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Abstract 

  Metastatic progression of breast cancer is characterized by mechanical interactions 

between tumor cells and various microenvironments, including exposure to fluid flow. 

Complementing genomic and molecular signaling studies with fluid mechanics holds the 

promise of providing in-depth knowledge into how these interactions affect the ability of tumor 

cells to undergo metastasis, and identification of novel biomarkers that can potentially facilitate 

breast cancer diagnosis and treatment.  

In this thesis, a bioreactor system was used to expose cultured mammary epithelial and 

breast cancer cells to fluid shear stress in the physiological range of those experienced in the 

vascular microenvironment. Genome-wide expression analysis revealed an effect of fluid flow 

on gene expression patterns and cellular processes involved in metastasis such as EMT, cell 

migration and adhesion. In addition, TGF-β signaling activity was significantly enriched and 

several genes belonging to this pathway were overexpressed upon flow exposure.  

Subsequently, we sought to identify novel flow-responsive biomarkers for breast 

cancer. For this purpose, bioinformatics and network biology approaches were used to reveal 

significant enrichment of biological processes involved in metastatic progression. Expression 

levels of differentially expressed genes were evaluated in clinical expression datasets, and 14 

genes were identified as potential biomarkers. Relative expression levels of seven of these 



iii 

 

 

 

biomarkers were quantified in breast cancer patients and healthy volunteers. Five biomarkers 

passed the threshold for statistical significance and were overexpressed in more than 80% of 

patients presenting with basal and HER2-enriched breast cancers, which are the most 

aggressive subtypes of breast cancer.  

To our knowledge, the studies presented herein are the first of their kind to 

demonstrate that using an in vitro model to simulate exposure of cells to fluid shear stresses 

allows for identification of biomarkers for breast cancer. Using this system to study cellular 

events involved in other types of cancers may lead to new diagnostic and therapeutic 

approaches for metastatic cancer progression. 
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Chapter I  

Introduction 

Breast cancer is initiated by a combination of genetic and environmental changes on 

normal breast cells. Progression of this complex disease involves detachment of tumor cells 

from the primary tumor, acquisition of invasive characteristics through an Epithelial-to-

Mesenchymal Transition (EMT), and intravasation into the circulatory system where the cells 

appear as circulating tumor cells (CTCs). Eventually, CTCs extravasate and invade basement 

membranes at distant organs, proliferate and form secondary tumors. The process of primary 

tumor cells disseminating to form tumors at distant organ sites is called metastasis, and 

represents the most advanced stage in breast cancer progression. This process contributes to 

more than 90% of disease-related mortalities.  

An in-depth appreciation of the various biological events that constitute the metastatic 

cascade is necessary to comprehend how factors peculiar to cancer cells ensure their 

survivability during metastasis. In addition, it is necessary to identify what environments tumor 

cells interact with and how these interactions potentially enhance the ability of cells to 

complete ensuing steps of the cascade. This is because all steps in the metastatic cascade 

involve mechanical interactions between normal or tumor cells with various 

microenvironments, including exposure to fluid flow. Tumor cells encounter two types of fluid 
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shear stress: that produced by interstitial flow in the tumor microenvironment and the one 

produced by fluid flow in the vascular or lymph microenvironment. This thesis focuses on 

interactions of mammary epithelial and breast cancer cells to fluid shear stress that is 

physiologically similar to that experienced in the vascular microenvironment.  

Recently, the mechanical signaling of fluid forces has been demonstrated to affect a 

wide range of cell types by modulating events involved in metastatic progression of carcinomas, 

such as cell invasion and mobility. However, no study has looked at how fluid forces in the 

physiological range of those experienced in the vascular microenvironment affect mammary 

epithelial and breast cancer cells, and the ability of these forces to modulate cellular events 

involved in breast cancer initiation and progression. Knowledge of how mechanical forces such 

as fluid flow promote metastatic events would allow for identification of biomarkers that can 

be used to facilitate early diagnosis and stratification of breast cancer, with the ultimate goal of 

better determining patient treatment options.  

I.I: Thesis objectives 

Previous work in our research group demonstrated that fluid dynamics strongly affect 

cell phenotypes by activating signaling pathways and inducing transcription factors, some of 

which are involved in cellular events that participate in metastatic progression of carcinomas, 

including EMT and TGF-β signaling. This thesis hypothesizes that fluid flow increases the tumor 
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forming ability of breast cancer cells by promoting an EMT phenotype, enriching TGF-β signaling 

and adhesion to endothelial cells. 

A bioreactor system containing a parallel-plate flow chamber was used to expose 

cultured breast cancer cells to fluid forces, modelling exposure to blood vessels during cancer 

cell dissemination from the primary tumor. Using a genome-wide expression approach, 

differentially expressed genes and significantly enriched Gene Ontology categories were 

identified in flow-stimulated cells. Further, signaling molecule inhibition and knock down 

experiments were used to investigate intracellular signal transducers involved in transmitting 

the mechanical stimulus from fluid flow in breast cancer cells. Finally, the potential application 

of identified biomarkers in breast cancer diagnosis was evaluated in breast cancer patients and 

healthy volunteers. Specific aims included: 

i. Identifying differentially expressed genes and significantly enriched biological 

processes in unstimulated and flow-stimulated stratifications of mammary 

epithelial and breast cancer cell lines by:  

a. Quantifying changes in gene expression and 

b. Network analysis; 

ii. Evaluating ability of fluid flow to promote EMT and enhance adhesion of breast 

cancer cells to endothelial cells in vitro; 

iii. Identifying biomarkers for metastatic breast cancer by: 
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a. Analyzing significantly enriched Gene Ontology categories in flow-stimulated 

breast cancer cells,  

b. Evaluating differential expression of selected biomarkers in clinical 

expression datasets, and  

c. Validating identified biomarkers in human breast cancer patients and 

healthy volunteers; 

iv. Clinically developing a novel breast tumor profiling assay to input cDNA 

concentration, use of multiple reference genes, and concordance to fluorescent 

in-situ hybridization (FISH) and immunohistochemistry (IHC). 

I.II: Thesis overview 

This thesis will open with an overview of breast cancer initiation and progression, with 

a particular emphasis on cellular events that characterize the breast cancer metastatic cascade. 

Two key biological processes – EMT and cancer cell adhesion to endothelial cells will be 

discussed in detail along with a summary of key pathways and transcription factors that 

influence these events. An overview of mechanical interactions between fluid flow and 

mammary epithelial as well as breast cancer cells will also be presented.  

The body of this thesis will be presented in the manuscript-style format and will 

encompass four manuscripts. The first manuscript (Chapter III) describes a study in which 
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human mammary epithelial cells were exposed to fluid flow and subjected to genome-wide 

expression analysis. Heat maps of differentially expressed genes between unstimulated and 

flow-stimulated cells revealed unique clusters, indicating an effect of fluid flow on gene 

expression patterns. Members of a particular family of genes, the S100 family were among the 

most upregulated genes upon flow stimulation. S100s are intracellular calcium ion sensors that 

participate in a wide range of biological processes including proliferation, migration, invasion, 

inflammation and differentiation1,2. In an independent clinical study, consistent overexpression 

of S100 genes was observed in ductal carcinoma in situ patient tissue compared to healthy 

breast, suggesting roles in breast cancer initiation. Interestingly, clinical gene expression 

analyses supported this position by revealing overexpression of several S100 genes in patients 

with most molecular subtypes of breast cancer and at most stages of disease progression. 

Though the cell signaling pathways through which fluid flow upregulates S100 genes in normal 

breast epithelial cells remain elusive, network analysis revealed key interactions between 

several S100 genes and intracellular signaling molecules. To the best of our knowledge, this is 

the first study in which S100 genes are shown to be flow responsiveness. The roles these genes 

play during breast cancer initiation and progression promise to be an interesting research focus 

in the coming years.  

In pursuit of cellular processes that are affected by fluid flow exposure during breast 

cancer progression, various stratifications of breast cancer cells were exposed to fluid flow and 

subjected to genome-wide expression analysis. EMT and cancer cell adhesion were among the 
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most enriched biological processes. Gene expression data showed upregulation of EMT 

inducers and downregulation of EMT repressors, indicating progression towards a more EMT 

phenotype. Significant adhesion of flow-stimulated breast cancer cells to endothelial cells 

compared to unstimulated controls was also observed, suggesting increased potential of flow-

exposed cells to form secondary tumors at metastatic sites. The results of how fluid flow 

exposure promotes EMT and adhesion of breast cancer cells to endothelial cells are presented 

in the second manuscript (Chapter IV) of this thesis. 

Since gene expression patterns were altered following flow exposure of breast cancer 

cells, a subsequent study was undertaken to identify key signaling pathways and/or molecules 

involved in promoting metastatic events in breast cancer. For this purpose, a combination of 

bioinformatics and network biology approaches were used to reveal significant enrichment of 

Gene Ontology categories. Key differentially expressed genes that enriched these processes 

were identified. Expression levels of these genes were then evaluated in two independent 

clinical expression datasets. Signaling molecule inhibition and knock down experiments 

revealed intracellular molecules involved in regulating expression of the flow-responsive genes.  

Next, potential diagnostic application of seven of the fourteen identified biomarkers was 

evaluated by quantifying their expression levels in breast cancer patients and healthy 

volunteers. These findings are presented in the third manuscript of this thesis (Chapter V). 

Finally, due to limitations on the clinical use of immunohistochemistry and fluorescent 

in situ hybridization for quantifying Human Epidermal Growth Factor Receptor – 2 (HER2), 
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Estrogen Receptor (ER) and Progesterone Receptor (PR) in breast cancer patients, a 

collaborative project was initiated to clinically develop a novel solid tumor profile assay. For this 

purpose, lessons learnt from clinically evaluating the identified biomarkers were implemented 

in assessing HER, ER and PR expression in patients in Alberta, Canada, with the goal of 

determining the relationship to a previous patient population studied in the Republic of Korea. 

Additionally, template input concentration was standardized and reference gene combinations 

were evaluated. Next, a comparison of qPCR and digital PCR was made for samples with range 

of HER2 scores, but focusing on equivocal samples for which the qPCR results disagreed with 

FISH/SISH. The aim was to determine whether transcript levels were independent of either 

HER2 protein or DNA copies in this sample population. These findings are presented in the 

fourth manuscript in this thesis (Chapter VI).  

In summary, this thesis describes the modulation of gene expression patterns in 

mammary epithelial and breast cancer cells following exposure to fluid flow. Gene expression 

analysis revealed enrichment of Gene Ontology categories involved in metastatic progression of 

breast cancer, particularly EMT, TGF-β signaling and cancer cell adhesion. Bioinformatics, 

network biology and clinical gene expression analyses were used to identify potential 

biomarkers for metastatic breast cancer. Modulation experiments revealed intracellular 

proteins involved in regulating expression of the flow-responsive genes in breast cancer cells. 

These results suggest that the bioreactor platform used in these studies is a useful tool for 

studying how breast cancer cell exposure to blood flow affects metastatic disease progression, 
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and for identifying several key genes important in metastasis that have potential as biomarkers 

and drug targets for breast cancer. 
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Chapter II  

Literature Review 

II.I: Breast cancer initiation and progression 

Breast cancer is a complex and heterogeneous disease caused by genetic mutations 

that bestow cells lining breast ducts or lobules with the ability to grow abnormally3. Malignant 

tumors originating from ducts and lobules are respectively termed ductal and lobular 

carcinomas. Over time, cancerous cells can invade nearby healthy breast tissue and lymph 

nodes, where they are eventually transported to other parts of the body through the 

vasculature4.  

The human mammary gland is characterized by branching of ductal systems and 

formation of lobular structures at ends of terminal ducts5,6. Breast ductal systems are lined by a 

continuous layer of luminal epithelial cells, which are in turn, surrounded by a layer of 

myoepithelial cells7. Most human breast cancer cells share similar morphological and 

biochemical characteristics with luminal epithelial cells, suggesting these cells are prerequisites 

for breast tumors5,8. Histological studies have confirmed this hypothesis and revealed that 

breast tumorigenesis progresses through formation of hyperplasias and localized carcinomas 

from normal breast epithelial cells, and then to invasive breast cancer7,9. 
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Several approaches have been used to identify key genes involved in initiation and 

progression of cancer, with the objective of using these genes as diagnostic and therapeutic 

targets for breast cancer. Currently, lack or overexpression of HER2, ER and PR are used to 

define type of breast cancer present, determine patient treatment options and risk of 

recurrence10,11. HER2 is a transmembrane receptor on the surface of all breast cells, whose 

overexpression drives proliferation, migration, and invasion in cancer cells12,13. HER2 is 

overexpressed in approximately 20% of breast tumors and is a key determinant of a tumor’s  

metastatic ability14,15. ER-α (henceforth referred to as ER) and PR are usually expressed in 

breast cancer cells which rely on estrogen and progesterone for growth5,16, and have been 

implicated in a wide range of cellular processes including motility and invasion17,18. About 70% 

of breast cancer patients present with overexpression of ER and/or PR5.  

Molecular classification of breast cancer is based on intrinsic gene expression 

signatures and underlying DNA copy number alterations from genome-wide gene expression 

analyses19,20. The major molecular subtypes include luminal A (ER+, PR+/-, HER2-), luminal B (ER+, 

PR+/-, HER2+), HER2-enriched (ER-, PR-, HER2+) and basal (ER-, PR-, HER2-) breast cancers20,21. 

Patients with each subtype present with distinct histological characteristics and clinical 

outcomes22,23.  
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II.I.I: Stages of breast cancer  

Breast cancer staging is undertaken after diagnosis to determine disease severity and 

facilitate treatment decisions. Stage of breast cancer is determined using the American Joint 

Committee on Cancer (AJCC) TNM system, based on tumor size (T), whether or not the cancer 

has grown into nearby areas, spread to nearby lymph nodes (N) and whether it has spread to 

other parts of the body (M)24. Using this system, breast cancers are classified from stage 0 – IV, 

with disease severity increasing with stage.  

Stage 0 represents non-invasive breast cancers such as lobular and ductal carcinoma in 

situ. This represents the earliest stage in breast cancer development, where there is no 

evidence of cancer cells breaking out of the part of the breast where they started growing 

abnormally. Stage I breast cancer is characterized by cells invading normal nearby breast tissue 

and with size of tumors measuring up to 2 cm, or by small groups of cancer cells ranging in size 

between 0.2 mm and 2 mm found in the lymph nodes.  

Stage II describes invasive breast cancer in which tumors ranging in size from 0 – 5 cm 

have spread to 1 – 3 lymph nodes below the arm (axillary) or those near the breast bone. 

Tumors larger than 5 cm but with no signs of having spread to nearby lymph nodes are also 

classified as stage II tumors. In stage III breast cancer, tumors are typically larger than 5 cm and 

have invaded up to 9 nearby lymph nodes. Further growth and invasion results in stage IV 

breast cancer which is characterized by spread of tumor cells to other organs of the body, such 
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as the lungs, distant lymph nodes, skin, bones, liver and brain in a complex process called 

metastasis25. Breast cancer metastasis represents the most advanced stage in breast cancer 

development and contributes significantly to the high mortality rates associated with this 

disease26,27. 

II.I.II: Breast cancer metastasis  

Metastasis is the transfer of disease from one organ or part to another not related to 

it, acting as a key component of the cancer development cascade and a driver of morbidity and 

mortality25. Cancer metastasis is characterized by cancer cell dissemination to distant organs 

and eventual adaptation to secondary tissue microenvironments3.  This complex process 

involves a succession of cell-biological events, during which epithelial cells in primary tumors: 

a. Locally invade surrounding extracellular matrix, 

b. Intravasate into blood and lymph vessels, 

c. Endure the rigors of transport through vascular or lymphatic circulation,  

d. Arrest at secondary sites of metastasis, 

e. Extravasate into distant tissues, 

f. Form micrometastasis in the foreign microenvironments, and 

g. Eventually colonize metastatic sites. 
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As will be summarized in the following sub-sections, most of these cellular events 

involve interactions between cancerous and nonneoplastic cells, as well as with respective 

microenvironments. All these steps are important for metastatic progression, hence the entire 

process depends on the success of any of the individual steps28. As expected, cancer cells 

encounter and need to adapt to new environments as they go through these steps. In addition, 

they are bound to be targeted by host immune mechanisms29. Consequently, less than 0.01% of 

the thousands of tumor cells that make their way into the vasculature survive to form distant 

metastasis29,30. Figure II.1 shows the main events through which breast cancer metastasizes.  

 

 

 

 

 

 

 

Figure II.1: Key events in the metastatic progression of breast cancer. After undergoing 

mutations, mammary epithelial cells grow abnormally to form primary tumors, prior to 

acquiring invasive and motility characteristics necessary for intravasation into the circulation 

where they appear as circulating tumor cells (CTCs), eventually extravasate, form 

micrometastasis, colonize and form secondary tumors at distant organ sites. 
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Local invasion 

Ductal breast cancer progresses through formation of a ductal carcinoma in situ (DCIS) 

and an invasive ductal carcinoma (IDC). DCIS is characterized by cancerous cells proliferating to 

fill breast ducts whereas in IDC, ductal cancer cells breach the epithelial cell basement 

membrane and migrate out of the duct into the surrounding stroma31. Acquiring insights into 

factors that facilitate invasive transition of breast cancer cells is important in our attempts to 

develop better diagnostic and therapeutic approaches for early stage breast cancer.  

First, it is important to understand some of the microenvironmental changes that 

occur when normal breast cells are transitioned to invasive cancer cells, because the tumor 

microenvironment is increasingly recognised as pivotal in breast cancer progression32,33. 

Comprehensive molecular profiling of the tumor microenvironment at several stages of disease 

growth has been undertaken to identify signatures that might be indicative of breast cancer 

progression32. In one of such studies, significant differential gene expression, including 

overexpression of tumor-promoting genes such as CXCL12 and CXCL14, was reported between 

myoepithelial cells from normal breast tissue and DCIS34. These findings support previous 

observations that DCIS tissue is characterized by epigenetically and phenotypically altered 

myoepithelial cells, which are unable to aid polarization as in the normal ducts33,35. Further, 

cancer-associated fibroblasts and infiltrated leukocytes are 'educated' to increase secretion of 

growth factors, cytokines, chemokines and matrix metalloproteinases, which promote tumor 

growth32,36. Progression from DCIS to invasive breast cancer involves increased secretion of 
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extracellular matrix-degrading proteasess by both the tumor and stromal cells36. These 

enzymes facilitate destruction of the extracellular matrix, thereby allowing the tumor cells to 

locally invade surrounding blood and lymph vessels33. 

Several factors potentially play key roles in the pathogenesis of breast cancer invasion, 

some of which are environmental such as remodelling of the extracellular matrix, and others 

which are inherent to cancer cells such as loss of cell-cell and cell-matrix adhesion37. However, 

the process of Epithelial-to-Mesenchymal Transition (EMT) has been recently shown to be 

pivotal in facilitating invasion of surrounding tissues38,39. During this process,  tight junctions are 

dissolved causing epithelial cell sheets to dissociate into individual cells expressing numerous 

mesenchymal properties, including increased motility and invasiveness40,41. EMT is therefore an 

important process during metastatic progression of carcinomas and will be revisited in Section 

II.I.III. 

Intravasation 

This is the process where locally invasive carcinoma cells enter the lumina of lymphatic 

or blood vessels prior to being transported to lymph nodes or distant organ sites. Cancer cell 

dissemination via the lymphatic system is an important prognostic marker for disease 

progression37. Of greater importance is the spread of cancer cells through the haematogenous 

circulation, which represents the major mechanism through which secondary tumors at 

metastatic sites are formed42.  
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Primary tumor cells can enter the vasculature either passively or actively. In active 

intravasation, cancer cells actively migrate towards and eventually infiltrate into surrounding 

blood vessels43. The main steps in active intravasation include specific adhesion of cancer cells 

to venular endothelial cells, adherence to subendothelial basement membrane proteins (such 

as laminin and types IV and V collagen), and movement into the subendothelial stroma by 

adhering to connective tissue elements such as fibronectin, type I collagen and hyaluronan37,43. 

Passive intravasation usually occurs when cancer cells grow in confined locations where they 

push against each other causing blood and lymphatic vessels to disintegrate, potentially forcing 

cells into the vessels41.  

Intravasation is facilitated by molecular changes that enhance the ability of cancer 

cells to successfully cross the endothelial cell barriers in the walls of microvessels44. One such 

molecular change is secretion of Transforming Growth Factor β1 (TGFβ1) by cancer cells to 

induce retraction of endothelial junctions, hence facilitating transendothelial migration45. TGF- 

β1 induction has also been shown to potentially facilitate intravasation by promoting an EMT 

phenotype41. In addition, various matrix metalloproteinases (MMP1 and MMP2) have been 

shown to promote breast cancer intravasation by stimulating neoangiogenesis and establishing 

leaky blood vessels31,37. 
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Survival in the circulation 

Once in blood vessels, cancer cells are capable of being transported to distant organs 

through venous and arterial circulation. Cancer cells in circulation are referred to as circulating 

tumor cells (CTCs), and their detection in breast cancer patients has prognostic and therapeutic 

implications46,47. However, before reaching their target sites of metastasis, CTCs must survive 

several stresses42. This partly explains why less than 0.01% of tumor cells entering the lumina of 

blood vessels successfully go on to form new tumors29,30.  

Survival of CTCs is limited by the number and extent of stresses they encounter in 

circulation, including those imposed by matrix detachment and hemodynamic shear forces3,43. 

In addition, CTCs must avoid being killed by the innate immune system, specifically through the 

activity of natural killer cells29. As such, some CTCs utilize the interaction with blood platelets to 

withstand the rigors of blood flow and evade host immune detection48. That notwithstanding, 

the interaction with biophysical forces derived from blood flow potentially affects these cells. It 

is therefore important to understand how this interaction facilitates their ability to successfully 

form secondary tumors.   

Arrest at a distant organ site 

After surviving the rigors of the circulation, CTCs get arrested at distant organs where 

they eventually initiate formation of secondary tumors. It is believed that this process is 

passive, whereby CTCs get arrested within capillary beds due to size restrictions imposed by 
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blood vessel diameters42. Another possibility is for the cancer cells to actively home to specific 

organs through genetically regulated ligand-receptor interactions between cancer cells and 

luminal walls of the microvasculature49. The latter possibility has been supported by evidence 

of breast cancer cells showing an increased propensity to form adhesive connections in the lung 

vasculature, which would probably facilitate their eventual arrest50. Cancer cell arrest and 

subsequent events in the metastatic cascade are specific to distant organs of metastasis49,51. As 

such, differences in characteristics between the organs need to be taken into consideration 

when studying these events. 

Extravasation 

Once in the microvasculature of distant organs, CTCs extravasate into the tissue 

parenchyma by penetrating the endothelial cell and pericyte layers that separate the vessel 

lumina from the stromal environment44. This process is the reverse of the earlier process of 

intravasation. Similar to arrest, primary tumor cells enhance extravasation by secreting factors 

that enhance vascular hyperpermeability prior to arrival of carcinoma cells37,42. Though an 

important step in the metastatic cascade, extravasation is relatively poorly understood due to 

difficulties in developing appropriate and replicative in vivo models49.   

That notwithstanding, cancer cell extravasation is believed to be a multi-step process 

characterized by initial cell capture, tethering, rolling, firm adhesion and subsequent 

transmigration through endothelial cells44,52. Adhesion requires expression of cognate ligands 
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and receptors on cancer cells and endothelial cells to facilitate subsequent transmigration, 

notably selectins, integrins, cadherins and CD4444,53. Cancer cell adhesion to endothelial cells is 

a critical event during extravasation and will be revisited in Section II.I.IV.  

Micrometastasis formation and metastatic colonization 

Once extravasated, the CTCs must survive in the foreign microenvironment of distant 

organs before forming micrometastasis. Primary tumor cells are thought to send signals to 

modify foreign microenvironments so CTCs are able to successfully form micrometastasis at 

distant organs42. This process potentially involves release of systemic signals that induce organ-

specific upregulation of proteins such as fibronectin, which would in turn interact with its 

cognate receptor (integrin α4β1) to mobilize hematopoietic progenitor cells from the bone 

marrow to future sites of metastasis49,52. Once at distant sites, progenitor cells secrete 

metalloproteinases which in turn activate production of several integrins to facilitate binding of 

incoming CTCs54.  

Once CTCs survive the initial encounter with foreign microenvironments, they 

proliferate and form large macroscopic tumors in a process referred to as metastatic 

colonization. If the foreign microenvironment does not facilitate proliferation of disseminated 

cells, CTCs might remain dormant until the microenvironments become more hospitable for 

their growth55. Dormancy is a consequence of CTCs being unable to reactivate growth 

mechanisms in new microenvironments56. This concept is supported by the ‘seed-and-soil’ 
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hypothesis of metastasis proposed by Stephen Paget in 188928. After observing preferential 

metastasis of a particular type of cancer to specific distant organs, Paget suggested that 

secondary tumors only form at those organs (‘the soils’) where the tumor cells (‘the seeds’) are 

suitably adapted for survival and growth28. This position has been supported by studies 

demonstrating that particular organ microenvironments are intricately more or less hospitable 

for the survival and growth of specific types of disseminated tumor cells. For example, organ-

specific metastatic colonization of breast cancer cells is mediated by expression of several 

genes which allow breast CTCs to overcome incompatibilities and successfully form secondary 

tumors in the bones57, lungs58, brain59 or liver60.  

II.I.III: Epithelial-to-Mesenchymal Transition (EMT) 

An essential step in the metastatic cascade is acquisition of invasive abilities by cancer 

cells in the primary tumour. It is widely believed that cancerous epithelial cells undergo the 

process of an EMT to increase their invasive abilities prior to dissemination from the primary 

tumor61. EMT confers biological traits on cancer cells of epithelial origin and is widely 

considered a hallmark in the malignant progression of most carcinomas that metastasize, 

including breast cancer62,63. As such, EMT is characterized by an upregulation of mesenchymal 

markers such as Vimentin and Fibronectin and a downregulation of epithelial markers such as 

E-cadherin and cytokeratins64,65. The resulting phenotypic changes and induced transcriptional 

programs are required to complete ensuing steps in the metastatic cascade61,66. 
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EMT is associated with pronounced changes in cell adhesion, polarity and migratory 

properties67. Initially observed during embryonic development, accumulating evidence from 

both experimental and clinical studies has suggested that EMT plays a critical role in metastatic 

invasion by bestowing tumor cells with a more motile and invasive phenotype56,64. The 

phenotypic changes are accomplished through loss of epithelial cell contacts, reorganization of 

cytoskeletal components and remodelling of the surrounding ECM to allow for invasion68,69.  

Reactivation of developmental pathways such as an EMT is one possible mechanism 

through which cells acquire abilities to develop distal metastasis. Not surprisingly, several 

similarities have been observed between developmental and oncogenic EMT, implying both 

processes are regulated by common signalling cascades, transcriptional regulators, chromatin-

associated proteins and microRNAs70,71. Dysregulation of these pathways and factors have been 

implicated in increased metastatic ability of cancer cells in in vitro and animal models71,72. 

Many signaling pathways such as the TGF-β, EGF, Ras, HGF and Wnt/β-catenin 

pathways are involved in developmental and oncogenic EMT73,74. As such, aberrations in these 

pathways have been associated with tumor progression and increased metastatic ability in 

different types of cancers73,75. While these pathways are exhaustively reviewed elsewhere73, 

the focus here would be on the TGF-β signaling cascade and its role in regulating EMT during 

breast cancer development. For example, EMT induction in human mammary epithelial cells 

following treatment with TGF-β has been reported76, suggesting TGF-β signalling is necessary 

for oncogenic transformations in the breast. 
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The TGF-β superfamily of genes encodes more than 30 signaling proteins, including 

those in the TGF-β, activin, GDF and BMP families77,78. TGF-β family ligands transduce signals by 

assembling a hetero-tetrameric receptor complex consisting of two type I and two type II 

components79. Receptor binding results in autophosphorylation which triggers 

transphosphorylation of intercellular serines and threonines79. TGF-β signalling can either be 

canonical or non-canonical. In the canonical pathway, activated type I receptor phosphorylates 

and activates dormant receptor-regulated Smad (R-Smad) proteins80. The activin and TGF-β 

families activate Smads 2 and 3, while the BMP family activates Smads 1, 5 and 879,80. Activated 

R-Smads dimerize with the common-mediator Smad (Smad 4) to form a transcription factor 

complex that enters the nucleus and regulates transcription of TGF-β responsive genes77,81.  

Besides signaling cascades, a set of pleiotropically acting transcription factors have 

been implicated in EMT signaling. These factors, including Snail, Slug, Twist, ZEB1 and ZEB2, 

suppress expression of epithelial markers while inducing expression of mesenchymal 

markers82,83. A better understanding of microenvironmental factors that promote expression of 

these factors and mechanisms through which they promote EMT and metastatic ability are 

pivotal to developing diagnostic and therapeutic targets for breast cancer.  

Snail (SNAI1) and Slug (SNAI2) were the first transcription factors to be directly 

associated with EMT regulation and invasive phenotypes in cancer cells84,85. These two 

transcription factors block E-cadherin expression by binding to its promoter and acting as 

transcriptional repressors82,86. Importantly, Snail and Slug have been shown to form 
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transcription complexes by interacting with Smad3 and Smad4, which are in turn responsible 

for downregulating E-cadherin during TGF-β-driven EMT87,88. 

Chromatin associated proteins is another exciting family of proteins recently 

demonstrated to be involved in regulating transcriptional activity of EMT genes through 

alterations in structures of DNA and chromatin89,90. A member of this family, the High Mobility 

Group A2 protein (HMGA2) is particularly significant in the context of EMT and tumor 

progression91. EMT induction in breast cancer cells following treatment with TGF-β is 

characterized by upregulation of  HMGA289,92. The resulting mesenchymal phenotypes are 

characterized by severe E-cadherin suppression and concurrent overexpression of Snail, Slug, 

Zeb1 and Twist89,92. Mechanistically, HMGA2 and Smads synergistically bind to Snail promoters 

and induce SNAI1 and SNAI2 expression, which in turn repress E-cadherin76,92.  

II.I.IV: Adhesion of disseminated cancer cells to endothelial cells 

When CTCs arrive distant organs of interest, they are arrested in small capillaries 

before adhering to endothelial cells lining blood vessels and eventually exiting the circulation to 

form micrometastasis28. Cancer cells are believed to adhere to endothelial cells similarly to 

leukocytes, through a sequence of steps including tethering, rolling, firm adhesion and 

subsequent transmigration through endothelial cells44,52. These steps are illustrated in Figure 

II.2.  

 



24 

 

 

 

 

 

 

 

 

Figure II.2: The adhesion cascade used by cancer cells to adhere to endothelial cells. This 

cascade is similar to that of leukocytes and characterized by a sequence of steps involving 

tethering, rolling and firm adhesion to the endothelium. Illustration is adapted from Reymond 

et al., (2013)44. 

Initial attachment and eventual extravasation of disseminated cancer cells through the 

endothelium requires expression of a wide range of ligands and receptors on cancer cells and 

endothelial cells93. These include selectins, integrins, cadherins, CD44 and immunoglobulin 

superfamily receptors44,94,95. Of particular importance to initial capture of cancer cells is E-

selectin, whose expression on endothelial cells is thought to be induced by inflammatory 

cytokines secreted by cancer cells, such as TGF-β, possibly as part of pre-metastatic niche 

preparation49. Critical to rolling of cancer cells on endothelial cells is N-cadherin – a protein that 

is also upregulated after an EMT52,96.  

Stable adhesion of cancer cells to endothelial cells is maintained by integrins and 

CD4444,97. Integrins are transmembrane receptors made up of α and β-subnits97. Interactions 

between integrins, ECM ligands and cell surface receptors allow for their participation in several 

Capture  

Rolling 
Firm adhesion 

Transmigration 

Endothelium 



25 

 

 

 

events in the metastatic cascade97. For example, binding of fibronectin to its receptor (α5β1) 

triggers integrin-mediated intracellular signals culminating in increased adhesion of breast 

cancer cells to endothelial cells49,98. CD44 is a cell surface membrane glycoprotein found in 

most cancer cells and enhances stable adhesion by binding to hyaluronan on endothelial 

cells44,49. Elevated expression of CD44 in breast cancer cells correlates with more efficient distal 

metastasis, suggesting it participates in several events in the metastatic cascade, including  

facilitating firm adhesion of cancer cells to endothelial cells99,100.  

The final step in the process, transendothelial migration is mediated by transmembrane 

proteins such as MUC1, chemokines and their receptors (G protein-coupled receptors)44. MUC1 

promotes transendothelial migration of breast cancer cells by binding to Intracellular Cell 

Adhesion Molecule – 1 (ICAM1) and E-selectin on the surface of endothelial cells101,102. CXC-

chemokine ligand 12 (CXCL12) is the chemokine most frequently associated to transendothelial 

migration of breast cancer cells103. Overexpression of two of its receptors, CXCR4 and CXCR7, 

have been demonstrated to promote extravasation of breast and prostate cancer cells through 

endothelial cells103,104.  

In this thesis, a bioreactor system is used to model exposure of breast cancer cells to 

fluid flow physiologically similar to those experienced in the haematogenous circulation. 

Alterations in gene expression patterns will be investigated, as well as enhancement of 

biological processes such as EMT and cell adhesion. It is hoped that these experiments will shed 
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more light on how biophysical forces in the vascular microenvironment potentially contribute 

to metastatic progression of breast cancer.  

II.II: Fluid mechanics of breast cancer  

Fluid mechanics is important for the growth, progression and metastasis of breast 

cancer105. For example, proximity of blood and lymph vessels to solid tumors determine what 

routes cancer cells take to metastasize. In addition, blood flow provides the oxygen and 

nutrients that allow tumors to grow abnormally. This section focuses on the nature of blood 

flow in the primary tumor microenvironment, what fluid forces primary and circulating cancer 

cells encounter as they make their way to distant organ sites, and how these forces potentially 

affect their abilities to complete ensuing steps in the metastatic cascade. 

Blood vessels close to breast tumors are characterized by structural and functional 

abnormalities, including altered basement membranes and larger than normal gaps between 

endothelial cells, allowing blood constituents to leave the tumor microenvironment with more 

ease105,106. This process, referred to as the enhanced permeability and retention effect, 

increases interstitial pressure in the tumor microenvironment, and facilitates intravasation of 

migrating cancer cells into blood vessels105.  

All steps in the metastatic cascade involve mechanical interactions between tumor 

cells and the different microenvironments they encounter, including exposure to fluid 
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flow107,108. Tumor cells encounter two types of fluid shear stresses, including the slow 

interstitial flows produced in the tumor microenvironment and higher fluid flows produced in 

the vascular or lymph microenvironment109,110. The slow interstitial fluid flow patterns in the 

tumor microenvironment, believed to be on the order of 0.01 – 0.5 Pa111,  have been shown to 

induce invasion of HER2-expressing breast cancer cells112. In addition, flows of these 

magnitudes potentiate mobility in metastatic esophageal cancer cells113, regulate invasiveness 

in glioma cells106,113 and modulate receptor-mediated apoptosis in lung cancer cells114. Fluid 

flow-induced enrichment of the invasive and EMT ability of cells in the tumor 

microenvironment partly explains how they successfully traverse the tumor microenvironment 

to reach blood vessels prior to intravasation.  

Equally important is the interaction of CTCs with blood flow in the vasculature, which 

range from 0.05 – 3 Pa108. Although fluid flow is known to significantly affect cancer cell’s 

behaviour, not much information is available on how forces of the magnitude of those 

experienced in the vascular microenvironment affect cellular events during cancer progression. 

For example, fluid shear stresses on the order 1 Pa affect cell phenotypes by activating signaling 

pathways and inducing transcription factors, some of which are involved in EMT and TGF-β 

signaling115,116,117.  

Complementing genomic and molecular signaling studies with fluid mechanics holds 

the promise of providing in-depth knowledge into how interactions between tumor cells and 
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the microenvironments they encounter affect their ability to complete remaining steps in the 

metastatic cascade. This may allow for identification of novel biomarkers that can potentially 

facilitate breast cancer diagnosis and treatment. In this thesis, changes in gene expression and 

phenotypic profiles of unstimulated and flow-stimulated cultured mammary epithelial and 

breast cancer cells are analyzed. The findings reported herein indicate relevance of fluid flow to 

metastatic progression of breast cancer in particular, and other cancers as a whole. 

II.III: Breast cancer diagnosis  

II.III.I: Enrichment and detection of CTCs 

As previously discussed, CTCs appear during the early stages of the metastatic cascade 

and their identification in blood facilitates early breast cancer diagnosis47. As such, accurate 

detection and molecular characterization of CTCs has evolved as one of the most active areas of 

translational research in the past decade118. However, selectively identifying CTCs in blood is 

associated with several difficulties, such as their low levels which require highly sensitive clinical 

tests119,120. In addition, there is not sufficient information on biological characteristics of these 

cells because they are subjected to transformations (e.g., EMT) as they migrate from solid 

tumours into the circulation119,120,121.  

Several exciting technologies have been developed to isolate and enumerate CTCs 

based on their biological and physical characteristics, albeit with varying degrees of success. 
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These technologies usually involve enrichment and detection steps, and need to be extremely 

sensitive and specific due to many possible contaminants in blood118. Enrichment strategies 

take advantage of the physical and biological attributes of CTCs which make them different 

from other cells in blood46,122. Single-cell detection, based on differential expression of several 

biomarkers is then performed to separate the tumor cells from normal blood cells. 

The CellSearchTM system (Veridex, LLC, Raritan, NJ) was the first clinically validated, 

FDA-cleared test for capturing and enumerating CTCs in metastatic breast cancer patients123. It 

is a semi-automated method that enumerates CTCs based on their specific interactions with 

two epithelial biomarkers – Epithelial Cellular Adhesion Molecule (EpCAM) and cytokeratins124. 

It is widely believed that this system misses cells that have undergone phenotypic 

transformations during metastasis, such as EMT, which results in cells that express 

mesenchymal markers64,125. 

Molecular assays that specifically target gene expression profiles of CTCs such as qPCR 

assays have emerged as reliable alternatives to immunologic assays118. An added advantage of 

qPCR assays is the ability to measure expression levels of several markers in a single reaction. 

One such assay, the AdnaTest BreastCancerTM (Adnagen AG, Germany) isolates CTCs using 

immunomagnetic beads labeled with antibodies against MUC1 and EpCAM126. Multiplex PCR is 

then used to quantify relative expression of EpCAM and HER2126. Though this system is based 

on enumerating epithelial CTCs and potentially misses cells such as those that have undergone 
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an EMT, more biomarkers can easily be incorporated to facilitate identification of cells 

presenting with mesenchymal profiles122.  

The clinical applications of CTC detection assays are limited by breast cancer 

heterogeneity and differences in molecular profiles, even in patients with the same breast 

cancer subtype and at the same stage of disease progression46,127. This limitation could be 

partly solved by identifying more molecular markers of breast cancer using models that mimic 

the various in vivo conditions breast cancer cells encounter in the metastatic cascade, including 

interactions with fluid flow. 

This thesis describes a unique approach to identify biomarkers for metastatic breast 

cancer. This involves the use of an in vitro system to mimic exposure of breast cancer cells to 

the magnitude of fluid shear stresses these cells experience in the vascular microenvironment. 

The ability of genes differentially expressed upon flow stimulation to affect cellular processes 

involved in metastatic progression of carcinomas are evaluated. From these genes, lead 

biomarkers are identified from bioinformatics, network biology and clinical gene expression 

analyses, and their relative expression quantified in breast cancer patients and healthy 

volunteers. Finally, modulation experiments are used to reveal intracellular proteins involved in 

regulating expression of the flow-responsive genes in breast cancer cells.  
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II.III.II: Diagnosis and stratification of primary tumors 

Equally important is early diagnosis and stratification of breast cancer, which is 

important to determine best treatment options and to better predict patient outcomes128. 

Unfortunately, most patients presenting with early breast cancer show no symptoms. As such, 

clinical breast exams are recommended as part of a woman’s regular medical check-up. These 

exams look for lump(s) or abnormal changes in the breast. If present, follow-up tests are 

required to confirm whether or not the findings are cancers. These follow-up tests include 

imaging techniques such as mammography, magnetic resonance imaging, ultrasonography, and 

blood tests129. Imaging techniques identify abnormal growths in breast tissues while blood tests 

quantify expression of biomarkers such as HER2, ER and PR130. 

If imaging and blood tests suspect presence and/or development of breast cancer, a 

biopsy is usually performed during which tissue from the suspicious area in the breast is 

removed and imaged for presence of cancerous cells. Molecular classification of the cancer into 

luminal and basal subtypes, based on overexpression or lack of expression of HER2, ER and PR is 

then performed to identify patients eligible for various breast cancer treatment regimens22,131. 

Reliable, accurate, and timely quantification of HER2, ER and PR expression are therefore 

essential for breast cancer diagnosis and treatment12,132.  

Immunohistochemistry (IHC) is the most common technique for quantifying HER2, ER 

or PR status in breast cancer tissues, though issues such as lack of standardization, poor 
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accuracy and reliability have limited the clinical use of this technique for breast cancer 

diagnosis130,133,134. Despite the development of fluorescent in situ hybridization (FISH) to 

quantify DNA expression as the current ‘gold standard’ for HER2 testing, universal availability, 

cost, the need for specialized equipment and training remain limitations for clinical use 

worldwide, especially in developing countries135,136.  As such, q PCR methods have emerged as 

alternative and/or complementary techniques for assessing HER2, ER and PR expression in 

breast cancer tissue samples due to increased sensitivity, reliability, speed and cost-

effectiveness13,129.  

A novel, reliable and cost-effective assay for quantifying HER2, ER and PR in 

formaldehyde-fixed, paraffin-embedded (FFPE) breast cancer tissue samples is presented in 

Chapter VI. Development and initial evaluation of this assay for HER2 quantification has been 

completed and presented by our collaborators in the Republic of Korea (Park et al., 2014137 and 

Wang et al., 2014138). Their results indicate the assay mostly agrees with IHC and FISH, and 

more specific and sensitive than commercial PCR assays137,138. Lessons learned from the clinical 

evaluation of previously identified biomarkers are implemented for this assay, with the 

ultimate goal of improving assay performance and detection options for breast cancer. 



33 

 

 

 

Chapter III  

Fluid Flow Stimulation of Normal 
Human Mammary Epithelial Cells 
The following manuscript has been submitted to the Journal of Medical and Biological 

Engineering – Recent Advances in Biomedical Engineering. For this manuscript, Kenneth Fuh 

contributed to the experimental design, data collection, analysis (all figures) and preparation of 

the manuscript.  

Jessica Withell contributed to data collection; Robert Shepherd and Kristina Rinker contributed 

to experimental design and preparation of the manuscript.  
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III.I: Abstract 

S100 proteins are intracellular Ca2+ sensors that participate in several tumorigenic 

processes. In spite of several S100 genes being overexpressed in breast cancer, their roles 

during disease development remain elusive. Human mammary epithelial cells (HMECs) can be 

exposed to fluid shear stresses which likely alter gene expression profiles. The implications of 

these interactions to normal tissue function and potential breast cancer development have not 

been previously studied. The goal of this study was to analyze expression profiles of S100 genes 

upon exposing HMECs to fluid flow, with significant findings examined in three independent 

clinical datasets. S100 genes were among the most upregulated genes upon flow stimulation. 

Network analysis revealed interactions between upregulated transcripts following stimulation 

with fluid flow, including interactions between S100P, S100A4 and S100A7. Overexpression of 

S100 genes was also observed in tissue from patients with early stage breast cancer compared 

to normal breast tissue, and in most breast cancer patients suggesting roles during disease 

development and progression. Finally, survival analyses revealed reduced survival times for 

patients with elevated expression of S100P and S100A7. This study shows that exposing HMECs 

to fluid flow upregulates genes identified clinically to be overexpressed during breast cancer 

development and progression, including S100A7 and S100P. These findings are the first to show 

that S100 genes are flow-responsive and might be participating in a fundamental adaptation 

pathway in normal tissue that is also active in breast cancer. 
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III.II: Introduction 

The S100 gene family in humans consists 21 members that regulate cellular responses 

by acting as intracellular Ca2+  sensors or as extracellular factors, by interacting with a variety of 

cell-surface receptors such as the RAGE, ALCAM, IL-10R, FGFR1 and TLR 41,139,140. S100s are 

normally present in cells derived from the neural crest, macrophages, myoepithelial and breast 

epithelial cells140. Overexpression of S100 genes have been implicated in a wide range of 

tumorigenic processes, including cell proliferation, angiogenesis, metastasis and immune 

invasion1,140. Overexpression of these genes, particularly S100P and S100A7, have been 

observed in several types of cancers, including breast carcinomas141,142. However, their roles 

during breast cancer development and progression have not been well defined1.  

The human mammary gland is characterized with branching of ductal systems and 

formation of lobular structures at ends of terminal ducts5,6. Breast ductal systems are lined by a 

continuous layer of epithelial cells, which are in turn surrounded by a layer of myoepithelial 

cells7. Human mammary epithelial cells (HMECs) can be exposed to fluid shear stresses 

resulting from blood flow and lymphatic drainage, which potentially alter gene expression 

patterns and phenotypic profiles. The objective of this study was to analyze changes in 

expression profiles of S100 genes upon exposing HMECs to fluid flow. Differentially expressed 

genes were mapped onto a human interactome on the Cytoscape software platform, and used 

to extract pronounced interactions between static and flow-exposed cells. Prognostic values of 
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several overexpressed S100 genes were evaluated in expression profiles from two independent 

breast cancer clinical datasets. Finally, raw microarray data from a previous clinical study (NCBI 

microarray accession number GSE21422)143 consisting 5 healthy breast tissue samples and 9 

ductal carcinoma in situ (DCIS) patients was analyzed to identify genes that are differentially 

expressed during the early stages of breast cancer development.  

III.III: Materials and Methods 

III.III.I: Cell culture and flow experiments 

Human Mammary Epithelial Cells (HMECs) and BT-474 cells were obtained from Lonza 

(Walkersville MD, USA) and ATCC (American Type Culture Collection, Manassas VA, USA), 

respectively and cultured per recommendations. MCF-7 and SK-BR-3 cells were provided by Dr. 

Carrie Shemanko (Department of Biological Sciences, University of Calgary). HMECs were 

isolated from adult female breast tissue, while the breast cancer cell lines were isolated from 

primary (BT-474) or metastatic sites (MCF-7 and SK-BR-3) of female breast cancer patients 

(adenocarcinoma) who were all of Caucasian ethnicity.  

MCF-7 and SK-BR-3 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) 

(Life Technologies Inc., ON, Canada) supplemented with 10% fetal bovine serum, 1% L-

Glutamine and 1% Penicillin Streptomycin. Cell culture procedures were conducted within a 

sterile biosafety cabinet using aseptic techniques. Cells were grown in culture flasks and 
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allowed to expand by incubating at 37oC and 5% CO2. Media was changed every 2 days until 

cells were about 70% confluent, at which point they were expanded or transferred to glass 

slides.  

To expand, cultures were passaged by washing cells twice with 1X Phosphate Buffered 

Saline (PBS), adding 0.25% trypsin and incubating for 5 minutes. Cell dissociation was confirmed 

by microscopic examination, prior to trypsin inactivation with trypsin neutralizing solution 

(TNS). Dissociated cells, trypsin and TNS solutions were collected in appropriate centrifuge 

tubes and centrifuged at 400 g for 4 minutes. The supernatant was aspirated and pelleted cells 

were inoculated to new gelatinized (0.1% gelatin in PBS) culture flasks. 

 For bioreactor culture, cell monolayers were cultured on glass slides pre-coated with 

145 µg/mL Rat Tail collagen I (Life Technologies Inc., ON, Canada) and grown to confluence. 

Some slides were exposed to fluid flow by setting up the parallel-plate flow chamber as 

previously described116,255, with the addition of pulse dampeners to create steady flow. Cells 

were exposed to an average shear stress of 1 Pa for 20 hours, and flow was provided by a 

Masterflex peristaltic pump and tubing (Cole Parmer, Montreal, QC, Canada).  

Some glass plates were grown as static controls, and their culture media was replaced at 

the same time as flow was set up. The volumetric flow rates (Q) of the flow medium 

corresponding to various magnitudes of shear stress (τ) on cell monolayers was determined 
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using the Navier-Stokes equation for a Newtonian fluid in parallel plate geometry (Equation 

1)144,145.  

𝝉 =  
𝟔µ𝑸

𝒃𝒉𝟐                     (Equation 1) 

where µ is viscosity of the media (0.008 dyne sec/cm2), b is width of the glass plate (6.2 cm), 

and h is separation distance between the chamber and glass slide (0.036 cm).  

Flow within the chamber created shear stress at the chamber wall, which was assumed 

to be approximately equal to the stresses exerted on the cells because the cell height is 

approximately three orders of magnitude less than the chamber height. Shear stress 

calculations also assumed that flow profiles were laminar and incompressible, as well as the 

chamber walls having no slip boundary conditions. 

III.III.II: RNA extraction and assay 

Cells on glass slides exposed to flow or grown in static conditions were washed twice 

with cold PBS, trypsinized, scraped from the plate using a cell scraper, collected in appropriate 

centrifuge tubes and stored on ice. Cells were then pelleted by spinning at 400 g for 4 mins, and 

RNA was isolated using the EZNA Total RNA Kit (Omega Bio-Tek Inc., Norcross GA, USA) as per 

manufacturer’s protocol. In summary, TRK Lysis Buffer was added to cell suspensions and 

thoroughly mixed to lyse cells. Lysates were then loaded into Omega Homogenizer Columns 

pre-inserted into 2 mL collection tubes, and centrifuged for 2 mins at 20,000 g. Next, 70% 
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ethanol was added to the homogenized lysate, mixed thoroughly, loaded into HiBind® RNA Mini 

Columns pre-inserted into 2 mL collection tubes, and centrifuged at 10,000 g for 60 s. HiBind® 

columns were then washed once with RNA Wash Buffer I and twice with RNA Wash Buffer II. 

Finally, DEPC Water was added to HiBind® columns and centrifuged at 20,000 g for 2 mins to 

elute RNA. Hydrated RNA samples were stored at – 80oC until analysis. 

RNA was assayed using the Quant-iTTM RiboGreen RNA Assay Kit (Life Technologies Inc., 

Burlington ON, Canada) according to manufacturer’s protocol. Briefly, working solutions of TE 

Buffer, Quant-iTTM RiboGreen RNA reagent, and standard ribosomal RNA were prepared and 

loaded into a 96 well microplate. Standard curves were generated by measuring sample 

fluorescence using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale CA, 

USA), with excitation and emission wavelengths set at 485 and 520 nm, respectively. 

Experimental RNA samples were prepared similarly and their fluorescence measured using the 

same parameters. Fluorescence value of the reagent blank was subtracted from that of each 

RNA sample, and unknown RNA concentrations were determined from standard curves using 

the SoftMax Pro software (Molecular Devices, Sunnyvale CA, USA). All pipettes and working 

surfaces for RNA isolation and quantification were decontaminated using RNAse AwayTM 

Decontamination Reagent (Thermo Scientific, Wilmington, DE, USA). 
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III.III.III: Real-time quantitative PCR (qPCR) 

cDNA was synthesized using the qScriptTM cDNA Synthesis Kit (Quanta Biosciences, 

Gaithersburg MD, USA) according to manufacturer’s protocol. Briefly, RNA was added to 

nuclease-free water, qScript Reaction Mix and qScript Reverse Transcriptase to a final volume 

of 20 µl, vortexed gently and centrifuged for 10 s. The cDNA synthesis reaction was performed 

by incubating the mixture for 22 0C for 5 mins, 42 0C for 30 mins and 85 0C for 5 mins using an 

MJ Mini Personal Thermal Cycler (Bio-Rad, Hercules, CA, USA).  

For real time PCR amplification, a total reaction volume of 20 µl was prepared by adding 

2 µl cDNA, 10 µl TaqMan® Fast Advanced Master Mix (Thermo Fisher Scientific, Ottawa, ON, 

Canada), and 8 µl mixture of primers, probes and nuclease-free water. Quantitative PCR was 

carried out on a ViiA 7 Real Time PCR System (Life Technologies, Foster City CA, USA). PCR 

experiments were run in triplicates and B2M was used as the reference gene. The following 

cycling conditions were employed for target gene amplification: 50 oC for 2 mins, then 95 oC for 

20 s, followed by 40 cycles of 1 s at 95 oC and 20 s at 60 oC. Relative gene expression was 

calculated using the comparative cycle threshold method146. Statistical significance for 

differential expression of genes between conditions was determined using the Student’s t-test. 
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III.III.IV: Microarrays 

Cell-line microarrays 

GeneChip PrimeView Human Gene Expression Microarrays (Affymetrix, Santa Clara CA, 

USA) were used to quantify changes in gene expression. Briefly, RNA from flow-stimulated and 

unstimulated samples were fluorescently labeled and applied on the chip to allow for 

hybridization. Microarrays were run on RNA from three replicates each for unstimulated and 

flow-stimulated cells. Signal intensities of hybridized probes were determined by measuring 

fluorescence of each spot separately, which relates to how much of that gene is present in that 

sample147. Signal intensity files were pre-processed using robust multichip average 

normalization148.  

Microarray data was analyzed using Biometric Research Branch – ArrayTools Version 

4.5.0 (National Cancer Institute, USA)147 and Partek Genomics Suite Version 6.6 (Partek Inc., 

Missouri, USA)149,150. Differentially expressed genes (fold change ≥ 2.0 and p-value ≤ 0.01) were 

identified by analyzing class comparisons between static and flow samples for each cell line, 

and for all static and flow-exposed breast cancer cells. Similarly, gene set expression analyses 

were performed against gene sets from the Molecular Signature Database (Broad Institute, 

USA), with at least 5 differentially expressed genes in a particular Gene Ontology category151,152.  

A total of 6319 gene sets were investigated consisting of 5135 Biological Process, 802 Molecular 

Function and 382 Cellular Component categories. The rationale was to assign statistical 
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significance (p-values) to genes or gene sets on basis of whether the genes are distinguished in 

groups of samples, with a 95% confidence level (p ≤ 0.05)151.  

Patient tissue microarrays 

Gene expression profiles from 5 healthy breast tissue samples and 9 ductal carcinoma in 

situ (DCIS) patients153 were analyzed to evaluate differential expression of genes during early 

stages of breast cancer development. Gene expression was quantified using Affymetrix 

Oligonucleotide Human Genome U133 plus 2.0 Arrays and downloaded from the NCBI 

microarray data bank (accession number GSE21422)143. Microarray data was analyzed using 

Biometric Research Branch – ArrayTools Version 4.5.0 (National Cancer Institute, USA)147. 

Differentially expressed genes (fold change ≥ 2.0 and p-value ≤ 0.01) were identified by 

analyzing class comparisons between DCIS and healthy breast tissue samples. 

III.III.V: Interaction network analysis 

Gene patterns from microarray data were used to extract pronounced gene features 

and visualize gene interaction networks using network analysis on the Cytoscape software 

platform (version 3.0)154,155. Differentially expressed genes between static and flow-exposed 

breast cancer cells were mapped onto a highly curated human interactome network obtained 

from integrated complex traits networks, Version 1.0155,156. The BiNGO and MCODE plugins 
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were used to assess enrichment of nodes for biological processes recorded in the Gene 

Ontology database154,155. 

III.IV: Results 

III.IV.I: Fluid flow affects gene expression in human mammary epithelial cells 

To investigate the effect of fluid flow on HMECs, cells were cultured and exposed to 

fluid flow at 1 Pa for 20 h derived from the parallel-plate bioreactor system, and used to 

analyze changes in gene expression. Microarray data showed unique clusters of differentially 

expressed genes in flow-stimulated and unstimulated HMECs (Figure III.1), with more than 1200 

genes significantly expressed upon flow exposure. Table III.1 lists the most overexpressed genes 

in the flow-stimulated cells (only genes with fold changes greater than 5 are shown).  

To identify key molecular functions and biological processes that were significantly 

affected by flow exposure, we performed gene set comparison analysis using microarray data. 

Gene subsets involved in cellular processes involved in breast cancer development and 

progression, such as cellular response to TGF-β stimulus, regulation of EMT, cell adhesion, 

proliferation and motility were profoundly enriched upon flow exposure. 
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Table III.1: List of genes upregulated more than 5 fold upon exposure of HMECs to fluid flow. 
S100 genes (bold) were among the most upregulated upon flow stimulation.  

Symbol Fold 
change 

Parametric 
p-value 

Gene name 

S100A7 33.41 8.43E-03 S100 calcium binding protein A7 

SPRR1A 18.82 2.21E-02 Small proline-rich protein 1A 

LCN2 16.7 1.38E-02 Lipocalin 2 

PI3 15.38 7.95E-03 Peptidase inhibitor 3, skin-derived 

SPRR2D 14.88 7.51E-03 Small proline-rich protein 2D 

IL1F9 14.86 4.70E-05 Interleukin 1 family, member 9 

IGFL1 14.2 4.24E-04 IGF-like family member 1 

NCF2 13.87 3.21E-04 Neutrophil cytosolic factor 2 

GLRX 12.78 1.35E-03 Glutaredoxin (thioltransferase) 

S100P 11.91 2.74E-02 S100 calcium binding protein P 

A2ML1 10.76 2.24E-02 Alpha-2-macroglobulin-like 1 

CYP1A1 10.75 3.01E-03 Cytochrome P450, family 1, subfamily A, polypeptide 1 

S100A7A 9.93 4.46E-02 S100 calcium binding protein A7A 

CYP4F3 9.74 1.08E-05 Cytochrome P450, family 4, subfamily F, polypeptide 3 

TMPRSS4 9.32 3.47E-02 Transmembrane protease, serine 4 

SPP1 9.04 6.10E-06 Secreted phosphoprotein 1 

CST6 8.11 2.45E-02 Cystatin E/M 

NDRG4 7.97 1.50E-06 NDRG family member 4 

IL8 7.88 9.00E-03 Interleukin 8 

HMOX1 7.86 < 1e-07 Heme oxygenase (decycling) 1 

ALDH3B2 7.72 4.13E-03 Aldehyde dehydrogenase 3 family, member B2 

MAP3K8 6.89 5.28E-05 Mitogen-activated protein kinase kinase kinase 8 

MAP2 6.32 4.20E-03 Microtubule-associated protein 2 

FUT3 6.18 9.61E-03 Fucosyltransferase 3 

SLC16A14 5.94 5.00E-07 Solute carrier family 16, member 14 

BSPRY 5.92 1.73E-02 B-box and SPRY domain containing 

TMPRSS11E 5.92 4.65E-03 Transmembrane protease, serine 11E 

STEAP4 5.78 1.95E-02 STEAP family member 4 

CLDN4 5.51 9.76E-03 Claudin 4 

GUCY1B3 5.48 4.71E-02 Guanylate cyclase 1, soluble, beta 3 

CFB 5.47 7.00E-06 Complement factor B 

CYP4F11 5.08 1.13E-05 Cytochrome P450, family 4, subfamily F, polypeptide 11 

AGR2 5.03 2.40E-06 Anterior gradient homolog 2 (Xenopus laevis) 
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Figure III.1: Fluid flow exposure affects gene expression of HMECs. Heat maps of differentially 

expressed genes between unstimulated and flow-stimulated HMECs. Genes with fold changes ≥ 

2.0 and p ≤ 0.01 are considered differentially expressed. 

III.IV.II: S100 genes are upregulated in flow-stimulated HMECs and breast cancer cells 

To examine which S100 genes were significantly altered upon flow stimulation, a gene 

set consisting of 21 S100 genes, MMPs and TIMPs was created and used to analyze differential 

expression by class comparisons. Figure III.2A shows the heat map of genes that were 

Flow-stimulated cells Unstimulated cells 
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differentially expressed in this gene set. Relative expression of two of the most upregulated 

genes, S100A7 and S100P was validated by qPCR (Figure III.2B). 

 

 

 

 

 

 

Figure III.2: S100 genes are uniquely upregulated upon flow exposure. (A) Heat maps showing 
upregulation of several S100 genes upon flow exposure of HMECs; (B) S100A7 and S100P were 
among the most upregulated S100 genes upon flow exposure both in microarrays and 
quantitative PCR. p ≤ 0.01. 

To investigate the relevance of our findings in breast cancer, we exposed SK-BR-3, BT 

474 and MCF-7 breast cancer cells to fluid flow at 1 Pa derived from the parallel-plate 

bioreactor system, and analyzed changes in gene expression. Microarray and qPCR data showed 

insignificant expression of S100A7 in the breast cancer cells. Interestingly, S100P was 

upregulated in both cell lines upon flow stimulation (Figure III.3), suggesting a potential role 

during breast cancer progression.   
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Figure III.3: S100P is overexpressed in flow-stimulated breast cancer cells. S100P is 
upregulated when SK-BR-3, BT-474 and MCF-7 breast cancer cells are exposed to fluid flow in 
the bioreactor system.  Statistical threshold cut off was for fold changes ≥ 2, p ≤ 0.01. 

III.IV.III: Network analysis revealed key genes involved in cell flow responses 

To visualize molecular interaction networks between upregulated S100 genes, gene 

expression data was imported and analyzed on the Cytoscape software platform. A highly 

curated human interactome network was downloaded using iCTNet (version 1.0)155. The 

protein network corresponding to the differentially expressed genes (with fold changes ≥ 5) and 

their first degree neighbours between unstimulated and flow-stimulated HMECs was highly 

clustered (Figure III.4), indicating a high degree of modularity of protein networks when HMECs 

are exposed to flow.  
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Figure III.4: Network analysis revealed interactions between S100 genes. (A) Network of 
differentially expressed genes (more than 5 fold change) and their first degree neighbours 
between static and flow-exposed HMECs. (B) Sub-network of S100A7 and its differentially 
expressed first degree neighbours showing expression between static and flow-stimulated 
HMECs. Red and blue nodes respectively represent genes that were upregulated and 
downregulated upon flow exposure. 
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III.IV.IV: S100 genes are differentially expressed during early stages of breast cancer 

development 

 To investigate the relevance of our findings during early breast cancer 

development, differential expression of S100 genes was analysed using data from a previous 

microarray study. This study contained microarray data from 5 healthy breast and 9 DCIS 

patient tissue samples.  Overexpression of several S100 genes, including S100A7 and S100P was 

observed in DCIS patient tissue compared to healthy breast (Figure III.5), suggesting potential 

roles during early stages of breast cancer. 

 

 

 

 

 

 

 

 

 

Figure III.5: S100 genes are upregulated during early stages of breast cancer development. 
Heat maps showing relative expression of several metalloproteinases and S100 genes between 
healthy breast samples and ductal carcinoma in situ (DCIS) patients. Raw microarray files were 
obtained from GSE21422 (Kretschmer C. et al., 2011) and analyzed using BRB-ArrayTools.  
Statistically significant genes were those with fold changes ≥ 2 and p ≤ 0.01. 
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III.IV.V: Expression profiles of S100P and S100A7 in clinical datasets 

To evaluate the relevance of our findings to progression of breast cancer, we analyzed 

gene expression data from 517 patients obtained from TCGA database. We observed 

overexpression of S100P in patients with all subtypes of breast cancer and overexpression of 

S100A7 in patients presenting with luminal B, HER2 positive and basal breast cancer (Appendix 

Figure V.2). Finally, the prognostic value of S100P and S100A7 was evaluated in a microarray 

data set of breast tumors from 1,809 patients157. Kaplan – Meier curves of relapse-free survival 

times of breast cancer patients with lymph node positive status (n=936), stratified by S100P and 

S100A7 expression levels, demonstrate that elevated expression correlates with reduced 

survival times (Appendix Figure V.1).  

III.V: Discussion and Conclusions 

Breast cancer is caused by genetic mutations that bestow cells lining breast ducts or 

lobules with the ability to grow abnormally. These cancerous cells can eventually spread to 

nearby lymph nodes or other parts of the body in a process called metastasis9,20. Development 

and progression of this complex disease involves mechanical interactions between normal 

epithelial cells and associated microenvironments, including exposure to fluid flow from blood 

supply108,109. The potential implications of this interaction in the context of breast cancer 

development have not been previously investigated. In this study, we used a bioreactor system 

to model exposure of HMECs to fluid flow and quantified changes in gene expression. Our 
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findings suggest fluid flow has a role in breast cancer development by upregulating genes in the 

S100 family. 

Two S100 genes, S100P and S100A7 were the most upregulated genes in flow-

stimulated cells. S100P and S100A7 have previously been implicated in tumor development due 

to their roles in cell adhesion, motility and proliferation2,141. Overexpression of S100A7 in pre-

invasive early stage cancer has also been reported1. Compared to expression in healthy breast, 

tissue from patients presenting with early stage breast cancer showed elevated expression of 

S100 genes, supporting our position for these genes to be involved during breast cancer 

development.  Interestingly, S100P was also upregulated in three breast cancer cell lines upon 

flow stimulation, implying potential roles of fluid flow exposure during disease progression. 

Further evidence for this stance was obtained through overexpression of S100P and S100A7 in 

patients with most subtypes of breast cancer. Survival plot analyses revealed reduced survival 

times for patients with elevated expression levels of S100P and S100A7. 

Network analysis revealed key interactions through which overexpressed S100 genes 

potentially contribute to tumorigenesis. This suggests that flow-induced upregulation of S100 

genes in HMECs is possibly a fundamental adaptation pathway in normal tissue that might also 

be active in breast cancer. However, the activated signaling cascades and underlying 

mechanisms through which fluid flow exposure potentially enhances breast cancer progression 

remain elusive. The knowledge gained from such investigations could lead to new diagnostic 

and therapeutic approaches for early stage breast cancer. 
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This study shows that exposing HMECs to fluid flow upregulates genes clinically 

identified to be overexpressed in breast cancer patient profiles, including S100P and S100A7. 

This suggests that our bioreactor platform is a useful tool for identifying how mammary 

epithelial cell exposure to blood flow affects early stages of breast cancer progression. 
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IV.I: Abstract 

Epithelial-to-Mesenchymal Transition (EMT) is associated with progression of most 

carcinomas through induction of new transcriptional programs within affected epithelial cells, 

resulting in cells becoming more motile and adhesive to endothelial cells. Mechanical 

interactions between tumor cells and various microenvironments are frequent phenomena 

during breast cancer progression. In this study, we exposed MDA-MB-231, SK-BR-3, BT-474 and 

MCF-7 breast cancer cell lines and normal HMECs to fluid flow in a parallel-plate bioreactor 

system, identified changes in gene expression using microarrays and subsequent network 

analysis, and examined key modified genes in clinical datasets. Fluid flow stimulation resulted in 

upregulation of EMT inducers and downregulation of repressors. Specifically, Vimentin and 

Snail were upregulated both at the gene and protein expression levels in flow stimulated 

HMECs, suggesting progression towards an EMT phenotype. Flow induced overexpression of 

several cell adhesion genes was also observed. Network analysis revealed genes involved in cell 

flow responses including FN1, PLAU and ALCAM. When evaluated in clinical datasets, we 

observed overexpression of FN1, PLAU and ALCAM in patients with most subtypes of breast 

cancer. We also observed increased adhesion and invasiveness of flow-stimulated breast cancer 

cells compared to unstimulated controls, suggesting an increased potential to form secondary 

tumors at metastatic sites. This study shows that fluid shear stresses on the order of 1 Pa 



55 

 

 

 

induce molecular changes in breast cancer cells that can also be observed in patient 

populations. 

IV.II: Introduction 

Breast cancer is a heterogeneous disease that progresses from oncogenic 

transformation in local epithelial cells to formation of tumors at distant organ sites3,28. Early 

diagnosis and stratification of breast cancer is important for determining patient treatment 

options, and improving outcomes, thus promoting precision medicine128,158. All steps in the 

metastatic cascade involve mechanical interactions between tumor cells and the different 

microenvironments they encounter, including exposure to fluid flow107,108,109. Tumor cells 

encounter two types of fluid flow: interstitial flow in the tumor microenvironment and fluid 

flow in the vascular or lymph microenvironment108,110.  

In vitro models that mimic interstitial fluid flow patterns have been used to show flow-

induced changes in several cell types. For example, interstitial fluid flow induces invasion of 

HER2-expressing breast cancer cells112, potentiates mobility in metastatic esophageal cancer 

cells113, regulates invasiveness in glioma cells106,113 and modulates receptor-mediated apoptosis 

in lung cancer cells114. In addition, exposure of ovarian cancer cells to fluid flow in a microfluidic 

platform induces Epithelial-to-Mesenchymal Transition (EMT) and generates a more aggressive 

and motile phenotype in 3D ovarian micronodules159. Although fluid flow is known to 

significantly affect cancer cell’s behaviour, not much information is available on how forces of 
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the magnitude of those experienced in the vascular microenvironment affect cellular events 

during cancer progression. Fluid shear stresses of such magnitudes (0.1 – 1 Pa) have been 

shown to affect cell phenotypes by activating signaling pathways and inducing transcription 

factors, some of which are involved in EMT116,117.  

The process of EMT causes significant alterations in the adhesive and mechanical 

properties of cells, facilitating tumor cell detachment from the primary tumor41,69,109. EMT is 

characterized by loss of the structured epithelial morphology and gain of the slender 

morphology of mesenchymal cells64,65. This is accompanied by downregulation of epithelial 

genes such as CDH1 and KRT19, and upregulation of mesenchymal genes including FN1, VIM, 

CDH2, SNAI1, SNAI2 and MMPs69,86,68. Resulting morphological and behavioral changes cause 

mesenchymal-like characteristics, including cells becoming more motile and invasive74,160. 

Knowledge of how mechanical forces such as fluid flow promote metastatic events would allow 

for identification of key genes that can be used to facilitate early diagnosis and stratification of 

breast cancer, with the ultimate goal of better determining patient treatment options. 

Once a circulating tumor cell survives the rigid biophysical forces posed by blood flow, it 

must adhere to the endothelial cells lining blood vessels at sites of secondary tumor formation, 

extravasate, and survive prior to initiating growth52. Extravasation is a multi-step process 

characterized by initial cell capture, tethering, rolling, firm adhesion and subsequent 

transmigration through endothelial cells44,161. Cancer cell adhesion requires expression of 
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ligands and receptors on cancer and endothelial cells, notably integrins162,163, collagens162, 

selectins53,164 and Activated Leukocyte Cell Adhesion Molecule (ALCAM)165,166. Some of these 

adhesion molecules have been shown to play pivotal roles in cancer progression53,167; however,  

no study has investigated how prior exposure of breast cancer cells to the shear stresses 

derived from blood flow affects differential expression of genes involved in facilitating 

subsequent adhesion to endothelial cells.  

We hypothesized that stimulation of breast cancer cells to shear stress derived from 

fluid flow promotes EMT and adhesion of breast cancer cells to endothelial cells. A bioreactor 

system consisting a parallel-plate flow chamber was used to expose breast cancer cells to 

moderate levels of fluid flow, similar to those found in lymph and blood vessels. Gene 

expression analysis was used to evaluate flow-induced changes in breast cancer cells. The 

ability of flow-stimulated and unstimulated breast cancer cells to adhere to an endothelial 

monolayer in vitro was also evaluated. Network analysis was used to identify key interactions 

between genes involved in promoting EMT and cell adhesion. Significant findings were analyzed 

in a clinical dataset consisting of gene expression data for more than 600 breast cancer 

patients. The prognostic value of key differentially expressed genes was evaluated by 

comparing relapse-free survival times in 2,878 breast cancer patients.  
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IV.III: Materials and Methods 

IV.III.I: Cell culture and flow experiments 

Source and cell culture procedures of BT-474, MCF-7 and SK-BR-3 cells have been 

described in Section III.III.I. MDA-MB-231 cells were provided by Dr. Don Morris (Tom Baker 

Cancer Center, University of Calgary). The MDA-MB-231 breast cancer cells were adherent, 

epithelial and isolated from primary tumors of female breast cancer patients (adenocarcinoma) 

who were all of Caucasian ethnicity. MDA-MB-231 cells were grown similarly as MCF-7 and SK-

BR-3 cells. For bioreactor culture, cell monolayers were exposed to an average shear stress of 1 

Pa for 20 h as described in Section III.III.I. 

IV.III.II: RNA extraction and assay 

RNA was extracted and assayed in unstimulated and flow-stimulated cells as previously 

described in Section III.III.II.  

IV.III.III: qPCR 

1 µg of RNA was converted to complementary DNA (cDNA) using the RT2 First Strand Kit 

(SA Biosciences, Mississauga ON, Canada) according to manufacturer’s protocol. In summary, 

genomic DNA elimination mix was prepared by adding RNA to Buffer GE and RNase-free water 

to a final volume of 10 µL, and incubated for 5 mins at 42 0C. A reverse-transcription mix was 

prepared to a final volume of 10 µL and added to the genomic DNA elimination mix. The cDNA 
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synthesis reaction was performed by incubating the mixture for 42 0C for 15 mins and 95 0C for 

5 mins using an MJ Mini Personal Thermal Cycler (Bio-Rad, Hercules, CA, USA).  

cDNA for each sample was loaded onto the RT2 Profiler PCR Arrays for Human Epithelial-

to-Mesenchymal Transition (SA Biosciences, Mississauga ON, Canada) along with SYBR Green 

ROX qPCR Mastermix (SA Biosciences, Mississauga ON, Canada). Quantitative PCR was carried 

out on a ViiA 7 Real Time PCR System (Life Technologies, Foster City CA, USA) under the 

following conditions: 95 oC for 10 mins and 40 cycles of 15 s at 95 oC and 60 s at 60 oC. Actin-

beta (ACB), beta-2-microglobulin (B2M), and glutaraldehyde-3-phosphate dehydrogenase 

(GAPDH) were used as reference genes. Relative gene expression was calculated using the 

comparative cycle threshold method146. Three replicates were run for each condition. Statistical 

significance for differential expression of genes between conditions was determined using the 

Student’s t-test.  

IV.III.IV: EMT induction 

EMT was chemically induced by adding StemXVivo EMT Inducing Media Supplement 

(R&D Systems, Minneapolis, MN, USA) and monitored per recommendations168. Briefly, cells 

were gently detached from culture dishes using a dissociation solution, centrifuged and re-

suspended in warmed culture media containing StemXVivo EMT Inducing Media Supplement. 

Cell cultures were incubated at 37 0C and 5% CO2, and media changed every two days. EMT 

induction was completed five days after plating. 
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IV.III.V: Immunohistochemistry 

Protein expression analysis by immunocytochemistry was performed using the Human 

EMT 3-Color Immunocytochemistry kit (R&D Systems Inc., Minneapolis MN, USA). Briefly, cells 

were fixed in 4% paraformaldehyde, incubated in a blocking buffer made up of 1% bovine 

serum albumin (BSA), 10% rabbit serum, and 0.3% Triton X-100 in 1X PBS. Confluent areas 

(90%) on slides were marked using PAP pens. Samples were further incubated in a blocking 

buffer solution containing conjugated antibodies to human Snail, E-Cadherin and Vimentin, 

diluted according manufacturer’s instructions. Nuclei were counterstained with Hoechst dye 

(Life Technologies Inc., Burlington ON, Canada) and mounted with Prolong Gold Antifade 

Reagent (Life Technologies Inc., Burlington ON, Canada). Slides were allowed to dry in the dark 

overnight, and the samples were imaged using an Olympus Fluoview FV1000 confocal laser 

scanning microscope (Olympus Inc., Waltham, MA, USA). Protein expression was analyzed on at 

least three replicates for each condition.  

IV.III.VI: Microarrays 

Genome-wide gene expression analysis was performed on unstimulated and flow-

stimulated samples using microarrays as previously described in Section III.III.IV.  
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IV.III.VII: Interaction network analysis 

Network interactions of differentially expressed genes between unstimulated and flow-

stimulated were analyzed and visualized on the Cytoscape software platform as previously 

described in Section III.III.V. 

IV.III.VIII: In vitro adhesion experiments  

Static adhesion experiment 

A HUVEC monolayer was obtained by seeding 250,000 cells per well in gelatin-coated 6-

well culture dishes, grown for two days and activated with 150 ng/mL of TNF-α for 5 hours. 

MDA-MB-231 and MCF-7 cells were cultured and flow preconditioned as described in Section 

III.I. Flow-stimulated and unstimulated cells were non-enzymatically detached from glass plates, 

re-suspended in serum free media and added to the HUVEC monolayers at a density of 200,000 

cells per well. Cancer cells were left to adhere on the endothelial monolayer for 90 min, after 

which non-adherent cells were carefully washed twice with HBSS and cells were fixed with 4% 

paraformaldehyde (PFA) for 10 min. Adherent breast cancer cells from four wells (five fields per 

well) were counted and used to quantify relative adhesion as the ratio of adherent cancer cells 

per endothelial cells present in a field. At least three independent experiments were performed 

for each condition. Statistical significance was determined using the Student t-test. 
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Adhesion experiments under flow 

A HUVEC monolayer was cultured on glass slides by seeding 200,000 cells per slide and 

grown for two days. Slides were pre-coated with 145 µg/mL Rat Tail collagen I (Life 

Technologies Inc., ON, Canada). Following activation with 150 ng/mL of TNF-α for 5 hours, 

slides were placed in a parallel-plate flow system as described in Section III.I. Flow-stimulated 

and unstimulated cells (200,000 cells/ml) were suspended in serum free media, loaded onto a 

syringe, and mounted on an infusion pump (Harvard Bioscience, Holliston, MA, USA) connected 

to the endothelial monolayer. Cancer cells were pumped over the endothelial monolayer at a 

shear rate of 16 s-1 for 10 min. Pictures were taken at several time points (0 – 10 min) and at 

several locations on the slides, and used to quantify relative adhesion as the ratio of adherent 

cancer cells per endothelial cells present in a field. At least three independent experiments 

were performed for each condition. Statistical significance was determined using the Student t-

test. 

IV.III.IX: Cell migration and invasion assays  

For migration assays, flow-stimulated or unstimulated MDA-MB-231 cells were plated in 

6-well Polycarbonate Membrane Transwell® Inserts with 8 µm pores (Corning Inc., Lowell, MA, 

USA) as previously described169,170. Briefly, 300,000 cells were resuspended in 1.5 mL DMEM 

media containing 0.5% FBS, and seeded to the upper compartment of the transwell. To the 

lower compartment, 2.6 mL of DMEM containing 0.5% FBS and 40 µg/ml Rat Tail Collagen I (Life 
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Technologies Inc., ON, Canada) was added, and incubated for 2.5 h. After this, inserts were 

carefully taken out and with the use of cotton swabs, cells that had not migrated through the 

pores and remained on the upper side of the filter membrane were gently removed. Migrated 

cells were imaged using an Olympus FV1000 confocal microscope (Olympus Inc., Waltham, MA, 

USA) with a 10x objective. Cells that migrated through the membrane were counted in at least 

three random microscopic fields. Three separate experiments were performed for each 

condition. Statistical significance was determined using the Student t-test.  

For invasion assays, the same experimental procedure as for transwell migration assays 

was used except that the 6-well inserts were coated with Growth Factor-Reduced BD Matrigel 

Matrix (BD Biosciences, San Jose, CA, USA) for 1.5 h prior to being seeded with cells. 

IV.IV: Results 

IV.IV.I: Fluid flow affects breast cancer cell line gene expression and enriches cellular 

processes involved in metastasis 

To investigate the effect of fluid flow on breast cancer cell line gene expression, BT-474, 

MCF-7, MDA-MB-231 and SK-BR-3 breast cancer cells were exposed to fluid flow at 1 Pa derived 

from the parallel-plate bioreactor system. Significant differences in gene expression profiles 

between flow-exposed and non-exposed cells were observed (Figure IV.1A). At least 150 genes 

were differentially expressed in each breast cancer cell line upon flow exposure (Figure IV.1B). 

Appendix Figure IV.1 shows boxplot of microarray data after normalization. The MDA-MB-231 
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basal cell line had the most differentially expressed genes upon flow stimulation (Figure IV.1B). 

Basal breast cancer is one of the most aggressive subtypes of breast cancer, with a unique 

biology characterized by an early pattern for metastasis9,171.  

To identify key molecular functions and biological processes that were significantly 

affected by flow exposure, we performed gene set enrichment analysis using expression data 

for each cell line151. Gene subsets involved in cellular processes that contribute to metastatic 

progression of carcinomas were profoundly enriched in most cell lines upon flow stimulation. In 

all breast cancer cells that were exposed to flow, we observed significant enrichment of genes 

involved in regulation of EMT (Figure IV.1C), positive regulation of cell motility (Figure IV.1D), 

regulation of cell-matrix adhesion (Figure IV.1E) and positive regulation of cell-cell adhesion 

(Figure IV.1F). Appendix Tables IV.1 – 4 lists the most enriched GO categories in all four breast 

cancer cell lines upon exposure to fluid flow. In addition, we observed upregulation of several 

collagens, integrins and other cell adhesion molecules, including FN1 and ALCAM, suggesting 

modulation of adhesive properties in cancer cells upon flow exposure (Figure IV.2, 5B and 5C). 

IV.IV.II: Fluid flow upregulates expression of EMT genes and proteins in breast cancer cells 

To further examine EMT regulation upon flow stimulation, we analyzed expression of 

genes in an EMT gene set created from the PCR Array for Human Epithelial-to-Mesenchymal 

Transition. Microarray data analysis revealed heat maps of differentially expressed EMT genes 

upon flow stimulation for each breast cancer cell line (Figure IV.2A, C, E and G). We observed 
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consistent upregulation of EMT inducers including FN1, SNAI2, NOTCH1, TCF4, MMP2, PLAU, 

WNT5A and WNT5B in most flow stimulated cells. EMT repressors, such as KRT19 and TSPAN13 

were downregulated upon flow stimulation in several cell lines. These findings were examined 

by qPCR and validated for the genes shown in Figure IV.2B, D, F and H.  
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Figure IV.1: Fluid flow affects expression patterns and enriches biological processes in breast 
cancer cells. (A) Heat map of differentially expressed genes between static and flow-exposed 
MDA-MB-231, BT-474, SK-BR-3 and MCF-7 breast cancer cells; (B) Number of differentially 
expressed genes between static and flow-exposed breast cancer cells (fold change ≥ 2.0 and p ≤ 
0.01); Exposure of breast cancer cells to fluid flow enriched molecular processes involved in 
metastatic progression, including Regulation of EMT (C), Positive regulation of cell motility (D), 
Positive regulation of cell-cell adhesion (E), and Regulation of cell-matrix adhesion (F). GO 
categories with enrichment scores ≥ 2 and p ≤ 0.05 were considered statistically significant. 
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Figure IV.2: Fluid flow upregulates expression of EMT genes in breast cancer cells. EMT-
inducers were consistently upregulated and EMT-repressors were downregulated after 
exposing breast cancer cells to fluid flow, as shown by heat maps of static and flow-exposed 
breast cancer cells (A, C, E, G). Microarray expression data for each cell line was validated with 
qPCR (B, D, F, H). 
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Further, we wanted to compare flow-derived EMT gene expression results with 

chemically induced EMT profiles for MDA-MB-231 and HMECs using a Human EMT 3-Color 

Immunocytochemistry Kit. Promotion of EMT in flow stimulated MDA-MB-231 cells was 

revealed by concurrent upregulation of Snail and Vimentin (Figure IV.3A and B). These findings 

were consistent with qPCR expression data (Appendix Figure IV.3A) for VIM and SNAI2, the 

genes that respectively code for Vimentin and Snail. CDH1 and E-cadherin were expressed at 

low levels in MDA-MB-231 cells (Appendix Table IV.5 and Figure IV.3A).  

Next, we compared the expression levels of E-cadherin, Vimentin and Snail in HMECs 

that were chemically induced for EMT, exposed to fluid flow or cultured in static conditions. 

Snail and Vimentin were upregulated in both flow exposed and EMT-induced cells compared to 

static controls, while E-cadherin showed no significant differences in expression between all 

three conditions (Figure IV.3C and D). Quantitative PCR data revealed upregulation of SNAI2 

and VIM, and insignificant changes in CDH1 in flow-exposed HMECs compared to static controls 

(Appendix Figure IV.3B). These results suggest that exposing HMECs to fluid flow stimulates 

progression towards an EMT phenotype similarly to chemical induction.   
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Figure IV.3: Fluid flow enhances EMT genotypes in MDA-MB-231 breast cancer cells and 

HMECs. (A) Representative confocal microscopy images of static (n=8) and 20 hr flow-exposed 

(n=8) MDA-MB-231 cells, analyzed for EMT by simultaneously staining with fluorochrome-

conjugated antibodies for Vimentin (green), Snail (red) and E-Cadherin (blue); (B) Normalized 

fluorescence intensity of static and flow-exposed MDA-MB-231s shown in A. Scale bars = 90 

µm; (C) representative confocal images of static (n=8), 20 hr flow-exposed (n=8) and EMT-

induced (n=6) HMECs, analyzed for EMT by simultaneously staining with antibodies  for 

Vimentin (green), Snail (red) and E-Cadherin (blue); (D) Normalized fluorescence intensity of 

static and flow-exposed MDA-MB-231s shown in C. Scale bars = 60 µm. Fluorescence intensity 

was normalized to number of cells in each microscopic field, and compared to intensity in static 

controls. Results in the graphs are expressed as mean ± SE (*, p < 0.05). au = arbitrary units. 
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IV.IV.III: Network analysis revealed key genes involved in cell flow responses 

To visualize molecular interaction networks that are possibly involved in promoting EMT 

and cell adhesion in flow stimulated breast cancer cells, we imported and analyzed gene 

expression data for flow-exposed and static controls using the Cytoscape software platform. A 

highly curated human interactome network was downloaded using iCTNet (version 1.0)155. The 

protein network corresponding to the differentially expressed genes (with fold changes ≥ 5) and 

their first degree neighbours between static and flow-exposed MDA-MB-231 cells was highly 

clustered (Appendix Figure IV.1), indicating a high degree of modularity of protein networks 

when breast cancer cells are exposed to flow. Due to overexpression of FN1 in most flow-

exposed cells and its roles in EMT and cell adhesion, we analyzed its interaction sub-network to 

better understand how flow exposure potentially affects metastatic events in breast cancer 

cells. The FN1 sub-networks for MDA-MB-231 (Figure IV.4A) and MCF-7 (Figure IV.4B) revealed 

functional links through which overexpression of FN1 possibly promotes EMT and adhesion in 

breast cancer cells. This was observed through interactions between FN1 and its differentially 

expressed first degree neighbours, including EMT genes such as SNAI2, NOTCH1, TCF4, PLAU, 

SPP1 and KRT19 as well as cell adhesion genes such as ALCAM, COL4A1, COL4A2, COL7A1 and 

ITGB1. 
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Figure IV.4: Network analysis revealed key genes involved in cell flow responses. Sub-network 

of Fibronectin (FN1) and its differentially expressed first degree neighbours showing expression 

between static and flow-exposed MDA-MB-231 (A) and MCF-7 (B) breast cancer cells. Red and 

blue nodes respectively represent genes that were upregulated and downregulated upon flow 

exposure. 
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IV.IV.IV: Bioreactor-derived expression changes recapitulate clinical breast cancer gene 

expression profiles 

To investigate the relevance of our findings to progression of human breast cancer, we 

analyzed gene expression data of FN1 and two of its first degree neighbours (PLAU and 

ALCAM), using data from The Cancer Genome Atlas (TCGA)20. We found that FN1, PLAU and 

ALCAM were upregulated in patients with most subtypes of breast cancer compared to 

expression in healthy volunteers (Figure V.5 and Appendix Figure V.2). We also observed 

upregulation of FN1, PLAU and ALCAM in patients at most stages of breast cancer compared to 

expression in healthy individuals (Appendix Figure IV.2).  

Next, the prognostic value of FN1, PLAU and ALCAM was evaluated in a microarray data 

set of breast tumors from 2,878 patients157. Kaplan–Meier curves of relapse-free survival times 

of breast cancer patients with lymph node positive status, revealed patients with high FN1 and 

PLAU expression (the median value was used as the cut off for low and high expression) have 

reduced survival profiles compared to patients with low FN1 and PLAU expression (Figure V.4 

and Appendix Figure V.1). Kaplan-Meier survival plots for ALCAM expression showed a similar 

pattern, although not statistically significant (p = 0.18). 
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IV.IV.V: Fluid flow stimulation increases adhesive, migratory and invasive abilities of breast 

cancer cells 

Next, we evaluated the ability of flow-stimulated and unstimulated MDA-MB-231 and 

MCF-7 cells to adhere to an activated endothelial monolayer. Figure IV.5A shows representative 

cancer cell – endothelial cell adhesion images obtained after unstimulated and flow-stimulated 

MDA-MB-231 cells were flowed over an endothelial monolayer. We also observed significant 

upregulation of a key panel of cancer cell adhesion genes upon flow stimulation of MDA-MB-

231 (Figure IV.5B) and MCF-7 (Figure IV.5C) cells. Flow-stimulated MDA-MB-231 cells adhered 

more to endothelial cells than unstimulated cells at all time points (Figure IV.5A and 5D). In 

addition, flow-stimulated MDA-MB-231 and MCF-7 cells showed greater adhesion to 

endothelial monolayers in static adhesion experiments compared to unstimulated cells (Figure 

IV.5E).  

Finally, transwell migration and invasion assays were used to investigate migratory and 

invasive abilities of flow-stimulated and unstimulated cells. Figure IV.6 shows that exposure of 

MDA-MB-231 cells to fluid flow increases their abilities to migrate and invade through transwell 

membranes. Taken together, these results reveal a potential role of fluid flow exposure in 

potentiating breast cancer cell migration, adhesion to endothelial cells and invasion through 

membranes at metastatic sites.   
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Figure IV.5: Adhesion of unstimulated and flow-stimulated breast cancer cells to endothelial 

monolayers. (A) Unstimulated and flow-stimulated MDA-MB-231 cells were flowed over 

endothelial monolayers and pictures showing adherent cancer cells taken at several time 

points. Heat maps of differentially expressed cell adhesion genes (fold change ≥ 2 and p ≤ 0.01) 

between static and flow-exposed MDA-MB-231 (B) and MCF-7 (C) breast cancer cells. (D) Flow-

stimulated cells (black line) showed greater adhesion to the endothelial monolayers compared 

to unstimulated control cells (grey line). (E) In static adhesion experiments, flow-stimulated 

MDA-MB-231 and MCF-7 cells (black bars) adhered more significantly to endothelial 

monolayers than unstimulated control cells (grey bars). Relative adhesion is defined as average 

number of adhered cancer cells per endothelial cells in a particular field. The phase contrast 

images are representative of 4 independent experiments with similar results. Results in the 

graphs are expressed as mean ± SE (**, P < 0.01; ***, P < 0.001). Scale bars = 80 µm. 
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IV.V: Discussion and Conclusions 

Our results show that exposure to fluid shear stresses on the order of 1 Pa for 20 h 

promotes EMT and adhesion of breast cancer cells to endothelial cells. This supports 

incorporation of the effect of fluid flow in studies seeking to understand development of this 

complex disease, whose progression is characterized by mechanical interactions between 

tumor cells and the various microenvironments they encounter109. Imperative to metastasis is 

tumor cell detachment from the primary tumor, during which the process of EMT contributes 

to increased motility and adhesiveness to endothelial cells lining blood vessels of metastatic 

sites69,41. Before invading secondary organs, tumor cells must encounter fluid shear stresses 

produced by the slow interstitial flow in the tumor microenvironment believed to be on the 

order of 0.01 Pa, and the hemodynamic shear stresses in the blood stream which range from 

0.05 to 3 Pa108,110. In this study, we used a bioreactor system consisting a parallel-plate flow 

chamber to expose various stratifications of breast cancer cells to moderate fluid shear stress (1 

Pa), modelling exposure of cells to the flow conditions created in the vascular 

microenvironment. Our findings reveal an effect of fluid flow on breast cancer cell line gene 

expression by promotion of EMT and adhesion to endothelial cells.  

We also observed consistent upregulation of EMT inducers, including SNAI2, NOTCH1, 

FN1, VIM, PLAU, MMP2, WNT5A and TCF4, and downregulation of EMT repressors such as 

TSPAN13 and KRT19 (Figure IV.2 and IV.3) upon flow stimulation. Flow stimulation resulted in 
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EMT induction in mammary epithelial cells similarly to chemical induction. These results 

suggest a potential effect of fluid flow on the metastatic ability of breast cancer cells by 

promotion of EMT, and support results of previous studies on shear stress affecting metastatic 

events in other types of cancer112,113,159. 

 

 

 

 

 

 

 

 

Figure IV.6: Flow stimulation increases migration and invasion of MDA-MB-231 cells. 
Transwell migration (A) and invasion (B) assays were used to quantify migration and invasion of 
unstimulated and flow-stimulated MDA-MB-231 breast cancer cells. Cells in 3 random 
microscopic fields were counted for each group. The results presented are an average of 3 
random microscopic fields from 3 independent experiments. Data shown represent the means 
± standard errors of the means of data from 3 separate experiments. Asterisks indicate 
statistically significant differences in migration or invasion (**p < 0.01). 
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No study has examined how fluid forces in the physiological range of those experienced 

in the vascular microenvironment affect cellular events during breast cancer progression. Here 

we show for the first time that exposure to fluid flow on the order of 1 Pa promotes EMT in all 

molecularly classified subtypes of breast cancer. Further, we show that this effect is more 

pronounced in the basal MDA-MB-231 cells, representing the most clinically aggressive subtype 

of breast cancer. This particular subtype is highly studied due to its unique biology, overall poor 

prognosis, early pattern for metastases and relative lack of therapeutic targets compared to the 

other subtypes9,19. Previous in vitro studies in which cancer cells were exposed to fluid shear 

stresses in the range of those encountered in the tumor microenvironment have demonstrated 

promotion or induction of EMT106,159,172. These lower shear stresses promote internalization of 

E-cadherin in metastatic esophageal cancer cells172, and induce EMT in 3D ovarian cancer 

nodules by downregulating E-cadherin and upregulating Vimentin both at the transcript and 

protein levels159. To the best of our knowledge, Tchafa et al., (2015)112 remains the only study 

that reports an effect on EMT in breast cancer cells following stimulation by fluid flow in the 

magnitude of those experienced in the tumor microenvironment. In that study, an alteration in 

the mechanism of interstitial flow-induced invasion in HER2-expressing breast cancer cells 

following EMT induction was reported112. However, the HER2-enriched subtype of breast 

cancer is just one of the four major subtypes of breast carcinomas20,21. Other subtypes (luminal 

A, luminal B and basal breast carcinomas) have been found to display different  

immunoprofiles20,21. The findings reported here are the first to show that fluid forces similar to 
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those experienced in the vascular microenvironment promote EMT in all molecular subtypes of 

breast cancer. 

Network analysis revealed key genes involved in flow responses including FN1, PLAU 

and ALCAM. FN1 an extracellular matrix (ECM) glycoprotein that binds to membrane-spanning 

receptor proteins and plays essential roles in EMT173, cell adhesion98, proliferation173 and 

migration98,174. PLAU encodes an enzyme that is involved in ECM proteolysis, tumor cell 

migration and proliferation175,176. Its receptor, PLAUR regulates integrin function by mediating 

cell signaling in response to PLAU binding177. Several studies have shown that the FN1-binding 

integrin (α5β1) co-immunoprecipitates with PLAUR, suggesting FN1 binding to its receptors 

enhances PLAU-PLAUR signaling during EMT promotion161,177,178. In addition, increased 

secretion of PLAU results in activation of matrix metalloproteinases, which are important in 

initiating or promoting EMT179,180.  

Flow stimulation also resulted in differential expression of cell adhesion genes such as 

FN1 and ALCAM. Besides being upregulated during EMT, FN1 plays important roles during 

subsequent adhesion of cancer cells to endothelial cells98. Binding of FN1 to integrin α5β1 

triggers integrin-mediated intracellular signals culminating in increased adhesion to endothelial 

cells49,98. Interestingly, network analysis revealed an interaction between FN1 and ALCAM. As a 

type 1 transmembrane glycoprotein of the immunoglobulin superfamily, ALCAM functions as a 

cell surface sensor and promoter of interactions between cancer and endothelial cells165. 
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Upregulation of ALCAM in flow-stimulated breast cancer cells suggested potential roles of 

blood flow in promoting cancer cell adhesion to endothelial cells. Finally, our hypothesis was 

supported by significant adhesion of flow-stimulated breast cancer cells to TNF-α stimulated 

endothelial cells in static and laminar flow adhesion assays.  

When evaluated in a clinical cohort, we observed significant increase in expression of 

FN1, PLAU and ALCAM in patients with most subtypes of breast cancer compared to healthy 

volunteers (Figure V.5 and Appendix Figure V.2). Kaplan–Meier curves of relapse-free survival 

times of breast cancer patients with lymph node positive status, stratified by and PLAU 

expression levels (Figure V.4 and Appendix Figure V.1), demonstrate that expression changes 

obtained from our bioreactor system recapitulate clinical breast cancer gene expression 

profiles. We agree with the potential applications of FN1, PLAU and ALCAM as prognostic 

and/or predictive biomarkers for breast cancer based on their differential expression upon flow 

stimulation, interactions with other genes involved in EMT and cell adhesion, relapse free 

survival analyses and overexpression in most subtypes and at most stages of breast cancer 

when compared to expression in healthy volunteers. The clinical ramifications of these findings 

are demonstrated by the use of EMT gene expression profiles as useful prognostic markers for 

disease-free survival in patients with hepatocellular carcinoma181. PLAU is a mesenchymal 

marker that is upregulated after an EMT182 and its potential application as a biomarker for 

breast cancer has been evaluated and presented by Schmitt et al., (2014)183. ALCAM has also 
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been evaluated as a prognostic biomarker in a variety of cancers due to its overexpression in 

patients with breast165,166, ovarian184, pancreatic185 and non-small-cell lung cancers186.  

Multiple signaling pathways cooperate in the initiation and progression of cancer, 

notably TGF-β, WNT-β-catenin, Notch and RAS-MAPK pathways. We observed differential 

expression of genes in these pathways and network analysis revealed key interactions that 

possibly contribute in EMT promotion and increased adhesiveness to endothelial cells during 

metastatic progression. However, the signalling pathways and molecular mechanisms through 

which fluid flow promotes EMT and adhesion of breast cancer cells to endothelial cells remain 

elusive and promise to be an interesting area of research. The knowledge gained from 

understanding how mechanical transduction of fluid flow affects metastatic events could allow 

for identification of better therapeutic and diagnostic targets for breast cancer. 

Using the parallel-pate flow chamber system, we created an experimental model of 

breast cancer progression and identified biomarkers important in patient populations. 

Understanding how biophysical forces such as shear stress affect cellular processes involved in 

metastatic progression of breast cancer is important for identifying new molecular markers for 

disease progression, and for predicting metastatic risk. These findings support using flow based 

models to further investigate how fluid environments affect cancer cells and their metastatic 

abilities. Taken together, our results demonstrate that our in vitro model allows for 

identification of biomarkers that are useful for identifying cells which have undergone EMT and 
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possibly those that are CTCs. Using this system to study cellular events involved in breast cancer 

development and progression could lead to new diagnostic and therapeutic approaches for 

metastatic breast cancer. 
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V.I: Abstract 

Metastatic progression of breast cancer involves mechanical interactions between cells 

and fluid flow. The impact of these interactions on gene expression has not been explored. We 

previously showed that fluid flow alters gene expression patterns in mammary epithelial and 

breast cancer cells. Though these genes enrich biological processes involved in progression of 

breast cancer, the key intracellular transducers elicited by fluid flow exposure to alter these 

patterns during breast cancer development have not been elucidated. In this study, breast 

cancer cells were exposed to fluid flow in a parallel-plate bioreactor system and gene profiles of 

enriched biological processes were analyzed to identify potential biomarkers for breast cancer. 

From these genes, network analysis revealed 43 transcripts that participate in cell flow 

responses involved in metastatic progression of carcinomas. Prognostic value of these genes 

was evaluated in clinical gene expression and relapse-free survival analyses. Fourteen genes 

that were overexpressed in patients and had correlating profiles from survival analyses were 

chosen for further validation. Four of these genes, including HMGA2, RUNX1, TGFBI and SNAI2, 

belong to the TGF-β signaling pathway. Knockdown and activity inhibition studies revealed 

Smad3 as a key intracellular signal transducer involved in flow-induced upregulation of HMGA2, 

RUNX1 and SNAI2, but not TGFBI. Finally, expression of seven of these biomarkers was 

evaluated in a population consisting 159 breast cancer patients and 152 healthy volunteers. Our 

findings indicate potential application of five of these genes, including HMGA2, RUNX1, TGFBI, 

ITGA4 and CTCF in diagnostic and therapeutic approaches for breast cancer. 
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V.II: Introduction 

Breast cancer is a heterogeneous disease whose progression is characterised by 

complex interactions between cells and several microenvironments, including exposure to fluid 

flow. We have previously described flow-induced alterations in biological events and genes 

upon exposure of human mammary epithelial cells to fluid flow, and revealed how these 

changes potentially contribute to tumorigenesis. Of greater importance is the finding that fluid 

flow promotes EMT and renders breast cancer cells more adhesive to endothelial cells. 

Morphogenetic processes such as EMT are usually modulated by the collaborative interplay of 

several signal transduction pathways resulting in new cellular phenotypes82. An in depth 

understanding of the transduction pathways and key intracellular molecules elicited by fluid 

flow stimulation to promote EMT in breast cancer cells is therefore valuable in our attempts to 

design better diagnostic and therapeutic targets for this complex disease. 

The TGF-β signaling cascade is the major inducer of EMT during embryonic 

development and metastatic cancer progression82,160. TGF-β signals through ligand-induced 

oligomerization of serine/threonine receptor kinases and phosphorylation of cytoplasmic 

Smad2 and Smad377,80. Phosphorylated Smad2/3 then partners with Smad4 before 

translocating to the nucleus, where they bind to chromatin and regulate expression of genes 

involved in cell proliferation, differentiation (including EMT), apoptosis and cell migration80. In 

addition to TGF-β signaling, a striking similarity between developmental and oncogenic EMT is 
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involvement of common transcriptional regulators, such as Snail and microRNAs78,187. Aberrant 

regulation of this signaling cascade and transcriptional regulators has been associated with 

increased metastatic ability in vitro and in animal breast cancer models188,189. 

Most in vitro cell models of EMT are characterized by TGF-β-induced downregulation 

of epithelial proteins such as E-cadherin and concomitant upregulation of mesenchymal 

proteins such as Fibronectin and Vimentin75,81. Large-scale gene expression studies of these 

models identified Smad signaling as the key mediator to the TGF-β-induced EMT response190,191. 

This position has been supported by tumor analyses in mouse models, in which receptor-

mediated Smads were identified as key intracellular signal transducers of TGF-β-induced 

EMT77,192. In addition, integrin receptors such as integrin-linked kinase (ILK) participate in TGF-β 

signaling by interacting with cytoplasmic domains of β integrins and cooperating with Akt to 

promote EMT in several cell types193,194. As a consequence, we sought to investigate 

involvement of Smad2, Smad3 and ILK in converting the mechanical stimulus from fluid flow to 

alter gene expression profiles in breast cancer cells.  

First, bioinformatics and network biology approaches were used to identify 

differentially expressed genes between unstimulated and flow-stimulated breast cancer cells 

involved in biological categories related to metastatic progression of carcinomas, cell signalling 

or response to mechanical forces. Several differentially expressed genes belonging to the TGF-β 

signaling cascade were identified. Next, the shear stress at which these genes are significantly 

upregulated upon flow exposure, and how long the flow-induced upregulation of these genes is 
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maintained, were investigated. Knockdown and activity inhibition experiments were used to 

investigate Smad2, Smad3 and ILK involvement in flow-induced upregulation of these targets. 

Finally, differential expression of these genes was analyzed in patient populations, with the goal 

of evaluating their potential for use as biomarkers in breast cancer diagnosis. 

V.III: Materials and Methods 

V.III.I: Cell culture and flow experiments 

Cell monolayers were cultured and exposed to the parallel-plate flow system as 

previously described in Sections III.III.1 and IV.III.I. Using the Navier-Stokes equation to 

calculate flow rates, cells were exposed to average shear stresses of 0.2 – 1 Pa for 20 h.  

V.III.II: RNA extraction and assay 

Flow and static experiments 

RNA was extracted and assayed in unstimulated and flow-stimulated cells as previously 

described in Section III.III.II.  

Patient samples 

 All blood samples were obtained from the middle of venipuncture. The first 5 mL of 

blood were discarded to avoid contamination with epithelial cells. 7.5 mL samples were then 

collected in conical tubes, onto which 42.5 mL of 1X ACK solution was added to lyse the cells. 
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Total RNA was isolated using the Isol-RNA Lysis Reagent (5 Prime, Austin, TX, USA) according to 

manufacturer’s protocol. Briefly, Isol-RNA Lysis Reagent was added to the pellet and cells were 

lysed by repeated pipetting. Subsequently, chloroform was added to the lysate, mixed 

thoroughly, left at room temperature for 3 mins, and centrifuged at 12,000 g for 15 mins. The 

resultant aqueous layer was transferred to a new tube, onto which isopropanol was added and 

mixed by gentle inversion. The mixture was left at room temperature for 10 mins, and then 

centrifuged at 12,000 x g for 10 mins. The supernatant was removed, 75% ethanol added and 

mixed thoroughly by tube inversion. Finally, the mixture was centrifuged at 7,500 x g for 5 mins, 

and the supernatant was subsequently removed. Upon drying, the pellet was eluted in DEPC 

treated water (Intron Biotechnology, Seoul, Republic of Korea). Concentration and purity of 

sample RNA were determined by measuring the absorbance at 260 and 280 nm using an Infinite 

200Ⓡ microplate reader (Tecan, Salzburg, Austria). All steps in the preparation and handling of 

total RNA from blood were conducted within a sterile biosafety cabinet using aseptic 

techniques. The isolated total RNA was stored at –80 °C until analysis. 

V.III.III: qPCR 

Flow and static experiments 

RNA was converted to cDNA using the qScriptTM cDNA Synthesis Kit (Quanta 

Biosciences, Gaithersburg MD, USA) as previously described in Section III.III.III. qPCR 

amplification was carried out as described in Section III.III.III. 
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Patient samples 

cDNA from 159 breast cancer patients and 152 healthy volunteers were synthesized 

using the M-MLV Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s protocol. Briefly, 10 μL of RNA was added to the master mix containing 1 μL of 

10 mM dNTP mix (10 mM each dATP, dGTP, dCTP, and dTTP at a neutral pH), 0.25 µg of random 

hexamers, and 5 μL of DEPC-treated water in PCR tubes. The reaction mixture was incubated at 

65°C for 5 min and then quickly cooled on ice. Subsequently, a mixture of 5X First-Strand Buffer, 

dithiothreitol (DTT), and M-MLV reverse transcriptase (RT) was added to the previous reaction 

mixture. The cDNA synthesis reaction was performed at 25°C for 10 mins, 37°C for 50 mins, and 

70°C for 15 mins. 

For real time PCR amplification, a total reaction volume of 20 µL was prepared by adding 

2 µL cDNA, 10 µL Thunderbird probe qPCR mix (Toyobo, Osaka, Japan), and 8 µL mixture of 

primers, probes and nuclease-free water. No-template controls containing nuclease-free water 

instead of template DNA were included with each run PCR. Quantitative PCR was carried out on 

a CFX-96 real-time PCR system (Bio-Rad, Hercules, CA, USA) and relative gene expression 

calculated as previously described137,138. The reaction conditions were 95°C for 3 mins, followed 

by 40 cycles of 15 s at 95°C and 30 s at 55°C. PCR experiments were run in duplicates and 

GAPDH was used as the reference gene. 
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Data was analyzed using Prism 5 (GraphPad, La Jolla, CA, USA). Univariate comparison of 

relative expression levels between breast cancer patients versus controls were performed using 

Wilcoxon rank-sum tests. ROC curve analyses were used to determine cut point values for each 

target195. p values <0.05 were considered statistically significant. 

V.III.IV: Microarrays 

Genome-wide gene expression analysis was performed on unstimulated and flow-

stimulated samples using microarrays as previously described in Section III.III.IV.  

V.III.V: Interaction network analysis 

Network interactions of differentially expressed genes between unstimulated and flow-

stimulated were analyzed and visualized on the Cytoscape software platform as previously 

described in Section III.III.V. 

V.III.VI: Clinical patient data analysis 

Kaplan – Meier (KM) survival analysis 

Prognostic value of selected genes was evaluated using Kaplan – Meier curves to 

compare relapse-free survival times in a breast tumor microarray data set containing 2,878 

breast cancer patients157. Data was obtained from http://kmplot.com/analysis/. Statistical 

significance was determined by the log-rank test. 
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The Cancer Genome Atlas (TCGA) clinical data 

Level 3 mRNA expression data from The Cancer Genome Atlas (TCGA) was obtained 

from Synapse (http://synapse.org:syn1461151)20. Gene expression data was measured using 

the Illumina HiSeq 2000 RNA Sequencing version 2 analysis platform (RNA-Seq by Expectation 

Maximization, RSEM). This dataset contains whole genome expression data for 104 healthy 

volunteers, 317 luminal A, 93 luminal B, 26 HER2 and 81 basal breast cancer patients. Breast 

cancer subtype classification was based on immunohistochemical expression of ER, PR and 

HER221.  

Matlab 8.3 (MathWorks Inc., Natick, MA, USA) was used to create box plots of relative 

expression levels of each target in breast cancer patients and healthy volunteers. The boxes 

showed the median and interquartile ranges, while whiskers showed the minimum and 

maximum expression levels for each target in each patient category. Statistical significance was 

determined using a two-sample t-test assuming equal means and equal, but unknown 

variances. 

V.III.VII: Transfection experiments 

Optimization of Smad2 and Smad3 siRNA transfections 

Optimization of transfection experiments was performed by seeding 2 wells of a 6 well 

cell culture plate with 200,000 MDA-MB-231 cells for each concentration of siRNA. For 

optimization, conditions included a no-treatment, control siRNA-A (sc-37007, Santa Cruz 
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Biotechnology), and concentrations of 1, 5, 10, 25 and 50 nM of Smad2 or Smad3 siRNA. All 

transfections were performed for 4 h in 0.3% PepMute siRNA Transfection Reagent (SignaGen 

Laboratories, Rockville, MD, USA) in fresh media that had been changed 30 min beforehand. 

Afterwards, media was changed again and the cells were left in static culture for 72 h (same 

time needed to set up flow experiments). RNA was harvested from samples and used for gene 

quantification and PCR experiments as described in Sections V.III.II and V.III.III. 

Time course experiments 

Time course experiments were performed by seeding 2 wells of a 6 well cell culture 

plate with 200,000 MDA-MB-231 cells for 24 and 48 h. A fresh media change was made on cells 

30 min before transfections. Cells were then transfected with 25 nM of Smad2 siRNA (Santa 

Cruz Biotechnology) for 4 h in 0.3% PepMute siRNA Transfection Reagent (SignaGen 

Laboratories, Rockville, MD, USA). Afterwards, a media change was made and transfected cells 

were left in static culture until time of RNA harvest and subsequent PCR quantification. 

Transfection efficiency experiments 

Efficiency of transfections was determined by seeding a T-75 cell culture dish with 

200,000 MDA-MB-231 breast cancer cells. After having grown for 24 h, the wells were 

transfected with 25 nM of BLOCK-iT™ Alexa Fluor® Red Fluorescent Control (Invitrogen) for 4 h 

in 0.3% PepMute siRNA Transfection Reagent (SignaGen Laboratories, Rockville, MD, USA). 

After transfection, cells were detached and re-seeded in 3 wells of a 6 well plate and left to 
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grown for 24 h. Cells were then washed twice in PBS and fixed in 4% PFA (Acros Organics-

Thermo Fisher Scientific, Ottawa, ON, Canada) for 10 mins before being washed again twice in 

PBS. Cells were imaged under the Olympus FV1000 confocal microscope (Olympus Inc., 

Waltham, MA, USA) with a 10x objective and whole well pictures were taken. Cells in three 

random microscopic fields were individually counted in each well and determined transfected if 

a noticeable amount of positive red signal had shown in the cell. Three independent 

experiments were performed at each time point.  

Smad2 and Smad3 siRNA transfections 

200,000 MDA-MB-231 cells were seeded in T-75s 24 h before being transfected with 25 

nM Smad2 or Smad3 siRNA (Santa Cruz Biotechnology) for 4 h in 0.3% PepMute siRNA 

Transfection Reagent (SignaGen Laboratories, Rockville, MD, USA). Afterwards, a media change 

was made and transfected cells were re-suspended and plated on glass slides pre-coated with 

145 µg/mL Rat Tail collagen I (Life Technologies Inc., ON, Canada). Cells were left to grow for 24 

h before being used as described in cell culture and flow experiments (Section III.III.I), and PCR 

experiments (Sections V.III.II and V.III.III).  

V.III.VIII: Inhibition of ILK activity 

ILK activity was inhibited by culturing MDA-MB-231 cells as described in Section III.1, 

in addition to treating the cells with 50 pmol/L ILK inhibitor, Cpd 22 (EMD Millipore, Billerica, 

MA, USA) for 4 h. Treatment was done 24 h after cells were seeded on the glass slides. Flow 
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was set up as previously described and relative expression of target genes was quantified as 

described in Section V.III.III.   

V.IV: Results 

V.IV.I: Gene set comparison analysis revealed GO categories that were affected by fluid flow 

To identify most flow-affected GO categories, BT-474, MCF-7, MDA-MB-231 and SK-

BR-3 cells were exposed to flow derived from the parallel-plate bioreactor system. RNA was 

harvested and used to quantify changes in gene expression using microarrays, with subsequent 

PCR validation. Gene set comparison analysis of microarray data identified GO categories that 

were significantly affected by fluid flow in the breast cancer cells. Biological processes had the 

most affected GO categories, while the MDA-MB-231 basal cell line had the most significantly 

altered GO categories upon flow stimulation (Figure V.1). Basal breast cancer is one of the most 

aggressive subtypes of breast cancer, with a unique biology characterized by an early pattern 

for tumor dissemination9,196.  

Table V.1 shows the top 20 GO categories that were significantly enriched by flow 

exposure and involved in either metastatic progression of carcinomas, cell signalling or 

response to mechanical forces. Four of these categories were directly related to TGF-β activity, 

suggesting it is a major signalling cascade elicited by fluid flow to affect metastatic progression 

of breast cancer. Cellular processes such as EMT, cell migration, adhesion and proliferation 
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were also significantly enriched, while signaling pathways involved in cancer progression such 

as such EGF, TNF, BMP, PI3K were also affected by flow stimulation.   

 

 

 

 

 

Figure V.1: Summary of gene set comparison analysis. Number of significantly enriched Gene 
Ontology (GO) categories between flow-stimulated and unstimulated breast cancer cells. Gene 
set significance threshold was set at p ≤ 0.01. Significant gene sets had a minimum of 5 and a 
maximum of 100 genes. A total of 6319 gene sets were investigated consisting of 5135 
Biological Process, 802 Molecular Function and 382 Cellular Component categories. 

Differential expression of genes between static and flow-exposed cells in the enriched 

GO categories was analyzed in each cell line. In each category, genes that were simultaneously 

upregulated or downregulated in at least 2 breast cancer cell lines were chosen for further 

evaluation.  For example, in the “Regulation of cellular response to TGF-β stimulus” category 

(Figure V.2), PMEPA1, BMPR1B, SMAD6, TGIF1, JUN, ACVR1, SKIL, TGFBI, HMGA2 and PPM1A 

were selected for further analysis. 
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Table V.1: GO categories used to identify key flow-affected genes in breast cancer cells. List of 

20 most enriched GO categories involved in either metastatic progression of carcinomas, cell 

signaling or response to mechanical forces.  

 

GO ID GO Term Number 
of genes 

5024 TGF-β-activated receptor activity 16 

10718 Positive regulation of epithelial-to-mesenchymal transition 29 

32731 Positive regulation of interleukin-1 beta production 25 

22409 Positive regulation of cell-cell adhesion 78 

1903844 Regulation of cellular response to TGF-β stimulus 99 

30335 Positive regulation of cell migration 58 

71498 Cellular response to fluid shear stress 14 

42058 Regulation of epidermal growth factor receptor signaling pathway 72 

33599 Regulation of mammary gland epithelial cell proliferation 15 

2000738 Positive regulation of stem cell differentiation 45 

33209 Tumor necrosis factor-mediated signaling pathway 44 

45631 Regulation of mechanoreceptor differentiation 52 

60393 Regulation of pathway-restricted SMAD protein phosphorylation 57 

2000147 Positive regulation of cell motility 46 

2000648 Positive regulation of stem cell proliferation 67 

1952 Regulation of cell-matrix adhesion 81 

36003 Positive regulation of transcription from RNA polymerase II promoter 
in response to stress 

19 

30510 Regulation of BMP signaling pathway 74 

46427 Positive regulation of JAK-STAT cascade 63 

14065 Phosphatidylinositol 3-kinase signaling 94 

 

Differential expression of genes in the “Positive regulation of EMT” and “Positive 

regulation of cell-cell adhesion” categories was evaluated and presented in Chapter IV (Figures 

IV.2 and IV.5). Using this approach, 207 genes were identified to be differentially expressed 

upon flow stimulation in at least two breast cancer cell lines and involved to these GO 

categories.  
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Figure V.2: Heat maps showing differential expression of genes in the “Regulation of cellular 

response to TGF-β stimulus” GO category between static and flow-exposed breast cancer 

cells. Genes that were simultaneously upregulated or downregulated upon flow exposure in at 

least 2 breast cancer cell lines were chosen for further analysis. The columns represent number 

of static or flow replicates of each cell type. From this illustrative analysis, PMEPA1, BMPR1B, 

SMAD6, TGIF1, JUN, ACVR1, SKIL, TGFBI, HMGA2 and PPM1A were selected for further analysis.  

Significant threshold was set for genes with fold changes ≥ 2.0 and p ≤ 0.05.  

V.IV.II: Network analysis revealed key genes involved in breast cancer cell flow responses 

To visualize molecular interaction networks that are possibly involved in promoting 

significantly affected GO categories in flow stimulated breast cancer cells, we imported and 
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analyzed gene expression data between flow-exposed and static controls into the Cytoscape 

software platform. A highly curated human interactome network was downloaded using iCTNet 

(version 1.0)155. Figure V.3 shows sub-networks of several differentially expressed genes and 

their first degree neighbours between static and flow-exposed MDA-MB-231 cells.  These sub-

networks included those for TGFBI (A), HMGA2 (B), RUNX1 (C) and an integrated clustered 

network using TGFBI, HMGA2 and RUNX1 as hits in ClusterViz analysis (D). These analyses 

revealed how these genes interact with each other and other differentially expressed genes to 

affect the cellular processes outlined in Table V.1.  

Next, transcripts were selected from network analysis based on number of interactions 

with other differentially expressed genes (minimum of 4 interactions) and roles in enriching 

categories that promote metastatic progression of breast cancer such as EMT, cell motility, 

adhesion and invasion. Appendix Table V.1 is a list of the 43 genes that met these criteria, as 

well as a summary of their functions in the context of breast cancer progression.  
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Figure V.3: Network analysis revealed key genes involved in breast cancer cell flow responses. 

Sub-networks of TGFBI (A), HMGA2 (B) and RUNX1 (C) and their differentially expressed first 

degree neighbours between unstimulated and flow-stimulated MDA-MB-231 cells. (D) 

Integrated clustered network using TGFBI, HMGA2 and RUNX1 as hits in ClusterViz analysis on 

the Cytoscape platform. Red and blue nodes respectively represent genes that were 

upregulated and downregulated upon flow exposure. 
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V.IV.III: Evaluation of identified biomarkers in clinical gene expression datasets 

Next, the prognostic value of the 43 differentially expressed genes was evaluated in a 

microarray data set of breast tumors from 2,878 patients157. Figure V.4 shows Kaplan–Meier 

(KM) curves of relapse-free survival times of breast cancer patients with lymph node positive 

status for eight of the 43 previously-identified genes. These plots reveal that patients with 

elevated expression of these genes, shown in the red lines, have reduced survival times 

compared to patients presenting with lower expression levels (black lines). The median value 

was used as the cut off for low and high expression. KM plots for the remaining 35 genes are 

presented in Appendix Figure V.1.  

In addition, relative expression of identified genes between healthy volunteers and 

breast cancer patients was analyzed in clinical gene expression data obtained from The Cancer 

Genome Atlas (TCGA)20. Patients were classified according to luminal A, luminal B, HER2 

positive and basal breast cancer subtypes, based on immunohistochemical expression of ER, PR 

and HER29,21. Figure V.5 shows results of these analyses for the eight genes shown in Figure V.4. 

Appendix Figure V.2 shows relative expression for twelve more genes in the TCGA data set 

whose profiles in flow-stimulated cells correlated with results from survival analyses. The eight 

genes presented in Figures V.4 and V.5 are among the fourteen (bolded in Appendix Table V.1) 

which passed the criteria of being overexpressed in breast cancer patients and having 

correlating profiles from survival analyses. The other six included S100P, S100A7, HMGA1, 

ITGA4, CTCF and TBX3. 
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Figure V.4: Survival analysis of breast cancer patients based on relative expression of selected 
biomarkers. Kaplan-Meier curves of relapse-free survival times of breast cancer patients with 
lymph node positive status (n=945), stratified by (A) FN1, (B) PLAU, (C) PANX2, (D) TXNRD1, (E) 
HMGA2, (F) RUNX1, (G) TGFBI and (H) SNAI2 expression. Data was obtained from 
http://kmplot.com/analysis. Statistical significance (p ≤ 0.05) was determined by the log-rank 
test.  
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Figure V.5: Gene expression profiles of selected biomarkers in breast cancer patients. Box 
plots showing expression of (A) FN1, (B) PLAU, (C) PANX2, (D) TXNRD1, (E) HMGA2, (F) RUNX1, 
(G) TGFBI and (H) SNAI2 between healthy volunteers (normal) and patients with several 
stratifications of breast cancer. Expression data was obtained from TCGA (Synapse ID 1461151) 
and consisted of 104 healthy volunteers (normal), 317 luminal A, 93 luminal B, 26 HER2 and 81 
basal patients. The boxes show the median and the interquartile range. The whiskers show the 
minimum and maximum gene expression values for each target. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 
0.001. 
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Four of the fourteen genes were further selected for validation by quantitative PCR. 

These genes, including HMGA2, RUNX1, TGFBI and SNAI2, were selected based on previous 

knowledge of their involvement in TGF-β-driven EMT89,92,197.  Figure V.6 shows quantitative PCR 

data of HMGA2, RUNX1, TGFBI and SNAI2 between unstimulated and flow-stimulated 

mammary epithelial and breast cancer cells. Protein-level expression data (western blots) of 

HMGA2 for the MDA-MB-231 cells is shown in Appendix Figure V.8.  

 

 

 

 

 

 

 

 

Figure V.6: Validation of differential expression of selected genes in breast cancer cells. 

Quantitative RT-PCR analysis of HMGA2 (A), RUNX1 (B), TGFBI (C) and SNAI2 (D) expression in 

mammary epithelial (MECs) and breast cancer (MDA-MB-231, SK-BR-3, MCF-7, BT-474) cells 

stimulated with fluid flow for 20 h at 1 Pa. Asterisks indicate statistically significant gene 

expression between static and flow-exposed cells (fold change ≥ 2; p < 0.05). Duplicate wells 

were run for every sample. B2M was used as the reference gene. Data shown represent the 

means ± standard errors of the means of data from at least 3 samples for each condition.  
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V.IV.IV: Gene expression analyses of key targets upon exposure to lower shear stresses and in 

static conditions after flow 

To investigate at what shear stress HMGA2, RUNX1, TGFBI and SNAI2 would be 

significantly upregulated following flow stimulation, MDA-MB-231 breast cancer cells were 

exposed to 0.2, 0.6 and 1 Pa for 20 h.  RNA was isolated from both static and flow-stimulated 

cells and used to quantify changes in gene expression at each shear stress. As shown in Figure 

V.7, HMGA2 and RUNX1 are only overexpressed at 1 Pa and not at 0.2 or 0.6 Pa. Contrastingly, 

TGFBI and SNAI2 are significantly upregulated following exposure to a shear stress as low as 0.2 

Pa, and remain overexpressed at 0.6 and 1 Pa. 

Next, how long the flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2 is 

maintained was investigated by culturing flow-exposed cells in static conditions and quantifying 

changes in gene expression 2, 7, 16 and 24 h post flow. MDA-MB-231 cells that had been 

exposed to 1 Pa of fluid flow for 20 h were used for this study. Fold changes were calculated 

relative to expression in unstimulated cells. These results, shown in Figure V.8, indicate that 

HMGA2 remained upregulated up to 7 h post flow and not differentially expressed thereafter 

while RUNX1 was not differentially expressed once cells were placed in static conditions 

following flow exposure. In addition, it was observed that relative expressions of both HMGA2 

and RUNX1 decrease between 0 and 7 h post flow, and then plateau at 16 – 24 h. On the other 

hand, TGFBI and SNAI2 remained upregulated throughout culture in static conditions (Figure 
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V.8). TGFBI and SNAI2 are upregulated about 6 and 2.5 folds respectively at all post flow static 

culture durations when compared to expression in unstimulated cells.  

 

 

 

 

 

 

 

 

 

 

Figure V.7: Relative expression of key targets following exposure to different strengths of 

fluid shear stresses. Quantitative RT-PCR analysis of HMGA2 (A), RUNX1 (B), TGFBI (C) and 

SNAI2 (D) expression in MDA-MB-231 cells stimulated with fluid flow for 20 h at 0.2, 0.6 and 1 

Pa. Fold changes were calculated using the comparative cycle threshold method and 

normalized to expression in static conditions. Statistical significance threshold was set at fold 

change ≥ 2 and p < 0.05. Asterisks indicate statistically significant fold changes in flow 

stimulated cells with respect to expression in unstimulated cells. Statistical significance was 

determined using the Student’s t-test. Duplicate wells were run for every sample. B2M was 

used as the reference gene. Data shown represent the means ± standard errors of the means of 

data from at least 3 samples for each condition.  
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Figure V.8: Analysis of how long flow-induced changes in gene expression profiles are 

maintained in breast cancer cells. Quantitative RT-PCR analysis of HMGA2 (A), RUNX1 (B), 

TGFBI (C) and SNAI2 (D) expression in MDA-MB-231 cells stimulated with fluid flow for 20 h at 1 

Pa, then left in static conditions for 2, 7, 16 and 24 h. Fold changes were calculated using the 

comparative cycle threshold method and normalized to expression in static conditions. 

Statistical significance threshold was set at fold change ≥ 2 and p < 0.05. Asterisks indicate 

statistically significant fold changes in flow or post flow stimulated cells with respect to 

expression in unstimulated (static) cells. Statistical significance was determined using the 

Student’s t-test. Duplicate wells were run for every sample. B2M was used as the reference 

gene. Data shown represent the means ± standard errors of the means of data from at least 3 

samples for each condition. 
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V.IV.V: ILK inhibition does not influence flow-induced upregulation of key targets 

To investigate involvement of ILK signaling in modulating flow-induced upregulation of 

HMGA2, RUNX1, TGFBI and SNAI2 in MDA-MB-231 breast cancer cells, ILK activity was 

chemically inhibited prior to exposing the cells to fluid flow. Static controls were cultured 

similarly and not exposed to flow. Figure V.9 shows relative expression of HMGA2, RUNX1, 

TGFBI and SNAI2 in MDA-MB-231 cells exposed to fluid flow in the presence or absence of ILK 

inhibitor, with respect to expression in untreated static controls. It was observed that ILK 

inhibition did not influence flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2, as 

revealed by respective fold changes of 4.0, 2.4, 9.7 and 3.3 between flow-stimulated and 

unstimulated cells.  

However, as shown in Appendix Table V.2, ILK inhibition repressed HMGA2 expression 

by factors of 2.4 and 1.6 respectively in the static and flow-exposed cells. On the other hand, 

SNAI2 expression was upregulated 1.5 and 2.3 times in unstimulated and flow-stimulated cells, 

respectively following ILK inhibition. Differential expression of RUNX1 and TGFBI was not 

observed between unstimulated or flow-stimulated cells. These findings suggest a potential 

role of ILK in HMGA2 and SNAI2 signaling in breast cancer cells, which is likely dependent on 

absence or presence of flow.   
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Figure V.9: Inhibition of ILK activity does not influence flow-induced upregulation of key 

targets. PCR analysis of HMGA2 (A), RUNX1 (B), TGFBI (C) and SNAI2 (D) expression in MDA-MB-

231 cells treated with ILK inhibitor or no inhibitor and stimulated with fluid flow for 20 h. Fold 

changes were calculated using the comparative cycle threshold method and normalized to 

expression in untreated static controls. Asterisks indicate differential expression with respect to 

expression in untreated static controls. Statistical significance was determined using the 

Student’s t-test and the threshold was set at p < 0.05. Duplicate wells were run for every 

sample. B2M was used as the reference gene. Data shown represents the means ± standard 

errors of the means of data from at least 3 samples for each condition.  
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V.IV.VI: Experimentally determined and computationally predicted interactions of HMGA2, 

RUNX1, TGFBI and SNAI2  

  Next, a library search was carried out to predict protein-protein interactions of 

HMGA2, RUNX1, TGFBI and SNAI2 using the Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) database198. Figure V.10 shows the experimentally determined and 

computationally predicted interactions of these genes. Notable interactions include those of 

HMGA2 with SNAI2 (A), SNAI2 with CDH1 (D), HMGA2, RUNX1 and SNAI2 with Smad3 (A and B), 

and TGFBI with integrins (C). 

 

 

 

 

 

 

 

 

 

 

Figure V.10: Protein-protein interaction networks for HMGA2 (A), RUNX1 (B), TGFBI (C) and 

SNAI2 (D) in humans. Data was obtained from http://string-db.org/  
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V.IV.VII: Smad3 and not smad2 knockdown affects flow-induced upregulation of HMGA2, 

RUNX1 and SNAI2 but not TGFBI 

To investigate involvement of Smad2 or Smad3 in flow-induced upregulation of 

HMGA2, RUNX1, TGFBI and SNAI2, MDA-MB-231 cells were transfected with Smad2 and Smad3 

siRNA, exposed to fluid flow, RNA harvested and used to quantify relative expression with 

respect to expression in cells transfected with control siRNA. Results of siRNA optimization and 

control experiments are presented in Section II of the Appendix. Knockdown of Smad2 by 91% 

(Appendix Table V.3) had no effect on flow-induced upregulation of HMGA2, RUNX1, TGFBI and 

SNAI2 (Figure V.11), as revealed by respective fold changes of 2.4, 2.0, 9.2 and 2.8 (Appendix 

Table V.4) with respect to expression in corresponding unstimulated cells.  

However, knockdown of the common partner of Smad2, Smad3, by 86% (Appendix 

Table V.3) successfully abrogated flow-induced overexpression of HMGA2, RUNX1 and SNAI2, 

but not TGFBI. This was revealed by fold changes of 1.3, 1.2, 3.4 and –1.2 respectively for 

HMGA2, RUNX1, TGFBI and SNAI2 in cells that were treated with Smad3 siRNA and flow-

exposed (Appendix Table V.4). Fold changes were calculated relative to expression in 

corresponding unstimulated cells. Taken together, these findings suggest Smad3 as a key 

intracellular signal transducer through which fluid flow upregulates expression of HMGA2, 

RUNX1 and SNAI2 in the MDA-MB-231 breast cancer cells.  
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Appendix Table V.4 shows fold changes of HMGA2, RUNX1, TGFBI and SNAI2 with 

respect to expression in cells treated with control siRNA. Though Smad2 knockdown did not 

influence flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2, it was observed that 

it did repress expression of HMGA2 in both static and flow-exposed cells, albeit mildly (by 

factors of 1.5 and 1.6 respectively). Contrastingly, knockdown of Smad2 resulted in 

upregulation of SNAI2 by factors of 1.6 and 2.1 respectively in the unstimulated and flow-

stimulated cells. Smad3 knockdown did not affect HMGA2 and SNAI2 expression both in static 

and flow-exposed cells. On the other hand, RUNX1 was overexpressed 1.5 and 2.1 times 

respectively following Smad2 and Smad3 knockdown in the unstimulated cells, but not in the 

flow-stimulated cells. Finally, TGFBI expression was upregulated by a factor of 1.8 in 

unstimulated cells following Smad3 knockdown and not affected in any of the other conditions. 

These findings suggest potential roles of both Smads in HMGA2, RUNX1, TGFBI and SNAI2 

signaling, and reveal novel differences in gene expression patterns when either Smad is 

knocked down in the absence or presence of fluid flow. 
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Figure V.11: Smad3 knockdown influences flow-induced upregulation of HMGA2, RUNX1 and 

SNAI2. Quantitative RT-PCR analysis of HMGA2 (A), RUNX1 (B), TGFBI (C) and SNAI2 (D) 

expression in MDA-MB-231 cells transfected with control (–), Smad2 or Smad3 siRNA and 

stimulated with fluid flow for 20 h. Control siRNA (negative control) consisted of a scrambled 

sequence. Fold changes were calculated using the comparative cycle threshold method and 

normalized to expression in control siRNA samples. Asterisks indicate differential expression 

with respect to expression in control siRNA samples. Statistical significance was determined 

using the Student’s t-test and the threshold was set at p < 0.05. Duplicate wells were run for 

every sample. Beta-2-microglobulin was used as the reference gene. Data shown represents the 

means ± standard errors of the means of data from at least 3 samples for each condition. 
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V.IV.VIII: Clinical evaluation of biomarkers in breast cancer patients 

To investigate relevance of biomarkers identified from the bioreactor model to clinical 

breast cancer diagnosis, relative expression of seven of the biomarkers, including HMGA1, 

HMGA2, RUNX1, TGFBI, ITGA4, CTCF and TBX3 were evaluated in breast cancer patients and 

healthy volunteers. For this purpose, RNA was obtained from a total of 159 breast cancer 

patients diagnosed and treated at the Severence Hospital of the Yonsei University Health 

System, Republic of Korea between 2010 and 2014, and used to quantify changes in gene 

expression. Patient characteristics are summarized in Table V.2. Patients were between 23 and 

74 years at time of diagnosis. 152 healthy volunteers who showed no signs or symptoms of 

breast cancer were used as controls. Healthy volunteers ranged in age from 21 – 78 years. 

Cut point expression values for each target were determined using Receiver Operating 

Characteristic (ROC) analyses with confidence levels set at 95%195. Appendix Figure V.3 shows 

results of ROC analysis for each target. Wilcoxon rank-sum tests were used to compare relative 

expression levels between breast cancer patients and healthy volunteers. Figure V.12 shows 

relative expression of HMGA2 (A), RUNX1 (B), TGFBI (C) and ITGA4 (D) between breast cancer 

patients and healthy volunteers. Interestingly, there was statistical significance (p ≤ 0.05) in 

relative expression levels of HMGA2, RUNX1, TGFBI, CTCF and ITGA4 between patients and 

healthy volunteers, and no significance for HMGA1 and TBX3. Further, at a 95% confidence 

level and with specificity set at or above 95% for all targets, sensitivities of 17.6%, 18.4%, 4.4% 
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and 12.6% were respectively obtained for HMGA2, RUNX1, TGFBI and ITGA4. Relative 

expressions of CTCF, TBX3 and HMGA1 are shown in Appendix Figure V.4.  

Table V.2: Clinicopathologic characteristics of breast cancer patients used for biomarker 
evaluation 

Characteristics   
Breast cancer patients  

(n = 159) 
Subtype     

 
Basal 25 

 
HER2 positive 17 

 
Luminal A 70 

 
Luminal B 40 

 
None 7 

Stage     

 
0 6 

 
I 68 

 
II 34 

 
III 13 

 
IV 5 

 
None 2 

Treatment     

 
Adjuvant 117 

 
Neoadjuvant 31 

 
Metastasis 5 

 
Fibroadenoma 2 

  Benign 4 
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Figure V.12: Evaluation of identified biomarkers in RNA isolated from blood of breast cancer 

patients. Quantitative RT-PCR analysis showing relative expressions of HMGA2 (A), RUNX1 (B), 

TGFBI (C) and ITGA4 (D) between 150 patients (circles) and 152 healthy volunteers (squares). 

PCR experiments were run in duplicates and GAPDH was used as the reference gene. Cut off 

values were identified from ROC analyses (p<0.0001, 95% confidence interval). Red lines 

indicate the cut point values for each target at 95% specificity. p values represent statistical 

significance in relative expression levels between breast cancer patients versus controls. 

Wilcoxon rank-sum tests were used to compute statistical significance for each biomarker.  
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Patients were then classified according to breast cancer subtype and number of 

patients with elevated expression of each target in each subtype was analyzed. The aim was to 

determine which targets could be used individually or in combination to best differentiate 

patients with various subtypes of breast cancer from healthy volunteers. These results, shown 

in Table V.3 and Figure V.13, show sensitivities of 84% and 81.2% respectively for basal and 

HER2 subtypes when HMGA2, RUNX1, TGFBI, ITGA4 and CTCF were used in combination to 

differentiate patients from healthy volunteers. In addition, these results reveal HMGA2 and 

RUNX1 as the most overexpressed biomarkers in basal and HER2 subtype patients, respectively. 

When all 5 biomarkers are used in combination, sensitivities of 55.7% and 59.0% were 

respectively obtained for luminal A and luminal B subtypes.  

Table V.3: Classification of patients with elevated expression of potential biomarkers 

according to breast cancer subtypes. Patients were classified as basal, HER2, luminal A or 

luminal B based on expression of HER2, ER and PR21. Data shown represents the number of 

patients with elevated expression of each biomarker per total number of patients present in 

each breast cancer subtype.  

 

 

 

 

 

  
Number of patients with elevated expression / 

Total number of patients 

 Breast cancer 
subtype 

HMGA2 RUNX1 TGFBI ITGA4 CTCF Total 

Basal 13/25 4/25 3/25 4/25 2/25 21/25 

HER2  2/16 9/16 2/16 2/16 5/16 13/16 

Luminal A 16/70 7/70 1/70 17/70 3/70 39/70 

Luminal B 12/39 6/39 2/39 9/39 5/39 23/39 
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Figure V.13: Sensitivity analyses of individual biomarkers according to breast cancer subtype. 

Patients with elevated expression of each marker were classified according to subtype of breast 

cancer. Graph shows contribution of each biomarker to overall sensitivity in identifying patients 

with various breast cancer subtypes. Total sensitivities were 84, 81.3, 55.7 and 59.0% 

respectively for basal, HER2, luminal A and luminal B subtypes. 

 

VI.V: Discussion and Conclusions  

Previous studies in our group revealed an effect of fluid flow on breast cancer cell line 

gene expression by promotion of EMT and adhesion to endothelial cells (Chapter V). EMT 

contributes significantly to metastatic progression by increasing motility and invasiveness of 

cancer cells41,69. Prior to invading distant organ sites, tumor cells must overcome hemodynamic 

shear forces in the blood stream which range from 0.05 to 3 Pa108,110. In this study, we used a 
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bioreactor system consisting a parallel-plate flow chamber to model exposure of cells to the 

flow conditions created in the vascular microenvironment. Our results show that fluid shear 

stresses on the order of 1 Pa promote EMT by upregulating several genes in the TGF-β/Smad 

signaling cascade. 

These genes were identified by analyzing differential expression patterns in flow-

enriched GO categories, including those involved in metastatic progression of carcinomas, cell 

signalling or response to mechanical forces (Table V.1). Significant upregulation of these genes 

in at least two of the cell lines suggest these genes are flow-responsive and might be involved in 

some of the cell signaling pathways through which fluid flow exposure potentially promote 

cellular events during breast development and progression (Figure V.2).  

Interaction sub-network analysis allowed for better understanding of how flow 

exposure potentially affects signalling of these differentially expressed genes in breast cancer 

cells. The integrated clustered (Fig. V.3D) network revealed functional links through which 

overexpression of TGFBI, HMGA2 and RUNX1 possibly promote metastatic events in breast 

cancer cells. This was observed through interactions between these targets and their 

differentially expressed first degree neighbours, including other metastasis-promoting genes 

such as FN1, SNAI2, NOTCH1, COL4A1, COL4A2 and ITGB1.  

Further, we show that HMGA2 and RUNX1 are only significantly upregulated at 1 Pa 

and not at lower shear stresses (0.2 or 0.6 Pa), while TGFBI and SNAI2 are significantly 



119 

 

 

 

upregulated following exposure to shear stresses as low as 0.2 Pa and remain overexpressed at 

0.6 and 1 Pa (Figure V.7). In addition, it was observed that HMGA2 remained upregulated up to 

7 h post flow whereas flow-induced overexpression of RUNX1 faded once cells were placed in 

static conditions following flow exposure (Figure V.8). On the contrary, TGFBI and SNAI2 

remained upregulated throughout culture in static conditions for up to 24 h following flow 

stimulation (Figure V.8).  

To the best of our knowledge, this study is the first to report flow-induced 

upregulation of HMGA2, RUNX1, TGFBI and SNAI2 in breast cancer cells. Of greater importance 

is the signal transduction mechanism through which fluid flow stimulation upregulates 

expression of these genes. Careful examination of the flow-affected GO categories in breast 

cancer cells revealed significant enrichment of several TGF-β categories (Table V.1). In addition, 

TGF-β/Smad signaling is the major inducer of EMT during embryonic development and cancer 

progression82,160. Interesting, several TGF-β/Smad signaling and EMT genes, including HMGA2, 

RUNX1, TGFBI and SNAI2 were significantly upregulated in most breast cancer cells.  Aberrant 

expression of HMGA2 and SNAI2 has already been reported in TGF-β-driven EMT in several cell 

lines92,189. RUNX1 is a heterodimeric transcription factor that binds to the core element of many 

promoters during TGF-β signaling197,199, while TGFBI is induced by TGF-β1 and plays roles in 

tumorigenesis by regulating cell adhesion and migration200,201.  

As a consequence of their flow-induced upregulation, we sought to investigate 

involvement of receptor-regulated Smads (Smad2 and Smad3), and ILK in converting the 
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mechanical stimulus from fluid flow to upregulate HMGA2, RUNX1, TGFBI and SNAI2 in breast 

cancer cells. We observed involvement of ILK and Smad2 in HMGA2 and SNAI2 signaling in both 

unstimulated and flow-stimulated cells. In addition, it was revealed that Smad3 is involved in 

RUNX1 and TGFBI signaling in the unstimulated cells, but not in the flow-stimulated cells. These 

findings reveal novel differences in gene expression profiles of these targets following Smad2 or 

Smad3 knockdown in the presence or absence of flow. 

Further, chemical inhibition of ILK activity and Smad2 knockdown did not influence 

flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2. However, Smad3 knockdown 

successfully abrogated flow-induced overexpression of HMGA2, RUNX1 and SNAI2, but not 

TGFBI. These results indicate that Smad3 is important in how the mechanical force from fluid 

flow is transduced to eventually alter expression patterns of HMGA2, RUNX1 and SNAI2 in 

breast cancer cells. These results support previous work by Thault et al., (2009) in which smad3, 

but not Smad2 knockout effectively blocked TGF-β-induced EMT response through HMGA2 and 

SNAI2 signaling89,92. This stance is further supported by the observation that TGF-β-driven EMT 

in hepatocytes is dependent on Smad3, and not Smad2 signaling202.  

Flow-induced upregulation of HMGA2 is appealing due to its involvement in TGF-β-

induced EMT89,91. As an architectural transcription factor, HMGA2 alters the structure of DNA 

and chromatin to regulate gene transcription90,92. EMT induction in cells following ectopic 

expression with HMGA2 is characterized by severe E-cadherin suppression and concurrent 

overexpression of Snail, Slug, Zeb1 and Twist89,92. Mechanistically, HMGA2 and Smads 
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synergistically bind to Snail promoters and induce SNAI1 and SNAI2 expression, which in turn 

repress E-Cadherin resulting in an EMT76,92. It is plausible to suggest flow-induced promotion of 

EMT is a consequence of flow activating HMGA2 and SNAI2 to eventually repress E-Cadherin 

similarly as in TGF-β-driven EMT.  Figure V.14 is a proposed signaling pathway through which 

flow stimulation promotes EMT by upregulating HMGA2 and SNAI2 expression in breast cancer 

cells.  

Conversely, TGFBI is not known to directly interact with either Smad2 or Smad3 as 

revealed by its experimentally determined and computationally predicted interaction network 

(Figure V.10). This partly explains why flow-induced overexpression of TGFBI was not affected 

by either Smad2 or Smad3 knockdown. This might also partly be due to TGFBI being a cell 

surface receptor upstream of intracellular transducers, such as Smads and rather interact with 

other cell surface transducers such as integrins (Figure V.10). That notwithstanding, knockdown 

of TGFBI, albeit by just 42%, reduced flow-induced upregulation of HMGA2 and RUNX1 from 

fold changes of 2.5 and 3.0 in control siRNA samples to 1.6 and 2.0, respectively (Appendix 

Figure V.6). Further experiments are required to gain a better understanding of pathway(s) 

through which fluid flow exposure upregulates TGFBI in breast cancer cells. 
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Figure V.14: Proposed signaling pathway through which flow stimulation upregulates 

HMGA2, RUNX1 and SNAI2 expression in breast cancer cells. The mechanical signal derived 

from exposure of breast cancer cells to fluid flow is potentially transmitted to the cytoplasm by 

transmembrane receptors, TGFBI and integrins. Transduction of these signals to the nucleus 

potentially involves Smad2 and Smad3 signaling, resulting in altered gene expression of 

transcription factors such as HMGA2 and RUNX1, as well their downstream targets such SNAI2. 

These changes eventually affect biological processes such as EMT.   
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Large-scale gene expression analyses of enriched biological processes between 

unstimulated and flow-stimulated breast cancer cells allowed for identification of potential 

biomarkers for breast cancer. Distinct clinical gene expression patterns in TCGA data (Figure 

V.5) and correlating survival plots (Figure V.4) revealed potential applications of some of the 

flow-responsive genes in diagnostic and therapeutic approaches for breast cancer. Relative 

expression levels of seven of these biomarkers were quantified in breast cancer patients and 

healthy volunteers. Whereas expression levels of HMGA2, RUNX1, TGFBI, CTCF and ITGA4 were 

statistically significant between patients and healthy volunteers, no significance was obtained 

for TBX3 and HMGA1 expression. At a 95% confidence level, just 17.6%, 18.4%, 4.4% and 12.6% 

of patients respectively presented with elevated expression levels of HMGA2, RUNX1, TGFBI 

and ITGA4 (Figure V.12). However, when HMGA2, RUNX1, TGFBI, ITGA4 and CTCF were used in 

combination to differentiate healthy volunteers from patients presenting with the various 

subtypes of breast cancer, sensitivities of 84%, 81.2%, 55.7% and 59.0% were respectively 

obtained for basal, HER2 positive, luminal A and luminal B subtypes (Table V.3. and Figure 

V.13).  

The use of multi-gene expression tests to facilitate diagnosis and stratification of 

breast cancer has been previously applied in developing breast cancer diagnostic assays203. For 

example, the 21-gene recurrence score by Oncotype DX (Genomic Health Inc, Redwood City, 

CA, USA)204, the 14-gene distant metastasis signature by BreastOncPx™ (US Labs, Irvine, CA, 

USA)205, the 97-gene histologic grade predictor by MapQuant Dx™ (Genomic Grade, Ipsogen, 
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Marseilles, France and New Haven, CT, USA)206, and the 70-gene prognosis signature by 

MammaPrintW (Agendia, Irvine, CA, USA)207. These assays are mostly applicable in facilitating 

diagnosis and stratification of solid breast tumors (discussed in Chapter VII). Further, none of 

the biomarkers used in these assays account for the flow-induced changes in expression 

patterns during breast cancer progression. In addition, none of the identified biomarkers 

presented here were part of the 14-gene distant metastasis signature by BreastOncPx™ (US 

Labs, Irvine, CA, USA)205. Based on the high sensitivities in differentiating patient populations, 

particularly the basal and HER2-positive subgroups, incorporation of these 5 biomarkers in 

similar molecular assays would potentially increase detection rates. In addition, relative 

expression comparison of the other 7 targets in patient populations might reveal more 

potential biomarkers for possible incorporation in future assays.  

In summary, this study describes a unique approach to identify biomarkers for 

metastatic breast cancer by exploiting changes in gene expression profiles caused by 

interactions between breast cancer cells and fluid shear stresses. This involves the use of an in 

vitro system to mimic exposure of breast cancer cells to the magnitude of fluid shear stresses 

experienced in the vascular microenvironment. Genome-wide expression analyses identified 

TGF-β/Smad signaling activity to be profoundly enriched following flow stimulation, with 

elevated expression of several genes in this pathway, including HMGA2, RUNX1, TGFBI and 

SNAI2. Knockdown experiments revealed Smad3 as a key intracellular signal transducer 

involved in flow-induced upregulation of these genes. When evaluated in patient populations, 



125 

 

 

 

more than 80% of basal and HER2 patients presented with elevated expression levels of at least 

one of the identified biomarkers. These findings support using flow based experimental models 

to conduct further experiments related to how fluid environments affect cancer cells and 

metastatic events, as well as in identifying diagnostic and therapeutic targets for breast cancer. 
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Chapter VI  

A High Specificity and Sensitivity qPCR 
Assay for HER2, ER and PR Gene 
Expression in Breast Cancer Patients  
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VI.I: Abstract 

For breast cancer patients, the reliable assessment of human epidermal growth factor 

receptor 2 (HER2), estrogen receptor (ER) and progesterone receptor (PR) expression is a key 

determinant for patient stratification and treatment. These markers are currently scored by 

immunohistochemistry (IHC), with HER2 equivocal samples designated for additional testing by 

in situ hybridization (fluorescent or silver, FISH or SISH, respectively) for assessment of HER2 

amplification. However, FISH/SISH are qualitative valuations that can take weeks until final 

results are derived  Furthermore, these genomic in situ hybridization techniques do not account 

for the transcriptional output of HER2 when assessing the HER2 status of a tumour.  With this in 

mind, we developed a novel qPCR assay, named the T3 qDx Breast Tumour Profile Test, to 

enable quantitative assessment of HER2, ER and PR gene expression in a single analysis.  

In this study, we evaluated the performance of the T3 qDx assay in 118 patients in 

Alberta, Canada, to determine the relationship to a previous 390 patient study conducted in the 

Republic of Korea.  Additionally, template input concentration was standardized and reference 

gene combinations were evaluated.  A comparison of qPCR HER2 gene expression and digital 

PCR HER2 gene copy number was made for samples with range of HER2 scores, but with a 

focused effort on equivocal samples for which the qPCR results disagreed with FISH/SISH.  This 

step was conducted to identify whether transcript levels were independent of either HER2 

protein or DNA copies in this sample population.  
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Our results show concordances of 97.2% and 98.1% respectively for unequivocal HER2 

and hormone receptor status determined by IHC/FISH (SISH), meeting the minimum 

concordance threshold of 95% for molecular assays mandated by the American Society of 

Clinical Oncology/College of American Pathologists. For patients with equivocal HER2 IHC status, 

the assay showed 86.2% concordance. Seventy-five percent of cases with a FISH/SISH score of 2+ 

were also positive by dPCR.  Among the 25% of samples with discordant FISH/SISH and dPCR 

results, 66% agreed between qPCR and dPCR, while 33% had disparate qPCR and dPCR results. 

The assay also showed greater specificity and sensitivity than both Luminex and commercial 

TaqMan assays for HER2 determination as compared to IHC. Further, we obtained specificities of 

100% and 88.2%, and sensitivities of 86.4% and 94.5% respectively for ER and PR quantification 

using the assay. Taken together, these results indicate that a qPCR approach for determining 

HER2, ER and PR status can be successful, and that a subset of tumours (~8%) may have 

transcriptional regulation of HER2 levels that differ from gene amplification findings.  

VI.II: Introduction 

Breast cancer is the most frequently occurring cancer in women and the leading cause 

of cancer death in women worldwide14,208. As such, there is a paramount need for reproducible, 

accurate and cost-effective diagnostic approaches that seek to improve patient care and 

treatment outcomes209. Molecular classification of breast cancer into luminal and basal 

subtypes, based on expression of human epidermal growth factor receptor 2 (HER2), estrogen 
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receptor (ER) and progesterone (PR) is clinically relevant for stratifying patients eligible for 

various breast cancer treatment regimens14,22,131. Reliable, accurate, and timely quantification 

of HER2, ER and PR expression are essential for breast cancer diagnosis and treatment12,20,132.  

HER2 is a transmembrane receptor on the surface of all breast cells, whose 

overexpression drives proliferation, migration, and invasion in cancer cells12,13. HER2 is 

overexpressed in approximately 20% of breast tumors and a key determinant of a tumor’s  

metastatic ability14,15.  ER and PR are frequently expressed in breast cancer cells which rely on 

estrogen and progesterone for growth5,16,18. With approximately 67% of breast tumors being ER 

and/or PR positive, and with hormone therapy available for these patients, quick and easy 

quantification of ER and PR status would help determine a patient's risk of recurrence and 

choice of therapy5,11.  

Immunohistochemistry (IHC) is the most common technique for quantifying HER2, ER or 

PR status in breast cancer tissues130,133. However, lack of standardization, poor accuracy and 

reliability have been reported with the clinical use of IHC for breast cancer diagnosis133,134. 

Despite the development of fluorescence in situ hybridization (FISH) to quantify DNA 

amplification as the current ‘gold standard’ for HER2 testing, universal availability, cost, and the 

need for specialized equipment and training remain lingering limitations for clinical use 

worldwide, especially in developing countries133,135,136.  Real-time PCR methods have therefore 

emerged as alternative and/or complementary techniques for assessing HER2, ER and PR 

expression due to increased sensitivity, reliability and cost-effectiveness.  



131 

 

 

 

The T3 qDx Breast Tumour Profile Test (Syantra Diagnostics Inc., Calgary, Canada) is a 

PCR-based method that measures expression of HER2, ER and PR in FFPE breast cancer tissue 

samples reproducibly, timely and cost-effectively137,138. Development and initial evaluation of 

the assay for HER2 quantification has been completed and presented by Park et al., (2014)137 

and Wang et al., (2014)138. The assay demonstrated good concordance with IHC and FISH, and 

was found to be more specific and sensitive than conventional RT-qPCR137,138. However, no 

definitive cut point has been established for HER2 relative expression testing and optimal input 

cDNA concentrations at which the assay is sensitive have not been determined. In addition, ER 

and PR quantification had not been previously evaluated using the assay.  

In the current study, we evaluated performance of the T3 qDx Breast Tumour Profile 

Test (Syantra Diagnostics Inc., Calgary, Canada) for quantifying HER2, ER and PR in FFPE samples 

from breast cancer patients diagnosed and treated at the Tom Baker Cancer Centre, Calgary, 

Canada. Additionally, assay performance was enhanced by standardizing template input, 

optimizing PCR chemistry for each marker and identifying best reference gene combinations. 

Statistical approaches were used to define cut point expression values for positive and negative 

expression levels for all three genes.  
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VI.III: Materials and Methods 

VI.III.I: RNA extraction from FFPE samples 

118 breast cancer FFPE tissue samples obtained between 2005 and 2010 and banked in 

Calgary, Canada were used in this study. 1 mm core punches were retrieved from FFPE tissues 

and RNA was extracted using the RecoverAllTM Total Nucleic Acid Isolation Kit (Life 

Technologies, Foster City CA, USA) according to manufacturer’s protocol. In summary, FFPE 

samples were incubated in xylene at elevated temperatures to solubilize and remove paraffin 

from tissues. Deparaffinised samples were subjected to protease digestion and nucleic acid 

isolation by capture on a glass-fiber filter, washed and then eluted. RNA concentrations and 

sample purities were determined using a Nano-Drop 2000C spectrophotometer (Thermo 

Scientific, Wilmington, DE, USA). All steps were performed under RNase-free conditions. 

Isolated total RNA was stored at –80 0C until analysis.  

VI.III.II: Relative gene expression quantification 

cDNA was synthesized using the qScriptTM cDNA Synthesis Kit (Quanta Biosciences, 

Gaithersburg MD, USA), as described in Section III.III.II. HER2, ER and PR expression were 

quantified using the T3 qDx Breast Tumour Profile Test (Syantra Diagnostics Inc., Calgary, 

Canada). For real time PCR amplification, a total reaction volume of 20 µL was prepared by 

adding 2 µL cDNA, 10 µL Takara Taqman PCR master mix (Clontech Laboratories Inc., Mountain 

View, CA, USA), 0.2 µL ROX dye (Clontech Laboratories Inc., Mountain View, CA, USA) and 7.8 µL 
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mixture of primers, probes and nuclease-free water. Positive controls for each gene and no-

template controls were included in each PCR run. Input cDNA concentration for HER2, ER and 

PR quantification was 37.5 ng/well. Quantitative PCR was carried out on a ViiA 7 Real Time PCR 

System (Life Technologies, Foster City CA, USA) and relative gene expression calculated as 

previously described137,138. For HER2 amplification, the following cycling conditions were 

employed: 95 oC for 3 mins, followed first by 10 cycles of 15 s each at 95 oC and 30 s at 60 oC, 

then 40 cycles of 15 s at 95 oC and 30 s at 55 oC. For ER, PR and GAPDH amplification, PCR was 

performed under the following conditions: 95 oC for 5 mins and 40 cycles of 15 s at 95 oC and 30 

s at 55 oC. PCR experiments were run in duplicates and GAPDH was used as the reference gene. 

To determine optimal input cDNA concentrations for the assay, cDNA from five patients 

with true positive HER2 status and three patients with true negative HER2 status were diluted 

to concentrations of 18.8 ng, 9.4 ng and 4.7 ng and used for HER2 amplification. GAPDH was 

used as the reference gene at each cDNA concentration and relative expression was calculated 

as previously described137,138. 

To improve assay performance, cDNA from three breast cancer cell lines (MCF-7, MDA-

MB-231, and SK-BR-3), three patients with true positive HER2 status and two patients with true 

negative HER2 status were run using two other PCR master mixes – TaqMan® Gene Expression 

Master Mix (Life Technologies, Foster City CA, USA) and PrimeTime® Gene Expression Master 

Mix (Integrated DNA Technologies Inc., Iowa, USA). Results were compared to the Takara 

master mix described above. In addition, two other reference genes – B2M and TFR, were used 
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individually or in combination with GAPDH to determine best reference gene combinations for 

the assay. Reference gene comparison analysis was done using cDNA from 107 breast cancer 

patients. 

Gene expression data was analyzed using Prism 5 (GraphPad, La Jolla, CA, USA) and 

Microsoft Excel (Redmond, WA, USA). Receiver operating characteristic (ROC) curve analyses195 

were used to determine statistically significant cut point values that best define low and high 

expression levels for each target. One-way ANOVA was used to analyze statistical significance 

between HER2 expression levels and corresponding IHC/FISH data. Univariate comparison of 

relative expression levels in patients showing positive and negative expression of all three 

targets were performed using Wilcoxon rank-sum tests. p values less than 0.05 were considered 

statistically significant. The true positive rate (sensitivity) and negative rate (specificity) were 

respectively calculated as the ratio of positives and negatives (by IHC and/or FISH) that were 

correctly called as such by the assay. 

VI.III.III: Digital PCR 

DNA was extracted from samples using the QIAamp DNA Micro Kit protocol (Qiagen, Hilden, 

Germany). DNA was quantified using the Qubit® dsDNA HS Assay Kit and Qubit® 2.0 

fluorometer (ThermoFisher Scientific). HER2 copy number was determined using TaqMan CNV 

assays on the QuantStudio™ 3D Digital PCR System (ThermoFisher Scientific).  Briefly, DNA from 

each sample was diluted to 0.3 – 1.6 target copies per reaction as per protocol and combined 
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with 7.5 µl 2X QuantStudio™ Master Mix, 0.75ul TaqMan ERBB2 FAM primer/probe assay 

(Hs00817646_cn) and 0.75 µl TaqMan RNase-P VIC primer/probe assay (4403326).  Total 

reaction volume was 15 µl.  Samples were loaded onto digital PCR 20K Chips using the 

QuantStudio™ 3D Digital PCR Chip Loader and then transferred to a ProFlex™ 2X Flat PCR 

thermocycler.  The following PCR conditions were used: 96 oC for 10 min, followed by 39 cycles 

of 60 oC for 2min and 98 oC for 30 s, then 60 oC for 2 min.  Chips were read on the 

QuantStudio™ 3D Instrument and analyzed using the QuantStudio 3D AnalysisSuite Cloud 

Software.  Data for each sample was reported as the ratio of HER2:RNaseP copies/µl. 

VI.IV: Results 

VI.IV.I: Patient characteristics 

118 breast cancer FFPE tissue samples obtained between 2005 and 2010 and banked in 

Calgary, Canada were used in this study. Table 1 summarizes patient HER2, ER and PR status, 

with the most patients being HER2-,ER+,PR+ (42/118). HER2, ER and PR status was not known 

for 14/118 of patients. 
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Table VI.1: HER2, ER and PR status of patients used for optimization experiments   

HER2, ER and PR status Number of patients (%) 

HER2+, ER+, PR+ 11 (9.3) 

HER2-, ER+, PR+ 42 (35.6) 

HER2+, ER+, PR- 3 (2.5) 

HER2-, ER+, PR- 4 (3.4) 

HER2-, ER-, PR+ 1 (0.8) 

HER2+, ER-, PR- 11 (9.3) 

HER2-, ER-, PR- 32 (27.1) 

Unknown HER2, ER or PR 14 (11.9) 

Total 118 (100) 

 

VI.IV.II: Cut point analyses 

To determine HER2, ER and PR expression level cut points that best differentiate 

patients with high and low transcript expression for each marker, Receiver Operating 

Characteristic (ROC) curves and area under the curve (AUC) of the ROC analyses were used195. 

Confidence levels and statistical threshold of significance were set at 95% and p < 0.0001, 

respectively. Relative expression level cut points of 60, 39000 and 3000 showed good 

discriminating power to differentiate patients with high and low expression levels of HER2, ER 

and PR, respectively (Figure VII.1). The AUC of the ROC curves revealed the cut point value for 

HER2 to be the most discriminative and that for PR to be the least discriminative. 
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Figure VI.1: Determination of clinical cut points using Receiver Operating Characteristic (ROC) 

analysis. ROC curve for HER2, ER and PR expression levels using data from T3 qDx Breast 

Tumour Profile Test and IHC status of patients (p<0.0001, 95% confidence interval). Optimal cut 

point values of 60, 39000 and 3000 were obtained for HER2, ER and PR respectively.
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AUC = 0.9644 AUC = 0.9569 
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Table VI.2: Correlation of the T3 qDx Breast Tumour Profile Test to IHC/FISH for HER2 

quantification 

 

IHC/FISH 
Relative expression using the T3 
qDx Breast Tumour Profile Test 

Total 

 

Number of samples (%) 

  Negative (< 60) Positive (> 60) 

0 18 (100) 0 (0) 18 (16.8) 

1 44 (95.7) 2 (4.3) 46 (43.0) 

2– 16 (94.1) 1 (5.9) 17 (15.9) 

2+ 3 (25.0) 9 (75.0) 12 (11.2) 

3 0 (0) 14 (100) 14 (13.1) 

Total 81 (75.7) 26 (24.3) 107 (100) 

 

VI.IV.III: Quantification of HER2, ER and PR expression  

To evaluate assay performance in quantifying HER2 expression, cDNA was isolated from 

107 FFPE samples with IHC/FISH scores and used to measure HER2 relative expression as 

described in methods. All patients with IHC 3 scores had relative HER2 expression greater than 

the cut point value (60), while 9 of the 12 IHC 2+ presented with elevated expression, resulting 

in a true positive rate of 88.5% (Figure VII.2A). Among the 3 discordant results, 2 samples 

agreed with digital PCR copy number analysis while 1 disagreed with digital PCR (Appendix 

Figure VII.2). 3 of the 78 IHC negative (IHC 0, 1 or 2–) samples overexpressed HER2, hence a 

true negative rate of 96.2% (Figure VI.2A). Concordance to IHC for patients with unequivocal 

HER2 status (IHC 0, 1 and 3) was 97.2% while concordance to IHC/FISH for patients with 
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equivocal HER2 status (IHC 2, FISH-/+) was 86.2%. Table VII.2 shows correlation of the assay 

with IHC/FISH for HER2 quantification. 

 

 

 

 

 

 

 

 

 

 

Figure VI.2: Analysis of HER2, ER and PR relative expression levels in FFPE breast cancer 

samples. Relative HER2 (A), ER (B) and PR (C) expression levels were measured using the T3 qDx 

Breast Tumour Profile Test. Circles, diamonds, triangles and squares represent relative 

expression levels for individual breast cancer patients. Expression levels and IHC data were 

analyzed by one way ANOVA (p<0.0001). Univariate comparison of relative expression levels 

between patients versus controls were performed using Wilcoxon rank-sum tests.  

A 

C 

B 
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Next, we evaluated assay performance in quantifying ER and PR expression in 107 and 

106 patients, respectively. For ER, we observed a true negative rate of 100% and a true positive 

rate of 86.4% (Figure VII.2B), and a true negative rate of 88.2% and a true positive rate of 94.5% 

for PR (Figure VII.2C). Overall concordance to IHC for ER and/or PR expression was 98.1%. 

VI.IV.IV: Input concentration sensitivity analysis  

To determine optimal input cDNA concentrations, cDNA from 5 patients with true 

positive and 3 patients with true negative HER2 status was diluted and used for HER2 

quantification. Importantly, all true negative samples had relative expression levels less than 60 

at all cDNA concentrations (Figure VII.3). The minimum concentration at which all true positive 

samples had a relative HER2 expression level greater than 60 was 9.4 ng/well. 10 ng/well is 

therefore recommended as the minimum cDNA input concentration when quantifying HER2, ER 

or PR expression with the assay.  

 

 

 

 

 

Figure VI.3: Sensitivity of T3 qDx Breast Tumour Profile Test to input cDNA concentration. 

cDNA from IHC positive and negative samples were diluted and HER2 expression quantified 

using the T3 qDx Breast Tumour Profile Test.  
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VI.IV.V: Comparing T3 qDx performance to Luminex and commercial HER2 TaqMan assay 

  Finally, T3 qDx Breast Tumour Profile assay performance was compared to a 

commercially available TaqMan assay and Luminex-based assay for HER2 transcript 

quantification in 61 corresponding patient samples. The T3 qDx test outperformed both the 

TaqMan and Luminex HER2 assays for HER2 transcript quantification (Figure VI.4). Cut points 

were determined similarly as for the assay using ROC analysis with confidence levels and 

statistical threshold of significance respectively set at 95% and p < 0.0001. We obtained 

sensitivities of 83.3%, 66.7% and 66.7%, and specificities of 95.9%, 77.6% and 73.5% for the T3 

qDx, commercial TaqMan and luminex assays, respectively.   

VI.V: Discussion and Conclusions 

Breast cancer is a heterogeneous disease, whose progression is characterised by 

differential expression of HER2, ER and PR. Knowledge of a patient’s HER2, ER and PR status is 

critical for determining treatment regimens and for optimizing disease outcomes. HER2-positive 

breast cancer patients are treated with trastuzumab – a humanized monoclonal antibody 

targeting the extracellular domain of the HER2 protein12,210; while ER and PR positive patients 

are treated with hormonal therapies such as tamoxifen, toremifene and fulvestrant14,211. 

Patients lacking expression of HER2, ER and PR (triple negative) present with the most 

aggressive form of breast cancer, making early diagnosis pivotal for survival212,213. 
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Figure VI.4: Comparison of HER2 quantification using the T3 qDx Breast Tumour Profile Test, 

commercial HER2 PCR assay and luminex in 61 FFPE breast cancer patients. The T3 qDx Breast 

Tumour Profile Test (A) outperformed a commercial HER2 TaqMan assay (B) and luminex (C) for 

HER2 quantification in breast cancer patients. Sensitivity and specificity values for each assay 

are summarized in the table. 

The clinical assessment of HER2, ER and PR is determined by IHC, and patients with 

equivocal HER2 overexpression are further assessed for DNA amplification by FISH. Although 

easier and less expensive to perform than FISH, IHC results are less accurate, lack universal 

standardization and as such, discordance to FISH has been reported among HER2 positive 
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breast cancer patients133,136,214. FISH is therefore widely considered as the 'gold standard' for 

HER2 testing in clinical laboratories due to better validity and reliability of results133,136. 

However, this technique is not universally available because specialized equipment and training 

are required133,215.  

Quantitative RT-PCR-based approaches have the promise of assessing HER2, ER and PR 

status in breast cancer patients rapidly, reliably and cost-effectively216,217. Quantitative RT-PCR 

is easily amenable to standardization and the use of sequence specific primers and 

hybridization probes makes the technology highly sensitive and specific216,217. In this study, we 

used a recently developed PCR-based assay, called the T3 qDx Breast Tumour Profile Test to 

evaluate sensitivity and specificity of HER2, ER and PR quantification in 118 FFPE breast cancer 

specimens. We also defined clinical cut points for all three targets and determined the optimal 

cDNA input concentration range which should be used with the assay. The major advantage of 

this assay is the ease of incorporation into routine clinical practice in most molecular 

laboratories. High concordance in assessing HER2 status with IHC and FISH has already been 

reported in 390 breast cancer patients137,138.  

Our findings are consistent with previous evaluations of the assay for HER2 

quantification, with concordances of 97.2% and 98.1% respectively for unequivocal HER2 and 

hormone receptor status, meeting the minimum concordance threshold of 95% mandated by 

the American Society of Clinical Oncology/College of American Pathologists134,218. For patients 

with equivocal HER2 status (IHC 2, FISH -/+), the assay showed 86.2% concordance to IHC and 
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FISH. Using ROC analyses, a cut point relative expression level of 60 was obtained for HER2, 

39000 for ER and 3000 for PR (Figure VI.1). We also evaluated sensitivity of the assay to cDNA 

input concentration and show that 9.4 ng/well is the least concentration at which all true 

positive HER2 patients had expression levels above the cut point value (Figure VI.3). In addition, 

using GAPDH as the lone reference gene yielded the most sensitive and specific results in HER2 

quantification (Appendix Table VI.1). With these optimizations, the second generation of the T3 

qDx Breast Tumour Profile Test slightly outperforms the first generation (Appendix Figure VI.1). 

Finally, we show that due to its unique chemistry and optimized reaction conditions, the assay 

better correlates with IHC/FISH for HER2 quantification than a commercial HER2 assay and a 

luminex based assay (Figure VI.4).  

For HER2 assessment, we obtained a specificity of 96.3% and a sensitivity of 88.5% 

(Table VI.2). 9 of the 12 samples presenting with a HER2 score of 2+ (IHC 2, FISH+) 

overexpressed the HER2 gene. Among the 3 discordant results, 2 samples agreed with digital 

PCR copy number analyses that enough transcripts were not present while 1 disagreed with 

digital PCR (Appendix Figure VI.2). 1 of the 17 samples with a HER2 score of 2- (IHC 2, FISH-) 

showed overexpression of HER2. This resulted in 86.2% concordance with IHC and FISH for the 

equivocal samples. 2 of the 78 samples with unequivocal HER2 status (IHC 0, 1 and 3) showed 

discordant results, hence a concordance of 97.2% to IHC. Possible sources of discrepancies 

between IHC/FISH and RT-qPCR assays include inter-observer errors resulting from subjectivity 

in interpreting IHC results as well as potential limitations of using mRNA from FFPE samples to 
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assess gene levels (discussed below). That notwithstanding, these results outperform data from 

most PCR-based assays for assessing HER2 status in breast cancer patients216–129. 

Specificities of 100% and 88.2%, and sensitivities of 86.4% and 94.5% were obtained for 

ER and PR respectively. Accurate determination of ER and PR status is also critical for better 

stratification of breast cancer patients. Patients with ER+ and PR+ status present with a better 

prognosis will normally be treated with hormonal therapies, while patients with ER-/PR+ or 

ER+/PR- are also treated with hormone therapies, but with a diminished response. The decision 

on whether or not to place the patient on hormone therapy is therefore dependent on 

positivity of either one or both hormone receptors. 2 of the 107 samples for which ER and/or 

PR were assessed showed were discordant, hence a concordance of 98.1% to IHC. 

Despite the high concordances of the assay to IHC and FISH, it is worth noting that 

measuring the number of molecules present in a cell is also a reliable approach to assess gene 

expression, hence the promise of copy number assays in assessing breast cancer 

biomarkers13,219. However, more development and standardization of copy number assays is 

required before they can be implemented in clinical practice for HER2 assessment220. That 

notwithstanding, HER2, ER and PR gene amplifications are known to be closely linked to 

overexpression of their respective proteins13,219.  

Taken together, our data support the use of the T3 qDx Breast Tumour Profile Test for 

HER2, ER and PR testing for routine clinical practice. However, limitations of PCR-based 



146 

 

 

 

methods for assessing HER2 expression in FFPE samples have already surfaced. First, the 

formalin used to extract RNA in FFPE samples degrades RNA, potentially resulting in low 

starting materials for the PCR reaction216,217. In addition, possible dilution of tumor cells with 

stromal, inflammatory and normal epithelial cells potentially hampers accurate determination 

of gene expression levels of the tumor216. Sample enrichment with target cells of interest by 

methods such as laser assisted microdissection has aided in reducing the impact of this 

limitation in clinical practice221.  

In conclusion, we demonstrate that the T3 qDx Breast Tumour Profile Test is a promising 

technique for clinically quantifying HER2, ER and PR expression reliably, timely, cost-effectively 

and reproducibly. Using this assay does not involve use of specialized equipment or training, 

making it a useful and complementary screening tool for quantifying HER2, ER and PR 

expression in FFPE breast cancer samples. In a single reaction, this assay can reliably stratify 

breast cancer patients and identify those patients who are eligible for trastuzumab or hormonal 

therapies, as well as those who would immediately be requiring surgery. Evaluation of the T3 

qDx Breast Tumour Profile Test in multiple molecular pathology laboratories will facilitate 

transition to routine breast cancer screening and diagnosis. 
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Chapter VII  

Discussion 

Metastasis, the spread of cancer cells from a primary tumor to distant organ sites, is 

the main cause of death in cancer patients and poses the biggest challenge in cancer diagnosis 

and treatment222,223. It proceeds in a sequence of discrete steps, commencing with local 

invasion, followed by intravasation of cancer cells into nearby blood and lymphatic vessels, 

travel through circulatory systems, extravasation and subsequent growth into micrometastatic 

lesions and macroscopic tumors224.  These steps are characterized by cancer cells transiting 

through various microenvironments and continuously being exposed to physical forces109,225. 

An in-depth appreciation of how these interactions contribute to the metastatic process is 

important in our attempts to design better diagnostic and therapeutic tools for cancer.  

Tumor cells experience two kinds of fluid flow patterns during metastatic 

dissemination: the  slow interstitial flows produced in the tumor microenvironment and higher 

fluid flows produced in lymphatic or hematogenous circulations109,110. It is important to have a 

good understanding of how the interaction between tumor cells and biophysical forces 

contribute to cancer progression. Interstitial fluid flow patterns potentiate mobility in 

metastatic esophageal cancer cells113, regulate invasion in glioma106 and HER2-expressing 

breast cancer cells112, and modulate receptor-mediated apoptosis in lung cancer cells114. It is 
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therefore plausible to suggest that these interactions enrich tumor cells with the ability to 

successfully complete ensuing steps in the metastatic cascade.  

Unfortunately, not much information is available on how the higher flow patterns in 

lymphatic and haematogenous circulations affect disease progression. However, magnitudes of 

shear stresses (0.1 – 1 Pa) experienced in these environments have been shown to affect 

phenotypes in other cell types by activating signaling pathways and inducing transcription 

factors, some of which are involved in metastatic progression115,116,117. In this chapter, changes 

in gene expression patterns induced by exposing human mammary epithelial and breast cancer 

cells to the flow conditions physiologically similar to those experienced in the vascular 

microenvironment will be discussed. Special emphasis will be given to how these changes are 

exploited to identify potential biomarkers for breast cancer, and subsequent validation in 

patient populations. The final section discusses how knowledge gained from the biomarker 

validation process allowed for clinical development of a novel solid tumor diagnostic kit. 

VII.I: Mechanical interactions between fluid flow and mammary 

epithelial cells 

The human mammary gland is characterized by branching of ductal systems and 

formation of lobular structures at ends of terminal ducts, lined by a continuous layer of luminal 

epithelial cells, which are in turn, surrounded by a layer of myoepithelial cells5,6,7. Cells within 
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tissues, such as the breast continuously encounter several types of physical forces, including 

fluid shear stress, hydrostatic pressure, tension and compression110,225. The nature and strength 

of these forces is likely to change in pathologic conditions such as cardiovascular diseases and 

cancer225. For example, the leaky vasculature in the tumor microenvironment increases 

interstitial fluid pressure, potentially causing cancer cell surfaces to experience higher than 

normal shear stresses108. As shown in Chapter III, interactions of normal breast epithelial cells 

with physical forces alter gene expression patterns and affect a wide range of biological 

processes.  

In this study, mammary epithelial cells were exposed to fluid shear stresses on the 

order of 1 Pa for 20 h, changes in gene expression profiles were quantified with the goal of 

understanding how fluid flow potentially affects normal breast functioning. From the results 

reported in this thesis, it is plausible to suggest that the fluid flow alters gene expression 

profiles in normal mammary epithelial cells and possibly facilitates their ability to gain 

tumorigenic characteristics. 

Flow exposure consistently upregulated genes in the S100 superfamily. These genes 

have not been previously shown to be flow-responsive, though they are known to participate in 

cell-biologic processes such as proliferation, migration, invasion and differentiation. In an 

independent clinical study, consistent overexpression of S100 genes was observed in breast 

tissue from patients presenting with early stage breast cancer compared to healthy breast, 



151 

 

 

 

suggesting roles in breast cancer initiation. Further evidence for this stance was obtained 

through overexpression of S100P and S100A7 in patients with most subtypes of breast cancer 

and at all stages of disease progression.  

Though the signaling pathways through which fluid flow upregulates S100 genes in 

normal breast epithelial cells remain elusive, network analysis revealed key interactions 

between several S100 genes and intracellular signaling molecules. Nevertheless, Smad, Stat and 

KLF binding sites are known to be required for S100P expression in cancer cells2. As a 

consequence, the molecular structure of the S100P promoter and related upstream pathways 

need to be identified following fluid flow stimulation. The knowledge gained from such 

investigations will enhance our understanding of which isoforms of Smad, Stat and KLF 

participate in S100P expression, and could lead to new diagnostic and therapeutic approaches 

for early stage breast cancer. The results reported here suggest flow-induced upregulation of 

S100 genes in mammary epithelial cells is possibly an important adaptation pathway in normal 

tissue that might also be active in breast cancer. 

In summary, this study revealed that exposing normal mammary epithelial cells to fluid 

flow upregulates genes clinically identified to be overexpressed in breast cancer patient 

profiles, including S100P and S100A7. This suggests that the bioreactor platform is a useful tool 

for identifying how mammary epithelial cell exposure to blood flow affects early stages of 

breast cancer progression.  
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VII.II: Fluid flow-induced alterations in breast cancer cells  

In the past decade, the use of fluid mechanics concepts to complement genomic and 

molecular signaling studies in cancer research has grown following the realization that fluid 

mechanics is critical for development and progression of cancer226. Microenvironments of solid 

tumors (e.g. breast tumors) are usually characterized by increased interstitial pressures that are 

caused by altered basement membranes, large gaps between endothelial cells and unusual 

endothelial cell stratification. These changes potentially alter signaling patterns in these 

microenvironments. In addition, tumor cells in the circulation must interact and survive the 

rigors of blood flow prior to forming secondary tumors at foreign organ sites. This section 

discusses how the mechanical interactions between breast cancer cells and fluid flow affect 

gene expression patterns and biological processes involved in metastatic progression of breast 

cancer.  

Using in vitro models, the slow interstitial flow patterns in the tumor microenvironment 

have been shown to affect cellular processes involved in metastatic progression. For example, 

fluid flow promotes an EMT phenotype in ovarian cancer nodules159 and in metastatic 

esophageal cancer cells172. Interstitial flow-induced EMT has also been reported in HER2-

expressing breast cancer cells112, suggesting fluid flow contributes to metastatic ability by 

increasing the ability of cells to successfully invade surrounding blood vessels. However, similar 
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results need to be reported in other subtypes of breast cancer as well as in other solid tumors 

for these preliminary suggestions to be conclusive. 

The physical interaction between tumor cells and blood flow is more relevant in the 

context of metastasis because blood vessels are the main routes for tumor cell dissemination. 

For the first time, the findings reported in Chapter IV indicate that exposure of breast cancer 

cells to fluid flow physiologically similar to flow in blood vessels promotes EMT in cell lines 

representing all molecularly classified subtypes of breast cancer. The process of EMT causes 

significant alterations in the adhesive and mechanical properties of cells, facilitating tumor cell 

detachment from the primary tumor41,69,109. This is characterized by downregulation of 

epithelial genes such as CDH1 and KRT19, and upregulation of mesenchymal genes including 

FN1, VIM, CDH2, SNAI1, SNAI2 and MMPs68,69,86. This process  results in morphological and 

behavioral changes, including cells losing their structured epithelial morphology, gaining the 

slender morphology of mesenchymal cells, becoming more motile and invasive65,74,160. 

To successfully form tumors at distant organ sites, flow-exposed tumor cells must 

survive the biophysical forces posed by blood flow, adhere to the endothelial cells lining blood 

vessels at secondary organ sites, extravasate, and survive prior to initiating growth52. CTC 

adhesion to endothelial cells is believed to be very similar to leukocyte adhesion to endothelial 

cells during inflammation, involving initial cell capture, tethering, rolling, firm adhesion and 

subsequent transmigration through endothelial cells44,161. As such, fluid flow techniques used to 
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study adhesion patterns in leukocytes have been applied to study contributions of fluid flow to 

the CTC adhesion cascade. The parallel-plate flow chamber has been extensively used to study 

to apply shear stress to cultured cells, partly due to the ease in adjusting the system to the wide 

range of shear stresses experienced in vivo as well as its ability to deliver defined flow patterns. 

Exposure of breast cancer cells to fluid flow resulted in upregulation of several cell 

adhesion molecules such as collagens and integrins. Importantly, network analysis revealed 

interactions between overexpressed FN1 and ALCAM in most breast cancer cells following 

exposure to flow. FN1 plays important roles during subsequent adhesion of cancer cells to 

endothelial cells98 while ALCAM functions as a cell surface sensor and promoter of interactions 

between cancer and endothelial cells165. Binding of FN1 to its integrin receptor (α5β1) triggers 

integrin-mediated intracellular signals culminating in increased adhesion to endothelial 

cells49,98. This stance was supported by significant adhesion of flow-stimulated breast cancer 

cells to TNF-α stimulated endothelial cells in static and laminar flow adhesion assays.   

Most of the flow-induced alterations in gene expression profiles and enrichment of 

biological processes in breast cancer cells are more pronounced in the basal MDA-MB-231 cells, 

which represents the most clinically aggressive subtype of breast cancer227. This particular 

subtype is highly studied due to its unique biology, overall poor prognosis, early pattern for 

metastases and relative lack of therapeutic targets compared to the other subtypes9,19. Basal 

myoepithelial cells, from which basal breast cancers originate, surround the inner luminal cells 
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and are more exposed to physical forces. By showing more pronounced profiles upon flow 

stimulation, it is plausible to attribute increased aggressiveness of basal breast cancer to 

exposure of the myoepithelial cells to stronger physical forces, compared to their luminal 

counterparts. 

VII.III: Signal transduction of mechanical forces in breast cancer cells 

Morphogenetic processes such as EMT are modulated by the collaborative interplay of 

several signal transduction pathways which generate new cellular phenotypes82. The signaling 

pathways and molecular mechanisms elicited by fluid flow to promote EMT and adhesion of 

breast cancer cells to endothelial cells remain elusive. The knowledge gained from integrating 

genomic and signaling studies with flow patterns encountered by cells during metastasis 

presents a new dimension in cancer research, one that could allow for identification of better 

therapeutic and diagnostic targets for breast cancer.  

Cells sense and convert the mechanical stimulus from fluid flow into changes in 

intracellular biochemistry, which in turn affect cell growth, migration, differentiation and 

apoptosis228. This process, referred to as mechanotransduction, requires tight interplays 

between cell surface receptors that transduce the signal (mechanotransducers) and 

intracellular signaling molecules that are activated or deactivated to alter gene and protein 

expression patterns. Fundamental research into how endothelial cells respond to mechanical 

stimuli has advanced our understanding of the activated intracellular signaling cascades 
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involved in mechanotransduction229,230. Though different in properties, location and functions, 

endothelial and cancer cells both express similar mechanotransducers, which are the glycocalyx 

core proteins and adhesion molecules such as integrins found in basal and apical cell 

membranes115,231.  

Besides EMT and cell-cell adhesion, fluid flow stimulation significantly enriched other 

biological processes involved in either metastatic progression of carcinomas, cell signalling or 

response to mechanical forces. TGF-β activity was implicated in most enriched biological 

processes, suggesting it is a major signalling cascade elicited by fluid flow to affect metastatic 

progression of breast cancer. Besides, TGF-β signaling is the major inducer of EMT during 

embryonic development and metastatic cancer progression82,160. Binding of TGF-β to cell 

surface receptors results in phosphorylation of the receptor-mediated Smads (Smad2 or 

Smad3). Activated Smad2 or Smad3 associate with Smad4 and the complex is translocated to 

the nucleus where they regulate gene transcription77,80. Smad signaling has been identified as 

the key mediator to the TGF-β-induced EMT response in in vitro and mouse models190,191. This 

position has been supported by tumor analyses in mouse models, in which receptor-mediated 

Smads were identified as key intracellular signal transducers of TGF-β-induced EMT77,192. 

Besides their involvement in TGF-β signaling, Smads also participate in non-TGF-β-dependent 

signal transduction pathways, including response to fluid flow232. In addition, integrin receptors 

such as integrin-linked kinase (ILK) participate in TGF-β signaling by interacting with cytoplasmic 

domains of β integrins and cooperating with Akt to promote EMT in several cell types193,194.  
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Gene set comparison analysis of differentially expressed genes in enriched biological 

processes revealed transcripts that might be responsible for converting the mechanical stimulus 

from fluid flow to altered gene expression profiles. Interaction sub-network analysis allowed for 

better understanding of how flow exposure potentially affects signalling of these genes in the 

flow-exposed breast cancer cells. Four TGF-β/EMT-signaling genes, including HMGA2, RUNX1, 

TGFBI and SNAI2 passed these criteria and were chosen for further validation experiments. To 

the best of our knowledge, this is the first study to report flow-responsiveness of these genes.  

Fluid flow stimulation resulted in upregulation of HMGA2 in the MDA-MB-231, SK-BR-3 

and BT-474 breast cancer cell lines. Upregulated HMGA2 contributed to enrichment of the 

cellular response to TGF-β stimulus GO category. Overexpression of HMGA2 has been 

correlated to increased metastatic ability in cancer cells of epithelial origin233,234,235. As an 

architectural transcription factor, HMGA2 regulates expression of target genes by altering the 

structure of chromatin and by forming multiprotein complexes on promoter regions236,237. As 

such, HMGA2 is actively involved in the regulation of various fundamental cellular processes 

such as cell cycle, differentiation, and proliferation238,239. Though highly expressed during 

embryonic development, HMGA2 is poorly expressed in adult tissues92. However, 

overexpression of this gene has been observed in several types of tumors, including ovarian240, 

pancreatic241, lung242, colorectal243 and breast cancers244. More importantly, HMGA2 is critical 

in TGF-β-induced EMT in mouse mammary epithelial cells by enhancing activity of Snail 

promoters following its interaction with Smad proteins89,92. This position was supported by 
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results of network analysis that revealed interactions of HMGA2 with EMT inducers such as 

SNAI2 and NOTCH1. Taken together, the findings presented in this thesis suggest possible roles 

of HMGA2 in flow-induced EMT during metastatic progression of breast cancer.  

Similarly, RUNX1 was overexpressed in the MDA-MB-231, SK-BR-3 and MCF-7 breast 

cancer cell lines following exposure to fluid flow. This master DNA-binding transcription factor 

is a key mediator of TGF-β-induced changes in gene expression patterns during 

tumorigenesis197,199. In addition, RUNX1 is involved in regulating HMGA2 expression in 

hematopoietic stem and progenitor cells245,246. Due to its interactions with receptor-mediated 

Smads, especially Smad3199 (Figure V.10), and NOTCH1 (an EMT inducer)247, flow-induced 

upregulation of RUNX1 was hypothesized to be pivotal to promotion of EMT in breast cancer 

cells. 

Flow-induced overexpression of TGFBI was observed in the MDA-MB-231 and SK-BR-3 

breast cancer cell lines. Similar to HMGA2, upregulated TGFBI contributed to enrichment of the 

cellular response to TGF-β stimulus GO category. Network analysis revealed notable 

interactions between TGFBI, FN1, ITGBI, COL4A1 and COL4A2. Expression of TGFBI is induced by 

TGF-β248 and it is involved in a range of physiological and pathological processes, including 

tumorigenesis249,250. As such, dysregulated expression of TGFBI is a characteristic of several 

cancers, where it suppresses or promotes cell growth depending on tumor type and 

microenvironment249. In addition, in vitro studies have reported enhancement of metastatic 
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events such as cell motility, proliferation, invasion and adhesion following overexpression of 

TGFBI193,251. From these reports, flow-induced upregulation of TGFBI was believed to be critical 

to TGF-β signaling in breast cancer cells. 

The final gene, SNAI2 was upregulated in flow-stimulated MDA-MB-231, MCF-7 and BT-

474 breast cancer cell lines. As a member of the Snail superfamily of zinc-finger transcription 

factors, SNAI2 plays critical roles during embryonic development and in the acquisition of 

invasive and migratory properties during tumor progression88. Importantly, SNAI2 has been 

directly implicated in E-Cadherin repression when HMGA2 and Smads synergistically bind to its 

promoters76,92. This in turn leads to enhancement of an EMT phenotype in breast cancer 

cells252,253. Concomitant upregulation of HMGA2 and SNAI2 in the flow-exposed cells indicated 

flow might be responsible for instigating these genes to promote EMT and hence facilitate 

invasion during breast cancer progression. 

When exposed to 0.2 or 0.6 Pa of fluid shear stresses, HMGA2 and RUNX1 were not 

differentially expressed, whereas TGFBI and SNAI2 were significantly upregulated, suggesting 

that HMGA2 and RUNX1 need to be exposed to stronger shear stresses before the surface 

receptors that modulate their expression are activated. Contrastingly, TGFBI is overexpressed 

once the cells feel shear forces as low as 0.2 Pa, suggesting the surface receptor-mediated 

pathways that regulate its expression, including TGF-β signaling, are activated by a wider range 

of shear forces. Upregulation of SNAI2 and no differential expression of HMGA2 at lower shear 
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stresses indicate possible involvement of alternate signaling cascades and cell surface receptors 

in activation of SNAI2, which are independent of HMGA2 signaling.  

Further, when left in static conditions following flow stimulation, HMGA2 remained 

upregulated up to 7 h post flow whereas flow-induced overexpression of RUNX1 faded 

imminently. On the contrary, TGFBI and SNAI2 remained upregulated for up to 24 h following 

flow stimulation. Abolition of flow-induced overexpression of HMGA2 and RUNX1 directly 

implicates their expression to flow-specific signaling pathways, whose activity stops in the 

absence of flow. On the other hand, pathways and activated intracellular transducers that are 

responsible for upregulating TGFBI and SNAI2 seem to retain their activity for at least a day 

following flow stimulation.  

An intracellular signal transducer possibly involved in flow-induced changes through 

TGF-β signaling in breast cancer is ILK. ILK was observed to be involved in HMGA2 and SNAI2 

signaling in unstimulated and flow-stimulated breast cancer cells.  However, chemical inhibition 

of ILK activity did not influence flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2 

in the basal MDA-MB-231 cells. Known to interact with the cytoplasmic domains of β integrins, 

ILK cooperates with Akt to promote EMT in several cell types193,194. The ILK drug used in this 

study is known to suppress ILK-mediated phosphorylation of Akt at its Ser473 site, so that 

downstream targets can be downregulated254. As such, its activity would be limited to what is 

downstream of Akt, such as the Smads. The observation that HMGA2 and SNAI2 were 
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differentially expressed in unstimulated and flow-stimulated cells that were untreated or 

treated with the drug suggested potential roles of ILK in fluid flow-induced signaling in the 

breast cancer cells. 

Similar to ILK activity inhibition, Smad2 knockdown repressed HMGA2 and 

overexpressed SNAI2 expression in unstimulated and flow-stimulated MDA-MB-231 cells. On 

the other hand, RUNX1 and TGFBI expression was elevated in the unstimulated cells depleted 

of Smad3, but not in the flow-stimulated cells. These findings reveal differences in Smad2 and 

Smad3 signaling in the presence and absence of flow. Of greater importance was the 

observation that Smad3, and not Smad2 knockdown influenced flow-induced overexpression of 

HMGA2, RUNX1 and SNAI2, but not TGFBI. These findings indicate the importance of Smad3 in 

transducing the mechanical stimulus from fluid flow to upregulate these genes and affect the 

EMT process. This stance is further supported by results of previous studies in which Smad3 

depletion effectively prevents TGF-β-induced EMT response through HMGA2 and SNAI2 

signaling89,92. 

Inability of the ILK drug and Smad2 siRNA to prevent flow-induced upregulation of 

these targets may indicate that the depletion achieved was insufficient. Besides, it is possible 

that different results will be obtained if ILK siRNA is used to knock down ILK. Alternatively, 

another intracellular signal transducer or binding partner of ILK and Smad2, such as Akt might 

need to be depleted together before the EMT response is affected.  
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Failure to prevent flow-induced overexpression of TGFBI with Smad2 and Smad3 

knockdown suggests it probably signals upstream of intracellular signal transducers such as the 

Smads. Besides, TGFBI is not known to directly interact with either Smad2 or Smad3 as revealed 

by its experimentally determined and computationally predicted interaction network (Figure 

VI.10). However, TGFBI overexpression contributed to the response to TGF-β stimulus GO 

category, indicating its likely importance in transducing the mechanical stimulus from fluid flow 

in breast cancer cells. Interestingly, knockdown of TGFBI, albeit by just 42% reduced flow-

induced upregulation of HMGA2 and RUNX1 from fold changes of 2.5 to 1.6 and 3.0 to 2.0, 

respectively (Appendix Figure VI.6). It would be interesting to observe expression of the Smads 

and other flow-responsive TGF-β signaling genes in unstimulated and flow-stimulated breast 

cancer cells that are completely depleted of TGFBI. Knowledge gained from such experiments 

will facilitate our understanding of the pathway(s) through which fluid flow exposure 

upregulates TGFBI in breast cancer cells. 

These molecule inhibition and knockdown experiments were completed using basal 

MDA-MB-231 cells, which represent the most clinically aggressive subtype of breast cancer. It is 

not clear if similar results will be obtained if other basal breast cancer cell lines are used. That 

notwithstanding, flow-induced upregulation of HMGA2, RUNX1, TGFBI and SNAI2 was obtained 

when basal MDA-MB-468 breast cancer cells were exposed to flow in the bioreactor system. 

More importantly, due to genomic and phenotypic heterogeneity associated with the various 

breast cancer subtypes, it is possible that different results will be obtained if cell lines 



163 

 

 

 

representing the other subtypes are used in knockdown experiments. More evidence is 

therefore required to reveal how ILK, Smad2 and Smad3 are involved in converting the 

mechanical stimulus from flow-induced to alterations in metastatic events such as EMT in 

breast cancer cells. 

Interestingly, the observation that Smad3 and not Smad2 is a key intracellular 

transducer in EMT signaling upon flow stimulation has been previously reported in TGF-β-

driven EMT in breast cancer cells89,92 and hepatocytes202. In the breast cancer cells, Smad3 

depletion effectively blocked TGF-β-induced EMT response through HMGA2 and SNAI2 

signaling92. Taken together, these findings support our initial position of TGF-β signaling activity 

to be significantly enriched upon flow stimulation of breast cancer cells, and reveal the 

potential of using flow-regulated genes to design better diagnostic and therapeutic targets for 

this complex disease.  

VII.IV: Improving breast cancer diagnosis  

Using the bioreactor model to expose breast cancer cells, significant enrichment of 

biological processes involved in metastatic progression of carcinomas, cell signalling or 

response to mechanical forces was reported. Approximately 20,000 genes were analyzed on 

microarrays, among which 207 were differentially expressed between unstimulated and flow-

stimulated cells in at least two breast cancer cell lines, and therefore defined as being flow-
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responsive. Gene set comparison and interaction network analyses revealed 43 differentially 

expressed genes that are implicated in enriching biological categories that promote metastatic 

progression of breast cancer such as EMT, cell motility, adhesion and invasion.  

Next, the prognostic value of these transcripts was evaluated by analyzing relapse-free 

survival times of breast cancer patients with lymph node positive status in a microarray data set 

of breast tumors for about 3000 patients. Genes whose relapse-free surviving profiles 

correlated to their flow-dependent differential expression patterns were chosen for further 

validation. Finally, the relative expression of these selected genes was analyzed between 

healthy volunteers and breast cancer patients in an independent clinical gene expression data 

set obtained from the TCGA database. From these findings, fourteen genes were chosen as 

potential biomarkers for the flow-regulated events during breast cancer progression. Relative 

expression levels of seven of these biomarkers were quantified in breast cancer patients and 

healthy volunteers. Whereas expression levels of HMGA2, RUNX1, TGFBI, CTCF and ITGA4 were 

statistically significant between both populations, no significance was obtained for TBX3 and 

HMGA1 expression. Figure VIII.1 is an illustrative workflow of the biomarker identification 

process. 

When HMGA2, RUNX1, TGFBI, ITGA4 and CTCF were used in combination to 

differentiate healthy volunteers from patients presenting with the various subtypes of breast 

cancer, sensitivities greater than 80% were obtained for patients presenting with basal and 

HER2 breast cancers. None of these genes are used in any of the current multi-gene diagnostic 
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assays for breast cancer. Besides, the sensitivities obtained from evaluating just five of these 

targets reveal the promise of this biomarker identification process in developing diagnostic and 

therapeutic targets for human tumors in which fluid flow is an important parameter in their 

progression.  

 

 

 

 

 

 

Figure VII.1: Illustrative overview of the biomarker identification process. GSCA stands for gene 

set comparison analysis. 

The final manuscript in this thesis (Chapter VI) applies lessons learnt from the 

biomarker clinical evaluation process to further develop a novel breast tumor diagnostic assay, 

the T3 qDx Breast Tumour Profile Test (Syantra Diagnostics Inc., Calgary, Canada). This assay is a 

PCR-based method that measures expression of HER2, ER and PR in FFPE breast cancer tissue 

samples reproducibly, timely and cost-effectively137,138. Development and initial evaluation of 

the assay for HER2 quantification revealed high concordances with IHC and FISH. However, 
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Differentially expressed with flow exposure (207) 

TCGA & KM plots (14) 

GSCA and network analyses (43) 

7 

5 

HMGA1, HMGA2, RUNX1, TBX3, CTCF, 
ITGA4 & TGFBI 

HMGA2, RUNX1, ITGA4, CTCF & TGFBI 



166 

 

 

 

prior to be implemented clinically, optimal input concentrations and definitive cut points had to 

be established for all three targets.  

Concordances of 97.2% and 98.1% were respectively obtained for unequivocal HER2 

and hormone receptor status, meeting the minimum concordance threshold of 95% for 

molecular assays mandated by the American Society of Clinical Oncology/College of American 

Pathologists. However, for patients with equivocal HER2 IHC status, the assay showed 86.2% 

concordance. Possible sources of discrepancies between IHC/FISH and RT-qPCR assays include 

inter-observer errors resulting from subjectivity in interpreting IHC results as well as potential 

limitations of using mRNA from FFPE samples to assess gene levels (discussed below). In spite of 

these limitations, the results reported for this assay outperform data from most PCR-based 

assays for assessing target genes, especially HER2 status in breast cancer patients129,216.  

Despite the high concordances reported for this assay, it is worth noting that measuring 

the number of DNA molecules present in a cell is a more reliable assessment of transcript level 

expression, hence the promise of copy number assays in assessing breast cancer 

biomarkers13,219. However, clinical implementation of copy number assays is still limited by the 

requirement for more development and standardization220. That notwithstanding, HER2, ER 

and PR gene amplifications are known to be closely linked to overexpression of their respective 

proteins13,219.  
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Summarily, the T3 qDx Breast Tumour Profile Test is established as a promising 

technique for clinically quantifying HER2, ER and PR expression reliably, timely, cost-effectively 

and reproducibly. Using this assay does not involve use of specialized equipment or training, 

making it a useful and complementary screening tool for quantifying HER2, ER and PR 

expression in FFPE breast cancer samples. In a single reaction, this assay reliably stratifies 

breast cancer patients and identifies patients who are eligible for trastuzumab or hormonal 

therapies, as well as those who would immediately be requiring surgery. Evaluation of the T3 

qDx Breast Tumour Profile Test in multiple molecular pathology laboratories will facilitate 

transition to routine breast cancer screening and diagnosis. 

VII.V: Limitations 

Though the studies presented in this thesis revealed an effect of fluid flow on mammary 

epithelial and breast cancer cell line gene expression, and the promise of the T3 qDx Breast 

Tumour Profile Test as a reliable assay for quantifying HER2, ER and PR expression in breast 

cancer patients, several limitations must be taken into consideration when conclusions are 

interpreted. 

First, it is important to validate gene expression changes at the protein expression level 

to verify if the message is translated to protein products. This is because there are several levels 

of control between transcription and translation, such as post-transcriptional regulation and 
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RNA processing (alternative and differential splicing). All these levels potentially affect when 

and what RNA message is eventually translated to protein products. 

Secondly, a non-targeting siRNA that does not target any known genes in human, mouse 

and rat cells should also be used as the siRNA negative control. This is because the scrambled 

sequence does not activate the dicer and RNA-induced silencing complex (RISC) and therefore 

does not lead to specific degradation of any product. On the other hand, activation of the dicer 

and RISC by a non-targeting siRNA negative control can affect a whole lot of other genes which 

can potentially skew results. It is proposed to perform both controls and compare relative 

expression levels of key targets. 

Next, though microarrays are robust and reliable in quantifying changes in gene 

expression, the large number of genes being analyzed potentially results in high false positive 

rates. Significant threshold of gene significance was set at p ≤ 0.01 for the studies presented in 

this thesis, meaning 1% of differentially expressed genes would be false negatives or false 

positives. Importantly, relative gene expression of the key targets was validated with qPCR – 

one of the most powerful and sensitive gene expression quantification techniques.  

Though the identified biomarkers were applicable in differentiating patients with 

various stratifications of breast cancer, several generalizations were employed in the biomarker 

identification approach, making it difficult to account for the complex molecular heterogeneity 

associated with breast cancer. For example, initial selection of differentially expressed genes 
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from gene set comparison analyses was based on simultaneous upregulation or downregulation 

of genes in at least two cell lines. Ideally, several cell lines representing a particular subtype 

should be used to identify flow-stimulated biomarkers for that particular subtype. More 

importantly, network analysis limits us to what is already known about the investigated genes, 

and cannot be used to reveal novel interactions between genes. It is possible that some 

potential biomarkers were missed due to these deficiencies. 

Further, it is important to investigate whether or not other cell types and cell-derived 

vesicles present in blood are contributing to the qPCR signal during clinical validation of the 

identified biomarkers. This is because other cell types such as tumor-educated platelets and 

tumor-educated macrophages, as well as vesicles such as exosomes and cell-free DNA have 

been previously associated with contributing to gene expression levels in cancer patients256. 

Also, it is important to understand possible effects of other diseases to the qPCR signal of the 

identified biomarkers. 

Finally, our data supports the use of the T3 qDx Breast Tumour Profile Test for HER2, ER 

and PR testing for routine clinical practice. However, limitations of PCR-based methods for 

assessing HER2 expression in FFPE samples have already surfaced. First, the formalin used to 

extract RNA in FFPE samples causes suboptimal RNA, potentially resulting in low starting 

materials for the PCR reaction216,217. In addition, possible dilution of tumor cells with stromal, 

inflammatory and normal epithelial cells potentially hampers accurate determination of gene 

expression levels of the tumor216. Sample enrichment with target cells of interest by methods 
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such as laser assisted microdissection has aided in reducing the impact of this limitation in 

clinical practice221.  
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Chapter VIII  

Conclusions and Future Directions 

An in-depth appreciation of how fluid shear stresses in the physiological range of those 

experienced in the vascular microenvironment affect cancer cells is important in our attempts 

to design more effective diagnostic tools for breast cancer. This is because all steps in the 

metastatic progression of breast cancer involve interactions between cells and biophysical 

forces. However, implications of these interactions have not been previously applied in breast 

cancer biomarker identification studies.  

VIII.I: Conclusions 

The current study was undertaken to investigate flow-induced changes in gene 

expression profiles and biological processes in mammary epithelial and breast cancer cells. The 

main conclusions drawn from the studies presented in this thesis are: 

1. Fluid flow stimulation alters gene expression profiles in normal human mammary 

epithelial cells, and potentially contributes to tumor initiation by upregulating S100 

genes.  

2.  Exposing breast cancer cells to fluid flow on the order of 1 Pa significantly 

promotes EMT and adhesion to endothelial cells. 
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3. TGF-β signaling activity is enriched upon flow stimulation. Whereas ILK and 

Smad2 are involved in regulating TGF-β signaling in the presence or absence of flow, 

Smad3 depletion influenced the flow-induced overexpression of several genes involved in 

TGF-β signaling.  

4. HMGA2, RUNX1, TGFBI, CTCF and ITGA4 are flow-responsive breast cancer 

biomarkers which are:   

a. Differentially expressed in clinical expression datasets, and 

b. Able to differentiate healthy volunteers from patients presenting with 

various disease subtypes, with sensitivities greater than 80% obtained for 

basal and HER2 positive patients.  

5. Input concentration standardization and cut point determination enhanced 

performance of the T3 qDx Breast Tumour Profile Test as a reliable, timely, cost-

effective and reproducible technique for quantifying HER2, ER and PR expression in 

FFPE breast cancer samples. 
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VIII.II: Future work 

Although the studies presented in this thesis were largely successful, critical issues 

must be addressed before the findings are implemented in larger clinical studies.  

VIII.II.I: Experimental model 

First, magnitudes of fluid shear stresses in the tumor and vascular microenvironments 

must be accurately defined. Cell surface shear stresses in these microenvironments have been 

mostly calculated using theoretical models, which might not be replicative of in vivo flow 

phenomena. Besides, flow patterns in the tumor microenvironment possibly change depending 

on stage of disease. Knowledge of accurate magnitudes of shear forces present at each stage of 

disease progression will facilitate investigations into how fluid flow potentially affects biological 

processes involved in successful completion of each of these stages.  

Further, the experimental model for breast cancer progression developed and 

presented herein could be improved by incorporating more extracellular matrix properties to 

render it more replicative of in vivo microenvironments.  

VIII.II.II: Diagnostic development 

Relative expression levels of the identified biomarkers need to be evaluated in more 

clinical samples so as to establish more definitive cut points for stratifying high and low 

expression of each marker. 
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Further, to be implemented clinically, the identified biomarkers need to be screened in 

prospective studies, where their ability to detect cancer is directly compared to current 

diagnostic approaches. Such experiments will better determine the detection and false referral 

rates of the identified biomarkers, thus revealing their potential to improve disease 

stratification. 

VIII.II.III: Drug target validation 

To completely validate the diagnostic and therapeutic applications of the identified 

biomarkers, animal models of metastasis need to be used to quantify changes in metastatic 

ability of unstimulated and flow-stimulated cells.  

Also, target genes such as HMGA2, RUNX1, TGFBI, SNAI2, S100P and S100A7 need to 

be completely depleted and abolition of flow effects monitored in both in vitro and in vivo 

experiments. Other significantly enriched signaling pathways, especially those in which these 

targets participate in, should also be investigated in activity inhibition and knock down 

experiments. Further, expression profiles should be monitored at the protein level. These 

experiments will elucidate more mechanistically how flow exposure controls the upregulation 

of these genes and will facilitate our understanding of their specific role in tumorigenesis.  

Finally, activity inhibition and knock down experiments need to be validated in more 

breast cancer cell lines. This is because different results might be obtained if other cell lines are 
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used in these experiments due to genomic and phenotypic heterogeneity associated with the 

various breast cancer subtypes. Also, for each cell line or cell lines belonging to the same breast 

cancer subtype, the flow-induced phosphorylation profiles need to be identified and compared 

to profiles resulting from chemical induction with TGF-β. This would facilitate identification of 

potential therapeutic targets for metastatic breast cancer.  
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Appendix 

Section I: Supplementary Figures and Tables for Chapter IV 

 

 

 

Appendix IV.1: Network of differentially expressed genes (more than 5 folds) and their first 

degree neighbors between static and flow-exposed MDA-MB-231 cells. 
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Appendix Table IV.1: Gene Ontology (GO) enrichment table showing selected GO functions 

whose genes were differentially expressed between static and flow-exposed MDA-MB-231 

cells, and with enrichment scores greater than 3.5  

GO ID 
GO Function 

Enrichment 
Score p-value 

2000146 Positive regulation of cell motility 16.70 5.59 x 10-8 

45595 Regulation of cell differentiation 14.64 4.37 x 10-7 

51270 Regulation of cellular component movement 14.56 4.73 x 10-7 

71560 Cellular response to TGF-β stimulus 11.10 1.51 x 10-5 

34405 Response to fluid shear stress 10.55 2.61 x 10-5 

10646 Regulation of cell communication 10.27 3.48 x 10-5 

1819 Positive regulation of cytokine production 9.19 0.0001 

42127 Regulation of cell proliferation 9.05 0.0001 

10628 Positive regulation of gene expression 8.26 0.0003 

30155 Regulation of cell-cell adhesion 7.08 0.0008 

32731 Positive regulation of interleukin-1 beta production 6.18 0.0021 

34713 Type I TGF-β receptor binding 6.16 0.0021 

30335 Positive regulation of cell migration 5.65 0.0035 

10634 Positive regulation of epithelial cell migration 5.51 0.0041 

9967 Positive regulation of signal transduction 5.23 0.0054 

30511 Positive regulation of TGF-β receptor signaling 
pathway 4.48 0.0114 

10717 Regulation of epithelial-to-mesenchymal transition 3.77 0.0229 

10464 Regulation of mesenchymal cell proliferation 3.68 0.0253 

33632 Regulation of cell-cell adhesion mediated by integrin 3.66 0.0258 
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Appendix Table IV.2: GO enrichment table showing selected GO functions whose genes were 

differentially expressed between static and flow-exposed MCF-7 cells, and with enrichment 

scores (ES) greater than 3.5. 

GO ID GO Function ES p-value 

42127 Regulation of cell proliferation 10.71 2.2 x 10-5 

40017 Positive regulation of locomotion 8.98 0.0001 

2000147 Positive regulation of cell motility 7.32 0.0007 

51272 
Positive regulation of cellular component 

movement 7.05 0.0009 

9967 Positive regulation of signal transduction 6.77 0.0011 

30335 Positive regulation of cell migration 6.51 0.0015 

10647 Positive regulation of cell communication 6.32 0.0018 

71675 Regulation of mononuclear cell migration 5.96 0.0026 

45597 Positive regulation of cell differentiation 5.41 0.0045 

70849 Response to epidermal growth factor stimulus 4.07 0.0172 

3339 Regulation of mesenchymal-to-epithelial transition 3.84 0.0214 

10755 Regulation of plasminogen activation 3.84 0.0214 

30155 Regulation of cell-cell adhesion 3.84 0.0214 

32651 Regulation of interleukin-1 beta production 3.79 0.0225 

48639 Positive regulation of developmental growth 3.70 0.0246 

9612 Response to mechanical stimulus 3.60 0.0273 
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Appendix Table IV.3: GO enrichment table showing selected GO functions whose genes were 

differentially expressed between static and flow-exposed SK-BR-3 cells, and with enrichment 

scores (ES) greater than 4.0 

GO ID GO Function ES p-value 

42127 Regulation of cell proliferation 11.84 7.23 x 10-6 

45595 Regulation of cell differentiation 10.28 3.43 x 10-5 

30155 Regulation of cell adhesion 10.11 4.06 x 10-5 

51272 
Positive regulation of cellular component 

movement 8.53 0.0002 

9967 Positive regulation of signal transduction 8.48 0.0002 

40017 Positive regulation of locomotion 8.37 0.0002 

30335 Positive regulation of cell migration 8.00 0.0003 

10628 Positive regulation of gene expression 7.98 0.0003 

10647 Positive regulation of cell communication 7.90 0.0004 

2000147 Positive regulation of cell motility 7.80 0.0004 

10594 Regulation of endothelial cell migration 7.35 0.0006 

14031 Mesenchymal cell development 7.25 0.0007 

10632 Regulation of epithelial cell migration 6.81 0.0011 

8284 Positive regulation of cell proliferation 6.14 0.0022 

71603 Endothelial cell-cell adhesion 5.89 0.0028 

22407 Regulation of cell-cell adhesion 4.87 0.0076 

46332 SMAD binding 4.36 0.0128 

60317 Cardiac epithelial-to-mesenchymal transition 4.25 0.0143 

32648 Regulation of interferon-beta production 4.24 0.0144 

71356 Cellular response to tumor necrosis factor 4.08 0.0169 

71363 Cellular response to growth factor stimulus 4.02 0.0179 
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Appendix Table IV.4: GO enrichment table showing selected GO functions whose genes were 

differentially expressed between static and flow-exposed BT-474 cells, and with enrichment 

scores (ES) greater than 2.5. 

GO ID GO Function ES p-value 

5102 Receptor binding 8.62 0.0002 

9611 Response to wounding 8.17 0.0003 

32103 Positive regulation of response to external stimulus 6.20 0.0020 

8083 Growth factor activity 5.85 0.0029 

43410 Positive regulation of MAPK cascade 5.45 0.0043 

45295 Gamma-catenin binding 5.41 0.0045 

7166 Cell surface receptor signaling pathway 4.99 0.0068 

10627 Regulation of intracellular protein kinase cascade 4.93 0.0072 

10575 
Positive regulation vascular endothelial growth 

factor production 4.50 0.0111 

10647 Positive regulation of cell communication 4.18 0.0153 

1901184 Regulation of ERBB signaling pathway 4.15 0.0158 

10811 Positive regulation of cell-substrate adhesion 4.15 0.0158 

32731 Positive regulation of interleukin-1 beta production 4.13 0.0161 

42493 Response to drug 4.09 0.0168 

48869 Cellular developmental process 4.08 0.0169 

31012 Extracellular matrix 4.06 0.0173 

71356 Cellular response to tumor necrosis factor 4.03 0.0179 

2687 Positive regulation of leukocyte migration 3.98 0.0186 

5520 Insulin-like growth factor binding 3.97 0.0189 

30334 Regulation of cell migration 3.88 0.0207 

9967 Positive regulation of signal transduction 3.81 0.0222 

45785 Positive regulation of cell adhesion 3.74 0.0237 

71603 Endothelial cell-cell adhesion 3.68 0.0253 

90500 Endocardial cushion to mesenchymal transition 3.68 0.0253 

34678 Alpha8-beta1 integrin complex 3.68 0.0253 

5896 Interleukin-6 receptor complex 3.68 0.0253 

1901724 
Positive regulation of cell proliferation involved in 

kidney development 3.68 0.0253 

2000145 Regulation of cell motility 3.60 0.0274 

60684 Epithelial-mesenchymal cell signaling 2.85 0.0380 
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Appendix Table IV.5: Microarray gene expression data of several EMT-related genes between 

static and flow-exposed MDA-MB-231 cells 

Gene Geometric mean of intensities Fold change P-value 

Flow Static 

SNAI2 1257.26 503.33 2.50 0.0076034 

CDH1 13.37 14.54 -1.09 0.0626248 

FN1 1610.56 769.19 2.10 0.0002091 

PLAU 8479.83 3761.76 2.25 0.0000570 

PLAT 653.03 2504. 46 -3.84 0.0000066 

 

 

 

 

 

 

 

Appendix Figure IV.2: Box plots comparing FN1 (A) and (B) PLAU expression between normal 

volunteers and breast cancer patients during various stages of development. Expression data 

was obtained from TCGA (Synapse ID 1461151) and consisted of 104 healthy volunteers 

(normal), 63 stage 1, 440 stage 2, 155 stage 3 and 12 stage 4 breast cancer patients. The boxes 

show the median and the interquartile range, and the whiskers represent the minimum and 

maximum values in each category. 
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Appendix Figure IV.3: qPCR expression data for VIM, SNAI2 and CDH1 between static and flow-

exposed MDA-MB-231s (A) and HMECs (B). Asterisks indicate statistically significant gene 

expression between flow-stimulated and unstimulated cells (Fold change ≥ 2; p < 0.05). 

Duplicate wells were run for every sample. Beta-2-microglobulin was used as the reference 

gene. Data shown represent the means ± standard errors of the means of data from at least 3 

samples for each condition. 
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Section II: Supplementary Figures and Tables for Chapter V 

Appendix Table V.1. List of selected differentially expressed genes between static and flow-

stimulated breast cancer cells. Genes were selected based on their roles in enriching GO 

categories that promote metastatic progression of breast cancer and interactions with other genes 

in network analyses. Summary of functions were obtained from genecards.org (assessed on July 

22, 2014). 

Upregulated 
genes 

Summary of molecular function 

TNFRSF11B Protects cells against apoptosis by acting as a decoy for TNFSF10/TRAIL 

AHRR Regulation of cell growth and differentiation 

CAMK2G Affects cell survival, apoptosis and cytoskeletal re-organization 

STYK1 Induces tumor cell invasion and metastasis. Shows strong transforming 
capabilities on a variety of cell lines. 

EMR2 Cell surface receptor that promotes cell attachment and adhesion. 

HIPK3 Involved in transcriptional regulation of apoptosis 

TGFBI Induced by TGF-β. Encodes an RGD-containing protein that binds to type I, II and 
IV collagens and several integrins. Functions in modulating cell adhesion  

SERPINB8 Inhibits tumor suppression 

FZD5 Involved in intercellular transmission of polarity information during tissue 
morphogenesis and differentiation 

MEF2A Plays diverse roles in control of cell growth and apoptosis via p38 MAPK signaling 

DUSP3 Upregulated in breast cancer. Confers susceptibility to breast cancer through 
BRAC1 

PANX2 Member of the innexin family – the key structural components of gap junctions. 

TXNRD1 Involved in enhancing transcriptional activity of estrogen receptors alpha and/or 
beta. 

HMGA1 An architectural transcription factor involved in many cellular processes including 
regulation of inducible gene transcription and the metastatic progression of 
cancer cells. 

NUMBL Plays a role in neurogenesis 

RUNX1 Transcription factor involved in the development of normal hematopoiesis. 

SPHK1 Involved in cell growth, survival, differentiation and motility 

ITGA4 Dimerizes with either ITGB1 or ITGB7 subunits to participate in cell motility and 
migration.  

HMGA2 Acts as a transcriptional regulator. Overexpressed in several cancers.  

SOS1 Expressed by cells of epithelial origin and essential for invasive growth. 
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Downregulated 
genes 

Summary of molecular function 

OAS2 Roles in apoptosis, cell growth, differentiation and gene regulation 

GNG7 Modulator in transmembrane signaling systems 

TCTN1 Regulates diffusion of transmembrane proteins between plasma membranes 

LRRCC1 Provides major structural integrity of centrosomes during mitosis 

RAD51L1 Overexpression causes cell growth delay 

ACTA2 Gives mechanical support to cells and attaches them to each other and the ECM 

RBL2 Tumor suppressor 

SUDS3 Tumor suppressor  

PPM1A Represses TFG-β signaling through dephosphorylation of SMAD2 and SMAD3 

BRCA1 Acts as a tumor suppressor by maintaining genomic stability 

PDCD4 Tumor suppressor. Inhibits tumor promoter-induced neoplastic transformation 

 

CTCF A transcriptional regulator whose mutations have been associated with invasive 
breast cancers, prostate cancers 

S100P Involved in regulation of a number of cellular processes such as cell cycle 
progression and differentiation. Functions as a calcium sensor and may stimulate 
cell proliferation. 

FN1 Involved in cell adhesion and migration processes including embryogenesis, 
wound healing, blood coagulation, host defense, and metastasis. 

S100A14 Promotes cell proliferation and apoptosis by modulating levels of MMP2. 

PLAU Involved in degradation of the ECM. Promotes tumor cell migration and 
proliferation. 

SKP1 Regulates cell cycle progression and development 

TBX3 A transcriptional repressor involved in the regulation of developmental processes. 

IFRD1 Controls growth and differentiation of specific cell types during embryonic 
development 

S100A7 A calcium-binding protein that is overexpressed in several types of cancers. 

PMEPA1 Roles in cancer metastasis by affecting several events of the TGF-β signaling 
pathway 

SNAI2 Transcriptional repressor that represses E-cadherin transcription in breast 
carcinoma. Plays an essential role in TWIST and TGFB1-induced EMT. Promotes 
invasion and metastasis. 

PTPRK Stimulated by TGFB1 to regulate processes such as cell contact and adhesion such 
as growth control, tumor invasion and metastasis. 
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Appendix Figure V.1: Survival analysis of breast cancer patients based on relative expression 

of 35 remaining biomarkers. Kaplan-Meier curves of relapse-free survival times of breast 

cancer patients with lymph node positive status (n=945), stratified by relative expression level 

of each biomarker. The median value was used as the cut off for low and high expression. Data 

was obtained from http://kmplot.com/analysis. Statistical significance was determined by the 

log-rank test. 
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Appendix Figure V.2: Gene expression profiles of selected biomarkers in breast cancer patients. 
Box plots showing expression of 12 remaining biomarkers between healthy volunteers (normal) 
and patients with several stratifications of breast cancer. Expression data consisted of 104 healthy 
volunteers (normal), 317 luminal A, 93 luminal B, 26 HER2 and 81 basal patients. The boxes show 
the median and the interquartile range. The whiskers show the minimum and maximum gene 
expression values for each target. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Appendix Figure V.3: Determination of clinical cut points for identified biomarkers using Receiver 

Operating Characteristic (ROC) analysis. 
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Appendix Table V.2. Fold changes of HMGA2, RUNX1, TGFBI and SNAI2 in MDA-MB-231 cells 
that were cultured in the absence (no inhibitor) and presence of ILK inhibitor. Fold changes 
were calculated using the comparative cycle threshold method and normalized to expression in 
untreated static controls. Statistical significance threshold was set at fold changes greater than 
or less than 2.0 and p < 0.05. Duplicate wells were run for every sample. Beta-2-microglobulin 
was used as the reference gene.  

 

 

Smad2 and Smad3 siRNA optimization experiments 

To investigate involvement of Smad2 and Smad3 in transducing the mechanical 

stimulus from fluid flow to upregulate HMGA2, RUNX1, TGFBI and SNAI2 in breast cancer cells, 

Smad2 and Smad3 were knocked down using corresponding small interfering RNA (siRNA). 

Abolition of flow effects on expression of these genes were monitored after knock down 

experiments. First, several experiments were performed to optimize and validate effective 

knockdown by siRNAs. These included optimizing concentration of each siRNA, negative and 

endogenous positive controls and transfection efficiency experiments.  

a. Optimizing siRNA concentration 

To determine optimal siRNA concentrations required for effective Smad2 and Smad3 

knock downs, MDA-MB-231 cells were transfected with no siRNA, Control siRNA, 1, 5, 10, 25 

  

HMGA2 RUNX1 TGFBI SNAI2 
No 

inhibitor 
ILK 

inhibitor 
No 

inhibitor 
ILK 

inhibitor 
No 

inhibitor 
ILK 

inhibitor 
No 

inhibitor 
ILK 

inhibitor 

Unstimulated 
cells 1.0 0.4 1.0 0.7 1.0 0.7 1.0 1.5 

Flow-stimulated 
cells 2.8 1.7 2.3 1.6 4.7 6.4 2.2 4.9 
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and 50 nM Smad2 or Smad3 siRNA. RNA was harvested from the cells and used to quantify 

gene expression using PCR. These results, shown in Appendix Figure V.4, suggested a siRNA 

concentration of 25 nM would provide a strong knock down effect for both Smad2 and Smad3. 

At this concentration, expression of Smad2 and Smad3 were respectively knocked down by 91% 

and 86% using corresponding siRNAs, while also maintaining cell integrity (Appendix Table V.3). 

 

 

 

 

 

 

 

Appendix Figure V.4: Optimizing siRNA concentrations for Smad2 and Smad3 knockdown. 

Relative expression of Smad2 (A) and Smad3 (B) genes after transfections with no siRNA 

(untreated control), transfection agents only (without any siRNA), 0 (Control siRNA), 1, 5, 10, 25 

and 50 nM siRNA. Data shown represent the means ± standard errors of the means of data 

from at least 3 samples for each condition. Duplicate wells were run for every sample. B2M was 

used as the reference gene.  
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Appendix Table V.3: Calculation of percent knockdown of Smad2 and Smad3 in MDA-MB-231 

breast cancer cells. Relative expression of Smad2 and Smad3 were quantified in cells 

transfected with control siRNA or corresponding siRNA (25 nM). Data shown represents the 

mean from 3 samples for each condition. Gene expression was quantified using qPCR. Duplicate 

wells were run for every sample. B2M was used as the reference gene. 

 

  
  

Average relative expression 
% knockdown 

control siRNA siRNA (25 nM) 

Smad2 0.0248 0.0022 91 

Smad3 0.0549 0.0075 86 

 

b. Endogenous positive control experiments 

To determine whether or not the transfection reagents affected expression of Smad2 

or Smad3, endogenous positive control experiments were performed in which MDA-MB-231 

cells were treated with transfection media consisting all transfection reagents except the siRNA. 

Expression of Smad2 and Smad3 were quantified and compared to expression in non-

transfected cells. Appendix Figure VI.4 shows similar Smad2 and Smad3 mRNA levels in cells 

transfected with the reagents alone and in non-transfected cells, indicating that the 

transfection reagents had no effect on expression of both Smad2 and Smad3. 
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Appendix Figure V.5: Transfection efficiency of siRNA knock down. (A) Representative confocal 

microscopy images of MDA-MB-231 cells obtained 24 and 48 h post transfection with 25 nM of 

BLOCK-iT™ Alexa Fluor® Red Fluorescent Oligo Control. Images were obtained using a 40x 

objective on an Olympus FV1000 confocal microscope. (B) Percent transfection efficiencies at 

24 and 48 h post transfection with the Alexa Fluor® Red Fluorescent Oligo Control. Transfection 

efficiency was calculated as percent of cells with the oligo control per total number of cells in a 

particular microscope field. Each well was seeded with 200,000 cells. Cells in 3 random 

microscopic fields were counted for each group. The results presented are an average of 3 

random microscopic fields from 3 independent experiments. Data shown represent the means 

± standard errors of the means of data from 3 independent experiments. 
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c. siRNA negative control experiment 

To distinguish sequence-specific silencing from non-specific siRNA downstream effects, 

MDA-MB-231 cells were transfected with a siRNA negative control consisting of a scrambled 

sequence. Samples were analyzed similarly as in other transfection experiments. Appendix 

Figure VI.4 shows no significant differences in relative expression of Smad2 or Smad3 between 

cells transfected with control siRNA and non-transfected cells, indicating that silencing by 

Smad2 or Smad3 siRNA is specific, and any downstream effects to gene knockdown can be 

attributed to the specific silencing of the target genes.  

d. Transfection efficiency 

Finally, to determine efficiency of transfection experiments, MDA-MB-231 cells were 

transfected with BLOCK-iT™ Alexa Fluor® Red Fluorescent Control and extent of red dye uptake 

analyzed 24 and 48 h post transfection. This was done by individually counting cells that had a 

noticeable amount of positive red signal per total number of cells in a particular microscopic 

field. Appendix Figure VI.5 shows representative confocal microscopy images obtained 24 and 

48 h post transfection (A) and percent transfection efficiencies at each time point (B). These 

results indicate that for the MDA-MB-231 cells used in transfection experiments, siRNA uptake 

is achieved and maintained in more than 80% of cells by the time RNA is harvested from 

transfected cells following flow exposure (48 h).  
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Appendix Table V.4. Fold changes of HMGA2, RUNX1, TGFBI and SNAI2 in MDA-MB-231 cells 

transfected with control, Smad2 or Smad3 siRNA and stimulated with fluid flow for 20 h. 

Expression of Smad2 and Smad3 were respectively knocked down by 91% and 86% using 

corresponding siRNAs. Control siRNA (negative control) consisted of a scrambled sequence. 

Fold changes were calculated using the comparative cycle threshold method and normalized to 

expression in control siRNA samples. Statistical significance threshold was set at fold changes 

greater than or less than 2 and p < 0.05. Duplicate wells were run for every sample. Beta-2-

microglobulin was used as the reference gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

HMGA2 RUNX1 
control 
siRNA 

smad2 
siRNA 

smad3 
siRNA 

control 
siRNA 

smad2 
siRNA 

smad3 
siRNA 

Unstimulated 
cells 1.0 0.7 1.3 1.0 1.5 2.1 

Flow-stimulated 
cells 2.5 1.6 2.0 3.0 3.0 2.5 

  

TGFBI SNAI2 
control 
siRNA 

smad2 
siRNA 

smad3 
siRNA 

control 
siRNA 

smad2 
siRNA 

smad3 
siRNA 

Unstimulated 
cells 1.0 0.9 1.8 1.0 1.6 1.3 

Flow-stimulated 
cells 7.0 8.2 6.1 2.2 4.6 1.9 
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Appendix Figure V.6. Fold changes of HMGA2, RUNX1 and SNAI2 in MDA-MB-231 cells 

transfected with control or TGFBI siRNA and stimulated with fluid flow for 20 h. Expression of 

TGFBI was knocked down by 42%. Control siRNA (negative control) consisted of a scrambled 

sequence. Fold changes were calculated using the comparative cycle threshold method and 

normalized to expression in control siRNA samples. Statistical significance threshold was set at 

fold changes greater than or less than 2 and p < 0.05. Duplicate wells were run for every 

sample. Beta-2-microglobulin was used as the reference gene. Data shown represent the means 

± standard errors of the means of data from at least 3 samples for each condition. F stands for 

flow-exposed and S stands for unstimulated cells. 
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Appendix Figure V.7: Evaluation of CTCF, HMGA1 and TBX3 in RNA isolated from blood of 

breast cancer patients. Quantitative RT-PCR analysis showing relative expressions of HMGA2 

(A), RUNX1 (B), TGFBI (C) and ITGA4 (D) between 150 patients (circles) and 152 healthy 

volunteers (squares). PCR experiments were run in duplicates and GAPDH was used as the 

reference gene. Cut off values were identified from ROC analyses (p<0.0001, 95% confidence 

interval). Red lines indicate the cut point values for each target at 95% specificity. P values 

represent statistical significance in relative expression levels between breast cancer patients 

versus controls. Wilcoxon rank-sum tests were used to compute statistical significance for each 

biomarker. 
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Appendix Figure V.8: Protein-level expression of HMGA1 and HMGA2 in unstimulated and flow-

stimulated MDA-MB-231 breast cancer cells. HMGA1 was down-regulated upon flow 

stimulation (A and B) while HMGA2 was upregulated (C and D). B and D represent average 

normalized optical densities. No statistical significance (p = 0.186) was obtained for HMGA1, 

whereas relative expression of HMGA2 was statistically significant (p = 0.028).
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Appendix Figure VI.1: Second generation of the T3 qDx Breast Tumor Profile Test outperforms 

the first generation. Variation in HER2 CT between Calgary and Korean versions of the T3 qDx 

Breast Tumor Profile Test for true negative (A) and true positive (B) HER2 samples. The key 

difference between the Calgary and Korean versions of the kit was standardization of input cDNA 

concentration at 37.5 ng/well. Input cDNA concentration was determined by relative cell 

numbers in the Korean version. 

 

Identifying Best Reference Gene Combinations 

  To identify best reference gene combinations that yield the most specific and 

sensitive HER2 amplification results in breast FFPE tissues, HER2 relative expression was 

analyzed as described in Section III.3.3 and correlated to expression obtained from adding two 

stably expressed references genes (B2M and TFR). As shown in Appendix Table VII.1, the use of 

GAPDH as the lone reference gene yields the most sensitive and specific results in HER2 
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quantification. Use of B2M (individually or in combination with GAPDH) minimally increases 

specificity; however sensitivity of assay is greatly reduced.   

Appendix Table VI.1: Evaluating assay performance based on reference gene combination. 

Comparisons of GAPDH, B2M and TFR for use as reference genes (individually and in 

combination) for quantification of HER in FFPE breast cancer samples. 

 

 

 

 

 

 

 

Appendix Figure VI.2: Correlation of IHC/FISH data with digital PCR for 20 FFPE breast cancer 

samples. Digital PCR ratio is defined as ratio of HER2 to RNaseP. The 2 blue samples agreed 

with the solid tumor profile test that enough transcript was not present while the 1 red sample 

disagreed with the profile test. 

  GAPDH B2M 
GAPDH & 

B2M TFR 
GAPDH & 

TFR 
TFR & 
B2M 

GAPDH,B2M 
& TFR 

True positive 23 4 11 5 9 9 10 

False negative 3 17 10 16 12 12 11 

Sensitivity 88.5 19.0 52.4 23.8 42.9 42.9 47.6 

True negative 78 65 64 59 63 62 63 

False positive 3 0 1 6 2 3 2 

Specificity 96.3 100.0 98.5 90.8 96.9 95.4 96.9 


