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Abstract 

Cancer progression is invariably associated with changes in the stromal 

microenvironment, most notably, the extracellular matrix (ECM) composition. 

Laminins (LM) are a family of large trimeric ECM proteins comprised of at least 

16 isoforms that differ by their α, β and γ chain combination. Their expression 

and function in normal development and in pathologies are temporally regulated 

in a tissue specific manner and dictated in part by their interactions with specific 

cell surface integrin receptors. Work from our laboratory indicates that the more 

recently discovered LM-511 (α5β1γ1 trimer, formerly LM-10) is the most 

relevant isoform contributing to breast cancer metastasis. Unlike LM-111 

(α1β1γ1 trimer, formerly LM-1) and LM-332 (α3β3γ2 trimer, formerly LM-5), LM-

511 expression is often sustained or increased in advanced tumours and 

metastases (Chia et al., 2007). Consistent with this work, our laboratory showed 

that LM-511 promotes pro-metastatic responses in vitro including cell adhesion, 

migration, invasion and protease (MMP-9) expression and this correlated with 

high expression of LM-binding integrin β4 receptor. To provide more direct 

evidence for the role of LM-511 and integrin β4 in breast cancer metastasis, 

here we have used a gene knockdown approach to suppress their expression in 

a syngeneic mouse model of spontaneous breast cancer metastasis. We 

demonstrate for the first time that suppression of tumour LM511 or its integrin 

α6β4 receptor significantly reduces circulating tumour cells and metastasis, 

particularly to bone, the major site of metastasis for breast cancer. When 

repeated in an experimental model of metastasis, bone metastasis was 

significantly reduced by the down-regulation of LMα5 or integrin β4 expression. 

Collectively, our results identify a role for LM-511 and integrin β4receptor in 

both early and late stage breast cancer metastasis.  

We present evidence that LM-511 and integrin β4 regulate metastasis by 

modulating epithelial-mesenchymal transition (EMT) and that this pathway is 

enhanced via MMP-9 proteolytic cleavage of LM-511. Protein analysis and 

immunofluorescence in vitro and immunohistochemistry in vivo demonstrated 

that when LMα5 or integrin β4 is down-regulated, the expression of 
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mesenchymal markers N-cadherin, vimentin, SNAI1/2, TWIST and ZEB1/2 is 

reduced.  

Studies have reported that interactions between tumour cells and surrounding 

ECM can influence the acquisition of drug resistance (Senthebane et al., 2017). 

Herein, we show that when LM-511 or β4 is suppressed tumour cells become 

more sensitive to chemotherapeutic agents. Furthermore, treating cells with 

Lebein-1 (disintegrin) blocks LM/integrin interactions and further enhances their 

sensitivity to current therapies.  

In summary, we show that interfering with LM-511 production or integrin β4 

receptor expression significantly reduces triple negative (TN) breast cancer 

metastasis to bone and soft tissues and enhances their sensitivity to current 

breast cancer therapies.  
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1. Literature Review 

1.1 Overview of thesis structure and objectives 

Over the years there have been encouraging clinical advances in breast cancer 

therapies. However, despite these developments metastatic breast cancer 

remains incurable and patients primarily receive palliative therapies (Buijs, 

Kuijpers, & Pluijm, 2010; Gennari, D’amico, & Corradengo, 2011; Woodward & 

Coleman, 2010). Breast cancer metastasizes primarily to the lung, liver, bone 

and brain and it is in fact the metastases that cause fatalities rather than the 

primary tumour itself.  Studies have demonstrated that interactions between 

tumour cells and surrounding the extracellular matrix (ECM) at both primary and 

metastatic sites influence the response of tumour cells to microenvironmental 

cues and contribute to metastasis and the acquisition of drug resistance (Place, 

Jin Huh, & Polyak, 2011; Zutter, 2007). Hence, understanding which 

microenvironmental cues contribute to metastasis and developing therapies to 

target tumour-ECM interactions would provide potential therapeutic strategies to 

directly inhibit the progression of metastatic tumours and/or to enhance their 

sensitivity to current therapies.  

Chapter 1 presents a review of current literature and summarises our 

understanding of breast cancer metastasis and tumour-ECM interactions. It 

highlights the issues and discrepancies between specific ECM proteins and 

their association with breast cancer and metastasis. In addition, emphasis is 

placed on ECM/integrin receptor interactions and their expression and 

association with TN breast cancer metastasis. I will be addressing some of the 

issues in the field and areas of clinical needs in the results chapters and how it 

links up with my project. The methodology used throughout my project is 

described in detail in Chapter 2. Aims 1, 2 and 3 of my project are addressed 

specifically in the results chapters 3, 4, and 5, respectively. Chapter 6 entails a 

short discussion that summarises my results, the significance of my findings in 

the field of breast cancer metastasis and future directions.  

 

1.2 Breast cancer statistics 
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1.2.1 Breast cancer - incidence, mortality, subtypes and prognosis  

Breast cancer is the second most common cancer worldwide and the leading 

cause of cancer death among women (WHO, 2017). In 2018, it is estimated that 

18,087 women and 148 men will be diagnosed with breast cancer in Australia 

alone, an average of 50 people per day (BCNA, 2018). Despite the introduction 

of promising targeted therapies the incidence of breast cancer is increasing, 

particularly in developing countries where the majority of cases are diagnosed 

at late stages (WHO, 2015).  

Although many risk factors have been identified, for the majority of women 

diagnosed with breast cancer it is not possible to identify exclusive risk factors 

(BCNA, 2018; WHO, 2017). Breast cancer is fundamentally a failure of tissue 

growth regulation that occurs as a result of inappropriate interactions between 

an external factor and a genetically susceptible host. Under homeostatic 

conditions cells undergo proliferation, differentiation and death in a tightly 

regulated manner. The formation of a tumour may be due to uncontrolled death 

but also uncontrolled proliferation. During cancer initiation and progression, 

genes along proliferative and/or apoptotic pathways are mutated in a way that 

permanently switches them ‘on’ (oncogenes) or ‘off’ (tumour suppressor genes), 

rendering the cell hyperproliferative or resistant to apoptosis.  Thus, breast 

cancer results from the accumulation of genetic mutations that ultimately alter 

the balance between epithelial cell proliferation and death.  

Breast cancer is a heterogeneous disease comprising a number of molecular 

subtypes. Histologically similar tumours may have different prognoses and 

respond differently to therapies due to molecular differences. Gene array 

profiling has divided breast cancer into several major molecular subtypes, 

including luminal A, luminal B, human epidermal growth factor receptor 2 

positive (HER2+ve) and basal-like/triple negative (TN) (Rouzier et al., 2005). 

Most breast cancers are luminal tumours. Luminal A tumours are estrogen 

receptor-positive (ER+ve) and/or progesterone receptor-positive (PR+ve) and 

HER2-negative (HER2-), whereas luminal B tumours tend to be ER+ve and/or 

PR+ve and either HER2/neu-positive (HER2+ve) or HER2/neu negative (HER2-ve) 

They are highly enriched for genes associated with cell proliferation including, 
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Ki67, γ-glutamyl hydrolase (GGH) and c-myeloblastosis (MYB), contributing to a 

poorer prognosis (Sørlie et al., 2003). ER and PR are molecular markers that 

are used to guide the management and treatment of breast cancers (Rakha & 

Ellis, 2009). Although, luminal B type tumours are HER2+ve, about 30% are 

HER2-ve and therefore this criterion is not always used to guide their treatment. 

HER2+ve type tumours are ER and PR negative, prone to recurrence and 

metastasis and associated with a poor prognosis (Nielsen, Jørgensen, 

Schønau, & Øster, 2007). TN breast cancer is a diagnosis of exclusion, based 

on the lack of ER and PR expression by immunohistochemistry and of HER2 

gene amplification. Most TN tumours are basal-like and account for 20% of all 

breast cancer cases (Carey, Winer, Viale, Cameron, & Gianni, 2010). Because 

TN tumours do not express ER and PR and do not have amplification of the 

HER2 gene they respond poorly to current hormone or HER2-targeted (i.e. 

trastuzumab) therapies and are more likely to develop distant metastases 

indicating a very poor prognosis and a definite need for effective systemic 

therapies for this disease.  
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Figure 1.1 Features of the molecular and intrinsic breast cancer subtypes. 

The histological classification of breast tumour subtypes is characterised based 

on immunohistochemistry assays where Ki-67 is a marker of cell proliferation, 

cytokeratin 5/6 (CK5/6) is an epithelial cell marker and EGFR is epidermal 

growth factor receptor. Prognosis is based on molecular subtype where the 

absence of ER/PR- and HER2- in basal tumours defines the worst outcome. 

Table from (Allison, 2012). 

 

1.2.2 Current breast cancer therapies 

The type of breast cancer therapy a patient receives is determined by the size, 

histological and molecular subtype, location and metastatic status of the primary 

tumour. Depending on all these factors different therapies are administered to 

suit the individual patient. Standard breast cancer therapies include; surgery, 
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radiation therapy, hormone therapy, HER2 targeted therapies and 

chemotherapy (Senkus et al., 2013).  

The first line of treatment for breast cancer therapy is surgery. There are two 

types of surgery that can be achieved to remove the primary breast tumour. 

Breast conservation surgery (BCS) is for patients undergoing wide local 

excision. Breast surgeons undertake approaches to reduce the local volume 

deficit (Senkus et al., 2013) where the tumour is removed without the removal of 

the entire breast. This procedure achieves better cosmetic outcomes, especially 

in patients with tumours that are located in difficult to remove areas of the 

breast and in patients with large breasts. The other form of surgery is a 

mastectomy which involves the removal of the entire breast. Although, surgery 

improves the survival of breast cancer patients it is not recommended for 

patients with metastatic breast tumours (stage IV) due to the fact that late stage 

breast cancer is considered incurable. Although it is not advised, studies have 

shown that survival was prolonged in patients with metastatic breast cancer 

who underwent surgery, from 22 months versus 27 months (Rapiti et al., 2006; 

Shien et al., 2009). Conversely, a study by Olson and Marcom showed that 

metastatic breast cancer patients who had surgery also had favourable disease 

characteristics compared to patients who did not have surgery (Olson & 

Marcom, 2008). Therefore, whether surgery in late stage breast cancer patients 

improves survival is still debatable.   

Radiotherapy is a localised treatment that uses radiation such as x-rays, 

gamma rays, electron beams or protons to kill or damage cancer cells 

preventing them from multiplying. Radiation therapy can be administered pre-

surgery (neoadjuvant) to reduce the tumour size or after surgery (adjuvant) to 

reduce the risk of local and regional recurrence. It has been suggested by 

Fisher et al., that adjuvant radiotherapy can reduce the recurrence of tumour 

cells by 60% in patients (Fisher et al., 2002). There are two forms of 

radiotherapy used in the treatment of breast cancer. The first one, being the 

most common, is known as external beam radiation therapy (EBRT) which 

projects a beam that targets the entire area affected by the cancer from outside 

of the body (Zhang et al., 2015). The second but less common type of 

radiotherapy is known as brachytherapy. It involves internal radiation whereby 
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the radioactive source is inserted inside or adjacent to the tumour (Zhou, 

Zamdborg, & Sebastian, 2015). Radiation therapy is frequently combined with 

surgery in the attempt to destroy any remaining cells.  

Luminal type tumours are lower grade and have a high expression of ER. 

Accordingly, soon after ER was identified in the 1960’s, endocrine therapies 

(Tamoxifen and aromatase inhibitors) were shown to be particularly effective 

against tumours expressing high levels of ER (McGuire et al., 1977) and 

therefore suitable for luminal type tumours. Tamoxifen is an antiestrogen that 

competes with estrogen for binding to ER in tumour tissues. However, 

tamoxifen displays both agonist and antagonist effects and as a result of its 

agonist effects women treated with tamoxifen are at greater incidence of 

endometrial cancer, ischaemic cerebrovascular events and venous 

thromboembolic events (Fisher et al., 1994; Jelovac et al., 2005, Liu et al., 

2014; Osborne et al., 2004).  Moreover, fulvestrant is the first of a new type of 

endocrine treatment that exhibits a mechanism of action different from 

tamoxifen. Fulvestrant binds to ER competitively; but in contrast to tamoxifen, 

fulvestrant-ER complexes impair receptor dimerization and consequently, lead 

to ER down-regulation and degradation (Howel et al., 2000; Jelovac et al., 

2005; Osborne et al., 2004). One study has demonstrated that fulvestrant 

inhibits the activity of estrogen–related genes involved in breast tumour 

progression, invasion, metastasis and angiogenesis (Osborne et al., 2004) 

providing new endocrine therapies that are well tolerated for longer treatment 

periods.  

Other molecular subtypes of breast cancer like the HER2+ve breast tumours 

respond poorly to endocrine therapies. In normal breast cells HER2 is 

expressed at a low level on epithelial cell surfaces. In contrast, HER2+ve 

expression in breast cancer cells is very high sometimes reaching up to 2 

million receptors per cell (Vu & Claret, 2012). HER2 gene amplification induces 

the activation of multiple downstream pathways responsible for abnormal 

cancer cell proliferation (Browne et al., 2009). Trastuzumab was the first Food 

and Drug Administration (FDA) approved targeted therapy for HER2+ve breast 

cancers, whereby, the extracellular domain of the HER2 is targeted with 

trastuzumab, a recombinant humanised monoclonal antibody (Gajria & 
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Chandarlapaty, 2011). Many studies have shown that trastuzumab therapy in 

combination with standard chemotherapy produce far more significant results 

than chemotherapy alone (Slamon et al., 2001; Vogel et al., 2002). Therefore, 

trastuzamab has been considered as the standard of care for HER2+ve breast 

cancer patients, reducing recurrence and mortality (Hudis et al., 2007).  

TN tumours do not express ER, PR or HER2 and due to its lack of distinct 

features, no effective targeted therapy is available. The most common treatment 

for TN tumours is chemotherapy (Doxorubicin and Paclitaxel). Doxorubicin is an 

anti-tumour antibiotic that targets multiple phases of the cell cycle in cancer 

cells (Jackson, 2003). Whereas, paclitaxel is classified as a microtubule agent 

which inhibits the mitotic spindle used by eukaryotic cells to segregate their 

chromosomes during cell division, thereby resulting in cell death (Horwitz, 

1994). Although, doxorubicin and paclitaxel have been reported to be highly 

active agents in the treatment of advanced breast cancer and have high 

response rates, their combination has also shown to cause unexpected high 

incidences of congestive heart failure (Perez et al., 2001). In the absence of 

effective targeted therapy for TN tumours chemotherapy remains the mainstay 

treatment for advanced breast cancer patients. Unfortunately, most of these 

patients develop chemoresistance which eventually contributes to treatment 

failure, early metastatic recurrence and death (Keam et al., 2007). Improvement 

in our understanding of the molecular basis of TN breast cancers can lead to 

the development of new and alternative therapeutic targets.  

 

1.3 Breast cancer metastasis 

Metastasis from solid tumours occurs when genetically unstable cancer cells 

form a tumour in an organ distant from the primary tumour site. Cancer cells 

undergo complex multistep processes referred to as the metastatic cascade, 

which involves stromal invasion and migration and subsequent intravasation, 

survival in the circulation, extravasation into a distant organ and colonisation 

(Chambers & Fidler, 2003; Nabet & Minn, 2015; Pouliot et al., 2012; Ross et al., 

2015).  
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Initially, tumour cells detach and migrate away from the primary tumour, invade 

the surrounding stroma via proteolysis and then degrade and invade the cell-

basement membrane (BM) (Langley & Fidler, 2011). This step during tumour 

progression reveals the transition of the tumour from a benign carcinoma in situ 

to a malignant invasive tumour. Furthermore, as the tumour progresses, tumour 

cells migrate towards the nearest vascular blood supply and directly penetrate 

the vascular BM and the systemic circulation or the lymphatic system. In the 

circulation, tumour cells will circulate until they reach and arrest in distant 

capillary beds by mechanical mechanisms (Langley & Fidler, 2011). Adherent 

tumour cells extravasate into secondary sites via multiple mechanisms. 

Extravasation is a process that involves the direct interaction of metastatic cells 

with endothelial cells whereby, cells may migrate between adjacent endothelial 

junctions or they may penetrate through endothelial cells. These mechanisms 

are known as the paracellular route and transcellular route, respectively 

(Kawaguchi & Nakamura, 1986). Other mechanisms of extravasation involve 

the retraction of endothelial cells which is initiated by factors secreted by 

adherent tumour cells. Otherwise, tumour aggregates that have adhered to the 

capillary beds may continue to divide within the vessel lumen eventually 

causing the blood vessel to rupture and ultimately, gaining entry into the 

secondary organ (Langley & Fidler, 2011). A study has reported that circulating 

CD11b+ macrophages recognise invading tumour cells at vascular beds and 

assist them in the extravasation process; one of many factors that has been 

reported to be involved in metastases (Qian et al., 2009). This sub-population of 

metastatic cells re-initiates tumour growth within a foreign microenvironment. 

Tumour cells communicate with the surrounding microenvironment to establish 

and promote their growth, involving increased metabolic demands, cell 

proliferation and forming of new blood vessels via angiogenesis necessary for 

tumour expansion. Furthermore, metastatic cells can repeat entire metastatic 

cascade process and produce more metastases (Guan, 2015) (Figure 1.2). 
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Figure 1.2 The metastatic cascade 

(A) A metastatic subclone of cells detaches from the tumour of origin and 

attaches to and invades the collagen and laminin-rich basement membrane 

(BM) via proteolytic degradation. The tumour cells invade through the 

extracellular matrix rich in collagen-1 and enter the vasculature (intravasation) 

through further vascular BM degradation and several cell signalling pathways 

involving ECM ligand/integrin binding. (B) The tumour cell embolus travels 

through the circulation evading immune surveillance. The interaction between 

tumour cells and the endothelial cells and endothelial basement membrane is 

crucial for the successful adhesion and extravasation of the tumour embolus 

into the secondary site. Successful colonization occurs when cells establish a 

microenvironment and proliferate and promote vascularisation resulting in a 

secondary tumour. Image from (Pouliot et al., 2013). 

 

A. 

B. 
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Interestingly, Kim and colleagues have provided experimental evidence 

showing that circulating tumour cells may also re-seed their organ of origin (Kim 

et al., 2009). They show that tumour derived cytokines interleukin 6 and 8 (IL-6 

and IL-8) act as circulating tumour cell (CTC) attractants while matrix 

metalloprotein-1 (MMP-1) and actin cytoskeleton component fascin-1 act as 

mediators of CTC infiltration in breast tumours (Kim et al., 2009). This theory is 

referred to as ‘tumour self-seeding’ (Kim et al., 2009) and provides evidence 

that may assist in the understanding of recurrence post tumour excision.  

Intravasation can be accomplished by a large number of tumour cells. However 

only a small minority of these cells will survive, colonize and initiate productive 

tumour growth at a distant organ (Chambers et al., 2002; Gupta & Massague, 

2006; Kang & Pantel, 2013; Nabet & Minn, 2015; Rhim et al., 2012), revealing 

that the establishment of metastatic disease lies in the ability of cancer cells to 

survive and grow in the new organ. Only 0.01% of circulating tumour cells 

succeeds in forming secondary tumours (Fidler, 1970). Some tumour cells can 

remain dormant until prompted to grow efficiently (Chambers et al., 2002; 

Vanharanta & Massague, 2013). Many research groups have studied potential 

triggers of dormant cells. However, obvious metastatic drivers have not yet 

been defined (Ding, 2010; Shah, 2009), which raises the implication that 

microenvironmental cues leading to acquired changes in gene expression 

(epigenetic mutations) might be involved.  

Furthermore, during metastasis tumour cells require continuous interaction with 

the ECM components. These interactions modulate cell signalling in tumour 

cells (Gangulay et al., 2013). The ECM is a network of macromolecules such as 

glycoproteins and fibrous proteins that can regulate proliferation, differentiation, 

survival, migration, tumourigenesis (Berrier & Yamada, 2007) all of which are 

required for metastasis. In addition, these responses occur as a result of ECM 

ligand/integrin binding (Miyamoto et al., 1995; Zaidel-Bar et al., 2007) recruiting 

several signalling proteins, including Rho GTPases, mitogen activated protein 

kinases (MAPKs), focal adhesion kinases (FAK) and c-Jun N-terminal kinase 

(JNK). In tumours, ECM components and their receptors are altered such that 

they are constitutively active or expressed. Therefore, identifying which ECM 

ligand or integrin is associated with cancer progression and metastasis may 
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provide crucial insight for the development of alternative therapies in metastatic 

breast tumours. For example, the association between LMs and breast cancer 

progression is well supported (Hewitt et al., 1997; Zutter et al., 1998), however, 

the critical LM isoform that is involved in the metastatic progression of breast 

tumours remains unclear. This ambiguity associated with LM isoforms in breast 

cancer metastasis will be discussed in more detail in section 1.5 of this chapter.     

 

1.3.1 The seed and soil hypothesis 

Stephen Paget was a surgeon who in 1889 reported that the distribution of 

metastases in women with breast cancer was not random and that he observed 

a significantly higher incidence of bone and liver metastasis in 735 breast 

cancer patients (Paget, 1989). His findings led to further studies where he 

proposed the seed and soil theory; that tumour cells (the ‘seed’) grew 

preferentially in the microenvironment of selected organs (the ‘soil’) therefore 

identifying the simple message that metastasis occurs when tumour cells and 

the microenvironment of secondary sites are compatible. Paget’s hypothesis 

has been fundamental to the study and understanding of cancer metastasis, 

and his work has been supported by numerous experimental studies (Fidler, 

2003). One group in particular, provided supporting evidence to Paget’s theory 

when they implanted fragments of different organs in ectopic locations of 

syngeneic mice and then observed metastasis of lung-homing melanoma cells 

to normal lung and ectopic lung but not any other tissue (Kinsey et al., 1960). 

Furthermore, this concept was elaborated when Schackert and Fidler showed 

that tumour cells may also metastasize to selective regions within a selective 

organ (Schackert & Fidler, 1988). It was also shown that the determination of 

the location of metastases may be due to the adhesive interaction between the 

tumour cell and the vascular endothelium (Green & Harvey, 1964) involving cell 

adhesion proteins like LM- binding integrins (Ganguly et al., 2013; Wang et al., 

2004). This theory was validated when another study documented that 

circulating tumour cells favoured the microvasculature of their respective target 

organ (Auerbach et al., 1987).  
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However, despite all the promising data and findings in support of Paget’s 

theory, many also challenged his hypothesis. For example, James Ewing, 

pathologist, disputed Paget’s theory by proposing that metastatic dissemination 

relies solely on the anatomical structures of the vascular system and, therefore, 

tumour cells randomly arrest in capillary beds of the first organ encountered 

during the circulatory route (Ewing, 1928). Both theories have been challenged 

and revisited over the past decades. In a study by Sugarbaker, albino rats 

received intracardial injection of three transplantable tumours of well-known 

metastatic behaviour: the Flexner-Jobling carcinoma, the Walker 

carcinosarcoma and the sarcoma R39. Metastasis was specific to the kidneys 

and adrenals but not the spleen or liver, highly supportive of the seed and soil 

theory (Sugarbaker, 1952). In 1980, during extensive experimental studies, Hart 

and Fidler reconciled these ideas by proposing that the anatomical circulation 

may contribute to the adherence and arrest of tumour cells in distal capillary 

beds of secondary organs but that colonization and tumour expansion only 

occurred when the seed and the soil were compatible (Hart and Fidler 1980). 

Hence, the seed and soil and the anatomical/mechanical hypotheses are not 

mutually exclusive. Both processes are likely to contribute to organ specific 

metastases and the extent to which each process is operational depends on the 

tumour type.  

 

1.3.1.1 Bone Metastasis 

Bone metastasis accounts for more than 350,000 deaths each year (Mundy, 

2002). Amongst tumour types that spread to bone breast and prostate tumours 

are most common followed by tumours of the lung and kidney with an incidence 

of 65-75%, 68% and 40%, respectively. There is still extensive research aimed 

at defining the molecular determinants that regulate homing of tumour cells to 

bone. However, studies that have examined the bone metastatic niche have 

revealed unique characteristics of bone which provides biochemical and 

physical properties essential for tumour cell dissemination and growth (Guise, 

2010). Regulatory proteins, cytokines, growth factors, high extracellular calcium 

concentration, ECM proteins and integrins, are few of many properties of the 
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bone niche that is favourable to the pathophysiology of bone metastasis (Carter 

et al., 2015; Guise, 2010; Kusuma et al., 2012). However, little is known about 

how they cooperate to promote metastasis to the bone (Casimiro, Guise & 

Chirgwin, 2009). Studies by Eckhardt and colleagues reported that gene 

expression profiling of non-metastatic (67NR), weakly metastatic (66cl or 

168FARN) and highly metastatic (4T1.2 and 4T1.13) breast tumour cells 

revealed high expression of ECM related genes in aggressive bone metastatic 

tumours compared to weakly or non-metastatic tumours (Eckhardt et al., 2005). 

They found that the BM protein LM-511 correlated with metastatic potential, with 

high expression in both the primary tumour and bone metastases (Chia et al., 

2007). Metastatic mouse and human breast cancer cell lines showed 

significantly increased adhesion and motility on LM-511 substrate compared to 

non-metastatic lines in vitro. Consistent with this, work from others has shown 

elevated vascular and epithelial expression of LM-511 in human breast cancers 

and metastases (Fujita et al., 2005). In addition, work from the same group 

identified cooperative interactions between tumour-derived LM-511 and bone-

derived soluble factors (bone conditioned medium) enhancing breast cancer cell 

migration and invasion (Denoyer et al., 2014). These findings identify that bone 

derived soluble factors and tumour-derived LM-511 promote survival and 

invasive responses in vitro and are likely to contribute to breast cancer 

metastasis to bone. However, to address the relevance of these functional 

findings to breast cancer metastasis, the role of LM-511 in metastatic breast 

cancer cell lines and bone metastasis need to be investigated in vivo, which will 

be addressed in this thesis.  

 

1.3.1.2 Lung Metastasis 

The highly vascularized lung tissue is a particularly attractive microenvironment 

for the growth of metastases, making it a common site of recurrence. Tumours 

of the breast, colon, bladder, kidney, head and neck and melanomas all show 

high metastatic preference to the lung (Langley & Fidler, 2011). Studies have 

suggested that tumours may transmit signals to the lung which activates further 

pro-metastatic signalling henceforth preparing the metastatic soil for invasion 
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and colonization (Hiratsuka et al., 2002). Tumour-derived LM-binding integrin 

α3β1 has been documented in mediating breast tumour cell arrest in the lung 

and early tumour formation (Wang et al., 2004). Their studies revealed that 

arrest of tumour cell in lung occurred when α3β1 integrin was in contact with 

LM-332 in the BM of the lung vasculature. Their studies identified molecular and 

structural basis for LM/integrin interactions in lung metastases. However, their 

investigations did not address the effect of other ECM ligands such as, LM-511, 

which is highly expressed in the lung (Pierce et al., 1998; Splenle et al., 2013) 

and has higher affinity for integrin α3β1 compared to LM-332 (Nishiuchi et al., 

2006).    

 

1.3.1.3 Brain metastasis  

The occurrence of brain metastases is 10 times the number of patients 

diagnosed with primary brain tumours (Saltz et al., 2004). It is reported that 50% 

of lung cancer patients, >25% of breast cancer patients and 20% of melanomas 

develop brain metastases (Landis et al., 1998; Norden et al., 2005; Sawaya & 

Lang, 2001). Prognosis of brain metastases is poor with a median survival of 1-

2 months for untreated patients and about 6 months for patients who receive 

radiotherapy and chemotherapy (Feilich et al., 1995). In breast cancer, the 

molecular subtypes can reflect the tumour predisposition to spread to a specific 

site. Lumina A and B tumours show low risk of brain metastases of 18.3% and 

15.1%, respectively. HER2 enriched tumours have a higher rate of metastasis 

to brain (29.4%) while basal like/TN tumours exhibit the highest rate of brain 

metastasis of 37.3% (Nam et al., 2008). However, the incidence of brain 

metastasis is increasing and this may be a result of improved primary tumour 

treatment and consequent improved patient survival (Conrad et al., 2001).  

Investigations are focusing on cellular and molecular mechanisms involved in 

the recruitment of tumour cells to the central nervous system (CNS) and blood 

brain barrier (BBB). Typically, brain metastasis occurs years after the removal 

of a breast tumour (Bos et al., 2009), suggesting that disseminated tumour cells 

must have acquired specialized functions to survive in the vasculature, 

penetrate the BBB and remain biologically functional. The endothelial cells that 
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make up the microvasculature of the CNS/BBB are unique in its properties that 

allow them to tightly regulate the movement of molecules, ions and cells in and 

out of the CNS (Figure 1.3), therefore, responsible for regulating CNS 

homeostasis and protecting the CNS from pathogens, injury and disease 

(Baeten & Akassoglou, 2011; Levin et al., 2015; Serlin et al., 2015).  

 

 

Figure 1.3 Blood brain barrier 

Capillaries of the normal BBB are unique in that they are continuous and have 

tight endothelial cell-cell junctions compared to other organs such as the liver or 

kidneys. In brain metastases, tumour cells disrupt and damage the normal 

architecture of the LM-511-rich basement membrane and endothelial cell layer 

causing a ‘leaky’ blood brain barrier where tumour cells gain entry into the brain. 

Image from (Esparza, 2015). 

 

The tight cell-cell interactions of paracellular and transcellular barriers of the 

CNS/BBB are disrupted during neurological diseases including metastatic brain 

tumours (Baeten & Akassoglou, 2011). In a genome wide expression analysis 

of breast cancer brain metastatic cells, Bos identified cyclo-oxygenase (COX2), 
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the epidermal growth factor receptor (EGFR) ligand, heparin binding-epidermal 

growth factor (HB-EGF)-like growth factor and α2,6 sialyltransferase as critical 

mediators of BBB penetration (Lee et al., 2004). Another group used human 

blood-brain barrier models to examine breast cancer cell migration and found 

that tumour- chemokine ligand-12 (CCL12) promoted leakiness of the brain 

endothelium and enhanced trans-endothelial migration (Lee et al., 2004).  

Interestingly, Fujita identified a switch in the expression of vascular laminin 

isoforms from LM-421 to LM-411 during the progression of human brain gliomas 

to the more aggressive high-grade glioblastoma multiforme (Fujita et al., 2005). 

Following on from this they reported that these findings were consistent in 

breast tumour progression and brain metastases, identifying an angiogenic 

switch from LM-421 and LM-521 to LM-411 and LM-511, placing a major focus 

on the role of β1 laminin chains in the recruitment of tumour cells and 

development of brain metastases (Fujita et al., 2005). However, the role of LMs 

and LM-binding integrins in brain metastasis remains unclear. The cell surface 

receptor integrin αvβ3 plays a critical role in invasion and metastasis of several 

tumour types including breast cancers, glioma and melanomas (Albelda et al., 

1990; Gingras et al., 1995; Natali et al., 1997; Pignatelli et al., 1992). Tumour 

derived αvβ3 expression promotes metastatic dissemination in breast tumours 

(Felding-Habermann et al., 2001). Furthermore, activated αvβ3 promotes and 

contributes to metastatic growth and angiogenesis in the brain 

microenvironment but not in the mammary fat pad of mice (Lorger et al., 2009), 

thereby providing a thriving microenvironment for colonisation of the brain. 

Collectively, these studies provide insight into possible cellular and molecular 

mechanisms between LM ligands and their respective integrin receptors in brain 

metastasis. Therefore, targeting LM/integrin interactions may identify new and 

alternative strategies to enhance the efficacy of current treatments for brain 

metastatic breast tumours.  

 

1.3.2 Epithelial to Mesenchymal Transition 

Epithelial to Mesenchymal Transition (EMT) is a process that is fundamental in 

the generation of tissues and organs during embryogenesis (Nistico et al., 
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2012). EMT also occurs in the adult organism during wound healing, 

inflammation, postnatal mammary gland development and in pathological 

conditions such as fibrosis and tumour progression (Nistico et al., 2012). 

Although developmental EMT follows a defined sequence of events that is 

organized through cell-cell and cell-ECM interactions, these organized 

processes are altered during disease progression (Shook & Keller, 2003).  

At the cellular level EMT is the process that allows a polarized epithelial cell to 

undergo multiple biochemical changes to enable it to assume a mesenchymal 

cell phenotype. A mesenchymal cell phenotype includes, enhanced migratory 

and invasive properties, increased production of ECM components, increased 

resistance to apoptosis and acquisition of stem cell attributes (Kalluri & 

Weinberg, 2013; Leong Tam & Weinberg, 2013; Thiery et al., 2009). Normal 

epithelial cells are interconnected by cell-cell junctions and they move as an 

epithelial sheet whereas mesenchymal cells can move as a single invasive cell 

away from the epithelial sheet. E-cadherin is a transmembrane molecule that is 

a key component of cell-cell junctions connecting adjacent cells and is crucial 

for the control of the epithelial phenotype, as depicted in Figure 1.4 (Chanson et 

al., 2011; LaBarge et al., 2009; Perez-Moreno & Fuchs, 2006).  
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Figure 1.4 Epithelial and Mesenchymal cell characteristics. 

(A) Tight junctions (gray) and E-cadherin based junctions (red) are connected to 

the actin cytoskeleton at epithelial cell surfaces while hemidesmosomes (cyan) 

are connected to the cytokeratin intermediate filament cytoskeleton, altogether 

providing cell polarity. Epithelial cells adhere to the laminin-rich BM through 

specialized cell-ECM interactions. (B) Mesenchymal cells loose cell polarity as 

E-cadherin is lost and vimentin is upregulated. Mesenchymal cells produce 

TGFβ, growth factors (GF), matrix metalloproteinases (MMPs), and components 

of the ECM making mesenchymal cells pro-tumorigenic. Image taken from 

(Nistico, Bissell & Radisky, 2012). 

   

Paracrine factors trigger the activation of intracellular signalling cascades that 

are involved in the induction of an EMT program. In response, EMT-inducing 

transcription factors are expressed and functionally activated (Jechlinger et al., 

2002; Katoh & Katoh, 2008; Kikudo et al., 2005; Medici et al., 2008; Moustakas 

& Heldin, 2007; Niessen et al., 2008; Scheel, 2011; Shi & Massague, 2003; 

Thiery et al., 2002;) with the expression of associated mesenchymal genes; 

vimentin and fibronectin (Nistico et al., 2012). E-cadherin expression is silenced 
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by several EMT-transcription factors such as, TWIST1, SNAIL, SLUG, ZEB1 

and ZEB2 (Blanco et al., 2002; Gregory et al., 2008; Peinado et al., 2007; 

Savagner et al., 1997; Thompson & Haviv, 2011; Wellner et al., 2009; Yang et 

al., 2004) which in turn are silenced by metastasis associated miRNAs such as 

miR-200 (Gregory et al., 2008) (Table 1-1).  

 

Table 1-1 Transcritional regulation of the CDH1 promoter (E-cadherin 

gene) in EMT 

Molecules Functions in EMT Relevance to cancer 

Transcription factors: direct binding to the CDH1 promoter 

SNAI1 Zinc-finger protein, 

transcriptional repressor 

and cellular 

reprogramming 

Upregulated in breast, colon, 

endometrial, gastric, ovarian, 

pancreatic, synovial, oesophageal 

carcinomas, hepatocarcinoma and 

head and neck squamous cell 

carcinoma. 

SNAI2 Zinc-finger protein, 

transcriptional repressor 

and cellular 

reprogramming 

Upregulated in breast, colorectal, 

gastric, ovarian, gastric, pancreatic, 

oesophageal squamous cell 

carcinomas, hepatocarcinoma, head 

and neck squamous cell carcinoma, 

lung adenocarcinoma and malignant 

mesothelioma. 

ZEB1 Zinc-finger E-box binding 

homeobox protein, 

transcriptional repressor 

and cellular 

reprogramming 

Upregulated in bladder, breast, 

colorectal, endometrial, gastric, 

ovarian, gastric, pancreatic, prostate, 

oesophageal squamous cell 

carcinomas, hepatocarcinoma, head 

and neck squamous cell carcinoma, 

lung carcinoma and leiomyosarcoma. 

ZEB2 Zinc-finger E-box binding 

homeobox protein, 

transcriptional repressor 

and cellular 

reprogramming 

Upregulated in bladder, breast, 

colorectal, gastric, ovarian, gastric, 

pancreatic carcinomas, 

hepatocarcinoma, head and neck 

squamous cell carcinoma, lung 

carcinoma. 

E47 Class 1basic helix-loop-

helix (bHLH) factor 

Upregulated in gastric cancer and 

prostate cancer 

KLF8 Zinc-finger protein, Upregulated in brain, breast, gastric, 



                                                                                                       Chapter 1 

20 | P a g e  
 

transcriptional repressor 

and activator 

liver, ovarian, and renal cancers. 

 

Table modified from (De Craene & Berx, 2013). 

 

EMT has been well documented in invasive tumours (Leong Tam & Weinberg, 

2013: Nieto, 2011), where tumour cells have acquired mesenchymal traits that 

are needed to execute most steps of the metastatic cascade. Importantly, the 

mesenchymal attributes acquired by the tumour cells are not permanent and the 

EMT process is reversible; henceforth it is frequently referred to as epithelial to 

mesenchymal plasticity (Hohan & Kolodziej, 2002; Lipschutz, 1998; Ocana et 

al., 2012; Rothenpielie, 1993; Tsai et al., 2012). Cells may revert to an epithelial 

state through a mesenchymal to epithelial transition (MET) in the newly 

established colony (Thompson & Haviv, 2011). EMT has been proposed to be a 

critical mechanism required for malignant tumour metastasis (Ching Lo et al., 

2018; Kalluri & Weinberg, 2013; Wang et al., 2016). 

 

1.3.2.1 EMT in cancer and metastasis 

There are several distinct mechanisms activated in tumour cells during EMT. 

Firstly, EMT stimulates tumour cell invasiveness that facilitates metastasis. 

Tumour cells undergoing EMT promote tumour progression through the 

activation and expression of soluble tumorigenic factors, epidermal growth 

factor (EGF), hepatocyte growth factor (HGF), fibroblast growth factor (FGF) 

and transforming growth factor (TGF) which causes disruption of the tumour 

microenvironment and has been shown to contribute to the cancer stem cell 

(CSC) phenotype (Lui & Fan, 2015). 
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Figure 1.5 Epithelial to mesenchymal transition 

During the metastatic cascade cells undergo functional adaptations in response 

to EMT signals. Epithelial cells at the tumour front lose epithelial cell 

characteristics and detach from the tumour acquiring mesenchymal traits. A 

complete mesenchymal phenotype facilitates intravasation, survival in the 

circulation and resistance to environmental stress. Mesenchymal cells 

extravasate and invade the secondary organ where they are exposed to signals 

different to the primary tumour. Disseminated cells may acquire a dormant 

phenotype or, with the appropriate signals may undergo MET and re-acquire 

epithelial cell characteristics through autocrine and paracrine signals facilitating 

rapid proliferation and a stable epithelial phenotype. Image taken from (Leong 

Tam & Weinberg, 2013) 

  

Many mouse studies and in vitro studies have documented the contribution of 

EMT in high grade breast tumours that are usually associated with poor patient 
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prognosis (Nieto et al., 2011; Thiery et al., 2009). Carey and colleagues found 

that the basal and TN subtype of breast tumours that undergo a partial EMT are 

enriched in the expression of mesenchymal markers that correlate with poor 

clinical outcome (Carey et al., 2010). This subpopulation of cells presents many 

features of cancer stem cells (CSCs), including the CD44hi CD24lo antigenic 

state and increased resistance to cancer therapies (Nieto et al., 2011; Polyak & 

Weinber, 2009; Thiery et al., 2009). Accordingly, many other groups also 

identified a strong association between the basal breast cancer phenotype and 

increased expression of EMT markers such as, vimentin, Zeb1 and Sip1 

(Karihtala et al., 2012; Sarrio et al., 2008). However, to confirm EMT as an 

essential pathway involved in the aggressiveness of tumours, functional studies 

are required. 

EMT features have been reported to occur in response to increased levels of 

matrix metalloproteins (MMPs) (Page McCaw et al., 2007; Sternlicht & Werb, 

2001). MMP dependent activation of EMT has been well characterized in 

several epithelial cell types including breast epithelial cells (Cao et al., 2008; 

Cheng & Lovett, 2003; Cowden Dahl et al., 2008; Illman et al., 2006). In 

particular, MMP-3 directly stimulates EMT in breast and colorectal tumour cells 

through induction of Rac1b which increases the levels of cellular reactive O2 

species (ROS) stimulating EMT (Fiegen et al., 2004; Jordan et al., 1999; 

Lochter et al., 1997; Nelson et al., 2008; Radisky et al., 2005; Schnelzer et al., 

2000; Singh et al., 2004). Studies have shown that MMPs can serve as initiators 

of the EMT program in tumours which initially stimulated interest in MMP 

inhibitors for therapeutic use. However, research targeting MMPs as a cancer 

therapeutic has proven less useful than first thought, primarily due to the fact 

that it is difficult to achieve selective inhibition, thereby, causing side effects 

(Coussens et al., 2002; Morrison et al., 2009). However, if we can show that 

cancer associated processes are induced significantly by MMPs; it can provide 

the research required to develop new and specific inhibitors of MMP induced 

EMT.  

More recent studies have focused on determining whether the role of the EMT 

program after tumour cell dissemination is maintained and if so how tumour 
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cells use this phenotypic change to evade immune surveillance and form new 

colonies at distant sites. One group analysed tumour cells using a dual-

colorimetric RNA-in situ hybridisation (ISH) assay to determine the expression 

of epithelial (keratins, epCam, CDH1) and mesenchymal transcripts (fibronectin, 

CDH2, serpine 1) within this population. They found that human breast tissues 

that were benign or pre-invasive were exclusively epithelial whereas reactive 

stromal cells, especially in TN breast tumours were significantly positive for a 

mesenchymal phenotype (Yu et al., 2013). Furthermore, circulating tumour cells 

(CTCs) were captured from patient blood using an antibody cocktail and 

analysed using microfluidic Herringbone (HB) chips and found that 41% of 

patients scored positive CTCs with EMT features, although the EMT features 

varied according to breast cancer subtypes, with the most aggressive subtype 

(TN breast cancer) being significantly positive for mesenchymal cells (Yu et al., 

2013). Additionally, they found that patients who received and responded well to 

therapy showed a decrease in mesenchymal CTCs in contrast to patients who 

didn’t respond to therapy. Patients who had a poor response rate also had 

higher levels of mesenchymal CTCs in concurrence with the appearance of 

multicellular CTC clusters (4-50 tumour cells per cluster), that were absent from 

specimens with epithelial CTCs (Yu et al., 2013). This extensive study provided 

evidence to oppose the prevailing hypothesis, that EMT results in highly 

migratory single cells rather than clusters (Cho et al., 2012; Kalluri & Weinberg, 

2009; Krebs et al., 2012; Thiery, 2002) In addition, they showed that CTC 

clusters were abundantly positive for platelet marker (CD61) which has been 

documented to release TGFβ and potentially induce EMT in the circulation 

revealing insights into the mechanisms that tumour cells utilise to evade 

immune cell surveillance. RNA sequencing has identified CTCs to be enriched 

with ECM-related membrane receptors such as integrins, that are associated 

with the clustering phenomena (Yu et al., 2013) in the circulation, identifying a 

potential mechanism tumour cells can adopt during the EMT cascade. These 

studies provide evidence for the usefulness of CTC screening and how CTCs 

may be utilised as potential prognostic/therapeutic markers.  

Recent studies have identified a significant role for LM-binding integrins in EMT. 

Masugi and colleagues used cDNA microarray analysis to identify integrin β4 as 
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one of the genes upregulated in high-EMT xenografts derived from patients with 

pancreatic ductal adenocarcinomas (Masugi et al., 2015).  

Immunohistochemistry (IHC) of pancreatic ductal adenocarcinomas revealed 

diffuse integrin β4 expression in cancer cells undergoing EMT (reduced E-

cadherin expression and increased vimentin expression) (Masugi et al., 2015). 

Another group showed that integrin β4 promoted invasion and proliferation and 

induced EMT through the modulation of Slug in hepatocellular carcinomas (Li et 

al., 2017). However, all these studies are conducted in carcinomas of 

gastrointestinal origin and although increased expression of integrin β4 in highly 

metastatic breast tumours is well supported (Tagliabue et al., 1998), their role in 

EMT in breast cancer and metastasis is not known. This identifies a gap in the 

literature for integrins in EMT and breast cancer, which will be addressed in this 

thesis.  

In contrast, the idea of EMT induced metastasis in breast and other tumours 

has always been controversial and continues to be debated, due to the fact that 

many research groups claim to find opposing evidence. For example, Lou 

reported that non-metastatic 67NR mouse mammary tumours showed 

hallmarks of EMT, with decreased E-cadherin expression and increased N-

cadherin and vimentin, characteristic of a mesenchymal phenotype (Lou et al., 

2008). They compared these results to highly metastatic 4T1 isogenic tumours 

which showed epithelial features even though it portrayed migratory, invasive 

and metastatic properties (Lou et al., 2008). The authors proposed that EMT is 

insufficient for breast cancer metastasis. However, this study utilises a small 

group of mice (n=3) not sufficient to provide statistical significance and, 

although E-cadherin is important in the establishment of an EMT program, it is 

not sufficient alone and EMT-transcription factors, intracellular signalling 

networks, soluble growth factors and ECM components need to be considered 

and analysed, revealing the complexity of the EMT phenomena. In addition, 

since this study, other research groups have developed and characterized 

spontaneous breast cancer models derived from the 4T1 variant that is more 

aggressive and metastatic (4T1.2 and 4T1BM2 breast cancer models) 

(Lelakiakis et al., 1999; Eckhardt et al., 2005; Kusuma et al., 2012). These 

highly metastatic breast cancer cell lines provide better models to represent 
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EMT in highly aggressive and metastatic tumours which we have utilised for the 

investigations conducted in this project.  

Looking back at these observations it can be hypothesised that tumour cells 

may need to acquire a mesenchymal phenotype, through expression or 

activation of ECM proteins, integrins or soluble factors, in order to assume the 

molecular and cellular attributes as driving factors to survive dissemination, 

travelling through the circulation and colonization; revealing the clinical 

importance of the EMT pathway as a potential drug target and prognostic 

biomarker.  

 

1.4 Tumour microenvironment 

Tumours can be defined as complex organs comprised of abnormal cells, 

surrounding stromal cells and the recruitment of other non-malignant cell types; 

the latter two forming the tumour microenvironment. The tumour 

microenvironment plays a crucial role in tumour physiology, structure and 

function since it supplies both a protective barrier and a nurturing environment 

for the malignant process. The relationship between tumour cells and non-

malignant components of the surrounding environment is driven by a network of 

cytokines, chemokine, growth factors, and matrix remodelling enzymes 

fundamental for tumour initiation, progression and the development of 

metastasis (Balkwill et al., 2010). The major components of the tumour 

microenvironment of most human and experimental tumours are, cells of the 

immune system (T-lymphocytes, B-lymphocytes, natural killer NK cells, tumour 

associated macrophages (TAMs), myeloid derived suppressor cells, dendritic 

cells, tumour associated neutrophils), cancer associated fibroblasts (CAFs), 

adipocytes, vascular endothelial cells, pericytes, lymphatic endothelial cells and 

finally the ECM of the tumour microenvironment (Edoritsky et al., 2004; 

Hanaham & Coussens, 2012; Joyce & Pollard, 2009; Lerner et al., 2011).  

In addition, an area that has caught increasing attention over the years is the 

understanding that the tumour ECM might also be a therapeutic target, 
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especially to increase tumour responsiveness to chemotherapy (Balkwill et al., 

2010).  

For the purpose of this thesis, the focus will be placed on the ‘dynamic and 

reciprocal’ exchanges of information that occurs between the tumour cells and 

the ECM within the tumour microenvironment.  

 

1.4.1 Tumour-matrix interactions- Extracellular matrix and basement 

membrane 

The extracellular matrix (ECM) is the non-cellular component that provides 

architectural support for all tissues and organs. It is also a specialized stroma 

that is involved in initiating biochemical signals that are necessary for several 

physiological processes such as, tissue morphogenesis and differentiation. 

Each tissue has a unique ECM composition that is generated through bi-

directional cross talk between the cell membrane and ECM during tissue 

formation and development (Bissell, Hall & Parry, 1982). This highly organised 

cross-talk was first hypothesised by Pander in 1817, who emphasised the 

importance of tissue interaction for the formation of organs (Pander, 1817). It 

wasn’t until a century later that Panders hypothesis was revisited, confirmed 

and widely accepted. One of the first researchers to propose dynamic 

reciprocity of cells and their ECM was Bissell (1982). In 1991, the Bissell 

laboratory provided experimental evidence to support their original (1982) 

proposition. They embedded mammary cells at low density in basement 

membrane gels so cells did not have cell-cell contact and in doing so, they 

observed the majority of single cells to ooze the milk protein β-casein. In 

contrast, cells growing on plastic or collagen did not produce milk protein 

(Streuli, Bailey & Bissell, 1991). Their investigations revealed that not only 

tumour ECM interactions are vital for cellular functions but that the ECM 

required for these functions is cell/receptor specific. To show this, they added 

integrin blocking antibodies to inhibit ECM-cell-receptor interactions. Inhibiting 

ECM-cell-receptor interactions diminished milk (β-casein) output which was 

reversed when blocking proteins that don’t heed the ECM was added. This was 

the first demonstration of the role of the ECM in cell differentiation (Streuli, 
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Bailey & Bissell, 1991). Furthermore, Gilmore showed that cell death was 

induced when mammary cells were detached from the ECM and apoptosis was 

only prevented when mammary cells had integrin mediated attachment 

(Gilmore et al., 2000). These findings sparked interest in future research where 

Bissell and Hines, one of the many groups who identified the involvement of the 

ECM not only in normal tissue development but in both tumour onset and 

malignant progression (Bissell & Hines, 2011).  

The ECM is a complex network of macromolecules made up of proteins and 

proteoglycans (PGs) involved in modulating cell functions through cellular 

signalling receptors. Interestingly, the ECM also influences cell behaviour by 

providing a reservoir for growth factors and signalling molecules. Components 

of the ECM regulate cell migration, invasion, proliferation, adhesion, activation 

of angiogenesis and resistance to apoptotic stimuli (Harisi & Jeney, 2015). 

Moreover, the ECM can function as a barrier, where increased matrix stiffness 

or interstitial fluid pressure (IFP) can inhibit the entry of immune cells or 

facilitate chemoresistance by preventing therapeutic drug perfusion (Venning et 

al., 2015). Under normal conditions cells adhere to the ECM through cell-ligand-

integrin binding to avoid unprogrammed cell death, a phenomenon known as 

anchorage dependence (Radisky et al., 2002).  

Greater than 80% of cancers are of epithelial origin. There is a specialised 

component of the ECM that separates epithelial cells from the surrounding 

stroma known as the basement membrane (BM). Components of the normal 

BM are laminins (LM), collagen IV (C-IV), nidogen and proteoglycans which are 

all directly or indirectly involved in the development and differentiation of 

epithelial cells (Aumailley et al., 1998) (Figure 1.6). 
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Figure 1.6 Architecture of the basement membrane 

The basement membrane is composed of a polymer of laminins linked to 

collagen IV network interconnected with nidogen/enactin, and proteoglycans. 

The BM connects to the cell through cell surface receptors such as integrins 

and dystroglycans connecting to the cytoskeleton. (Image taken from Radisky et 

al., 2010). 

 

Degradation of the basement membrane is crucial in both normal tissue 

remodelling and tumour progression. Many studies have viewed the 

accumulation of genetic defects as the driving force for tumour progression. 

However; it is clear that tumour suppressors and proto-oncogenes are in fact 

involved in signal transduction pathways that communicate with the ECM 

(McCormick, 2000). Irregularity in the microenvironment can lead to 

inappropriate behaviour of tumour cells identifying the malignant behaviour of a 

tumour cell to be generally due to an imbalance of reciprocal communication 

between cells and their microenvironment. This can be through genetic or 

epigenetic mediators. Consistent with the ECM-cell cross-talk theory, studies 

have shown that stromelysin-1 (SL-1) an MMP that’s normally involved in the 
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development and regression of the mammary glands has also been reported to 

be present in breast tumours (Thomasset et al., 1998) and that exogenous 

expression of SL-1 in mammary epithelial cells in vitro causes BM degradation, 

attempted hi-jacking of the cell cycle process and apoptosis (Boudreau et al., 

1995; Boudreau et al., 1996) while in vivo studies of transgenic mice that 

overexpressed SL-1 presented with pre-neoplastic features of the mammary 

glands (Sympson et al., 1994; Thomasset et al., 1998). These features were 

inhibited by cross-breeding mice with a strain that expressed an MMP inhibitor 

(Alexander et al., 1996; Sternlicht et al., 2000) identifying SL-1 as a disruptive 

mediator and player of ECM/BM-cell communications leading to a pro-

tumourigenic state.  

Investigations have utilised 3-D cell cultures to demonstrate that when normal 

versus tumour cells are cultured in standard 2-D tissue culture plastic plates, 

only slight variances are noted in their phenotype or biochemical characteristics 

(Peterson et al., 1992; Schmichel et al., 1998). In contrast, when cultured on the 

appropriate ECM, normal cells undergo regulated cellular differentiation and 

growth arrest whereas tumour cells evade growth arrest and continue to 

proliferate to form unstructured tumour spheroids within the 3-D matrix 

(Peterson et al., 1992). The same group went on to examine ECM receptor 

expression patterns between normal human mammary epithelial cells, early 

passage (S1) HMT-3522 breast tumour cells and late passage (T4-2) HMT-

3522 breast tumour cells when cultured on or embedded in ECM/BM. Normal 

mammary epithelial cells expressed α1β1, α2β1, α3β1 and α6β4 integrin 

receptors (all receptors of BM proteins laminin and collagen) whereas, the early 

passage S1 and late passage T2-4 cells showed a significant increase in β1 

integrin expression (Mizejewski, 1999; Varner & Chersh, 1996; Weaver, 1997). 

When function blocking antibodies to β1 was applied to the 3-D culture BM the 

tumour cells reverted back to an organised phenotype and tumourigenic 

potential was reduced in vivo. These observations support the view that the BM 

contributes to tumourigenic behaviour through BM-integrin-cell interactions. 

When these interactions are dysfunctional and there is an over or under-

expression of ECM components like laminins, this may cause tissue 

disorganization and lead to tumourigenesis. Therefore, a clearer understanding 
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and identification of specific cell-ECM interactions during tumourigenesis may 

lead to cancer therapeutics that aim to restore tissue function and order as 

opposed to current chemotherapies that cause cell death through inhibiting 

microtubule or protein function or DNA synthesis. In addition, combination of the 

two therapies may prove to be significantly advantageous.  

 

1.4.2 Matrix metalloproteinases (MMPs) 

Matrix metalloproteinases (MMPs) are a part of a family of proteases that are 

located extra-cellularly or are membrane bound. Proteases, in particular, MMPs 

have been strongly implicated in degrading or proteolytically modifying the main 

components of the ECM including, laminins, collagens and proteoglycans 

(Stamenkovic, 2003). The study of the dissolution of tadpole tails revealed the 

first insights into MMP function (Gu et al., 2005; Gross & Lapierre, 1962) and 

since then it has been established that more than 20 human MMPs can cleave 

essentially all of the protein components of the ECM (Stamenkovic, 2003). MMP 

mediated degradation of the ECM has been reported to trigger a variety of 

cellular signals such as migration, which occurs as a result of collagen IV and 

laminin-332 cleavage (Gianelli et al., 1997; Gu et al., 2005; Xu et al., 2001). The 

cleaved fragments expose a cryptic site that can promote migration.  

MMPs are crucial for ECM remodelling during normal physiological processes 

like tissue morphogenesis and organization, mammary gland involution, wound 

healing and pathological processes such as, stroke and cancer (Rodriguez et 

al., 2009). For example, MMP-9 and MMP-14 have been identified in bone 

development and homeostasis during osteoblast and osteoclast activity 

(Stamenkovic et al., 2003). Wound healing and tumour progression both rely on 

processes comparable to those during physiological development including, 

migration, invasion and ECM degradation and remodelling and, although they 

follow similar processes the aim of ECM remodelling in wound healing is to 

enhance tissue repair and recovery while in a tumour setting it enhances 

tumourigenicity. Originally it was thought that MMPs were only involved in 

tumour invasion and metastasis. However, transgenic mouse model 

experiments indicate that MMPs regulate cell growth and survival in part by 
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cleaving and activating cell surface growth factor precursors. Transforming 

growth factor-α (TGF-α) and insulin growth factors (IGF) are released and 

activated by stromelysin-3 and MMP-9 promoting cell proliferation in human 

prostate DU-145 tumour cells. (Mannes et al., 1997; Mannes et al., 1999). 

MMPs are expressed in virtually all human tumours however each one plays a 

different role in growth, survival, angiogenesis, tissue remodelling which may be 

pro- or anti-tumourigenic depending on the nature of MMP and tumour type.  

Most if not all of the processes involved in metastasis (migration and invasion of 

the ECM, degradation of the BM, survival in the circulation, attachment and 

penetration of vascular endothelium, dissemination and colonization at the 

secondary site) depends in part on MMP activity. Cell adhesion molecule E-

cadherin has cleavage sites that are compatible with MMP-3 and MMP-7. When 

tumour cells are cleaved by MMP-3 or MMP-7 not only does it cause a loss of 

cell-cell adhesion and consequent phenotypic change but the fragments that 

are generated have been shown to promote tumour cell migration intensifying 

its tumourigenic potential (Noe et al., 2001). Ultimately, loss of E-cadherin is 

associated with EMT which is correlated with tumour progression. Work using 

two-photon microscopy and real-time data has revealed that cell surface 

molecules are released and functionally available as MMPs proteolytically 

cleave collagen fibrils in the ECM of the invading tumour cell front (Hegerfeldt et 

al 2002; Wolf et al., 2003). Fragmented collagen IV exposes cryptic sites that 

bind to integrins which promotes angiogenesis and tumour growth (Xu et al., 

2001). The degradation of the ECM/BM by MMPs generates proteolytic 

fragments that enhance tumour cell motility, for example, MMP-12 and -14 

cleave laminin-332 and MMP-1 cleave laminin-511 resulting in active fragments 

that fuel migration signals in tumour cells (Gianelli et al., 1997; Koshikawa et al., 

2000).  

Intravasation and degradation of the vascular endothelium is the final step 

before the tumour cell enters the circulation. MMP-9 has been documented to 

play a leading role in degradation and penetration of the vascular endothelial 

BM (Hua & Muschel, 1998; Kim et al., 1998). Metastasis was shown to be 

inhibited when MMP-9 expression was blocked by a ribozyme in a rat sarcoma 

model system (Hua & Muschel, 1998). Once in the circulation tumour cells must 
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evade immune surveillance to establish new colonies at secondary sites. Many 

mechanisms have been proposed to explain why tumour cells can survive in the 

face of an immune response and several researchers point out the fact that it is 

MMP-dependent. A tumour cell that interacts with a T-cell can interfere with its 

activity by impeding on the interleukin-2 receptor (IL-2R) which is important in T-

cell proliferation (McQuibban et al., 2000). Tumour MMP-9 has been 

demonstrated to cleave the α-chain of the IL-2R, hindering T-cell proliferation, 

providing tumour cells with a mechanism to escape T-cell induced elimination. 

Immune suppression may also be induced through MMP-9 mediated activation 

of TGF-β which is a potent inhibitor of T-cell function (Glorelik & Flavell, 2001). 

Moreover, MMP-9 can cleave and inactivate chemokines. Interleukin-8 (IL-8) is 

involved in the chemotactic recruitment of neutrophils, however when MMP-9 

cleaves IL-8 it behaves as an antagonist and proteolytically blocks several other 

chemokines and their receptors interfering with leukocyte recruitment and 

survival (McQuibbon et al., 2001). Several MMP associated mechanisms have 

been identified to play a role in controlling the immune response during tumour 

progression.  

Tumour and stromal derived MMPs have an important role in tumour-ECM 

remodelling, releasing ECM growth factors that enhance tumour cell survival, 

angiogenesis and tumour dissemination. Therefore, theoretically, targeting 

MMPs with an MMP inhibitor would seem ideal. However, although MMP 

inhibitors have shown to reduce and eliminate tumour development (Coussens 

& Werb, 1996), they have failed to live up to their expectation due to increased 

patient side effects (Coussens et al., 2002). These findings present an 

important question. Is MMP activity required throughout the entire metastatic 

tumour cascade or do MMP-dependent events cease once pro-tumourigenic 

proteolytic fragments are produced and provided to initiate tumour progression? 

It could be that MMP inhibitors are targeting ghost MMPs. 

 

1.5 Laminins 

1.5.1 General structure and distribution of laminin isoforms 
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Laminins (LM) are large (~400-900 kDa) cross- or T-shaped glycoproteins. They 

consist of one α, one β and one γ chain that assemble into a trimer and 

constitute major components of the BM. The first discovery of LM was in 1979 

by Rupert Timpl (Timpl et al., 1979). Originally, Timpl reported the identification 

of at least two polypeptide chains that were held together by disulphide bonds 

(Timpl et al., 1979). The original identification of two and not three LM chains 

was due to similarity in the molecular weight of the β1 and γ1 LM chains (210 

and 200 kDa), respectively (Zamurs et al., 2013). However, since then, five α, 

three β and three γ chains have been identified revealing 16 possible trimeric 

chain combinations with additional variation resulting from RNA splicing 

(Aumailley et al., 2005; Burgeson et al., 1994; Ferigno et al., 1997; Koch et al., 

1999; Miner et al., 1995; Miner et al., 1997). Initially, LM trimers were 

designated a nomenclature that referred to the order of their discovery, 

dismissing chain association or numbers, for example, LM-1 to LM-15 

(Burgeson et al., 1994). Currently, the more recent nomenclature includes the 

trimer composition, for example, LM-511 (previously known as LM-10) consists 

of α5, β1 and γ1 chains (Table 1-2). There are three types of LM heterotrimer 

structures which consist of two or three short arms that are composed of parts 

of one chain in a coiled coil (Aumailley et al., 2005). At the end of the coiled coil, 

the α chain contains a large, 200 kDa, COOH-terminal globular domain, the G 

domain (Figure 1.7) (Aumailley et al., 2005; Miner, 2008).  
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 Table 1-2 The laminin nomenclature for 16 isoforms 

Standard Abbreviated Previous name 

α1β1γ1 111 Laminin- 1 

α2β1γ1 211 Laminin- 2 

α1β2γ1 121 Laminin- 3 

α2β2γ1 221 Laminin- 4 

α3Aβ3γ2 332, or 3A32 Laminin- 5, or 5A 

α3Bβ3γ2 3B32 Laminin- 5B 

α3Aβ1γ1 311 Laminin- 6, or 6A 

α3Aβ2γ1 321, or 3A21 Laminin- 7, or 7A 

α4β1γ1 411 Laminin- 8 

α4β2γ1 421 Laminin- 9 

α5β1γ1 511 Laminin- 10 

α5β2γ1 521 Laminin- 11 

α2β1γ3 213 Laminin- 12 

α4β2γ3 423 Laminin- 14 

α5β2γ2 522 - 

α5β2γ3 523 Laminin- 15 

Table modified from Aumailley et al., 2015 
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Figure 1.7 Laminin family 

Laminin activity and function for different isoforms. Laminins can have three 

heterotrimer structures; the cruciform structure which has three laminin N-

terminal domains making them capable of polymerization, the Y-shaped 

structure lacks an α chain domain VI and is incapable of polymerisation and, the 

rod-shaped laminin-5 is formed from truncated chains making it possible for 

hemidesmosomes assembly. Cell surface anchorage occurs through sulphated 

carbohydrates (S-CHO), heparin, sulfatides where receptor interactions are 

mediated by integrins (eg. α3β1) or α-dystroglycan (α-DG). Proteinases (MT1-
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MMP, MMP2, BMP1, furin) cleave laminins altering function. Image modified 

from (Miner & Yurchenco, 2004).  

 

Calcium dependent intermolecular interactions between the laminin N-terminal 

domains of all three chains results in laminin self-assembly into a polymeric 

network, known as the lamina densa (Garbe et al., 2002, Yurchenco & Cheng, 

1993; Yurchenco, Cheng, & Colognato, 1992). The C-IV network is recruited to 

link with the lamina densa through molecules such as, nidogen, ultimately, 

forming the BM (McKee et al., 2007; Miner, 2008).  

Studies have investigated the role of nidogen in BM polymerisation and found 

that a mutation in either one of the nidogen proteins, nidogen-1 and nidogen-2 

produced minimal defects in BM assembly (Dong et al., 2002; Miosge et al., 

2002; Schymeinsky et al., 2002). When these investigations where conducted in 

mutant mice that lacked the nidogen binding site in the LM γ1 chain, or in mice 

that had a mutation of the gene Hsps2, that codes for perlecan, another BM 

linking protein, the BM was minimally affected (Costell et al., 1999). Additionally, 

the contribution of collagen-IV (C-IV) to BM integrity was investigated in mutant 

mice studies and revealed that when collagen α1 and α2 (IV) chains are not 

synthesised normally, although they were able to assemble BMs, eventually the 

embryos died. Furthermore, LMs are essential for multiple stages of 

development and organ maturation and function. Investigations thus far have 

identified that early preimplantation events like gastrulation require LM-111 

whereas embryonic development events such as neurulation and 

organogenesis require LM-511. All other LM isoforms including LM-111 and LM-

511 are required during postnatal organ maturation and function (Miner, 2008). 

Moreover, LAMA5-/- or LAMA1-/- mice cannot synthesise normal BM and die in 

gestation, exhibiting growth retardation and several developmental defects 

(Fukumoto et al., 2006; Miner et al., 1998; Rebustini et al., 2007). Embryonic 

lethality is caused by defective placental vascularization (Miner et al., 1998). 

Collectively, these studies demonstrate that early embryonic development and 

assembly of BMs is unable to form in the absence of LMs but not collagen IV (Li 

et al 2002; Poschl et al., 2004).  
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Besides BM polymerisation, tissue architecture and support, LMs have 

numerous biological roles initiated through receptor-ligand binding at the G-

domain, and occasionally the short arm of the α subunit (Belkin & Stepp, 2000). 

LMs are biological ligands for integrins and non-integrin cell surface receptors. 

Integrins are a large family of αβ heterodimers that initiate cell signalling 

cascades upon binding to their ligand in particular, LMs. Integrin receptors 

include α1β1, α2β1, α3β1, α6β1, α6β4, α7β1 and αvβ3. However, not all LM 

trimers bind to all integrin heterodimers, their interactions are specific to 

different isoforms (Table 1-3) (Colognato & Yurchenco, 2000; Delwel & 

Sonnenberg, 1996; Sasaki & Timpl, 2001). Non-integrin receptors of LMs 

include dystroglycans and syndecans (known as heparin sulfate proteoglycans) 

which are involved in focal adhesion formation and lastly the Lutheran blood 

group glycoprotein (Lu) which is an Ig superfamily molecule that has been 

identified to adhere to the LMα5 chains. The Lu receptor is found in the 

endothelial BM and enhances the symptoms associated with sickle cell disease 

(Miner, 2008; Udani et al., 1998). Table 1-3 outlines laminin isoforms and their 

integrin and non-integrin receptors.   
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Table 1-3 Laminin isoforms and their receptors 

Laminin isoforms Integrin receptors Non-integrin receptors 

LM-111 (LM-1) α1β1, α2β1, α6β1, α7β1, α9β1 67 kDa laminin receptor, 

α-dystroglycan (α-DG), 

heparan sulphate 

proteoglycans, sulfatides 

LM-211 (LM-2) α1β1, α2β1, α3β1, α6β1, α7β1 α-DG, heparan sulphate 

proteoglycans, sulfatides 

LM-121 (LM-3) α1β1, α2β1, α6β1, α7β1, α9β1 67 kDa laminin receptor, 

α-DG, heparan sulphate 

proteoglycans, sulfatides 

LM-221 (LM-4) α1β1, α2β1, α3β1, α6β1, α7β1 α-DG, heparan sulphate 

proteoglycans, sulfatides 

LM-3A32 (LM-5) α3β1, α6β1, α6β4 heparan sulphate 

proteoglycans, sulfatides 

LM-3B32 (LM-5B) α3β1, α6β1, α6β4 heparan sulphate 

proteoglycans, sulfatides 

LM-311 (LM-6) α3β1, α6β1, α6β4 heparan sulphate 

proteoglycans, sulfatides 

LM-321 (LM-7) α3β1, α6β1, α6β4 heparan sulphate 

proteoglycans, sulfatides 

LM-411 (LM-8) α6β1, α7β1 α-DG (weak affinity), 

heparan sulphate 

proteoglycans 

LM-421 (LM-9) α6β1, α7β1 α-DG (weak affinity), 

heparan sulphate 

proteoglycans 

LM-511 (LM-10) α3β1, α6β1, α6β4, α7β1 α-DG, proteoglycans, Lu 

receptor  

LM-521 (LM-11) α3β1, α6β1, α7β1, αvβ3, α2β1 α-DG, proteoglycans, Lu 

receptor  

LM-213 (LM-12) α1β1, α2β1, α3β1, α6β1, α7β1 α-DG, heparan sulphate 

proteoglycans, sulfatides 

LM-423 (LM-14) α6β1, α7β1 α-DG (weak affinity), 

heparan sulphate 

proteoglycans 

LM-522 α3β1, α6β1, α7β1, αvβ3, α2β1 α-DG, proteoglycans, Lu 

receptor  

LM-523 (LM-15) α3β1, α6β1, α7β1, αvβ3, α2β1 α-DG, proteoglycans, Lu 

receptor  

Table modified from (Givant-Horwitz, Davidson & Reich, 2005) 
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Table 1-4 Laminin interactions and distribution in various systemic organs    
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LM isoforms Interactions Distribution and role of 
LMs 

Mutation/defect or 
absence  

References 

Skeletal 
muscle 

LM-211 
LM-221 
LM-421 
LM-521 

- Dystrophin-
glycoprotein 
complexes 

- Integrins (α7β1) 
 

- The extra-synaptic 
skeletal muscle 

- Neuromuscular 
junctions 

Muscular dystrophies Sanes, 2003 

Nervous 
system 

LM-111 
LM-121 
LM-211 
LM-411 
LM-421 
LM-511 
LM-521 

 

- Integrins (α1β1, 
α3β1, α6β1) 

- Dystroglycan 
- Lectins (CHO 

binding protein-
35) bind LMs 
via 
polylactosamine 
residues 

- Other non-
integrins 

- BM of the 
vasculature 

- Chronoid plexus 
and pial 
meningeal BM 
that surrounds the 
CNS 

- Perimeurium 
- BM around axons 

(endonerium) 
- Regulates and 

maintains vascular 
integrity (brain) 

- Alteration in white 
matter causing brain 
structural 
abnormalities, 
mental retardation 

- Morphological and 
physical myelination 
defects in the retina 

- Disruption in pial BM 
causing neuronal 
migration 

Luckenbill-
Edds, 1997: 
Colognato & 
Yurchenco, 
2000; Miner, 
Cunningham 
& Sanes, 
1998; Li et al., 
2002. 

Skin and 
Hair 

LM-332 
LM-511 
LM-521 

- Integrin α3β1 
and α6β4  

- Maintains integrity 
of the skin 

- Hair follicle and 
growth 
development 

- Epidermolysis 
bullosa (skin 
blistering) 

- Anencephaly and 
syndactyly (perinatal 
death) 
 

Pouliot et al., 
2002; 
Spenle et a;., 
2013 
Imanishi et al., 
2010 

 

Kidney LM-111 
LM-511 
LM-411 

- Integrin α3β1 
- Lu interactions 

- Involved in 
nephron and 
glomerulus 
formation 

- Kidney development 
defects 

- Failure of the 
glomerular BM 
causes polycystic 

Goldberg et 
al., 2010; 
Colognato & 
Yurchenco, 
2000 
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kidney disease 
leading to postnatal 
death (3-4 post birth) 

Vasculature 
(endothelial 
and 
vascular 
smooth 
muscle) 

LM-411 
LM-511 
LM-211 
LM-521 

 

- Lu interactions 
- α-dystroglycan 
- α3β1, α6β1, 

α7β1, αvβ3, 
α5β1, αvβ1 

- During 
development, 
provides spatial 
and molecular 
information that 
influences 
endothelial cell 
proliferation, 
migration, and 
differentiation 

- Important in 
vascular integrity 

Perinatal lethality Hallmann et 
al., 1995; 
Scaff et al., 
2013; 
Schnaper, 
Kleinmman & 
Grant, 1993 

Lungs LM-511 
LM-521 
LM-111 
Lm-211 

- Integrin α3β1 
- α-dystroglycan 

- Epithelial cell 
branching and 
morphogenesis 

- Lobar septation 
- Alveolization and 

distal epithelial 
cell differentiation 
and maturation 
and function 

Failure to separate 
four lobes of the right 
lung and pleura and 
poor alveoli 
development. 

Splene et al., 
2013; 
Pierce et al., 
1998. 
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1.5.2 Laminins in normal breast 

The mammary gland is a unique organ in that it is a distinguishing factor 

between mammals and all other animals and is the only organ to complete 

development during puberty (Ghajar et al., 1991; Inman et al., 2015; Muschler & 

Streuli, 2010). Throughout the lifetime of a female adult the cells of the 

mammary gland undergoes proliferation, differentiation and apoptosis in 

response to specific hormonal cues. These changes occur during the menstrual 

cycle, pregnancy, lactation and involution (Inman et al., 2015), which give rise to 

extensive remodelling of the ECM within the breast tissue. The breast tissue 

can be divided into two components; the epithelium and the stroma. In mature 

mammary glands, the epithelial cells form ducts and milk secretary lobules 

surrounded by a basal layer of myoepithelial cells (Gaofeng et al., 2017; 

Muschler & Streuli, 2010) and encapsulated by a specialized ECM, the BM 

(Figure 1.8). The role of the BM is to provide an architectural barrier between 

the epithelium and the stroma (a vascular/fibroadipose tissue) and to influence 

cell behaviour and development of the mammary gland (Muschler & Streuli, 

2010; Streuli, 2003;). The BM is a laminin polymer linked to a C-IV network 

surrounding three cell types of the breast; epithelial cells, endothelial cells of the 

vasculature and adipocytes (Muschler & Streuli, 2010; Streuli, 2003). LM-111, 

LM-332, LM-521 and LM-511 are four distinct isoforms of laminins that are 

expressed in the BM of the mammary gland. LM’s communicate with their 

surrounding epithelium through integrin and non-integrin receptors, 

dystroglycans and syndecans to initiate biophysical and biochemical signals 

and influence cell behaviour and fate in normal mammary gland development, 

revealing their role as regulators of the mammary epithelial phenotype 

(Muschler & Streuli, 2010; Streuli, 2003).  
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Figure 1.8 Mammary Gland Duct 

Luminal cells are surrounded by a basal layer of myoepithelial cells surrounded 

by a specialized ECM, the basement membrane. 

 

LMs reside abundantly near the growing endbuds around lobules and acinar 

structures where they are required for stimulating the production and secretion 

of milk (Streuli, 2003). Early studies have demonstrated that mammary cell 

differentiation is achieved in the presence of BM matrix (Engelbreth-Holm-

Swarm tumour matrix, EHS or matrigel) which is abundant in LM-111. (Strueli et 

al., 1991). Their results identified the leading role of LM/integrin interactions in 

providing molecular signals that regulate tissue specific gene expression and 

influence the synthesis of milk.  

It is now clear that cell-cell interactions signal for the secretion and deposition of 

BM proteins which forms an organized intracellular cytostructure that is 

responsible for the generation of a tight and polarised epithelium, 

morphogenesis and milk synthesis. LM-111 plays a crucial role in mammary cell 

proliferation and quiescence (Fiore et al., 2017). When the mammary gland has 

reached complete development and it is not going through the multiple stages 

involved in pregnancy and post-partum the majority of cells stop proliferating 

and are quiescent, even when there is an abundant supply of growth factors. 

Nuclear actin (N-actin) is a protein that participates in the regulation of gene 

expression and the levels of N-actin that are expressed influence proliferation of 
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mammary cells and their quiescent state (Fiore et al., 2017). A recent 

investigation used non-malignant human breast epithelial cells to demonstrate 

that when cells are cultured or embedded in 2-D monolayers or 3-D LM-111-rich 

gels, cells had reduced N-actin levels compared to tumour cells. LM-111 

provides growth suppressive signals to the cells which attenuates PI3K, causing 

the upregulation of nuclear export receptor, XPO6, which is involved in the 

exportation of N-actin out of the nucleus resulting a quiescent state (Fiore et al., 

2017). It is only in the presence of a LM-111 environment that mammary cells 

become quiescent identifying mechanistic roles for LM-111 during normal 

breast development and function and how when these mechanisms are altered 

they bring about abnormal signalling and functioning causing pathological 

diseases.  

In early studies, it was described that LM-111 achieves polarity of mammary 

epithelial cells and once polarization occurs cells produced their own BM 

proteins including LM-332. The LM α3 subunit links to the intermediate filament 

cytoskeleton of mammary cell through α6β4 integrin interactions to form 

specialised adhesion structures at cell-matrix junctions known as 

hemidesmosomes (Stahl et al., 1997). The role of LM-332 and 

hemidesmosomes in mammary epithelial branching morphogenesis has been 

well documented (Stahl et al., 1997). A study showed that when cells from the 

immortalised mammary epithelial cell line, MCF10A, are cultured or embedded 

in matrigel they undergo branching morphogenesis similar to that observed in 

post-pubertal mammary glands in vivo, however, this process is cell-density 

dependent (>1.25 x 104 cells/cm2). It was hypothesised that mammary cells 

assemble into an anatomising network via hemidesmosomes, LM-332 and α6β4 

interactions at cell-matrix junctions. To confirm these findings Stahl treated 

matrigel embedded mammary cells with function blocking antibodies to inhibit 

LM-332 and α6 activity and found that hemidesmosome assembly and 

consequent branching morphogenesis was significantly inhibited with respect to 

both blocking antibodies (Stahl et al., 1997). It has been reported that the α6 

integrin subunit has a higher binding affinity towards β4 compared to β1 

integrins (Maniero et al., 1997) and although the BM component of matrigel, 

LM-111, has been demonstrated to provide the initial steps involved in 
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mammary cell attachment and triggering of morphogenetic events (Streuli et al., 

1991), data from Stahl’s investigations provided concluding evidence that 

mammary branching morphogenesis is a result of LM-332/α6β4 

hemidesmosome adhesion interactions. Maniero;s group, has demonstrated 

that hemidesmosomes are sites of signal transduction through the long 

cytoplasmic tail end of the β4 subunit (Maniero et al., 1996; Maniero et al., 

1997). Protein kinases promote a series of phosphorylation events causing the 

phosphorylation of the β4 integrin subunit resulting in the activation of cell 

signalling cascades.  

During breast development there are many stages when tissue architecture and 

cell-matrix boundaries are rearranged, mainly by ECM proteins. This process is 

known as tissue remodelling where extensive degradation and remodelling of 

the LM rich BM occurs. Initially, sex steroids and other hormones like, prolactin 

and epidermal growth factor (EGF) control proliferation and differentiation of 

mammary cells (Gianelli et al., 1999; Silberstein et al., 1996; Humphreys et al., 

1997). However, other factors like proteases, stromelysin-1 and MMP-2 play an 

important part in branching morphogenesis (Gianelli et al., 1999). Tissue 

remodelling occurs in sexually mature, pregnant and involuting breast tissue 

where MMP-2 is highly upregulated and MMP inhibitors are downregulated 

(Prince and Streuli, 2002). During this process MMP-2 cleaves LM-332 

generating an active fragment, γ2x, which creates a motile phenotype. Gianelli 

et al., reported that tissue remodelling can be induced in sexually immature rats 

(prepubertal or lactating) when mammary gland specimens where incubated 

with MMP2 resulting in LM-332 fragments whereas, in quiescent tissue, LM-332 

remained intact (Gianelli et al., 1999). When LM-332 is cleaved by MMP-2, the 

normal anchoring functions of hemidesmosomes is lost and cells acquire a 

migratory phenotype, essential in normal mammary gland tissue remodelling. 

Importantly, in the absence of sex steroids normal mammary epithelial cells do 

not migrate on LM-332. Thus far, the role of LM-332 in normal mammary 

epithelium has been linked to branching morphogenesis which is mediated 

through LM-332/α6β4 hemidesmosomes at the basal aspect of mammary 

epithelial cells. In addition, when LM-332 is cleaved it provides a motility 
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substrate during tissue remodelling of mammary tissue revealing the diverse 

and dual roles of LM-332 in normal breast development and functions.  

LM-332 was identified shortly after Timpl’s original discovery of LM (LM-111). 

However, it wasn’t until 1997, 18 years later that the LM-511 heterotrimer was 

identified as an adhesive and migratory substrate in vitro. Therefore, our 

understanding of LM-511 in the role of normal breast development and function 

is still unravelling. Its wide distribution and biological functions in numerous 

normal epithelia was rapidly recognized when gene silencing of the LM-α5 

subunit revealed its crucial role in embryogenesis, organogenesis and stem cell 

renewal and differentiation (Spenle et al., 2013). Furthermore, studies 

demonstrated its role in dental, intestinal, lung, hair and submandibular 

morphogenesis and development (Fukumoto et al, 2006; Li et al., 2003; 

Mahoney et al., 2008; Nguyen et al., 2005; Rebustini et al., 2007). The LM-511 

heterotrimer was not present in initial laminin studies partly due to the fact that 

studies assumed the existence of a single isoform (LM-111) but mostly due to 

the use of antibodies that recognised multiple LM subunits such as β1 or γ1, 

found in several laminin isoforms, such as LM-111/LM-411/LM-511 (Geberhiwot 

et al., 2000; Ioachim et al., 2002; Tagliabue at al., 1998). It is now known that 

earlier immunohistochemical (IHC) studies that were conducted using the 4C7 

antibody to detect LM α1 chain (Engvall et al., 1990) expression were in fact 

detecting the LMα5 subunit and not LMα1 (Tiger et al., 1997). Therefore, many 

earlier IHC studies of LM-111 need to be re-visited and re-interpreted. In fact, 

LM-511 is the most abundant isoform present in the BM of most epithelia and 

endothelia of normal tissues and in tumours (Hallmann et al., 2005; Maatta et 

al., 2001).  

 

1.5.3 Laminins in breast cancer metastasis 

In malignant tumours the BM is either discontinuous or lost due to the loss of 

myoepithelial cells, down-regulation of LM chain expression and proteolytic 

degradation. As the BM deteriorates tumour cells begin to produce their own LM 

(Alitalo & Keski-Oja, 1981; Siwek et al., 1992; Stenbach et al., 1986) which is 

utilised by the tumour cells as a pro-tumourigenic substrate (Engbring & 
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Kleinman, 2003; Malinda & Kleinman, 1996). The role of LMs and their 

receptors in cancer progression is well established (Chia et al., 2007). However 

studies have been controversial, some claiming no correlation (Aricho et al., 

1993; Charpin et al., 1985; Gorczyca et al., 1993) while other groups have 

identified the up-regulation of LM expression in the serum of breast cancer 

patients (Sidom & Imam, 1999). The first member of the LM family, LM-111, 

was initially believed to have a prognostic role in various human cancers 

(Engvall., et al 1993; Hewitt et al., 1997; Sollberg et al., 1992) but these studies 

were conducted prior to the discovery of LM-511 and confirmation of the 4C7 

antibody specificity to LMα5. To support this, in 2002 Gudjonsson reported that 

LM-111 was highly expressed in non-malignant myoepithelial cells in breast 

tissues but not in tumour-derived myoepithelial cells (Gudjonsson et al., 2002). 

In addition, QT-PCR analysis, in situ hybridisation and IHC on human tumours 

and corresponding spontaneous lung or femoral metastases revealed a higher 

expression of LM-511 compared to LM-111 and LM-332 in 4T1.2, 66cl4 or 

67NR mouse TN mammary carcinoma models (Chia et al., 2007). Furthermore, 

a group demonstrated that the loss of LM-111 anchoring activity promoted 

tumour growth (Akhavan et al., 2012). In light of this and previous IHC studies 

on patient samples it can be thought that LM-111 expression is associated with 

a better prognosis in breast cancers.  

After the identification of LM-511, investigations rapidly exposed LM-511 as 

being the most widely distributed isoform in tumour tissue (Hallmann et al., 

2005; Hewitt et al., 1997; Maatta et al., 2001), including mammary, colorectal, 

thyroid, lung, ovarian tumours, glioma and melanomas (Chia et al., 2007; Fujita 

et al., 2005; Hewitt et al., 1997; Kawataki et al., 2007; Oikawa et al., 2011; 

Sollberg, Peltonen & Uitto, 1992) whereas, LM-111 revealed the most restricted 

distribution (Erickson & Couchman, 2000). LM-511 expression can vary from 

vascular BM localization to a widely distributed tissue or tumour cell 

overexpression that strongly correlates with tumour progression (Brar et al., 

2003; Franz et al., 2010; Fujita et al., 2005; Kawataki et al., 2007). A study that 

utilised chain specific antibodies to LMα1, α3 and α5 in various stages of 

prostate development and cancer showed that while LMα1 is prominent in the 

BM of normal prostate it is replaced by LMα3 and LMα5 isoforms as it switches 
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to a benign prostate gland and finally loses LMα3 expression also as the gland 

progresses into a higher grade tumour leaving a BM rich in LMα5 and providing 

data to support the view of LM511 involvement in the malignant processes of 

tumours (Brar et al., 2003; Nagle et al., 1994). Many other researchers showed 

similar findings, indicating the importance of the gradual loss of LM-α1 and 

LMα3 and the upregulation of LMα5 in aggressive tumours (Oikawa et al., 2011; 

Szelachowska & Jelen, 2004).  

A similar correlation has been observed in breast tumours. The first study to 

demonstrate specific isoform switches in pre-invasive and invasive breast ductal 

carcinomas in comparison to normal breast tissue was a study conducted by 

Fujita and colleagues (Fujita et al., 2005). They detected a switch of LM 

isoforms from LM-421 and LM-521 to LM-411 and LM-511 in the vasculature of 

ductal breast carcinomas (88%) and its corresponding metastases (100%). 

Similarly, a switch from β2 to β1 containing vascular laminins occurs in brain 

gliomas showing the importance of this switch in malignancies and their 

potential angiogenic markers. Moreover, LM-511 upregulation has been 

reported in breast ductal carcinomas in situ, tubular carcinomas, fibroadenomas 

and atypical medullary carcinomas (Hewitt et al., 1997; Maatta et al., 2001). 

Investigations in our laboratory revealed a direct correlation between autocrine 

expression of LM-511 and metastatic potential, especially in bone metastatic 

4T1.2 and 4T1.13 mouse models of spontaneous breast cancer metastasis 

(Chia et al., 2007). These results were recapitulated in advanced human breast 

tumours and bone metastases (Chia et al., 2007). In contrast, others have 

shown the downregulation of LM-111 and LM-332 expression in most advanced 

breast tumours (Carpenter et al., 2008; Gonzalez-Angulo, 2006) likely due to 

the loss of laminins producing myoepithelial cells or promoter methylation of 

these isoforms (Gudjonsson et al., 2002; Gusterson et al., 1982; Henning et al., 

1999; Martin et al., 1998). In light of this, Pouliot raised the idea that the loss of 

LM-111 and LM-332 may contribute to initial BM disruption whereas sustained 

expression of LM-511 in advanced breast tumours may promote metastasis and 

associate with a poorer prognosis (Pouliot et al., 2013). Although the work 

produced by Chia and colleagues identified LM-521 protein expression in some 

breast tumours, QRT-PCR analysis revealed a weak signal for the LM-β2 
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subunit suggesting LM-511 to be the predominating isoform influencing breast 

tumour progression in their highly metastatic mouse model line, 4T1.2 (Chia et 

al., 2007).  

When LM-α5 expression was examined in different subtypes of breast cancer, 

luminal A, luminal B, Her2+ve and ‘basal like’ triple negative, it was revealed that 

LMα5 staining was not limited to one specific breast tumour subtype but that its 

expression is highest in TN tumours (Pouliot & Kusuma, 2013). With respect to 

these studies it can be argued that LM-511 expression is associated with 

aggressive breast tumours. However, the effects of the LM-332 isoform during 

early tumourigenesis cannot be excluded as described in the works of Kim and 

colleagues (Kim et al., 2011; Kim et al., 2012) and others (Plopper et al., 1998; 

Zahir et al., 2003). Although LM-332 and LM-511 are both expressed in breast 

tumours, they likely identify different subsets of TN tumours.   

Studies have demonstrated that it is through autocrine stimulation in vitro that 

LM-511 mediates its effects in tumour cells (Chia et al., 2007; Kikkawa, Sanzen 

& Sekiguchi, 1998; Pouliot et al., 2000; Tani, Lehto & Virtanen, 1999) however, 

this is yet to be validated in vivo. LM-511 is reported to be a more potent pro-

adhesive and pro-migratory substrate compared to other laminin isoforms in 

vitro (Doi et al., 2002; Kikkawa, Sanzen & Sekiguchi, 1998; Pouliot et al., 2000; 

Spessotto et al., 2003). In the past, placental LM-511 was used in functional 

studies but eventually it was clarified that placental preparations are 

contaminated with other LM isoforms which may have obscured data in relation 

to LM-511 activity in earlier studies (Ferletta & Ekblom, 1999; Wondimu et al., 

2006). Therefore, it is important to carefully decide where commercial 

preparations of LM-511 are being obtained. More recent studies that have used 

recombinant LMs have provided evidence for the role of LM-511 as a pro-

tumouregenic substrate. LM-binding integrins, α3β1, α6β4 and α6β1 mediate 

and promote migration, invasion, survival and proliferation of breast tumour 

cells at the primary and metastatic sites (Lipscomb et al., 2005; Mercurio et al., 

2001; Soung et al., 2011; Stipp et al., 2010; Subarram & Dipersio, 2011; 

Weaver, 2002; Wewer et al., 1997). LM-511 has the highest binding affinity for 

α3β1 and α6β1 compared to LM-111 and LM-332 (Nishiuchi et al., 2006). The 

same study found that LM-332 and LM-511 had similar affinity for integrin α6β4, 
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assigning a potential role for LM-511/integrin binding in metastatic breast 

tumours. In haptotactic migration and invasion studies, human MDA-MB-231 

metastatic breast tumour cells adhered and migrated most efficiently on LM-511 

substrate than on collagen or plastic and migration was prevented when cells 

were treated with a snake disintegrin (Lebein-1) targeting LM-binding β1 

integrins (Eble etal., 2003) or α3 integrin blocking antibodies (Kusuma et al., 

2012). When these assays were repeated on LM-332 substrate, migration of 

MDA-MB-231 cells was not inhibited by α3 or α6 blocking antibodies but was 

blocked with β1 blocking antibodies showing LM-332/β1 dependency (Plopper 

et al., 1998). These studies provide clear demonstrations for LM-511 to be a 

more relevant migratory substrate than LM-332. Though, the most momentous 

LM/integrin study was conducted by Tagliabue, who investigated the prognostic 

significance of LM and α6β4 integrin receptor co-expression in breast cancer 

patients (Tagliabue et al., 1998). Their results determined that patient tumours 

that co-expressed LM and α6β4 had the worst disease outcome. Nonetheless, 

their study was incomplete since they utilised polyclonal antibodies making it 

unclear which LM isoform co-expressed with α6β4 integrin is linked to poor 

prognosis.  

Since the discovery of the LM-511 heterotrimer and clarification of the specificity 

of LM antibodies there has been a shift in the understanding of the role of 

specific LM isoforms in cancers. If these studies are correct, interfering with LM-

511 and integrin receptor interactions, in particular α6β4 would impact the 

metastatic ability of tumour cells and ultimately identify areas for the 

development of effective breast cancer therapies. Thus far, studies have only 

shown correlative evidence for the role of LM-511 or integrin β4 and breast 

cancer metastasis. This project aims to fill in the gap associated with 

LM/integrin interactions by providing direct evidence for their roles in the 

progression of breast cancer.  

 

1.6 Integrins 

1.6.1 General structure of integrins 
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Integrin receptors are αβ heterodimer glycoproteins located at the cell surface. 

They are the major receptors for cell adhesion to ECM proteins and occasional 

cell-cell adhesion mediating connections from the ECM to the cytoskeleton and 

activating bidirectional intracellular signalling pathways (Hynes et al., 2002). 

The integrin receptor family was first discovered in 1987 and since then their 

diverse roles as adhesion receptors in development, immune responses, 

haemostasis, and cancer and genetic/auto- or immune diseases have been 

extensively investigated. Thus far, the study of integrins has influenced the 

discovery of therapeutic drugs against thrombosis and inflammation (Hynes et 

al., 2002). To date, 8β and 18α subunits have been discovered and known to 

assemble into 24 distinct integrin dimers that can be subdivided based on thei 

ligand-binding specificity and cellular expression (Figure 1.9). Integrins have an 

extracellular component on each subunit that interacts with ECM proteins and a 

cytoplasmic C-terminal to which cytoskeletal adaptor proteins and signalling 

molecules are recruited (Raymond et al., 2012).  

 

 

Figure 1.9 Integrin receptor family 

The integrin αβ heterodimers are located at the cell surface with parts of most of 

the polypeptide (>1600 amino acids in total) in the extra-cellular space the other 

part being two short domains (20-50 amino acids) in the cytoplasm. 18 α 

subunits can combine with 8 β subunits to form 24 integrin heterodimer 

combinations. RGD receptors are known as integrin receptors that recognise 

RGD motifs on their specific ligands (Image taken from, Hynes, 2002).  
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Studies on integrin function during development were investigated in knock-out 

(KO) mice indicating a distinct phenotype and different role for various integrins. 

Phenotypes range from the inhibition of peri-implantation development to major 

developmental defects, and angiogenic defects just to name a few (Barczyk, 

2011; Hynes et al., 2002). Figure 1.10 summarises signal transduction 

pathways of integrins and their importance in regulating cell behaviour.   

Integrins link to the actin based microfilament system connecting cells to the 

ECM, whereas, β4 links to intermediate filaments believed to be due to its large 

cytoplasmic domain (~1000 amino acids rather than ~50) (van der Flier & 

Sonnennberg, 2001; Zamir & Geiger, 2001). Integrin ligand interactions can 

modulate proliferation, survival, shape migration, polarity, gene expression and 

differentiation (Zamir & Geiger, 2001). Bidirectional signal transduction 

pathways involving integrins are very complex and in many cases involve more 

than one ligand/factor. For example, integrin mediated adhesion modulates 

proliferative and survival responses to soluble growth factors such as EGF, 

PDGF, LPA and thrombin (Hynes et al., 2002). In particular, anchorage-

dependent survival is highly dependent on integrins, therefore integrin loss or 

dysfunction can greatly impede the cells ability to control organised cell death or 

survival. This is evident in normal cells where integrins are essential in anti-

apoptotic processes via activation of P13-kinase and Akt pathways or 

stimulation of cell cycle progression through ERK signalling (Assoian, 1997; 

Schwartz & Assosian, 2001; Frisch & Screaton, 2001).  
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Figure 1.10 Integrin Signaling 

The major signal transduction pathways of integrins affect cell proliferation and 

differentiation, cell shape and migration and cytoskeletal organization. The 

major sub-membranous integrin-associated signal transduction pathway is 

shown in the pink-purple section (Image taken from Hynes, 2002). 

 

1.6.2 Integrins in normal breast 

There are multiple and complex types of signalling that occurs via soluble 

factors, cell-cell interactions, physical forces and ECM/BM proteins. These 

signalling pathways control mammary cell function and integrins play a crucial 

role in most if not all steps involved in breast development, differentiation and 

growth. The study of the distribution and location of integrin receptors in 

mammary epithelium was conducted on normal human, rat and mouse 

mammary tissues. IHC analyses revealed that luminal and myoepithelial cells of 

the ducts and alveoli express α2β1, α3β1, α6β1, α1β1, α5β1 and α6β4 

(Raymond et al., 2012). During mammary tissue development, integrin 

expression varies; β1, α2, α3, α5 and αv integrin subunit expression changes 

over the course of postnatal mammary development (Taddei et al., 2003) and 

this variation in expression is regulated by ovarian hormones, estrogen and 
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progesterone (Haslam et al., 2001). Primary culture experiments show that the 

ECM controls and upregulates integrin expression (Delcommenne & Streuli, 

1995) and although we are still filling in the gaps associated with integrin 

expression during mammary gland development, there is enough supportive 

data to conclude that it is controlled transcriptionally and post-transcriptionally 

(Taddei et al., 2003). For example, β1 and β4 integrin subunit expression that 

increases during pregnancy (Huang & Ip, 2001).  

 

1.6.3 Integrins in breast cancer 

Integrins are important regulators of normal mammary gland development and 

have shown to play important roles in tumour formation and progression (Lu et 

al., 2008; Weaver et al., 1997; Zawistowski et al., 2013). The upregulation of 

integrins has been well documented in breast cancer progression and revealed 

prognostic significance in patient outcomes (Nam et al., 2013; Tagliabue et al., 

1998).  

Researchers have used a 3-D progressive model of breast cancer derived from 

normal HMT-3522-S1 cells to study the function and architecture of the 

mammary gland (Peterson et al., 1992). It was shown that HMT-3522-S1 cells 

became malignant with passage after the removal of EGF. They found that 

architectural integrity is disrupted prior to malignancy and that β1 and β4 

integrins were highly expressed in tumourigenic cells (Weaver et al., 2002). 

When β1 blocking antibodies were added to the cells they reverted back to their 

normal phenotype forming polarised acinus structures including normal basal 

expression of β4 and hemidesmosomes (Lahlou et al., 2011; Nam et al., 2010; 

Rizki et al., 2008; Weaver et al., 2002), identifying β1 and β4 as important 

partners and participants during tumour formation and progression. 

The role of β1 and β4 integrins in mediating cellular interactions between 

tumour cells and bone matrix and promoting spontaneous metastasis of breast 

cancer to bone has been well documented (Cooper et al., 2002; Liapis et al., 

1996; Thibaudeau et al., 2014). In addition, there are studies claiming that the 

role of stromal β3 integrin rather than tumour specific β3 integrin is the 
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dominating factor in various cancers while others prove tumour β3 to be the 

driving factor causing conflict and an incomplete understanding of its function 

and consequent inappropriate clinical applications (Carter et al., 2015; Sloan et 

al., 2006). This conflict in data was settled when work from Carter et al. 

determined that it is in fact tumour expression of β3 integrin (not stromal) that is 

crucial for spontaneous metastasis of breast cancer to bone (Carter et al., 

2015). Mice that were injected with breast cancer cells containing a β3 integrin 

stable knockdown had significantly reduced spontaneous bone and lung 

metastasis but not experimental metastasis. Consistent with this data tumour β3 

integrin promotes migration and protease expression in vitro and in vivo but is 

not required for colonization in experimental metastasis assays proposing 

tumour β3 integrin and not stromal β3 as a driving component of early 

spontaneous breast cancer metastasis to bone.  

In normal mammary cells, integrin α6β4 binds to LM-332 forming 

hemidesmosomes and facilitating stable adhesion at basal surfaces (Figure 

1.11). In malignant cells, α6β4 is found to be released from hemidesmosomes 

causing altered cell signalling that promotes tumour cell growth (Guo & 

Giancotti, 2004; Lipscomb & Mercurio, 2005; Mainiero, Pepe & Yeon, 1996; 

Nikolopoulos, Blaikie & Yoshioka, 2004; O’Connor, Shaw & Mercurio, 1998; 

Shaw, Rabinovits & Wang, 1997). In particular, α6β4 directly binds to LMs (LM-

511 or LM-332) and cooperates with several growth factor receptors, ErbB-

1,2,3, c-Met, LPA1, LPA2 and Ron (Chung, Yoon & Lipscomb, 2004; Guo, 

Pylayeva & Pepe, 2006; Folgiero, Bachelder & Bon, 2007; O’Connor, Chen & 

Towers, 2012; Trusolino, Bertotti & Comoglio, 2001) which then stimulates 

signalling through PI3K, AKT, MAPK and the Rho small GTPases (Bachelder, 

Ribick & Marchetti, 1999; Mainieri, Murgia & Wary, 1997; O’Connor, Chen & 

Towers, 2012; O’Connor, Nguyen & Mercurio, 2000; Shaw, Rabinovits & Wang, 

1997).  

 



                                                                                                       Chapter 1 

56 | P a g e  
 

 

Figure 1.11 Integrin α6β4 structure and hemidesmosomes 

(A) The β4 subunit is unique in its structure in that it has a longer cytoplasmic 

domain containing a Calx-β domain, four fibronectin type III repeats, C-terminal 

tail and a connecting segment. Additionally, β4 only pairs with the α6 subunit. 

(B) Integrin α6β4 binds to hemidesmosomal-associated proteins, Plectin, 

BP180 (collagen XVII) and BP230, forming hemidesmosomes. Image taken 

from (Stewart & O’Connor, 2014). 

 

In breast cancer, α6β4 has been shown to be involved in increasing the 

expression of EMT-associated protein S100A4, promoting tumour progression 

(Chen & O’Connor, 2005; Chen, Sinha & Luxon, 2009; Jauliac, Lopez-

Rodriguez & Shaw, 2002;). According to gene expression profiling and 

immunohistochemical staining of TMA section of breast tumours, integrin β4 

overexpression, especially in basal like TN breast cancer, is associated with 

aggressive behaviour and poor prognosis (Lu, Simin & Khan, 2008). The same 

group developed a β4 signature that identified the co-expression of β4 with top 

genes and utilised this as a prognostic indicator to predict decreased survival 

and decreased time of recurrence (Lu, Simin & Khan, 2008). Other studies have 

supported this data with further β4 mRNA expression analyses determining a 

correlation with nuclear grade and tumour size while other cohort studies 
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showed that increased integrin α6β4 protein expression was associated with 

decreased survival in breast cancer patients (Diaz, Cristofanili & Zhou, 2005; 

Tagliabue, Ghirelli & Squicciarini, 1998).    

In contrast to the results described above, earlier studies of β4 expression 

reported that its expression is absent or scarce in breast cancers. In fact, two 

studies, one in 1988 and the other in 1991, reported the absence of β4 

expression in all invasive breast carcinomas (Falconi, Sacchi & Resau, 1988; 

Koukoulis, Virtanen & Korhonen, 1991). These discrepancies may be due to 

difficulties that arose with IHC on frozen or formalin fixed/paraffin embedded 

sections of breast cancer and most significantly because of the fact that these 

studies were performed before the universal recognition of the modern 

subclassification of breast cancers; as integrin β4 is highly expressed in TN 

breast tumours which makes up a minority of breast cancers. Currently, it is 

widely accepted and confirmed that a subset, basal like tumours, overexpress 

integrin β4 (Lu, Simin & Khan, 2008). However, its direct role in breast cancer 

metastasis in vivo is yet to be described.  

The implication of integrin-ECM interactions in chemo-resistance in tumours has 

been thoroughly discussed. It has been shown that the ligation of β1 integrins in 

human breast cell line MDA-MB-231 blocks paclitaxel induced apoptosis in 

breast tumours (Aoudjit & Vuori, 2001). The same group went on to establish 

that when MDA-MB-231 cells attached to LM-111 through α6β1 integrins cells 

assumed a chemoresistant phenotype evading apoptosis. Their studies also 

found that the MDA-MB-435 cell line that has been recently identified to 

originate from melanoma cells and not breast cancer cells (Rae et al., 2007) 

exhibited the same protective role that was observed in breast tumour cells 

suggesting that this protective role may be present in other tumour types 

including melanomas. Integrin β1 inhibits chemotherapy induced cell death 

through PI3K/AKT activation which stimulates the upregulation of Bcl-2 protein 

and ultimately inhibits cytochrome C release upon drug administration (Aoudjit 

& Vuori, 2001). The long cytoplasmic tail of β4 integrin also activates PI3K 

signalling but in this instance, it is through tyrosine and serine phosphorylation 

sites that enhance ErbB2, EGFR and Met signalling promoting resistance to 

anti-EGF family receptor therapies (Aoudjit & Vuori, 2012). Integrin β4 
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contributes to tamoxifen resistance in human breast cancers via ErBB3 

regulation (Shain & Dalton, 2009). LM-111-activated β4 is involved in tissue 

polarity and signals for programming that is involved in resistance to apoptosis-

inducing drugs revealing the role and importance of tissue polarity in tumour 

behaviour and anti-apoptotic therapies.  

All studies mentioned in the above sections indicate the importance of integrin-

ECM interactions and signalling in normal mammary gland architecture and 

development and how altered expression or altered function between affecting 

cell/ECM communication leads to pathological abnormalities such as, breast 

tumour formation and progression. Studies have steered us closer to a clearer 

understanding of the reciprocal relationship between cell-integrin-ECM 

interactions in cancers. However further studies are needed to fill in the gaps 

concerning which integrin dimer and their ligand is the driving force in tumour 

invasiveness. So far, we have an understanding of the association of high 

expression of LM-511 or integrin β4 in TN breast cancer (Chia et al., 2007; 

Kusuma et al., 2012) but a direct link between LM-511 and β4 in TN breast 

cancer metastasis in vivo remains un-addressed. If we can show that LM-511 

and β4 regulate tumour aggressiveness in an experimental setting, this may 

provide the essential data to begin the development of specific and potent 

therapeutics. 

 

1.7 Hypothesis and specific aims 

This PhD research project aims to characterize the contribution of the matrix 

protein LM-511 and its receptors to breast cancer metastasis and to test new 

therapies targeting cell interactions with LM-511 alone or in combination with 

chemotherapy in unique mouse models of basal-like/triple negative (TN) breast 

cancer metastasis. The project is built up on the basis that microenvironment 

cues influence tumour and microenvironmental interactions promoting 

aggressive tumour phenotypes, metastasis and contributing to chemo-

resistance. TN tumours do not respond to current endocrine therapies or HER2 

targeted therapies since they do not express the targeted receptors. Therefore, 
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a deeper understanding of this molecular subtype of breast cancer is required in 

order to generate alternative and effective therapies.   

Recently, work in our laboratory has identified the BM protein LM-511 as an 

important regulator of breast cancer metastasis. A strong link was documented 

between the expression and responsiveness to LM-511 in TN breast tumours 

and their metastatic potential. However, thus far, no studies have provided a 

direct association between autocrine LM-511, its receptors and breast cancer in 

vivo. We propose that LM-511 expression is associated with breast cancer 

metastasis and that targeting these interactions may inhibit or delay the 

progression of metastatic TN tumours as well as enhance their sensitivity to 

chemotherapeutic agents. Figure 1.11 outlines the role of LM-511 during breast 

cancer metastasis. 

 

 

Image taken from (Pouliot & Kusuma, 2011). 

 

Figure 1.12 Function of LM-511 in breast cancer progression and 

metastasis. 

Tumour formation and growth is initiated as myoepithelial derived LM-111 and 

LM-332 are lost whereas LM-511 expression is maintained. LM-511 and 

induced MMP-2/9 degrade the surrounding basement membrane. Tumour cells 

are exposed to stromal factors that induce EMT; cells become highly motile and 
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lose cell-cell contact. There is a switch from β2 LM isoforms (Lm-521) to β1LM 

isoforms (LM-511) in the vasculature that is likely to promote tumour cell 

attachment and intravasation. Vascular laminins (LM-511) and MMP-9 mediate 

invasion into secondary organs through α3β1 integrin. Tumour cells utilise 

integrin α6β1 and α6β4 to bind to endogenous LM-511 or LM-332 promote 

growth of tumour cells in the new colony. Autocrine LM-511 may be required in 

bone where it binds to α6β1 and α6β4 promotes survival. 

 

The hypothesis that we will test is that interfering with LM-511 production or LM-

binding integrin receptors will inhibit TN breast cancer metastasis and enhance 

their sensitivity to current therapies. 

The specific aims are: 

1. Investigating the role of LM-511 and its integrin α6β4 receptor in the 

spontaneous metastasis of triple negative breast cancer.  

2. Investigating the impact of LMα5 and integrin β4 down-regulation on 

epithelial to mesenchymal transition of triple negative breast tumours. 

3. Efficacy of a LM-511 receptor-targeting disintegrin (lebein-1) alone or in 

combination with chemotherapeutic agents. 

The following chapters present the methodology and results from my PhD, 

together with a summary and concluding notes on my findings outlining the 

potential implications for new and effective therapies targeting LM-511 and its 

receptors in TN breast cancer metastasis. 
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2. Materials and Methods 

 

2.1 Material 

2.1.1 General Chemicals and reagents 

 

Table 2-1 General chemical and reagents used in this project 

Reagents Supplier 

α-Minimal Essential Medium (α-MEM) GibcoBRL 

ABC reagent Vector 

Acetic acid BDH 

Acetone Merk Millipore 

Acrylamide Amresco 

Ammonium chloride Merk Millipore 

Ampicillin CSL 

p-aminophenylmercuric acetate (APMA) Sigma 

β-mercaptoethanol Sigma 

Bovine serum albumin (BSA) Sigma 

Bovine type I collagen Gibco 

Bradford reagent BioRad 

Calcein AM Enzo Life Sciences 

Calcium Chloride (CaCl2) Sigma 

Carbenicillin Thermofisher 

Cell scraper Greiner bio-one 

Chemiluminescence (ECL) Amersham 

Chloroform BDH 

Collagen IV Thermofisher 

Coomassie Sigma 

Crystal Violet Sigma 

3,3’ Diaminobenzidine (DAB) substrate DAKO 

4’,6- Diamidino-2-phenylindole (DAPI) Vector 

Doxorubicin Hospira Australia 

Dulbecco’s Modified Eagle Medium Gibco BRL 



                                                                                                                                             Chapter 2 

62 | P a g e  
 

Reagents Supplier 

  

Dimethylsulfoxide (DMSO) Sigma 

dNTPs mix Promega 

Ethanol BDH 

Ethylenediamine tetra-acetic acid (EDTA) Boehinger Mannheim 

Fetal Bovine Serum (FBS) CSL 

Ficoll- Paque Plus gradient GE Healthcare 

Fluconazole Sandoz 

Formaldehyde BDH 

Formalin (10% Buffered) Orion 

Fulvestrant SelekChem 

Gelatin Sigma 

Glycine BDH 

Glycerol BDH 

G418  Gibco 

Heparin Pfizer 

HEPES Sigma 

Hydrogen Peroxide H2O2 Merk Millipore 

Isoproponal BDH 

Isoflurane Abbott 

Lebein-1 Muenster Hospital University, 

Germany- Professor Johannes Eble 

L-glutamine Trace 

Lipofectamine Thermofisher 

Luciferin Gold Biotechnology 

Magnesium Chloride (MgCl2) Amresco 

Matrigel BD Biosciences 

Midi and Maxi prep kits QIAGEN 

Methanol BDH 

Microcentrifuge tube Scientific specialties 
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Reagents Supplier 

MMP9 Inhibitor Cal-Biochem 

M-MLV Reverse Transcriptase, RNase H 

Minus 

Promega 

N, N, N’, N’- Tetramethylethylenediamine 

(TEMED) 

Biorad 

Neutral Buffered Formalin (NBF) Australian biostain 

O.C.T TissueTek 

Paclitaxel Hospira Australia 

Paraformaldehyde (PFA) Sigma 

Penicillin – Streptomycin GibcoBRL 

Phenol Sigma 

Poly (ethylene glycol) (PEG) 300 Sigma 

Polyethylenimine (PEI) Polyscience 

Protease inhibitor cocktail (EDTA free) Roche 

Proteinase K Promega 

Puromycin Sigma 

PVDF membrane Millipore 

Recombinant human MMP9 R&D Systems 

RNase A Promega 

Skim milk powder Diploma 

Sodium Chloride (NaCl) Sigma 

Sodium Dodecyl Sulfate (SDS) Promega 

Sodium Pyruvate Sigma 

Sulforhodamine B (SRB) Sigma 

Super RX film Fujifilm 

Sterile water Sterisafe 

SYBR Green I Applied Biosystems 

Syringe Terumo 

Tamoxifen (4OHT) Selleckchem 

Taqman Chemistry Applied Biosystems 

Tissue culture plastic ware BD Biosciences 

 



                                                                                                                                             Chapter 2 

64 | P a g e  
 

 
 
 
2.1.2 Antibodies 

 

Table 2-2. List of antibodies used in this project. 

Antibodies Applications Dilution Supplier 

Anti-ERα 

(mouse 

monoclonal) 

Immunohistochemistry 

Western Blot 

1:50 

1:100 

DAKO 

Anti-E-Cadherin 

antibody (mouse 

monoclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:50 

1:2000 

1:200 

Abcam 

Anti-GAPDH 

(mouse 

monoclonal) 

Western Blot 1:10,000 Abcam 

Anti-Integrin 

α2β1 (VLA-2) 

(Rat 

monoclonal) 

Western Blot 1:1000 Chemicon 

Reagents Supplier 

Transwell polycarbonate membrane 

inserts 

Corning 

Trichloroacetic acid (TCA) BDH 

Tris (hydroxyl methyl) aminomethane 

(Tris Base) 

BDH 

Trizol reagent Gibco BRL 

Triton X-100 Sigma 

Trypan blue Gibco 

Tween-20 Biorad 

Ultra clean water Invitrogen 

Vectastain ABC kit Vector 

Vectashield containing DAPI Vector 

Vivaspin20 ultrafiltration spin columns Sartorius Germany 
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Antibodies Applications Dilution Supplier 

Anti-Integrin α3 

(VLA-3α) (Mouse 

monoclonal) 

Western Blot 1:500 BD Bioscience 

Anti-Integrin α3 

(CD49) (Mouse 

monoclonal) 

Western Blot 1:500 R&D Systems 

Anti-Integrin α5 

(Rabbit 

polyclonal) 

Western Blot 1:1000 Chemicon 

Anti-Integrin β1 

(CD29) (Rabbit 

polyclonal) 

Western Blot 1:1000 Chemicon 

Anti-Integrin β4 

(CD 104) (Rat 

monoclonal) 

Western Blot 1:500 BD Pharmingen 

Anti-Integrin β4  Western Blot 1:1000 Chemicon 

Anti-Integrin β4 Immunohistochemistry  Cell Signalling 

Technology 

Anti-Ki-67 

(Rabbit 

polyclonal) 

Immunohistochemistry 1:250 Millipore 

Anti-N-Cadherin 

(mouse 

monoclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:500 

1:200 

1:100 

Abcam 

Anti-SNAIL + 

SLUG (Rabbit 

polyclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:100 

1:800 

1:200 

Abcam 

Anti-TWIST 

(Rabbit 

polyclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:50 

1:400 

1:100 

Abcam 
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Antibodies Applications Dilution Supplier 

Anti-Vimentin 

(Rabbit 

monoclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:100 

1:1500 

1:200 

Abcam 

Anti-ZEB1 

(Rabbit 

polyclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:200 

1:2000 

1:200 

NOVUS 

Biologicals 

Anti-ZEB2 

(Rabbit 

Polyclonal) 

Immunohistochemistry 

Western Blot 

Immunofluorescence 

1:100 

1:500 

1:100 

NOVUS 

Biologicals 

Anti- human 

Laminin α5 

(clone 2F12)  

IHC- O.C.T 

IHC- Formalin Fix 

1:500 

1:100 

In-house 

Anti- human 

Laminin 

β1(Clone 3G10) 

Immunohistochemistry 1:200 In-house 

Anti-Laminin γ1 

(clone 3C12) 

Immunohistochemistry 1:200 In-house 

Donkey anti-

Mouse FITC 

Immunofluorescence 1:100 Jackson 

ImmunoResearch 

Donkey anti-

Mouse biotin 

conjugated 

Immunohistochemistry 1:200 Abcam 

Goat anti-Rabbit 
Alexa Fluor 594 

Immunofluorescence 1:400 Abcam 

Goat anti-Rabbit 

IgG (H+L) HRP 

conjugated 

Western Blot 1:3000 BioRad 

Goat anti-Rabbit 

IgG biotin 

conjugated 

Immunohistochemistry 

 

 

1:200 

 

Vector 
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Antibodies Applications Dilution Supplier 

Goat anti-Rabbit 

IgG (H+L) Alexa 

Fluor 488 

Immunofluorescence 1:500 Molecular 

Probes 

Goat anti-Rat 

IgG  HRP 

conjugated 

Western Blot 1:1500 BioRad 

Goat anti-Mouse 

IgG biotin 

conjugated 

Immunohistochemistry 

 

1:200 Vector 

Anti-mouse IgG 

(H+L) HRP 

conjugated 

Western Blot 1:2000 BioRad 

IgG1 Isotype 

control (Mouse 

monoclonal) 

Immunohistochemistry 

 

1:200 DAKO 

 
 
 
 
2.1.3 Oligonucleotides 

Genomic DNA was detected by TaqMan real time PCR. Primers and probes 

against mCherry or vimentin were designed using Primer Express version 2.0 

program and manufactured by Applies Biosystems (California, US). Primers and 

probes against human TurboGFP were designed using NCBI database 

(www.ncbi.nlm.nih.gov) and manufactured by Integrated DNA Technologies 

(IDT) (Iowa, US). The sequences of these primers and probes are shown in 

Table 2-3. 
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Table 2-3. Primer and probe sequences used for the amplification of 

genomic DNA by TaqMan real time PCR.  

Primers Sequence  

TurboGFP Forward 

Reverse 

Probe 

CAGCGGCTACGAGAACCCCT  

GGCCTCGTAGCGGTAGCTGA  

FAM-

AGGACGGCGGCGTGCTGCACGTGAGCT- 

NFQ 

mCherry Forward     

Reverse 

Probe 

5’-GACCACCTACAAGGCCAAGAAG-3’  

5’-AGGTGATGTCCAACTTGATGTTGA-3’  

6FAM-CAGCTGCCCGGCGCCTACA-

TAMRA 

Mouse Vimentin Forward 

Reverse 

Probe 

5’-AGCTGCTAACTACCAGGACACTATTG-3’  

5’-CGAAGGTGACGAGCCATCTC-3’  

VIC-

CCTTCATGTTTTGGATCTCATCCTGCAGG-

TAMRA 

 

Laminin α5 (LMα5), integrin-β4 and ER-α mRNA expression was detected by 

SYBR Green real time RT-PCR. Primers were designed using the NCBI 

database. Mouse and human primers were purchased from GeneWorks. 

Sequences of these primers are shown in Table 2-4.  

 

Table 2-4. Sequences of primers used for real time RT-PCR with SYBR 

Green. 

Primers Sequence  

Human LMα5 Forward 

Reverse 

GCTACCATGGTTTCCCCAAC 

AACCTGTGCCTCAGGAAGGG 

Mouse LMα5 Forward 

Reverse 

GTTGTCACATTAGAGCTCCCC 

TTCAGCTGCATGTAGGGAGTG 

Human β4 Forward ATGAAACGGACAGGAGTCTCA 
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Reverse TGGATCCAGTACTTCACCCTGT 

Human ER-α Forward 

Reverse 

TATGTGTCCAGCCACCAACC 

GGTCTTTTCGTATCCCACCTT 

Mouse ER-α Forward 

Reverse 

CCAGCAGGGTGGCCC 

TTCCCTTGGATCTGGTGCAG 

 

For human in vivo and in vitro experiments, pGIPz, pCMV R8.2 and pVSV 

vectors were used. Bacteria transduced with 7 distinct LMα5 and 2 distinct 

integrin-β4 shRNAs integrated in the mir30 lentiviral vector (pGIPz) were 

purchased from the Victorian Centre for Functional Genomics (VCFG), Peter 

MacCallum Cancer Centre, Melbourne, Australia). The sequences of LMα5, 

integrin-β4 shRNA and scramble shRNA are shown in Table 2-5. According to 

Thomas et al., 2014, the pGIPz construct contains the CMV promoter, the 

TurboGFP reporter, a puromycin resistance marker and a hairpin sequence. 

 

Table 2-5. Sequences of laminin-α5 (LAMA5), integrin-β4 (ITGB4) and 

scramble shRNAs. 

shRNA Sequence 

LAMA5 

shRNA #1 

ACAGACGAGACAAGCAAGA 

LAMA5 

shRNA #2 

TGAAGATGGTTTAAGTTAT 

LAMA5 

shRNA #3 

CTGGATAAATCCTATGACT 

LAMA5 

shRNA #4 

AGGACCACCCGAGACTCCT 

LAMA5 

shRNA #5 

AGACGAGACAAGCAAGAAG 

LAMA5 

shRNA #6 

AGCATCATCCTGGACGTCA 

LAMA5 CGCATCAGCTTCGACAGTC 
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shRNA #7 

ITGB4 

shRNA #1 

AGCACTGTCCTGGTGCACA 

ITGB4 

shRNA #2 

ACCTCCAAGATGTTCCAGA 

 

 
shRNA Sequence 

Scramble/non-

silencing 

control shRNA 

NNNNNNNNGACCCGNNGCCCGGTGCCTGAGTTTGTTT

GAATGAGGCTTCAGTACTTTACAGAATCGTTGCCTGCA

CATCTTGGAAACACTTGCTGGGATTACTTCTTCAGGTTA

ACCCAACAGAAGGCTCGAGAAGGTATATTGCTGTTGAC

AGTGAGCGATCTCGCTTGGGCGAGAGAGTAAGTAGTGA

AGCCACAGATGTACTTACTCTCGCCCAAGCGAGAGTGC

CTACTGCCTCGGAATTCAAGGGGCTACTTTAGGAGCAA

TTATCTTGTTTACTAAAACTGAATACCTTGCTATCTCTTT

GATACATTTTTACAAAGCTGAATTAAAATGGTATAAATTA

AATCACTTTTTTCATTGGAAGACTAATGCGGCCGGCCAT

TACTCCGTCTCGTGTCTTGTTGCATATGTCTGCTGGTTT

GTTTGATGTTGTTTGCGGGCGGGCCCTATAGTGAGTCG

TATTACCTAGGACGCGTCTGGAACAATCAACCTCTGGA

TTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTAT

GTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATG

CCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTT

TCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATG

AGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGT

GTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGG

GCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTC

GCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGC

CGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTG

TTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCT

GACGTCCTTTCCAGGGCTGCTCGCCTGTGTTGCCACCT

GGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCG
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GCCCTCAATCCAGCGNANCAACAACCCGCGGNCNGCT

GNCNGNTCTGCGGCNTCTTCCGCGNNTTCNCCTTCNCC

CNCANANNAN 

Blue- hairpin flanking regions, yellow- sense sequence, green- loop 

sequence, red- antisense sequence, grey- vector sequence. 

 

For mouse in vivo and in vitro experiments, the retro super vector was used. 

The sequences of LMα5 and scramble shRNA are shown in Table 2-6.  

 

Table 2-6. Sequences of mouse LMα5 shRNA and control shRNA 

shRNA Sequence 

LAMA5 

shRNA 6775 

TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACAGCAGA

GTATAAGCCTTCAATAGTGAAGC 

CACAGATGTATTGAAGGCTTATACTCTGCTGCTGCCTACT

GCCTCGG 

Non-

silencing  

shRNA 

TCGAGAAGGTATATTGCTGTTGACAGTGAGCGAGTACTGC

TTACGATACGGTAGTGAAGC 

CACAGATGTACCGTATCGTAAGCAGTACTTGCCTACTGCC

TCGG 

 
 
 
2.2        Cell Culture methodology 

2.2.1 Cell culture and conditions 

The highly metastatic 4T1.2 and 4T1BM2 mouse mammary carcinoma cells 

expressing a neomycin resistance or mCherry marker gene, respectively, were 

clonally derived from 4T1 cells (Lelekakis et al., 1999, Kusuma et al., 2012) in 

our laboratory and maintained in α-minimal essential medium (α-MEM) 

supplemented with 5% fetal bovine serum (FBS) and 1% penicillin–streptomycin 

(P/S). 
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The human non-metastatic breast cancer cell line MCF-7 was obtained from the 

American Type Culture Collection (Manassas, VA, US). The luciferase 

expressing highly metastatic human breast cancer cell line MDA-MB-231 HM 

cells were kindly provided by Dr. Shao and Dr. Ou (Breast Cancer Institute, 

Fudan University, Shanghai, China). All human breast cancer cell lines were 

cultured in Dulbecco’s modified Eagles’ medium (DMEM), 10% FBS, sodium 

pyruvate (1 mM), glutamine (2 mM) and 1% penicillin/streptomycin P/S.   

All human and mouse cell lines were maintained in a humidified incubator at 

37⁰C under 5% CO2. Cells were passaged when sub-confluent (70-80%). All 

cell lines were detached using 0.01% EDTA in Dulbecco’s phosphate buffered 

saline (PBS, 10 mM PO4 pH 7.4 / 150 mM NaCl). Cell lines were kept in culture 

for a maximum of four weeks and prior to experimentation, cell viability was 

assessed by trypan blue exclusion. For storage cells were frozen at -80⁰C and 

kept in liquid nitrogen in a 10% DMSO/90% FBS solution. 

 

2.2.2 Purification of LM-511 from conditioned medium  

 

Recombinant human LM-511 (rhLM-511) was produced by HEK293 cells 

transfected with plasmids containing full-length cDNAs encoding LMα5, γ1 and 

β1 chains (kindly provided by BioStratum Inc, Durham, NC).  rhLM-511 was 

purified from serum-free culture supernatant by affinity chromatography as 

previously described (Doi et al., 2002) with several modifications.  HEK293 cells 

were grown in T175cm2 flasks and maintained in Dulbecco’s modified Eagles’ 

medium (DMEM) with 10% FCS, 0.5 mg/ml G418 and 1% P/S.  Cells were 

grown to approximately 80-90% confluence.  To produce conditioned medium 

for the purification of rhLM-511, the cells were washed twice with PBS and 

serum-starved in 25 ml DMEM containing 0.5 mg/ml G418, 1 mM sodium 

pyruvate and insulin-transferrin-selenium supplement for up to 8 days.  Medium 

containing rhLM-511 was harvested, centrifuged at 1200 rpm for 5 min at 4°C, 

filtered through a 0.22 µm filter-unit (Millipore) and stored at -20°C until 

required. 
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Batches of 250 ml of conditioned medium containing rhLM-511 were filtered and 

concentrated using Vivaspin20 ultrafiltration spin columns (Sartorius, Germany) 

with a 100 kDa cut-off.  The columns were centrifuged at 3000 rpm at 4°C and 

the concentrated medium was buffer exchanged in PBS to a final volume of 

500 µl.  The concentrated medium was then purified by gel filtration on a 

Superdex 200 size exclusion column (SMART column Superdex 200) pre-

equilibrated with 1% (w/v) (NH4)CO3 buffer. Samples (100 µl each) were run at 

40 µl/min and 80 µl fractions were collected. Each fraction was analysed on 4% 

SDS-PAGE to detect for the presence of LM-511 chains. Fractions containing 

the LM-511 peaks (normally between fractions 3-6) were pooled and 

concentrated using SpeedVac. SpeedVac was set at 30°C and spun for 3 

hours. The final product was then tested for activity on a 4% SDS-PAGE.  

 

2.3      Protein techniques 

2.3.1 Protein isolation 

Sub-confluent cells cultured in 6-well plates were placed on ice and washed 

twice with ice-cold PBS to remove dead cells. Adherent cells were scraped off 

with 100 µl of ice-cold RIPA buffer containing PBS, 500 mM EDTA (pH 8), 1% 

(v/v) Nonidet P-40, 0.5% (v/v) sodium deoxycholate, 0.1% (v/v) SDS and 

protease inhibitor cocktail per 1 x 106 cells. The cell lysate was then transferred 

into an eppendorf tube and rotated for 1 hour at 4⁰C before being spun at 

13,000 rpm for 15 min at 4⁰C. The supernatant was transferred to an eppendorf 

tube and stored at -20⁰C.  

To investigate the nuclear localisation of TWIST the abcam nuclear fractionation 

protocol was followed. Sub-confluent cells cultured in large petri dishes were 

placed on ice and washed twice with ice-cold PBS. Adherent cells were scraped 

off with 500 µl of buffer A containing 10 mM HEPES, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, 0.05% NP40 and protease cocktail inhibitors pH 7.9. The cell 

lysates were placed into Eppendorf tubes and left on ice for 10 min. Cell lysates 

were then centrifuged 3,000 rpm for 10 min at 4ºC. The supernatant (containing 

large plasma membrane pieces, DNA, nucleoli) was removed and discarded 

whilst the pellet containing whole nuclei was resuspended in 374 µl of buffer B 
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containing 5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% 

glycerol (v/v), pH 7.9 and 26 µl of 4.6 M NaCl. High concentration of salts in 

buffer B lyses the membranes and forces DNA into solution. The resuspended 

cell pellet was homogenized with 20 full strokes in a Dounce homogenizer on 

ice and then left on ice for 30 min. The sample was centrifuged at 24,000 g for 

20 min at 4⁰C. The supernatant was aliquoted and stored at -80⁰C.  

The protein concentration of each sample was determined using the Bradford 

method (Bradford, 1976). Stock aliquots of BSA at 2 mg/ml was prepared and 

diluted 1/10 with PBS to use for the preparation of a standard curve in duplicate 

tubes as per Table 2.7 below.  

 

 

Table 2-7. Bradford standard curve 

BSA (µg) 0 1 2 5 10 15 20 

BSA (µl) 0 5 10 25 50 75 100 

Water (µl) 800 795 790 775 750 725 700 

Reagent 

(x5) (µl) 

200 200 200 200 200 200 200 

 

The protein samples were aliquoted (10 µl) in 790 µl of water and then 200 µl of 

Bradford reagent was added into Eppendorf tubes. Once vortexed 100 µl of all 

the Bradford standard samples and the protein samples was transferred into a 

96 well ELISA plate. The optical density of the wells was measured at 595 nm 

using a microplate reader (VersaMax ELISA plate reader, Molecular Devices). 

Protein concentrations were read against the standard curve.  

 

2.3.2 Western blot analysis 

Western blotting was performed using standard methodology (Sambrook et al., 

1989). Forty micrograms of proteins were separated on SDS-PAGE gel (10% 

acrylamide) and transferred to a PVDF membrane in protein transfer buffer 

(0.19 M glycine, 0.25 M Tris base, 20% methanol) at 100 volts for 1 hr. The 

membrane was blocked with 10% (w/v) non-fat dried milk in PBS containing 
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0.05% Tween-20 and 0.02% sodium azide for 1 hr at room temperature (RT) 

and incubated with primary antibody overnight at 4⁰C. The membranes were 

washed with wash buffer (0.025% Tween-20 and 0.1% BSA in PBS) three times 

for 10 min and then incubated with an appropriate HRP-conjugated secondary 

antibody for 1 hr at room temperature. Unbound secondary antibodies were 

removed by washing with wash buffer three times followed by protein detection 

using enhanced ECL reagents and Super RX film or ChemiDoc™ MP System 

(Biorad). An anti-GAPDH antibody was used as loading control (1:10,000 

dilution). Membranes were incubated with anti-GAPDH for 1 hr at RT and 

blotting performed as described above. Protein bands were quantitated by 

densitometric analysis using Image J software (National Institutes of Health).  

 

2.3.3 Gelatin zymography 

Cells (106 in 1 mL final) were seeded in 12-well plates. FBS (0.3% v/v) was 

added to all wells to maintain viability and the supernatants were collected after 

a 24 hour incubation at 37⁰C. Total cell lysates were prepared from pooled cells 

in each well by lysis with extraction buffer (30 mmol/L HEPES, 150 mmol/L 

NaCl, 1% Triton X-100) supplemented with complete EDTA-free protease 

inhibitor cocktail (Roche, New York, NY). Volumes of culture supernatant 

corresponding to 20 µg of cell lysate were loaded and separated on an 8% 

SDS-PAGE containing 2.5% bovine gelatin (Sigma, St. Louis, MO). Proteins 

were renatured by rocking in three changes of 2.5% Triton X-100 solution over 

2 hours followed by incubation in activation buffer (50 mmol/L Tris-HCl pH 7.5, 

150 mmol/L NaCl, 10 mmol/L CaCl2, 1% Triton X-100 and 0.02% sodium azide) 

for 18 hours. Gels were stained with a solution of Coomasie blue for 1 hour and 

then destained (30% methanol and 10% acetic acid) for ~4 hours to reveal 

MMP-9 bands. 

 

2.3.4 Coomassie stain 
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For the detection of LMα5, LMβ1 and LMγ1 chains, gels were prepared and 

performed as described above 2.3.3, and developed in Coomassie for 1 hour. 

Once bands were visible the gel was de-stained (30% methanol, 10% acetic 

acid) for ~ 1 hour.  

  

2.3.5 Silver stain 

Gels were prepared and performed as described above 2.3.3, and incubated in 

gel fixer (40% ethanol, 10% acetic acid, 50% H2O) for 1 hour. After fixation the 

gel was washed in distilled water for 30 min before sensitization in 0.02% 

sodium thiosulfate (0.04 g Na2S2O3, 200 ml H2O) for only 1 min. The gel was 

washed in distilled water three times for 20 sec and incubated at 4⁰C in cold 

0.1% silver nitrate solution (0.2 g AgNO3, 200 ml H2O, 0.02% formaldehyde) for 

20 min. After staining with silver nitrate solution the gel was rinsed  three times 

for 20 sec in distilled water before being transferred into a new staining tray and 

developed with 3% sodium carbonate (7.5 g Na2CO3 in 250 ml H2O), 0.05% 

formaldehyde. Once staining was sufficient, the reaction was terminated in 5% 

acetic acid for 5 min and stored at 4⁰C in 1% acetic acid.  

 

2.3.6 MMP-9 digestion of LM511 

Recombinant human MMP-9 was diluted in 100 µl of assay buffer (50 mM tris, 

10 mM CaCl2, 150 mM NaCl, 0.05% Brij-35 (w/v), pH 7.5) to a final 

concentration of 100 µg/ml. MMP-9 reaction mixes were prepared in Eppendorf 

tubes as follows: reaction mix 1 consisted of 5 µl of recombinant human MMP-9 

(500 ng/µl), 4.9 µl of assay buffer and 0.1 µl of p-aminophenylmercuric acetate 

(APMA, 100 mM) while reaction mix 2 consisted of 5 µl of non-APMA activated 

MMP-9 and 5 µl of assay buffer. Both reaction mixes were incubated for 24 

hours at 37⁰C in parafilmed Eppendorf tubes.  After 24 hours 0.1 µg of non-

APMA activated or APMA activated recombinant MMP-9 was added to 6 µg of 

LM511 protein in 200 µl of assay buffer to give a final volume of 250 µl of the 
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reaction mix. The final concentration ratio of laminin:MMP-9 is 6:1. Fifty µl of 

non-APMA activated or APMA activated reaction mix was separated on gradient 

gels (4-20%) and transferred to a PVDF membrane in protein transfer buffer at 

100 volt for 1 hour or stained with Coomassie as described in 2.3.4. The 

membrane was incubated with LM511 antibody, 2F12 (1 µg/ml) overnight at 

4⁰C. The membranes were washed with wash buffer three times for 10 min and 

then incubated with HRP-conjugated secondary antibody, goat anti-mouse, 

(1:3000) for 1 hr at RT. Unbound secondary antibodies were removed by 

washing with wash buffer three times followed by protein detection using 

enhanced ECL reagents and Super RX film.  

 

2.4 In vitro functional analysis 

All in vitro functional assays were repeated three times. 

 

2.4.1 Proliferation assays 

In vitro cell proliferation assays were performed using the Sulforhodamine B 

(SRB) colorimetric assay as described previously (Sloan et al., 2006). To 

investigate the effect of LMα5 or β4-targeting shRNA on cell proliferation, 

4T1BM2 and MDA-MB-231 HM cells transfected with a control non-targeting 

shRNA or a LMα5 or β4-targeting shRNA cells were seeded in 96 well plates. 

The proliferation rate was measured over 5 days in complete α-MEM or DMEM 

with an initial density of 5 × 102 cells/well and five replicate wells per time point 

and incubated overnight at 37°C. After 24, 48, 72, 96 and 120 hours, tumour 

cells were fixed by addition of 50 μl/well of ice-cold 50% trichloroacetic acid 

(TCA) and kept for 1 hour at 4⁰C. Tumour cells were then washed three times 

with tap water and stained with 100 ul of 0.4% SRB in 1% acetic acid (SRB dye) 

for 30 min at RT. Unbound dye was washed 3 times with tap water and once 

with 1% acetic acid. The SRB dye was solubilised with 100 ul of 10 mM Tris (pH 



                                                                                                                                             Chapter 2 

78 | P a g e  
 

10.5) to each well. Plates were shaken gently for 5 min on a plate shaker before 

measurement. The optical density was measured at 550 nm using a microplate 

reader (VersaMax ELISA plate reader, Molecular Devices). Results were 

expressed as mean ± standard deviation (SD) of 5 replicate wells per time 

point.  

To assess the inhibitory effects of Lebein-1 on cell proliferation, 1000 4T1BM2 

and MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD cells were seeded in seven 

replicate wells of a 96-well plate in 200 µl of α-MEM or DMEM. Cells were 

treated with increasing concentrations of Lebein-1 (0- 0.5 µM) and proliferation 

rate was measured by SRB assay after 5 days of incubation with Lebein-1. 

Dose-response curves were plotted to determine the half-maximal inhibitory 

concentrations (IC50) of Lebein-1 using GraphPad Prism software. Each dot on 

the curve represents mean ± SD of 7 replicate wells.  

To assess the effect of chemotherapeutic agents, Doxorubicin or Paclitaxel, on 

cell proliferation, 1000 4T1BM2 and MDA-MB-231 HM Ctrl or LMα5 KD or β4 

KD cells were seeded in seven replicate wells of a 96-well plate in 200 µl of 

growth medium. Cells were allowed to adhere to 96-well plates for 7 hours at 

37°C before treating with increasing concentrations of Doxorubicin (0- 0.5 µM) 

or Paclitaxel (0- 0.25 µM) alone or Doxorubicin and Lebein-1 or Paclitaxel and 

Lebein-1 combinations. In addition, to assess the effects of endocrine therapies, 

the same method was followed and cells were treated with Tamoxifen (0- 1 µM) 

or Fulvestrant (0- 1 µM) alone or Tamoxifen and Lebein-1 or Fulvestrant and 

Lebin-1 combinations. Proliferation rate was measured by SRB assay after 5 

days of treatment therapies with or without Lebein-1. Dose-response curves 

were plotted to determine the IC50 for each compound using GraphPad Prism 

software. Each dot on the curve represents mean ± SD of 7 replicate wells.  

 

2.4.2 Colony formation assays 

The effect of LMα5 and integrin β4 knockdown on cell survival was determined 

by colony formation assays. Control and knockdown cells were seeded in 6 well 
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plates (three replicates per group) at a final density of 100 cells/well in 4mL of α-

MEM or DMEM medium supplemented with 10% FBS. Plates were incubated 

for 8 days at 37⁰C. Colonies (>50 cells) formed after 8 days at 37⁰C were fixed 

and stained with a solution of crystal violet and counted. The statistical 

differences were analysed using a Student’s t-test; p<0.05 was considered 

significant. 

 

2.4.3 Anoikis assays  

To investigate the effects of LMα5 and integrin β4 knockdown on anoikis, 

human MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD tumour cells were 

resuspended at 3000 cells/ml in 2 ml Eppendorf tubes and treated with or 

without LM-511 (1 mg/ml) for 30 min at room temperature. Samples were 

subject to shaking (219 RPM) at 37ºC for 0, 2, 4 or 6 hours. After vigorous 

shaking, samples were seeded in 6 well plates (three replicates per group) at 

low cell density (100 cells/well) in 4 mL of α-MEM medium supplemented with 

10% FBS. Plates were incubated for 8 days at 37°C.  On day 8 plates were 

harvested and fixed with 4% paraformaldehyde and colonies were stained with 

crystal violet. The statistical differences were analysed using two-way ANOVA; 

p<0.05 was considered significant. 

 

2.4.4 Migration and invasion assays 

Transwell polycarbonate membrane inserts (8-µm pore size) were used for 

chemotactic migration and invasion. For migration assays, tumour cells (2 X 105 

cells/200µl of SFM) were seeded in the upper chamber of triplicate transwells 

and allowed to migrate to the underside of the porous membrane. Transwells 

were incubated for 4 hours at 37⁰C. After incubation the transwell membranes 

were fixed in 10% neutral buffered formalin at 4⁰C overnight. After fixation 

transwells were washed with PBS and the upperside of the membrane was 

wiped with a cotton swab. Cells that had migrated on the underside of the 

membrane were permeabilised with 0.01% triton X-100 for 5 min at RT. Cells 
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were washed with PBS once and then stained woth 0.5 µg/mL of 4’,6’-

diamidino-2-phenylindole (DAPI) for 30 min at RT in the dark. Three random 

fields per membrane were photographed on a BX51 fluorescent microscope 

(Olympus) at 20X magnification. The number of cells migrated per image was 

determined using Metamorph software.  

For invasion assays, tumour cells (1 X 105 cells/100 µl of SFM) were mixed with 

100 µl of Matrigel:medium (1:1 ratio) and seeded in the upper chamber of 

triplicate Transwells. Transwells were incubated for 18 hours at 37⁰C. The 

number of cells on the underside of the porous membrane was scored as 

described for migration assays.  

The results show a representative experiment and were expressed as the mean 

number of migrated or invaded cells per field ± SD of nine fields of view (3 

replicates well X 3 fields of view per test condition). The statistical differences 

were analysed using a Student’s t-test; p<0.05 was considered significant.  

 

  

2.4.5 Flow cytometry 

 

For flow cytometric analysis of integrin β4 (CD104) receptor, 4T1BM2 parental, 

Ctrl and β4 KD cells were detached and pelleted down and resuspended at 5 x 

106 cells/ml in blocking buffer (α-MEM, 2% FBS, 2% heat treated BSA). Cells 

were kept on ice for 30 min with occasional shaking. For each cell line/receptor 

analysis, cells were distributed to 4 FACS tubes at 4 x 105 cells/tube and 

pelleted by centrifugation. Supernatant were discarded and the cell pellet was 

resuspended in 200 µl of labelling buffer (α-MEM, 2% FBS) with or without 

primary antibody (Ab) CD104 (β4) as follows and left on ice for 1 hour with 

occasional shaking. 

 

Tube #1: No primary Ab (unstained control) 

Tube #2: No primary Ab (secondary Ab alone control) 

Tube #3: Control isotype primary Ab at 5µg/ml 

Tube #4: β4 primary antibody at 5µg/ml 
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After 1 hour, cells were washed twice with 4 ml of labelling buffer. Cells from 

tubes 2, 3 and 4 were resuspended in 200 µl of labelling buffer containing 

secondary Abs (Goat anti-Rat Fab’2-FITC at 1:100 dilution). Tube 1 was 

resuspended with 200 µl of labelling buffer alone. Tubes were covered with foil 

and left on ice for 40 min with occasional shaking. Cells were washed with 4 ml 

of was buffer ice cold PBS, 2% FBS before resuspending pellet in 500 µl of α-

MEM and 7-AAD viability dye (1:100 dilution) just prior to flow cytometric 

analysis on a Canto flow cytometer (Becton Dickinson, San Jose, CA). 

 

2.5      In vivo assays 

2.5.1 Mouse husbandry and animal ethics approval 

Mice (5/box) were maintained in a specific pathogen-free environment with food 

and water freely available. Female BALB/C mice were obtained from The 

Walter and Eliza Hall Institute (WEHI, Bundoora, Australia) and female NOD 

scid gamma (NSG) mice from The Peter MacCallum Cancer Centre 

(Melbourne, Australia). Mice were monitored daily for signs of distress or illness 

and all procedures involving mice were performed in accordance with the 

National Health and Medical Research Council animal ethics guidelines and 

were approved by the Peter MacCallum Cancer Centre Animal Experimentation 

and Ethics Committee (AEEC, approval number #509). 

 

2.5.2      Metastasis assays 

2.5.2.1 Spontaneous metastasis 

All mice used were 6-8 week old female BALB/C or NSG. Mice were 

anaesthetised with isoflurane and injected with 1x105 viable cells in 20 µl of 

PBS into the fourth mammary fat pad. When tumours became palpable at 

approximately 10 days, tumour growth was monitored three times weekly using 

electronic callipers: tumour volume = (length x width2) /2. For comparison of 

control hairpin and LMα5 or integrin β4 tumour growth rate, the tumour volume 

was recorded from day 10 after cell implantation (palpable tumours) until 
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tumours reached 1.5 g (~30 days).  Entire organs, including primary tumour, 

lung, both femurs and spine were excised from mice and collected into zinc 

fixative or 10% neutral buffered formalin or O.C.T to be processed by histology 

or snap-frozen in liquid nitrogen for metastatic burden analysis by genomic 

quantitative real-time PCR. 

 

2.5.2.2 Experimental metastasis 

To compare the metastatic potential of LMα5 expressing tumour cells with LMα5 

knockdown tumour cells, mCherry expressing 4T1BM2 or luciferase expressing 

MDA-MB-231 HM cells silenced for LMα5 or control cells expressing a non-

targeting shRNA (106/mL in PBS) were inoculated into the left ventricle of the 

heart of 6-8 week old Balb/c or NSG mice (15 mice/group). Mice were 

monitored every day after cell injection. Mice were humanely killed when 

showing signs of distress or illness and this was recorded as the endpoint for 

the experiment. Organs were harvested and processed for histology or 

metastatic burden analysis, as described above.  

 

2.5.2.3 Collecting and processing circulating tumour cells 

At experiment endpoint mice were anaesthetised by isoflurane inhalation while 

collecting circulating blood from the left ventricle. Circulating blood was 

collected into Eppendorf tubes with 100 µl of heparin to avoid blood clotting and 

kept on ice. Approximately 1 ml of blood was collected per mouse and samples 

were centrifuged at 400 x g for 5 min at 4⁰C. The serum was discarded and the 

cell pellet was re-suspended in 1 ml of red blood cell lysis buffer before 

centrifugation at 400 x g for 5 min at 4⁰C. The supernatant was discarded and 

the cell pellet re-suspended with 1 ml of cold PBS before several centrifugation 

cycles to remove debris and haemoglobin from the tumour cells and 

lymphocytes. The pellet exhibited a white colour indicating red blood cell debris 

was washed out and finally cells were resuspended in 500 µl of medium 

containing supplements. Three hundred µl, 100 µl and 30 µl of circulating 
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tumour cells were aliquoted into 10 cm dishes and incubated for 10 days. 

Circulating tumour cell colonies formed after 10 days were fixed and stained 

with crystal violet and counted. The statistical differences were analysed using a 

Student’s t-test; p<0.05 was considered significant. 

 

2.6 Histology and immuno-staining methods 

2.6.1 Tissue fixation method 

All tissues were fixed in 10% neutral buffered formalin (NBF) or zinc-Tris buffer 

or O.C.T/acetone at 4⁰C overnight or 4⁰C for 48 hours respectively. Tissues 

were transferred into 70% ethanol and paraffin embedded by the Peter 

MacCallum cancer Centre’s histology staff for sectioning.   

 

2.6.2 Haematoxylin and eosin (H&E) staining 

Tissues were sectioned at four µm onto poly-L-lysine coated slides then 

dewaxed in xylene for 10 min, followed by re-hydration in an ethanol series 

(100%, 90% and 70% ethanol) for 4 min and then deionised water for 1 min. 

Sections were then stained with Mayer’s haematoxylin for 4 sec, washed in 

deionised water and in Scott’s tap water. Tissues were counterstained with 

eosin, dehydrated in 70%, 90% and 100% ethanol followed by xylene, mounted 

in DPX and cover slipped. H&E sectioning and staining was performed by the 

Microscopy and Imaging Core Facility (Peter MacCallum Cancer Centre, 

Melbourne, Australia). 

 

2.6.3 Immunohistochemistry 

To confirm the cell proliferation index of tumours, Ki-67 antibody was used. 

Sections were dewaxed as described above. Tumour sections were incubated 

in antigen retrieval buffer (10 mM citrate buffer (pH 6.0)) in the microwave at 
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maximum power for 10 min and then cooled down for another 10 min. After 

antigen retrieval, sections were rinsed in Milli-Q water and blocked for 30 min at 

room temperature (RT) in blocking buffer (3% BSA in PBS). Primary antibodies 

against Ki-67 (1:250 dilution) were added and the sections were incubated 

overnight at 4⁰C in a humidified chamber. The sections were washed three 

times with was buffer (TBS containing 0.1% Tween-20) and incubated with an 

appropriate biotin conjugated secondary antibody for 1 hour at RT. Unbound 

antibodies were washed as above and tissue endogenous peroxidases were 

inactivated in methanol containing 3% hydrogen peroxide for 10 min at RT. 

Specific primary-secondary antibody complexes were detected using ABC 

reagent and visualised using a 3,3’ Diaminobenzidine (DAB) substrate kit. All 

slides were developed in parallel and the reaction stopped before detection of a 

non-specific staining in control isotype matched antibody treated sections. 

Slides were counterstained with haematoxylin and mounted in DPX mounting 

medium. 

 

To investigate the presence of integrin β4, ER-α and EMT markers in tumour 

tissues sections were dewaxed as previously described and incubated in 

antigen retrieval buffer (10 mM citrate buffer (pH 6.0)) for 3 min at 125⁰C and for 

an additional 10 sec at 90⁰C in a pressure cooker. Sections were blocked with 

3% BSA in PBS for 30 min and incubated overnight at 4⁰C in a humidified 

chamber with a primary antibody against the target antigen. Washing steps, 

incubation with the secondary antibody and development with ABC reagent 

were performed as described above. 

 

To detect the presence of LMα5 or integrin β4 in breast tumour tissues sections 

were fixed in zinc-Tris buffer or acetone. Sections fixed in zinc-tris buffer were 

stained as previously described. Fresh foreskin samples were obtained and 

placed into O.C.T for cryostat sectioning at 5 µm. Once tumours were sectioned 

they were stored at -80⁰C or fixed in acetone for 10 minutes. Fixed sections 

were blocked with 3% BSA in PBS for 30 min and incubated overnight at 4⁰C in 

a humidified chamber with a primary antibody against the target antigen. 
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Washing steps, incubation with the secondary antibody and development with 

ABC reagent were performed as described above. 

 

2.6.4 Immunofluorescence 

To confirm the presence of EMT markers in breast tumour cells in vitro, 

4T1BM2 Ctrl and 4T1BM2 LMα5 KD or MDA-MB-231 HM Ctrl or MDA-MB-231 

HM LMα5 KD cells (25 cells/500 µl well) were seeded in chamber slides in 

DMEM medium supplemented with 10% FBS and 1% P/S and incubated for 7 

days at 37⁰C. Colonies were formed after 8 days and fixed with methanol for 10 

min at RT. Cells were blocked with 2% BSA in PBS containing 0.05% Tween-20 

for 30 min at RT and then washed with PBS for 5 min. Slides were incubated 

with antibodies at 4⁰C overnight in a humidified chamber before washing three 

times with PBS for 5 min and then incubated with a secondary antibody (Alexa 

fluor 488 conjugated goat anti-rabbit IgG, 1:500 dilution or  donkey anti-mouse 

FITC, 1:100) for 1 hour at RT. Slides were washed three times as above and 

mounted with a Vectashield mounting medium containing DAPI. The results are 

presented as a representative experiment from 3 independent experiments and 

were expressed as the mean number of cells positive for specific EMT markers 

from nine fields of view (3 replicates X 3 fields of view per condition). Statistical 

differences were analysed using a Student’s t-test; p<0.05 was considered 

significant.  

 

2.7 Molecular techniques 

2.7.1 Isolation of genomic DNA 

Frozen femur tissues were homogenized in 500 µl (without SDS or proteinase K 

or RNAseA) lysis buffer. Using a cut P-1000 pipette tip, 200 µl of the 

homogenized femur sample was transferred to a new Eppendorf tube and 300 

µl of lysis buffer with SDS and proteinase K and RNAseA (200 µg/ml) was 
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added to the sample. For spine, lung and primary tumour DNA extraction 

tissues were homogenized in 800 µl (without SDS or proteinase K or RNAseA) 

lysis buffer. Using a cut P-1000 pipette tip, 200 µl of the homogenized femur 

sample was transferred to a new Eppendorf tube and 800 µl of lysis buffer with 

SDS and proteinase K and RNAseA (200 µg/ml) was added to the sample. 

Crushed frozen tissues were digested overnight at 55°C in 500 μl digestion 

buffer (50 mM Tris-HCl (pH 7.5), 1% SDS, 100 mM EDTA, 100 mM NaCl, 100 

μg/ml proteinase K and 100 μg/ml RNase A). The next day, 350 μl of super salt 

solution (>5M NaCl) was added to whole sample and incubated on ice for 30 

min. The solution was centrifuged at 16,000 rpm for 10 min at 4°C and the 

supernatant (clear solution) was transferred to a fresh microcentrifuge tube. 

Cold 100% ethanol (800 µl) was added to the tube and inverted for DNA to 

engage. The tube was centrifuged at 16,000 rpm for 5 min at 4⁰C and the 

ethanol was removed. To improve DNA purity, the DNA was washed and 

centrifuged with 70% ethanol twice. Finally, excess ethanol was removed 

completely by using a P200 pipette and DNA was dried at RT in a hood for 

approximately 10-20 min. The DNA pellet was resuspended in 50-200 µL of 

0.25x TE buffer and incubated at 55⁰C overnight. The following day the 

contents were mixed by inversion and the genomic DNA was quantified by 

NanoDrop technology (Biolab); diluted to 10 ng/µl in ultra clean water and 

stored at -20⁰C.  

 

2.7.2 Quantitation of metastatic burden using a multiplex TaqMan® assay 

Real-time quantitative PCR (qPCR) using TaqMan® chemistry was used to 

determine the relative metastatic burden in mouse organs. Genomic DNA 

isolated from tissues (Section 2.7.1) was subjected to multiplexed qPCR to 

detect the cycle threshold (Ct) for vimentin (total mouse and tumour cells) and 

mCherry (tumour cells only) genes. By comparing the Ct values of vimentin and 

mCherry (ΔCt), a score for relative tumour burden was calculated using the 

following formula: Relative Tumour Burden (RTB) = 10,000/2ΔCT, where ΔCT = 

CT (mCherry) – CT (vimentin). When comparing the metastatic burden from two 

cancer cell lines, the RTB values were adjusted to relative gene copy numbers 
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calculated from the ratio of signals obtained from purified genomic DNA of each 

cell line in culture. Multiplex qPCR reactions consisted of (final concentrations 

shown): 40 ng genomic DNA (4 μl), 8 μl of 2X Taqman universal PCR master 

mix and 1 μM vimentin forward and reverse primer mixture (1 μl), 1 μM vimentin 

probe (1 μl), 1 μM mCherry forward and reverse primer mixture (1 μl) and 1 μM 

mCherry probe (1 μl). Total PCR reaction was 16 μl. The following PCR 

program was used: enzyme activation at 50°C for 2 min, 95°C for 15 min, 45 

cycles of denaturation at 95°C for 15 sec and annealing/extension at 60°C for 1 

min, followed by generation of melting curves (95°C for 1 min, 55°C for 1 min, 

and 55°C for 10 sec repeated for 40-50 cycles). All qPCR experiments were 

performed on a StepOne Real-Time PCR System (AB Applied Biosystems). 

To determine the relative metastatic burden in organs of mice injected with 

shRNA-LMα5 MDA-MB-231 HM cells or control-shRNA MDA-MB-231 HM cells, 

the Ct values of vimentin (host cells) and hTurboGFP (tumour cells) were used 

in the RTB formula above. 

 

2.7.3 Isolation of total RNA 

Cells were incubated to sub-confluency in T75 cm2 culture flasks. Cells were 

detached, collected and homogenized in 1 ml TRIzol reagent and incubated for 

5 min at RT. Chloroform (200 µl) was added to the sample and vortexed for 15 

sec. The samples were incubated for 15 min at RT and then centrifuged ar 

12,000 x g at 4⁰C for 15 min. The aqeous phase containing RNA (upper phase) 

was separated from the remainder of the sample and transferred into a fresh 

microfuge tube and precipitated with 500 µl of iso-propanol. The samples were 

mixed by inversion, incubated for 10 min at RT and centrifuged at 12,000 x g at 

4⁰C for 10 min. The supernatant was discarded, and the RNA pellets were 

washed twice with 70% ethanol and centrifuged at 7,500 x g for 5 min at 4⁰C. 

RNA was air-dried before being re-suspended in 50 µl of ultra clean water. The 

concentration and purity of RNA was quantitated by NanoDrop technology. 

Samples were diluted to 1 µg/µl in ultra clean water and stored at -80⁰C. 
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2.7.4 Synthesis of cDNA 

M-MLV Reverse Transcriptase, RNase H Minus. Oligo (dT) primers (0.5 µl of a 

0.5 µg/µl stock solution) were added to 1 µg of total RNA. The sample was 

resuspended in ultra clean water to bring the total reaction volume to 8 µl. The 

reaction mixture was incubated at 70⁰C for 5 min, and then placed on ice for 5 

min before adding the following reagents: 2.5 μl of 5X M-MLV RT (H-) buffer, 

2.5 μl of 10 mM dNTPs mixture (2.5 μl of each dATP, dTTP, dCTP and dGTP 

and 90 μl ultra clean water to bring the total volume to 100 μl) and 0.5 μl of M-

MLV Reverse Transcriptase, RNase H Minus (200 units/μl). The reaction 

mixture was incubated for 1 hr at 37°C and cDNA was kept at -20°C for long-

term storage. 

 

2.7.5 Assessment of LMα5 and integrin β4 mRNA expression levels 

utilizing SYBR I Green technology 

 

To determine the relative level of LMα5 or integrin β4 mRNA expression 

compared to that of housekeeping genes mRPS27a (mouse) or hRPL37a 

(human), SYBR I Green was utilised. The PCR reaction solution was made up 

of 5 µl of 2X SYBR Green I master mix, 1 µl of 100 nM LMα5 or integrin β4 

(mouse) or 1 µl of 100 nM LMα5 (human) forward and reverse primer mixture 

and 4 µl of cDNA. Standard cycling procedures were employed, i.e. enzyme 

activation at 50⁰C for 2 min, 95⁰C for 15 min, 40 cycles of denaturation at 95⁰C 

for 15 seconds and annealing/extension at 60⁰C for 1 min. Specific amplicon 

formation with each primer pair was confirmed by dissociation curve analysis 

(generation of melting curves: 95⁰C for 1 min, 55⁰C for 1 min and 55⁰C for 10 

sec repeated for 40 cycles). The StepOne Real-Time PCR System (AB Applied 

Biosystems) was used to run experiments. Gene expression was measured 

using the formula: Relative transcript abundance (RTA) = 10,000/2ΔCT, where 

ΔCT = CT (LMα5 or β4) – CT (housekeeping gene), Ct is the cycle threshold 

value.  
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2.7.6 Stable knockdowns using short hairpin RNA (shRNA) 

2.7.6.1 Isolation of plasmid DNA containing human LMα5 and integrin β4 

The QIAGEN-mini prep kit was used to extract a plasmid DNA containing a 

specific human LMα5 or β4 shRNA sequence. Bacteria that were transfected 

with shRNA-containing plasmid were streaked on a 10 cm plate containing 10 

ml of Luria broth-agar (LB-agar: 1% bacto-tryptone, 85 mM NaCl, 0.5% yeast 

extract, 1% casein hydrolysate and 1.5% bacto agar) supplemented with 

ampicillin (100 µg/ml) and incubated overnight at 37⁰C. Single colonies of 

bacteria that were ampicillin resistant were selected and put into glass tubes 

containing 2 ml of LB medium supplemented with 100 µg/ml of ampicillin. The 

glass tubes were incubated for 18-24 hours at 37⁰C with shaking at 300 rpm. 

The bacterial cultures were then centrifuged at 10,000 x g for 10 min at 4⁰C and 

then lysed in an alkaline lysis buffer (supplied by the QIAGEN-mini prep kit). 

The lysate was applied to anion-exchanged-based QIAGEN tips then washed 

with medium salt buffer before elution of the plasmid DNA with high-salt buffer. 

 

 

2.7.6.2 Transfection of shRNA to LMα5 or integrin β4 in the human MDA-

MB-231 HM cell line 

 

 

Packaging HEK293T cells were seeded in T25 cm2 flasks (~50% confluency) 

and incubated in DMEM (no supplements) for 24 hours at 37⁰C with 5% CO2. 

Two µg of the pGIPz vector plasmid were mixed to 5 µg of pCMV R8.2 

(packaging plasmid), 2.5 µg of pVSV-G (envelop plasmid) and DMEM to bring 

the total volume to 521 µl. The master transfection mix was vortexed for 10 sec 

at medium speed and incubated for 10 min at RT. Nine µl of the transfection mix 

and polyethylenimine (PEI) (1 mg/ml stock at 4.5 µl per µg of DNA) was briefly 

vortexed and added dropwise into the flask of HEK293T cells. The mix was 

distributed evenly by swirling the contents of the flask while adding the mix. The 

cells were incubated for 24 hours at 37⁰C, 5% CO2 after which the transfection 
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medium was replaced with fresh DMEM supplemented with 10% FBS and 

incubate for another 24 hours at 37⁰C, 5% CO2. Twenty-four hours later the 

retroviral supernatant was harvested and filtered through a 0.45 µm filter to 

remove cell debris. Semi-confluent MDA-MB-231 HM cells were incubated with 

5 ml of the retroviral supernatant containing polybrene (4 µg/ml) to aid the 

incorporation of viral particles. After 24 hours of incubation the MDA-MB-231 

HM cells were selected with puromycin (5 µg/ml) over 7 days. Stably infected 

cells that were puromycin resistant were expanded in culture and used for in 

vivo experiments.  

 

 

2.7.6.3 Transfection and infection of tumour cell lines with pRetroSuper 

(PRS) vector 

 

PT67 cells (~3 x 106 / 10 ml DMEM-10% FBS) were plated in a T75 cm2 flasks 

and incubated to sub-confluency. The medium was changed 3 hours prior to 

transfection. Meanwhile, transfection reagents were prepared as follows: tube 

#1 = 1440 µl of serum free medium was mixed with 60 µl of LF2000 and 

incubated for 5 min at RT whilst, tube #2 = 24 µg of plasmid DNA was mixed 

into 1500 µl of serum free DMEM and 1 µg of GFP vector (pGreen lantern) was 

added to the mix.  

After 5 min incubation tube 1 and 2 were combined, mixed gently and incubated 

for a further 20 min at RT. Three ml of the transfection mixture was added to 

PT67 packaging cells and incubated at 37⁰C for 6 hours. After 6 hours a further 

4 ml of the transfection mix was added to the packaging cells to make a total 

volume of 7 ml of transfection mixture and incubated overnight at 37⁰C. After 24 

hour incubation the medium from PT67 cells (containing the active virus 

particles) was collected and centrifuged for 5 min at 1000 rpm to pellet debris. 

The supernatant was filter sterilised through a 0.45 µm pore filter and added to 

target cells, 4T1BM2. Ten µl of polybrene was also added per 10 ml of virus 

containing medium. This step was repeated three times and then the medium 

was replaced with selection medium (i.e. α-MEM, 5%FBS, 1% P/S + puromycin 

5 µg/ml) for 4T1BM2 cells infected with pRetroSuper shRNA.  
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2.8 Statistical analyses 

All statistical analyses were performed in GraphPad Prism 7 (GraphPad 

Software). P-values were calculated using a Student’s t-test, one-way ANOVA 

with Bonferroni post-test or a two-way ANOVA with Tukey post-test, as 

indicated in each figure legend. Values were considered significant when 

p<0.05. 
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3. Investigating the role of LM-511 and its α6β4 integrin receptor in the 

spontaneous metastasis of triple negative breast cancer  

3.1 Introduction  

For successful metastasis, a tumour cell must first degrade and cross the BM 

rich in LMs and invade the surrounding stromal microenvironment (Tester et al., 

2000). The BM that surrounds the normal mammary epithelia is predominantly 

comprised of LM isoforms, including LM-111, LM-332 and LM-511. There has 

been controversy in the literature as to which LM isoform is involved in breast 

cancer progression and metastasis. Although several studies have 

demonstrated the role of LM-332 in promoting breast cancer cell migration and 

survival in vitro (Plopper et al., 1998; Zahir et al., 2003) others have also 

reported the tumour suppressor effects of LM-332 (Martin et al., 1998). 

Moreover, LM-332 is often down-regulated in the later stages of breast cancer 

progression (Gudjonsson et al., 2002; Gusterson et al., 1984; Henning et al., 

1999; Korah et al., 2007; Martin et al., 1998; Sathyanarayana et al., 2003).  

It has been reported that as LM-332 expression decreases, the expression of 

LM-511 is retained or increases during tumour growth and progression and 

therefore correlates with breast cancer progression in triple negative (TN) 

tumours (Chia et al., 2007; Fujita et al., 2005; Hewitt et al., 1997; Mӓӓttӓ et al., 

2001; Pouliot & Kusuma, 2013). Our laboratory has reported previously that LM-

511 is a potent adhesive substrate and promotes migration and invasion of TN 

breast cancer cells in vitro and that increased metastatic ability is associated 

with increased expression of the laminin binding integrins β1 and β4 receptors 

(Kusuma et al., 2012). Collectively, these observations suggest a crucial role for 

LM-511/integrin interactions in breast cancer progression and that interfering 

with these interactions could suppress or delay metastasis. 

Both LM-511 and LM-332 show selectivity for α3β1 and α6β4 integrins (Kligys 

et al., 2013; Kusuma et al., 2012; Nishiuchi et al., 2006; Wondimu et al., 2013). 

However, studies investigating the role of α3 integrin in breast cancer 

progression have produced conflicting results. Early studies by Gui and 

colleagues demonstrated that integrin expression is reduced in breast cancer 
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tissue sections and that the loss of α3, α6 and β1 integrin subunits is associated 

with axillary metastases (Gui et al., 1995; Gui et al., 1996). In contrast, recent 

evidence presents α3β1 integrin as a functional promoter of breast cancer 

metastasis and lung colonisation (Zhou et al., 2014).  

In addition, several studies have correlated the expression of integrin β4 with a 

more aggressive malignant phenotype in breast cancer (Diaz et al., 2005; Lu et 

al., 2008; Stewart et al., 2015). In normal breast tissue, integrin α6β4 is bound 

to LM in hemidesmosomes and is associated with the keratin intermediate 

filament cytoskeleton. Whereas, in malignancies, integrin α6β4 is released from 

hemidesmosomes and associates with the actin-based cytoskeleton to promote 

migration, invasion and tumour cell growth. Hence its pro-metastatic role as 

opposed to the anti-metastatic role when mediating stable adhesion in 

hemidesmosomes. (Guo & Giancotti, 2004; Lipscomb & Mercurio, 2005; 

Mainiero et al., 1996; Nikolopoulos et al., 2004; Rabinovits et al., 1999; Shaw et 

al., 1997). Perhaps the strongest experimental evidence showing that α6β4 

expression is pathologically significant in breast cancer is a study by Lu and 

colleagues that used gene expression profiling and IHC of tissue microarrays 

(TMA) to demonstrate that integrin β4 is over-expressed in basal-like TN breast 

cancers (Lu et al., 2008).  

Furthermore, a study by Tagliabue and colleagues used IHC analysis of human 

breast cancer specimens to demonstrate that the prognostic value of α6β4 

integrin expression is affected by LM production from breast tumour cells. They 

demonstrated that LM expression alone was associated with a good prognosis, 

integrin β4 expression was associated with a poor prognosis and that LM and 

integrin β4 co-expression had a worse prognosis in breast cancers. Together 

these observations suggest an autocrine loop between the ligand (laminin) and 

the receptor (β4) (Tagliabue et al., 1998). However, this study used antibodies 

directed against human placental laminin which contains multiple isoforms. 

Therefore, it is still unclear as to which LM isoform contributes to these 

autocrine interactions and is responsible for subsequent tumour 

aggressiveness. Altogether, LM-511 and integrin β4 co-expression and 

interactions may be responsible for the aggressive behaviour of breast tumour 
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cells and promote metastatic dissemination and growth at secondary sites, 

providing prognostic significance in triple negative breast cancers. However, to 

be able to study these interactions and obtain valid and relevant data, 

experimental models need to be able to mimic and recapitulate human breast 

cancers.  

To study the metastatic cascade, researchers pursue breast cancer models that 

mimic a heterogenous population of tumour cells. The 4T1 mammary cancer 

model is an example of a heterogeneous population of tumour cells that mimic 

the metastatic cascade. (Aslakson et al., 1990). This heterogenous population 

of tumour cells all have varying abilities to respond to external stimuli 

(chemokines, growth factors, ECM proteins) and to metastasize. Earlier work 

from our laboratory found that tumours derived from a clonal subline isolated 

from 4T1 cells, named 4T1.2, are significantly more metastatic than parental 

4T1 (Eckhardt et al., 2005; Lelekakis et al., 1999). Increased metastatic 

potential of tumours was associated with a significantly high expression of 

extracellular matrix-related genes, in particular two LM chains contained in LM-

511 namely LMα5 and LMβ1 (Eckhardt et al., 2005). These findings are 

consistent with other work in our laboratory that documented that LM-511 

protein in primary tumours and metastases correlates with metastatic potential 

(Chia et al., 2007) identifying a reciprocal (autocrine or paracrine) relationship 

between the tumour cell and LM-511. These observations led to the selection of 

tumour subsets (4T1BM2) based on their ability to migrate in response to LM-

511 in vitro and metastasise to bone (Figure 3.1) (Kusuma et al., 2012). 

Furthermore, investigations in our laboratory documented that LM-511 

expression is correlated with increased integrin β4. The mouse 4T1BM2 

mammary carcinoma model mimics the aggressive triple negative breast cancer 

subtype functionally and phenotypically in a syngeneic setting (Kusuma et al., 

2012) and forms the basis of this PhD project alongside the human MDA-MB-

231 HM mammary carcinoma cell line. The MDA-MB-231 HM cell line was 

generated from the parental MDA-MB-231 cells (Chang et al., 2008) which is a 

well-known highly aggressive, invasive and poorly differentiated TN breast 

cancer cell line (Chavez, Garimella & Lipkowitz, 2010; Liu et al., 2003). 



                                                                                                                                          Chapter 3 

95 | P a g e  
 

 

 

Figure 3.1 Generation of the 4T1BM2 variant 

Representation of the selection protocol used to generate the 4T1BM2 cell line. 

4T1 cells were selected for chemotactic migration towards LM-511 (4 rounds). 

Cells (4T1LMF4) were expanded in culture and injected into the mammary fat 

pad of female Balb/c mice. A bone metastasis was collected and expanded in 

culture and the process repeated to generate the 4T1BM2 variant. The 4T1BM2 

variant was produced by our laboratory (Peter MacCallum Cancer Centre) 

(Kusuma et al, 2012). 

Therefore, on the basis of these studies, we have used a shRNA approach in 

highly metastatic mouse 4T1BM2 and human MDA-MB-231 HM mammary 

carcinoma cells to provide the first direct evidence for autocrine LM-511 

contribution to spontaneous triple negative breast cancer metastasis in vitro and 

in vivo.  

The data described in the following results section was presented at the Lorne 

Cancer Conference 2014, 2015 and 2016 as a poster presentation. In addition, 

the data described in Chapter 3 was presented at the European Molecular 
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Biology Organisation (EMBO)/European Molecular Biology Laboratory (EMBL) 

symposium 2016, as an oral and poster presentation. 
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3.2 Results 

3.2.1 Prognostic significance of LMα5 expression in TN breast cancers 

3.2.1.1 Analysis of the prognostic significance of LMα5 in different                        

subtypes of breast cancer 

We used a prognostic analysis tool, BreastMark, to investigate the association 

between LMα5 mRNA expression and disease outcome in various molecular 

subtypes of breast cancer. BreastMark correlates gene expression with survival 

outcomes from 26 datasets on 12 different microarray platforms to examine the 

prognostic potential of ~17,000 genes in breast cancer alone (Madden et al., 

2013). Our analysis showed a significant association between LMα5 expression 

and poor clinical outcome in basal-like breast tumours but not in Luminal A, 

Luminal B or Her2+ve tumours (Figure 3.2 panel A). To determine whether LMα5 

(LM-511) or LMα3 (LM-332) expression is more relevant to breast cancer 

progression we compared their expression in breast tumours and their 

association with survival outcome. Patients with basal-like breast tumours 

expressing high levels of LMα5 are at a higher risk of developing metastasis 

(distant disease-free survival (DDFS)) compared to those with low levels of 

LMα5 (Figure 3.2 panel B). In contrast, there is no significant association 

between LMα3 and DDFS in patients with basal-like breast cancer. 

Interestingly, high levels of LMα3 are associated with a better prognosis (DDFS) 

in unselected subtypes (all types) of cancer (Figure 3.2 panel C). This extensive 

collection of data reveals that LMα5 and not LMα3 is associated with basal-like 

breast cancer metastasis. Therefore, LMα5 has the potential to be a prognostic 

marker of metastasis in basal-like/TN breast tumours.  
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Figure 3.2 Association between LMα5 expression with clinical outcomes 

in different subtypes of breast cancer 

(A) There is significant association between LMα5 expression and poor clinical 

outcome (overall survival) in basal-like breast tumours but not in Luminal A, 

Luminal B or Her2+ve tumours. (B) High expression of LMα5 is associated with 

reduced distant disease free survival in basal like tumours. (C) High expression 

of LMα3 is associated with longer distant disease free survival in unselected 

breast cancer subtypes (all types). LMα3 expression does not significantly 

associate with distant disease free survival outcome in basal like breast 

tumours. Data were analysed using BreastMark algorithm 

(http://glados.ucd.ie/BreastMark/). DDFS, distant disease free survival. p<0.05 

is considered significant. 

 

3.2.2 Stable knockdown of LM-511 (LM-α5 subunit) in 4T1BM2 and MDA-

MB-231 HM TN breast cancer cell lines 

On the basis of these results and earlier investigations from our laboratory 

showing that LM511/integrin interactions promote migration and invasion (Chia 

et al., 2007; Kusuma et al., 2012), we hypothesize that interfering with these 

interactions may prevent or delay metastasis. To explore the effects of LM-511 

or the LM-511 receptor, integrin β4, on spontaneous metastasis we generated a 
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stable knockdown (KD) of the LMα5 subunit in mouse 4T1BM2 and human 

MDA-MB-231 HM mammary cancer cell lines. LMα5 expression was stably KD 

by short hairpin RNA (shRNA). Constructs were generated and transfected in 

mouse 4T1BM2 cells using pLMP retroviruses that were produced by PT67 

cells. In human cells, constructs were generated and transfected in MDA 

MB231 HM cells using pGIPz lentiviruses that were produced by HEK293T 

cells. Infected 4T1BM2 or MDA-MB-231 HM cells were selected with puromycin 

(5 μg/ml) over 7 days. Given the very high molecular weight of the LM-α5 

subunit (400 kDa) and relatively low levels detectable from cell pellets, western 

blot analyses of protein levels is difficult and inconsistent. Hence, the level of 

LMα5 mRNA expression was measured by sensitive qRT-PCR and is shown in 

Figure 3.3. LMα5 expression was reduced by up to 77% in 4T1BM2 cells (panel 

A) and 92% in MDA-MB-231 HM cells (panel B) compared to control non-

targeting shRNA. Overall, LMα5 mRNA levels were significantly reduced in both 

cell lines but maintained in the control shRNA cells.  

 

 

Figure 3.3 Suppression of LMα5 expression by shRNA in 4T1BM2 and 

MDA-MB-231 HM cells 

LMα5 mRNA expression by qRT-PCR in control cells and cells expressing 

LMα5 shRNA constructs. (A) mRNA level of LMα5 decreased by 77% in 

4T1BM2 cells transfected with shRNA construct compared to control non-

targeting shRNA. (B) mRNA level of LMα5 decreased by 92% in MDA-MB-231 

HM cells transfected with shRNA construct compared to control non-targeting 

shRNA. Data show fold-expression relative to housekeeping genes and are   
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expressed as ± S.E.M of 3 experiments. 

 

3.2.3 LMα5 downregulation significantly impairs migration, invasion and 

colony formation in vitro 

The functional consequences of LMα5 suppression on 4T1BM2 or MDA-MB-

231 HM cells were investigated in in vitro proliferation, migration and invasion 

assays in response to serum. Proliferation of tumour cells was not affected by 

the down-regulation of LMα5 in mouse (Figure 3.4 panel A) and human (Figure 

3.4 panel D) mammary cancer cell lines, maintaining the idea that LMα5 is not 

significantly involved in tumour formation but rather tumour progression. Hence, 

migration was significantly impaired by 4T1BM2 (Figure 3.4 panel B) and MDA-

MB-231 HM (Figure 3.4 panel E) LMα5 KD cells. Moreover, invasion was 

significantly reduced in 4T1BM2 (Figure 3.4 panel C) and MDA-MB-231 HM 

(Figure 3.4 panel F) LMα5 KD cells compared to LMα5 expressing control (Ctrl) 

cells.  

 

 

Figure 3.4 LMα5 KD tumour cells are significantly less migratory and 

invasive in vitro 
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(A) Cell proliferation was measured in 4T1BM2 (A) and MDA-MB-231 HM (D) 

cell lines. Cells were seeded at 500 cells/well in 96-well plates in the presence 

of 5% FBS and cultured for 5 days and quantitated using sulforhodamine B 

(SRB). The data represents the mean ± S.E.M in five replicates (n=5) from a 

representative experiment (n=3). Statistical significance was determined using 

two-way ANOVA. The ability of cells to migrate in response to serum (5% FBS) 

over a 4 hour period was analysed in mouse (B) and human (E) cell lines. 

Invasion assays were performed in mouse (C) and human (F) cell lines over an 

18 hour period. Number of migrating and invading cells was determined using 

Metamorph software. The data represents the mean ± S.E.M of three replicates 

(n=3). Statistical significance of the difference from the corresponding controls 

was determined by students t-test, Mann Whitney; p<0.05 was considered 

significant, *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001.  

 

3.2.4 LMα5 downregulation reduces the number of circulating tumour 

cells and metastasis to bone and lung 

A decrease in migration and invasion in vitro underlines the importance of LM-

511 in tumour cell aggressiveness and associated metastatic potential. Thus, to 

complete our investigation and validate our in vitro observations, in vivo 

metastasis assays were undertaken. To measure the impact of LMα5 

suppression on spontaneous metastasis in vivo 4T1BM2 Ctrl and LMα5 KD 

mammary carcinoma cells were expanded and cultured and inoculated into the 

fourth mammary fat pad (1 x 105) of female Balb/c mice. Tumour growth, weight 

and spontaneous metastatic ability were compared after orthotopic inoculation.  

A significant delay in tumour growth after day 26 was observed in LMα5 KD 

tumours (Figure 3.5 panel A). Both groups were harvested with tumours of 

approximately the same size (Figure 3.5 panel B), to account for a true 

metastatic reading. Metastatic burden of lung (Figure 3.5 panel C), spine 

(Figure 3.5 panel D) and femurs (Figure 3.5 panel E) revealed a significant 

suppression of metastasis upon downregulation of LMα5. In addition, some 

LMα5 KD-tumour bearing mice did not show visible macro-metastases at 
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necropsy or evidence of metastatic disease when quantified using qPCR 

(Figure 3.5 panel C, D, E). Our findings reveal for the first time that autocrine 

LMα5 stimulation is associated with lung and bone metastasis in mouse 

4T1BM2 tumour bearing mice.  

 

 

Figure 3.5 Spontaneous metastasis is significantly impaired in LMα5 KD 

4T1BM2 tumours 

(A) 4T1BM2 Ctrl and LMα5 KD primary tumour volumes were measured twice 

weekly after orthotopic inoculation of the cells (1 x 105) into the mammary fat 

pad. The data represent the mean tumour volume (mm3) ± S.E.M of fifteen mice 

per group. Statistical significance was determined using two-way ANOVA. (B) 

Primary tumour weights at harvest. Data show mean weight (grams) ± S.E.M of 

fifteen mice per group. Relative tumour burden lung (C), spine (D) and femur 

(E) was measured when tumours were collected at day 28 (4T1BM2 Ctrl) and 

day 33 (4T1BM2 LMα5 KD). Data represent the mean ± S.E.M and the 

statistical significance of the difference from the corresponding controls was 

determined by students t-test, Mann Whitney; p<0.05 was considered 

significant, *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 
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To provide additional human relevance to these observations in a mouse 

syngeneic model, we extended our investigations to the human MDA-MB-231 

HM xenograft model of breast cancer metastasis. Luciferase expressing MDA-

MB-231 HM Ctrl or MDA-MB-231 HM LMα5 KD cells (1 x 105) were injected into 

the mammary fat pad of NSG mice aged 8 weeks. Primary tumour growth was 

measured three times a week, starting when tumours became palpable. Mice 

were sacrificed when tumour size reached ~1500 mm3 or earlier if mice 

displayed signs of illness due to metastatic disease. Organs (lung, spine and 

femur) were collected for metastatic burden analysis.   

In this in vivo study we observed significant latency in tumour initiation and 

growth in the MDA-MB-231 HM LMα5 KD tumours in comparison to the Ctrl 

tumours (Figure 3.6 panel A) which was not seen in the syngeneic model. Mice 

from the control group (MDA-MB-231 HM Ctrl) were harvested at day 30 either 

due to illness or tumour size (~1500 mm3). Tumours from the MDA-MB-231 HM 

LMα5 KD group were allowed to grow to the same size as the control groups to 

account for a true metastatic reading (figure 3.6, panel B) before being collected 

for metastatic burden analysis using qPCR. Consistent with observation in the 

4T1BM2 syngeneic mouse model, suppression of LMα5 significantly impaired 

metastasis of MDA-MB-231 HM mammary tumours to the lung (Figure 3.6 

panel C), spine (Figure 3.6 panel D) and femur (Figure 3.6 panel E). Our 

findings provide the first direct evidence of the role of autocrine LMα5 in 

spontaneous bone and lung metastasis in mouse and human TN mammary 

carcinomas.  
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Figure 3.6 Spontaneous metastasis is significantly impaired in LMα5 KD 

MDA-MB-231 HM tumours 

(A) MDA-MB-231 HM Ctrl and LMα5 KD primary tumour volumes were 

measured thrice weekly after orthotopic inoculation of the cells (1 x 105) into the 

mammary fat pad. The data represent the mean tumour volume (mm3) ± S.E.M 

of fifteen mice per group. Statistical significance was determined using two-way 

ANOVA. (B) Primary tumour weights at harvest. Data show mean weight 

(grams) ± S.E.M of fifteen mice per group. Relative tumour burden lung (C), 

spine (D) and femur (E) was measured when tumours were collected at day 30 

(MDA-MB-231 HM Ctrl) and day 54 (MDA-MB-231 HM LMα5 KD). Data 

represent the mean ± S.E.M and the statistical significance of the difference 

from the corresponding controls was determined by students t-test, Mann 

Whitney; p<0.05 was considered significant, *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001. 

 

Work from our laboratory and others have shown that LM-511 expression is 

associated with breast cancer progression (Chia et al., 2007; Fujita et al., 2005). 

Moreover, we have now shown a direct link between LM-511 expression and 

breast cancer metastasis using two distinct breast cancer models and hairpins. 

Although Figure 3.4 provides us with an understanding to the functional role of 
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LMα5, the mechanistic contribution of LMα5 to metastasis is still unclear. To 

complement the in vivo data we collected CTC’s from MDA-MB-231 HM Ctrl 

and MDA-MB-231 HM LMα5 KD tumour-bearing mice to investigate the effects 

of LMα5 knockdown on tumour cells in the circulation. At the experiment 

endpoint CTCs were collected from the left cardiac ventricle of anaesthetised 

mice and utilised for colony forming assays. Tumour cells were exposed to a 

series of washes (RBC lysis buffer followed by 2 x PBS and resuspended in 

medium) before seeding into petri dishes. Thirty μl, 100 μl or 300 μl of tumour 

cell suspension were aliquoted per petri dish, per mouse and incubated. Colony 

forming CTC plates were harvested at day 10 and counted. We observed a 

significant reduction of CTCs in mice bearing human MDA-MB-231 HM LMα5 

KD tumours (Figure 3.7 panel B) compared to control tumours (Figure 3.7 panel 

A). When LMα5 was suppressed the number of CTCs/ml was significantly 

reduced (Figure 3.7 panel C) which correlated with reduced metastatic 

potential.  

 

 

Figure 3.7 CTCs/mL is significantly reduced in LMα5KD tumour bearing 

mice 

At experiment endpoint 1 ml of blood was collected from the left cardiac 

ventricle of mice from both groups which was exposed to a series of washes. 

Cells were washed with red blood cell lysis buffer, followed by 2 x PBS washes 

and finally resuspended in 1 ml of α-MEM culture medium before seeding 

CTC’s in 30 μl, 100 μl or 300 μl aliquots per petri dish, per mouse. 

Representative images of colony forming CTCs from Ctrl (A) or LMα5 KD (B) 

tumour bearing mice. (C) The average of all three colony forming CTC plates 
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were analysed from both groups (CTCs/ml of blood). Data is expressed as 

number of viable CTCs/ml of blood and represent the mean ± S.E.M (n=11 

mice/group). The statistical significance of the difference from the 

corresponding controls was determined by students t-test, Mann Whitney; 

p<0.05 was considered significant, *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001. 

 

3.2.5 LMα5 down-regulation affects the expression of LM-binding 

integrins β4 and α3 

LM-511 is a potent adhesive ligand for integrins α3β1 and α6β4 which are 

involved in several signal transduction pathways regulating migration, invasion 

and survival. In Figure 3.4, in vitro data reveals that tumour cell migration and 

invasion was significantly reduced by the downregulation of LMα5. It may be 

that LM-511 production or binding regulates receptor expression and therefore 

LMα5 KD might result in receptor downregulation causing reduced migration 

and invasion. To test this hypothesis, we studied protein expression of integrins 

β4 and α3 in the control and LMα5 KD cell lines by western blotting. Protein 

analysis demonstrates that when LMα5 is down-regulated the expression of LM-

binding integrin receptors β4 and α3 are simultaneously decreased in mouse 

4T1BM2 (Figure 3.8 panel A) and human MDA-MB-231 HM (Figure 3.8 panel 

B) cells.  
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Figure 3.8 LMα5 regulates integrin β4 and α3 receptor expression 

Forty μg of protein from Ctrl or LMα5 KD tumour cells were loaded into each 

lane. Representative immunoblot of integrin β4 or α3 expression in mouse 

4T1BM2 cell lines (A) and human MDA-MB-231 HM cell lines (B). Quantitation 

of integrin β4 or α3 levels relative to GAPDH by densitometry analysis of the 

bands on immunoblots. Results were expressed as mean ± S.E.M of 3 

experiments.  

 

To demonstrate that the effect of LMα5 downregulation on receptor expression 

was specific to LM-511-binding β4 and α3 integrin subunits, we further 

examined whether LMα5 down-regulation affects the expression of these 

receptors, as well as that of β1 integrin and the fibronectin-binding integrin α5 

subunit in MDA-MB-231 HM cells. For this experiment, MDA-MB-231 HM Ctrl 

and MDA-MB-231 HM LMα5 KD cells grown on coated exogenous LM-511 for 

48 hours were also examined to determine whether the effects of LMα5KD on 

receptor expression may be prevented by exogenous LM-511. MDA-MB-231 

HM LMα5 KD cells showed a decrease in integrin β4 and α3 subunits (Figure 

3.9). When LMα5KD cells are grown on coated LM-511, partial recovery of β4 

and almost complete recovery of α3 is demonstrated. Whereas, there is minor 
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reduction of the β1 integrin subunit and recovery by exogenous LM-511. In 

contrast, there is no effect on integrin α5 subunit. These results indicate 

selectivity of LMα5 KD effects on LM-511-binding receptors. The function of LM-

511-bnding receptor, β4 integrin is addressed in more detail in Chapter 4.  

 

 

Figure 3.9 LMα5 regulates LM-511-binding β4 and α3 integrin subunits 

Forty μg of protein from MDA-MB-231 HM Ctrl and LMα5 KD cells were loaded 

into each lane. MDA-MB-231 HM LMα5 KD cells were cultured on exogenous 

LM-511 for 48 hours (lane three) before collection for protein analysis. 

Representative immunoblot of integrin β4 or α3 or β1 or α5 expression in 

human cell lines (n=2).  
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3.2.6 Stable knockdown of integrin β4 in MDA-MB-231 HM TN breast 

cancer cells inhibits proliferation, invasion and colony formation in vitro 

LMα5 interactions with its integrin β4 receptor, contributes to the aggressive 

and metastatic phenotype of the 4T1BM2 and MDA-MB-231 HM tumours. To 

investigate this, we used RNA interference to stably knockdown integrin β4 in 

human MDA-MB-231 HM cell lines and investigated the effect of β4 

suppression in vitro. Constructs were generated and transfected in MDA-MB-

231 HM cells using pGIPz lentiviruses that were produced by HEK293T cells. 

Infected MDA-MB-231 HM cells were selected with puromycin (5 μg/ml) over 7 

days. The level of β4 mRNA expression was measured by qRT-PCR (Figure 

3.10 panel A). Integrin β4 expression was reduced by 93%. Down-regulation of 

integrin β4 in MDA-MB-231 HM cells significantly reduced proliferation (Figure 

3.10 panel B), invasion (Figure 3.10 panel D) and colony formation (Figure 3.10 

panel F). Although, cell migration (Figure 3.10 panel C) was not affected by the 

suppression of integrin β4, invasion was significantly inhibited and we show that 

this may be due to the loss of ECM degrading protease MMP-9 (Figure 3.10 

panel E). Collectively, our results show a correlation between LMα5, β4 and 

MMP-9 expression and their roles in the invasive phenotype of mammary 

tumour cells.  
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Figure 3.10 Integrin β4 KD impacts proliferation, invasion, colony 

formation and protease expression in human MDA-MB-231 HM cells 

(A) β4 mRNA expression by qRT-PCR in control cells and cells expressing β4 

shRNA constructs. mRNA level of β4 decreased by 93% in MDA-MB-231 HM 

cells transfected with shRNA construct compared to control non-targeting 

shRNA. (B) Proliferation assay. Cells were seeded at 500 cells/well in 96-well 

plates in the presence of 5% FBS and cultured for 5 days and quantitated using 

SRB. The data represents the mean ± S.E.M in five replicates (n=5). Statistical 

significance was determined using two-way ANOVA. (C) Migration assay. Cells 

were seeded in the upper well of Transwell chambers in serum free medium 

and 5% FBS added to the lower well as a chemoattractant. Cells that migrated 

to the underside of the porous membrane were counted after 4 hours at 37°C. 

(D) Invasion assay. Tumour cells were mixed with Matrigel (1:1) in upper well of 

Transwell chambers and cells that migrated in response to 5% FBS were 

counted 18 hours after cell seeding. Number of migrating and invading cells 

was determined using Metamorph software. Data show a representative 

experiment (n=3) and are expressed as mean ± S.E.M of triplicate wells. (E) 

Forty μg of protein from MDA-MB-231 HM Ctrl or LMα5KD or β4KD were loaded 

into each lane (duplicates) for zymography analysis for the expression of MMP-

9 (~92 kDa). (F) Colony forming assay. Cells were seeded at low density (100 

cells/well) in the presence of 5% FBS and colonies were counted after 8 days. 

All experiments were conducted in triplicates and repeated three times (n=3). 

Statistical significance of the difference from the corresponding controls was 

determined by students t-test, Mann Whitney; p<0.05 was considered 

significant, *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 

 

3.2.7 Integrin β4 is associated with aggressive behaviour and metastatic 

potential 

We investigated the role of β4 in spontaneous metastasis of 4T1BM2 mammary 

tumours. Prior to in vivo experiments integrin β4 was stably knocked-down 

using RNA interference and confirmed via FACs analysis (FACs was performed 
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by Dr. Normand Pouliot, Peter MacCallum Cancer Centre, Melbourne, 

Australia) (Figure 3.11 panel A). Mouse 4T1BM2 Ctrl or β4 KD mammary 

carcinoma cells were expanded before being inoculated into the fourth 

mammary fat pad (1 x 105) of female Balb/c mice. Tumour growth, weight and 

spontaneous metastatic ability were compared after orthotopic inoculation.  

The upregulation of integrins has been well documented in breast cancer 

progression (Nam et al., 2013; Tagliabue et al., 1998). Here we have shown 

that interfering with integrin β4 expression significantly compromises breast 

cancer metastasis to bone and lung (Figure 3.11). In this study we observed a 

highly delayed tumour onset and growth (Figure 3.11 panel B) highlighting the 

crucial role of integrin β4 in both the earlier steps of tumour formation and in 

metastasis. Mice from the control group were harvested at day 28 due to illness 

or tumour size (~1000 mm3). Although mice from the KD group did not present 

with any visible illnesses or metastasis I was required to sacrifice these mice 

when their tumours measured tumours at ~1000 mm3 to account for a true 

metastatic reading (Figure 3.11 panel C). Therefore, tumours were allowed to 

reach the same size. Interestingly, when organs were collected from mice of 

this group the majority of mice did not present with any visible macro-

metastases. Finally, when metastatic burden was analysed using qRT-PCR, 

metastasis to lung (Figure 3.11 panel D), spine (Figure 3.11 panel E) and femur 

(Figure 3.11 panel F) were significantly inhibited with the downregulation of 

integrin β4.  
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Figure 3.11 Downregulation of integrin β4 markedly impacts tumour 

growth and reduces metastasis to bone and lung 

(A) FACS analysis was used to detect the levels of cell surface receptor integrin 

β4 on bulk populations of Ctrl and β4 KD tumour cells, demonstrating a 

significant knockdown in integrin β4 expression (purple curve). (B) 4T1BM2 Ctrl 

and β4 KD primary tumour volumes were measured twice a week after 

orthotopic inoculation of the cells (1 x 105) into the mammary fat pad. The data 

represent the mean tumour volume (mm3) ± S.E.M of fifteen mice per group. 

Statistical significance was determined using two-way ANOVA. (C) Primary 

tumour weights at harvest. Data show mean weight (grams) ± S.E.M of fifteen 

mice per group. Relative tumour burden lung (D), spine (E) and femur (F) was 

measured when tumours were collected at day 28 (4T1BM2 Ctrl) and day 39 

(4T1BM2 β4 KD). Data represent the mean ± S.E.M and the statistical 

significance of the difference from the corresponding controls was determined 

by students t-test, Mann Whitney; p<0.05 was considered significant, *p<0.05, 

**p<0.01, ***p<0.005, ****p<0.0001. (FACs analysis of integrin β4, panel A, was 

conducted by Dr. Normand Pouliot, Peter MacCallum Cancer Centre, 

Melbourne, Australia).  
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Furthermore, we collected blood from both groups of mice to detect the effect of 

integrin β4 KD on the number of CTCs. At the experiment endpoint CTCs were 

collected from the left cardiac ventricle and processed as described in Figure 

3.7. There was a significant reduction of colony forming CTCs in 4T1BM2 β4 

KD tumour cells compared to control cells (Figure 3.12 panel B and A, 

respectively). Collectively, the number of CTCs/ml was significantly reduced in 

mice bearing 4T1BM2 β4 KD tumours (Figure 3.12 panel C). 

 

 

Figure 3.12 The number of CTCs/ml is significantly reduced in β4 KD 

tumour bearing mice 

At experiment endpoint 1 ml of blood was collected from the left ventricle of 

mice from both groups which was exposed to a series of washes before 

seeding CTC’s in 30 μl, 100 μl or 300 μl aliquots per petri dish, per mouse. 

Representative images of colony forming CTCs from Ctrl (A) or β4 KD (B) 

tumour bearing mice. (C) The average of all three colony forming CTC plates 

were analysed from both groups (CTCs/ml of blood). Data is expressed as 

number of viable CTCs/ml of blood and represent the mean ± S.E.M (n=8 

mice/group). The statistical significance of the difference from the 

corresponding controls was determined by students t-test, Mann Whitney; 

p<0.05 was considered significant, *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001. 

 

Up until now we have revealed the tumour and metastasis promoter effects of 

both LM-511 and integrin β4 in a spontaneous metastasis model of TN breast 
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cancer. It is clear that the number of circulating tumour cells and consequent 

metastasis correlates with the expression or absence of LMα5 or integrin β4.  

3.2.8 LMα5 is required for tumour cell dissemination and secondary site 

tumour formation 

Spontaneous metastasis models help us understand and study mechanisms 

involved in the beginning of the metastatic cascade including intravasation into 

the circulation. However, in-order to understand whether LMα5 or integrin β4 is 

essential at the initial steps of the metastatic cascade (intravasation) or the later 

steps (dissemination and secondary colony formation) or both we utilised an 

experimental syngeneic metastasis model. Experimental metastasis models 

require direct injection of tumour cells into the blood stream of mice (Pearson & 

Pouliot, 2012), thereby, bypassing the initial steps of the metastatic cascade 

(primary tumour formation and invasion into the circulation). Although 

experimental models may not be a true representation of the clinical setting it 

helps us understand the role of LMα5 and β4 in the later stages of cancer 

progression.  

Mice were intracardially injected with 4T1BM2 Ctrl or 4T1BM2 LMα5KD cells (5 

X 104). Mice were harvested 11 days posts intracardiac injection when control 

mice showed visible signs of illness due to metastatic disease. At experiment 

end point 1 ml of blood was collected from the heart of all mice for CTC studies 

before spine and femur were collected for metastatic burden.  

Altogether, spontaneous and experimental metastasis models reveal the role of 

LMα5 in both the initial and late stages of breast cancer progression and 

metastasis. There was a distinct reduction in macro-metastases in 4T1BM2 

LMα5 KD injected mice compared to control mice, as portrayed in Table 3-1. 

This observation correlates with q-PCR results demonstrating that the 

downregulation of LMα5 reduces the occurrence of metastasis even in an 

experimental setting where tumour cells are injected directly into the circulation 

(Figure 3.13 panel A). Colony forming CTC assays show that tumour cells with 

reduced LMα5 expression are either destroyed in the circulation before arriving 

at secondary organ capillary beds to disseminate or have difficulty homing to 
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and surviving at secondary sites (Figure 3.13 panel B). Overall CTCs/ml is 

significantly reduced in LMα5 KD injected mice (Figure 3.13 panel C). These 

results point to the potential protective role of LM-511 in the circulation. 

Table 3-1 Detection of macro-metastases in 4T1BM2 ctrl and 4T1BM2 
LMα5KD injected mice 

 4T1BM2 
Ctrl 

4T1BM2 
LMα5 KD 

Lung 8  
Ovaries 6  
Adrenal 5 3 

Diaphragm 2 1 
Ribs 2 1 

Spine 1  
Peritoneum 1  

Liver 1  
Sternum 1  

 

 

Figure 3.13 LMα5 is required for a complete metastatic cascade 

(A) Metastatic and colonisation potential of tumour cells to bone (femur and 

spine) was measured using qPCR. (B) One ml of blood was collected from the 

left cardiac ventricle and cells were counted and seeded in 30 μl, 100 μl or 300 

μl aliquots per petri dish, per mouse. Representative images of colony forming 

CTCs from Ctrl and LMα5 KD injected mice and analysed in colony forming 

assays. (C) The average of all three colony forming CTC plates were analysed 

from both groups (CTCs/ml of blood). Colony forming CTC plates from two 

control mice and one LMα5KD mouse was not included in the data due to cell 

culture contamination. Data is expressed as number of viable CTCs/ml of blood 

and represent the mean ± S.E.M (n=8 mice/group). The statistical significance 
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of the difference from the corresponding controls was determined by students t-

test, Mann Whitney; p<0.05 was considered significant, *p<0.05, **p<0.01, 

***p<0.005, ****p<0.0001. 

During the course of this experiment we recorded varying signs of illness 

observed only in mice injected with 4T1BM2 Ctrl cells. Several mice presented 

with signs consistent with brain metastasis such as, loss of balance, reduced 

motor skills and leaning to or spinning around in one direction continuously. 

Therefore, at experiment end point we collected brain organs from mice in both 

groups. Brain metastases was detected via fluorescent imaging in 4T1BM2 Ctrl 

and LMα5 KD cells that were stably transduced with an mCherry fluorescent 

marker gene. Control brains showed 100% mCherry+ve brain metastasis 

whereas metastasis was picked up in only 2 brains from mice injected with 

4T1BM2 LMα5 KD cells (Figure 3.14). Brain number six from the KD group is 

portraying false positive results which arise when the brain has been affected by 

poor cutting technique upon removal from the mouse. However, there is an area 

away from the cut site that is presenting with positivity for mCherry+ve tumour 

cells. Brain number seven in the KD group is showing mCherry+ve tumour cells 

however it is not of brain origin. Figure 3.14 confirms our observational studies 

of mice that had been affected with brain metastasis signs and symptoms but 

also identifies a profound role for LM-511 in brain metastasis which involves 

penetrating and invading through a highly specialised and tightly regulated 

blood brain barrier (BBB).  
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Figure 3.14 LMα5 suppression reduces the incidence of brain metastasis. 

Mice were harvested and the brains were imaged by fluorescence for detection 

of mCherry+ve lesions. Control (n=8) and 4T1BM2 LMα5 KD (n=8) mice were 

used for this experiment. (Two brains from the control group and two from the 

LMα5 KD group were not included in this analysis due to poor excision 

technique and subsequent damage to the brains).   

 

3.2.9 Downregulation of integrin β4 inhibits experimental metastasis to 

bone 

We have reported the relationship between autocrine LMα5 and integrin β4 in 

spontaneous breast cancer metastasis and have now identified LMα5 to be 

essential for several crucial steps of the metastatic cascade including initial and 

late stage metastasis. Following on from this data we propose that interfering 

with LMα5 receptor integrin β4 expression will also affect late stage metastasis 

in an experimental metastasis model. Dr Normand Pouliot kindly injected 5 X 

104 4T1BM2 Ctrl or 4T1BM2 β4 KD cells into the left ventricle of female Balb/c 

mice. Mice were harvested 12 days post intracardiac injection at the time when 

control mice showed visible signs of distress and illness. At experiment end 

point spine and femur were collected for metastatic burden.  

Mice that had been intracardially injected with 4T1BM2 β4 KD cells showed 

minimal or no signs of illness or metastasis while mice injected with control cells 

exhibited intense metastatic spread (Figure 3.15), reinforcing the role of integrin 

β4 in tumour cell survival not only at the primary tumour but in the circulation 

where it is involved in pathways that allow tumour cells to home to metastatic 

sites. LMα5 and β4 interactions are crucial in tumour cell migration, invasion 

and survival in initial and late stage breast cancer metastasis.  
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Breast cancers are of epithelial origin which entails a highly proliferative 

population of growth cells. In contrast, we found a significant decrease in 

tumour volume in vivo when LMα5 or integrin β4 is down-regulated suggesting 

a loss of proliferative factors in these tumours. Antigen Ki-67 is a protein that is 

a cellular marker for proliferation and is active during all phases of the cell cycle 

(G1, S, G2) except quiescent cells (G0). Using tumour sections from in vivo 

experiments described in sections above we performed IHC for the detection of 

proliferation marker Ki-67 in control or LMα5 KD or β4 KD tumour sections. The 

suppression of LMα5 or integrin β4 in mouse (Figure 3.16 panel A) and human 

(Figure 3.16 panel C) tumours shows significantly reduced nuclear expression 

of Ki-67 protein. This reduced nuclear expression of Ki-67 was confirmed using 

Metamorph analysis. Three images at x20 magnification were taken from three 

separate tumours and repeated three times for mouse and human Ctrl, 

LMα5KD and β4KD tumours. The average of Ki-67 positivity in all three tumours 

was analysed from all groups (Figure 3.16 panel B, D).  

 

Figure 3.15 Suppression of integrin β4 

blocks experimental metastasis to bone 

(A) Metastatic burden (femur and spine) was 

measured using qPCR. Data represent the 

mean ± S.E.M and the statistical significance of 

the difference from the corresponding controls 

was determined by students t-test, Mann 

Whitney; p<0.05 was considered significant, 

*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 

(This was performed by Dr. Normand Pouliot, 

Peter MacCallum Cancer Centre, Melbourne). 
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Figure 3.16 Immunohistochemical detection of Ki-67 in mouse syngeneic 

and human xenograft tumours 

Tissues were fixed in Zinc fixative and embedded in paraffin. Antigen retrieval 

was performed by heat treatment with a pressure cooker in citrate buffer (pH 

6.0). Strong nuclear staining for Ki-67 was present in mouse 4T1BM2 (A) and 

human MDA-MB-231 HM (C) Ctrl tissues. Weaker staining of Ki-67 was 

detected in mouse and human LMα5 and β4 KD tumours (A, C). None of the 

tumours stained positively using a control isotype matched antibody (ISO). 

Nuclei were counterstained with hematoxylin (blue). Scale bar = 50 μm. High 

images are shown in insets. Quantitation of Ki-67 positive nuclei in mouse (B) 

and human (D) using Metamorph analysis software. Three images were taken 

per tumour section from three separate tumours and repeated three times. 

Results were expressed as mean ± S.E.M of 3 experiments. The statistical 

significance of the difference from the corresponding controls was determined 

by students t-test, Mann Whitney; p<0.05 was considered significant, *p<0.05, 

**p<0.01, ***p<0.005, ****p<0.0001. 

 

Integrins prevent cells from undergoing a specialised type of cell death known 

as anoikis. We wanted to investigate the protective effects of LMα5 and integrin 

β4 expression and their role in anoikis. We performed this by mimicking shear 

stress that occurs in the circulation in vitro. Human MDA-MB-231 HM Ctrl or 

LMα5 KD or β4 KD tumour cells were treated with or without exogenous LM-
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511 (1 mg/ml) and subject to vigorous shaking for 0, 2, 4 or 6 hours before 

being collected and utilised in colony forming assays.  

 

 

Figure 3.17 Anoikis assay demonstrating mechanistic roles for LMα5 and 

integrin β4 in metastasis  
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Human MDA-MB-231 HM Ctrl or LMα5 or β4 KD tumour cells were treated with 

or without LM-511 (1 mg/ml) and resuspended at 3000 cells/ml in 2 ml 

Eppendorf tubes. Samples were subject to shaking (219 RPM) at 37ºC for 0, 2, 

4 or 6 hours before aliquoted into colony forming plates (100 cells/well).  Plates 

were harvested at day 8 with 4% paraformaldehyde and colonies were stained 

with crystal violet. Representative images of colony forming assays post anoikis 

assay (n=3).  

 

When MDA-MB-231 HM LMα5 KD or integrin β4 KD tumour cells (without LM-

511 treatment) are subject to vigorous shaking similar to shear stress that 

occurs in the circulation, they have a significant decreased ability to form 

colonies in vitro over time when compared to untreated control cells (Figure 

3.17, Figure 3.18). Additionally, when Ctrl or LMα5 KD or β4 KD cells are 

treated with exogenous LM-511 for 30 minutes prior shaking their colony 

forming capabilities are enhanced significantly compared to untreated samples 

(Figure 3.17, Figure 3.18) identifying the potential protective role of LMα5 and 

β4 interactions in the circulation. Exogenous LM-511 treatment alone is 

sufficient to reduce death via anoikis. Altogether, LMα5 and β4 protect tumour 

cells from anoikis. This study also demonstrates a mechanism by which LMα5 

and its receptor integrin β4 may modulate the spread of TN breast tumours to 

bone and soft tissues.  
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Figure 3.18 LMα5 and β4 protect tumour cells from anoikis 

Data was collected and combined from three separate anoikis assay 

experiments (Figure 3.17). The data represents the mean ± S.E.M in three 

replicates (n=3). Statistical significance was determined using two-way ANOVA; 

p<0.05 was considered significant, *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001. 

 

3.2.10 Analysis of the prognostic significance of LMα5 and integrin β4 co-

expression in basal-like breast cancer 

We utilised BreastMark to investigate the prognostic significance of LMα5 and 

integrin β4 co-expression in basal like breast cancers. The study revealed that 

patients with basal-like/TN breast tumours co-expressing high levels of LMα5 

and integrin β4 are at a higher risk of developing DDFS compared to low levels 

(Figure 3.19). We compared the analysis in patients with LM-α3 (LM-332) and 

integrin β4 co-expression and found that their interactions in basal-like/TN 

breast cancer is not prognostic in basal-like/TN breast tumours, highlighting that 

specific LMα5/β4 interactions may be crucial in breast cancer metastasis. 

BreastMark analysis data is consistent with my findings throughout chapter 3.  

 

 

Figure 3.19 Association between LMα5 and β4 co-expression in basal-like 

breast cancer and clinical outcomes 
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(A) High co-expression of LMα5 and β4 is associated with reduced distant 

disease free survival in basal like tumours. (B) Co-expression of LMα3 and β4 

has no significant association with survival in basal-like breast tumours. Data 

were analysed using BreastMark algorithm (http://glados.ucd.ie/BreastMark/). 

p<0.05 is considered significant. 

 

3.2.11  Detection of LMα5 by immunohistochemistry  

Numerous studies that performed IHC analysis on LMα5 expression in breast 

tumour sections use acetone or Zinc-Tris fixation (Chia et al., 2007). These 

methods are problematic mainly due to the fact that archival material and 

current clinical practice of the preservation of excised breast tumour tissue 

involves formalin fixed paraffin embedded (FFPE) fixation. Formalin fixation can 

cause antigen denaturation or antigen unavailability due to cross-linking of 

proteins which makes it very difficult to detect LM antigens for staining 

(Boenisch, 2001). For example, an analysis I conducted using Protein Atlas 

(www.proteinatlas.org) reported no detection of LMα5 staining in all breast 

cancers, indicating the significant gap in the literature. However, our laboratory 

has developed and characterised chain specific monoclonal antibodies (2F12) 

directed against LM-511 (Zamurs et al., 2013). The 2F12 (LMα5) antibody can 

be used for western blotting, immunoprecipitation and IHC provided the tissue 

section is not formalin fixed. However, here we propose that the modification of 

antigen retrieval techniques in our IHC protocol can unmask hidden antigens 

and provide a new and effective method for the detection of LMα5 in FFPE 

tissues. Therefore, this modified protocol can be used in large LM studies of 

formalin fixed tissues from hospital and institute archives providing significant 

prognostic information.  

 

3.2.11.1 Optimisation of IHC antigen retrieval for anti-LMα5 antibodies 

In order to determine if LMα5 can be used as a prognostic marker in FFPE 

breast tumour sections, we used the original protocol from chapter 2.6.3 and 
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modified it. Human foreskin sections were either fixed with 10% neutral buffered 

formal (10% NBF) overnight at 4°C and processed for paraffin embedding. 

Sections (4 μm) were rehydrated and equilibrated via antigen retrieval 

consisting of either citrate buffer, Tris-EDTA buffer or proteinase K at different 

incubation times (Table 3-2). The remainder of the protocol was followed as 

described in chapter 2.6.3.  

 

Table 3-2 IHC protocol optimisation of antigen retrieval  

Tissue Fixation Antigen retrieval  Staining results 

Human foreskin 10% NBF None 

Citrate buffer 

Ph: 6.2  

Tris-EDTA (10 min) 

Ph: 9.0 

Proteinase K (5min) 

20 µg/ml 

Proteinase K (10 min) 

20 µg/ml 

Proteinase K (20 min) 

20 µg/ml 

Not detected  

Not detected  

 

Non-specific 

 

Good 

 

Very Good 

 

Non-specific 

10% NBF, 10% neutral buffered formalin. 

 

Studies have shown that LMα5 chains are widely expressed in epithelial 

basement membranes as well as the vascular endothelium (Miner et al., 1997; 

Maata et al., 2001; Hewitt et al., 1997). Human foreskin is abundant in BM 

protein LM-511 as portrayed in Figure 3.20 (proteinase K: 10 min). This 

alternative method of antigen retrieval demonstrates highly specific LMα5 

staining to the basement membrane of the epithelium and endothelium 

revealing it to be ideal for the application of FFPE tumour sections. Antigen 

retrieval by proteinase K for 5 minutes showed a weak signal whereas 20 min 

incubation was too long and staining was not specific to the BM. Tris-EDTA and 
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citrate buffer can also be eliminated due to poor detection. We chose proteinase 

K antigen retrieval for 10 min for the staining of 10% NBF fixed human MDA-

MB-231 HM xenograft breast tumour sections.   
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Figure 3.20 Immunohistochemical detection of LMα5 in formalin-fixed 

paraffin embedded human foreskin tissues 

Tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in 

paraffin. Antigen retrieval was performed by heat treatment with a pressure 

cooker in citrate buffer (pH 6.0 for 10 min) or Tris-EDTA (10 min) or by 

incubation with proteinase K (20 µg/mL) at 37⁰C for 5, 10 or 20 min. Proteinase 

K (20 μg/mL) at 10 min showed the best and most specific staining of human 

2F12 antibody (brown staining of basement membrane, red arrows). Other 

types of antigen revealed no staining or non-specific staining. Nuclei were 

counterstained with haemotoxylin (blue) Scale bar = 50 μm.  

 

Human MDA-MB-231 HM xenograft tumours were obtained from in vivo 

experiments described in previous sections of chapter3. Using incubation with 

proteinase K antigen retrieval at 5 min, 10 min or 20 min we observed staining 

consistent with Figure 3.20. Optimal staining patterns was observed with 

incubation for 10 min in proteinase K buffer (20 µg/mL) (Figure 3.21). In a 

tumour setting the basement membrane is usually discontinuous or absent and 

tumour cells begin to produce their own LM-511 protein which presents with 

widely distributed staining as seen in Figure 3.21. Although, incubation with 

proteinase K for 20 min produced positive LMα5 staining, it also showed non-

specific staining of adipose tissue on the tumour periphery (not shown in figure). 

In contrast incubation by proteinase K at 5 min showed weak staining compared 

to 10 min incubation (Figure 3.21). Therefore, we have chosen antigen retrieval 

by incubation with proteinase K for 10 min at 37ºC for IHC of FFPE tumours. 

Furthermore, we employed our modified protocol on human breast tumour 

samples.  
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Figure 3.21 Immunohistochemical detection of LMα5 in formalin-fixed 

paraffin embedded human MDA-MB-231 HM xenograft tumours 

Tissues were fixed in 10% neutral buffered formalin (NBF) or zinc-Tris (positive 

control: pos ctrll) and embedded in paraffin. Antigen retrieval was performed by 

incubation with proteinase K (20 µg/mL) at 37⁰C for 5, 10 or 20 min. Proteinase 

K (20 μg/mL) at 10 min showed the best and most specific staining of human 

2F12 antibody. Nuclei were counterstained with haemotoxylin (blue) Scale bar = 

50 μm.  

 

Using the modified protocol for FFPE tissue sections we observed LMα5 

positivity in two (P0968 and P06550) out of the five human breast cancer 

samples (Figure 3.22). Staining was confined to the cytoplasm and was widely 

distributed throughout the section. When examining the staining pattern in 

relation to molecular subtype we discovered that P0968 was a sample from a 

patient with basal-like/TN breast cancer and P06550 was a sample of bone 
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metastasis from a patient with a primary breast tumour of the TN subtype (Table 

3-3). The remaining samples were of other molecular subtypes shown in Table 

3-3. Here, we have provided the first FFPE staining of LMα5 utilising a modified 

antigen retrieval technique and our newly developed and characterised 2F12 

LMα5 antibody (Zamurs et al., 2013). In addition, our data is highly consistent 

and in accordance with previous work documenting LMα5 expression in highly 

aggressive TN breast tumours in other groups and our own, confirming the 

importance of LMα5 expression studies of breast tumours. 
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Figure 3.22 Immunohistochemical detection of LMα5 (2F12 antibody) in 

formalin fixed paraffin embedded human breast cancer samples 

Tissue slides were received as FFPE. Immunohistochemistry staining protocol 

was followed as described in chapter 2.6.3 with modification to antigen retrieval. 

Antigen retrieval was performed by incubation with proteinase K (20 μg/mL) for 

10 min on all samples at 37ºC. Tumour tissues were stained with LMα5 

antibody 2F12. Nuclei were counterstained with hematoxylin (blue). Scale bar= 

50 µm. 

 

Table 3-3 Molecular subtypes and LMα5 staining in human breast cancer 

Patient ID Molecular subtype LMα5 (2F12 ab) 

positivity 

P04005 Luminal A Very weak 

P07869 Luminal B Negative 

P0968 Basal-like/TN Highly positive 

P02525 HER2+ve Negative 

P06550 Basal-like/TN Highly positive 
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3.3 Discussion 

Initially, most studies investigating laminins in breast cancer have focused 

primarily on LM-111 and LM-332. It was only after its late discovery as the 

correct candidate for the 4C7 antibody that LM-511 gained significant interest in 

cancer progression (Tiger et al., 1997). It is now well known that LM-511 is the 

most abundant and widely distributed laminin isoform in normal tissues and 

tumours (Hallmann et al., 2005; Hewitt et al., 1997; Mӓӓtta et al., 2001). 

However, although the 4C7 antibody was proven to be a valid reagent for LM-

511 IHC studies, its application is limited due to the fact that it is used on frozen 

tissues, making it a poor reagent for archival FFPE tissue samples. In addition, 

there is strong evidence that supports the role of LMs and their receptors in 

cancer progression (Engbring & Kleinman, 2003; Givant-Horwitz, Davidson & 

Reich, 2005; Patarroyo, Tryggvason & Virtanen, 2002; Tagliabue et al., 1998). 

However, again, due to the lack of appropriate antibodies and availability of 

metastatic tumour samples from breast cancer patients, very few have reported 

changes in LM-511 expression during metastatic progression revealing a big 

gap in the literature (Hewitt et al., 1997; Mӓӓtta et al., 2001Fujita et al., 2005). 

Therefore, to address these issues, I started by using a prognostic analysis tool, 

which revealed a significant association between LMα5 (not LMα3) expression 

and poor clinical outcome in basal-like breast tumours (Figure 3.2). It is 

important to note that results that have been retrieved from BreatsMark are 

consistent with earlier studies from our laboratory showing that 4T1.2 and 

4T1.13 metastatic mouse models of TN breast cancer metastasis express the 

highest levels of LM-511 (Chia et al., 2007; Kusuma et al., 2011; Pouliot et al., 

2013).  

Furthermore, to investigate the expression and function of autocrine LM-511 

and integrin receptor β4 in breast cancer metastasis we used RNA interference 

to stably knockdown LMα5 or integrin β4 in well-characterised syngeneic and 

xenogeneic models of spontaneous and experimental breast cancer metastasis 

(Kusuma et al., 2011; Eckhardt et al., 2005; Lelekakis et al., 1999). To our 

knowledge our findings provide the first direct proof of LM-511 (not LM-332) and 

integrin specific associated breast cancer metastasis. Our studies demonstrated 
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the dramatic impact of LMα5 or β4 suppression on migration, invasion and 

colony formation in vitro and spontaneous and experimental metastasis in vivo.  

Stromal factors, such as ECM proteins, that are produced at metastatic sites 

are known to be involved in the regulation of organ-specific tropism, while, 

intrinsic properties of tumour cells allow them to respond appropriately to the 

signals coming from the metastatic microenvironment. It is through the 

cooperation of these signals that homing and growth occurs at metastatic sites 

(Dai, Haqq & Puzas, 2006; Dittmar et al., 2008; Nguyen, Bos & Massague, 

2009). We have previously shown, that bone conditioned medium cooperates 

with tumour LM-511 to enhance cell migration, invasion and survival of 4T1BM2 

cells and that these responses correlated with increased MMP-9 secretion and 

activation of ERK and AKT signalling pathways (Denoyer et al., 2014). 

Collectively, we can hypothesise that when we suppress LMα5 or β4 in our 

breast tumour cell lines, MMP-9 expression is also reduced and that this 

reduction may hinder the pathways involved with the regulation of organ specific 

tropism, highlighting the cooperative interactions of these components that may 

be responsible for bone metastasis. On the other hand, lung epithelium and 

endothelium express high levels of LM-511 (Spenle et al., 2013) which may be 

involved in attracting receptors like integrin β4 for tumour cell attachment and 

colonisation in the lung. However, tumour cells that lack LM-511 or integrin β4 

may not have a sufficient supply of attractive integrin receptors to the lung 

microenvironment and therefore impeding tumour cell dissemination and 

colonization, as we have shown in Figures 3.5, Figure 3.6, Figure 3.11, Figure 

3.13 and Figure 3.15.  

When LMα5 KD effects were investigated in MDA-MB-231 HM cells in 

immunocompromised mice, tumour onset and growth was significantly delayed 

(Figure 3.6 panel A). This significant difference was not demonstrated by the 

4T1BM2 mouse syngeneic model (Figure 3.5 panel A), identifying a possible 

relationship between LMα5 and components of the immune system in tumour 

formation. In addition, several LMα5 KD tumour bearing mice in Figure 3.6 did 

not present with any signs of illness or macro-or micro-metastases, again 

identifying a potential role of the immune system and LMα5 in breast cancer. 
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NSG mice bearing MDA-MB-231 HM LMα5 KD tumours were only sacrificed on 

the foundation of tumour growth size not signs of metastatic disease.  

It is well known that integrin β4 plays a crucial role in cell survival (Dowling et 

al., 1996; Weaver et al., 2002). Integrins attach externally to their ECM ligands 

and internally to the cytoskeleton or can mediate adhesion to other cells. This 

interaction is known as anchorage dependence and is required for cells in order 

to grow, function and divide. Consistent with this our results show the 

detrimental effects of integrin β4 downregulation on proliferation, invasion and 

colony formation in vitro and metastasis in vivo. Anoikis is a type of 

programmed cell death that is induced by anchorage-dependent cells detaching 

from the surrounding ECM. When cells are detached from the ECM, there is a 

loss of normal cell–matrix interactions, and they may undergo anoikis. We have 

shown that LM-511 and β4 may have a protective role in the circulation during 

the metastatic travel of tumour cells and therefore the loss of LM-511 and β4 

may cause a loss of normal cell-matrix interactions and induce anoikis in the 

circulation (Figure 3.17, Figure 3.18). We have also shown that treating LMα5 

KD and β4 KD cells with exogenous LM-511 rescues them from anoikis, 

additionally identifying its potential protective role.  

Recently, the use of CTCs as prognostic biomarkers has been promising 

however, the detection of CTCs is technically challenging due to phenotypic 

heterogeneity and their relatively small number or unpredictability of their 

presence in the circulation. Although, other biomarkers of breast cancer 

metastasis are under investigation, such as HER2, they are not expressed in all 

subtypes of breast cancer and therefore limited. Laminin has been detected in 

the serum of cancer patients and proposed as a specific biomarker of 

metastasis (Rosa & Parise, 2008; Saito & Kameoka, 2005), however, most 

antibodies used for the detection of serum laminin do not discriminate between 

the various laminin isoforms. Collectively, we have shown LM-511 is highly 

expressed in metastatic primary breast tumours and distant metastasis and that 

interactions with integrin β4 enhance aggressive behaviour and provide 

protection in the circulation. Interestingly, in our CTC study some mice (Figure 

3.7, Figure 3.12, Figure 3.13) in the LMα5 KD group did not reveal to have any 
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surviving or colony forming CTCs indicative of the potential role of LM-511 as a 

metastasis promoter and its protective role on CTCs in the circulation. 

Therefore, we propose that autocrine LM-511 has metastasis promoter effects 

in breast cancer progression and its role is not confined only to the primary 

tumour but in the survival of tumour cells in the circulation and in the steps 

involved in dissemination and colonization. In addition, we propose that our 

newly developed and characterised LM-511 specific antibody, 2F12, is ideal for 

the detection of LM-511 in the circulation which could be an ideal biomarker to 

identify patients with metastatic breast cancer.  

For years researchers have reported integrins in mammary gland development 

and their role in tumour progression (Lu et al., 2008; Weaver et al., 1997; 

Zawistowski et al., 2013) however, thus far a lot of the studies have involved 

IHC analysis on tissue sections showing only a correlation between expression 

and tumour aggressiveness or patient prognosis. Here we provide the first 

direct proof of LMα5 and β4 specific associations in a human and mouse 

models of TN breast cancer. Additionally, I show that co-expression of LM-511, 

not LM-332, and β4 are associated with metastatic breast cancer (Figure 3.18) 

identifying potential targets for the development of new and effective therapies 

in basal-like/TN breast cancer subtypes. It may be that through LM/integrin 

interactions tumour cells are switching to a more aggressive and metastatic 

phenotype and henceforth in its absence this switch is prevented and so is the 

consequent event of metastasis which we observed in our in vivo assays. In 

addition, we can utilise the 2F12 LMα5 antibody to conduct large IHC studies for 

the prognostic significance of LM-511 in archival tissues of human breast 

cancers and to develop and validate a new diagnostic tool for the detection of 

serum LM-511 and to test the prognostic and predictive value of serum LM-511 

in breast cancer patients and its association with specific subtypes of breast 

tumours.    

Our findings could provide further clinical evaluation of LM-511 or β4 as a 

biomarker or therapeutic target of treatment efficacy in advanced breast cancer 

patients undergoing novel therapies for metastatic disease. 
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4. Investigating the impact of LMα5 and integrin β4 down-regulation on 

epithelial to mesenchymal transition (EMT) of triple negative breast 

tumours 

4.1 Introduction 

Cancer metastasis requires malignant tumour cells to surmount a series of 

challenging barriers as they move from the primary tumour to secondary organs 

(Fidler, 2003; Sethi & Kang, 2011). During this process, tumour cells 

accumulate genetic and epigenetic changes and respond to microenvironmental 

cues causing a malignant subpopulation of cells to disseminate from the 

primary tumour, invade the basement membrane, evade immune surveillance in 

the systemic circulation and, spread to distant secondary sites. Disseminated 

tumour cells attach to capillary beds before extravasating into surrounding 

tissues, where they may colonize and survive in the new microenvironment 

becoming clinically detectable as a secondary tumour growth.  

One of the earliest steps in cancer metastasis requires tumour cells to gain the 

ability to invade into the surrounding extracellular space either as a group of 

cells or as single cells via cohesive migration or mesenchymal invasion 

respectively (Friedl & Alexander, 2011). Mammary epithelial cells are tightly 

connected to the neighbouring tumour cells via E-cadherin junctions. Tumour 

cells need to disrupt these intercellular junctions to move away from the 

epithelial tumour and invade the stromal microenvironment. There are 

extracellular cytokines, such as TGFβ, EGF, FGF or intracellular factors, like, 

oncogenic Ras or NFкB signalling that have been well documented to stimulate 

epithelial cells to undergo a process termed epithelial to mesenchymal transition 

which facilitates tumour cell invasion (Acloque et al., 2011; Kang & Massague, 

2004; Nieto, 2011; Thiery et al., 2009; Yang & Weinberg, 2008). EMT is a 

process where epithelial cells lose cell-cell contact and cell polarity due to the 

functional loss of E-cadherin and gain a mesenchymal phenotype with 

increased migratory and invasive traits. Mesenchymal cells acquire the 

expression of mesenchymal markers including N-cadherin and vimentin. EMT is 

fundamental in embryogenesis, which is then later only observed in specific 
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physiological or pathological conditions such as wound healing (Yang & 

Weinberg, 2008; Thiery et al., 2009; Nieto, 2011). However, during cancer 

progression tumour cells can reactivate the EMT program to facilitate their 

dissemination and colonisation of distant organs (Thompson & Williams, 2008).  

EMT is modulated by transcription factors such as, Snail, Slug, Twist, ZEB1, 

ZEB2 that have shown to play important parts in tumour invasion and 

metastasis (Mani et al., 2008). Transcription factor Slug is upregulated in 

several human cancers (Shih & Yang, 2011). It has also been reported to 

activate signalling networks that cause the disruption of E-cadherin cell-cell 

junctions and cell-ECM adhesions mediated by integrins resulting in tumour cell 

invasiveness and metastasis (Yang & Weinberg, 2008; Bachelder et al., 2005). 

Li and colleagues have shown that integrin β4 promotes EMT in hepatocellular 

carcinomas (HCC) via upregulation of transcription factor Slug (Li et al., 2017). 

In addition, another group showed that integrin β4 upregulation promoted EMT 

and proved to be a prognostic marker in pancreatic ductal adenocarcinomas 

(Masugi et al., 2015). Although, much has been documented on the role of LMs, 

integrins and EMT in breast cancer metastasis, none have identified LM-511 

and integrin β4 interactions in breast cancer specifically. Extensive studies on 

integrins and EMT have been performed on carcinomas of gastrointestinal 

origin. Recently, one group demonstrated that LM-332 with TGF-β1 induced 

EMT in HCC (Gianelli et al., 2005) and although, this may be the case for 

HCCs, we have shown that LM-322 does not have a significant role in breast 

cancer metastasis. Furthermore, it is well known that EMT is increased in basal-

like/TN cancers (Karihtala et al., 2013; Sarrio et al., 2008; Yu et al., 2013). In 

addition, MMPs have been documented to contribute to tumourigenesis and 

tumour progression through multiple mechanisms including EMT (Radisky & 

Radisky, 2010). We propose that LM-511 and integrin β4 regulate EMT/MET 

processes by altering cellular expression of EMT markers E-cadherin, N-

cadherin, vimentin and transcription factors SNAI1/2, TWIST, ZEB1 and ZEB2. 

Furthermore, we will investigate the role of MMP-9 and LM-511 induced EMT 

processes in mouse and human TN breast tumour cell lines.  
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The data described in the following results section was presented at The Lorne 

Cancer Conference 2014, 2015 and 2016 as a poster presentation and the 

EMBO/EMBL symposium: tumour microenvironment and signalling 2016, as a 

poster and oral presentation. Moreover, data described in section 4.2.4 was 

presented at the OzMRS conference 2014 as an oral presentation.  
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4.2 Results 

4.2.1 LMα5 KD and integrin β4 KD promote an epithelial morphology in 

vitro 

We used mouse 4T1BM2 and human MDA-MB-231 HM Ctrl or LMα5 KD or β4 

KD tumour cell lines to investigate their roles in EMT in basal-like/TN breast 

tumours. Interestingly, when LMα5 or β4 was downregulated we observed 

morphological changes suggestive of mesenchymal to epithelial transition 

(MET) in standard tissue culture flasks (Figure 4.1). In standard culture we 

found mouse and human control tumour cells to have morphological 

characteristics that resemble mesenchymal cells; elongated and spindle shaped 

cells that show loss of cell-cell contact. In contrast both LMα5 KD and β4 KD 

tumour cells presented with epithelial like traits where cells were organised into 

cobble-stone like epithelial sheets with tight cell contact with neighbouring 

tumour cells (Figure 4.1).  

 

 

Figure 4.1 Suppression of LMα5 and β4 induces morphological changes 

suggestive of mesenchymal to epithelial transition (MET) 
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Representative images of mouse 4T1BM2 and human MDA-MB-231 HM 

mammary carcinoma Ctrl or LMα5 KD or β4 KD cell lines in standard culture. 

Morphological differences were observed in LMα5 KD and β4 KD cells 

suggestive of a more epithelial-like phenotype. Scale bar= 50 µm. 

 

Following on from these observations we conducted a low cell density (100 

cells/well) colony forming assay to observe morphological differences in the way 

tumour cells expressing high or low levels of LMα5 or integrin α6β4 expression 

form colonies (Figure 4.2). We observed the same morphological differences in 

colony forming assays. Colonies formed by mouse and human control cells 

illustrated features described in the literature identifying mesenchymal cells to 

be single cells or groups of single cells moving away from the edge of colonies 

suggesting a more migratory phenotype (Figure 4.2). The dashed line indicates 

the colony front where mesenchymal like migratory cells have moved away from 

the colony. On the other hand, suppression of LMα5 or integrin β4 caused cells 

to adopt a more epithelial phenotype. Colonies formed by LMα5 KD or β4 KD 

cells show smooth colony fronts with tight cell-cell junctions revealing clear 

morphological differences in Ctrl and KD cells.  
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Figure 4.2 Colony forming assays in vitro show that the downregulation of 

LMα5 or integrin β4 promotes an epithelial phenotype 

Mouse 4T1BM2 or human MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD cells 

were seeded in 6-well plates (three replicates per plate) at a final cell density of 

100 cells/well in 4 mL α-MEM or DMEM medium supplemented with 10% FBS. 

Plates were incubated for 8 days at 37ºC. At experiment endpoint colonies (>50 

cells) were fixed with 4% para-formaldehyde and counted. Scale bar= 50 µm. 

 

4.2.2 LMα5 and integrin β4 regulate EMT in vitro 

To confirm our observations in standard tissue culture we went on to identify 

which components of EMT are regulated by LMα5 or β4. To study the effect of 

LMα5 KD or integrin β4 KD we used protein analysis to detect changes in EMT 

markers. Cell lysates were prepared from mouse and human Ctrl, LMα5 KD or 

integrin β4 KD tumour cells that were cultured on plastic or LM-511 pre-coated 

plates. Western blot analysis was performed for the detection of epithelial cell 
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marker E-cadherin and mesenchymal markers, N-cadherin, SNAI1/2, vimentin, 

TWIST, ZEB1 and ZEB2.  

 

 

Figure 4.3 LMα5 regulates the epithelial phenotype in mouse and human 

mammary tumour cell lines 

Forty μg of protein were loaded into each lane. Representative western blot of 

epithelial (E-cadherin) or mesenchymal (N-cadherin, SNAI1/2, vimentin, TWIST, 

ZEB1, ZEB2) marker expression in mouse 4T1BM2 and human MDA-MB-231 

HM cell lines (n=3). Control tumour cells demonstrate enhanced mesenchymal 

marker expression in comparison to LMα5 KD cells. LMα5 KD cells that were 

cultured on exogenous LM-511 regained mesenchymal properties.  
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Figure 4.4 Integrin β4 regulates the epithelial phenotype in mouse and      

human mammary tumour cell lines 

Forty μg of protein were loaded into each lane. Representative western blot of 

epithelial (E-cadherin) or mesenchymal (N-cadherin, SNAI1/2, vimentin, TWIST, 

ZEB1, ZEB2) marker expression in mouse 4T1BM2 and human MDA-MB-231 

HM cell lines (n=3). Control tumour cells demonstrate enhanced mesenchymal 

marker expression in comparison to integrin β4 KD cells. When integrin β4 KD 

cells were cultured on exogenous LM-511they resumed mesenchymal features.  

 

Protein analysis in vitro shows that LMα5 and integrin β4 expression correlate 

with mesenchymal phenotype making these cells more migratory and invasive 

as described in chapter 3 and as observed in colonies from figure 4.2. When 
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LMα5 or β4 expression is high, mouse and human Ctrl tumour cells have 

elevated expression of mesenchymal markers N-cadherin and vimentin and 

mesenchymal transcription factors SNAI1/2, TWIST, ZEB1 and ZEB2 in 

comparison to LMα5 or β4 KD cells. It is well known that transcription factors 

SNAI1/2, TWIST, ZEB1 and ZEB2 directly bind to the CDH1 promoter of 

epithelial cell marker E-cadherin and silence its expression (Blanco et al., 2002; 

Gregory et al., 2008; Peinado et al., 2007; Savagner et al., 1997; Thompson & 

Haviv, 2011; Wellner et al., 2009; Yang et al., 2004) thereby disrupting tight cell 

junctions. When LMα5 or β4 expression is reduced, E-cadherin is increased, 

and the expression of mesenchymal markers is decreased simultaneously 

therefore, giving these tumour cells an epithelial phenotype. We coated culture 

plates with exogenous LM-511 for 24 hours before seeding LMα5 KD or β4 KD 

tumour cells for a further 48 hours. Western blot analysis revealed that the 

addition of exogenous LM-511 coating reverted KD cells back to a 

mesenchymal phenotype, therefore, losing E-cadherin expression and regaining 

the expression of all mesenchymal markers as seen in lane 3 of western blots in 

Figure 4.3 and Figure 4.4. Thus, identifying LMα5 and β4 as key regulators of 

EMT. 

We proceeded to investigate epithelial and mesenchymal marker expression 

using immunofluorescence staining (Figure 4.5, Figure 4.6, Figure 4.7 and 

Figure 4.8). Mouse and human Ctrl or LMα5 KD or β4 KD cells were seeded (50 

cells/well) in chamber slides following colony forming assay protocol (chapter 

2.4.2). At experiment endpoint (day 8) chamber slides were fixed with 4% para-

formaldehyde and stained for epithelial or mesenchymal markers following the 

immunofluorescence protocol described in chapter 2.6.4. Three images were 

captured per well per cell line and repeated three times for each antibody (n=3). 

Immunofluorescence data provides us with a qualitative assessment of the link 

between LMα5 and integrin β4 with EMT. E-cadherins are calcium-dependent 

cell adhesion proteins that preferentially form homophilic interactions in 

adjoining cells. E-cadherin thus contributes to mechanisms regulating cell-cell 

adhesions, mobility and proliferation of epithelial cells. The loss of E-cadherin 

expression causes a disruption in tight cell junctions (demonstrated in Figure 
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4.2) and has been associated with increased tumour aggressiveness in several 

human cancers (Batlle et al., 2000). Here we found that when LMα5 and β4 is 

down-regulated the expression of E-cadherin is increased at the cell membrane 

of tumour cells promoting tight cell junctions and an epithelial phenotype (Figure 

4.5, Figure 4.6, Figure 4.7 and Figure 4.8). In addition, LMα5 KD and β4 KD 

tumour cells showed reduced SNAI1/2 expression (Figure 4.5, Figure 4.6, 

Figure 4.7 and Figure 4.8). The SNA1/2 antibody utilised in this investigation 

detects the zinc finger proteins Snail (SNAI1) and Slug (SNAI2). SNAI1/2 come 

from the family of transcription factors that promote repression of adhesion 

molecule E-cadherin to regulate EMT (Ganesan, Mallets & Gomez-

Cambrenero, 2016). Transcription factors bind to E-boxes of the E-cadherin 

gene promoter and repress it, which induces the tightly bound epithelial cells to 

break loose from each other and acquire a migratory phenotype (Ganesan, 

Mallets & Gomez-Cambrenero, 2016; Dhasarathy et al., 2011). Slug (SNAI2) 

staining is confined to the nucleus whereas Snail (SNAI1) is cytoplasmic and 

nuclear (Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8). Once 

phosphorylated Snail is exported to the cytoplasm where subsequent 

phosphorylation of the destruction motif and ubiquitination involving beta-

transducin repeat containing (BTRC) protein occurs (Ganesan, Mallets & 

Gomez-Cambrenero, 2016). More aggressive forms of breast cancer like the 

basal-like/TN breast cancers, have been shown to have high expression of 

Snail and Slug transcription factors. I found that the suppression of LMα5 and 

β4 mediated the loss of nuclear staining of Snail and Slug and significantly 

reduced cytoplasmic expression. On the other hand, this specific nuclear and 

cytoplasmic staining was enhanced in Ctrl tumour cells (Figure 4.5, Figure 4.6, 

Figure 4.7 and Figure 4.8).  

Vimentin is a type III intermediate filament protein and is the major cytoskeletal 

component of mesenchymal cells making it a prime marker for mesenchymal 

cells in EMT studies (Kidd, Shumaker & Ridge, 2014). Vimentin assists mainly 

in cell integrity and is crucial for supporting and anchoring the position of 

organelles in the cytosol. Mainly, vimentin staining is cytoplasmic and may have 

some nuclear staining which is evident in mouse and human control tumour 

cells. Vimentin staining is almost absent in KD tumour cells (Figure 4.5, Figure 
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4.6, Figure 4.7 and Figure 4.8). Another crucial transcription factor that 

participates in the EMT pathway is TWIST. The over-expression of TWIST has 

been identified in metastatic cancers (Cao et al., 2018). Furthermore, TWIST 

upregulates N-cadherin and downregulates E-cadherin acting as a 

transcriptional regulator in mesenchymal cells. We observed high expression of 

TWIST in mouse and human control cells localised to the nucleus. In contrast, 

TWIST expression was reduced in KD tumour cells (Figure 4.5, Figure 4.6, 

Figure 4.7 and Figure 4.8). To complete our study, we investigated the 

expression of transcriptional factors ZEB1 and ZEB2. ZEB1 represses the E-

cadherin promoter of cells and induces EMT by recruiting tumour suppressor 

SMARCA4/BRG1 and co-localise in the nucleus of E-cadherin negative cells 

(Korpal et al., 2018; Lehmann et al., 2016; Marquez-Vilendrer et al., 2016). 

Moreover, ZEB2 is a transcriptional inhibitor of E-cadherin binding to DNA 

sequence 5’-CACCT-3’ in different promoters (Korpal et al., 2018). Altogether 

ZEB1 and ZEB2 promote an aggressive mesenchymal phenotype. We show 

that ZEB1 and ZEB2 lose nuclear expression in mouse and human LMα5 KD 

and β4 KD cells while maintaining high nuclear expression in Ctrl tumour cells 

(Figure 4.5, Figure 4.6, Figure 4.7 and Figure 4.8). Altogether, our data provides 

clear evidence of the role of LMα5 and β4 in regulating EMT in mouse and 

human basal-like/TN mammary cancer cells.  
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Figure 4.5 Immunofluorescence staining of EMT markers in mouse 

4T1BM2 Ctrl and LMα5 KD cells 

Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, TWIST, 

ZEB1 and ZEB2 expression in 4T1BM2 Ctrl and LMα5 KD tumours. The 

suppression of LMα5 promotes the upregulation of epithelial marker E-cadherin 

and reduced expression of mesenchymal markers N-cadherin, SNAI1/2, 

vimentin, TWIST, ZEB1 and ZEB2. E-cadherin staining is enhanced and 
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confined to the cytoplasm. LMα5 KD cells lose nuclear expression of 

mesenchymal markers SNAI1/2, TWIST, ZEB1 and ZEB2 acquiring a more 

epithelial phenotype.  Scale bar= 50 µm. High power images are shown in right 

columns. 

 

 

Figure 4.6 Immunofluorescence staining of EMT markers in human MDA-

MB-231 HM Ctrl and LMα5 KD cells 
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Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in MDA-MB-231 HM Ctrl and LMα5 KD tumours. The 

suppression of LMα5 promotes the upregulation of epithelial marker E-cadherin 

and reduced expression of mesenchymal markers N-cadherin, SNAI1/2, 

vimentin, TWIST, ZEB1 and ZEB2. E-cadherin staining is confined to the 

cytoplasm which is decreased in ctrl cells. LMα5 KD cells lose nuclear 

expression of mesenchymal markers SNAI1/2, TWIST, ZEB1 and ZEB2 

acquiring a more epithelial phenotype. Scale bar= 50 µm. High power images 

are shown in right columns.  
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Figure 4.7 Immunofluorescence staining of EMT markers in mouse 

4T1BM2 Ctrl and β4 KD cells 

Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in 4T1BM2 Ctrl and β4 KD tumours. Integrin β4 regulates 

EMT. E-cadherin expression is reduced around the cell membrane of Ctrl cells. 

Ctrl cells are highly positive for mesenchymal markers N-cadherin, SNAI1/2, 
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vimentin, TWIST, ZEB1 and ZEB2 which are dramatically reduced in β4 KD 

cells. Scale bar= 50 µm. High power images are shown in right columns. 

 

 

Figure 4.8 Immunofluorescence staining of EMT markers in human MDA-

MB-231 HM Ctrl and β4 KD cells 
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Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in MDA-MB-231 HM Ctrl and β4 KD tumours. Integrin β4 

regulates EMT. E-cadherin expression is reduced around the cell membrane of 

Ctrl cells. Ctrl cells are highly positive for Mesenchymal markers N-cadherin, 

SNAI1/2, vimentin, TWIST, ZEB1 and ZEB2 which are dramatically reduced in 

β4 KD cells. Scale bar= 50 µm. High power images are shown in right columns. 

 

4.2.3 LMα5 and integrin β4 regulate EMT in vivo 

Thus far, our EMT marker analysis was confined to in vitro studies. To further 

validate our observations in vivo, we perform immunohistochemical analysis of 

EMT markers in tumours obtained from experiments described in chapter 3 

(4T1BM2 Ctrl, LMα5 KD or β4 KD or MDA-MB-231 HM LMα5 KD). In addition, 

to investigate the association between EMT and integrin β4 in human tumours 

we inoculated MDA-MB-231 HM Ctrl and β4 KD cells into the fourth mammary 

fat pad (1 x 105) of 5 female Balb/c. Mice were sacrificed and tumours removed 

at ~1.5 cm3 and placed in 10% NBF fixative at 4°C for 24 hours. Tumour tissues 

were transferred into 70% ethanol and paraffin embedded by the Peter 

MacCallum cancer Centre’s histology staff for sectioning. All tumour sections (4 

μm) were rehydrated and equilibrated in antigen retrieval buffer consisting of 

citrate buffer pH 6.0 before following IHC staining protocol described in chapter 

2.6 for epithelial cell marker, E-cadherin, and mesenchymal markers, N-

cadherin, SNAI1/2, vimentin, ZEB1, ZEB2.  

We found similarity in staining patterns between immunofluorescence (in vitro) 

and immunohistochemistry tumour sections in vivo. Ctrl tumours from 4T1BM2 

and MDA-MB-231 HM cells illustrated highly mesenchymal features, with 

increased cytoplasmic N-cadherin and decreased E-cadherin staining. SNAI1/2 

and Vimentin portrayed high nuclear membrane and cytoplasmic staining, 

respectively. In addition, ZEB1 and ZEB2 staining was confined to the nucleus 

of 4T1BM2 and MDA-MB-231 HM Ctrl tumour cells (Figure 49, Figure 4.10, 

Figure 4.11, Figure 4.12). In contrast, 4T1BM2 and MDA-MB-231 HM LMα5 KD 

and β4 KD tumours revealed increased cytoplasmic staining for epithelial cell 
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marker E-cadherin. Mesenchymal markers, SNAI1/2, vimentin, ZEB1 and ZEB2 

all exhibited reduced expression (Figure 49, Figure 4.10, Figure 4.11, Figure 

4.12).  

 

 

Figure 4.9 LMα5 is associated with EMT in mouse tumours in vivo 

Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in 4T1BM2 Ctrl and LMα5 KD tumours. The suppression 
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of LMα5 promotes the upregulation of epithelial marker E-cadherin and reduced 

expression of mesenchymal markers N-cadherin, SNAI1/2, vimentin, ZEB1 and 

ZEB2. E-cadherin expression is abundant and dispersed throughout LMα5 KD 

tumours whereas its expression in Ctrl tumours is scarce. Nuclear or cell 

membrane staining of mesenchymal markers is lost in LMα5 KD tumours in 

comparison to Ctrl tumours. Nuclei were counterstained with haematoxylin 

(blue). High power images are shown in insets. Three images were taken per 

tumour section from three separate tumours. Scale bar= 100 µm. High power 

images are shown in right columns. 
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Figure 4.10 LMα5 is associated with EMT in human tumours in vivo 

Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in MDA-MB-231 HM Ctrl and LMα5 KD tumours. The 

suppression of LMα5 promotes the upregulation of epithelial marker E-cadherin 

and reduced expression of mesenchymal markers N-cadherin, SNAI1/2, 

vimentin, ZEB1 and ZEB2. E-cadherin expression is abundant and dispersed 

throughout LMα5 KD tumours whereas its expression in Ctrl tumours is scarce. 

Nuclear or nuclear membrane staining of mesenchymal markers is lost in LMα5 
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KD tumours in comparison to Ctrl tumours. Nuclei were counterstained with 

haematoxylin (blue). High power images are shown in insets. Three images 

were taken per tumour section from three separate tumours. Scale bar= 100 

µm. High power images are shown in right columns. 

 

 

Figure 4.11 Integrin β4 is associated with EMT in mouse tumours in vivo 
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Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in 4T1BM2 Ctrl and β4 KD tumours. The suppression of 

β4 promotes the upregulation of epithelial marker E-cadherin and reduced 

expression of mesenchymal markers N-cadherin, SNAI1/2, vimentin, ZEB1 and 

ZEB2. E-cadherin expression is abundant and dispersed throughout β4 KD 

tumours whereas its expression in Ctrl tumours is scarce. Nuclear or nuclear 

membrane staining of mesenchymal markers is lost in β4 KD tumours in 

comparison to Ctrl tumours. Nuclei were counterstained with haematoxylin 

(blue). High power images are shown in insets. Three images were taken per 

tumour section from three separate tumours. Scale bar= 100 µm. High power 

images are shown in right columns.  
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Figure 4.12 Integrin β4 is associated with EMT in human tumours in vivo 

Representative images of E-cadherin, N-cadherin, SNAI1/2, vimentin, ZEB1 

and ZEB2 expression in MDA-MB-231 HM Ctrl and β4 KD tumours. The 

suppression of β4 promotes the upregulation of epithelial marker E-cadherin 

and reduced expression of mesenchymal markers N-cadherin, SNAI1/2, 

vimentin, ZEB1 and ZEB2. E-cadherin expression is abundant and dispersed 

throughout β4 KD tumours whereas its expression in Ctrl tumours is scarce. 
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Nuclear or nuclear membrane staining of mesenchymal markers is lost in β4 KD 

tumours in comparison to Ctrl tumours. Nuclei were counterstained with 

haemotoxylin (blue). High power images are shown in insets. Three images 

were taken per tumour section from three separate tumours. Scale bar= 100 

µm. High power images are shown in right columns.  

 

4.2.4 Intrinsic regulation of breast tumour invasive and metastatic 

phenotype by LM-511 and MMP-9-dependent modulation of epithelial to 

mesenchymal plasticity 

4.2.4.1 LM-511 and MMP-9 cooperate to promote a mesenchymal 

phenotype 

The role of MMP-9 in EMT during breast cancer progression is well documented 

(Radisky & Radisky, 2010). In addition, we have demonstrated elevated MMP-9 

levels in our 4T1BM2 mammary tumour lines compared to non- or weakly 

metastatic mammary tumours. Elevated MMP-9 expression is correlated with an 

aggressive phenotype showing increased mesenchymal traits in vivo (Tester et 

al., 2000) and their expression promotes migration on ECM substrates in vitro 

(Sloan et al., 2006). Furthermore, studies from our laboratory have shown that 

MMP-9 transcript and protein levels increase significantly (3- fold increase) 

when 4T1.2 cells were seeded on LM-511 substrate compared to plastic (Figure 

4.13) (Kusuma et al., 2011). Inhibition of LM-511 by LMα5 peptides (A5G27) 

inhibited LM-511 induced MMP-9 secretion by 73% compared to cells seeded 

on LM-511 alone in vitro (Kusuma et al., 2011). This led us to ask whether 

MMP-9 and LM-511 interactions can cooperate to induce a more mesenchymal 

phenotype. We propose that MMP-9 may proteolytically cleave LM-511 to 

induce a more mesenchymal phenotype.  
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Work produced by Nicole Kusuma (Kusuma et al., 2011) (Peter MacCallum 

Cancer Centre, Melbourne, Australia) 

Figure 4.13 LM-511 enhances MMP-9 expression 

4T1.2 cells (1 x 106) were seeded on plastic or LM-511 coated 24-well plates. 

Supernatants were collected after 24 hours and processed for gelatin 

zymography (A) and quantitation of MMP-9 protein levels (B). Real time RT-

qPCR analysis of MMP-9 mRNA calculated relative to that of GAPDH (C).  

 

To date, direct proteolytic cleavage of LM-511 by MMP-9 in breast cancers has 

not yet been described. However, studies have reported that exogenous MMP-9 

degrades LM in the extracellular matrix (rich in LM-511) of mouse brain 

promoting neuron cell apoptosis (Gu et al., 2005). These studies have shown 

that degradation of LM reveals a 51 kDa fragment in brain lysates. Other 

studies have shown MT1-MMP to cleave LM-511 and promote prostate cancer 

cell migration (Bair et al., 2005). However, cell variants (4T1.2 or 4T1BM2) we 

use in our investigations do not express MT1-MMP (Tester et al., 2000) but 

express abundant amounts of MMP-9 (Denoyer et al., 2014; Kusuma et al., 

2011). To address this hypothesis, we treated LM-511 (10 µg) substrate directly 

with activated or non-activated recombinant human MMP-9 for 24 hours at 37°C 

in a cell free system as described in chapter 2.3.6. Reaction mixes were loaded 

onto gradient gels revealing several LM-511 fragments. Interestingly, Figure 

4.14, panel A, lane 2 revealed a large fragment at approximately 200 kDa 

known to be the approximate size of the LMα5 G domain of LM-511 (Miyazaki 
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et al., 2012). To confirm our speculations, we performed western blot analysis 

of different reaction mix combinations (± rec.MMP-9) and stained the 

immunoblot with LMα5 antibody (2F12) (Figure 4.14, panel B). The immunoblot 

revealed a fragment at 200 kDa generated in the presence of activated 

recombinant MMP-9. This strongly indicates that the 200 kDa fragment is from 

the LMα5 chain, most likely from the C-terminal-G domain where most of the 

integrin-binding sites are located (Splenle et al., 2013). 

 

 

Figure 4.14 Proteolytic cleavage of LM-511 releases a 200 kDa fragment 

(A) 10 µg of LM-511 substrate that was treated with non-activated MMP-9 or 

activated MMP-9 under non-reducing or reducing conditions was loaded onto 

gradient gel. Several fragments were produced by proteolytic cleavage of MMP-

9. (B) 10 µg of LM-511 substrate treated with non-activated or activated MMP-9 

under non-reducing conditions was loaded onto gels. Membranes were stained 
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with LMα5 antibody (2F12) to reveal a 200 kDa fragment. (C) Proposed 

fragment of the LMα5 chain known as the globular (G) domain. 

 

To examine whether LM-511 proteolytic cleavage via MMP-9 may also occur in 

a tumour setting we moved on to investigate the ability of cell-derived MMP-9 to 

cleave LM-511 substrate in vitro (Figure 4.15 panel A). First, we coated culture 

dishes with LM-511 for 24 hours at 4°C. MMP-9 expressing 4T1.2 Ctrl or MMP-

9 KD tumour cells were seeded on LM-511 coated culture dishes for a further 

24 hours at 4°C. The aim of this step is to allow for LM-511 cleavage by cell 

derived MMP-9 in 4T1.2 Ctrl cells or MMP-9 KD cells. After 24 hours 4T1.2 Ctrl 

or MMP-9 KD tumour cells were detached and discarded. Lastly, 4T1BM2 Ctrl 

or LMα5 KD tumour cells were seeded on plastic or un-processed LM-511 (by 

4T1.2 MMP-9 KD cells) or proteolytically processed LM-511 (by 4T1.2 Ctrl cells) 

for 48 hour incubation. Cell lysates from 4T1BM2 Ctrl or LMα5 KD cells from 

various culture conditions were collected and prepared for western blot analysis 

(Figure 4.15 panel B).  

As previously described, 4T1.2 (Tester et al., 2000) and 4T1BM2 breast cancer 

cell variants express high levels of MMP-9. We have shown in chapter 3, Figure 

3.10 that MMP-9 expression is significantly reduced in the absence of LMα5 or 

integrin β4. We used 4T1.2 Ctrl (wildtype) or 4T1.2 MMP-9 KD cell lines to 

determine whether coated LM-511 was subject to processing by cell-derived 

MMP-9. When 4T1BM2 LMα5 KD cells are cultured on cleaved LM-511 it 

promotes a decrease in epithelial cell marker E-cadherin in comparison to 

4T1BM2 LMα5 KD cells cultured on plastic (Figure 4.15 panel B, panel C). We 

found that LM-511 proteolytically processed by MMP-9 expressing 4T1.2 cells 

induces a more complete EMT than un-processed LM-511 substrate 

demonstrated in western blot of Figure 4.15 panel B. We used the 4T1.2 MMP-

9 KD cells to verify that processing of LM-511 is MMP-9 specific which is shown 

in lane five of panel B in Figure 4.15. Overall, our data indicate that cell derived 

MMP-9 processes LM-511 substrate to enhance the mesenchymal phenotype.  
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Figure 4.15 Processing of LM-511 by cell-derived MMP-9 enhances EMT 

(A) Mouse 4T1.2 Ctrl or MMP-9 KD cells were cultured on plates pre-coated 

with LM-511 for 24 hours. After detachment of cells, 4T1BM2 Ctrl or LMα5 KD 

cells were seeded and cultured on various conditions: plastic or un-processed 

LM-511 or LM-511 substrate processed by 4T1.2 Ctrl or MMP-9 KD cells. After 

48 hours cell lysates were collected for western bot analysis. (B) E-cadherin 

expression was highest in LMα5 KD tumour cells seeded on plastic which was 

reversed with the addition of LM-511 substrate. Processing of LM-511 substrate 

by 4T1.2 Ctrl MMP-9 expressing cells promotes further EMT and significant 

reduction in E-cadherin expression. E-cadherin levels are not affected by 

processing of LM-511 by 4T1.2 MMP-9 KD tumour cells. (C) Quantitation of 

epithelial cell marker, E-cadherin levels relative to GAPDH by densitometry 

analysis of the bands on immunoblots. (Image for Figure 4.15 panel A was 

prepared by Dr Normand Pouliot, Peter MacCallum Cancer Centre).  
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To further strengthen and confirm our findings, we pursued our studies using 

recombinant human MMP-9. Preparation of recombinant MMP-9 involved 

preparing reactions mixes with or without p-aminophenylmercuric acetate 

(APMA) activation. We prepared two reaction mixes. The first reaction mix 

consisted of LM-511 (24 µg/mL) treated with APMA activated (1 mM) 

recombinant MMP-9 (400 ng/mL) in assay buffer with a total volume of 250 µl 

per experiment. The second mix contained non-APMA activated MMP-9 (400 

ng/mL, inactive MMP-9 control) and LM-511 (24 µg/mL) in assay buffer (250 µl 

total). Both reactions mixes were incubated for 24 hours at 37°C. Each reaction 

mix was aliquoted onto culture dishes for overnight coating at 4°C. 4T1BM2 Ctrl 

or LMα5 KD were seeded and cultured for 48 hours before collection for 

western blot analysis. Proteolytic cleavage of LM-511 with APMA activated 

recombinant human MMP-9 enhanced EMT in 4T1BM2 LMα5 KD cells (Figure 

4.16 panel B) that normally portray an epithelial phenotype as described in 

chapter 4.2.1. When MMP-9 proteolytically cleaved LM-511 it promoted 

enhanced N-cadherin expression and reduced E-cadherin expression 

compared to un-cleaved LM-511. 4T1BM2 LMα5 KD cells become more 

mesenchymal in the presence of proteolytically cleaved LM-511.  

We have shown cell-derived MMP-9 to enhance mesenchymal characteristics 

of 4T1BM2 LMα5 KD cells which usually show epithelial features. We believe 

this is through proteolytic cleavage which provides a biologically functional 

fragment of the LM-511 substrate. Altogether, we have provided strong 

evidence of the association between LMα5 and integrin β4 in EMT processes 

and that these processes are enhanced by MMP-9 proteolytic processing of 

LM-511.  
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Figure 4.16 Proteolytic cleavage of LM-511 by MMP-9 enhances EMT 

Reaction mix 1 consists of LM-511substrate (24 µg/mL) and APMA activated (1 

mM) recombinant human MMP-9 (400 ng/mL) in2 50 µl of assay buffer. 

Reaction mix 2 contains non-APMA activated MMP-9 (400 ng/mL) and LM-511 

(24 µg/mL) in 250 µl of assay buffer. Both reactions mixes were incubated for 

24 hours at 37°C. Each reaction mix (1: Cleaved LM-511 or 2: intact LM-511) 

was aliquoted onto culture dishes for overnight coating at 4°C. 4T1BM2 LMα5 

KD cells were seeded and cultured for 48 hours before collection for western 

blot analysis. Quantitation of EMT cell markers, E-cadherin and N-cadherin 

levels relative to GAPDH by densitometry analysis of the bands on immunoblots 

(n=1). 
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4.3 Discussion 

The basement membrane is necessary for the maintenance of epithelial cell 

phenotype (Chen et al., 2013) thus, acting as a critical regulator of EMT for 

mammary epithelial cells. In addition, the contribution of EMT to tumour 

aggressiveness in high grade breast tumours has been well documented 

(Giordano et al., 2013; Giuliano et al., 2014; Cheng et al., 2014) and more 

recently, integrin β4 has been identified as an inducer of cell growth and 

invasiveness promoting EMT in several cancers (Li et al., 2017; Masugi et al., 

2015; Bierie et al., 2016). However, to our knowledge the role of LM-511 and 

integrin β4 in EMT in aggressive type TN breast tumours has not been 

established. Here, we show that LMα5 and integrin β4 regulate EMT in mouse 

and human mammary tumours in vitro and in vivo promoting tumour 

invasiveness.  

When LMα5 and integrin β4 are stably downregulated mammary tumour cells 

acquire an epithelial phenotype. These observations were verified through 

protein analysis experiments. Interestingly, we observed nuclear translocation 

of transcription factors SNA1/2, TWIST, ZEB1 and ZEB2 under LMα5 KD or β4 

KD conditions. Transcription factors repress the transcription of E-cadherin by 

binding to E-box promoters or DNA sequences on different promoters, 

therefore, their function relies entirely on nuclear localisation. However nuclear 

localisation of these transcription factors is lost when LMα5 and β4 are 

downregulated therefore transcription factor-low or negative breast cancer 

tumour cells express high levels of E-cadherin promoting epithelial features 

known to be linked to less-aggressive forms of breast tumours. Additionally, our 

studies revealed that LMα5 and β4 strongly inhibited vimentin (Karihtala et al., 

2013) and N-cadherin (Qian et al., 2014) expression, which are other significant 

markers up-regulated in EMT pathways involved in aggressive breast tumours.  

Interestingly, exogenous LM-511 has an effect and rescues the mesenchymal 

phenotype in integrin β4 KD cells even when the receptor is not there or at very 

low levels (Figure 4.3 and Figure 4.4). This would suggest that the pro-EMT 

effects of LM-511 are mediated by another receptor. These results are 
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analogous to the anoikis assay (Chapter 3 Figure 3.17 and 3.18) where 

exogenous LM-511 partially rescues the effect of β4 KD cells.  

Furthermore, studies have proven the tumorigenic effects of MMPs in human 

cancers and that its expression contributes to EMT (Bai et al., 2017; Mehner et 

al., 2014). Mehner and colleagues reported that tumour derived MMP-9 drives 

malignant progression and metastasis in TN breast cancers (Mehner et al., 

2014). Earlier work in our laboratory identified LM-511 substrate to induce 

elevated levels of MMP-9 in vitro and more recently we have shown here in 

chapter 3 that the suppression of LMα5 and β4 cause a down-regulation of 

MMP-9 expression in mouse and human cell lines. LMα5 KD induces a gain of 

E-cadherin and a loss of N-cadherin and is rescued by exogenous LM-511. 

However, we observed a more potent rescue of the mesenchymal phenotype in 

4T1BM2 LMα5 KD cells seeded on processed LM-511. Proteolytic cleavage of 

LM-511 by MMP-9 produces a 200 kDa fragment which may be the biologically 

active fragment contributing to enhanced EMT characteristics. MMPs assist in 

the movement of cells or groups of cells through the ECM via proteolysis 

(Egeblad & Werb, 2002; Page-McCaw, Ewald & Werb,2007). During 

proteolysis, MMPs may cleave ECM components which unmasks cryptic sites, 

generating fragments with new biological activities (Egeblad & Werb, 2002; 

Page-McCaw, Ewald & Werb,2007). Collectively, we propose that LM-511 

cleavage by tumour derived MMP-9 reveals a fragment with enhanced 

biological activities, modulating migration, growth, invasiveness and EMT. 

However, to verify these conclusions, firstly research involving mass 

spectrometry is required. Mass spectrometry will identify masses of particles 

and the elemental composition of our cleaved sample as well as elucidating the 

chemical structure of peptides. We may use mass spectrometry to also identify 

other fragments that were produced by MMP-9 proteolytic cleavage (Figure 

4.14, thereby illustrating a complete story of a new mechanism between LM-511 

and MMP-9 promoting EMT.   

We propose that promotion of a complete EMT and invasive phenotype by LM-

511 may require an amplification loop whereby attachment to LM-511 induces 

protease (MMP-9) expression (Gu et al., 2002; Kusuma et al., 2011) and 

proteolytic processing of LM-511 (Bair et al., 2005). Identifying changes in EMT 
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markers may uncover new molecules or pathways that could be targeted to 

block LM-511-dependent metastasis.  

Altogether, we have provided in vitro and in vivo protein expression analyses to 

verify the association between LMα5 and β4 with EMT. LMα5 and β4 

expression is associated with a mesenchymal phenotype shown by their 

mesenchymal morphology and high expression of mesenchymal proteins and 

transcription factors, N-cadherin, vimentin, SNA1/2, ZEB1 and ZEB2 and 

dramatic decrease of epithelial cell marker E-cadherin. If we relate these 

findings to our previous studies in chapter 3 we can hypothesise that the 

downregulation of LMα5 and β4 causes a reduction of EMT proteins and 

transcription factors whereby migratory and invasive mechanism are 

suppressed and subsequent metastasis.
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5. Efficacy of a LM-511 receptor-targeting disintegrin (lebein-1) alone or in 

combination with current therapies 

5.1 Introduction 

The poor prognosis of TN breast cancer patients and their high relapse rates 

emphasises a definite need for effective systemic therapies for this disease. 

Chemotherapy is the first-line of treatment, as hormonal or HER2-directed-

therapies are not effective for these patients. Chemotherapy provides benefits 

for patients with this subtype of breast cancer because of its rapid proliferation 

rate and defects in DNA repair (Berry et al., 2006; Rouzier et al., 2005). Studies 

indicate that TN breast cancers respond well to anthracycline or anthracycline 

and taxane based chemotherapy (Rouzier et al., 2005; Carey et al., 2007). 

However, despite high response rates, patients often develop chemoresistance 

leading to relapse (Carey et al., 2007).  

Several studies have shown that reciprocity between tumour cells and the 

surrounding extracellular matrix influences the response of tumour cells to 

microenvironmental cues and contributes to the acquisition of chemoresistance 

(Chometon et al., 2009; Nistico et al., 2014; Zutter et al., 2007). Earlier work 

from our laboratory (Chia et al., 2007; Kusuma et al., 2012; Pouliot et al., 2012) 

and work presented in this thesis have identified LM-511 and LM-511 receptor 

β4 as important regulators of breast cancer metastasis in TN breast tumours. In 

addition, LM-511 receptors, have been reported to be involved in modulating 

drug resistance in many cancer types, including breast cancer (Nistico et al., 

2014; Weaver et al., 2002). Therefore, targeting these interactions may restore 

chemosensitivity and provide new insights for the development of more effective 

therapies. Disintegrins from the Vipera Lebetina venom have demonstrated 

anti-metastatic activities in experimental colon cancer liver metastases 

(Rosenow et al., 2008). Some snake venom disintegrins contain RGD domains 

which is formed by three amino acids (arginine-glycine-aspartate) which they 

use to bind to integrins (Rosenow et al., 2008). RGD-dependent integrins in 

cancer have already been addressed using various snake-venom derived RGD 

containing disintegrins (Eble & Haier, 2006). Snake venom contains a vast array 
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of pharmacologically active molecules that have demonstrated anti-angiogenic, 

anti-metastatic, anti-proliferative and anti-apoptotic properties in vitro and in pre-

clinical models in vivo (Eble & Haier, 2006; Rosenow et al., 2008). Many 

disintegrins are natural antagonist molecules that interfere with the interactions 

of tumour cells and the surrounding extracellular matrix however, none have 

been translated in the clinic.  

Additionally, the identification of a disintegrin Lebein-1 shows that integrin 

interactions with their respective LM isoforms in an RGD-independent manner 

can be blocked (Eble, Bruckner & Mayer, 2003). Lebein-1 is a unique low 

molecular weight protein that has selectivity towards laminin-type integrin 

receptors, especially β1-type laminin-binding integrins. (Eble, Bruckner & 

Mayer, 2003; Kusuma et al., 2012). More recently, others have showed that 

Lebein-1 may also target other receptors such as α5β1 in other cell types 

(Zakraoui et al., 2016). We propose that by using Lebein-1 as a LM-511/integrin 

receptor inhibitor we may be able to enhance the responsiveness of highly 

metastatic TN breast tumours to current therapies and provide new avenues for 

the development of therapies targeting tumour-LM-511-integrin interactions. 

The data described in Chapter 5 was presented at the Lorne Cancer 

Conference 2015 and 2016 as a poster presentation and at the EMBO/EMBL 

symposium: tumour microenvironment and signalling 2016, as a poster and oral 

presentation.  
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5.2 Results 

5.2.1 LM-α5 and integrin β4 receptor knockdown enhance sensitivity to 

chemotherapeutic agents in vitro 

Despite the effectiveness of doxorubicin and paclitaxel as chemotherapeutic 

agents for the treatment of TN breast cancer, toxicity or the development of 

chemoresistance limits their efficacy. Studies using the human MDA-MB-231 

and mouse 4T1 TN breast cancer models have reported resistance to the 

apoptotic and antiproliferative effects of paclitaxel and doxorubicin (Bao et al., 

2011; Lovitt et al., 2018; Smith et al., 2006). In addition, LM-511-binding integrin 

receptors, β4 (Weaver et al., 2002), β1 (Yang et al., 2010) have been 

documented to play a role in chemoresistance. Here we will use a LMα5 and 

receptor (α6β4) knockdown approach to validate the role of LM511 and integrin 

α6β4 as important modulators of chemosensitivity.  

The effect of doxorubicin and paclitaxel on cell proliferation was first 

investigated in a standard colorimetric sulforhodamine B (SRB) assay. 4T1BM2 

or MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD cells were treated with 

increasing concentration of doxorubicin (0.0- 0.5 µM) or paclitaxel (0.0- 0.25 

µM) and cell proliferation was measured after three days. IC50 values were 

calculated for each chemotherapeutic drug in each cell line (Table 5-1). 

4T1BM2 and MDA-MB-231HM LMα5 KD and β4 KD cells showed greater 

sensitivity to doxorubicin or paclitaxel compared to 4T1BM2 and MDA-MB-231 

HM Ctrl cells (Figure 5.1 and Figure 5.2). 4T1BM2 LMα5 KD and β4 KD cells 

showed high potency towards doxorubicin with IC50 values of 0.023 µM and 

0.010 µM respectively.  Similarly, MDA-MB-231 HM LMα5 KD and β4 KD cells 

revealed high sensitivity towards doxorubicin with IC50 values of 0.018 µM and 

0.015 µM respectively. Additionally, even higher potency was observed in 

paclitaxel treated cells. 4T1BM2 LMα5 KD and β4 KD cells had IC50 values of 

0.01 µM and 0.009 µM, respectively while MDA-MB-231 HM LMα5 KD and β4 

KD cells had IC50 values of 0.01 µM and 0.009 µM, respectively. By comparison 

IC50 values for 4T1BM2 and MD-MB-231 HM Ctrl cells were greater than 

0.05µM (Figure 5.1, Figure 5.2 and Table 5-1). 
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Figure 5.1 LMα5 KD and β4 KD increases the sensitivity of 4T1BM2 cells 

to Doxorubicin and Paclitaxel 

Mouse 4T1BM2 Ctrl or LMα5 KD or β4 KD (1 x 103/well) cells were treated with 

doxorubicin (A) or paclitaxel (B) for 72 hours at 37°C. Proliferation was 

measured by colorimetric sulforhodamine B (SRB) assay. Data show a 

representative experiment (n=3) and expressed as means ± SD of seven 

replicate wells per time point.    
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Figure 5.2 LMα5 KD and β4 KD increases the sensitivity of MDA-MB-231 

HM cells to Doxorubicin and Paclitaxel 

MDA MB 231 HM Ctrl or LMα5 KD or β4 KD (1 x 103/well) cells were seeded in 

96-well plates and treated with doxorubicin (A) or paclitaxel (B) for 72 hours at 

37°C. Proliferation was measured by colorimetric sulforhodamine B (SRB) 

assay. Data show a representative experiment (n=3) and expressed as means 

± SD of seven replicate wells per time point.   

 

Table 5.1. IC50 of Doxorubicin and Paclitaxel in 4T1BM2 and MDA-MB-231 

HM cells. 

     

4T1BM2      

Doxorubicin Ctrl LMα5KD Ctrl Β4KD 

 0.057 µM 0.023 µM 0.055 µM 0.015 µM 

Paclitaxel Ctrl LMα5KD Ctrl Β4KD 

 0.052 µM 0.01 µM 0.053 µM 0.009 µM 

MDA-MB-231 HM     

Doxorubicin Ctrl LMα5KD Ctrl Β4KD 

 0.054 µM 0.018 µM 0.055 µM 0.015 µM 

Paclitaxel Ctrl LMα5KD Ctrl Β4KD 

 0.055 µM 0.010 µM 0.055 µM 0.009 µM 

IC50, concentration required for 50% inhibition of proliferation. 

 

5.2.2 Lebein-1 enhances the responsiveness of breast cancer cells to 

chemotherapeutic agents 

Lebein-1 is a snake venom disintegrin we obtained from Professor Johannes 

Eble (Muenster University, Germany), an international collaborator of Dr. 

Normand Pouliot (Peter MacCallum Cancer Centre, Melbourne). Lebein-1 has 

been reported to have high selectivity towards LM-type integrins, inhibiting 

α3β1, α6β1 and α7β1 integrins but not collagen receptors α1β1 and α2β1 (Eble, 

Bruckner & Mayer, 2003; Kusuma et al., 2012; McLane et al., 2004). It is well 
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known that α7β1 integrins are LM receptors on the surface of skeletal 

myoblasts and myofibers (Burkin & Kaufman, 1999), which eliminates the 

possibility of Lebein-1 targeting LM-511/α7β1 interactions in 4T1BM2 or MDA-

MB-231 HM cells. In addition, we have shown that 4T1BM2 cells (Figure 3.8 

panel A) and MDA-MB-231 HM cells (Figure 3.8 panel B and Figure 3.9) 

express integrin α3 and β1 receptors. Moreover, work from our laboratory has 

shown inhibitory effects of Lebein-1 on 4T1BM2 and MDA-MB-231 migration 

and invasion towards LM-511 coated on the underside of porous membranes in 

Transwell assays (Kusuma et al., 2011) and revealed a role for α3 integrins in 

regulating migration on LM-511 (Chia et al., 2007). Collectively, our work 

identifies LM-511/integrin-α3 interactions as the predominant target for Lebein-

1.  

Thus far, Lebein-1 selectivity and inhibitory function towards integrin α6β4 is 

unknown, however we have included the 4T1BM2 and MDA-MB-231 HM 

integrin β4 receptor KD cell line in this study to investigate whether Lebein-1 will 

have further inhibitory impact on these cells and subsequent sensitivity to 

chemotherapeutic agents since these cells still express some α3 and β1 

receptors as per Figure 3.8 panel B and Figure 3.9. We investigated the effect 

of Lebein-1 alone on cell proliferation in standard colorimetric sulforhodamine B 

(SRB) assays. 4T1BM2 Ctrl versus LMα5 KD or β4 KD or MDA-MB-231 HM Ctrl 

or LMα5 KD or β4 KD cells were treated with increasing concentrations of 

Lebein-1 and cell proliferation was measured after three days. IC50 values were 

calculated for Lebein-1 in each cell line (figure 5.3). We observed high potency 

of cell death in 4T1BM2 LMα5 KD and β4 KD cells with values of 0.0004 µM 

and 0.00035 µM, respectively. MDA-MB-231 HM cell treated with Lebein-1 had 

IC50 values of 0.0004 µM and 0.00025 µM, respectively. Additionally, Ctrl cells 

had IC50 values of 0.0025 µM in 4T1BM2 cells and 0.004 µM in MDA-MB-231 

HM cells.  
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Figure 5.3 Lebein-1 is a potent inhibitor of breast cancer cell proliferation 

Mouse 4T1BM2 or human MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD (1 x 

103/well) cells were treated with Lebein for 72 hours at 37°C. Proliferation was 

measured by colorimetric sulforhodamine B (SRB) assay. Data show a 

representative experiment (n=3) and expressed as means ± SD of seven 

replicate wells per time point.   

 

The cytotoxic effects of doxorubicin or paclitaxel were further evaluated in 

combination therapies with Lebein-1. We propose that if we can inhibit 

LM/integrin interactions with Lebein-1 then this might enhance the sensitivity of 

4T1BM2 and MDA-MB-231 HM cells to chemotherapeutic agents doxorubicin 

and paclitaxel. 4T1BM2 Ctrl versus LMα5 KD or β4 KD and MDA-MB-231 HM 

Ctrl versus LMα5 KD or β4 KD cells were seeded across 96-well plates and 

allowed to adhere during a 7 hour incubation at 37°C prior to combination 

treatment. Cells were treated with increasing concentrations of doxorubicin or 

paclitaxel in combination with Lebein-1. Lebein-1 IC50 values were obtained 

from proliferation assays as per Figure 5.3. These values were used for 

combination therapy with doxorubicin or paclitaxel. Cell proliferation was 

measured after 3 days and IC50 values were calculated for doxorubicin and 

Lebein-1 or paclitaxel and Lebein-1 in each cell line (Figure 5.4, Table 5-2). 

Interestingly, combination treatment with Lebein-1 significantly inhibited 
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proliferation in 4T1BM2 and MDA-MB-231 HM Ctrl cells compared to 

chemotherapy alone (Table 5-3). Lebein-1 activity showed slight 

chemosensitivity to doxorubicin in 4T1BM2 and MDA-MB-231 HM LMα5 KD 

and β4 KD cells compared to chemotherapy alone. However, Lebein-1 did not 

significantly impact chemosensitivity to paclitaxel in 4T1BM2 and MDA-MB-231 

HM LMα5 KD and β4 KD cells (Table 5-3). Our results show Lebein-1 to be a 

potent inhibitor of LM/integrin interactions in the parental line and by doing so it 

significantly enhances sensitivity of 4T1BM2 and MDA-MB-231 HM cells to 

doxorubicin and paclitaxel (Figure 5.4, Table 5-3).  

 

 

Figure 5.4 Lebein-1 increases the sensitivity of 4T1BM2 and MDA-MB-231 

HM cells to Doxorubicin and Paclitaxel 

Mouse 4T1BM2 (A) or human MDA-MB-231 HM (B) Ctrl or LMα5 KD or β4 KD 

(1 x 103/well) cells were seeded in 96-well plates prior Doxorubicin and Lebein 

or Paclitaxel and Lebein treatment for 72 hours at 37°C. Proliferation was 

measured by colorimetric sulforhodamine B (SRB) assay. Data show a 

representative experiment (n=4) and expressed as means ± SD of seven 

replicate wells per time point.   
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Table 5-2. IC50 of combination therapy (Doxorubicin and Lebein or 

Paclitaxel and Lebein) in 4T1BM2 and MDA-MB-231 HM cells. 

4T1BM2 IC50 MDA-MB-231 HM IC50 

Ctrl + Dox + Lebein 

(0.0025 µm) 

0.011 µM Ctrl + Dox + Lebein 

(0.004 µm) 

0.011 µM 

Ctrl + Pac + Lebein 

(0.0025 µm) 

0.01 µM Ctrl + Pac + Lebein 

(0.004 µm) 

0.01 µM 

LMα5 + Dox + Lebein 

(0.0004 µm) 

0.011 µM LMα5 + Dox + 

Lebein (0.0004 µm) 

0.012 µM 

LMα5 + Pac + Lebein 

(0.0004 µm) 

0.009 µM LMα5 + Pac + 

Lebein (0.0004 µm) 

0.009 µM 

β4 + Dox + Lebein 

(0.00035 µm) 

0.011 µM β4 + Dox + Lebein 

(0.00025 µm) 

0.011 µM 

β4 + Pac + Lebein 

(0.00035 µm) 

0.008 µM β4 + Pac + Lebein 

(0.00025 µm) 

0.008 µM 

IC50, concentration required for 50% inhibition of proliferation. 

 

 

Table 5-3. IC50 values of Doxorubicin or Paclitaxel alone compared to 

Doxorubicin and Lebein or Paclitaxel and Lebein. 

     

4T1BM2 Doxorubicin Paclitaxel Dox + Lebein Pac + Lebein 

Ctrl 0.055 µM 0.053 µM 0.011 µM 0.01 µM 

LMα5 0.023 µM 0.010 µM 0.011 µM 0.009 µM 

β4 0.01 µM 0.009 µM 0.011 µM 0.008 µM 

MDA-MB-231 

HM 

    

Ctrl 0.055 µM 0.055 µM 0.011 µM 0.01 µM 

LMα5 0.018 µM 0.01 µM 0.012 µM 0.009 µM 

β4 0.015 µM 0.009 µM 0.011 µM 0.008 µM 
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Thus far, our analyses reveal that LM and its associations with integrin α3β1 

receptors promote increased survival in mouse and human breast cancer cells. 

However, interfering with these interactions through stable down-regulation of 

LMα5 or β4 or inhibition with Lebein-1 significantly increases chemosensitivity 

and dramatically impacts cell proliferation. Most importantly, Lebein-1 increases 

the sensitivity of 4T1BM2 and MDA-MB-231 HM cells to doxorubicin and 

paclitaxel compared to doxorubicin or paclitaxel alone (Figure 5.4). Table 5-3 

compares IC50 values for all cell lines under different treatment conditions. 

Notably, 4T1BM2 and MDA-MB-231 HM Ctrl cells are highly responsive to 

chemotherapeutic agents in the presence of integrin inhibitor Lebein-1 similar to 

LMα5 KD and β4 KD cells. Overall, Lebein-1 is a potent inhibitor of LM-

511/integrin interactions and enhances cells to chemotherapeutic agents.   

 

5.2.3 Inhibiting LM/integrin interactions with Lebein-1 enhances their 

sensitivity to endocrine therapies 

5.2.3.1 LMα5 and integrin β4 regulate estrogen receptor-α in vivo 

Earlier studies have identified LMs involved in the regulation of ER-α expression 

and function in mouse mammary epithelial cells (Novaro, Roskelley & Bissell, 

2003). Furthermore, more recent studies have shown that lack of ER-α is 

associated with EMT (Wik et al., 2014) and that EMT transcription factors such 

as TWIST contribute to hormone resistance (Vesuna et al., 2012) and poor 

patient prognosis (van Nes et al., 2012). We have demonstrated in chapter four 

that LMα5 and β4 are associated with an increase in EMT proteins and 

transcriptions factors in triple negative breast cancer cells and that this 

phenotype is reverted with the suppression of LMα5 and β4. Therefore, we 

questioned whether the loss of LMα5 or β4 in mouse and human TN breast 

tumours may induce the acquisition of an ER-α positive phenotype.  

To test this, we used mouse 4T1BM2 or human MDA-MB-231 HM Ctrl versus 

LMα5 KD or β4 KD tumours to assess ER-α levels by immunohistochemistry. 

The weakly metastatic MCF-7 and 67NR are well known and established 
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human and mouse ER-α positive breast cancer cell lines that are used as 

positive controls for this study.  

Woodward and colleagues have demonstrated that estrogen-induced 

proliferation and estrogen stimulation of progesterone receptor (PR) or estrogen 

response element (ERE) are significantly reduced when MCF-7 cells are 

cultured on laminin substrate in vitro (Woodward, Lu & Haslam, 2000). 

Additionally, in our study we provide in vivo data to show that a tumour derived 

specific LM isoform (LM-511) and specific integrin β4 receptor regulate ER-α 

expression. When ER-α expression is positive it is expressed in the nuclei of 

mammary tumour cells as shown in Figure 5.5 and Figure 5.6 in 4T1BM2 or 

MDA-MB-231 HM Ctrl, LMα5 or β4 or MCF-7 or 67NR tumours. As expected 

ER-α expression is absent in TN mammary Ctrl tumours. We show re-

acquisition of ER-α expression in TN mammary tumours when LMα5 or β4 is 

suppressed, highlighting the crucial roles of LMα5 and β4 in regulating ER-α 

and potentially contributing to endocrine resistance. 
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Figure 5.5 LMα5 and β4 regulate ER-α expression in mouse tumours  

Representative images of ER-α in 4T1BM2 Ctrl or LMα5 or β4 KD or 67NR 

tumours. ER-α is absent in 4T1BM2 triple negative breast tumours. The 

suppression of LMα5 or β4 promotes the upregulation of ER-α expression. 

67NR was used as an ER-α positive control. Nuclei were counterstained with 

haematoxylin (blue). High images are shown in insets. Three images were 

taken per tumour section from three separate tumours. 
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Figure 5.6 LMα5 and β4 regulate ER-α expression in human tumours  

Representative images of ER-α in MDA-MB-231 HM Ctrl or LMα5 or β4 KD or 

67NR tumours. ER-α is absent in MDA-MB-231 HM triple negative breast 

tumours. The suppression of LMα5 or β4 promotes the upregulation of ER-α 

expression. 67NR was used as an ER-α positive control. Nuclei were 

counterstained with haemotoxylin (blue). High images are shown in insets. 

Three images were taken per tumour section from three separate tumours. 
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5.2.3.2 Inhibiting LM and integrin interactions with Lebein-1 converts TN 

breast cancer cells to estrogen receptor positive 

In earlier sections it was shown that the snake venom disintegrin Lebein-1 

enhances the responsiveness of mouse and human Ctrl tumour cells to 

doxorubicin and paclitaxel. Therefore, we wanted to test if inhibition of 

LM/integrin interactions with Lebein-1 in mouse and human TN mammary Ctrl 

cells may enhance ER-α expression as we have observed in 4T1BM2 and 

MDA-MB-231 HM LMα5 KD and β4 KD tumours (Figure 5.5 and Figure 5.6). To 

test this, mouse 4T1BM2 or human MDA-MB-231 HM Ctrl versus LMα5 KD or 

β4 KD cells were cultured on plastic or LM-511 substrate and analysed for 

mRNA and protein expression of ER-α. In addition, mouse 4T1BM2 and human 

MDA-MB-231 HM Ctrl tumours were treated with Lebein-1 and analysed for 

mRNA and protein expression of ER-α. We found that 4T1BM2 or MD-MB-231 

HM LMα5 KD or β4 KD cells expressed high levels of ER-α at the mRNA 

(Figure 5.7 panel A and Figure 5.8, panel A) and protein level (Figure 5.7, panel 

B and Figure 5.8, panel B) when compared to positive control cell lines 67NR 

(mouse) and MCF-7 (human). The addition of LM511 substrate reduced ER-α 

mRNA expression in LMα5 KD, β4 KD, 67NR and MCF-7 cells indicating a 

pivotal role for LM-511 in ER-α regulation. Most interestingly, the mRNA and 

protein expression of ER-α is significantly upregulated in TN 4T1BM2 and MDA-

MB-231 HM Ctrl tumour cells when treated with Lebein-1 (Figure 5.7 and Figure 

5.8) 

This identifies LM/integrin interactions to be critical in the development of ER-α 

negative tumours and subsequent tumour aggressiveness. Interfering with 

these interactions changes the molecular subtype of the primary tumour from 

one associated with poor prognosis to one associated with good prognosis. We 

show for the first time that Lebein-1 treatment converts endocrine resistant TN 

mammary cells to ER-α positive cells. 

 



                                                                                                                                         Chapter 5 

181 | P a g e  
 

 

Figure 5.7 Lebein-1 treatment enhances ER-α expression in mouse 

4T1BM2 Ctrl cells 

(A) 4T1M2 Ctrl or LMα5 KD or (D) β4 KD or 67NR cells were seeded (1 x 105) 

on plastic or LM511 in 10 cm dishes and collected after 3 days of incubation at 

37°C for mRNA expression of ER-α. 4T1BM2 Ctrl cells on plastic were treated 

with Lebein-1 and incubated for 3 days at 37°C before collecting for mRNA 

analysis for ER-α. Ctrl cells that were treated with Lebein-1 acquired ER-α 

positive phenotypes. 67NR is used as an ER-α expressing positive control. (B, 

E) Forty μg of protein were loaded into each lane. Representative western blot 

of ER-α expression in mouse 4T1BM2 cell lines (n=3). ER-α expression is 

upregulated in LMα5 KD or β4 KD cells or Lebein treated Ctrl cells. (C, F) 

Quantitation of ER-α levels relative to GAPDH by densitometry analysis of the 

bands on immunoblots, (n=3).   
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Figure 5.8 Lebein-1 treatment enhances ER-α expression in human MDA-

MB-231 HM Ctrl cells 

(A) MDA-MB-231 HM Ctrl or LMα5 KD or (D) β4 KD or MCF-7 cells were 

seeded (1 x 105) on plastic or LM511 in 10 cm dishes and collected after 3 days 

of incubation at 37°C for mRNA expression of ER-α. MDA-MB-231 HM Ctrl cells 

on plastic were treated with Lebein and incubated for 3 days at 37°C before 

collecting for mRNA analysis for ER-α. Ctrl cells that were treated with Lebein 

acquired ER-α positive mRNA expression. MCF-7 is used as an ER-α 

expressing positive control. (B, E) Forty μg of protein were loaded into each 

lane. Representative western blot of ER-α expression in human MDA MB 

231HM cell lines (n=3). ER-α expression is upregulated in LMα5 KD or β4 KD 

cells or Lebein treated Ctrl cells. (C, F) Quantitation of ER-α levels relative to 

GAPDH by densitometry analysis of the bands on immunoblots (n=3).  

 

5.2.3.3 Inhibiting LM and integrin interactions in 4T1BM2 and MDA-MB-231 

HM Ctrl cells with Lebein-1 enhances their sensitivity to endocrine 

therapies in vitro 
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In the mammary gland ER-α acts as a hormone-dependent transcriptional 

regulator of proliferation and differentiation (Cunha et al., 2000). Therefore, ER-

α positive mammary tumours are easily treated with endocrine therapies and 

have a better prognosis compared to TN mammary tumours. So far, we have 

established an association between LMα5 or β4 and ER-α. However, to 

demonstrate the functional relevance of our findings we studied the effect of 

LMα5 KD or integrin β4 receptor KD on the response of the cells to endocrine 

therapies. We investigated the effects of tamoxifen or fulvestrant on cell 

proliferation in standard colorimetric sulforhodamine B (SRB) assays. 4T1BM2 

or MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD cells were treated with 

increasing concentration of tamoxifen (0.0- 1 µM) or fulvestrant (0.0- 1 µM) and 

cell proliferation was measured after 3 days. IC50 values were calculated for 

each therapy in each cell line. 

As expected mouse and human Ctrl cells were unresponsive to endocrine 

therapies. However, tamoxifen and fulvestrant showed high potency in both 

mouse 4T1BM2 (Figure 5.9, panel A) and human MDA-MB-231 HM (Figure 5.9, 

panel B) LMα5 KD and β4 KD tumour cells thus confirming our studies for the 

role of LMα5 and β4 in the regulation of ER-α expression and function.  
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Figure 5.9 LMα5 KD and β4 KD cells are highly responsive to endocrine 

therapies, Tamoxifen and Fulvestrant 

Mouse (A) 4T1BM2 or (B) human MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD 

(1 x 103/well) cells were treated with Tamoxifen or Fulvestrant for 72 hours at 

37°C. Proliferation was measured by colorimetric sulforhodamine B (SRB) 

assay. Data show a representative experiment (n=3) and expressed as means 

± SD of five replicate wells per time point.    

 

We wanted to see whether inhibition of LM/integrin interactions with Lebein-1 

may increase the sensitivity of 4T1BM2 and MDA-MB-231 HM Ctrl cells to 

endocrine therapies. Mouse or human Ctrl cells were treated with tamoxifen or 

fulvestrant alone or tamoxifen and Lebein or fulvestrant and Lebein 

combinations. Lebein IC50 values (4T1BM2 Ctrl: 0.0025 µm, MDA-MB-231 HM 

Ctrl: 0.004 µm) were obtained from Figure 5.3 and used in the following 

combination treatments. 4T1BM2 Ctrl or MDA-MB-231 HM Ctrl cells were 

seeded in 96-well plates and allowed to adhere during a 7 hour incubation at 
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37°C before treatment. Cells were treated with increasing concentrations of 

tamoxifen or fulvestrant or in combination with Lebein-1. Combination treatment 

with Lebein-1 significantly inhibited proliferation in Ctrl cells. By comparison, Ctrl 

IC50 values were significantly lower than LMα5 KD or β4 KD IC50 values (Table 

5-4). This identifies Lebein-1 as a potent inhibitor of LM/integrin interactions 

making 4T1BM2 and MDA-MB-231 HM Ctrl cell highly responsive to tamoxifen 

and fulvestrant in vitro. Table 5-4 shows a comparison of IC50 values for mouse 

and human Ctrl, LMα5 KD and β4 KD treated with tamoxifen or fulvestrant or 

combination with Lebein-1. Tamoxifen and fulvestrant showed high potency in 

4T1BM2 Ctrl cells with IC50 values of 0.02 μM and 0.009 μM, respectively. 

Similarly, MDA-MB-231 HM Ctrl cells showed great sensitivity towards 

tamoxifen and fulvestrant with IC50 values of 0.02 μM and 0.005 μM, 

respectively.  

 

 

Figure 5.10 Lebein-1 treatment switches TN Ctrl tumour cells to become 

responsive to endocrine therapies 

(A) Mouse 4T1BM2 or (B) human MDA-MB-231 HM Ctrl or LMα5 KD or β4 KD 

(1 x 103/well) cells were seeded in 96-well plates for 7 hours before Tamoxifen 
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or Fulvestrant or Tamoxifen and Lebein or Fulvestrant and Lebein-1 treatment 

for 72 hours at 37°C. Proliferation was measured by colorimetric 

sulforhodamine B (SRB) assay. Data show a representative experiment (n=3) 

and expressed as means ± SD of seven replicate wells per time point.   

 

Table 5-4 IC50 values for Tamoxifen or Fulvestrant and Lebein-1 compared 

to Tamoxifen or Fulvestrant alone 

 Tamoxifen Tamoxifen 

+ Lebein 

Fulvestrant Fulvestrant + 

Lebein 

4T1BM2  

Ctrl 

LMα5 

β4 

 

N/A 

0.083 µM 

0.053 µM 

 

0.02 µM 

N/A 

N/A 

 

N/A 

0.063 µM 

0.061 µM 

 

0.009 µM 

N/A 

N/A  

MDA-MB-231 HM 

Ctrl 

LMα5 

β4 

 

N/A 

0.096 µM 

0.044 µM 

 

0.02 µM 

N/A 

N/A 

 

N/A 

0.067 µM 

0.03 µM 

 

0.005 µM 

N/A 

N/A 
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5.3 Discussion 

Understanding the mechanisms underlying chemoresistance in TN breast 

tumours may be critical for the development of new and effective therapies and 

subsequent improvements in prognosis. Herein we provide evidence that when 

the BM protein LM511 and integrin β4 are downregulated, the potency of 

chemotherapeutic agents, doxorubicin and paclitaxel is significantly enhanced. 

In addition, when a snake venom disintegrin (Lebein-1) was used to inhibit 

integrin and LM interactions, we observed the same level of potency in mouse 

and human control cells compared to LMα5 cells or β4 KD cells. Our data 

indicate that the loss or downregulation of LM-511 or β4 enhance 

chemosensitivity.  

TN breast tumours have the worst prognosis compared to ER-α positive 

tumours that have been documented to have the best prognosis. The most 

effective form of therapy for patients with ER-α positive tumours is endocrine 

therapy. However, patients with advanced breast cancer who receive long term 

treatment eventually relapse (Woodward, Turner & Zhao, 1996). It has become 

evident in the last 10 years that EMT signalling pathways are involved in 

endocrine resistance in breast cancers (Saleh, Sharaf & Luqmani, 2011; Fu et 

al., 2012; Vesuna et al., 2012; van Nes et al., 2012). For example, chromatin 

immunoprecipitation and promoter assays have demonstrated that TWIST 

transcription factor can directly bind to E boxes in the ER promoter and 

significantly down-regulate promoter activity promoting Tamoxifen and 

Fulvestrant resistance (Vesuna et al., 2012). Others have shown the 

transcription factor Snail to mediate EMT by the repression of ER-α in breast 

tumour cells (Dhasarathy, Kajita, & Wade, 2007). Earlier studies have shown 

laminin to regulate ER-α expression and function in mouse mammary cells 

(Novaro, Roskelley & Bissell., 2003) and human breast cancer cells 

(Woodward, Lu & Haslam, 2000). However, which LM isoform played a role in 

these studies is not clear, mainly due to the fact that in a lot of these earlier 

studies, antibodies used were not specific or in some cases incorrect. 

Additionally, we have demonstrated in vitro and in vivo that LMα5 and β4 

regulate EMT (chapter 3) in mouse 4T1BM2 and human MDA-MB-231 HM 

tumour cells, and now in this part of our investigation we show that not only 
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does LMα5 or β4 regulate the responsiveness of tumour cells to 

chemotherapeutic agents but they also regulate ER-α expression and 

subsequent responsiveness of tumour cells to endocrine therapies, Tamoxifen 

and Fulvestrant. By inhibiting laminin/integrin interactions with Lebein-1 we can 

restore the expression and function of ER-α, thus, converting TN breast cancer, 

notorious for its aggressiveness and high recurrence rate, to a subtype that is 

significantly less aggressive, potentially offering better patient prognosis.  

Studies have demonstrated how the role of integrin receptors modulate drug 

resistance to endocrine therapies (Polgiero et al., 2008) and chemotherapies 

(Nistico et al., 2014). We believe that endocrine resistance may be an outcome 

of increasing levels of LM511 in breast tumours which is consistent with what 

we find in TN tumour subtypes. Therefore, targeting these interactions with 

disintegrins results in the acquisition of ER-α positivity in TN tumours and may 

also play a crucial role in the prevention of endocrine resistance.
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6. Summary and conclusions 

In recent years, there has been increasing evidence in the literature linking LM-

511 and LM-511 receptors to cancer progression. Major questions regarding its 

prognostic significance and potential as therapeutic targets has been raised in 

this thesis. Furthermore, these questions have been addressed by generating 

stable LMα5 and integrin β4 knockdowns to reveal that LM-511 and integrin β4 

receptor promote metastasis in basal-like/TN breast cancers by regulating EMT 

and ER-α expression. The data presented herein provides strong evidence that 

LM-511 and not LM-332 contributes and modulates basal-like/TN breast 

cancers. However, a definite answer to this question will require an in depth IHC 

analysis of large cohorts of patients with known clinical outcome. Moreover, 

colleagues from our laboratory (Dr Normand Pouliot, currently, Olivia Newton 

John Cancer Research Institute), in conjunction with collaborators at 

Queensland Hospital, Brisbane, have recently started large IHC analyses of 

LMα5 and β4 co-expression in patient samples. Our recently modified IHC 

protocol (Figure 3.22) and specific LMα5 antibody (2F12) will be applied for 

staining of archival material in this study with the aim to coincide with 

conclusions drawn in this project.   

Additionally, the suppression of LMα5 or β4 promotes MET in mouse and 

human cells and tumours. A decrease in mesenchymal markers N-cadherin, 

vimentin, SNAI1/2, TWIST and ZEB1/2 in vitro and in vivo was observed when 

LMα5 or β4 is down-regulated identifying a strong association between LMα5, 

β4 and EMT and metastasis. Further studies investigating precise mechanisms 

involving LM-511 and β4 in modulating EMT will need to be clarified. 

Mechanisms may be identified through the generation of stable knockdowns of 

EMT transcription factors, SNAI1/2, TWIST or ZEB1/2 in mouse and human 

breast cancer models. In addition, Figure 4.3 and Figure 4.4 reveal that 

exogenous LM-511 rescues the mesenchymal phenotype in LMα5 KD and β4 

KD cells even when integrin β4 receptor expression is low in these cells (Figure 

3.8). Exogenous LM-511 may be interacting with other receptors to revert the 

epithelial phenotype to become more mesenchymal. Therefore, it would be 
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interesting to identify which other LM-binding receptors are involved in this 

pathway.  

During proteolysis, MMP cleave ECM components, generating fragments with 

new biological activities (Egeblad & Werb, 2002; Page-McCaw, Ewald & 

Werb,2007). The precise contribution of MMP-9 processing will need to be 

verified with further studies. The effect of MMP-9 proteolytic cleavage on EMT 

markers E-cadherin and N-cadherin (Figure 4.16) has been demonstrated 

herein however, MMP-9 cleavage of LM-511 and its effects on other EMT 

markers such as, vimentin, SNA1/2, TWIST and ZEB1/2, will need to be 

validated. Collectively, LM-511 cleavage by MMP-9 reveals a fragment (200 

kDa) which enhances the mesenchymal phenotype in EMT. It’s important to 

identify the elemental composition of cleaved samples and chemical structure. 

This can be achieved via mass spectrometry to identify and confirm that the 

fragment is coming from the LM-511 protein, thereby illustrating new 

mechanisms between LM-511 and MMP-9 that enhance mesenchymal features 

in EMT. Finally, identifying LM-511 or integrin β4 as modulators of EMT denotes 

the importance of targeting LM-511 or β4 in the development of new and 

effective targeted therapies.  

During colonization at secondary sites, it has been well documented that cancer 

cells undergo MET (Jolly et al., 2017), acquiring a more epithelial phenotype 

which promotes proliferation and growth. It would be of interest to determine 

whether LM-511 re-expression occurs at late stage metastasis and provides the 

plasticity required for the reverse process of EMT thereby facilitating the re-

establishment of a proliferative epithelial phenotype at the secondary organ. 

This can be achieved by detection of LMα5 by IHC analysis on metastatic 

lesions from control and LMα5 KD tumour-bearing mice. If LMα5 is responsible 

for facilitating the reverse process of EMT at secondary sites this provides 

strong evidence for its role in multiple steps of the metastatic cascade including 

the secondary site.  

Furthermore, it has been demonstrated how LMα5 and β4 suppression 

significantly enhances the response of tumour cells to chemotherapeutic 

agents, doxorubicin and paclitaxel revealing a link between the role of LMα5 
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and β4 in chemosensitivity. In addition, when 4T1BM2 and MDA-MB-231 HM 

control, LMα5 KD and β4 KD cells are treated with Lebein-1, LM/integrin 

interactions are inhibited, and sensitivity to doxorubicin or paclitaxel is 

enhanced significantly in the control cells compared to chemotherapy alone. 

Additionally, 4T1BM2 and MDA-MB-231 HM LMα5 KD and β4 KD cells treated 

with Lebein-1 and chemotherapy do not reveal significantly increased 

chemosensitivity compared to chemotherapy alone. This is mainly due to the 

fact that these cells already have low expression of integrin receptors and 

therefore Lebein-1 inhibition is not as profound. These studies identify 

LM/integrin interactions as potential targets when developing new and potent 

drugs.   

Several studies have reported the suppressive effects of mesenchymal markers 

(TWIST or Snail) on ER-α expression (van Nes et al., 2012). In addition, it has 

been shown that when LMα5 or β4 is suppressed so are mesenchymal markers 

N-cadherin, Vimentin, SNAI1/2, TWIST and ZEB1/2 (Chapter 4). Therefore, in 

light of this, LMα5 KD and β4 KD cells and tumours were used to demonstrate 

that when LMα5 and β4 is downregulated it promotes the up-regulation of ER-α 

in TN mouse 4T1BM2 and human MDA-MB-231 HM mammary carcinoma cells. 

Moreover, it was shown that when LMα5 and β4 is suppressed the response of 

tumour cells to endocrine therapies is significantly enhanced (Figure 5.9). 

However, although this work identifies exciting new avenues for the treatment of 

TN breast cancers, it requires extensive in vivo studies. LMα5 KD and β4 KD 

tumours will need to be shown to be responsive to endocrine therapies in 

parallel with vector control tumours and positive control tumours (mouse 67NR 

or human MCF-7 mammary carcinomas) in vivo. In addition, if successful, 

results will need to be recapitulated in control tumours in vivo. This may be 

achieved via Lebein-1 treatment. By blocking LM/integrin interactions (most 

likely LM-511/α3β1) in control cells it has been shown that ER-α is highly 

expressed (Figure 5.5, Figure 5.6, Figure 5.7 and Figure 5.8) at the protein and 

mRNA level in vitro. Further investigations would need to provide evidence that 

these changes also occur in vivo and that control cells become responsive to 

endocrine therapies.  
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Finally, mechanistic roles for LMα5 or β4 in ER-α expression and function will 

need to be identified. Chang and colleagues have shown that LMα5 is a target 

gene of one of the major downstream effectors of the HIPPO signalling 

pathway, TAZ. They identified TAZ as a regulator of the formation of a LM-511 

matrix in breast cancer stem cells (Change et al., 2014). In addition, another 

study showed that large tumour suppressor kinases (LATS) 1 and 2 that are 

main components of the HIPPO signalling pathway, promote the luminal 

phenotype in mammary cells (Britschgi et al., 2017). Their investigations have 

shown that when LATS is absent, ER-α and HIPPO effectors YAP and TAZ are 

stabilised (Britschgi et al., 2017), identifying a direct mechanistic interaction 

between ER-α and HIPPO effectors YAP/TAZ, which have been implicated in 

breast cell fate. These reports might be an interesting starting point for the study 

of mechanistic roles of LM-511 or β4 in regulating ER-α in mouse 4T1BM2 and 

human MDA-MB-231 HM mammary cancer cells. It would be important to study 

the expression of YAP/TAZ in our mouse and human cell lines and the effect it 

has on breast cell phenotype in the presence or absence of LM-511. It may be 

that TAZ and LM-511 cooperate to promote the down-regulation of ER-α and 

subsequent endocrine resistance as observed in our mouse 4T1BM2 and 

human MDA-MB-231HM control cells (Figure 5.9). Moreover, determining 

whether Lebein-1 functional blocking of LM/integrin interactions has an impact 

on these pathways (TAZ/LM-511) may provide further mechanistic insights.    

In summary, direct evidence for the role of autocrine LM-511 and LM-511 

binding integrin β4 receptor in metastasis of TN breast cancers through 

modulation of EMT and ER-α expression has been demonstrated in this study. 

Despite extensive efforts, metastasis is still the main cause of cancer-related 

deaths. Although much remains to be done, this study provides supportive data 

for continuing research in the field of LMs which may lead to the development of 

novel approaches to inhibit or delay metastasis and improve patient prognosis. 
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