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Abstract 

Breast cancer (BC) is the most commonly diagnosed and second greatest contributor to 

cancer deaths in women. Mortality is usually associated with the development of 

metastases with breast, like prostate cancer, having higher levels of bone metastases 

relative to other cancers. In fact 70% of terminal BC patients have bone lesions. Integrin 

α2β1, and specifically the α2 subunit (ITGA2), have altered expression in cancers, including 

BC, with implications in metastasis, angiogenesis, cell adhesion and survival. The integrin’s 

main function is ligation to collagens and laminin. Despite some regulatory pathways for 

ITGA2 being described, the contributions of these in BC progression are unclear, as are 

downstream pathways activated by ligation. ITGA2 has anti-metastatic effects in BC due to 

its promotion of adhesion in mammary gland epithelia. ITGA2 loss in BC metastases was 

hypothesised to promote motility while re-expression in bone may promote lesion 

formation and activate osteolytic/pro-invasive pathways. Furthermore there is emerging, 

albeit limited, evidence that ITGA2 is epigenetically regulated in cancer and it was 

hypothesised that this may be important in BC. To examine this hypothesis the expression of 

the ITGA2 gene and protein, as well as epigenetic modifications and transcription factor 

expression was investigated in BC cell lines representing different subtypes. 

ITGA2 expression correlated poorly with subtype; basal/metastatic lines MDA-MB-231 and 

MDA-MB-453 displayed high and low expression, whereas luminal/non-metastatic T-47D 

and MCF-7 also displayed comparably high and low expression respectively. Differential 

expression indicated that regulatory mechanisms affect ITGA2 expression within similar BC 

cell lines. Notably elevated ITGA2 mRNA and protein expression in MDA-MB-231 cells 

implied that highly metastatic BC cell lines that can be bone-seeking, do upregulate ITGA2 

relative to other metastatic cell lines. This may support implications of ITGA2 in metastatic 

regulation and bone lesion formation. Protein expression reflected mRNA expression, 

however with less pronounced differences. 

This study was the first to examine ITGA2 promoter methylation in BC. Previous studies in 

prostate cancer (PC) concluded that methylation of the CpG island within the ITGA2 gene 

promoter was capable of regulating its expression, with hypermethylation reducing ITGA2 

expression in PC tumours and hypomethylation elevating ITGA2 expression in normal 
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prostate and bone-seeking PC cell lines. In BC cell lines the promoter was hypomethylated 

with no correlation to cell line subtype or ITGA2 expression. This novel finding suggests that 

while BC and PC have some similarities in regards to ITGA2 expression they have 

fundamentally different means of regulating ITGA2 from an epigenetic standpoint. 

Interestingly MCF-7 cells with low ITGA2 expression relative to the literature did have a 

consistently methylated CpG site within a putative NF-κB recognition site. As NF-κB can 

upregulate ITGA2, this implies that blocking of NF-κB – ITGA2 promoter interaction by 

specific epigenetic marks, may downregulate ITGA2 in BC. Epigenetic post transcriptional 

regulation of ITGA2 by micro RNA has also been reported for BC, notably with miR-373-3p 

downregulating ITGA2 protein expression to promote metastasis. A large number of 

potential miRNA recognition sequences in the ITGA2 mRNA 3’UTR were identified and 

preparations for future quantitative analysis of specific miRNAs were made. 

A brief examination of transcription factors regulating ITGA2 gene expression was also 

conducted. The TWIST1 gene, associated with EMT, was elevated in luminal BC cell lines, 

contrary to the literature and suggesting that it has no regulatory effect on ITGA2 

expression. By contrast EGR-1 showed an inverse correlation to ITGA2 expression and thus 

possibly represses ITGA2 expression in BC. In other studies, androgens and transcription 

factors Sp1, SNAI1, AP-1/2 and EGR-3 have also been shown to regulate ITGA2. 

Overall this study supported ITGA2 downregulation as a mediator of BC metastasis and 

subsequent upregulation as a promoter of bone metastases. More importantly for the first 

time this study showed that ITGA2 is likely not regulated by promoter methylation in BC and 

its expression may instead be more dependent on regulation by miRNA or differential 

expression of transcription factors with expression varying greatly regardless of subtype. 

The data presented also suggest that select methylation may interrupt NF-κB interactions, 

with the ITGA2 promoter in luminal MCF-7 cells, indicating a novel cooperation of 

epigenetic regulation and transcription factors in BC. Additionally EGR-1 may downregulate 

ITGA2 in different basal and luminal BC cell lines. Overall a variety of distinct epigenetic and 

transcription factor regulatory pathways may contribute to ITGA2 expression changes in BC 

progression and metastasis and provide insight into both future research directions and BC 

therapies. 
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Chapter 1 

Introduction 

1.0 Incidence and mortality of breast cancer 

Breast cancer (BC) is the second greatest contributor to cancer deaths in women and while 

solid tumours confined to their point of origin are generally curable the metastasis of 

tumours causes most deaths associated to cancers (1). BC accounted for 23% of cancers in 

2008, making it the most prevalent cancer in females and second in cancer mortality to lung 

cancer (1). The global burden of BC varies from >80/100,000 – 30/100,000 in developed and 

developing countries respectively, better screening in developed countries being a 

significant contributor to the difference (2). BC mortality lies around 6-23/100,000 

accounting for 14% (458,400) of total cancer deaths in 2008, 60% of this occurred in 

developed countries (1, 2). Mortality is often associated with metastasis; in Australia 4.6-6% 

of localised BC and 16.7-19.7% of regional BC developed into metastatic BC in 5 years (3). 

Women aged below 50 years and with regional BC at diagnosis had greater risk of 

developing metastatic BC (3). 

1.1 Sub-types of breast cancer 

BC derives from mammary gland cells including breast stem cells and their descended basal 

and luminal cells, with contractile and milk producing functions respectively. Luminal cells 

are also hormone responsive with estrogen and progesterone receptors (ER and PR). 

Molecular subtypes include luminal A and B derived from luminal cells, with higher 

expression of hormone receptor and luminal epithelial genes (4). Basal-like and HER2 

(ERBB2)-overexpressing subtypes resemble basal cells in expression and lack hormone 

receptors (4). The basal subtype can be divided into Basal A with some epithelial features, 

and basal B with mesenchymal features (vimentin expression) (5). A normal breast-like 

subtype resembles adipose tissue (4). Basal-like and HER2-overexpressing subtypes 

generally have poorer clinical outcomes and increased metastasis (4). Histological forms of 

BC include ductal and lobular carcinomas (DC and LC) with either in situ or invasive variants. 

A wide range of human BC cell lines have been created with representative lines of main 

molecular subtypes derived from different histological origins with varying levels of 
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metastasis and receptor and integrin expression (5). An overview of the main types 

(including those used in this study) is given in Table 1.  

Throughout the sub-types of BC a group of cell surface molecules with emerging importance 

are the integrins. In particular the integrin α2β1 may be significant in human BC metastasis. 

This integrin’s role and regulation in BC will be the focus of this literature review, with its 

potential epigenetic regulation in BC being the ultimate topic of the forthcoming study. 
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Table 1.1 Relevant properties of human BC cell lines with known α2 integrin subunit 

expression. α2 related ligand affinity and receptors/markers are shown.  Table derived from 

Maemura et al. (1995), α2 expression levels are relative intensity from FACS using anti- α2 

mAB 12F1 antibody. Additional data from Chavez, Garimella and Lipkowitz (2010), and 

Lacroix and Leclercq (2004) (5, 6). 

BC cell 
line 

BC subtype α2  α2β1 
laminin 
binding 
* 

α2β1 Collagen I 
binding 

ER/
PR 

Metastasis/ 
Tumourigenicity 
(In nude mice) 

Epithelial/Mesenchy
mal 
markers 

E-Cad Vimentin 

MCF-7 Luminal A 40.6 +++ +++ +/+ -/+ + - 

T-47D Luminal A 53.4 ++ +++ +/+ -/+ + - 

ZR75-1 Luminal B 26.9 ± +++ +/+ -/+ + - 

MDA-MB 
468 

Basal A 12.4 ± +++ -/- -/+ + - 

SKBr-3 HER2 
(Basal-like) 

10.3 + ++ -/+ -/- - - 

BT474 Luminal B 7.3 ± +++ -/+ ?/+ + - 

MDA-MB 
453 

HER2 
(Basal-like 

83.5 - +++ -/- +**/- - - 

MDA-MB 
231 

Basal B 21.3 - ++ -/- +/+ - + 

MDA-MB 
436 

Basal B 8.0 - ++ -/- +/+ - + 

*The + and – nomenclature was derived from Maemura et al. (1995) and meant presence or 

absence. Intensity of binding was rated absent (-), to intense (+++). 

**Metastatic potential of MDA-MB-453 cells not noted by Maemura et al. (1995), however 

they are of metastatic origin (6). 
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1.2 The ITGA2 gene and α2β1 integrin 

The ITGA2 gene encodes the integrin protein subunit ITGA2 or α2 (CD49b), one of 18 α 

subunits that along with 8 different β subunits form 24 mammalian αβ integrin 

heterodimers (7). The α2 subunit only forms a heterodimer with β1, creating the α2β1 

integrin. These heterodimers are transmembrane and have extracellular ligand binding 

domains and cytoplasmic signal transducing domains. Extracellular domains bind to 

extracellular matrix components and facilitate cell signalling, adhesion, proliferation, 

intravasation, motility, differentiation and apoptosis (8). Integrin α2β1  is a collagen and 

laminin binding integrin, however it can also ligate to thrombospondin, E-cadherin and 

tenascin (7, 9). Both the α2 and β1 subunits are essential for ligation to ligands such as 

collagen I (10). Integrin-ligand binding mediates intracellular signalling including cytoskeletal 

changes via the intracellular domain of the ligand, likewise signals within cells can affect 

ligand affinity (7).  

1.3 Integrin expression is altered in breast cancer 

Multiple integrins are expressed on all cell subtypes within the mammary gland and have 

varying functions such as maintaining anchorage dependence and mediating temporal 

changes in response to sex hormones. Beta subunits β1 and β3-4 were found on 

myoepithelial cells (β3 weakly), while luminal cells displayed β1 and some β4 (11, 12). Alpha 

subunits α1-6, and αv were found on myoepithelial cells (α4-5 only weakly), while luminal 

cells weakly expressed α1-3, and α6 but strongly expressed αv (11, 12). Integrin α2 has more 

specific distributions within the gland (see 1.4). In human BC progression the alterations in 

integrins are not well understood with variation by cell sub-type. Neoplastic* myoepithelial 

cells can lose integrins α1-2, 4-5, and β3-4, while luminal cells have some reduction in 

integrin levels (11). Integrins α6, αv, β4, and αvβ3 could be overexpressed in some 

aggressive BCs (12, 13), with α6 showing increased expression in tumours from BC patients 

with poor outcomes including metastasis (14). Contrastingly decreased α2 was associated 

with BC progression and metastasis (see 1.5). Loss of integrins α1, α3, and β1 had little 

correlation with BC metastatic potential or survival (15).  

*Neoplastic meaning with abnormal excessive and uncoordinated growth to form benign/malignant 

tumours. 
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1.4 α2β1 function within the mammary gland 

Considering the alterations in integrin expression in BC, it is pertinent to discuss the 

functions of α2β1 within the mammary gland. The α2β1 ligand is expressed on various 

tissues including epithelial cells and platelets. It is important in mammary gland 

development with levels elevated in mammary gland epithelium compared to surrounding 

tissues (14). Interestingly α2-null mice had few expression changes in other integrins (α3, 

α5, α6, αv, β1, and β3-5) or matrix metallopeptidases (MMP2-3, 9, and 14), indicating low 

functional connection between α2β1 and other proteins associated with the extra cellular 

matrix (ECM). α2-null mice experienced delayed penetrance (in growth) of the mammary 

gland from increased apoptosis and decreased proliferation(8), thus α2 is likely needed for 

mammary gland development. Furthermore α2β1 is responsive to oestrogen within the 

gland as luminal faces of milk secreting acinar cells expressed elevated α2β1 that increased 

and decreased with pregnancy and lactation in mice, indicating importance in gland function 

(milk production) and estrogen receptor (ER) mediation (see 1.6) (16).  

1.5 Suppressive effect of integrin α2β1 on metastasis and intravasation in BC 

Integrin α2β1 likely has a suppressive effect on BC metastasis and progression, potentially 

dependent on anti-intravasative properties (14, 15, 17). Mammary epithelial cells and non-

metastatic BCs have elevated α2 subunit expression that is decreased in metastatic or 

poorly differentiated BC cells (14, 15). 

Maemura et al. (1995) found that human BC cell lines that were non-metastatic (MCF-7, T-

47D and ZR75-1), displayed elevated α2 similar to mammary epithelial cells. In metastatic 

human BC cell lines (MDA-MB-231, 435, and 436) the α2 level was reduced (see Table 1.) 

(10). Estrogen receptor status was also related to α2 level and metastatic potential (see 1.6). 

Martin and Jiang (2014) noted various context dependent trends for integrin α2 (and 7 

other integrins) in BC tissue samples over 10 years, however their findings mirrored those in 

cell lines. Earlier human BC tumours and associated vessels and ducts had elevated α2 

compared to background epithelia. The α2 expression increased slightly with tumour grade 

and was elevated in node-positive and ER positive tumours (see 1.6). Contrastingly tumours 

from patients with poor outcomes after 10 years (metastatic disease and death), had 

significant reductions in α2 (14). Ramirez et al. (2011) similarly found reduced α2β1 in 
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human BC was associated with lower survival in patients, increased metastasis and poorly 

differentiated tumours (15), and in an earlier study of 53 patients both primary breast 

tumours and lymph node metastasis had reduced ITGA2 gene expression (17). 

In a mouse BC model (MMTV-Neu) Ramirez et al. (2011) found α2-null mice had significantly 

increased metastases (often of greater size) compared to wild type (WT) mice with 

comparable primary tumour size, growth and apoptosis rates. Indeed α2-null mice showed 

little change in tumour proliferation. Considering how other integrin levels remained 

unchanged it was apparent that α2β1 likely suppressed metastasis (15). Importantly 

Ramirez et al. (2011) also found α2β1 suppressed intravasation. Blood collected from α2-

null mice had significantly elevated circulating tumour cells (CTCs) and increased ability to 

generate metastases indicating increased intravasation from primary tumours. Additionally 

CTCs were elevated compared to WT-mice at an earlier time implying that intravasation and 

dissemination occurred earlier in the absence of α2, and that α2 was important in early 

stages of metastatic progression in BC. Therefore the aforementioned anti-metastatic 

potential of α2β1 in human BC may be due, at least in part, to its ability to dampen 

intravasation of BC cells from primary tumours (15), the reduction of  α2 in BC progression 

may thus promote intravasation and metastasis (Figure 1B.).  
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 Figure 1.1 Roles of integrin α2β1 in breast cancer progression. (A) The mammary gland 

comprises luminal-epithelial cells along ducts and alveoli surrounded by myoepithelial 

(basal) cells; the former are ER+, the latter ER-. The ER of luminal cells upregulates α2β1 via 

ERG3. BC can retain luminal or basal traits. (B) α2β1 suppresses intravasation and thus 

reduces metastasis. (C) EMT promotes cell mobility and metastasis, metastatic BC cells 

display low α2β1. (D) BC preferentially metastasises to bone where excess Col I binding to 

α2β1 upregulates α2β1 and activate a FAK-p38MAPK-MMP13 path that degrades ECM to 

further osteolysis. Cytokines from tumours further osteolysis that in turn releases growth 

factors (GFs) to assist growth of the bone metastasis. (Figure generated by Tristan Verhoeff) 
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1.6 Estrogen receptor status mediates ITGA2 and α2β1 expression in BC 

Estrogen receptors are key regulators of mammary gland epithelial cells. There is evidence 

that expression of the ITGA2 gene and α2β1 integrin are upregulated by stimulation of 

estrogen receptor alpha (ERα or ER) found on mammary gland luminal cells but not basal 

cells (17, 18). Mouse luminal (acinar) cells displayed elevated α2β1 with increased estrogen 

in pregnancy and reduced α2β1 with estrogen loss in lactation. Importantly reduction of 

α2β1 in lactation was overridden by supplemented estrogen (16). This indicated that 

estrogen could modulate α2β1 expression in mammary epithelial cells. A potential pathway 

connecting ERα to α2β1 expression is the ERα-EGR3-NABb2 network, demonstrated in 

human BC cell line MCF-7, an adenocarcinoma (luminal A) line with ER+ status  (18) (Table 

1). ERα regulates the EGR3 transcription factor that controls ITGA2 gene expression, and 

NGFI-A binding protein 2 (NAB2) that downregulates EGR3 (and thus ITGA2) in a negative 

feedback loop (18) (Figure 1A.). It was found that stimulation of ERα (by 17β-estradiol) and 

NAB2 knockdown, upregulated ITGA2 expression (18). 

These findings were supported in BC cell lines, with ER+ cell lines having increased α2β1 and 

non-metastatic properties, ER- cell lines had reduced α2β1 and were metastatic (10). 

Furthermore in human BC patients Martin and Jiang (2014)  found those in good condition 

(little metastasis) after 10 years had elevated α2 expression in ER+ breast tumours (14). 

Generally ER+ tumours had almost double the α2 expression of ER- tumours (14). 

Conversely Sørlie et al. (2001) found basal BC subtypes, lacking ER and PR, had poorer 

survival compared to ER/PR+ luminal subtypes (4). Overall these results may imply that the 

ER mediation of α2β1 expression could in turn control the previously discussed anti-

metastatic and anti-intravasative properties that the integrin possesses (see 1.5). While this 

may imply ER+ BCs have better outcomes, earlier work by Coleman and Rubens (1987) also 

found the majority of bone metastases in BC patients were ER+ (see section 1.8 and 1.9) 

(19). 

Interestingly ER status affected the ability of α2β1 to ligate to laminin (10). In non-

metastatic ER/PR+ human BC cell lines anti-α2 Antibodies blocked laminin binding in cells 

with both higher α2β1 levels (MCF-7, T-47D) and decreased α2β1 (ZR75-1 and SKBr3), 

however in metastatic ER- cell lines with low α2β1 (MDA-MB-231, 435-6 and 453) the 
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antibody had little effect on laminin binding (10). The mechanism of altered α2β1-laminin 

binding with the ER status is unclear but could be relevant to metastasis as basement 

membranes contain laminins. 

1.7 Epithelial mesenchymal transition affects breast cancer metastasis, estrogen receptor 

and α2β1 expression 

A possible process relating BC metastasis as well as α2β1 and ER expression is epithelial 

mesenchymal transition (EMT). In EMT cells lose polarity and dependence on cell-cell and 

cell-ECM adhesion for greater motility by losing epithelial markers E-cadherin (E-cad), 

cytokeratins, and EpCAMs and gaining mesenchymal markers N-cadherin (N-cad), vimentin, 

and fibronectin as well as up-regulating transcription factors SNAI1, SNAI2 and TWIST1  (20) 

(Figure 1C.). Luminal human BC cells retain epithelial traits with apical-basal polarity and 

connection to neighbouring cells and basement membranes, whereas basal BC cells acquire 

mesenechymal traits.  

Metastatic cancer cells leave primary tumours as CTCs in which EMT has been indicated in 

BC. Yu et al. (2013) found human BC primary tumour cells displayed both epithelial and 

mesenchymal markers that progressed to CTCs mostly displaying only mesenchymal 

markers and EMT regulators (21).  In cancer metastasis EMT involves cell transformation 

from stationary epithelial to mesenchymal morphology to allow migration from primary 

tumours and invasion through basement membranes and epithelial layers. Loss of 

desmosome associated cytokeratins and upregulation of vimentin results in actin 

reorganization to form cell protrusions (invadopodia) and actin stress fibres that increase 

contractility (22). In combination with increased expression of matrix metallopeptidases 

(MMPs) that degrade ECM, these morphological changes improve migration and invasion.  

EMT also induces stem cell like properties in BC cells. Induced EMT formed mesenchymal-

like BC stem cells from BC cells and BC stem cells displayed EMT markers (23). Mesenchymal 

like BC stem cells are found near tumour invasive margins, are often triple negative 

(ER/PR/HER2-) and are associated with increased metastasis (20). Likewise in human BC cell 

lines ER and PR loss was associated with gain in mesenchymal markers (vimentin), loss of 

epithelial E-cad, increased metastatic potential and importantly reduced α2β1 expression 

(Table 1.) (10). Due to its aforementioned regulation by the ER, the loss of the ER in EMT 
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may have caused the α2β1 reduction, however any mechanism linking this is unresolved. 

The loss of E-cad in EMT and BC metastasis, another α2β1 ligand with anti-metastatic 

properties, may also be related to α2β1 or ER loss, but this is uncertain (9, 14, 21, 24).  

1.8 α2β1-collagen I ligation in breast cancer bone metastasis upregulates α2β1 expression 

and pro-invasive pathways 

Decreased α2β1 in metastatic human BC cell lines may imply lower collagen I (Col I) binding, 

however around 70% of terminal BC patients displayed bone metastases (19). In fact BC and 

prostate cancer (PC) have higher instances of bone metastases than cancers from other 

organs, and bone was the most abundant site of relapse metastasis in BC patients (13, 19). 

Interestingly around 80% of human BC bone metastases were ER+ (19), considering the 

regulation of the ITGA2 gene by the ER this may imply a connection between α2β1 and BC 

bone metastasis. 

Despite its low expression, α2β1 was able to mediate Col I attachment even at its low levels 

in metastatic BC with α2β1-Col I ligation possibly being independent of α2β1 expression 

levels (10, 14, 25). Good Col I binding (blocked by anti-α2 antibodies) occurred in non-

metastatic human BC cell lines with elevated (normal) α2, and metastatic human BC cell 

lines with low α2 (10) (cell lines listed in Table 1.). Importantly α2β1-Col I ligation in the 

bone microenvironment could upregulate α2β1 as Col I is the most abundant protein within 

bone. In mice intravenous metastatic MDA-MB-231 BC cells, usually with low α2 (10),  

preferentially formed bone metastases in the marrow of fibula and tibia ends with high 

expression of α2, α1, β1, and matrix metallopeptidase 13 (MMP13) (25). This implied that 

α2β1-Col I ligation in the bone upregulated the α2 integrin expression. Further testing of 

MDA-MB-231 cells on Col I media found α2β1-Col I ligation stimulated focal adhesion kinase 

(FAK) and p38 mitogen-activated protein kinases (p38MAPK) to induce MMP13 that 

furthered osteolysis and bone invasion (Figure 1D.). Antibody blocking of α2 (and α1) and 

FAK/p38K inhibitors indicated α2 was necessary for FAK-p38MAPK-MMP13 activity (25). 

Overall metastatic BC cells have reduced α2β1 that promotes intravasation and metastasis, 

however reduced α2β1 still permits Col I binding in the bone microenvironment promoting 

adhesion and preferential bone metastasis (10, 15, 25). High levels of Col I in the bone 

potentially upregulates α2β1 with α2β1-Col I ligation activating FAK and MMP13 that assists 



 

11 
 

osteolytic bone invasion by clearing collagen rich osteoids (13, 25). Bone destruction in the 

metastases involves the metastasized BC cells triggering osteoclastogenesis within the 

marrow, by simulation of osteoclast progenitors with various secreted cytokines and 

indirectly triggering osteoblasts to secrete RANKL and M-CSF (13). Bone degradation 

releases growth factors (TGF, BMP, FGF, and PDGFs) that further metastatic development 

(13) (Figure 1D.). 

In contrast Martin and Jiang (2014) found α2 remained significantly decreased in human BC 

bone metastases compared to normal mammary gland tissues (14). Regulation of α2 in 

bone metastasising BC may be variable between mouse models and humans; however 

studies of changes in α2 expression within human BC bone metastasis are limited. Other 

integrins, α1β1, αvβ3 and αvβ5, also mediated bone metastasis in BC cells. In MDA-MB-231 

cells bone sialoprotein stimulated migration by αvβ3 and adhesion by αvβ5 (26, 27). α2β1 

may act in combination with other integrins to promote bone metastasis in human BC. 

1.9 Elevated α2β1 expression in bone metastases is mirrored in prostate cancer 

Like BC, PCs also have high incidences of bone metastases, around 90% of metastases were 

in bone in PC autopsies(28). α2β1 expression in skeletal metastases was higher than in 

primary PC lesions or soft tissue metastases (similar to normal prostate tissue) (29). ITGA2 

knockdown in PC cell lines inhibited Col I migration and injection of α2-overepressing PC cell 

lines induced significantly higher bone metastases in mice compared to α2 knockdown cells 

without affecting PC growth rates (29). Overall α2β1 expression facilitated PC preferential 

migration to bone and was upregulated within the bone microenvironment, possibly 

mirroring the α2β1 expression changes in BC bone metastases. However in PC, α2β1-Col I 

ligation activated a different pro-invasive pathway from BC bone metastases, involving RhoC 

GTPase activation that mediated bone invasion, with α2β1 blocking inhibiting migration, 

invasion and RhoC activation (30). 

1.10 α2β1 - Metastatic and angiogenic potential in other cancers 

Contrastingly to BC, in other cancers increased ITGA2 and α2β1 expression was associated 

with enhanced metastasis and poor patient survival (31-33). Despite similarities between BC 

and PC in terms of α2β1 expression in bone metastases, the integrin may have a pro-
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metastatic role in PC in contrast to its anti-metastatic potential in human BC. ITGA2 had 

elevated expression in PC tissue samples and cell lines (31), and ITGA2 knockdown 

significantly reduced cell migration suggesting the α2β1 integrin was important for PC 

metastasis (31). Human colorectal cancer cell lines also showed increased α2, α6 and β4 

expression, and blocking these integrins reduced extravasation and migration (33). Similarly 

elevated ITGA2 in pancreatic ductal carcinoma samples was associated with poor patient 

survival (32). Finally while α2β1 suppressed angiogenesis in melanoma cells by 

downregulating vascular endothelial growth factor receptor 1 (34, 35), it may have little 

angiogenic effect in BC (15). 

Although ITGA2 gene expression is clearly altered in cancers, and specifically BC metastasis, 

the contribution of different receptor based pathways, transcriptional or epigenetic 

mechanisms to this altered expression are not well understood. 
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1.11 Epigenetic regulation of gene expression 

The altered expression of ITGA2 and the encoded α2β1 integrin in cancer may at least in 

part be a result of epigenetic changes to the gene. Epigenetic regulation constitutes 

heritable changes effecting gene expression without altering the DNA sequence (36). 

Epigenetic changes have been demonstrated extensively in cancers and there is great 

interest in determining epigenetic causes of aberrant gene expression in cancers as many 

such mechanisms are reversible. Indeed targeted therapies for epigenetic alterations are 

already part of some chemotherapy procedures. Epigenetic mechanisms generally comprise 

histone modifications, DNA methylation and noncoding RNAs. These mechanisms cross-

interact and influence higher order chromatin structures that affect transcription. 

Nucleosome histone proteins (H2A, H2B, H3 and H4) can undergo N-terminal chemical 

modifications that disrupt DNA interactions and recruit chromatin remodelling complexes 

(CRCs). These promote transcriptionally active euchromatin or compact and repressed 

heterochromatin. Histone acetyltransferases (HATs) and histone methyl-transferases 

(HMTs) form acetyl H3/H4lys or H3K4me that promote transcription, and H3K9me3 

/H3K27me3 that decrease transcription (36). Heterochromatin protein 1 (HP1) and 

polycomb repressive complexes (PRC2) recognise and propagate H3K9me3 and H3K27me3 

respectively, HP1 also structurally maintains heterochromatin. PRCs associate with DNA 

methylation, and recruit histone deacetylases (HDACs) and DNA methyltransferases 

(DNMTs) (36, 37), allowing heterochromatin spread (Figure 2B.). 

DNA methylation is one of the better understood epigenetic mechanisms and involves 

conversion of cytosine to 5-methyl-cytosine (5mC) in CpG dinucleotides by DNMTs (36). The 

5’ regions of genes often contain CpG islands in or near promoter and enhancer elements. 

CpG islands comprise regions of at least 500bp, GC content of at least 55%, and an observed 

to expected CpG ratio of 0.65 (38) (Figure 2A). Promoter and enhancer hypermethylation 

generally represses gene expression by blocking transcription factor binding or recruiting 

5mC binding proteins that associate with HDACs and CRCs/PRCs to promote 

heterochromatin formation (Figure 2C.). 

Noncoding RNAs include microRNAs (miRNA) and long noncoding RNAs (lncRNA). Double 

stranded miRNA is incorporated as a single strand in RNA-induced silencing complexes 
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(RISCs). miRNA-RISC complexes interact with mRNA with low complementarity binding in 

the 3’UTR resulting in translational repression and high complementarity binding in the ORF 

resulting in mRNA cleavage (39) (Figure 2C). Numerous miRNA’s can target single mRNA 

transcripts and can act like oncogenes or tumour suppressors (17, 39-41). Several LncRNAs 

promote or maintain heterochromatin, such as XIST in the X-chromosome and TERRA at 

telomeric heterochromatin (42, 43). 
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Figure 1.2 Epigenetic mechanisms of gene regulation. (A) Cytidine in CpG islands can be 

converted to 5mC by DNMTs. (B) Histone Acetylation and H3K4me promote transcriptionally 

active euchromatin, while Me-GpG favours histone modifications H3K9me3 and K3K27me3 

that propagate repressive heterochromatin via further HMTs, DNMTs and HDACs (pink line 

represents DNA). (C) Overall me-CpG can block transcription factor binding and promote 

heterochromatin spread within boundary elements that blocks transcription, miRNAs can 

interfere with mRNA translation.  (Figure generated by Tristan Verhoeff) 
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1.12 Epigenetic changes in DNA methylation occur in cancer 

Aberrant epigenetic changes including global hypomethylation in combination with gene 

specific CpG island hypermethylation, occurs in many cancers including human BC and 

colorectal cancer (44, 45). Hyper- and hypomethylation are likely independent and vary 

depending on tumour stage and type (44). Global hypomethylation may induce 

genetic/chromosomal instability including aneuploidy, specific gene expression increases, 

and loss of heterozygosity to promote defective tumour suppressor genes (TSGs) (46-50). 

Gene specific hypermethylation at promoters leads to specific gene silencing (51-53). 

Atypical activity of DNA methylation mediators are also implicated in cancers, for example 

BC patients had elevated DNMT1, 3a and 3b (54), that promoted aberrant DNA methylation.  

1.13 CpG island methylation patterns in breast cancer 

Aberrant DNA methylation has been found in human BC. Genome wide analysis of BCs 

found 2033 areas hypermethylated in a cancer specific manner, usually at the transcription 

start site (TSS) or promoter CpG islands (45). Promoter CpG Island hypermethylation of TSGs 

RARβ and RASF1A (51), and genes of cell cycle regulators like Cyclin D2, are possible early 

events in BC tumorigenesis (52). HIN1 gene hypermethylation promoted BC invasion and 

metastasis (53). Hypomethylation has also been implicated in human BC with Novak et al. 

(2008) finding 1473 cancer specific hypomethylated regions in BC samples (45). Promoter 

CpG Island hypomethlation of genes for pro-metastatic PLAU and BCSGI, pro-invasive P-cad, 

and endonuclease (FEN1) have all been linked to BC progression (47-50).  

ERα and downstream targets, possibly including ITGA2, can also experience promoter 

hypermethylation in BC. Considering that ERα regulates ITGA2 in mammary gland epithelia 

(18), and that poor BC prognoses and metastasis are associated with reduced ER, PR and 

ITGA2 expression (see 1.5 and 1.6)(4, 10, 14, 15), this may be significant. ERα gene promoter 

hypermethylation was associated with both ER- and PR- status (55, 56). Furthermore 

disruption of ERα signalling in BC cells induced HDACs/PRCs to methylate and stably silence 

the PR promoter (57), indicating that hypermethylation of the ERα gene may induce 

methylation of downstream targets such as the PR. Considering that the ITGA2 gene is a 

downstream target of ERα the combined loss of ERα and ITGA2 in metastatic BC cell lines 
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may be due to combined promoter hypermethylation, however no studies have examined 

this to date.  

1.14 CpG methylation of ITGA2 in cancer 

Surprisingly ITGA2 methylation has not been reported in BC despite the marked changes in 

α2β1 integrin expression being likely points of interest for epigenetic control. However in 

prostate and pancreatic cancers the ITGA2 gene promoter can be hypomethylated to induce 

increased expression. The ITGA2 promoter contains a CpG island of 46 CpG sites within a 

600bp region upstream of the TSS (31). This CpG island was hypomethylated in both PC 

tissue and PC cell lines (more so in PC3 and less in 22Rv1 and LNCaP cell lines respectively). 

In PC3 cell lines the ITGA2 promoter was hypomethylated with no consistent methylation on 

any CpG sites, and these cell lines had significantly elevated ITGA2 expression. Both LNCaP 

and 22Rv1 PC cells had extensive promoter methylation and reduced ITGA2 expression 

relative to PC3 cells. Interestingly however methylation at more distal sites of the promoter 

(further from the TIS) in LNCaP cells correlated with significantly greater ITGA2 reduction 

compared to the more proximal methylation sites of 22Rv1 cells. Additionally treatment of 

the LNCaP cells with azacytidine and trichostatin A reduced promoter methylation and 

increased ITGA2 expression (see 1.15). The elevated ITGA2 expression (particularly in PC3 

cells) increased metastatic potential in a manner consistent with the previously discussed 

pro-metastatic effects of α2β1 in PC (31). Furthermore a genome wide DNA-methylation 

study of pancreatic ductal adenocarcinomas also found the ITGA2 promoter CpG island to 

be hypomethylated. Similarly to PC, increased ITGA2 expression was associated with poor 

patient survival (32). Generally ITGA2 promoter methylation can control ITGA2 expression 

and therefore influence metastasis in different cancers. Downregulation of α2β1 associated 

with increased metastasis in BC may therefore be linked with hypermethylation of the 

ITGA2 promoter and this warrants further investigation. 

1.15 Epigenetic changes as therapeutic targets 

Unlike genetic changes, epigenetic alterations are potentially reversible, and as such 

changes are implicated in cancers a large number of pharmacological reagents have been 

developed to counteract them with some already accepted chemotherapy drugs. These 
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reagents are generally DNMT and HDAC inhibitors (DNMTi and HDACi) that counteract gene 

silencing. 

DNMTis such as 5-aza-2’-deoxycytidine (AZA) de-methylate DNA during replication by 

substituting cytidine and subsequently competitively inhibiting DNMT maintenance 

methylase activity (36). DNMTis can restore expression of genes in cancer suppressed by 

hypermethylation. For example in human BC expression of the invasion suppressor SYK was 

restored by AZA reversing promoter hypermethylation (58). Interestingly in BC cell lines AZA 

and natural compounds epigallocatechin-3-gallate and genistein reversed promoter 

hypermethylation of human BC associated genes including ERα and cyclin D2 genes. These 

agents also reduced transcription of DNMTs (54). HDACs are also therapeutic targets with 

HDACis such as trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA) and FK228 

developed, with phase I and II trials having been conducted for SAHA and FK228 in PC (36), 

while a combined TSA and SAHA phase II trial in hormone therapy resistant BC patients 

showed some promise(59).  

Notably in PC LNCaP cells that had high methylation at the ITGA2 promoter CpG island, a 

combination of AZA and TSA induced elevated expression of ITGA2 (31). Since ITGA2 

suppression is associated with BC metastasis, potential hypermethylation of its promoter 

may likewise be a potential therapeutic target for AZA and TSA in specific human BCs. 

However the understanding of BC specific ITGA2 promoter methylation patterns that would 

provide the rationale for such therapies is currently lacking. 

1.16 Epigenetic regulation of ITGA2 by micro RNA-373 in human breast cancer 

Certain microRNAs are currently known to regulate the ITGA2 gene in BC. MicroRNAs have 

varying roles in cancer progression. Some suppress angiogenesis, invasion and metastasis 

(40), while others promote invasion and metastasis, including miR-10b, miR-373, and miR-

520c in human BC alone (17, 41, 60). MiR-373 can downregulate ITGA2 in BC by binding the 

mRNA-3’UTR (17). Both miR-373 and miR-520c had elevated expression in human BC 

primary tumours and lymph node metastases, and promoted tumour invasion and 

metastasis by possibly downregulating CD44 and α2 (ITGA2 protein) (17, 41). Integrin α2 

was reduced in BC primary tumours but especially in lymph node metastases (17). 

Specifically BC metastases showed high miR-373 with low α2 (17, 41). Furthermore 
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overexpression and inhibition of MiR-373 in metastatic BC cell lines (MDA-MB-231/468), 

showed reduced and increased α2 expression respectively, while having little effect on 

ITGA2 mRNA levels, implying ITGA2 translational repression (17). MiR-373 and MiR-520c 

stimulated BC cell migration (41), as did both overexpression of miR-373 and knockdown of 

ITGA2, by impairing cell-cell adhesion and depolymerizing stress fibre F-actin (17). 

Interestingly increased miR-373  didn’t encourage tissue invasion (17). MiR-373 is one of the 

only researched effectors of ITGA2 epigenetic regulation in human BC at this time. Currently 

microRNAs as therapeutic targets in BC haven’t been investigated.   
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1.17 Hypothesis and aims of this study 

The development of tumours and metastasis is complex with multiple steps including 

interactions with neighbouring cells, ECM and basement membranes. Many of these 

processes involve adhesion molecules including integrins. The ITGA2 gene, and the α2β1 

integrin it contributes to, has many roles in various cancers. Notably in human BC α2β1 has 

anti-metastatic and anti-intravasative properties and triggers pro-invasive pathways in bone 

metastases. ITGA2 can be regulated by ERα in the mammary gland. Epigenetic regulation of 

key genes in BC such as ITGA2 is potentially reversible, and therefore intervention using 

epigenetic modifiers is of great interest. In human BC microRNA-373 can downregulate 

ITGA2, but other important epigenetic changes such as promoter methylation of ITGA2 

hasn’t been reported despite the presence of a large CpG island in the ITGA2 promoter 

which can be hypomethylated in PC. The decreased ITGA2 and α2β1 expression in 

metastatic human BC could therefore relate to hypermethylation of its promoter CpG 

island. Understanding epigenetic mechanisms in cancer has improved chemotherapy 

treatments. Considering the emerging role of α2β1 and other integrins in BC metastasis, an 

improved understanding of its epigenetic control in BC could allow the development of 

targeted therapies. 

It is hypothesised that altered methylation patterns in the ITGA2 promoter occur that 

correlate to ITGA2 and α2 expression levels in BC, including hypermethylation with ITGA2 

downregulation. This could explain the α2β1 downregulation in BC progression and 

metastasis. This study aims to map patterns of methylation within the ITGA2 promoter and 

determine their effect and correlation with ITGA2 gene and α2β1 integrin expression in BC 

cell lines. The specific hypothesis of the study can be summarised as: 

Epigenetic changes, in the form of CpG methylation, will be found in the ITGA2 promoter 

CpG island of BC cell lines that correlate to ITGA2 gene and α2β1 integrin expression levels. 

This study will attempt to test if ITGA2 promoter methylation effects its expression in BC cell 

lines. To test the hypothesis the first aim will investigate expression levels of both ITGA2 and 

α2β1 across BC cell lines and potentially tissue samples. The second aim will investigate the 

methylation of the ITGA2 promoter CpG island in the same cell lines, changes in methylation 

will then be compared to the ITGA2 and α2β1 expression levels. 
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Aim1: To investigate the expression level of ITGA2 in four different BC cell lines (MDA-MB-

231, 453, T-47D, and MCF-7) representing different BC types. MCF-7 and T-47D are non-

metastatic cells of luminal A subtype (ER+) and have elevated α2β1 comparable to 

mammary epithelial cells(10). MDA-MB-231/453 are basal subtypes (ER-), both are 

metastatic  with reported low and high α2β1 expression respectively (10). For the cell lines 

RT-qPCR will be used for comparing ITGA2 gene expression levels, while 

immunohistochemistry will allow comparison of α2β1 integrin expression levels. 

Additionally if BC tissue samples are available further α2β1 Immunohistochemistry will be 

conducted and compared to the tumour type and progression. This should allow 

comparison of the ITGA2 and α2β1 expression levels of BC cells with different properties (ER 

status and metastatic potential), to ITGA2 promoter methylation patterns, something not 

previously studied in human BC. 

Aim2: To investigate the methylation of the CpG island within the ITGA2 gene promoter, and 

correlation with ITGA2 expression, in BC cell lines. Hyper- and hypo-methylation of the CpG 

sites in the promoter would be expected to be associated with down- and upregulation 

respectively. This will be investigated by amplifying the genomic DNA containing the gene 

promoter and performing bisulphite sequencing. This will be completed for BC cell lines 

MDA-MB-231 and MDA-MB-453 known to have very low and high α2β1 expression 

respectively. This should at least partially address the absence of any previous studies on 

ITGA2 methylation in BC and therefore give insight into how ITGA2 is regulated 

epigenetically in BC. This will be compared to ITGA2 expression and metastatic potential in 

the respective BC cell lines noted in the first aim, and allow comparison to other cancers 

where ITGA2 is known to be regulated by promoter methylation. 
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Chapter 2 

Methods 

2.1 Cell culturing 

Four BC cell lines, obtained from the American Type Culture Collection (ATCC, USA), were 

retrieved from storage under liquid nitrogen and thawed for culture. See Appendix for 

preparation of culturing media and other solutions (A1.1-1.2). The BC cell lines MDA-MB-

231 and MDA-MB-453 were cultured in L15 Media (10% Fetal bovine serum, and 2% 

penicillin/streptomycin). Cells were maintained in 25cm2 cell culture flasks and sub-cultured 

into 75cm2 flasks to obtain cell pellets for experimental analysis. Cells were incubated at 

37°C with atmospheric (0.04%) CO2. Cells were sub-cultured for maintenance on 3-4 day 

intervals once they reached 80% confluence. For 25cm2 flasks this involved aspirating, 

washing (5mL PBS), aspirating, adding 0.05% trypsin (5 mL), incubating (2-3 minutes), 

neutralizing with media (5 mL), centrifuging (500g, 5 min), aspirating the pellet, 

resuspending in media (3 or 4 mL), and transferring 1mL of resuspended cells to a new 

25cm2 flask (when 2-3 mL were transferred to 75cm2 flasks, earlier volumes, except final re-

suspension, were  doubled). 

The BC cell line, T-47D, was cultured in RPMI Media 1640 (Gibco) (2.0 g NaHCO3 per 1L, 10% 

Fetal bovine serum, and 2% penicillin/streptomycin). Finally, the BC MCF-7 cell line was 

cultured in Minimum Essential Medium Eagle (M0268, SIGMA-ALDRICH) (2.2 g NaHCO3 per 

1L, 10% Fetal bovine serum, and 2% penicillin/streptomycin). Cell maintenance and pelleting 

for T-47D and MCF-7 cells was as for the MDA-MB-231 and MDA-MB-453 cells, however 

incubation was in 5% CO2. 

To collect cell pellets from the 75cm2 flasks, cells were resuspended in 3mL of media, and 

1mL was transferred to each of 3 eppendorf tubes, centrifuged, aspirated, placed in liquid 

N2 and frozen at -80°C for RNA or gDNA extraction. Three biological replicate sets of cell 

pellets were harvested for each cell line over several weeks. 
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2.2 5-aza-2-deoxycytidine treatment of MDA-MB-453 cells 

MDA-MB-453 cells cultured in 75cm2 flasks as before were treated with 5-aza-2-

deoxycytidine (AzaC) and vehicle (water). Upon reaching 60% confluence (day 0) media was 

aspirated, and replaced with fresh media (20 mL) and AzaC (0.5 µL, 5mg/mL) or water. This 

process was repeated three days later. On the fifth day cell pellets were harvested.   

2.3 RNA isolation 

For gene expression analysis, RNA was extracted from cell pellets (at least three biological 

replicate time points per cell line). RNA extraction was conducted with the RNeasy® Mini Kit 

(QIAGEN) according to manufacturer’s instructions, however β-Mercaptoethanol was added 

to Buffer RLT (10 µL per 1 mL of Buffer RLT) after the required amount of Buffer was 

removed to a separate Eppendorf tube. Additionally RNA was eluted in 30 µL. Following 

elution, sample concentration was analysed with an aliquot (2 µL) using a NanoDrop 8000 

spectrophotometer (Thermo Scientific). 

2.3.1 RNA to cDNA conversion 

RNA samples were converted to complementary DNA (cDNA) as per the manufacturer’s 

instructions for the iScriptTM Reverse Transcription Supermix kit (Bio-Rad). Each sample used 

iScript RT Supermix (4.0 µL), 500ng of RNA template (volume calculated from 

concentration), and nuclease free water for a total volume of 20 µL. A Veriti 96 well thermal 

cycler (Life Technologies) was used with the thermal cycle conditions, 25°C (5 min), 46°C (20 

min) and 95°C (1 min). The instrument cover temperature was set at 105°C (this was the 

same with all amplifications performed on the Veriti cycler unless otherwise stated). 

Samples (2 µL) were analysed on a NanoDrop 8000 spectrophotometer and diluted to 

50ng/µL. 

 

2.3.2 qPCR analysis of gene expression 

Quantitative PCR was conducted with aforementioned cDNA samples for target genes 

(initially ITGA2) with the reference gene GAPDH being analysed in parallel on all occasions. 

Primer sequences and amplicon sizes are given in Table 2.1. For all samples and controls 

amplification was conducted in triplicate using 2x SensiFASTTM SYBR® No-Rox (Bioline, UK) 
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(5.0 µL), forward and reverse primers at 10 µM (0.3 µL each), cDNA template at 50 ng/µL (or 

water for no template control samples), and nuclease free water (3.4 µL) for a total volume 

of 10 µL. The cDNA was added last after distribution of master mix. 

Quantitative PCR was conducted on a Rotor-Gene 6000 Real-time PCR cycler (Corbett 

Research/QIAGEN) with the thermal cycle having an initial incubation at 95°C (3 min), 

followed by amplification with 40 cycles of 95°C (10 sec), 60°C (10 sec), 72°C (20 sec), 

before a final extension at 72°C (3 min).  

To ensure the PCR was specific and contained a single product a melt analysis was 

conducted immediately after the final extension step. This ran from 60 – 95°C (0.5°C per 5 

sec step). Initial analysis and exporting of data used the Rotor-Gene 6000 Series Software 

1.7 (Build 40) associated with the Rotor-Gene 6000; additionally the threshold for Ct values 

was set at 0.05. An example of the data generated is shown in Appendix 2. 

Averaged Ct values were intersected with standard curve linear equations to calculate gene 

cDNA copy numbers. Target gene copy number divided by square root of geometric mean of 

GAPDH copy number gave the absolute target gene copy number. The geometric mean of 

absolute copy number of the target gene was used its expression. 

 

Table 2.1 qPCR primer sequences used for quantifying gene expression 
 
Primer Sequence Amplicon size (bp) 

hGAPDH Forward 5’ – AAATATGATGACATCAAGAAGG – 3’ 67 * 

hGAPDH Reverse 5’ – AGCCCAGGATGCCCTTGAGGG – 3’ 

ITGA2 Forward 5’ – CTCACCAGGAACATGGGAAC – 3’ 99 * 

ITGA2 Reverse 5’ - GTCAGAACACACACCCGTTG – 3’ 

ESR1 Forward 5'-GCACCCTGAAGTCTCTGGAA-3' 470** 

ESR1 Reverse 5'-TGGCTAAAGTGGTGCATGAT-3' 

TWIST1 Forward 5’-GAGAGATGATGCAGGACGTG-3’ 72 

TWIST1 Reverse 5’-CTTCCTCGCTGTTGCTCAG-3’ 

EGR-1A Forward 5’-CTCTTAGGTCAGATGGAGGTTCTC-3’ 225 

EGR-1A Reverse 5’-GGCATATGATGGAGATGATACTGA-3’ 

*Chin (2014) – PhD Thesis 

**Jhaveri and Morrow (2014) 
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2.3.3 Generation of standard curves 

So that the absolute expression of genes could be calculated from qPCR results, standard 

curves were generated for genes ITGA2, ESR1, TWIST1, EGR-1 and GAPDH (reference gene). 

For this process cDNA from MDA-MB-231 cells was used for ITGA2 and GAPDH genes as 

these cells express ITGA2 well, whereas MCF-7 cell cDNA was used for ESR1 gene 

preparation as these cells were known to be ER positive (cDNA from these cell lines was 

already extracted and hence available due to its use in qPCR, Section 2.3 – 2.3.1). Using 

cDNA qPCR was performed in triplicate for the genes (as per Section 2.3.2), the entire qPCR 

product volumes were electrophoresed on 2% agarose gel (Appendix 1, A1.4),  and the 

triplicate gel bands were excised, pooled and used for DNA extraction with the QIAquick® 

Gel Extraction Kit (QIAGEN). Product concentrations were assessed using aliquots (2 µL) on a 

NanoDrop 8000 spectrophotometer and copies per µL were calculated according to the 

following formula: 

 

Using this product a dilution was made for each gene to 1.0x1011 copies/µL (1.0x1010 c/µL 

for ESR1), and serial dilutions were made down to 1.0x103 copies/µL. The last six dilutions 

were used for qPCR in triplicate (as per Section 2.3.2), a standard curve for each was 

generated in EXCEL with average Ct (y-axis) versus Log10 (copy number) (x-axis). The linear 

line-of-best-fit equations for each gene were used to obtain absolute gene expression in 

later qPCR (Section 2.3.2). 
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2.4 Genomic DNA extraction 

To determine promoter methylation in BC cell lines, genomic DNA (gDNA) was extracted 

from cell pellets (3 cell pellet from different sub-cultures of each cell line) using the DNeasy 

Blood & Tissue kit (QIAGEN). Cell pellets contained approximately 106-107 cells. Rather than 

the kits suggested 200 µL of elution buffer AE, 100 µL was used and centrifuged as 

instructed, followed by a further 50 µL elution for a total elution of 150 µL for each cell 

pellet. DNA concentration was determined on a NanoDrop 8000 spectrophotometer (2 µL 

aliquots). 

2.4.1 Bisulphite conversion of gDNA 

Using the triplicate gDNA extractions from the aforementioned cell pellets, bisulphite 

conversion was conducted according to the EZ DNA Methylation-GoldTM Kit (ZYMO 

Research). For each triplicate a volume was taken to contain 500 ng of gDNA (calculated 

from concentration) and diluted to 20 µL prior to the CT conversion step. The final elution 

was adjusted to two elutions of 10 µL to maximize yield (20 µL total for each elution). 

Concentration was determined (2 µL) using the NanoDrop 8000 spectrophotometer. Based 

on the concentration, water was added to dilute converted samples to 10ng/µL for later 

cloning. 

2.4.2 Optimizing primers for bisulphite converted gDNA 

Placental DNA* [400 ng (2 µL at 200 ng/µL)] with 18 µL of water was bisulphite (BS) 

converted according to the EZ DNA Methylation GoldTM Kit. Bisulphite converted DNA (10 

µL) was eluted, an aliquot (2µL) of this was analysed using a NanoDrop 8000 

spectrophotometer. Converted DNA was diluted to 10ng/µL (final volume 28.13 µL). 

Gradient PCR was performed to determine the optimal annealing temperature for each set 

of primers needed to amplify sections of BS converted promoter (Table 2.2). For each 

primer set 6 temperatures were tested at 2°C intervals (56°C – 66°C) for a total of 18 

samples. Each sample (10 µL total volume) comprised MyTaqTM HS Mix (Bioline, UK) (5.0 µL), 

forward and reverse primers at 10 µM (0.8 µL each), water (2.4 µL) and BS converted DNA at 

10 ng/µL (1.0 µL) or water for no template control samples. 

*Placental DNA was commercially sourced and therefore Institutional ethics approval was not required. 
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Using a Veriti 96 well thermal cycler initial incubation was at 95°C (1 min), followed by 

amplification with 45 cycles of 95°C (10 sec), 56°C–66°C (10 sec) (each temperature in a 

different sample well), 72°C (30 sec), before holding at 4°C. 

Products from gradient PCR were visualized on 2% agarose gel (see Appendix 1, A1.4) at 80 

V for 30 min to determine which temperature produced the best product.  PCR product (10 

µL) mixed with DNA Loading Buffer Blue (2-3 µL, Bioline, UK) was added to each gel lane. 

Table 2.2 Primer sequences for amplification of BS converted ITGA2 promoter elements. 

ITGA2 promoter 

fragment 

Sequence Amplicon size (bp) 

BSITGA1F Forward 5’ – TTGATGAGTTAGTTTTTAATTTGG – 3’ 120 

BSITGA1R Reverse 5’ – AACCCTAAACCACAATACCTAA – 3’ 

BSTITGA2F Forward 5’ – TTAGGTATTGTGGTTTAGGGTT – 3’ 429 

BS46R Reverse 5’ – AAAAATTTCTAAACAACTCCTACA – 3’ 

BSITGA3F Forward 5’ – GGATTGGGGTATTTTTTG – 3’ 338* 

*Fragment amplified with BSITGA3F to BS46R was redundant as it fell within the larger 

BSTITGA2F to BS46R fragment. 

2.4.3 Cloning of the ITGA2 promoter from BS converted gDNA 

For all BC cell line samples of bisulphite converted gDNA (10ng/µL), the three primer sets 

(Table 2.2) were used with the following conditions per sample (10µL), Mytaq HS Mix 

(Bioline, UK) (5.0 µL), forward and reverse primers at 10 µM (0.8 µL each), water (2.4 µL), 

and BS converted DNA at 10ngµL-1 (1.0 µL). 

Amplification was performed on a Veriti 96 well thermal cycler with an initial incubation of 

95°C (1 min), followed by amplification with 45 cycles of 95°C (10 sec), 59°C (10 sec), 72°C 

(30 sec), and holding at 4°C.  

DNA Loading Buffer Blue (2-3 µL, Bioline, UK) was added to amplified PCR products which 

were then visualized on 2% agarose gel (see Appendix 1, A1.4), electrophoresed at 80 V for 

40 min, to assess the size of the products prior to gel excision. To isolate amplified DNA, gel 

bands were excised and weighed, DNA was extracted using a QIAquick® Gel extraction kit 
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(QIAGEN) to give 30 µL of eluted DNA for each band. An aliquot (2 µL) of each sample was 

analysed using a NanoDrop 8000 spectrophotometer. 

 

2.4.4 Ligation of ITGA2 promoter fragments 

For ligation the volume of promoter fragment for each cell line was calculated (Volume 

insert = 50 ng vector x kb of insert). Based on the 0.3, 0.4, and 0.5 kb size for the 

BSITGA1F/R, BSTITGA3F/BS46R, and BSTITGA2F/BS46R fragments inferred from the gel 

(Section 2.4.3) (amplicon sizes shown in table 2.2 were not clear at the time), 15ng, 20ng 

and 25ng for each fragment derived from each cell line were used (volumes based on 

concentrations). Ligation was conducted using the pGEM®-T Easy Vector System I 

(Promega). Transformation used L-broth (100mL) with ampicillin (100µL, 100g/mL) and 

SoloPack® Gold Competent Cells (Agilent Technologies). One tube of cells (25 µL) was used 

for each of the 3 fragments for each cell line and a control. Transformation followed 

manufacturer instructions (3 µL of respective ligated plasmids used). To agar plates, IPTG 

(100 µL) and X-gal (20 µL) were added before 100 µL of respective transformed cells were 

added via spread plating (1 plate for each fragment and each BC cell line). After overnight 

incubation at 37°C plates were sealed with parafilm and refrigerated until colony screening. 

See Appendix 1 (A1.1) for L-broth and agar plate preparation. 

2.4.5 Colony screening and minipreps 

Blue and white colony screening was conducted for transformed bacterial plates to screen 

for successfully transformed colonies, 10 white colonies were selected per plate (7 plates, 

each of the three promoter fragments for each cell line plus control). L-Broth (100 mL) had 

100 µL of Ampicillin (100 g/mL) added. Selected colonies were transferred to Falcon tubes 

with L-Broth with Ampicillin (3 mL), and incubated overnight on a shaker table (37°C, 240 

rpm). Minipreps were conducted with the QIAprep® Spin Miniprep Kit (QIAGEN) according 

to manufacturer instructions with plasmid DNA eluted in a volume of 30 µL. DNA 

concentration was determined using aliquots (2 µL) on the NanoDrop 8000 

spectrophotometer. 

 

 



 

29 
 

 2.4.6 Visualizing cloned fragments prior to sequencing 

To assess integration of promoter fragments into plasmids, restriction enzyme (RE) digests 

were conducted using plasmid DNA. Each RE reaction used EcoRI-HFTM restriction enzyme 

(New England BioLabs) (0.25 µL), NEBuffer 4 B70045 10x concentrate (New England BioLabs) 

(1.0 µL), Water (7.75 µL) and plasmid DNA (100-500 ng/µL, 1.0 µL) added last after master 

mix distribution. Incubation conditions on the Veriti 96 well thermal cycler were, 37°C (1 

hour) before 60°C (20 min). 

To visualize the presence of the insert, the digested samples were electrophoresed on 2% 

agarose gel (see Appendix 1, A1.4). Each digested product (10 µL) with loading dye (1/10 

dilution, 2 µL) was added to a gel lane and electrophoresed at 80 V for 30 min. 

2.4.7 Sanger sequencing of the ITGA2 promoter fragments and bubble chart generation 

For Sanger sequencing 300ng of each respective plasmid DNA sample was amplified using 

the Big Dye Terminator v3.1 Cycle Sequencing Kit (Life Technologies). For each sample (10µL 

samples) the following was used, Big Dye Terminator enzyme (0.25 µL), Sequencing buffer 

(1.75 µL), SP6 Primer (3.3 µM) compatible with pGEM-T Easy vector (1.60 µL), water (5.9 µL) 

and plasmid DNA (X µL for 300 ng of DNA) added last. Thermal cycling conditions on the 

Veriti 96 well thermal cycler were, 96°C (1 min), x 25 cycles of 96°C (10 sec) - 50°C (5 sec) - 

60°C (4 min), before holding at 4°C. 

The BDT DNA fragments were purified with AGENCOURT CleanSEQ Purification (Beckman 

Coulter, USA). Manufacturer’s instructions were followed with several changes. In house 

made magnetic beads were used, samples were incubated for 2 minutes after initial 

homogenization with ethanol, 90µL of 85% ethanol was used in washing steps, the plate 

was dried on the magnetic plate for 4 minutes, re-suspension after drying used 30µL water 

and 2 minute incubation, and after final separation on magnetic plate 15µL of sample was 

added to each ABI plate well, the plate was then sealed. Prior to sequencing the sealed ABI 

plate was heated on a Veriti 96 well thermal cycler (95°C, 5 min) to denature the DNA. For 

this cycle the cover was not heated. 

Sequencing used the ABI 3500 Genetic Analyzer (Applied Biosystems, USA) with the 

associated software used to check and export sequences. Sanger sequencing data was 

cleaned with the Sequencher software package, version 4.10.1 (Gene Codes Corporation). 

Processing of the cleaned data for identifying CpG site methylation was conducted using BiQ 
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Analyzer software (Version 2.0, Max Planck Institut fuer Informatik). Visualization of the CpG 

sites used bubble maps generated in Microsoft EXCEL with the CpG Bubble Chart Generator 

(Version 20061209 Alpha, Mark A. Miranda). 

 

2.5 Production of cytospins for immunohistochemistry 

To visualize the ITGA2 protein, 75 cm2 cell culture flasks for MDA-MB-231 and MDA-MB-453 

cells were used to obtain cells for cytospins. Cell flasks were aspirated, washed with PBS 

(10mL), aspirated, cells loosened with a cell scraper, resuspended in PBS (10 mL) and 

transferred to a 50 mL centrifuge tube (on ice). Cell concentration was measured on a 

Haemocytometer with tryptan blue solution for staining (T8154-20ML, Sigma-Aldrich) and 

diluted to 200000cells/mL in a volume of 3mL (for 15 cytospins per cell line using 200µL per 

cytospin). For each cell line 3mL of cells were centrifuged (500 g, 5 min), aspirated, 

resuspended in 10% Neutral Buffered formalin (5mL), centrifuged, aspirated, and 

resuspended in PBS (3 mL). Cytopsins were made using the Shandon Cytopsin 4 (Thermo 

Scientific, USA) at 1000 rpm for 10 minutes. 

2.5.1 ITGA2 protein immunohistochemistry 

IHC was conducted on the cytospins to visualize ITGA2 protein expression. Cytospins were 

acetone fixed (-20°C, 7 min) and washed with water, additionally two slides of colon and 

melanoma samples (provided by Ms K. Raspin*) were de-waxed for the purposes of 

providing a comparison with tissues known to express ITGA2 (positive controls). De-waxing 

of slides involved immersion in two Xylene baths (5 min each), followed by rehydration in 

alcohol baths of 100%, 95% and 70% (3 min each), and finally washes with distilled water. 

Each was treated with Target Retrieval Solution (DAKO, Product No. 1699). For this slides 

were immersed in a 1/10 stock dilution of the citric acid target retrieval solution in a sealed 

container that was placed within a pressure cooker containing 500 mL of distilled water and 

set to maximum pressure (6 min) and then at a medium pressure (10 mins). After turning 

the cooker off and releasing pressure the slides in the container of retrieval solution were 

cooled in running water to 35°C (15 min) before washing slides in running water (5 min) and 

rinsing with distilled water.  

*Tissue slides were commercially sourced and therefore Institutional ethics approval was not needed. 
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To inactivate endogenous peroxidases, slides were incubated for 10 min with 3% H2O2 

(Sigma Aldrich) (30mL H2O2 diluted with 270 mL water), before washing in running water (5 

min) and PBS washing buffer (recipe for IHC PBS solution is given in Appendix A1.3). To 

remove nonspecific protein staining, slides had 2-3 drops of PBS added followed by 2-3 

drops of Protein Block (DAKO) and incubation (30 min), before washing with PBS. 

The anti-ITGA2 primary antibody (Rabbit monoclonal [EPR5788] to Integrin alpha 2, Abcam) 

was diluted 1:250 with Antibody Diluent (DAKO) and added (2-3 drops) per slide. Slides were 

incubated in a humidified chamber in darkness (1 hour, room temperature) and washed 

with PBS.  As anti-ITGA2 was non-conjugated, a secondary conjugated antibody was needed. 

Anti-Rabbit antibody conjugated to Horse Radish Peroxidase (HRP) was diluted 1/200, added 

(3 drops per slide), and incubated (30 min, room temperature). Two control slides (MDA-

MB-453 cytospins) were also treated, one with only primary antibody, and another with 

only secondary antibody. 

DAB + Chromogen (DAB = 3,3’-diaminobenzidine) (1 drop) and DAB + Substrate buffer (1 

mL) (DAKO), were added to each slide and incubated for 10 minutes to allow DAB and H2O2 

to be catalysed by HRP and produce a brown staining precipitate corresponding to the 

primary antibody. 

Slides were counterstained in Mayer Haemotoxylin (1 min), washed in running water (3 

min), oxidized in Ammonia Water (2 minutes, 8 drops concentrated Ammonia in 400 mL 

water), before being dried with xylene (immersing in xylene baths of 95%, 100% and 100% 

for 2 min each) and cover-slipped with a Coverslipper machine (DAKO) according to 

manufacturer’s instructions. 

2.5.2 Immunohistochemistry slide imaging 

Cytospin and tissue slides were viewed with a Axio Lab.AI microscope (ZEISS) at x 40 

magnification, and imaged on that microscope with a AxioCam ICC 5 camera (ZEISS) at x25.2 

magnification (x 0.63 camera fitting with x 40 objective). Images were processed with the 

ZEN 2 software (ZEISS). 
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2.6 Micro RNA extraction and quantification 

To quantify micro RNA hsa-miR-373-3p, total RNA was extracted from cell pellets of MCF-7, 

T-47D, MDA-MB-231 and MDA-MB-453 cells with the miRNeasy® Mini Kit (QIAGEN). This 

was conducted for three cell pellet biological replicates per cell line. Kit instructions were 

followed with a 19 gauge needle used to homogenise cells and final elution being two 

rounds of 30 µL for a total of 60 µL aliquoted for each pellet sample. RNA concentration was 

analysed (2 µL) on a NanoDrop 8000 spectrophotometer. 

To check for micro RNA recognition sequences in the ITGA2 mRNA 3’UTR, the bioinformatics 

tool Targetscan (http://www.targetscan.org/vert_72/) and the miRNA target prediction 

database miRDB (http://mirdb.org/) were used to analyse the ITGA2 3’UTR for both miRNAs 

previously identified in the literature as well as novel recognition sequences. The position of 

variants associated with PC cancer risk (BC sites were not available) in the ITGA2 3’UTR were 

also examined to determine their position relative to identified miRNA recognition 

sequences (Dickinson, J., 2018 - unpublished personal communication). 

  

http://www.targetscan.org/vert_72/
http://mirdb.org/
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Chapter 3 

ITGA2 gene expression and α2 protein expression 

3.1 Introduction - ITGA2 expression in breast cancer and cell lines 

The ITGA2 gene encodes the α2 protein of the α2β1 integrin (7), that ligates to a wide range 

of cell surface and ECM components notably collagen I (Col I) and laminin, to effect various 

functions including adhesion, proliferation, motility, angiogenesis and apoptosis (8). Integrin 

expression is altered in numerous cancers and their stages, however the exact regulatory 

mechanisms responsible for this altered expression are often unclear. 

ITGA2 gene expression in the non-cancerous breast is elevated throughout gland ducts and 

tubules, and is similarly elevated in basal cells of the epidermis, with expression highest 

around cell-cell contact and cell-basement membrane contact, areas where integrin ligands 

are abundant (61). Additionally the integrin is needed for the glands development (8). α2β1 

expression in mammary gland luminal cells has been shown to be controlled by ERα, its 

stimulation by estrogen upregulated the EGR-3 transcription factor that in turn upregulated 

the ITGA2 gene and the EGR-3 co-repressor NAB2 (18). Expression of α2β1 in the mouse 

mammary gland can be controlled by natural changes in estrogen (17β-estradiol) during 

pregnancy and by supplementation (16). 

ITGA2 gene expression is altered in BC with anti-metastatic and anti-intravasative properties 

being demonstrated by the integrin. This is likely in part due to the integrins binding to both 

ECM components such as collagen or laminin and to other cell surface proteins such as E-

cadherin (E-Cad) involved in cell-cell and cell-basement membrane adhesion. Tying in with 

its ER mediation in this tissue, early stage/primary BC tumours and normal mammary gland 

tissue had elevated α2 and ER+ status. ITGA2 mRNA and α2 protein expression decrease 

with BC progression with lymph node positive metastases and poorly differentiating 

tumours having noticeably reduced α2 protein (and tended to be ER-) associated with poor 

patient survival and distant metastases (14, 15, 17). In addition α2 null mice had greater 

tumour progression and increased circulating tumour cells (CTCs), again consistent with 

anti-metastatic properties (15). The reduction of α2 and hence its Col/laminin binding, as 
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well as reduced E-Cad and EpCAM in EMT (20), may also increases BC motility and 

metastases. 

Across BC cell lines the expression level of the α2 protein correlates with cell properties. 

Luminal cell lines, such as MCF-7, T47B and ZR75-1, display properties of mammary gland 

epithelial tissue with low metastatic potential, epithelial markers, ER+ status and elevated 

α2β1. More basal subtypes have low α2β1 and ER- status in addition to gaining 

mesenchymal traits (10). This is associated with increased metastasis as is seen in cell lines 

such as MDA-MB-231, MDA-MB-436 and MDA-MB-453 for example. The loss of ERα in 

metastatic cell lines possibly relates to the α2β1 reduction due to the aforementioned 

regulatory relationship with this gene in breast tissue. 

The expression level of the integrin in different BC cell subtypes is highly relevant to the 

ligand binding abilities of the cells, and this is in turn related to cell differentiation. In cell 

lines that lose ERα and α2β1 with metastatic properties laminin binding is greatly reduced, 

while collagen binding was only slightly reduced (10). While the decreased Col I binding 

slows anchorage dependent growth, anchorage independent growth and hence metastatic 

potential was increased in α2 null mouse tumour cells (15). There is also the possibility that 

a Col I rich microenvironment, such as bone, may upregulate α2 expression or elements 

controlling it such as ERα. For example in a mouse model injected MDA-MB-231 cells, a 

metastatic line with low α2 and ER- status, preferentially migrated to bone, forming lesions 

with elevated α2 expression, α2-Col I binding in fact activating a FAK-p38MAPK pathway to 

induce MMP13 to further bone invasion (25). In humans 70% of terminal BC patients had 

bone metastases, most of which were ER+, with expression of α2 in such metastases similar 

to normal breast tissue (19). 

In addition to ERα another key pathway in regulating α2β1 in BC cell lines is SEMA3A and its 

NP-1 receptor, SEMA3A acting via NP-1 and GSK3 upregulated α2β1 in MDA-MB-231 cells 

and increased α2β1–Col I adhesion. This offers a potential mechanism of α2β1 upregulation 

for ER- metastatic BC cells with low α2β1 levels when in a collagen rich microenvironment 

such as bone (62). Once in a bone microenvironment the ER+ status may be restored as the 

cells de-differentiate to the more epithelial form seen in bone lesions. 
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Unfortunately thorough studies comparing α2 protein expression with ITGA2 mRNA 

expression and traits such as ER status and SEMA3A - NP-1 expression across BC cell lines 

and tumour subtypes, are largely incomplete and sometimes contradictory (discussed 

further in 3.3). 

This chapter will therefore examine the expression level of the ITGA2 gene across four 

different BC cell lines with notable differences in tumourigenic capabilities such as 

propensity to metastasise, ER status and EMC markers. MDA-MB-231, MDA-MB-453, T-47D 

and MCF-7 cells will be examined (see Table 1.1 for properties). A brief investigation of the 

α2 protein expression will also be conducted for some of the same cell lines to allow 

comparison to the mRNA levels. ITGA2 has been shown to have anti-

metastatic/intravasative properties in BC in addition to pro-invasive properties in bone 

metastases. Therefore a greater understanding of its expression at the mRNA level in 

different BC cell lines should give valuable insight into how its expression relates to the 

aforementioned properties of BC. Comparison of ITGA2 gene expression at the mRNA level 

has rarely been compared across human BCs and BC cell lines. 

3.2 Results 

3.2.1 Standard curves to determine ITGA2 and GAPDH gene expression. The GAPDH gene 

was selected as a ‘housekeeper’ or reference gene to normalize ITGA2 expression between 

cell lines (the same reference gene was used for comparison of additional genes in later 

chapters). Standard curves for both ITGA2 and GAPDH were generated to enable calculation 

of the absolute expression of these genes in BC cell lines. Once this was completed GAPDH 

mRNA levels were quantitated to normalize ITGA2 expression. For standard curve 

production a MDA-MB-231 cell RNA sample was used for qPCR of both ITGA2 and GAPDH. 

This sample was chosen as it was suspected to contain usable amounts of mRNA, and both 

qPCR products underwent gel electrophoresis, extraction, and dilution series preparation 

(Section 2.3.3). Undertaking qPCR with the dilution series products, and graphing the 

average of the triplicates, allowed generation of standard curves as shown in Figure 3.1 A) 

and B) for ITGA2 and GAPDH respectively. The linear equations allowed gene copy numbers 

from subsequent qPCR experiments to be calculated by the y-intercept of the standard 

curve for the respective gene. 
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A) 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

Figure 3.1 Standard curves for ITGA2 and GAPDH used to determine absolute expression 

levels in later qPCR. To enable determination of absolute gene expression for later samples 

derived from BC cell lines, standard curves with lines of best fit were generated for ITGA2 

(A) and the reference gene GAPDH (B). Blue points represent averaged Ct value triplicates 

from dilutions used in qPCR, standard error bars were fitted. The Rotor-Gene 6000 was used 

to obtain the Ct values. 
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3.2.2 ITGA2 gene expression significantly varied between breast cancer cell lines.  

To compare ITGA2 expression between MDA-MB-231, MDA-MB-453, T-47D and MCF-7 BC 

cell lines, RT-qPCR was conducted on extracted RNA. ITGA2 expression data would allow 

comparison to epigenetic and transcription factors in later chapters. 

Three biological replicate cell pellets were used for RNA extraction for each cell line, 

expression of the ITGA2 gene and the GAPDH reference gene was analysed by qPCR on 50 

ng/µL cDNA, analysed in triplicate for each biological replicate. Using the average Ct values 

obtained for each biological replicate, the copy numbers of GAPDH and ITGA2 were 

calculated via the intercept points with the standard curve linear equations for each gene 

generated previously (Figure 3.1). The absolute copy number of ITGA2 was the ITGA2 copy 

number divided by the square root of the geometric mean of GAPDH copy number. In turn 

the geometric mean of the absolute ITGA2 copy number for the three biological replicates 

was determined as the gene expression level for that cell line, and these values were 

graphed in Figure 3.2. The standard error of the mean (SEM) was calculated from the three 

biological replicates (n = 3). 

As is shown in Figure 3.2 expression of ITGA2 mRNA was greatly elevated in MDA-MB-231 

cells with a 16 fold increase relative to the lowest expressing MDA-MB-453 cells. T-47D and 

MCF-7 had expression intermediate between the aforementioned two cell lines with T-47D 

having an 11 fold increase relative to MDA-MB-453 cells and 3.7 fold increase over MCF-7. 

Statistical significance was compared using a student’s t-test on the absolute ITGA2 copy 

number normalized to GAPDH, between the cell lines, the test was two tailed and unpaired 

with unequal variation considering that unequal expression and standard deviation was 

expected between the cell lines. Expression difference between MDA-MB-231 and MDA-

MB-453 was significant (p = 0.0112), whereas that between T-47D and MCF-7 was close to 

significance (p = 0.076), expression between MDA-MB-231 and T-47D wasn’t significant (p = 

0.297). 
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Figure 3.2 Differential expression of ITGA2 across different breast cancer cell lines. Total 

mRNA was extracted from MDA-MB-231, MDA-MB-453, T-47D and MCF-7 cell lines prior to 

qPCR using primers for ITGA2 (3 samples per cell line using averages from triplicate qPCR 

runs). The geometric mean of absolute ITGA2 copy number relative to GAPDH was graphed 

± SEM (n = 3). P values generated with student’s t-test are displayed above. 
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3.2.3 Immunohistochemistry of α2 integrin revealed similar expression between MDA-

MB-231 and MDA-MB-453 cells. To examine whether the observed differences in ITGA2 

gene expression across the cell lines was reflected in ITGA2 (α2) protein expression (that 

contributes to the α2β1 integrin); IHC was performed on cytospins of the cells with the 

greatest difference in gene expression, MDA-MB-231 and MDA-MB-453. Additionally IHC 

was performed on de-waxed slides of colon glandular tissue and melanoma, both tissues 

known to express ITGA2 protein (61). Staining of ITGA2 (α2) protein used rabbit anti-ITGA2 

monoclonal antibodies (Abcam) cross-linked to anti-Rabbit HRP conjugated secondary 

antibodies (see Sections 2.5-2.5.2 for IHC procedures).  

Positive control slides for melanoma and colon were consistent with the literature (Figure 

3.3). In colon glandular tissue the crypts of Lieberkühn displayed low-medium staining 

relative to surrounding cells. Melanoma cells displayed moderate-intense staining with deep 

epidermal layers (stratum germinativum/basement membrane) displaying moderate-

intense ITGA2 staining consistent with the literature (61). (See Appendix 3, Figure 3 for 

additional histology structure labelling). 

MDA-MB-231 cells displayed moderate-intense staining with some granular structures being 

darker; furthermore some cells had intense staining near cell borders but rarely contacted 

other cells. MDA-MB-453 cells had low-medium staining with some having barely detectable 

staining. Of note MDA-MB-453 cells tended to aggregate with darker-medium staining 

occurring at cell-cell adhesion points (Figure 3.4). (See Appendix 3, Figure 2 for additional 

IHC images) 

Staining was assessed relative to negative control slides prepared from MDA-MB-453 cell 

cytospins. These controls were generated with either only primary anti-ITGA2 antibody or 

with only the secondary antibody (Figure 3.5). Both were visually identical with no apparent 

ITGA2 protein staining.  

Overall the staining intensity of the ITGA2 protein between MDA-MB-231 and MDA-MB-453 

showed a discernable difference that reflected the high and low ITGA2 gene expression of 

the cell lines, however the mRNA differences were far more pronounced. 
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Figure 3.3 Positive control staining of anti-ITGA2 mAb (Abcam) for tissue sections viewed 

using an Axio Lab.A1 at x40 objective. Tissue sections stained with anti-ITGA2 showed 

staining of the brown HRP conjugated secondary Ab, cross-linked to anti-ITGA2. A) 

Melanoma cells stained medium-intense (1) with deep epidermal layers (2) giving moderate 

staining. B) Colon glandular tissue showed low-medium anti-ITGA2 staining of crypts (3) 

with low-absent staining in surrounding tissue. 
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Figure 3.4 Staining and intensity of anti-ITGA2 mAb (Abcam) for MDA-MB-231 and MDA-

MB-453 cell line cytospins viewed using an Axio Lab.A1 at x40 objective. A) MDA-MB-231 

cell cytospins showed medium anti-ITGA2 staining (2), with intense staining around some 

cell membranes (1). B) MDA-MB-453 cells displayed low-medium staining with increases at 

cell-cell contact borders, many cells displayed low staining intensity (3).  
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Figure 3.5 Negative control immunohistochemistry slides, viewed with an Axio Lab.A1 at 

x40 objective. A) MDA-MB-453 cell cytospin stained with only the secondary antibody, Anti-

Rabbit antibody conjugated to HRP, as this antibody couldn’t crosslink to a primary antibody 

it was stripped during washing to display a negative result for ITGA2 protein. B) MDA-MB-

453 cells stained with only anti-ITGA2 primary antibody, without the secondary antibody the 

cells displayed a negative result. Control slides exhibited only the blue colouration of 

haemotoxylin cytoplasmic/nuclear counterstaining. 
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3.3 Discussion 

As was shown in Figure 3.2, the expression of ITGA2 mRNA was highly variable across the BC 

cell lines, irrespective of properties such as metastatic potential, ER status and metastatic 

potential (Table 3.1). 

Table 3.1 Comparison of ITGA2 mRNA and α2 protein expression in this study compared to 

the literature. Selected literature is included where appropriate units could be derived, or 

where comparison was made between at least 2 BC cell lines. Units of expression were set 

to 1.00 for the highest expressing cell lines, values were then noted as low, medium or high 

based on roughly thirds of 1.00. Cell properties including subtype, ERα and PR status, as well 

as metastatic potential (M) are noted. 

BC cell line Subtype α2 
(10) 

α2 
(66) 

 

α2 
(64) 

 

α2 
(17) 

ITGA2 
mRNA 
(17) 

ER/ 
PR 

M This study: 
mRNA/ 
protein 

MCF-10A* Epithelial-
like 

  High   -/- -  

MCF-7 Luminal A Medium   High High +/+ - Low 

T-47D Luminal A Medium 1.0    +/+ - High 

ZR75-1 Luminal B Medium     +/+ -  

MDA-MB 
468 

Basal A Low  Low Low Med-High -/- - 

SKBr-3 HER2 
(Basal-like) 

Low     -/+ - 

BT474 Luminal B Low     -/+ ? 

MDA-MB 
453 

HER2 
(Basal-like 

High     -/- + Low/low-
moderate 

MDA-MB 
231 

Basal B Low 0.9 

(1.2
**

) 

Med-
High 

Low Med-High -/- + High/mode
rate-
Intense 

MDA-MB 
436 

Basal B Low     -/- +  

*MCF-10A are often used as a ‘normal’ mammary epithelial cell line, and while non-tumourigenic, 

can display both luminal and basal markers and are triple negative (ER, PR and HER2 negative), 

unlike luminal cells of the mammary gland (63). 

** MDA-MB-231BO variant (bone seeking variant) had greater α2 expression. 

To date the majority of literature reports only protein expression levels of ITGA2 across BC 

cell lines and human tumour samples and further different studies report apparently 

conflicting results. Maemura et al. (1998) found using anti-α2 and anti-β1 mAbs, trends in 
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protein expression differing from the mRNA expression results presented here. Luminal 

(non-metastatic and ER+) BC cell lines MCF-7, T-47D and ZR75-1 displayed comparable and 

elevated levels of α2, contrastingly basal (metastatic and ER-) BC cell lines including MDA-

MB-231, -436, -468, SKBr-3 and BT474, all displayed comparatively low levels. The notable 

exception was the basal MDA-MB-453 cell line with greatly elevated α2 subunit expression 

(Table 3.1) (10). For studies reporting gene expression, Lichtner et al. (1998) found the 

mammary epithelial MCF-10A cells to have elevated α2, α3 and β1 relative to MDA-MB-231 

and MDA-MB-468 in FACS analysis, the latter with a greater reduction, this study also 

claimed the latter two cell lines to have reduced ITGA2 mRNA, however northern blot 

analysis generated similar intensity. Ding et al. (2015), using qPCR, found ITGA2 mRNA to be 

moderately reduced in MDA-MB-231 and MDA-MB-468 cells relative to MCF-7 cells, the 

protein expression (using western blot analysis) reflected this but displayed a much more 

significant reduction implying post transcriptional regulation (Table 3.1). In BC ITGA2 mRNA 

displayed a moderate reduction in primary BC relative to normal breast tissue, at the 

protein level α2 expression was similarly decreased in primary tumours (17),  but still was 

similar in expression to normal mammary tissue according to Martin and Jiang (2014). 

Lymph node-metastases (LN) had moderately increased α2 expression relative to primary 

tumours, α2 expression from LN+ patients was lower than LN- patients and more poorly 

differentiated/late stage tumours generally had reduced α2. 

The results of ITGA2 expression in this study conflicted with this literature, normal 

mammary gland epithelia and related luminal (non-metastatic and ER+) BC cell lines have 

elevated ITGA2 (α2) protein (10, 17, 61), and while results for T-47D cells were consistent 

with this at the mRNA level the lower expression of MCF-7 was less consistent. More 

strikingly while basal (metastatic and ER-) BC cell lines had low ITGA2 mRNA and α2 protein 

reported in the literature (10, 17, 64), MDA-MB-231 cells had the highest ITGA2 mRNA 

expression observed (greater than luminal cell lines). Furthermore while MDA-MB-453 were 

the exception to the literature trend with greatly elevated protein expression for a basal 

metastatic BC cell line (10), our results found this cell line to have the lowest expression at 

the mRNA level and decreased α2 protein relative to MDA-MB-231. 

Results matching our findings are limited, Lundström et al. (1998) found MDA-MB-231 to 

have elevated surface α2, α3 and β1 (FACS analysis with mABs), however they compared 
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this to prostate cancer PC3 cells with elevated α2 expression and leukemia (Jurkat) and 

neuroblastoma (SH-SY4Y) lines with low α2 expression. Taubenberger et al. (2013) found 

MDA-MB-231 to have similar α2 expression to T-47D cells (and even higher in a MDA-MB-

231BO variant), however these findings were still a better match to the findings of Maemura 

et al. (1995) (Table 3.1). More convincingly, van der Pluijm et al. (1997) found MDA-MB-231 

cells expressed elevated α2β1 integrins (as well as α3β1, α5β1, and αvβ3) when compared 

to the luminal non-metastatic MCF-7, T-47D, and ZR75-1 BC cell lines (65).  

IHC of MDA-MB-231 and MDA-MB-453 cells for the ITGA2/α2 protein showed consistency 

with mRNA expression. Staining intensity of MDA-MB-231 cells was greater than MDA-MB-

453 cells, especially at cell borders where some intense staining occurred. This was 

consistent with the abundance in α2β1 ligands at such contact points. Intriguingly while 

MDA-MB-453 cells had lower levels of α2, the cell-cell contact was greater with darker 

staining at these points, possibly implying greater binding affinity of the integrin despite its 

lower expression in MDA-MB-453 cells. However variation in other integrins and cell 

adhesion molecules may have caused this. 

This could imply that while in general basal metastatic/ER- BC cells have reduced ITGA2 

expression due to the anti-metastatic properties of the integrin in BC (10, 14, 15, 17), 

certain cell lines may break this trend with the elevated ITGA2 and α2 in the highly 

metastatic MDA-MB-231 possibly being pro-metastatic in a way that would mirror the pro-

metastatic properties of ITGA2 in prostate cancer cell lines such as PC3 (31). It was 

hypothesised that BC cells may downregulate ITGA2 to facilitate motility, and upregulate 

ITGA2 after acquiring a highly metastatic phenotype to settle in specific sites such as bone 

(as will be discussed). In future this could be tested between BC cell lines by assessing cell 

migratory ability following ITGA2 knockdown or α2 blocking by antibodies. 

Some inconsistencies of cell line ITGA2 expression may imply greater complexity in ITGA2 

gene and α2 protein regulation, possibly involving varying sensitivity to growth conditions 

and regulatory pathways. 

In regards to ITGA2 upregulation in metastatic BC cells under certain growth conditions, 

α2β1 in bone metastases may be upregulated and necessary for establishment of bone 

lesions. While BC cells tend to reduce α2 with metastatic progression, this offered a 
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potential explanation as to why certain metastatic BC cell lines such as MDA-MB-231 could 

have elevated ITGA2 expression despite its generally anti-metastatic properties in BC. In 

mice MDA-MB-231 cells metastasized to bone with elevated α2, both α2β1 and α1β1 

needed to upregulate MMP13 via FAK-p38MAPK, demonstrating a need for bone 

metastasizing BC cells to increase α2β1 expression or functionality to activate the ECM 

remodelling processes in bone invasion (25). Taubenberger et al. (2013) found metastatic 

MDA-MB-231 (and a bone seeking variant) had greater adhesion and morphological changes 

in a human osteoblast matrix (rich in Col I, fibronectin, osteonectin and osteocalcin), relative 

to non-metastatic T-47D cells. This adhesion was mediated by β1, and α2 to a lower degree, 

and upregulated osteomimicry with osteospontin, and bone degradation via MMP2/9. 

Interestingly the expression of α2 subunit in MDA-MB-231 was elevated to an equal or 

greater level relative to T-47D cells, reflective of the ITGA2 expression in this study and 

again highlighting the conflict in literature for elevated ITGA2 in specific metastatic BC cell 

lines (66). This improved adhesion in MDA-MB-231 versus T-47D cells also implied that the 

metastatic MDA-MB-231 cell line was able to enhance α2β1 affinity. Furthermore α2, β1 

and α3 (weakly) blocking reduced MDA-MB-231 bone adhesion via Col I (67), implying the 

integrin was needed in the early stages of BC bone-lesion formation. Lichtner et al. (1998) 

also found that β1 and α2 (less so), were essential in Col I, III and IV binding for normal 

mammary gland cells and basal metastatic MDA-MB-231 and MDA-MB-468 cells. Unusually 

MDA-MB-468 cells had even greater Col binding despite having the lowest α2, α3, and β1 

integrin expression. Furthermore MDA-MB-468 cells depended on α2β1 for Col IV binding to 

a proportionally greater extent than other Col types and blocking of α3β1 enhanced α2β1-

Col affinity. 

While some metastatic BC cells such as MDA-MB-231 could possibly enhance or have 

elevated α2, others with low α2 may have enhanced integrin functional status as suggested 

by Maemura et al. (1995). Indeed while MDA-MB-231 cells seem to conflict with the ITGA2 

anti-metastatic potential in BC with their elevated expression, they may be able to reduce 

functional status to compensate, which may explain the lack of cell-cell contact seen in 

MDA-MB-231 IHC (Figure 3.4) relative to the lower expressing MDA-MB-453 cells. 
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Martin and Jiang (2014) found ITGA2 (CD49B) mRNA expression in bone metastasis to be 

reduced relative to earlier stage tumours. However the lack of more studies on α2 in 

different BC stages and subtypes in human patients make solid conclusions difficult. 

Regulatory pathways have been implicated in increasing α2 expression, or enhancing its Col 

binding ability, SEMA3A can upregulate both α2 and β1 integrin subunit expression via the 

NP-1 receptor and GSK3 to induce the anti-metastatic properties of α2β1. Importantly this 

upregulation of α2 occurred in MDA-MB-231 cells, indicating that metastatic ER- BC cells 

with lower α2 could upregulate this integrin to enhance Col binding, relevant to the bone 

microenvironment (62). This may explain the conflicting literature on MDA-MB-231 cells, 

and that obtained in this study for MB-231 and other cell lines, that may be sensitive to such 

pathways. Indeed, Staton et al. (2011) found SEMA3A and NP-1 (and SEMA3B & 3F) 

decreased with BC progression from in situ to invasive (and invasive relative to non-

cancerous), implying an anti-metastatic effect (68). Furthermore considering the role of 

SEMA3A in ITGA2 protein expression, its reduction may have caused the downregulation of 

ITGA2 seen in the literature for metastatic BC cells and could relate to this studies results for 

MDA-MB-453 cells, and possibly MCF-7, at the mRNA level (10, 14, 64). However further 

experiments would be needed in this regard to make any conclusion. 

It is possible that ER+ status of T-47D and MCF-7 cell lines may have had additional 

influences on ITGA2 mRNA expression with estrogen being able to stimulate ERα to 

upregulate ITGA2 via the EGR-3 transcription factor (TF) as has indeed been demonstrated 

in MCF-7 cells (18). The ability of EGR-3 to stimulate its own co-repressor NAB2 offered 

another point of control that may have explained variability in ITGA2 expression between 

MCF-7 and T-47D cells, and lower MCF-7 ITGA2 relative to α2 in the literature (10), as would 

variable estrogen stimulation and EGR-3 regulation. Confusingly while more metastatic BC 

cell lines are ER-, most BC bone metastases are ER+ (19). A connection between the 

SEMA3A and ERα may be implicated, with SEMA3A protein expressed more highly in ER+ 

MCF-7 cells relative to MDA-MB-231 to induce osteoblastic differentiation (69). The 

SEMA3A pathway may also allow an alternative route of ITGA2 upregulation in ER- cells. 
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3.4 Conclusion 

BC cell lines representing different BC subtypes express variable ITGA2 that corresponds 

poorly to ER status or metastatic potential. Luminal and non-metastatic cell lines such as T-

47D had elevated expression while the metastatic MDA-MB-453 cell line had reduced ITGA2 

expression that somewhat agreed with the anti-metastatic effect of ITGA2 reported in the 

literature. Elevated ITGA2 gene and protein expression in MDA-MB-231 cells conflicted with 

this, however were consistent with other research possibly indicating a pro-metastatic 

ability of ITGA2 in certain BC cell lines. Overall luminal BC cells with elevated ITGA2 may 

reduce expression to facilitate motility, and once acquiring a metastatic phenotype (with 

low ITGA2) may elevate ITGA2 expression to settle in environments such as bone where 

collagen binding may be required. Thus ITGA2 may have variable pro- and anti-metastatic 

effects in BC. SEMA3A/NP-1 and ERα/EGR-3 pathways can enhance ITGA2 expression and 

affinity. Differences in these pathways or sensitivity to them may explain the variation in 

expression shown and account for confliction in the literature however a better 

understanding of their expression in these cell lines is greatly needed. The differential ITGA2 

expression may implicate epigenetic or TF mediation as will be addressed in chapters 4-5. 

In future to establish if the mRNA expression was reflective of α2 protein expression in the 

literature, a quantitative approach could be used to measure α2 protein expression for the 

different cell lines using western blotting or FACS. Additionally the BC cell lines of 

metastatic/non-metastatic potential, and ER+/- status could be cultured in both standard 

media and with a bone-like collagen matrix to assess how growth environments, reflective 

of different stages of BC progression, effect ITGA2 expression. Blocking ITGA2 with siRNA or 

antibody blocking in combination with migration assays would clarify pro-/anti-metastatic 

functions of ITGA2 in BC cell lines such as MDA-MB-231 and -453. Furthermore the 

expression of pathway elements involved in ITGA2 regulation could also be examined for 

the cell lines in these conditions, including EGR-3, NAB2, and SEMA3A. An understanding of 

these pathways with ITGA2 mRNA and protein quantitative data, in both these growth 

conditions, would resolve how the results fit with the literature and improve understanding 

of ITGA2 expression across different BC subtypes including bone metastases. 
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Chapter 4 

ITGA2 epigenetic regulation by promoter methylation 

4.1 Introduction - DNA methylation in cancer and breast cancer 

Genetic mutations, chromosomal abnormalities and epigenetic changes are associated with 

cancer development and progression. Epigenetic mechanisms can be grouped into DNA 

methylation, histone modifications and noncoding RNA (Section 1.11, Figure 1.2). DNA 

methylation is a key epigenetic mechanism involving cytidine methylation in CpG sequences 

by DNMTs. These modifications can block transcription factor (TF) binding and encourage 

further epigenetic changes by acting as binding sites for complexes that further DNA 

methylation, and cause modifications to histones to promote heterochromatin formation 

and thus a transcriptionally repressive chromatin environment (36). In cancers global 

hypomethylation with gene specific hypermethylation is common, with these two 

phenomena likely independent and affecting different genomic sequences (44). 

Genome wide hypomethylation in cancer occurs across wide areas of the genome including 

repeated DNA sequences, associated with genetic/chromosomal instability. Highly repeated 

retrotransposons often have CpG rich areas and are normally hypermethylated to suppress 

their activity as retrotransposition can create genetic instability. The LINE-1 (L1) 

retrotransposon, that comprises around 10% of the human genome, is hypomethylated in 

human hepatocellular carcinomas (70), and prostate adenocarcinoma (71), possibly leading 

to increased L1 retrotransposition and cancer progression. Alu repeats are resistant to 

hypomethylation, with this increasing chr instability in colon cancer (72), satellite DNA can 

also be hypomethylated to varying extents. The highly repeated satellite DNA of constitutive 

heterochromatin is usually hypermethylated, however Narayan et al. (1998) found 

hypomethylation of Chr1 paracentromeric heterochromatin repeats (Satellite 2) occurred in 

breast adenocarcinoma, and centromeric heterochromatin (Satellite α) and Satellite 2 

hypomethylation occurred in chr1 and 16 in Wilms’ tumours (73). Such hypomethylation can 

induce chromosomal rearrangements and oncogenesis, with Chr1 rearrangement at the 

pericentromeric regions being the most frequent karyotypic abnormalities in BC (74).  

Gene promoter/enhancer elements frequently contain GpG islands, with gene specific 

hypomethylation in BC having been shown to directly upregulate pro-metastatic and pro-
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invasive oncogenes such as PLAU, BCSGI and P-Cad (47-50). Alternatively, hypermethylation 

of these sites can silence/downregulate genes by creating a repressive chromatin 

environment in regulatory regions. Promoter hypermethylation in BC alone has been 

demonstrated in TSGs (RARB & RASF1A), cell-cycle regulators (cyclin D2) and anti-invasive 

genes (HIN1). E-Cad can also be hypermethylated in BC, significant considering its loss of 

expression in BC metastasis and EMT (10, 74). Aberrant expression of DNA methylating 

genes (DNMT1, 3a, and 3b) in BC may contribute to these changes (54). 

Genetic mutations and epigenetic changes frequently complement, and may stimulate, each 

other. Hypermethylation of specific genes can actually encourage genetic mutations in 

cancer progression. Hypermethylation of the DNA mismatch repair gene MLH1 caused 

increased BRAF proto-oncogene mutations in colon cancer (75), whereas hypermethylation 

of MGMT, a DNA repair gene that targets O6-methylguanine, can occur in BC in addition to 

silencing by Histone H3K9 di-methylation (76, 77). The Knudson’s two hit hypothesis states 

that two genetic ‘hits’ (mutations) need to occur in TSGs to silence both alleles. Epigenetic 

changes can fulfil this with one allele silenced by mutation being complemented by the 

second allele’s epigenetic silencing. For example in hereditary diffuse gastric cancer one 

defective E-Cad (CDH1) allele was supplemented by hypermethylation of the functional 

allele’s promoter (78). Likewise familial BC BRCA1 mutations were mirrored by BRCA1 

hypermethylation in 13% of non-familial BC samples, with 20% of this in tumours that had 

already lost one allele (LOH) (79). 

The ITGA2 gene, important for progression of several cancers, has a promoter containing a 

CpG island of 46 CG sites in a 600bp region 5’ of the TSS (Figure 4.1). Considering the 

variable ITGA2 expression demonstrated across BC cell lines in Chapter 3, it is possible that 

epigenetic mechanisms regulate ITGA2 in BC. Indeed in PC and pancreatic ductal 

adenocarcinoma (PDAC), differential methylation of the ITGA2 promoter is observed and 

associated with differences in ITGA2 expression (31, 32). It was hypothesized that similar 

methylation changes may influence ITGA2 expression in BC. Concordantly, this chapter will 

examine ITGA2 promoter methylation across four BC cell lines representing different BC 

subtypes. 
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Figure 4.1 Schematic of the ITGA2 promoter sequence displaying the CpG island and 

primer positions. The sequence is displayed 5’-3’ left to right starting 714bp before the 

transcription start site (TSS) and beyond this to bp +186 (excluding introns). CpG sites are 

highlighted in purple and numbered 1 – 46, whereas primer positions used to amplify the BS 

converted promoter regions are highlighted, primer BSITGA1 Forward is highlighted blue, 

BSITGA1 Reverse and BSTITGA2 are highlighted yellow, and BS46 Reverse is highlighted 

green. The CDS Exon starting at the 5’-ATG translation start site is highlighted grey with the 

5’UTR exon (containing the TSS) capitalized and non-highlighted.  
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4.2 Results 

4.2.1 Optimization of primers for bisulphite conversion, amplification and sequencing of 

ITGA2 promoter elements. Gradient PCR for the primers used for amplification of bisulphite 

(BS) converted ITGA2 promoter elements, tested on placental DNA, used temperature 

ranges from 56°C – 66°C at 2°C intervals (Section 2.4.2). As is shown on Figure 4.2, 

BSITGA1F/ BSITGA1R primers generated PCR product bands of good intensity and expected 

size at 56-60°C, BSITGA2F/BS46R worked efficiently at 56-60°C and poorly at 62°C, while 

BSITGA3F/BS46R worked efficiently at 56-58°C and poorly at 60°C. Temperature ranges 64-

66°C didn’t generate any PCR product bands for any primer combination. Optimal bands for 

the three aforementioned primers were generated at annealing temperatures of 60°C, 58°C 

and 60°C respectively, and based on this an overall optimal annealing temperature of 59°C 

was decided upon for subsequent PCR amplification of BS converted gDNA. 
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Figure 4.2 Annealing temperature optimization for primer sets used in amplification of 

bisulphite converted ITGA2 promoter fragments. Gradient PCR was performed on placental 

DNA with primer sets BSITGA1F/ BSITGA1R (A), BSITGA3F/BS46R (B) and BSITGA2F/BS46R 

(C) at 56-66°C, the products were electrophoresed on 2% agarose gel. Temperatures are 

listed along the top for each primer set. Products were present for all primer sets at 56-60°C 

(and 62°C for BSITGA2F/BS46R). The most ideal annealing temperature (indicated by a red 

dot) was based on PCR product intensity and absence of contaminant/non-specific products 

(blue arrows). The column at far left is Hyper Ladder 100bp with approximate product size in 

bp noted. 
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4.2.2 The ITGA2 promoter was hypomethylated across MDA-MB-231, MDA-MB-453, T-47D 

and MCF-7 breast cancer cell lines. 

The differential expression of ITGA2 across BC cell lines shown previously (Chapter 3) 

demonstrated clear regulation of the gene in BC. As mentioned the ITGA2 promoter 

contains a CpG island of 46 CpG sites located from bp -37 to -505 relative to the TSS (Figure 

4.1). To investigate if ITGA2 promoter methylation was associated with the differential 

expression of ITGA2, bisulphite sequencing was conducted on the ITGA2 promoter for all 

four cell lines. Bisulphite conversion involves deamination of cytosine into uracil while 

leaving 5-methylcytosine intact, the sequenced product is then aligned to a reference 

sequence. Genomic DNA for each cell line was bisulphite converted and the promoter 

amplified by PCR in two sections (bp -11 to -439, and bp -439 to -537).  PCR fragments were 

cloned and screened for sequencing with 10 clones sequenced for each fragment. 

Sequencing data for the amplified bisulphite converted promoter fragments were aligned 

and trimmed in Sequencher, and analysed for methylation using BiQ Analyzer. Bubble maps 

displaying the CpG site methylation status for each clone and cell line were generated with 

the EXCEL CpG Bubble Chart Generator (Sections 2.4.1 to 2.4.7).  

Methylation results for CpG sites 1-4 for MDA-MB-231, MDA-MB-453 and T-47D cells are 

displayed (Figure 4.3). No clones were generated containing the fragment encompassing 

CpG sites 1-4 for MCF-7 cells and therefore no sequencing data was generated. However 

this was of less concern as the remaining 42 CpG sites were later sequenced. Figure 4.4 

displays results for CpG sites 5-46 for MDA-MB-231 and MDA-MB-453 cells, whereas the 

same sites for T-47D and MCF-7 cells are presented in Figure 4.5. Additional methylation 

data is given in Appendix 4. 

All 46 CpG sites across the ITGA2 promoter CpG Island were generally un-methylated for all 

four cell lines, suggesting that the promoter was in a hypomethylated state. No consistent 

pattern was demonstrated in the small amount of methylation that was observed. A notable 

exception was at CpG site number 23 in clones derived from MCF-7 cells which was 

consistently methylated. Considering the strong differential expression between the cell 

lines, especially the low expression in MDA-MB-453 and MCF-7 cells in spite of 

hypomethylation, it is highly likely that other mechanisms are regulating ITGA2 gene 

expression with promoter methylation being largely irrelevant. 
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Figure 4.3 Methylation of ITGA2 promoter CpG island sites 1-4 across MDA-MB-453, MDA-

MB-231, and T-47D cell lines. A schematic representation of the promoter is provided at top 

with CpG sites 1-46 marked by red lines in a 5’-3’ left-right direction, the chart below zooms 

in on the first four sites. Each horizontal line on the graph represents a cloned PCR product 

(5’ at left) for MDA-MB-453 (n = 9), MDA-MB-231 (n = 7) and T-47D (n = 7). Circles along the 

lines represent the CpG sites for each clone. White circles show un-methylated sites while 

black-circles are methylated. All clones showed general hypomethylation.  
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Figure 4.4 Methylation of ITGA2 promoter CpG island sites 5-46 for MDA-MB-231 and 

MDA-MB-453 cells. Diagrammatic representation for comparing methylation of CpG sites 5-

46 in the ITGA2 promoter of MDA-MB-453 cells (n = 7) and MDA-MB-231 cells (n = 8). A 

schematic of the promoter is included at top with CpG sites 1-46 marked by red lines in a 5’-

3’ left-right direction. Horizontal lines on the zoom in are cloned PCR products, white circles 

represent un-methylated CpG sites, and black circles represent methylated CpG sites, 5’ is at 

left. Hypomethylation was consistent for the four cell lines. 
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Figure 4.5 Methylation of ITGA2 promoter CpG island sites 5-46 for T-47D and MCF-7 cells. 

Diagrammatic representation allowing methylation comparison of CpG sites 5-46, within the 

ITGA2 promoter of T-47D (n = 7) and MCF-7 (n = 6) cells. A schematic of the promoter at top 

notes CpG sites 1-46 with red lines in a 5’-3’ left-right direction. On the zoom in horizontal 

lines represent PCR products from individual clones, white circles un-methylated CpG sites, 

and black circles methylated CpG sites, 5’ is at left. Clones were generally hypomethylated 

with CpG site 23 of MCF-7 cell clones being consistently methylated. 

 



 

58 
 

4.2.3 AzaC treatment of MDA-MB-453 cells failed to increase ITGA2 gene expression. 

Given their low ITGA2 expression MDA-MB-453 cells were treated with the DNA de-

methylating agent 5-aza-2-deoxycytidine (AzaC), a cytidine analogue that competitively 

inhibits DNMTs, to determine if it would increase ITGA2 expression. Even though the ITGA2 

promoter was hypomethylated it was hypothesised that other promoter regions/genes 

influencing ITGA2 gene expression may be methylated. Following treatment and RT-qPCR 

the expression of ITGA2 and GAPDH was measured, the absolute copy number of ITGA2 

relative to GAPDH was found to be extremely similar between the treatment and control 

cells (Figure 4.6). SEM was calculated but as n = 2 the validity of this was low, statistical 

significance could not be meaningfully compared with student’s t-test for the same reason. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 
 

 

 

 

Figure 4.6 Unchanged ITGA2 gene expression in MDA-MB-453 cells treated with AzaC. 

Total mRNA was extracted from MDA-MB-453 cells treated with AzaC and control prior to 

reverse transcription and qPCR for ITGA2. The geometric mean of absolute ITGA2 copy 

number normalized to GAPDH is graphed (averages from 2 samples per treatment, 

themselves obtained from averages of triplicate qPCR for samples). ± SEM is added (n = 2). 
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4.2.4 Confirmation of AzaC treatment effectiveness using ESR1 gene expression. To 

investigate if the AzaC treatment was effective and thus assess if the lack of ITGA2 

expression change with AzaC treatment was not due to ineffective AzaC treatment, qPCT 

was conducted for the estrogen receptor alpha gene ESR1. GAPDH was used as a reference 

gene. ESR1 contains a CpG island in its promoter region, the methylation of this site 

corresponded to the ER- status in BC cells such as MDA-MB-453 cells, suppressing ESR1. De-

methylation of ESR1 was previously shown to increase its expression in the ER- MDA-MB-

231 cell line (80). GSTP1 has previously been shown to be regulated by promoter 

methylation but has been reported to be hypomethylated in ER- BC cells (80). To this end a 

standard curve for ESR1 was generated using a cDNA sample produced for earlier qPCR from 

MCF-7 cells, known to be ER+ (10). As detailed in Section 2.3.3, following qPCR and product 

extraction, the amplified ESR1 product underwent serial dilution and further qPCR in 

triplicate for each dilution, the averaged Ct values were used to generate a standard curve 

(Figure 4.7).  

Averaged ESR1 Ct values from the AzaC treated and control MDA-MB-453 cell samples were 

intersected with the standard curve y-axis and gradient to obtain the absolute expression as 

per Section 2.3.2. The Standard curve for GAPDH generated previously (Section 3.2.1, Figure 

3.1) was used to gauge absolute expression of the reference gene. A small increase in ESR1 

gene expression did occur in the AzaC treated cells (Figure 4.8), however this wasn’t 

statistically significant. As n = 2 the validity of calculated SEM and student’s T-test was low 

(a third sample was not available). Therefore it is likely that AzaC treatment, and de-

methylation of genes regulating ITGA2, had little effect on ITGA2 expression. 
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Figure 4.7 A standard curve for the ESR1 gene. The equation of best fit was used to 

determine absolute ESR1 expression from AzaC treated and control MDA-MB-453 cells. 

Averaged Ct values for triplicates of the ESR1 dilution series are represented with blue dots, 

and standard error for triplicates is displayed (n = 3). 
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Figure 4.8 Absolute expression of ESR1 in AzaC treated MDA-MB-453 cells. As a positive 

control for gene expression changes following AzaC treatment, qPCR was performed on 

cDNA from both AzaC treated and control MDA-MB-453 cells for the estrogen receptor 

alpha gene ESR1. Expression was normalized to the GAPDH reference gene and ± SEM is 

displayed (n = 2). A small but statistically insignificant increase in ESR1 expression was noted 

for AzaC treated cells. 
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4.3 Discussion 

Epigenetic aberrations can contribute to cancer development and progression. DNA 

methylation, especially at gene promoter/enhancer CpG islands, is a key epigenetic 

mechanism. Hypermethylation can block TF interactions and promote the development of 

heterochromatin to induce transcriptional silencing. In contrast hypomethylation can 

promote transcriptionally active euchromatin (Section 1.11, Figure 1.2). DNA methylation 

patterns in BC have been extensively studied, hypermethylation being reported for a 

number of TSGs, and hypomethylation occurring for specific genes such as proto-oncogenes, 

however hypomethylation of repeated DNA elements can also promote 

chromosomal/karyotypic instability (Section 4.1). The α2β1 integrin is important in 

mammary gland function and BC progression. Its role in cancer is conflicting, in BC anti-

metastatic effects have been shown with pro-metastasis implied in PC, anti-angiogenic 

effects have also been reported in melanoma (34, 35). ITGA2 may be upregulated in early 

BC, and while downregulated in metastatic BC, may be upregulated in bone metastases (14, 

15, 17). 

This study found highly variable ITGA2 expression across four BC cell lines that did not 

appear to be associated with ER status or reported metastatic potential (Chapter 3). The 

highly variable expression may have implied transcriptional control by epigenetic 

mechanisms or TFs. The ITGA2 gene promoter region, within 600bp 5’ of the TSS, contains a 

CpG island of 46 CpG sites (Figure 4.1), which made transcriptional control by promoter 

methylation a promising explanation for the variable ITGA2 expression. Literature on ITGA2 

promoter methylation patterns is extremely limited. Importantly to our knowledge no study 

had investigated the promoter’s methylation in BC cells, and as such comparison could only 

be made to prostate cancer (PC) and pancreatic ductal adenocarcinoma (PDAC). Literature 

on PC and PDAC did show clear correlation between ITGA2 promoter methylation and 

mRNA expression, and in turn to different aspects of cancer progression (31, 32), and it was 

therefore anticipated that a similar correlation may occur in BC cell lines. 

Methylation levels of the ITGA2 promoter across MDA-MB-231, MDA-MB-453, T-47D and 

MCF-7 cells were quantified by sequencing of the bisulphite converted cloned DNA 

fragments.  Primer sets covered CpG sites 1-4 and 4-46 separately. Following sequencing it 
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was found that across the four cell lines the ITGA2 promoter was consistently 

hypomethylated (Figures 4.3 – 4.5). The only exception of note was the consistently 

methylated CpG site number 23 (bp -278) of the MCF-7 cell line (Figure 4.5). 

In PDAC it was found that the ITGA2 promoter was hypomethylated in tumour samples 

relative to non-malignant pancreatic samples, this correlated with elevated ITGA2 gene 

expression (32). Similarly in PC while the ITGA2 promoter in normal prostate tissue had 

some mild level of methylation at CpG sites 1 – 11, in tumour samples the entire CpG island 

was hypomethylated, however this did not correlate to tumour grade (31). 

Such findings mirrored some aspects of BC. Normal mammary gland epithelium contains 

elevated levels of α2β1 integrin (61), with early stage tumours still strongly staining for the 

integrin in IHC (14). The integrin was lost in more poorly differentiated tumours and in 

metastatic progression (such as lymph node metastases) with the integrin having an anti-

metastatic effect in BC (14, 15, 17). This could have implied similar hypomethylation in both 

normal breast tissue and early stage BC. Unfortunately methylation status in BC tumours 

and normal mammary gland epithelium hasn’t been reported for ITGA2. The two epithelial-

like cell lines investigated, T-47D and MCF-7, were hypomethylated showing similarity to 

literature. 

In PC cell lines, expression of ITGA2 correlated well with promoter methylation.  In PC3 cells 

the promoter was hypomethylated and associated with high ITGA2 expression, whereas 

LNCaP and 22Rv1 cells were hypermethylated with low expression. Furthermore treatment 

of LNCaP and 22Rv1 cells with both AzaC and TSA, a HDAC inhibitor, was required to 

increase ITGA2 expression suggesting heterochromatin over the promoter. By contrast in BC 

cell lines the correlation of hypomethylation to ITGA2 expression was not apparent, as while 

some cell lines such as MDA-MB-231 did have high expression as expected for 

hypomethylation, MDA-MB-453 had an extremely low level of expression. Furthermore the 

increased expression of ITGA2 in PC3 cells was associated with increased metastatic 

potential, as blocking ITGA2 with siRNA inhibited cell migration. Contrastingly ITGA2 had 

anti-metastatic effects in BC according to the literature and generally has decreased 

expression with BC metastases (14, 15, 17), however in some cases metastatic BC cells such 

as MDA-MB-231 cells, and BC bone metastases, may have elevated expression (65, 66). 
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Due to the low ITGA2 expression in MDA-MB-453 cells, they were treated with the AzaC de-

methylating agent to test if methylation of pathways regulating ITGA2 may have influenced 

its expression, however no change in ITGA2 expression was observed. The ESR1 gene 

encoding ERα has a hypermethylated promoter CpG island in ER- BC cell lines such as MDA-

MB-453 (80), its demethylation could have upregulated ERα, and in turn the ERα – EGR-3 

pathway known to upregulate regulate ITGA2 (18). RT-qPCR for ESR1 showed some increase 

in gene expression, however this wasn’t statistically significant. The lack of influence on 

ITGA2 expression suggested that ESR1 demethylation was either insufficient or that other 

pathway components (such as estrogen, EGR-3 and NAB2) weren’t regulated correctly. 

4.4 Conclusion 

Overall the highly variable ITGA2 expression across BC cell lines in spite of consistent 

promoter hypomethylation strongly suggested that ITGA2 promoter methylation was not a 

significant regulator in expression of this integrin in BC. However as the expression of ITGA2 

mRNA was still highly variable, the implication of another source of transcriptional 

regulation seemed more likely, notably transcription factors, especially as the consistent 

hypomethylation implied euchromatin that would allow access of the promoter to TFs. 

More distal promoter methylation did seem to have a greater suppressive effect on ITGA2 

expression than distal methylation in 22Rv1 cells (31), possibly implying a role for TFs that 

target different regions of the promoter. Intriguingly MCF-7 cells did have a consistently 

methylated CpG site number 23 that again could imply specific interactions with TFs. This 

will be further discussed in Chapter 5. 

To further clarify the role of ITGA2 promoter methylation in BC, future study should 

compare promoter methylation across samples of BC of different stages including early 

tumours, metastatic/late stage tumours and bone metastasis, to methylation in normal 

mammary epithelia. This would also demonstrate the consistency of methylation between 

BC and BC cell lines. For de-methylating ESR1 in ER- cell lines, a combination of AzaC and 

TSA could be more effective than AzaC alone, and supplementation of estrogen could 

potentially help stimulate pathways to upregulate ITGA2. 
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Chapter 5 

Transcription factor and micro RNA regulation of ITGA2 

5.1 Introduction  

ITGA2 has variable expression across BC cell lines independent of promoter methylation, 

thus regulation of ITGA2 by other mechanisms is likely. Two such options are transcription 

factors (TFs) and micro RNAs that mediate transcriptional and translational control of mRNA 

respectively. 

Numerous putative TF recognition sequences exist within the 2000 bp region 5’ to the ITGA2 

TSS (Figure 5.1 A). The promoter contains a core promoter as well as cell-type specific 

enhancer and repressor regions that may be relevant to BC (Figure 5.1 B) (81, 82). The 

promoter contains ubiquitous TF motifs for Sp1, AP-1, and AP-2 (81). Sp1 activates 

promoters lacking TATA/CAAT-boxes like ITGA2, and in hematopoietic cells the core 

promoter’s Sp1 sites were needed for activity with no other proteins present (83). Sp1 or 

associated protein phosphorylation enhanced the promoter’s activity. Another Sp1 site (bp -

108 to -101) was also functional (84), and Sp1 upregulated the ITGA2 promoter regardless of 

methylation (85). Two AP-1 sites in the megakaryocyte specific enhancer engaged c-fos/c-

jun family proteins for MAPK activity (86). 

TFs involved in EMT have also been implicated in ITGA2 regulation and BC progression. The 

switch to mesenchymal phenotype allows increased migration and involves molecular 

changes (Section 1.7) including upregulation of TFs SNAI1, SNAI2 and TWIST1 (20), with the 

interplay between EMT TFs mediated by HMFA2 in BC cell lines (87). Luminal BC cell lines 

such as MCF-7 had repressed TWIST1, and SNAI1, whereas basal cell lines such as MDA-MB-

231 displayed elevated SNAI1 and TWIST1, in these lines both TFs downregulating E-Cad 

mRNA and protein (88, 89). Blick et al. (2008) specifically found TWIST1 to be elevated in 

basal B BC cells, SNAI2 elevated in both Basal A and B subtypes, and SNAI1 to be relatively 

low across luminal and basal lines. TWIST1 was elevated in BC invasive lobular carcinoma 

along with E-Cad loss. In BC cells TWIST1 could decrease E-Cad mediated cell-cell adhesion, 

increase mesenchymal markers, and be blocked to inhibit metastasis (90). By contrast 

mesenchymal BC CTCs failed to express SNAI1 or TWIST1 (21). The ITGA2 promoter contains 

E-box sites for basic helix-loop-helix TFs including SNAI1 and TWIST1. E-box sites have the 
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general sequence 5'-CANNTG. In PC cell lines TWIST1 activated the ITGA2 promoter, 

however later results were contradictory, and SNAI1 was able to repress the promoter (85). 

The putative E-box (bp -161 to -149) wasn’t functional, however a second site (-758 to -753) 

was directly involved with SNAI1 in this role. Deletion of the E-box plus surrounding 

sequence back to bp -270 increased promoter activity significantly, possibly enabling SNAI1 

to interact in an alternate manner to upregulate ITGA2. Indeed SNAI1 has been shown to 

coordinate with Sp1 and EGR-1 to upregulate p15ink4b (91), and Sp1 was able to counteract 

the suppressive effect of SNAI1 on the promoter (85). Interestingly TWIST1 in metastatic BC 

cell lines (MDA-MB-231) was capable of downregulating ERα by engaging an ESR1 promoter 

E-box and co-operated with epigenetic mechanisms (Chapter 4) by recruiting DNMT-3B and 

HDAC1 to hyper-methylate and silence ESR1 (92). 

Considering hormone receptor loss in BC progression it can be noted that the ITGA2 

promoter contains ERα and PRα/β half-sites. An androgen response element (ARE) half-site 

repressed the ITGA2 promoter in PC cell lines (81, 85). ERα can act via ligand-dependent 

binding to estrogen response elements, or indirectly via other TFs or protein kinases. EGR-3 

activation by ERα (in MCF-7 cells) stimulated ITGA2 expression, and the EGR-3 co-repressor 

NAB2, the related EGR-1 may act similarly (18, 93). The ITGA2 promoter contains two 

putative EGR sites. Downregulation of NAB2 can produce unrestrained EGR transcriptional 

activation (94).  

The ITGA2 promoter also contains a putative WT1 recognition site in the form of a CA 

dinucleotide microsatellite (PROMO Tool) (Figure 5.1). The TF WT1 is a TSG that affects 

growth and differentiation. WT1 recognised a similar region in the IGF-1 promoter (95). The 

classical WT1 consensus sequence 5-GCGTGGGAGT resembled putative EGR sites, however 

the positions most important for WT1 recognition were not conserved (96). Microsatellite 

repeats near promoters could loop out regions of DNA to block or enhance interactions 

between enhancer and promoter elements as well as act as TF recognition sites (95). In BC 

elevated WT1 was associated with influencing EMT towards mesenchymal phenotype and 

associated with poor prognosis and metastasis (97). Expression in BC was variable, WT1 was 

expressed lower in BC than normal mammary gland and was elevated in ER+ luminal 

tumours (97). Overexpression of WT1 in the ER+ MCF-7 cell line downregulated ERα 
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increasing antiestrogen resistance (98). As WT1 can be highly expressed in triple negative BC 

cell lines the implication in ER loss and EMT is significant (97). 

In addition to transcription factors, the translational regulation of ITGA2 mRNA by micro 

RNA (miRNA) is another potential point of control. MiRNA, incorporated in RISC complexes, 

can undergo low complementarity or high complementarity binding in the 3'UTR regions of 

mRNAs to initiate translational downregulation or mRNA degradation respectively. In so 

doing they can act as oncogenes or TSGs in cancer (Sections 1.11 and 1.16). Despite a 

significant amount of literature existing on micro RNAs in cancer, their involvement in ITGA2 

regulation has recieved extremely limited coverage. 

In papillary thyroid carcinoma (PTC), Liu et al. (2013) correlated numerous miRNAs to genes 

deregulated relative to normal thyroid, the downregulated micro RNA Hsa-miR-103a-3p 

(and hsa-miR-107 to a lesser degree) was identified as a regulator of the abnormally 

upregulated ITGA2 gene (99). A potential target region of 3'UTR was not validated (Table 

5.1). Yang et al. (2013) found that ITGA2 was regulated by a Hsa-miR-16-5p. In aggressive 

PTC associated with distant metastases, miR-16-5p was downregulated with ITGA2 

upregulated to pro-metastatic effect. This study again failed to validate the functionality of 

the 3'UTR recognition site (Table 5.1) but did validate regulation with its transfection 

upregulating reporter activity in a ITGA2 3'UTR construct (100). The only study to my 

knowledge investigating ITGA2 regulation by a miRNA in BC was conducted by Ding et al. 

(2015). This study found Hsa-miR-373-3p to directly downregulate ITGA2 mRNA translation 

in BC. MiR-373-3p showed an inverse correlation to ITGA2 protein expression, with higher 

expression in primary BC tumours relative to normal breast tissue, and higher expression in 

lymph node positive tumours than lymph node negative, and vice versa (Chapter 3). 

Mutation of the putative 3'UTR recognition sequence (Table 5.1) in reporter assays with co-

transfection of miRNA confirmed its functionality. Further experiments indicated that ITGA2 

downregulation by elevated miR-373-3p stimulated BC cells to reduce cell-cell adhesion and 

increse migration (by cytoskeletal F-actin depolymerization), consistent with the anti-

metastatic properties of ITGA2 in BC. Furthermore miR-373-3p had little effect on ITGA2 

mRNA levels, implying translational control, in BC cell lines the reduced ITGA2 expression of 

MDA-MB-231/468 relative to MCF-7 was far more pronounced at the protein level than 

mRNA level (17). 
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Therefore miRNAs may control pro-/anti-metastatic effects of ITGA2 in different cancers. 

Finally, in PC the ITGA2 3’UTR contained variants that were associated with cancer risk. 

There is the possibility that such sites may occur in miRNA recognition sequences 

(Dickinson, J., unpublished personal communication). 

Table 5.1 ITGA2 mRNA 3’UTR recognition sequences for mature miRNAs identified in the 

literature. Base pair positions are noted relative to the start of the ITGA2 mRNA 3’UTR, 

following the prior exons stop codon 5’-TGA (bp -3 to -1). Alignments are low 

complimentarity with vertical bars indicating base pairing and horizontal dashes in the 

sequences indicating areas where the complmentary alignment is looped out. 

ITGA2 3’UTR and targeting 

micro RNA 

Alignment with ITGA2 3’UTR*  Reference 

ITGA2 3’UTR +496 to 519 

 

 Liu et al. 

(2013) Hsa-miR-103a-3p 

ITGA2 3’UTR +506 to 519 

 

 Yang et al. 

(2013) Hsa-miR-16-5p 

ITGA2 3’UTR +3003 to 3014 

 

 Ding et al. 

(2015) Hsa-miR-373-3p 

*Illustrations were re-drawn from the source paper with additional checking of PicTar bioinformatics 

tool for Liu et al. (2013). 

This chapter will briefly examine regulation of ITGA2 by transcription factors TWIST1 and 

EGR-1 by looking at gene expression across four BC cell lines representing different BC 

subtypes with variable ITGA2 expression. Correlation between expression of TFs to ITGA2 

expression and other cell traits will be noted. Most TFs suspected to engage the ITGA2 

promoter haven’t been investigated in this aspect and their function on this gene in BC 

specifically has rarely if ever been focussed on. Additionally miRNA will also be extracted 

from BC cell lines for quantitative analysis of miR-373-3p (at a future date), miRNA 

recognition sites in the ITGA2 3’UTR, and the overlap of these with cancer risk associated 

variants, will also be investigated.  

 



 

70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Diagrammatic representation of putative transcription factor binding sites 

within the ITGA2 gene promoter. A) A detailed map of the region -1614 bp relative to the 

TSS (5’ – 3’ left-right), CpG sites are marked purple with the putative TF sites marked 

according to the key at upper-left. B) Identified general and cell type specific enhancer and 

suppressor regions of the promoter within the -3000 bp region 5’ to the TSS (+1). 

Additionally the 5’-CCCTGCTCTCACGG initiation sequence and 5’-ATG site at the start of 

exon 1 are marked on A (greyed) with corresponding symbols for amino acids noted above. 

A 
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5.2 Results 

5.2.1 Standard curves for determination of transcription factor gene expression. Standard 

curves for TWIST1 and EGR-1 were required for calculation of gene expression in BC cell line 

samples in terms of transcript copy number. Using cDNA samples (from MCF-7 cells) qPCR 

and dilution series preparations were carried out (Section 2.3.3). The triplicate qPCR Ct 

values for the two genes were graphed according to Section 2.3.3 to generate standard 

curves for TWIST1 (Figure 5.2, A) and EGR-1 (Figure 5.2, B). The standard curve already 

prepared for the reference gene GAPDH (Figure 3.1, B) was re-used. Subsequent copy 

numbers for TWIST1, EGR-1 and GAPDH were calculated from the four BC cell lines using the 

intercept of Ct values to the standard curves. 
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B) 

 

 

 

 

 

Figure 5.2 Standard curves for transcription factor genes. Standard curves with lines of best 

fit were generated for TWIST1 (A) and EGR-1 (B) in order to enable determination of 

absolute gene expression in BC cell lines. Blue points represent averaged triplicate Ct values, 

obtained from the Rotor-Gene 6000, from dilution series made from previously amplified 

TWIST1 and EGR-1 qPCR products, SEM was fitted (n = 3). 
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5.2.2 Expression of transcription factors TWIST1 and EGR-1 in breast cancer cell lines. To 

compare differences in expression of the TWIST1 and EGR-1 transcription factor genes 

between MCF-7, T-47D, MDA-MB-453 and MDA-MB-231 BC cell lines, RT-qPCR was 

conducted on RNA extractions (Sections 2.3 – 2.3.2). This would allow comparison of 

TWIST1 and EGR-1 expression to ITGA2 levels and other cell properties. Three biological 

replicate cell pellets were used for RNA preparation from each cell line and GAPDH was used 

as the reference gene, samples underwent qPCR in triplicate. Averaged Ct values for each 

replicate allowed copy numbers to be calculated from respective standard curves (Figure 5.2 

A for TWIST1, Figure 5.2 B for EGR-1 and Figure 3.1 B for GAPDH). As with previous gene 

expression measurements the TWIST1 and EGR-1 absolute copy number was the copy 

number for each replicate divided by the square root of geometric mean of GAPDH copy 

number, the geometric mean of the TWIST1 and EGR-1 absolute copy numbers were used 

as the measure of gene expression. 

The results of TWIST1 expression were graphed with SEM (n = 3) (Figure 5.3). Expression of 

TWIST1 varied between BC cell lines, both luminal cell lines T-47D and MCF-7 had elevated 

and similar TWIST1 expression, slightly more so in the latter. By contrast their expression 

was roughly four fold greater than TWIST1 expression in basal MDA-MB-231 and MDA-MB-

453 cells (the latter being slightly lower in expression). Using students T-test the differences 

in expression within high and low expressing cells was not significant (p > 0.05), whereas 

differences between low expressing cells to MCF-7 were significant (p < 0.05). 

EGR-1 expression was also variable between BC cell lines, overall expression was 

significantly lower than TWIST1 (Figure 5.4). Both cell lines MDA-MB-453 and MCF-7 had 

similarly elevated EGR-1 at 0.12 and 0.14 respectively, whereas MDA-MB-231 and T-47D 

had roughly 3 fold lower expression at 0.06 and 0.02 respectively, albeit noticeably lower in 

T-47D. The difference in expression between the cell lines didn’t reach statistical 

significance by T-test (p > 0.05). 
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Figure 5.3 Absolute expression of the TWIST1 transcription factor across breast cancer cell 

lines. RT-qPCR was conducted for transcription factor gene TWIST1 and GAPDH reference 

gene, on mRNA extracted from BC cell lines MDA-MB-231, MDA-MB-453, T-47D and MCF-7 

cell lines (3 samples per cell line with averages from triplicate qPCR runs). The graphed 

expression was the geometric mean of absolute TWIST1 copy number normalized to 

GAPDH, with ±SEM (n = 3). P values generated with student’s t-test are located above to 

indicate statistical significance. 
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Figure 5.4 Absolute EGR-1 transcription factor expression across breast cancer cell lines. 

RT-qPCR was conducted for the transcription factor gene EGR-1 and reference gene GAPDH 

on mRNA samples from MDA-MB-231, MDA-MB-453, T-47D and MCF-7 cell lines (3 samples 

per cell line with averages from triplicate qPCR runs). The geometric mean of absolute EGR-

1 copy number normalized to GAPDH was graphed with ±SEM (n = 3). P values generated 

with students t-test are located above however none reached statistical significance (p 

<0.05). 
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5.2.3 Micro RNA recognition sequences and risk variants in the ITGA2 mRNA 3’UTR 

To quantify Hsa-miR-373-3p in BC cell lines total RNA was extracted from all four BC cell 

lines. MiRNA was successfully extracted with the A260/230 ratio on a NanoDrop 8000 

spectrophotometer reading from 1.24 to 2.32 and RNA concentration reading 170.8 to 

1437ng/µL, indicating that the extracted total RNA was of sufficient quality and quantity for 

quantification of miR-373-3p. (This will be completed at a later date due to time constraint). 

Micro RNA recognition sites within the ITGA2 mRNA 3’UTR were examined so as to identify 

potential miRNAs that could be relevant to ITGA2 regulation. The Targetscan bioinformatics 

tool identified 13 sites, with a further 25 identified by miRDB (Table 5.2). MiRDB matches 

with a Target Score of 99 – 90 were recorded. Three miRNA sites identified in the literature 

(Table 5.1), suspected to regulate ITGA2 in cancer (17, 99, 100), were also identified by 

these tools. Genetic variants in the ITGA2 gene have been previously associated with PC risk 

according to FitzGerald et al. (2009) and Dickinson, J., (2018 - unpublished personal 

communication). These genetic variants are located within the ITGA2 3’UTR and perhaps 

influence miRNA regulation in BC (101). To this end variant positions were compared to 

those of miRNA recognition sequences. While most were outside miRNA recognition 

sequences, rs6898333 and rs6880055, were in close proximity to two miRNA sites (Table 

5.3). The latter site in particular may influence interaction of miR-373-3p (17). Large 

insertions or deletions such as rs57674800 may have additional effects on RNA structure 

and functionality. 

Table 5.2 MiRNA recognition sequences identified in the ITGA2 mRNA 3’UTR. Using two 

tools potential miRNA recognition sequences were identified, several sites correspond to 

multiple potential miRNAs including those identified in the literature as potential regulators 

of ITGA2 (highlighted). Positions numbers are noted 5’-3’ from the start of the 3’UTR (+1). 

Position (bp) 

from start of 

3’UTR 

ITGA2 3’UTR miRNA 

recognition sequence 

Potential miRNA(s) recognising sequence Tool 

133 - 139 5’-AAAACTG miR-4328 miRDB 

196 - 202 5’-AGGGAAA miR-4446-5p 

207 - 213 5’-AGGGAAA miR-4446-5p 

232 - 238 5’-GGGGGAA miR-3679-3p 

270 - 276 5’-GTTTACA miR-30c-5p/30b-5p/30d-5p/30e- Targetscan 
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5p/30a-5p 

361 - 367 5’-GGGGGAA miR-3679-3p miRDB 

366 - 372 5’-AAAACTG miR-4328 

374 - 380 5’-TCTCTTT miR-4311 

407 - 413 5’-ACAGAAG miR-3182 

457 - 464 5’-AATGAAT miR-664a-3p 

507 - 518 5’-ATTTATGCTGCT miR-103a-3p 

miR-16-5p/195-5p/15a-5p/15b-

5p/497-5p/424-5p/6838-5p 

(Boxed) 

Targetscan 

573 - 579 5’-GGTAAAA miR-2681-5p miRDB 

824 - 830 5’-TCTCTTT miR-4311 

970 - 976 5’-TATTATA miR-374a-5p/374b-5p 

1088 - 1094 5’-GGGGGAA miR-3679-3p 

1489 - 1495 5’-TTTGAGA Hsa-miR-373-5p Targetscan 

1858 - 1864 5’-TGTTTAC miR-30d-5p/30a-5p/30b-5p/30c-

5p/30e-5p 

1997 - 2003 5’-TGCTGCT miR-195-5p/16-5p/15a-5p/424-

5p/6838-5p/15b-5p/497-5p 

2451 - 2464 5’-AGCCGAGATCGC 

GCCACTGCACT 

miR-143-5p miRDB 

2648 - 2654 5’-ATACATA miR-3924 

2703 - 2709 5’-GTTTACA miR-30e-5p/30a-50/30d-5p/30c-

5p/30b-5p 

Targetscan 

2948 - 2955 5’-GACAATCA miR-219a-5p/4782-3p/6766-3p 

3004 - 3013 5’-TCAAGCACTT miR-373-3p 

miR-302e/520a-3p/520b/520c-

3p/372-3p/302d-3p/302a-

3p/302b-3p/302c-

3p.1/520e/520d-3p (boxed) 

3048 - 3054 5’-GGGGGAA miR-3679-3p miRDB 

3151 - 3157 5’-CATTTCA miR-203a-3p.1/203a-3p.2 Targetscan 

3191 - 3197 5’-GGTAAAA miR-2681-5p miRDB 

3284 - 3290 5’-CATTTCA miR-203a-3p.1/203a-3p.2 Targetscan 

3368 - 3378 5’-AAAACTGTGAA miR-4328 

miR-27b-3p/27a-3p 

miR-128-3p/3681-3p/216a-

3p(boxed) 

miRDB 
Targetscan 

3400 - 3406 5’-TATTATA miR-374a-5p/374b-5p miRDB 

3432 - 3438 5’-TATTATA miR-374a-5p/374b-5p 

3527 - 3533 5’-ACAGAAG miR-3182 

3574 - 3580 5’-ATTTCAA miR-203a-3p.2 Targetscan 

3581 - 3588 5’-TTTGCACA miR-19b-3p/19a-3p 

3682 - 3688 5’-GGGGGAA miR-3679-3p miRDB 

3808 - 3814 5’-TGAATGT miR-4262 

3880 - 3886 5’-ATACATA miR-3924 

3955 - 3961 5’-AAAACTG miR-4328 
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Table 5.3 Risk variants within the ITGA2 mRNA 3’UTR that may affect miRNA mediated 

regulation. Variants were identified in PC with two being located near miRNA recognition 

sites. Illustrations depicting select miRNA alignments are shown for the two variants with 

the variant SNP position noted with an ‘X’. The variant rs6880055 was in close proximity to 

the recognition site for Hsa-miR-373-3p, implicated in ITGA2 regulation in BC (17, 101). In 

figures the ITGA2 3’UTR sequence positions are above 5’-3’ with the miRNA(s) below aligned 

3’-5’. 

Variant 

designation 

Risk allele Bp 3’ to 3’UTR 

start site 

ITGA2 3’UTR sequence near variant and 

complementary miRNA(s) 

rs3212649 3 bp deletion 486 - 488  

rs72277253 4 bp deletion 2505 - 2508 

rs1900182 C 2570 

rs6898333 A 2940 

 

rs6880055 G 2999 

 

* 

rs57674800 25 bp insertion 3599-3600  

rs7725246 C 3986 

*11 other miRNAs also possibly engage to this area – Table 5.2 
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5.3 Discussion 

Considering its variable expression and promoter hypomethylation (Chapters 3 and 4), 

differential ITGA2 expression in BC is potentially regulated by TFs. Expression of TWIST1, a 

driver in EMT, and EGR-1, a potential TSG in BC, were examined across four BC cell lines. 

The EMT transcription factor gene TWIST1 showed elevated expression in the 

luminal/epithelial cell lines T-47D and MCF-7, whereas the more basal/mesenchymal and 

metastatic lines MDA-MB-231 and MDA-MB-453 had comparably reduced expression levels 

(Figure 5.3). This analysis does not support regulation of ITGA2 in BC cell lines with TWIST1 

expression correlating more to luminal or basal subtype. This mirrored findings in PC cell 

lines where TWIST1 had inconsistent effects on ITGA2 promoter activity (85).  

These results were contrary to other findings in the literature. TWIST1 was elevated in BC 

relative to normal tissue, and with increasing grade from I-III TWIST1 expression increased 

while E-Cad decreased (gene and protein) expression (88). BC cell lines with low metastatic 

potential and luminal characteristics such as MCF 10A and MCF-7 had reduced TWIST1 gene 

(and protein) expression and elevated E-Cad, more invasive or metastatic BC cells with a 

more basal type such as Hs578T and MDA-MB-231 had elevated TWIST1 and reduced E-Cad 

(TWIST1 repressed E-Cad via E-box sites) (88). Across 51 BC cell lines Basal B subtypes 

generally had considerably elevated TWIST1 compared to Basal A and Luminal subtypes. 

However out of the Basal B lines MDA-MB-231 stood out with repressed TWIST1, and MDA-

MB-453 (classed as Luminal versus the basal classification of Maemura et al. (1995)) had 

similarly repressed TWIST1, relative to the luminal MCF-7 cell line (87), reflective of this 

studies findings (Figure 5.3). Mironchik et al. (2005) also showed elevated stable TWIST1 in 

MCF-7 cells, again reflective of this studies results, with this expression triggering 

mesenchymal transformation, angiogenesis, and chromosomal instability (102). 

Stimulation of MCF-7 (and 4T1 and NMuMG) cells with RANKL induced mesenchymal 

morphology, and EMT markers including TWIST1 and SNAI1, by activating NF-κB (103). NF-

κB is usually associated with mediating stress responses and can be altered in cancer. 

Interestingly in head and neck squamous cell carcinoma RANKL/RANK induced NF-κB 

signaling upregulated ITGA2 mRNA and protein to enhance Col I anchorage dependent 

survival (104). Indeed the ITGA2 promoter did contain two sequences that closely 
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remembled the NF-κB recognition sequence 5’-GGGRNYYCC (R=purine, Y=pyrimidine) 

(Figure 5.1), within the enhancer element of the ITGA2 promoter in T-47D cells (81, 82). The 

sites also match ubiquitous NF-1 TF sites (81). This pathway merits further investigation in 

BC. While the ITGA2 promoter was hypomethylated across the BC cell lines, MCF-7 cells had 

a consistently methylated CpG site number 23 (bp –229, Figure 4.5), which was directly 

within a putative NF-κB/NF-1 recognition sequence. It could be that methylation of this site 

in these MCF-7 cells could explain the disparity between the low ITGA2 expression observed 

compared to higher expression of ITGA2 seen in MCF-7 cells in the literature (Table 3.1) by 

blocking TFs at this site needed for ITGA2 upregulation (such as NF-κB). 

Expression of EGR-1 across BC cell lines showed interesting trends, expression was elevated 

in the epithelial-like MCF-7 and basal-like MDA-MB-231 lines, and decreased in the 

epithelial-like T-47D and basal-like MDA-MB-453 (Figure 5.4), implying little correlation to 

properties such as ER status or metastatic potential. Expression (although not reaching 

statistical significance) was roughly inverse to ITGA2 expression as cell lines with elevated 

ITGA2 (MDA-MB-231 and T-47D, Figure 3.2) showed noticeably lower EGR-1 expression and 

vice versa. This may suggest that EGR-1 is involved in ITGA2 downregulation in the cell lines 

MCF-7 and MDA-MB-453 and that repression of EGR-1 contributed to elevated ITGA2 in T-

47D and MDA-MB-231 cell lines. 

EGR family transcription factors are a group of C2H2-type zinc finger proteins that includes 

EGR-1 – 4, which intreact with similar DNA motifs, EGR-1 for example binds the sequence 5'-

GCG(T/G)GGGCG-3' or similar (81). The ITGA2 promoter contains two putative EGR 

recognition sequences, one in the region identified as a general core promoter, and another 

immediately 5’ to this in the area identified as an enhancer region in the epithelial BC cell 

line T-47D (Figure 5.1) (81, 82). The interaction of these sites with EGR family TFs hasn’t 

been reported in BC. Both sites also contained ubiquitous Sp1 recognition sequences, and in 

the haematopoietic K562 cell line the core promoter site was only bound by Sp1 and no EGR 

TFs (83). Scarce literature exists on regulation of ITGA2 by EGR-1, however the related EGR-

3 can regulate ITGA2. Low EGR-3 expression in MCF-7 cells up-regulated ITGA2 in a ERα-

EGR-3-ITGA2/NAB2 pathway (NAB2 a co-repressor to EGR-3). Interestringly EGR-1, -2 and -4 

were found to be extremely low to absent (18), in contrast this study found MCF-7 cells had 

the highest expression of EGR-1 across the four cell lines (Figure 5.4). As EGR-1 recognised 
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the same consensus sequence as EGR-3 and similarly upregulated NAB2, it may potentially 

regulate ITGA2. EGR-1 has been shown to intreract with Sp1 and SNAI1 to up-regulate genes 

such as p15INK4b (91). EGR-1 can bind to gene promoters to up-regulate genes such as 

Gadd45a/b or gelsolin (105, 106), or to downregulate CyclinDs (107). EGR-1 interaction with 

the ITGA2 promoter  could have potentially down-regulated ITGA2, the region of the 

promoter containing EGR-1/Sp1 sites was identified as an enhancer in T-47D cells and had 

repressive effects in hematoipoietic lines. It is possible that EGR-1 may compete with Sp1 

for the EGR sites to facilitate downregulation and explain the inverse relationship with 

ITGA2 and EGR-1 expression. Co-operation with other TFs such as Sp1 and SNAI1 may also 

mediate up- or down-regulation (91). 

In BC EGR-1 functioned as a TSG by repressing cyclinD group cell-cycle regulators and 

possibly gelsolin (106, 107). EGR-1 itself could be upregulated by ubiquitous, cell-type 

specific, and stress response TFs. EGR-1 activation by NF-κB binding its promoter allowed 

apoptosis in response to UVB radiation (via Gadd45) (105). Activation by estrogen (in MCF-7 

cells) or growth factors (mediation by MAPK) involved binding of Elk1-Sap1a-SRF ternary 

complexes to EGR-1 promoter SRE regions (108, 109). EGR-1 also interacts with p53 and p73 

to mediate anti-proliferation and apoptosis (110). In cancer progression the EGR-1 TSG 

function can be lost by alteration in targets (PTEN, TP53) or interuption of EGR-1 induction, 

for example by altering SRF with aberrant PI3K or Wnt1. EGR-1 can also promote cancers by 

enhancing EMT, sometimes via p53 mutations upregulating EGR-1 (via ERK). Regulation of 

EGR-1 by NF-κB may have caused the variable EGR-1 expression, and contrasting up- and 

down-regulation of ITGA2 by NF-κB and EGR-1 respectively are also possibly involved. 

BC samples had reduced EGR-1 relative to normal breast tissue, and malignant BC tumours 

had greater repression of EGR-1 than benign BC tumour samples (106, 107). Similarly BC cell 

lines generally had lower EGR-1 than the non-cancerous breast line MCF10A. Expression 

within BC cell lines was variable, following stimulation with FCS, MCF-7 and MDA-MB-231 

cells had comparably elevated EGR-1, compared to the low to absent expression in T-47D, 

ZR75-1 and Bcap37 cells (106, 107). These findings supported the elevated EGR-1 expression 

observed in MCF-7 cells in this study relative to the low EGR-1 in T-47D, however did not 

reflect the similarly low levels of expression found in MDA-MB-231 cells. 
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5.4 Conclusion 

Overall transcription factors likely regulated ITGA2 expression in BC cell lines, however the 

exact nature of this is still unclear. The data suggests that EMT TF TWIST1 is unlikely to 

regulate ITGA2 in BC, but the related TF SNAI1 may down-regulate its expression. Both EGR-

1 and TWIST1 expression can be regulated by NF-κB, and while NF-κB has been found to 

upregulate ITGA2, EGR-1 can possibly downregulate ITGA2 in specific luminal and basal BC 

cell lines, with both TFs having putative sites in the ITGA2 promoter. Elevated EGR-1 in MCF-

7 and MDA-MB-453 may repress ITGA2, whereas low EGR-1 in T-47D and MDA-MB-231 may 

permit ITGA2 expression. NF-κB, or other TFs, may increase ITGA2 in these cell lines 

(especially where EGR-1 is repressed), however may be unable to do so in MCF-7 due to 

ITGA2 promoter methylation at the NF-κB recognition sequence. The potential regulation of 

EGR-1 by NF-κB or other TFs may further complicate the expression of ITGA2. The interplay 

between EGR-1, NF-κB and ITGA2 in BC needs further validation, as would the pathways 

inducing variable EGR-1.  

In future the protein and mRNA level of multiple genes would need to be assessed in BC cell 

lines and possibly tumour samples, including TWIST1, SNAI1, EGR-1, EGR-3 and NF-κB. Using 

the promoter region, pull down assays could be conducted using nuclear extracts from the 

four BC cell lines, followed by mass spectrometry to identify all associated proteins. Proteins 

of interest (including novel proteins) could then be investigated further with CHiP, and gene 

expression testing, notably CHiP analysis for EGR-1, EGR-3, and NF-κB could allow validation 

of the previously discussed regulatory network with ITGA2. Demethylation of CpG site 23 in 

MCF-7 cells, followed by ITGA2 expression analysis, could also investigate TF interactions at 

that site such as NF-κB or NF-1. Likewise induced methylation of the promoter could be 

conducted to investigate the binding of specific TFs. 
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Chapter 6 

Final discussion and conclusions 

Integrin’s comprise 24 different heterodimer combinations in humans and are widely 

expressed on different cells (7). Integrin ITGA2 or α2, that forms the α2β1 heterodimer, has 

been implicated in progression of BC. This integrin binds primarily to collagen and laminin 

but also to cell surface ligands and mediates adhesion, motility, angiogenesis, 

differentiation, proliferation and apoptosis (8). BC is the most prevalent cancer in women 

with mortality often associated with metastatic development during cancer progression, 

including bone metastases (1). 

The first aim of this study was to investigate expression of ITGA2 mRNA and protein across 

BC cell lines of different subtypes and correlations between expression and cell properties 

such as subtype, ER status and metastatic potential. To this end the expression of ITGA2 was 

examined in luminal cell lines, MCF-7 and T-47D, that were non-metastatic and ER+, and 

basal cell lines, MDA-MB-231 and MDA-MB-453, that were metastatic and ER-. ITGA2 

expression was extremely variable and significantly elevated in MDA-MB-231 and T-47D 

cells relative to MDA-MB-453 and MCF-7 cells, with little correlation to the aforementioned 

properties.  At the protein level IHC revealed moderate-intense ITGA2 staining in MDA-MB-

231 cells relative to low-moderate staining in MDA-MB-453 cells. This was contrary to the 

literature wherein luminal BC cells such as MCF-7 and T-47D have been reported having 

elevated α2 and ITGA2 mRNA, relative to metastatic/basal cell lines such as MDA-MB-231 

and MDA-MB-468 (10, 17, 64). This reduction also correlated with loss of ER/PR status and 

increased metastatic potential. In normal mammary gland luminal cells the highly expressed 

α2β1 ligates ECM and cell surface molecules to facilitate cell-cell and cell-basement 

membrane adhesion needed for cell survival (8, 61). In BC ITGA2 has anti-metastatic effects, 

and while still elevated in primary tumours its loss in metastatic progression facilitates 

increased motility (14, 15, 17). 

Elevated expression of ITGA2 in the basal/metastatic MDA-MB-231 cells was notable as 

while most of the literature found downregulation of ITGA2 in basal BC cell lines, limited 

research has noted comparably elevated expression of ITGA2 relative to luminal subtypes, 

reflective of this study (65). MDA-MB-231 cells use α2 to bind more strongly to Col I in a 
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bone-like matrix than T-47D cells, and in such environments can significantly upregulate 

ITGA2. MDA-MB-231 cells can also preferentially metastasize to bone where they 

upregulate bone degrading MMP13 and MMP2/9 via α2β1–Col I ligation (25, 66). Basal-

metastatic BC cells may be able to significantly alter ITGA2 expression, unlike more luminal 

subtypes, to mediate metastatic potential. Luminal BC cells such as MCF-7 can regulate 

ITGA2 via an ERα pathway (18), however metastatic ER- cells (including MDA-MB-231) can 

use a SEMA3A/NP-1 pathway (62). While both these pathways are repressed in BC 

metastatic progression (68), SEMA3A can be upregulated in MDA-MB-231 relative to luminal 

BC cells, and bone metastases can acquire ER+ status (62). This data has led to the 

hypothesis that the elevated expression of the anti-metastatic ITGA2 in normal mammary 

gland cells is reduced to facilitate enhanced migration and metastatic potential in BC. ITGA2 

is then being selectively re-expressed to facilitate formation of metastases in environments 

where α2β1 ligands are abundant such as bone, wherein its ligation upregulates pro-

invasive/osteolytic pathways. 

Considering the importance of ITGA2 in BC, mechanisms underlying its highly differential 

expression need to be understood. Notably as the ITGA2 promoter contains a CpG island, 

epigenetic regulation by DNA methylation was suspected. Given this, the second aim of this 

study was to investigate methylation of the ITGA2 promoter in the BC cell lines and compare 

this to expression to give insight into the epigenetic regulation of ITGA2 in BC. In PC and 

PDAC hyper- and hypo-methylation of the ITGA2 promoter were strongly correlated with 

high and low ITGA2 expression respectively and could be influenced by demethylation (31, 

32). Interestingly while metastatic PC cell lines demonstrated hypermethylation, both 

normal prostate tissue and the bone metastasizing PC3 cells demonstrated hypomethylation 

and elevated ITGA2, supporting the hypothesis that re-expression of ITGA2 in otherwise low 

expressing metastatic cells may facilitate bone metastases (31). Surprisingly bisulphite 

sequencing of the promoter revealed hypomethylation for all four cell lines with no 

correlation to ITGA2 expression. Therefore, unlike in some other cancers, methylation of the 

ITGA2 promoter likely did not regulate ITGA2 in BC with additional regulatory mechanisms 

as a result being implicated. That being said, other epigenetic regulatory mechanisms such 

as miRNA may also regulate ITGA2 and will be discussed later. 
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Transcription factors are another likely source of ITGA2 regulation in BC, and although not 

within the original aims of the study certain TFs were investigated in the BC cell lines. The 

ITGA2 promoter contains generic and cell-type specific repressor and enhancer regions with 

numerous TF recognition sequences (Section 5.1, Figure 5.1). In haematopoietic and PC cell 

lines Sp1 sites, and ARE sites have been shown to mediate up- and down-regulation of 

ITGA2 respectively (83-85). Functionality of these sites and ERα sites hasn’t been reported in 

BC despite the loss of hormone receptor status in BC.  

The analysis of the EMT transcription factor gene TWIST1 presented here revealed high 

expression in luminal cell lines relative to basal/metastatic lines, implying no regulatory 

effect on ITGA2. This unexpected result conflicted with literature wherein SNAI1 and 

TWIST1 were elevated in basal BC cells and metastatic progression, with SNAI1 

downregulating ITGA2 via a promoter E-box in PC (85). EGR-1 gene expression was also 

investigated. Interestingly its expression inversely correlated with ITGA2 expression, with 

elevated EGR-1 expression in MCF-7 and MDA-MB-453 and vice versa. Therefore it was 

hypothesised that EGR-1 may downregulate ITGA2 in BC cell lines regardless of subtype. The 

ITGA2 promoter did contain putative EGR family TF recognition sites whose functionality 

hasn’t been reported and EGR-1 has been shown to upregulate and downregulate genes by 

promoter recognition sites (105, 107), and cooperating with Sp1 and SNAI1 (91). Regulation 

of ITGA2 by EGR-1 hasn’t been reported, and ITGA2 upregulation by the related EGR-3 may 

indicate opposing regulatory effects on ITGA2 (18). Intriguingly, while BC cell lines had 

hypomethylated promoters, the luminal MCF-7 line had a consistently methylated isolated 

CpG site that was within a putative NF-κB recognition site. TFs and epigenetic mechanisms 

can cooperate with CpG methylation inhibiting methylation sensitive TFs. NF-κB mediates 

stress responses but importantly can regulate ITGA2 in cancer with the blocking of this site 

possibly contributing to the low expression of ITGA2 in this cell line (104). NF-κB may also 

mediate ITGA2 expression further by inducing EGR-1 expression (105). 

This was the first study to investigate the methylation of the ITGA2 promoter in BC. It was 

originally expected that methylation would play a significant role in the gene’s regulation as 

it does in PC, with this offering a viable therapeutic target. However the novel finding that 

promoter methylation doesn’t influence ITGA2 expression in BC cells highlighted a clear 

difference in regulatory mechanisms. Our results also indicated that ITGA2 was strongly up-
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/down-regulated in BC regardless of subtype, and contrary to the elevated ITGA2 typically 

reported in luminal BC cell lines relative to basal. It is therefore hypothesized that unlike in 

PC, the more open ITGA2 promoter chromatin environment may allow greater TF 

involvement in ITGA2 regulation in BC that may explain the highly variable expression of 

ITGA2 within both luminal and basal BC cells. These cells may remain highly sensitive to 

regulatory pathways, especially important considering ER/PR loss and EMT, in BC 

progression to more basal and metastatic subtypes. The regulatory pathways involved are 

unclear, and while EGR-1, EGR-3, SEMA3A and NF-κB may all regulate ITGA2 in BC 

progression as has been discussed, the complex co-operation or competing effects of these 

and other TFs is largely unresolved. That being said, the findings that EGR-1 may possibly 

downregulate ITGA2 transcriptionally, and that NF-κB may interact with the ITGA2 promoter 

and be blocked by specific promoter methylation marks, were novel and supplement the 

existing limited literature on ITGA2 regulation in BC. 

In future several directions could be explored to answer the hypotheses made. It would 

firstly be necessary to examine ITGA2 protein expression in the same cell lines quantitatively 

to see if this too conflicted with literature, this would also highlight BC cell lines/subtypes 

that may use more post-transcriptional control of ITGA2 such as miRNAs. The best option to 

resolve the increased role of TFs in BC may be a pull-down assay of the ITGA2 promoter with 

nuclear lysate from the four cell lines, coupled with protein identification by mass 

spectrometry (Section 5.3). This would allow functionality of putative regulatory elements in 

the promoter to be discerned, and aforementioned and novel TFs to be validated and 

identified. This would act as a knowledge base for further CHiP, knockdown, and qPCR 

assays to investigate pathways of interest regulating ITGA2 in BC. With this said, expression 

of ITGA2 and identified regulatory pathways could be compared between metastatic BC cell 

lines (e.g. MDA-MB-231/453) when grown with or without a bone-like matrix. This would 

help answer the aforementioned hypothesis wherein it was proposed that metastatic BC 

cell lines with reduced anti-metastatic ITGA2 may increase its expression to settle in bone. It 

would be most interesting to determine if changes in expression of ITGA2, key TFs, and bone 

degrading pathways, could be reliably induced by substrate changes and inhibited by mAb 

blocking of ITGA2 ligation. 
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ITGA2 may also be regulated post transcriptionally, adding another layer of regulation; 

firstly FMNL2 phosphorylation via PKCα can trigger α2 endocytosis which may facilitate α2 

loss in BC progression (111). MiRNAs also regulate ITGA2 post transcriptionally, with one of 

these, miR-373-3p, being shown to downregulate ITGA2 in BC metastatic progression. 

Quantification of this miRNA will be performed in BC cell lines in future. That said, 

bioinformatics tools do identify dozens of potentially novel miRNA sites within the ITGA2 

3’UTR (Table 5.2), combined effects of any number of these may explain differences in 

ITGA2 expression in both the present study and in the literature. In future identification of 

novel miRNAs in BC cell lines could be conducted with microarrays or recently devised 

mRNA-3’UTR miRNA pull down assays to clarify validity of miRNAs identified by 

bioinformatics tools in ITGA2 regulation (112). Furthermore investigation of PC risk variants 

in the ITGA2 3’UTR, especially near the miR-373-3p recognition sequence, may be 

investigated with reporter constructs to assess their influence on the miRNA’s affinity and 

thus ability to downregulate ITGA2 in BC. 

Despite its preliminary nature, the novel findings of this study, especially if built upon as 

suggested, may be of use in the development of therapies or drugs for BC treatment. In PC 

de-methylating agents can restore ITGA2 expression in metastatic cell lines (31), however 

this would not be able to target ITGA2 in BC. Alternatively TF or α2β1 ligation interference 

may be viable, but require a more in depth understanding of ITGA2 function in BC 

progression and its regulation, areas which have begun to be addressed in this study. 

Currently the binding of α2β1 to laminin in lymphatic metastases has been noted as a point 

of therapeutic interest (67, 113), and similarly collagen binding in bone metastases could be 

targeted. The literature has described additional therapeutic routes. Pathways related to 

post transcriptional α2 reduction such as miRNAs or FMNL2 mediated α2 endocytosis could 

be targeted (111), as could the ability of α2β1 to protect against anchorage-dependent 

apoptosis via ERK1/2, with α2β1 loss up-regulating the tumour suppressor p53 and 

downregulating the anti-apoptotic Bcl2 (114). Overall this study has shown that variable 

combinations of transcription factors and epigenetic marks contribute to ITGA2 regulation 

in BC that may influence metastatic progression. The novel findings of this study highlight 

how ITGA2 is regulated in a distinct epigenetic manner from PC and may have implications 

for both future therapies and more in-depth research. 
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Appendix 1 – Laboratory recipes 

A1.1 General recipes 

L-Broth (500 mL) 

1. Add dry ingredients in appropriate glassware. 

 Tryptone (vegetable) (Sigma-Aldrich) (5 g) 

 Yeast extract (Sigma-Aldrich) (2.5 g) 

 NaCl (Sigma-Aldrich) (2.5 g) 

2. Add NaOH (100 µL, 10M) and top up to final volume with deionised water. A 

magnetic stirrer bar helped with initial dissolving of powders. 

3. L-broth was distributed in 100 mL portions, sealed with foil, and autoclaved. 

4. Prior to use Ampicillin (100 µL, 100 g/mL) was added under a Bunsen burner flame. 

Pouring Agar Plates 

1. A 100 mL portion of L-broth from the previous recipe was reserved for preparation 

of agar plates. 

2. Agar powder (1.5 g) was added to this portion. 

3. The vessel was sealed with foil and autoclaved. 

4. After allowing the agar solution to cool to a point where it could be handled (but still 

fairly warm so as to not allow setting), Ampicillin (100µL, 100g/mL) was added to the 

agar under a Bunsen burner flame. 

5. Agar was poured into plastic agar plates, this was done fast to avoid setting as the 

agar cooled. Around 7-8 plates were made per 100 mL agar solution. 

PBS Solution 

1. One PBS pellet (BR0014G, Oxoid) was added per 100 mL of Milli-Q water. 500 mL of 

PBS was prepared at one tip, hence using 5 pellets. 

2. Glassware was sealed appropriately and autoclaved. 

 

 

 



 

89 
 

A1.2 Cell culture media recipes 

Media (L15, MEME, and RPMI) 

1. For each medium 90% of the final volume of tissue grade water (Milli-Q) was 

measured out – e.g. 900 mL as 1L of each media was generally made at a time. 

2. The respective media powder was added to a bucket (reserved only for tissue 

culturing) before the Milli-Q water was added. A small portion of the water was used 

to rinse out the media packaging into the bucket to sensure all was transferred. This 

was stirred with a magnetic stirrer bar until dissolved (no heating). A sheet of cling 

wrap covered the bucket as much as possible until sterilization. 

3. The required amount of sodium bicarbonate was added to the solution while being 

stirred. 

Table A.1 

Media (1 L) Sodium Bicarbonate 

M0268 (MEME) 2.2 g 

L4386 (L15) 0.0 g 

RPMI 2.0 g 

 

4. While stirring the pH of the solution was adjusted to within 0.1 – 0.3 pH units belo 

the desired pH of 7.0 as to allow the pH to rise slighyl during later filtration and use. 

Using a pH meter (SevenCompact, Mettler-Toledo) drops of HCl or NaOH (1M, or 5M 

depending on availability). 

5. Media was brought up to a final volume with further tissue grade water (~100 mL). 

6. Media was sterilized as quickly as possible. In a sterile laminar flow cabinet media (1 

L) was filtered into two 500 mL bottles. To achieve this a filter with a membrane of 

0.22 µm (500 mL Filter system, Corning) was fitted to bottle (0.2 µm or less was 

ideal), around 500 mL of media was filtered with a vacuum pump. 

7. Frozen fetal bovine serum (50 mL) was thawed in a water bath (37°C) and added to 

500 mL of media in a laminar flow cabinet for a final concentration of 10%. 

8. To the same 500 mL of media frozen penicillin/streptomycin (10 mL), thawed in a 

water bath, was also added for a final concentration of 2%. 
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9.  Media was sealed and stored in a dark refrigerator (2 – 8 °C) while in use. 

10. A portion of media was transferred to a smaller flask (around 200 mL) for use in cell 

culturing. 

Trypsin solution (0.05%) 

 A 40 mL portion of frozen trypsin solution (0.25%) was thawed in a water bath (37°C, 15-

20 min). 

 In a separate flask 160 mL of autoclaved PBS solution (A1.1) was added (in a laminar 

flow cabinet). The thawed trypsin was added to the PBS to give a final trypsin 

concentration of 0.05%.  

 This trypsin solution was sealed and stored in a dark refrigerator (2 – 8°C). 

A1.3 Immunohistochemistry recipes 

PBS for IHC washing buffer (20x stock) 

1. The following salts were dissolved in 800 mL of milli-Q water in appropriate 

glassware. 

 Sodium Chloride for 8g/L (160 g) 

 Potassium Chloride for 0.2 g/L (4 g) 

 Disodium Hydrogen Phosphate for 1.15 g/L (23 g) 

 Potassium Dihydrogen Phosphate for 0.2 g/L (4 g) 

2. The pH of solution was adjusted to 7.3 with NaOH (10mM) before being made up 1 L 

volume. Glassware was sealed and autoclaved. 

3. Prior to IHC a 20x stock solution was made in volumetric glassware, 50 mL stock + 

950 mL distilled water. 
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A1.4  

2% Agarose DNA gel recipe and set up for electrophoresis 

1. For a single gel (length x width x height = 10 cm x 7 cm x 0.5 cm) the following 

were combined in appropriate glassware: 

 Agarose  - molecular grade (Bioline) (0.6 g) 

 SYBRTM Safe DNA Gel Stain in 1x TAE (S33112, ThermoFischer Scientific) (30 

mL) 

2. Agarose was dissolved by heating in a microwave, heating till boiling before 

stopping a swirling, repeating around 2-3 times till dissolved. 

3. While hot the solution was poured into a gel-tray fitted in a gel caster (Bio-Rad) 

with the desired comb size. Approximately 10-15 min was allowed for the gel to 

set before removal of the comb and gel caster. 

4. The gel was placed (in gel tray) into a gel tank (Mini-Sub® Cell GT, Bio-Rad) and 

immersed in TAE Buffer (1X) 

5. HyperLadder 100 bp (Bioline, UK) was used to determine band size (2 µL loaded). 

6. After loading of appropriate ladder and samples the gel was ran at 80 V and 400 

mA, the time of 30-40 min varied depending on sample requirements. 
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Appendix 2 – Representative quantitation and melt curve data from qPCR analysis of 

ITGA2 expression 

 

 

A) 

 

 

 

 

 

B) 

 

 

 

 

 

C) 

 

 

 

 

Figure 1 Raw qPCR data for ITGA2 and GAPDH expression. The above data was 

representative of qPCR analysis performed for all genes relative to the GAPDH reference 

gene on the Rotor-Gene 6000 Software. Each sample triplicate was given a distinct colour. 

A) Shows the raw data whereas B) displays the quantitation curves with the horizontal red 

line denoting the 0.05 threshold cycle (Ct). C) Displays the melt curves with the first group of 

peaks being ITGA2 and the second being GAPDH. 
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Appendix 3 – Additional Immunohistochemistry images 

 

 

 

A) 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

Figure 2 Additional images of anti-ITGA2 mAb (Abcam) IHC staining for MDA-MB-231 (A) 

and MDA-MB-453 (B) cell line cytospins viewed using an Axio Lab.A1 at x40 objective.  
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A) 

 

 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

Figure 3 Anti-ITGA2 mAb (Abcam) IHC staining for positive control tissue section slides of 

melanoma (A) and colon glandular tissue (B), viewed using an Axio Lab.A1 at x40 objective. 

ITGA2 staining is brown relative to the blue counterstaining. On slide A the dermis (4) and 

stratum granulosa (1) had no staining, stratum spinosum (2) had low staining, and the 

stratum germinativum/basement membrane (3) and sub-dermal melanoma cells (5) gave 

medium-intense staining. 

4 

3 
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5 
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Appendix 4 – Additional promoter methylation data for MDA-MB-231 and MDA-MB-453 

cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Methylation of promoter CpG island sites 12-46 for MDA-MB-231 and MDA-MB-

453 cells. CpG sites 12-46 for MDA-MB-453 (n = 6) and MDA-MB-231 cells (n = 6) are shown. 

A schematic of the promoter is included at top with CpG sites 1 – 46 marked by red lines in a 

5’ – 3’ left-right direction. Horizontal lines on the zoom in are cloned PCR products with 

white and black circles representing un-methylated and methylated sites respectively (‘X’ 

marks other sequence changes). The same sites here were covered within the larger cloned 

fragments shown in Figures 4.4 and 4.5, rendering this data as supplementary due to a mix 

up in primer naming. The data here is consistent with that in Chapter 4 with 

hypomethylation of the CpG island apparent in these clones. 
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