgery, radiation 

therapy

10-20



1.3 Estrogen Receptor  

The ER-α is one of the chief predictors of patient outcome and response to therapy. 

The ER-α is ligand-dependent transcription factor that belongs to the nuclear receptor 

superfamily of receptors [55, 56]. In the absence of a ligand, ER-α is sequestered to the 

cytoplasm within a large inhibitory heat shock protein (HSP) complex [56]. Upon binding 

of agonists, ER-α undergoes conformational changes, phosphorylation and dimerization, 

which allows the receptor to translocate to the nucleus where it modulates gene 

transcription [55, 56]. One such agonist is estrogen, which either up- or down-regulate the 

expression of their target genes via interaction of ER with the estrogen response element 

(ERE) (Figure 2) [55, 56]. Similar to other nuclear hormone receptor family members, 

ER-α is composed of three major functional domains. These include the N-terminus 

domain (NTD), the Deoxyribonucleic acid (DNA)-binding domain (DBD), and the ligand 

binding domain (LBD). The full transcriptional activity of ER is mediated by two 

activation function (AF) domains [56, 57]. The hormone-independent AF-1 is located in 

the NTD, and the ligand-dependent AF-2 is located in the LBD [56, 58]. The hinge region 

contains the nuclear localization signal (NLS), which serves as a region connecting the 

NTD and LBD [56]. The F region is located near the C-terminal end of the LBD and has 

the capacity to modulate gene transcription [56] (Figure 3). 

 It was believed there was only one ER, the ER-α. However, in the mid-1990s a 

novel ER was discovered and termed as ER-β [56, 59]. Thus, there are two independent 

ER receptors encoded by two independent genes, the ER-α and ER-β, encoded by ESR1 
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and ESR2, respectively [56]. Given that there are two distinct ERs, they can either form a 

homodimer or a heterodimer upon activation [60]. The ER-α and ER-β have high 

sequence homology in the LBD and DBD, whereas the NTD is most variable [56]. 

Although, the role of the ER-β isoform in the development and progression of BC is 

unclear, it is well established that ER-α plays a central role in this disease.  

In addition to the differences mentioned above, the ER-α LBD structure consists of 

twelve helices, which comprise the hormone binding pocket [58]. Despite high sequence 

homology, research shows that ER-α and ER-β emphasize the use of different molecular 

forces to secure ligand binding and have different ligand binding specificity [61]. ER-α 

binding pocket has a very hydrophobic environment, whereas hydrogen bonding is more 

important for the ER-β [58]. Upon ligand binding the four helices that make up LBD 

rearrange and form a hydrophobic cleft with binding sites for AF-2-interacting 

coactivators or corepressors [58]. These include CREB-biding protein (CBP), 

transcriptional intermediary factor-2 (TIF2) and receptor associated activators that belong 

to p160 family of AF-2 coactivators, nuclear receptor corepressor (NCoR) and many 

others [62]. Once activated, the ER-β induces the expression of the similar genes as those 

regulated by the ER-α, but to a less efficient extent [56]. In addition, ER-β can also act as 

a transcriptional repressor, in cells that express both isoforms, by decreasing sensitivity to 

estrogen [56, 63]. Although, both isoforms have the same ligand and similar homology, 

slight differences in the ligand binding domain influence transcriptional efficiency of the 

target genes activated by the ERs. 
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 ERs are found in many tissues throughout the body, including the brain, the bone, 

the uterine, the ovarian, the heart, the liver, prostate and the breast tissues [56, 57]. 

Estrogen signalling plays a central role in the normal development of female physiology, 

however, ER-α is also implicated in the development and progression of BC based on 

both clinical and animal studies [64-66]. It has been established that prolonged exposure 

to endogenous or exogenous estrogens can results in the development of BC [8, 67]. 

Furthermore, 70% of BC is initially classified as ER-positive [68]. Currently there are 

two hypotheses proposed to explain the mechanism by which estrogen exposure can 

promote the development of BC [69, 70]. The first hypothesis states that the binding of 

estrogen to ERs increases cellular proliferation, thereby increasing the chance of DNA 

mutation [69]. The second states that byproducts of estrogen metabolism result in DNA 

damage, resulting in point mutations [70]. Evidence exists to support both hypotheses, 

however, it is not clear whether these events occur exclusively or are complimentary 

fashion.  

 Due to a high prevalence of ER-positive BC cases, SERMs is one of the most 

frequently used forms of molecular targeted therapies [47]. However, 30-40% of BC 

patients develop endocrine resistance to SERMs [68]. Several mechanisms have been 

proposed to contribute to the development of this resistant phenotype. Acquired resistance 

is thought to occur as a result of loss of ER-α expression or mutation of ER-α, however, 

only about 20%  of patients actually show loss of the receptor [71] and <1% of ER-α 

positive tumours have receptor mutations [68, 72, 73]. In addition, its been proposed that 
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the phosphorylation of serine and tyrosine residues in ER-α through induction of growth 

factor signalling, results in ligand-independent activation of the receptor [73]. 

Furthermore, increased sensitivity of the ER to lower levels of circulating estradiol is 

another possible mechanism [74]. More recently, it has been shown that some Caucasian 

women have an inactive allele for cytochrome P450 2D6 (CYP2D6), which is required to 

convert TAM to its active form, endoxifen, consequently reducing tamoxifen 

responsiveness [75]. Also, the presence of a truncated variant of ER-α, ERα-36, has been 

shown to play a role in the response to therapy [76]. An abundance of evidence supports 

the notion that multiple mechanisms contribute to the development of aggressive resistant 

phenotypes, however, currently there is no consensus that one mechanism is the main 

driver of this process [68, 73]. Furthermore, current understanding of the intricate 

communication between the molecular pathways contributing to the development and the 

progression of primary tumour to metastatic disease is limited.  

 Although there are many well established markers for BC, there are many 

promising prognostic and therapeutic targets that are currently being investigated 

worldwide [14]. Current research in the field of biomarker discovery aims to determine 

non-invasive markers of disease state and response to therapy. Our studies have focused 

on characterization of molecular targets involved in the regulation of tumour-associated 

thrombolitic/fibrinolytic events as well as extracellular matrix (ECM) remodelling. Our 

studies focus on the characterization of  TF, PAI-1ADAM12 and β-Catenin in BC patient 

plasma derived EVs.  
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Figure 2. Canonical Estrogen Signalling  

Upon estrogen binding, ER-α undergoes conformational changes resulting in 

phosphorylation and dimerization. ER-α then mediates estrogen effects by modulating 

the expression of target genes via estrogen response element (ERE) [55, 56]. 
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Figure 3. Structure of the ER-α 

The ER-α gene is located on chromosome six. The coding sequence of the ER-α 

consists of eight exons. Given that full-length ER-α contains a DNA-binding domain 

(DBD), ligand binding domain (LBD), N-terminal domain (NTD), it is similar in 

structure to other nuclear receptors. In addition, ER-α also has two activation function 

(AF) regions, the hinge region, which contains the NLS and the “F”-region that 

modulates transcription [55,56]. 
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1.4 Tissue Factor 

 The TF belongs to the cytokine receptor protein superfamily and plays a crucial role 

in hemostasis and clot formation [77]. Similar to other cytokine receptors, TF consists of 

three domains: the extracellular domain, the single-pass transmembrane domain and the 

short cytosolic domain [77, 78]. The N-terminal extracellular domain has a LBD 

composed of two fibronectin type III domains and makes up a large proportion of the 

receptor [79]. TF  initiates clot formation upon tissue injury, and therefore it belongs to 

the extrinsic coagulation cascade [80, 81]. Upon activation factor VIIa binds to TF, 

initiating coagulation by recruiting and subsequently activating factor X, which 

consequently results in thrombin generation [81].  

 TF factor is expressed throughout the body in both healthy and malignant tissues, 

including the vascular adventitia cells, organ capsules, smooth muscle cells, epithelial and 

tumour cells [82]. In addition to regulating hemostasis in healthy individual, TF 

expression has been correlated to invasion and metastasis of many types of malignancies 

[83-89]. Therefore, the role of TF in malignant disease is an exciting new area in cancer 

research.  

 TF signalling is emerging as one of the key players involved in gene regulation and 

protein synthesis in cancer [88, 89]. Dysregulation in TF expression and signalling has 

been observed in a variety of human tumours including prostate cancer [90], pancreatic 

cancer (PC) [91], lung cancer [92], colorectal cancer [93, 94], glioma [95, 96] and BC 

[97]. In healthy tissue, TF expression is limited to the subendothelium, and is only 
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exposed to blood after vascular injury, however, with tumourigenesis the regulation of TF 

expression is lost [82, 98].  

 Several factors have been associated with aberrant expression of TF in malignant 

disease. In glioma, hypoxia and loss of the tumour suppressor gene phosphate and tension 

homolog (PTEN) results in induction of TF [99]. In colorectal cancer, activation of K-ras 

oncogene and loss of the tumour-supressor p53 regulate TF expression [100]. In addition, 

it has been shown that TF expression is regulated by mitogen activated protein kinase 

(MAPK) and PIK-3 signalling in colorectal cancer [100]. Leading to conclusion that TF 

expression is regulated by intricate molecular pathway(s) involved in cancer invasion and 

metastasis. 

 Hypercoagulability that is observed in many cancer patients leads to increased risk 

of venous thromboembolism (VTE), pulmonary embolism and hemorrhage [101]. 

Aberrant TF signalling has been associated with the development VTE in ovarian [102] 

and pancreatic [103] cancers. Furthermore, this hypercoagulable state can contribute to 

tumourigenesis by supporting angiogenesis [88, 104], cell migration [105, 106] and 

metastatic potential [107, 108]. Therefore, TF expression and protein level may be a 

novel reliable diagnostic and prognostic tool for malignant disease.  

1.5 Plasminogen Activator Inhibitor-1  

 PAI-1 is a member of the serine proteinase inhibitor (SERPIN) super-family of 

glycoproteins, and similar to TF is essential for hemostatic regulation [109]. PAI-1 is 
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primarily responsible for the inhibition of dissociation of fibrin clots via inhibition of both 

the urokinase and the tissue type plasminogen activators (uPA and tPA) [109]. The tPA is 

mainly produced and stored in the endothelial cells [110], whereas the uPA is produced by 

a variety of other cell types including monocytes, T-cells, endothelial cells, epithelial 

cells, fibroblast, osteoblasts, smooth and striated muscle cells [111]. Both plasminogen 

activators cleave inactive plasminogen to generate plasmin, which then can dissociate 

fibrin clots [109]. In a healthy individual, PAI-1 is primarily expressed in 

megakaryocytes, smooth muscle cells and adipocytes [112-114]. Induction of PAI-1 

expression is observed in many cell types with stress or injury [115, 116]. Furthermore, 

increased PAI-1 expression is indicative of poor outcome in many malignant diseases, 

including BC [117, 118].  

 Human PAI-1 is a single chain glycoprotein composed of 402 amino acids with 

molecular weight of 45 kDa  [109]. PAI-1 is structurally similar to other SERPINs and 

can exist in different conformational forms. In the active form the reactive centre loop 

(RCL) of the molecule containing the bait sequence is exposed [111]. Upon reaction with 

the proteinase the RCL is cleaved and integrated into the β-sheet [111]. PAI-1 can also 

exist in latent conformation, where the RCL is integrated into the β-sheet, thus preventing 

inhibitory activity [119]. However, PAI-1 can spontaneously convert to latent form, and 

for this reason, PAI-1 has short functional half-life of one to two hours [111].  

 Systemic PAI-1 has a dual role in cellular processes - regulation of thrombotic/

fibrinolytic events and cellular adhesion, both of which are involved in tumourigenesis 
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[109]. It has been reported that PAI-1 is involved in regulation of tumour growth, 

angiogenesis, cell migration and ECM remodelling [109]. Clinical studies show that 

elevated levels of tumour tissue derived PAI-1 are associated with poor prognosis in many 

cancers, including lung [120], gastric [121], ovarian [122] and BC [123]. A correlation 

between PAI-1 expression and lymph node involvement, tumour size, and cell 

differentiation has been reported in BC [14, 124]. Furthermore, PAI-1 together with uPA 

is a clinically relevant marker for patient outcome in node-negative BC [125, 126].  

 Several factors have been associated with elevated PAI-1 expression in healthy and 

malignant cells. In vitro findings have shown a transforming growth factor (TGF)-β1-

dependant elevation in PAI-1 expression in ovarian cancer and healthy fibroblast cells 

[127, 128]. Furthermore, it has been reported that MAPK activation is essential for TGF-

β1mediated induction of PAI-1 expression in rat mesangial cells [129]. Lastly, it has been 

established that PAI-1 expression is regulated by fibroblast growth factor (FGF) 

[130].These findings support the notion that, similar to TF, PAI-1 expression is under 

tight regulation by many growth factors and that any alteration of growth factor signalling 

may also leads to aberrant PAI-1 expression.  

1.6 A Disintegrin and  Metalloprotienase-12 

 ADAM12 belongs to a large family of zinc-dependent transmembrane 

metalloportienases responsible for the regulation of ECM protein turnover [131]. 

Alternative splicing allows ADAM12 to exist in two isoforms: a membrane bound form 
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(ADAM12-L) and a secreted form (ADAM12-S). The extracellular region of both 

ADAM12 variants is composed of pro-metalloprotease, disintegrin-like, cysteine-rich, 

and epidermal growth factor (EGF)-like domains. The soluble variant of ADAM12,  

ADAM12-S, contains the same domains as ADAM12-L, with the exception of the 

cytoplasm and transmembrane domains [132]. ADAM12 is encoded by the ADAM12 

gene located on chromosome ten [133]. The membrane bound and secreted form of 

ADAM12 are made of 881 and 718 amino acids, respectively [134]. ADAM12 is 

expressed in a variety of metabolically active tissues throughout the body, such as 

cartilage [135], bone [135], muscle [136], liver [137], uterine [138] and brain [139] 

tissues.  

 In addition to regulating growth and repair in metabolically active tissues, 

ADAM12 has been implicated in the development and progression of  many diseases, 

including cardiac hypertrophy [140], asthma [141], bladder cancer [142], lung 

adenocarcinoma [143], brain tumours [144] and BC [145]. Such implications are based on 

reports that identify a positive correlation between BC stage and urine ADAM12-S [145]. 

Mechanistically, it has been shown that in an estrogen-independent manner, ADAM12 

increases the rate of proliferation of BC cells [146]. Studies with ADAM12 knockout 

PyMT mice have demonstrated that the development of tumours occurs at a slower rate 

compared to controls [142]. Furthermore, it has been reported that ADAM12 induces 

HER2 expression in human head and neck cancer cells [147]. 
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 Interestingly, evidence also shows that HER2 signalling elevates ADAM12 

expression in skin cancer cells, suggesting the existence of positive feedback loop 

between these two proteins [147]. To lend aid to this theory, it has also been shown that 

direct inhibition of HER2 blocks ADAM12 transcription; in contrast, ADAM12 

expression was rescued in HER2 overexpressison models [147]. Due to the positive 

correlation, between HER2 and ADAM12, its has been suggested that the well-

established induction of HER2 in BC contributes to the induction of ADAM12 [132].  

1.7 β-Catenin  

 β-Catenin is an evolutionary conserved protein that was first identified in 

Drosophila [148]. It is encoded by the CTNNB1 gene and is composed of thirteen repeats, 

known as the armadillo repeats. Each of these repeats contains 42 amino acids arranged in 

an alpha helical structure [149]. β-Catenin is closely related to the cadherin proteins and 

plays a pivotal role cell adhesion mediated by the canonical Wnt signalling cascade [148]. 

In healthy tissues, inactive β-Catenin is located near the plasma membrane (PM) in 

association with the cytoskeleton [150]. Upon activation however, β-Catenin translocates 

to the nucleus where it stimulates the transcription of Wnt target genes, such as PAI-1 

[151].  In addition to regulation of adhesion in healthy tissue, β-Catenin signalling is 

associated with fibrosis and cancer [151, 152]. Therefore, in a similar manner to TF, 

PAI-1 and ADAM12, the dysregulation of β-Catenin is associated with poor patient 

outcome. 
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 Loss of β-Catenin expression has been observed in many primary tumoursin early 

stages of cancer. However, β-Catenin expression becomes incrementally rescued as 

cancer disease state progresses [153]. Although paradoxical, it has been shown that a β-

Catenin-mediated reduction of cell adhesion contributes to metastasis during early stages 

of cancer [154]. In a complementary manner, the rise in expression found in later stages 

of disease have been shown to aid in the attachment of metastatic cancer cells to the 

periphery [153]. 

 Several mechanisms have been shown to contribute to the dysregulation of β-

Catenin expression in malignant cells. In vitro evidence has demonstrated that 

overexpression of miRNA-1229 in BC is associated with increased activation of Wnt/β-

Catenin signalling [155]. Furthermore, a coactivator protein JRK has been shown to 

regulate β-Catenin transcriptional in colon cancer, ovarian cancer and BC [156]. 

Therefore, similar to TF, PAI-1 and ADAM12, β-Catenin signalling is subject of a highly 

regulated and intricate molecular mechanism(s).  

1.7 Extracellular Vesicles  

1.7.1 The Discovery of Extracellular Vesicles 

 Early studies have shown that mammalian cells shed membrane-enclosed vesicles, 

also known as EVs [157-161]. Initially it was assumed that vesicles were only released by 

the outward budding of PM. Recent studies however, have led to the discovery of a 

complex intracellular vesicle biogenesis system, known as the endocytic pathway. This 
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vesicle biogenesis pathway was first documented while studying the necessary loss of 

transferrin receptor (TfR), which naturally occurs during erythrocyte maturation. It was 

then observed that this loss of TfR, occurs due to increased shedding of TfR-containing 

vesicles. Using transferrin bound gold particle [162] or anti-TfR antibodies [163], two 

independent studies utilized electron microscopy (EM) to establish this process. In a 

consistent manner, both groups concluded that prior to shedding, the TfR is endocytosed 

and packaged into intracellular vesicles prior to fusion and secretion from the PM [162, 

163]. These seminal studies led to the conclusion that in addition to the established PM 

shedding mechanism, EVs are also secreted in a manner dependent on the endocytic 

pathway.  

1.7.2 Extracellular Vesicle Isolation Method  

 Currently the most widely used EV isolation method is known as the differential 

centrifugation [164]. In brief, the initial slow speed centrifugations remove apoptotic 

bodies and cell debris. The EV analyte is then collected following final ultracentrifugation 

at 100,000 x g (Figure 4) [165, 166]. However, ultracentrifugation only allow for the 

enrichment of a heterogeneous population of exosomes and microvesicles (MVs) [167, 

168]. In recent years there have been a number of improvements in commercial polymer/

immunocapture based EV isolation methods, which distinguish exosomes from MVs 

[166-168]; these methods, however, they are not widely used [164, 168]. 
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Figure 4. EV Isolation from Cultured Cells.  

Immediately following collection, conditioned culture medium is subjected to 

centrifugation at 1,250 x g for five minutes at 4 °C to eliminate large cellular debris. 

The supernatant is then collected and subjected to a second centrifugation at 12,000 x 

g for 20 minutes at 4 °C to further eliminate smaller cellular debris and apoptotic 

bodies. The remaining supernatant is then centrifuged at 100,000 x g for three hours 

at 4 °C. The resulting heterogeneous population of exosomes and microvesicels are 

isolated following this final centrifugation.  
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1.7.3 The Size and Morphology of Extracellular Vesicles’  

 Further studies in the field allowed for the characterization of EVs. Early EM 

analysis of whole vesicles revealed a cup-shaped appearance, however, this morphology 

was later attributed to a fixation method [168]. More recently, however, cryo-EM studies 

revealed that EVs have a round shape [169]. EVs are derived from the endosomal 

compartment and from the shedding of PM, and are subsequently known as exosomes and 

MVs, respectively. Exosomes range from 40-150 nm in diameter [166] , whereas MVs are 

much larger, typically reaching sizes of ~1000 nm in diameter [170]. In addition to the  

differences in size and morphological features, EVs also vary in composition [168]. It is 

well established that EV composition reflects that of the parent cell [17, 171, 172].  

1.7.4 The Composition of Extracellular Vesicles   

 Given the widespread use of the differential centrifugation technique, the exact 

composition of each subtype of EV is currently unknown [168]. Many studies have 

revealed that EV, including exosomes and MVs, contain a variety of proteins, lipids, and 

nucleic acids.  

 The early studies of EV composition mainly focused on proteomic content using 

target specific techniques, such as the western blot (WB) [163, 173]. Further advancement 

in scientific methods allowed for the use of MS-based proteomic analysis [174, 175], 

which allowed for the simultaneous identification of vast numbers number of targets. 

Using this method, the cellular machinery required for EV biogenesis and secretion were 
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quickly identified [168, 176, 177]. Furthermore, this methods also led to the identification 

of EV subtype-specific protein markers [167, 178]. Such markers include the endosomal 

sorting complex (ESCRT) [179] and Flotillin-1 [180], which contribute to EV biogenesis/

secretion, and belong to the exosome and MV subtypes, respectively.   

 Similar to the cell membrane, EVs are enclosed in a lipid bilayer and thus, 

increasing numbers of studies aim to examine EV lipid bilayer composition. These studies 

have successfully identified the presence of variety of lipids, including sphingomyelin, 

phosphatidylserine (PS), cholesterol and ceramide in the lipid bilayer of EVs [173, 

181-185]. Amongst these findings, it was observed that EVs contain an elevated 

abundance of PS and cholesterol, the two major constituents of lipid rafts, relative to 

other lipid subtypes. For this reason, it was concluded that lipid rafts play a major role in 

the secretion of EVs [184, 186-188].  

 In addition to the characterization of EV protein and lipid profiles, several groups 

have identified genetic material, such as mRNAs and miRNAs, as a part of EV cargo 

[189, 190]. Furthermore, studies shown that this functional genetic material can be 

transferred from EV to distant cells, thereby affecting gene expression of recipient cells 

[190-192]. In addition, recent evidence has demonstrated that certain mRNA species are 

preferentially secreted via EVs [193]. These findings support the notion, that in a similar 

manner to vesicular protein and lipid, the trafficking of genetic material via EVs is a 

tightly regulated process; and therefore not a random occurrence.  
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  Several studies show that the composition of EVs changes based on culture 

conditions [194] in a manner dependent of the effect of these conditions on the donor cell. 

For instance, inflammatory signalling has a great affect on the protein and RNA 

composition of EVs derived from dendritic and mesenchymal stem cells [195, 196]. 

Similar findings were observed in EVs isolated from epithelial and tumour cells cultured 

in hypoxic conditions [197, 198]. Furthermore, it has also been shown that the lipid 

composition of EVs changes based on culture conditions [199]. Collectively, these 

findings suggest that environmental changes, which affect donor cell homeostasis, in turn, 

change the composition of the resulting EVs.  

1.7.5 The Biogenesis and Secretion of Exosomes  

As mentioned above, exosomes are a subgroup of EVs with origins stemming 

from the endocytic pathway. The biogenesis and secretion of this type of EV can be 

grossly categorized into three major events, including (a) the formation of an early 

endosome, (b) maturation of the early endosome into a multi vesicular body (MVB), and 

lastly (c) exosome secretion [168, 200]. The formation of the early endosome begins with 

cargo assembly at clathrin-coated sites on the PM followed by the inward budding of the 

PM [201]. The early endosome then matures to form the late endosome or a MVB via 

accumulation of intraluminal vesicles (ILVs), the cargo of which reflects cytosolic content 

and PM composition of the donor cell [168, 202, 203]. Several mechanisms aiming to 

explain MVB biogenesis have been proposed. However, given that the role of ESCRT 
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(Figure 5), which plays a major role in EV biogenesis, is not well established, several of 

the proposed mechanisms are in a state of contradiction. 

 The ESCRT machinery drives the most well characterized mechanism for MVB 

and ILV formation. The ESCRT family is composed of thirty proteins that are assembled 

into five complexes, including ESCRT-0, ESCTR-I, ESCRT-II, ESCRT-III and VPS4 

[168, 204]. The assembly of these complexes occurs in a sequential manner, such that 

ESCRT-0 recognizes and assembles monoubiquitinated proteins in the early endosome 

membrane. Following this, a component of the ESCRT-0 complex then recruits tumour 

susceptibility gene 101 (TSG101), which is a part of ESCRT-I complex. ESCRT-I then 

recruits ESCRT-III via ESCRT-II or ALG-2-interacting protein X (ALIX) [168, 205].  

 In contrast to the mechanism discussed above, several studies show that MVB 

formation can occur in a manner independent of the ESCRT. An alternative mechanism 

involving tetraspanins, such as CD63, has been shown to drive the formation of ILVs 

independent of ESCRT signalling [206]. Furthermore, two lipids, ceramide and 

phosphatic acid have been shown to initiate the inward budding of the early endosome 

membrane to form ILVs [183, 207]. Therefore, current evidence suggests that MVBs and 

ILVs can be formed in an ESCRT-dependent or -independent manner. 

 Intracellular vesicle trafficking between organelles is regulated by the Rab 

GTPases [208]. Evidence also shows that the Rab family is highly involved in MVB 

trafficking and secretion (Figure 5). Several Rab proteins have been shown to be involved 

in EV secretions, including Rab11, Rab27 and Rab35 [209-212]. Current research 
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suggests that Rab11 and Rab35 are associated with the early endosome, whereas Rab27 is 

associated with late endosome trafficking [208]. Lastly, followed by vesicular trafficking, 

membrane fusion allows for secretion of MVB contents into extracellular space. The 

soluble N-ethylmaleimide-sensitive fusion attachment protein (SNAP) receptors 

(SNAREs) mediate membrane fusion between two organelles [213]. The SNARE protein 

complexes have been shown to be involved in Ca2+-dependent membrane fusion with PM 

in epithelial cells and neutrophils [214, 215]. Furthermore, studies show that SNARE-

associated proteins are involved in the fusion of MVB with PM  and consequently EV 

secretion PM [214, 216, 217].  
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Figure 5. Schematic Representation of EV Biogenesis and Secretion.  

ESCRT-dependent and -independent mechanisms are associated with the formation of 

MVBs and molecular machinery involved in EV secretion [168]. 
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1.7.6 The Biogenesis and Secretion of Microvesicles  

 The other subtype of EV, MV, are formed through the direct outward budding of 

the plasma membrane. Similar to exosomes, MV are characterized by diverse lipid and 

protein cargo composition. These vesicles have been shown to contain PS, Flotillin-1, and 

a variety of adhesion molecules [170]. The exact process of MV formation is unclear, 

however, a number of plausible mechanisms have been proposed. The majority of MVs 

are thought to be formed in PM regions rich in cholesterol and sphingolipids, known as 

lipid rafts. MV formation occurs at sites in which PS relocation to the outer leaflet of the 

PM is accompanied by the action of flippases, floppasees and scramblases, which in turn 

results in membrane asymmetry [170, 218]. The ATP-dependent induction of lipid 

asymmetry results in membrane curvature, and is believed to cause the formation of MVs 

[219, 220]. In addition to this mechanism, several other molecular mechanisms have been 

proposed to contribute to MV biogenesis and secretion (Figure 5). A change in polarity of 

actin cytoskeleton, as a result of  ADP-ribosylation factor (ARF) overexpression, has been 

shown to be involved in formation of MVs [221]. Overall, in a manner similar to 

exosomes, there exist several conflicting lines of evidence supporting the mechanism by 

which MV are formed and secreted and therefore, additional research is required in this 

field. However, there exists a consensus among these studies, in that the mechanism of 

microvesicle biogenesis and secretion is highly regulated. 
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1.7.7 Extracellular Vesicles in Health and Disease  

 EVs are produced by a variety of healthy and malignant cells. Consequently 

research has shown that EV secretion and trafficking is involved in healthy and malignant 

processes [17, 163, 173, 222]. In cancer, EVs have been largely described as promoters of 

tumour progression and invasion [18]. However, due to the complexities of EVs, there 

also exists conflicting findings in this respect; early studies have shown EVs to have an 

anti-tumor effect in a manner dependent on immune response, however, it is also 

established that EVs can aid in immune evasion [223]. Cancer-cell extracellular vesicles 

are also associated with the stimulation of tumour angiogenesis and extracellular matrix 

remodelling [224, 225]. In addition, cancer-cell vesicles have been shown to have  

protumorigenic, proinvasive, and prometastatic effects, thereby further contributing to 

malignant cancer phenotypes. In recent years, research has focused on investigating EVs 

as a potential source of prognostic markers [19, 20].  

 Overall, given that EVs stem from donor cells, EV cargo can be representative of 

the tumorigenic tissue from which it was shed [21]. Its been shown in cancers such as 

pancreatic  [19] and BC [20] that the profile of protein cargo in circulating EVs can be 

used as markers to determine organ specific metastasis. 
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OBJECTIVES 

 The main objectives of this study are to assess the content of EVs from BC cells 

for the presence of established BC biomarkers, as well as investigate potential novel 

markers of disease state in EVs from BC patients.  The specific objectives of the study are 

as follows:  

I. To examine the status of ER-α in extracellular vesicles from BC cells.  

 There is evidence indicating that EVs carry a variety of molecules, including intact 

receptors, as a part of their cargo [17, 168, 226]. Previous work in our laboratory has 

identified the androgen receptor (AR), as a part of EV cargo in PC cells (Submitted to 

European Journal of Cancer). The goal of this study is to investigate whether ER-α is also 

secreted through EVs of BC cells.  

II. To assess the potential of circulating EVs in providing novel biomarkers for 

BC detection and prognosis.  

Currently, the most common staging system for BC is the TNM system. The TNM 

system takes into account the tumour size, presence of cancer cells in the lymph nodes, 

and presence of metastasis [227-229]. In addition, the histological identification of 

tumour tissues biopsies is crucial for the prediction of disease behaviour and patient 

outcome [29]. However, it has been demonstrated that biopsies cause dislocation of 

malignant cells along the needle track [16, 230, 231]. This dislocation could consequently 
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result in dissemination of tumour cells into circulation, thereby increasing the likeliness 

of metastasis. For this reason, non-invasive prognostic and diagnostic techniques are 

urgently required to avoid potential dissemination of tumour-initiating cells. Based on our 

findings, regarding the AR, as well as those of others, cancer cell-derived EVs have the 

potential to become a powerful prognostic and diagnostic biomarker tool. Our goal is to 

investigate whether the proteomic profile of EVs derived from BC patient plasma reflects 

the disease state. 

III. Validation of specific targets identified by the MS proteomic study.  

Studies have shown that plasma samples of patients with advanced lung cancer, 

ovarian cancer, and colorectal and melanoma cancer have a higher level of EVs compared 

to healthy subjects [18, 232-234]. Recently, it has been shown that Glypican-1, a vesicle 

associated protein, can distinguish with hundred percent certainty between precancerous 

lesions and benign tumors in pancreatic cancer patients. This non-invasive test also has 

the ability to identify patients with late-stage pancreatic tumors, thereby limiting the 

utilization of invasive procedures [21]. Based on the outcome of the proteomic study, we 

are going to be focusing on identifying and validating targets that have previously been 

associated with cancer prognosis. For the purpose of the study, we are going to focus on 

protein targets that are either induced or lost in EVs from different stages from BC 

patients.  
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HYPOTHESIS 

 It has been reported that EVs are a source of biomarkers for the diagnosis of 

pancreatic cancer [21]. However, the use of this technique in the prognosis and diagnosis 

of BC has not yet been examined. We hypothesize that the use of a MS-based proteomic 

analysis of EVs from BC patients will provide us with a rich source of biomarkers that 

accurately reflect disease state.  

 In addition, it is well established that ER-a is critical for disease progression and 

that the receptor expression is a valuable prognostic biomarker [76, 235-240]. We have 

also shown previously that nuclear receptors, such as AR, are found within the cargo of 

EVs secreted from PC cells (Submitted to European Journal of Cancer). Based on these 

findings, we also hypothesize that EVs derived from PC cells contain ER-α as a part of 

their cargo. 

CHAPTER 2: MATERIALS AND METHODS  

2.1. Cell Culture 

 MCF7 is a mammary epithelial cell line derived from human invasive ductal 

carcinoma, was purchased from the American type cell cultures (ATCC) [241]. T47-D, 

MDA-MB-453, and HCC 1937 cells were a generous gift from  Dr. Tang’s lab, at the 

Hamilton Kidney Research Centre (HKRC), McMaster University. T47-D and MDA-

MB-453 cells have been derived from metastatic pleural effusion site [242, 243] whereas 
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HCC-1937 cells have been derived from ductal carcinoma [244]. The MCF7 and T47-D 

cells were chosen because they are known to express ER-α, as where MDA-MB-453 and 

HCC-1937 were chosen for lack of ER-α expression. All cells were cultured in medium  

listed in Table 2.  For the purpose of extracellular vesicle collection, all cell lines were 

first cultured in complete medium: 10% fetal bovine serum (FBS) (Life Technologies)  + 

1% Penicillin Streptomycin (PS) (Life Technologies) until 75-80% confluence and then 

cultured in medium free of FBS and PS for 24 hours . 
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Table 2: Medium used for cell culture  

All cells were cultured in medium purchased from the ATCC according to 

manufacturer’s recommendations using appropriate aseptic techniques. 
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Cell Line Medium used Catalogue number 

MCF-7 EMEM ATCC 30-2003

HCC-937 RPMI-1640 ATCC 30-2001

MDA-MB-453 L-15 ATCC 30-2008

T47D RPMI-1640 ATCC 30-2008



2.2 Collection of Extracellular Vesicles  from Conditioned Medium  

 EVs from plain medium were collected as previously described [17, 164]. Briefly, 

all cell lines were first cultured in complete medium until 75-80% confluence. Cells were 

then  washed with 10 mL of sterile phosphate buffered saline (PBS) (Life Technologies), 

and 10 mL of appropriate medium without FBS or PS was added for 24 hours. The 

medium was then collected and subjected to three consecutive centrifugations (Figure 4). 

Immediately after the collection, culture medium was centrifuged at 1250 x g for five 

minutes at 4°C to eliminate large cellular debris (Labnet, Hermle z400k). The supernatant 

was collected and transferred into a fresh tube without disrupting the pellet and subjected 

to second centrifugation at 12,000 x g for twenty minutes at 4°C to eliminate the 

remaining cellular debris (Thermo Scientific, Sorval RC 6PLUS). The supernatant 

collected after second centrifugation (12,000 x g) was then subjected to a final 

centrifugation at 100,000 x g for three hours at 4°C (Beckman Culter, Optima L-90K 

Ultracentrifuge). The EV pellet was then washed with a 200 µl of PBS. Vesicle protein 

content was then measured via modified Lawry protein assay (Bio-Rad).  

2.3 Collection of Extracellular Vesicles from Patient Plasma  

 Plasma vesicles were purified by differential centrifugation as described above 

with minor modifications. Briefly, all plasma vesicle isolations were carried out using 1 

mL of plasma. Serum was initially diluted in PBS at 1:1 ratio to reduce viscosity [164]. 

Following the dilution, plasma was subjected to differential centrifugation at 2,000 x g for 
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30 minutes at 4°C (Eppendorf, 5424R), 12,000 x g for 45 minutes at 4°C (Eppendorf, 

5424R), and 110,000 x g for two hours at 4°C (Beckman Culter, Optima L-90k 

Ultracentrifuge). The pellet formed after the second centrifugation and the EVs depleted 

supernatant fraction (110,000 x g) were saved for further processing. Vesicles (110,000 x 

g pellet) were resuspended in 200 µl of PBS for further analysis. 

2.4 Quantification of Total Protein  

 Following cell lysis with radioimmunoprecipitation assay (RIPA) buffer (50mM 

Tris HCl pH8, 150mM NaCl, 1%NP-40, 0.5% sodium deoxychlate, 0.1% SDS) and 

protease inhibitor cocktail  (Thermo Scientific) mix, the total protein concentration of 

each sample was quantified using detergent compatible (DC) Lawry assay (Bio-Rad). 

Briefly, appropriate standards, controls, blanks and samples were loaded (10 µl/well) into 

a 96-well plate (Falcon). Next 25 µl of A+S solution was added to each well used. This 

solution consisted of 1 mL of reagent A and 20 µl of reagent S. Then 250 µl of reagent B 

was added to each well and the 96-well plate was incubated in the dark at room 

temperature for fifteen minutes. After the incubation period a spectrophotometer 

(Spectramax Plus 384 by MolecularDevices) was used to determine the optical density of 

each well at a wavelength of 750 nm. This data was then used to determine the standard 

curve and the concentration of protein in each well.  
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2.5 Immunobloting 

 Once the protein concentration was determined, 5-10 µl of 95% v/v sample buffer 

(Bio-Rad ) and 5% v/v β-Mercaptoethanol (MP Biomedicals) solution was added to each 

sample. Homemade 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

separating gels were used, unless otherwise specified. Each well of the gel was washed 

with 1x Tris/Glycine/SDS buffer (Bio-Rad) and subsequently loaded with 15-40 µg of 

protein, depending on the analyte and the experimental procedure. Gels were run at 170 V 

for one hour. During this time, filter paper (Bio-Rad ) and nitrocellulose membrane (Bio-

Rad) were soaked in Bjerrum and Schafer-Nielsen (BSN) transfer buffer (48mM Tris, 

39mM Glycine, 0.04% SDS, 20% MeOH) in preparation for the transfer. Once 

completed, the 10% SDS-PAGE separating gels were removed from the glass moulds and 

the stacking gel was removed and discarded. While the BSN-soaked membranes and 

nitrocellulose were being installed into transfer apparatus, the gels were also soaked in 

BSN transfer buffer for five minutes. Once soaking was complete, the remaining 

components were added to the transfer apparatus. The order of the components from top 

to bottom were as follows: sponge, filter paper, nitrocellulose membrane, 10% SDS-

PAGE separating gel, filter paper, sponge. The wet transfer apparatus was set to 100V for 

one hour.  

 Once the transfer was complete, nitrocellulose membranes were stained with 

Ponceau-S stain (Biotium) to ensure the successful transfer and examine protein loading. 

The membranes were destained with 1x Tris Buffered Saline with Tween-20 (TBS-T) 
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( 50mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7,5) until Ponceau-S was fully 

removed. Following the removal of the stain the membrane was blocked in a 5% w/v fat-

free milk or bovine serum albumin (BSA) (EDM Millipore) dissolved in 1xTBS-T 

solution for one hour at room temperature with gentle agitation. After blocking, primary 

antibodies for the target protein were added for a set amount of time (Table 3). Primary 

antibodies were dissolved in 5% v/w fat-free milk or BSA  in 1x TBS-T solution based on 

manufacturers specification. Following incubation with primary antibodies, membranes 

were washed with 1xTBS-T for 3 x 15 minutes at room temperature. Membranes were 

then incubated with secondary antibody in 5% fat-free milk 1xTBS-T at room 

temperature with gentle agitation for one hour then washed with 1xTBS-T for an 

additional 3 x 15 minutes. After the washes chemiluminescence solution (Amersham) was 

added to each membrane and allowed to incubate for two minutes at room temperature. 

Membranes were then exposed and developed using Kinica Minolta Medical X-Ray 

Processor.  
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Table 3: Antibodies used for immunoblotting.  

Following gel electrophoresis and blocking, all membranes were incubated with 

primary antibodies according to manufacturer’s recommendations. Abbreviations: Rb-

rabbit, MS-mouse, pAb-polyclonal antibody, mAb-monoclonal antibody, GT-goat.
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Antibody Dilution Diluting Medium Incubation Period 

ER alpha (D8H8) 
Rb mAb

1:1000 5% w/v BSA, 1x TBS, 
0.1% Tween-20

Overnight 

β-Actin Rb mAb 1:1000 5% w/v BSA, 1xTBS, 
0.1% Tween-20

Overnight 

Flotilin-1 MS 
mAb 

1:1000 5% w/v milk, 1x TBS, 
0.1% Tween-20

Overnight 

ADAM12 GT Ab 1:1000 5% w/v milk, 1x TBS, 
0.1% Tween-20

Overnight 

TF MS Ab 1:1000 5% w/v milk, 1x TBS, 
0.1% Tween-20

Overnight 

TSG 101 Rb pAb 1:1000 5% w/v milk, 1x TBS, 
0.1% Tween-20

Overnight 

PAI-1(D9C4) Rb 
pAb 

1:1000 5% w/v milk, 1x TBS, 
0.1% Tween-20

Overnight 



2.6 Antibodies  

 Monoclonal antibodies for Flotillin-1 was purchased from BD Biosciences . The 

antibody for ER-α, β-Actin, and PAI-1 were purchased from Cell Signalling Technologies 

(CST). TF antibody was purchased from Sekisui Diagnostics. ADAM12 antibody was 

purchased from Novus Biological. TSG101 antibody was purchased from One World 

Labs. All corresponding secondary horseradish peroxidase (HRP) conjugated antibodies 

were also purchased from CST.  

2.7 Protein Isolation from Phenol-Ethanol Supernatant  

 Following DNA and RNA isolation, protein fractions were isolated from the phenol-

ethanol supernatant. Briefly, 1 mL of isopropanol (Caledon Laboratory Chemicals) was 

added to the phenol-ethanol supernatant and the mixture was incubated at room 

temperature for ten minutes. To pellet the protein the solution was then centrifuged at 

5,000 x g for ten minutes at 4°C. The protein pellet was then re-suspended in 1.4 mL of 

wash solution (0.3 guanidine HCL in 95% ethanol (EtOH)) (US Biological Life Sciences) 

and incubated at room temperature for twenty minutes. After the incubation the 

suspension was centrifuged at 9,500 x g for five minutes at 4°C The wash was repeated 

for a total of three times. Following the third wash, 2 mL pf 100% molecular biology 

grade EtOH was added and the solution was incubated at room temperature for twenty 

minutes then centrifuged at 7,200 x g for five minutes at 4°C to pellet the protein. The 
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protein pellet was air-dried for five minutes and then re-suspended in 200 µl of 2% SDS. 

The protein suspension was stored in the -20°C before further analysis.  

2.8 Sample Preparation for Proteomics 

 BC patient plasma was acquired from the tumour bank of Ontario Institute of 

Cancer Research (OICR). Upon arrival all samples were stored in liquid nitrogen until 

further processing. EVs were isolated from the plasma of a total of three BC patients in 

stage I, stage II, stage III, and three patients in stage IV as well as plasma of three age 

matched healthy subjects, for total of 9 samples. The excluding criteria of normal subjects 

were any history of cancer or benign tumours. Following the isolation as described above, 

vesicles were separated into total RNA, total DNA, and total protein. The total RNA and 

total DNA fractions were stored for further processing, while the total protein fraction 

from each sample was subjected to protein quantification using DC modified Lawry 

protein assay as described above. 

 Following the protein assay, 150 µg of protein from stage III, stage IV ang healthy 

subject preparations was run on 10% SDS-PAGE  gel and stained with Coomassie 

brilliant blue (Bio-Rad). The bands corresponding to each sample were excised  from the 

gel and subjected to MS-based proteomic analysis. Briefly, bands were shrunk in 50% 

acetonitrile (ACN) and reconstituted in 50 mM ammonium bicarbonate with 10 mM-Tris 

(2 carboxyethyl) phosphine (TCEP) and vortexed for one hour at 37°C. Chloroacetamide 

was added for alkylation to a final concentration of 55 mM. Samples were vortexed for 
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another hour at 37°C. 1 µl of trypsin was added and the digestion performed for eight 

hours at 37°C. Peptide extraction was conducted with 90% ACN. Extracted peptide 

samples were dried and solubilized in 5% ACN, 0.2% formic acid (FA). Samples were 

loaded on a homemade C18 precolumn (0.3 mm i.d. x 5 mm) connected directly to the 

switching valve and separated on a homemade reversed-phase column (150 µm i.d. x 150 

mm) with a gradient from 10–60% ACN (0.2% FA) and a 600 nl/min flow rate on a 

NanoLC-2D system (Eksigent) connected to an LTQ-Orbitrap Elite (Thermo Fisher 

Scientific, MA, US). Label-free quantification MS experiments were performed using 

collision-induced dissociation in a linear ion trap.  

 For protein identification, MS data was converted into peak lists using PEAKS 

(Bioinformatics Solutions Inc) software with default parameters. Data searching and MS/

MS spectra analysis were performed using PEAKS against Human1302S database 

(133,502 entries), assuming trypsin as digestion enzyme. The database search was set up 

with a parent ion mass tolerance of 10.0 PPM (Monoiscopic) and a fragment ion mass 

tolerance of 0.0100 Da (Monoiscopic). Deamination of asparagine and glutamine, 

oxidation of methionine, carbamidomethyl of cysteine and phosphorylation of serine, 

threonine and tyrosine were specified in PEAKS as variable modifications. Protein match 

probabilities were determined using expectation values and protein scores, and protein 

identifications were considered to be accurate when the protein of interest contained at 

least four unique peptide and had a score higher than identity threshold at p<0.05.  
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2.9 Immunohistology 

 Breast cancer tumour sections were obtained from the tumour bank of Ontario 

Institute of Cancer Research (OICR). The sections were deparaffinized in three changes 

of xylene (Fisher Scientific) for ten minutes each, and then three changes of EtOH 

(Commercial Alcohols) for one minute each. Deparaffinization was followed by an 

endogenous peroxidase block for ten minutes at room temperature (60 mL methanol, 1 

mL 30% hydrogen peroxide, 4 drops of concentrated HCl). Sections were then washed 

with 70% EtOH followed by distilled water wash. Protease digestion antigen retrieval 

was then performed. Briefly, the sections were incubated with Protease (from 

Streptomyces griseus; 0.025 g in 50 mL PBS) (Signal Aldrich) for five minutes at room 

temperature. 

  Following the antigen retrieval, sections were washed with PBS and then with Tris 

buffer and moved to a humidity chamber. Sections were then blocked in 5% normal rabbit 

serum (NRS) for 30 minutes at room temperature in the humidity chamber. After the 

block, sections were incubated with primary antibody diluted in 5% NRS for one hour at 

room temperature in the humidity chamber. Sections were then washed with Tris buffer 

twice, then incubated with biotinylated secondary antibody for 30 minutes at room 

temperate in the humidity chamber. Following the incubation, sections were washed with 

Tris buffer twice and then incubated with Streptavidin-peroxidase (Vector Laboratories) 

for ten minutes. Following the Streptavidin-peroxidase incubation, sections were washed 

with Tris buffer and distilled water then incubated with Nova Red (Vector Laboratories) 
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until the reaction was complete. The section were washed with Tris buffer to stop the 

Nova Red reaction. Once the incubation was complete, slides were then washed with 

distilled water and counterstained with Gills hematoxylin No.3 (Sigma Aldrich) for 30 

seconds. Following removal of the hematoxylin, the sections were dehydrated in two 

changes of 100% EtOH, two changes of xylene, the coverslips were then mounted using 

Permount (Fisher Scientific). The slides were allowed to dry for 24 hours before imaging 

with (OLYMPUS BX 41).   

2.10 Film Quantification  

 Film quantification was completed using ChemiDoc MP System (Bio-Rad). All 

quantifications were done using ImageLab software. Lanes and bands were selected using 

the lane and band tool, the widths of all bands was adjusted to correspond to the width of 

the band of interest. The relative and absolute quantifications were done using the 

quantification tool.  

2.11 Computational Analysis and Bioinformatic  

 3-way Venn diagram of protein identifications was generated using Venny web 

applications (http://bioinfogp.cnb.csic.es/tools/venny/) [245]. Gene ontological 

identification was performed using the PANTHER identification system (http://

pantherdb.org/) [246]. Functional clustering analysis was performed using Cytoscape, an 

open source bioinformatics database library for network visualization and analysis [247].  
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2.12 Statistical Analysis  

 Experiments were reproduced at least three times with similar results. The 

quantitative data are presented as the average value of the replicates within the 

representative experiment. Statistical analysis for differences between groups was 

performed using two-tailed unpaired student’s t-test. Differences between groups were 

considered significant a p<0.05 and all values are expressed as mean +/- SD. 
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CHAPTER 3: RESULTS  

3.1 ER-α is Incorporated into Extracellular Vesicles Derived from BC Cells  

 The status of ER-α was determined in whole cell lysates and EVs from the 

following BC cell lines: MCF7, T47-D, MDA-MB-453, HCC-1937. As expected, 

immunoblotting confirmed that both MCF7 and T47-D cells express ER-α, (Figure 6A). 

However, immunoblotting of EVs from these cell lines showed that only MCF7 cells 

secrete ER-α (Figure 6B). Currently there are no established housekeeping genes for the 

determination of proper loading of EVs using immunobloting techniques, therefore, we 

have chosen to display a Ponceau-S stain at the molecular weight corresponding to ER-α 

(67 kDa). To confirm that the protein lysates utilized in our experiments were of an EV-

origin, immunoblotting was also carried out on TSG 101 and Flotillin-1, which are 

established markers of exosomes and MVs, respectively [168, 180]. In addition to 

demonstrating EV-origin, the relative intensities of Flotillin-1 also show that MCF7 and 

HCC-1937 cells secrete more MVs than T47D and MDA MB 453 cells; TSG 101 

immunoblots demonstrate that all four cell lines, with the exception of MCF7, secrete 

equal amounts of exosomes. 
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Figure 6. ER-α Protein Level in Whole Cell Lysates and Extracellular Vesicles. 

MCF7, T47-D, MDA-MB-453, and HCC-1937 cells were cultured in appropriate 

medium listed in Table 1. A.Whole cell lysates were lysed in RIPA buffer and subjected 

to immunoblot analysis examining the expression of ER-α. Equal loading was 

confirmed by examining β-Actin. B. EVs were isolated from the same cells as 

described previously. Immunoblot blot analysis of EVs  examined presence of ER-α in 

vesicles from those cells. In addition, presence of  Flotillin-1 and TSG 101was also 

examined to confirm presence of exosomes and MVs. Ponceau S. was used to confirm 

equal protein loading.  
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3.2 Extracellular Vesicles Derived from BC Patient Plasma Have Unique Protein 

Profiles Compared to Vesicles Derived from Healthy Subjects  

 To determine the proteomic profile of EVs derived from BC patient plasma, the 

vesicle preparations were subjected to MS-based proteomic analysis. The MS analysis 

identified 206 protein targets with a confidence level of 95%. The vesicular abundance of 

protein targets found in vesicles isolated from healthy, stage III and stage IV are 

summarized in a heat map (Figure 7). Briefly, for analysis purposes, protein abundance 

was assessed in each sample group separately and subsequently compared using a matrix. 

The hierarchical distance clustering method was used to visualize the variations in the 

protein, which are shown as normalized z-score log2 LFQ values in a heat map.  

 Protein distribution analysis was performed using Venny web applications. 

Briefly, 112 of the protein targets identified using the proteomic analysis were found in 

the vesicles of healthy, stage III and stage IV BC patients (Figure 8).  There were also 

targets unique to each of the three groups: 9 belonging to the healthy group, 27 belonging 

to the stage III group and 6 belonging to the stage IV group. Proteomic analysis also 

identified 20 targets present in stages III/IV, as well as 16 in stages Healthy/IV and 6 in 

stages Healthy/III.  
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Figure 7. Protein Profile of EVs from Normal Subjects, Stage III and Stage IV BC 

Patients.  

EVs were isolated from the plasma of healthy subjects and breast cancer patients, each 

group includes three subjects, for a total of nine samples. EV protein content was 

analyzed by MS-based proteomic analysis. Proteins abundance was determined using 

the LFQ method. The hierarchical distance clustering method was used to visualize the 

variations in the protein abundance and is shown as normalized z-score log2 LFQ 

values in a heat map. 
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Figure 8. Proteomic Analysis.  

3-way Venn diagram is used to show protein distribution between healthy subjects and 

BC patients. The accession numbers and identification for proteins unique to each 

subject group are shown in the tables indicated by the arrows.
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ACCESSION # IDENTIFICATION

P10070-2 GLI2
Q8TCU6 PREX1

P13647 K2C5

A1A5B4 ANO9

Q8TD57 DYH3
P02042 HBD

P04792 HSPB1

Q92878-3 RAD50

Q9UFH2-2 DYH17

ACCESSION # IDENTIFICATION 

P02538 K2C6A

P06317 LV603

P01880 IGHD
O95450-2 ATS2

Q15811-4 ITSN1

Q9NUN5-3 LMBD1

ACCESSION # IDENTIFICATION

P01743 HV102

P20742 PZP

Q9NZJ4 SACS
Q43184-2 ADAM12

P03952 KLKB1

P80362 KV125

P02663 CASA2
Q06033-2 ITIH3

P01780 HV319

Q96PD5 PGRP2

P01601 KV109
Q12805 FBLN3

P02760 AMBP

P01770 HV309

Q8IV63-2 VRK3
P01719 LV501

P23083 HV103

P06319 LV605

P43652 AFAM
P02763 A1AG1

Q9Y4D8-4 HECD4

P04434 KV310

Q9NU22 MDN1
P01617 KV204

O43166 SI1L1

Q70CQ2-2 UBP34

P0DJI8 SAA1



3.3 Gene Ontology of Protein Targets Identified by Proteomic Study of Extracellular 

Vesicles Isolated from BC Patient Plasma  

 The protein targets identified via proteomic analysis were classified based on 

pathway activation (Figure 9A), biological processes (Figure 9B), molecular function 

(Figure 9C) and subcellular localization (Figure 9D). Categorization by pathway 

activation revealed that 3% of the targets are associated with angiogenesis, 8% in integrin 

signalling, 6% in inflammation, 1% in Angiotensin II signalling, 4% in platelet-derived 

growth factor signalling, 2% in Rho GRPase signalling, 3% in Notch signalling, 2% in 

Cadherin signalling, 18% in blood coagulation, 4% in cholecystokinin signalling, 3% in 

Wnt signalling, 3% in vascular endothelial growth factor signalling, 5% in plasminogen 

activator cascade, 3% in mitogen activated protein kinase cascade and 34% of targets 

were associated with a variety other signalling cascades unrelated to carcinogenesis.  

 Categorization by biological processes, demonstrated that 19% of targets are 

associated with metabolic function, 8% in immune response, 5% in cellular biogenesis, 

16% in cellular processes, 11% in localization, 12% in biological regulation, 11% in 

response to stimuli, 4% in adhesion and the remaining 14% not belonging to any specific 

process. Our results also show that BC plasma derived EV are involved in a variety of 

molecular functions: 29% in catalytic activity, 24% in binding, 17% in enzyme regulatory 

activities, 12% in receptor activity, 10% in transporter activity, 5% in maintenance of cell 

structure, 1% in nucleic acid binding, 1% in transcriptional activity, 1% in antioxidant 

activity. The categorization of protein targets by subcellular localization revealed that the 
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majority of targets were associated with the extracellular compartment (42%) and 24% 

typically expressed in specific organelles. In addition, 14% were structural proteins 

associated with  cell parts, mainly the cell membrane, 9% with extracellular matrix and 

11% with macromolecular matrix. 
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Figure 9. Gene Ontology of Targets Identified by MS-based Proteomic Analysis.  

Pie charts show the PANTHER classification of targets identified by proteomic analysis 

based on A, Pathway activation. B, Biological processes. C, Molecular function. D, 

Subcellular localization.  
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3.4 EVs Derived from BC Patient Plasma Contain Targets Associated with Cancer 

Prognosis   

 Our next aim was to determine whether the relative abundance of specific protein 

targets found within the extra-vesicular cargo of EVs isolated from BC patient plasma 

correlated with disease state. Based on the results discussed herein, as well as those of 

others [117, 226, 248-254], protein targets selected for assessment included PAI-1, TF, 

ADAM 12 and β-Catenin. Immunoblotting confirmed that EVs isolated from stage II and 

III BC patients contained significantly more (*,p<0.05) ADAM12 and β-Catenin than 

those isolated from stage I patients (Figure 10D/E). In addition, EVs isolated from stage 

IV BC patients contained significantly more PAI-1, TF and β-Catenin (*,p<0.05) than 

those isolated from stage I BC patients (Figure 10A/B/E). Immunoblot analysis also 

showed that  increased Flotillin-1 with advanced stage of the disease (Figure 10A), 

further confirming increased vesicle secretion with advanced disease. In addition, 

histological staining of the tumour tissue confirmed increase in ADAM12 expression with 

advanced staging (Figure 11). ADAM12 labeling is mainly observed in the connective 

tissue, more specifically the fibroblast cells. The localization is consistent with that to 

other matrix metalloproteinases [255].  
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Figure 10. Immunoblot Analysis of EVs from BC Plasma. A, EVs were isolated 

from BC patient plasma. The immunoblot examines presence of PAI-1, TF, ADAM12, 

β-Catenin and Flotillin-1 in these EVs. For comparison purposes all gels were run 

together and membranes were exposed at the same time. Ponceau-S was used to assess 

protein loading. B-E, All film was quantified using ChemiDoc system. Statistical 

analysis was performed on the absolute quantification values. 
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Figure 11. Localization of ADAM12 in Human Specimens of Breast Carcinoma. 

BC tumour sections were obtained from tumour bank of OICR. The sections were 

stained with ADAM12. Histological analysis of BC tumor tissue reveals an increase in 

ADAM12 expression with advanced disease. The labelling is mainly observed in the 

connective tissue. 
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3.6 Biological Network Integration of Targets Identified by Proteomic Analysis  

 In order to assess downstream signalling initiated by proteomic cargo of EVs from 

BC patient plasma, we constructed a network interaction analysis. The majority of the 

targets identified by the proteomic analysis are involved in inflammatory processes, 

coagulation, and immune response. Importantly, it is well established that these processes 

contribute to tumour growth and metastasis [ 14]. Cytoscape, which is an open source 

bioinformatics database, was used for network visualization and analysis. A total of 30 

targets identified by proteomic analysis were chosen for additional interaction analysis. 

The resulting network produced by the Cytoscape is a gross representation of signalling 

interactions between targets of interest and proteins involved in the immediate up or 

downstream signalling as observed in healthy individuals (Figure 12). It is noteworthy 

that this network does not reflect any differences in the amount of target proteins in 

vesicles of different BC patient groups. However, the network does reflect the signalling 

cascades that have been shown to be induced or suppressed by proteins secreted as part of 

vesicle cargo.  
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Figure 13. Integration of Biological Networks of Protein Targets Identified by 

Proteomic Analysis. The signalling network produced by the Cytoscape software is a 

gross representation of signalling interaction between targets identified by proteomic 

analysis (represented by blue circles), and proteins involved in the immediate up or 

downstream signalling (represented by orange circles). The main purpose of the 

network analysis is to review signalling interactions that have the potential to be 

initiated by proteins secreted as a part of  EV cargo from BC patients.  
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CHAPTER 4: DISCUSSION  

 This study aims to characterize ER-α in EVs from BC cells and examine the 

proteomic profile of EVs derived from BC patient plasma. Our studies show that  ER-α is 

secreted via EVs of MCF7 cells (Figure 6B). Mass spectrometry analysis of the BC 

patient derived EVs shows that vesicles from metastatic cancer patients have a unique 

proteomic profile. The unique protein  cargo from different stages of the disease, leads us 

to believe that EVs reflect the disease state, and therefore, are a rich source of novel non-

invasive diagnostic markers. Further analysis of the proteomic data allowed us to identify 

four targets for further validation. We chose to focus on the validation of PAI-1, TF, 

ADAM12, and β-Catenin. 

4.1 ER-α is Incorporated into Extracellular Vesicles Derived from BC Cells 

Our study reports novel findings that ER-α is secreted via EVs from MCF7 cells 

(Figure 6B). Although, we failed to detect ER-α in EV from T47D cells, there are a 

couple possible explanations for this result. T47D cells have less endogenous expression 

of ER-α than MCF7 cells [256-261] (Figure 6A), therefore, it is reasonable to assume that 

less ER-α is secreted via EVs. Consistent with this, an experiment in which twice the 

amount vesicles from T47D cells were collected, still failed to yield EV ER-α content 

(data not shown). Comparison of vesicular protein shows that T47D cells secrete almost 

three times the amount of protein cargo than MCF7 cells, thus it is also possible that ER-α 
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is specifically not being secreted as a part of EV cargo in the T47D cells due to some 

unknown mechanism(s).  

 It is well established that ER-α expression is lost in advanced/aggressive stages of 

BC [262-265]. Moreover, it is also established that intact, functional, receptors and other 

signalling molecules can be secreted via EVs [17, 266, 267]. Given that we provide 

evidence that ER-α is found within the protein cargo of EVs secreted from BC cells, our 

findings suggest that EV secretion may contribute to the loss of ER-α during the 

progression of BC disease state. Consistent with this, Gabriel et al. indicated that EV 

secretion contributed to the loss of tumour suppressor PTEN in PC cells [268]. To lend 

aid to this model, EV secreted from chemotherapy-treated cancer cells have also been 

found to contain chemotherapeutic agents within their cargo, thereby further contributing 

to cancer progression via resistance to therapy [269]. 

 Reports show that EVs shuttle their cargo from donor cells to cells of the 

periphery resulting in the induction of distant signalling cascades in recipient cells [17]. 

Kaplan et al. reported that EVs contribute to the formation of a pre-metastatic niche 

microenvironment in lung cancer [270]. Furthermore, Hoshino et al. showed that tumour 

derived EVs dictate the site of organ specific metastasis [20]. Taken together, these 

findings suggest that EVs have the potential to translocate functional ER-α to distant 

cells, where it can stimulate downstream signalling. Activation of the ER-α signalling 

results in proliferation and migration of cells, thereby contributing to cancer metastasis 
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[250, 271, 272]. Therefore, the model that we propose is that secreted EVs contribute to 

disease onset and progression via ER-α. 

4.2 Validation of PAI-1, TF, ADAM12 and β-Catenin 

Our study reports a novel finding that PAI-1, TF, ADAM12 and β-Catenin are 

present in EV from BC patient plasma. Furthermore, our results show that there is an 

increase in abundance of these targets in vesicles in advanced stages of the disease 

compared to primary tumors. Our results correlated with in vivo and in vitro studies 

conducted previously [117, 250, 252, 253, 273-275] that show a similar increase in cells 

and tumour tissues. The consistency between our results and the findings of other further 

proves our hypothesis that EVs are a source of markers of disease, and a potential 

diagnostic tool. 

 Presence of Flotillin-1 in EVs from BC patient plasma indicate secretion of MVs 

[180]. We report an increase of Flotillin-1 protein in EVs from BC patient plasma with 

advanced stages of the disease, confirming increased microvesicle secretion, which is 

consistent with previous studies [276]. 

 Our results show increase EVs secretion and the amount of total target protein 

(PAI-1, TF, ADAM12, β-Catenin). Which brings to question of whether our results show 

an increase in EV secretion that result in increase total target protein, or there is an 

increased induction of target proteins into EVs. The other possibility is that accompanied 

with increased protein secretion there also an increased induction of certain proteins into 
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EV cargo. The latter is possible due to our results showing that the increase in EVs 

secretion with advanced staging is not as robust as the increase in the target we examined 

(Figure 10A). Therefore, these results further prove our hypothesis that EV cargo can be 

used as a diagnostic tool. 

CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS 

 Consistent with other studies, the results of the MS-based proteomic study show 

that EVs are a rich source of proteins that can be used as prognostic and diagnostic tools 

in BC [21, 277]. Characterization of EV protein cargo from stage I and stage II BC 

patient plasma is of interest because it would provide insight into changes of EV cargo 

with disease progression. Our studies examined EV protein cargo in a total of three 

patient samples in each group, for a total of nine, thus assessment of additional samples is 

of interest to strengthen our results.  

 Based on our studies and the work of others we know that characterization of EV 

cargo can lead to the development of novel biomarkers of the disease state. Assessment of 

genetic material present in EVs is of special interest due to previous reports showing that 

EV derived miRNA can travel to distance cells where they change gene expression 

[190-192]. Evidence shows that miRNA selection into EVs is not random [191, 193], thus 

based on the results of the proteomic study it can be concluded that miRNA content of EV 
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from plasma of BC patients may also differ between stages BC, possibly reflecting 

disease state.  

 Our novel findings show that ER-α is incorporated as a part of EV cargo in the 

MCF7 cells, which may be a potential mechanism for development of aggressive tumour 

phenotype. Future studies are required to examine ER-α can be transferred to distant cells 

that do not express the receptor and result in activation of ER-α downstream signalling. In 

conclusion, the results of our studies raise many questions which merit attention to further 

studies.   
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