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Abstract: 

Breast cancer is one of the most common cancers in women, often beginning as ductal 
carcinoma in situ (DCIS), where mammary epithelial cells proliferate within ducts due to the 
presence of the basement membrane (BM). In 30% of patients, cancer cells progress to 
invasive ductal carcinoma (IDC) and metastasis. The mechanisms underlying this progression 
remain poorly understood. Tensin 3 (TNS3), a member of the TNS family that includes 
TNS1, TNS2, and TNS4, interacts with β1 integrin to promote cell-ECM adhesion during this 
transition. 

We found that TNS3 is upregulated in DCIS and IDC tumours compared to normal 
mammary glands in a mouse model of breast cancer. Interestingly, TNS3 downregulation in 
MCF10DCIS and MCF10CA1 cells suppressed invasive protrusions and reduced spheroid 
growth. Additionally, MCF10DCIS and MCF10CA1 cell growth on Matrigel was impaired 
under glutamine deprivation. 

Mechanistically, downregulating β1 integrin and TNS3 significantly reduced laminin-332 
expression in 3D cultured MCF10DCIS cells and impaired filopodia formation. Moreover, 
silencing TNS3 lowered α3 and α6 integrin levels. Blocking α3 and α6 integrin function 
further decreased laminin-332 expression and filopodia formation, suggesting that TNS3 
modulates BM dynamics through α3 and α6 integrins. Consistently, TNS3 knockdown 
reduced laminin-332, α3 integrin expression, and filopodia formation in MCF10CA1 cells. 

Reports suggest that TNS3 acts as a tumour promoter in cancer cells but as a tumour 
suppressor in non-transformed epithelial cells. Our results indicate that silencing TNS3 
promotes proliferation and invasion of MCF10A cells while increasing α3 integrin, laminin-
332, and filopodia formation. Overexpression of TNS3 in a Drosophila cancer model strongly 
impaired tumour growth and metastasis. 

Overall, these findings highlight TNS3’s critical role in regulating the basement membrane 
and filopodia formation, acting as both a tumour promoter in cancer cells and a tumour 
suppressor in normal mammary epithelial cells. 
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Chapter 1: Introduction 

1.1 Breast cancer epidemiology and progression: 

Breast cancer is the most often diagnosed cancer among women. Every year, around 2.3 million 

new patients are diagnosed with breast cancer, and it represent the 5th reason for death due to 

cancer (Łukasiewicz et al., 2021). A study performed a Systematic Review and Meta-Analysis 

to assess the diagnosed breast cancer distribution (Benitez Fuentes et al., 2024). Data from 2.4 

million breast cancer women from 81 countries were used. The percentage of patients with 

metastatic disease has decreased during the last two decades, beginning in the early 2000s and 

continuing through 2015 in high-income countries. Aged women had the highest rate of 

metastatic disease. Following preventive strategies and engaging in programs for screening are 

critical steps toward potentially reducing the incidence of breast cancer and allowing for early 

intervention. The prevalence and mortality rates of breast cancer have shown an upward trend 

during the past 30 years. The rate of breast cancer has increased by more than 2-fold in 60 out 

of 102 countries (such as Afghanistan, Philippines, Brazil, and Argentina) between 1990 and 

2016. On the other hand, the number of fatalities caused by breast cancer rose twofold in 43 

out of 102 countries (such as Yemen, Paraguay, Libya, and Saudi Arabia). Present estimates 

suggest that by 2030, the global yearly incidence of newly identified cases will reach 2.7 

million, with a corresponding mortality rate of 0.87 million. The estimated rise in breast cancer 

occurrence in low- and medium-income countries can be attributed to the adoption of Western 

lifestyles (such as delayed pregnancies, decreased nursing, premature menstruation, lack of 

exercise, and unhealthy diet), improved cancer registration, and enhanced cancer detection.  

1.2 Risk factors: 

Risk factors associated with the progression of breast cancer in women include breast cancer 

history, family history of any other form of cancer, dense breasts, no pregnancy, and obesity 

(Łukasiewicz et al., 2021). Recent evidence suggests that genetic factors account for 10–15% 

of the risk of developing cancer, with lifestyle being the primary contributor. For instance, we 

cannot modify genetic factors. We can manage our lifestyle to lower the risk of health issues 

like cancer. This adaptation includes eating a balanced healthy diet, participating in daily 

physical activities, avoiding smoking, and managing stress levels. 
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1.2.1 The impact of modifying cancer risk factors: 

Adjusting lifestyle factors such as diet and exercise can lower the risk of cancer and other 

diseases while also improving the outcomes of many more, such as heart diseases. They play 

an important role in improving metabolic and immune health, which both play important roles 

in cancer progression. Several studies have suggested that ketogenic diets contribute to 

enhancing the treatment of cancer and diabetes and increase the survival rate. A ketogenic diet 

(KD) is a high-fat dietary regimen. In clinical trials conducted since 1920, a low to no 

carbohydrate diet with a consistent protein content has been established. The mechanism of 

action of the ketogenic diet is that by reducing carbohydrate intake, the body will deplete its 

supply of sugar. Subsequently, the liver will transition to using fat for oxidation. Following 

that, the final product will consist of ketone bodies. Key components of ketone bodies are 

acetoacetate, β-hydroxybutyrate (β-OHB), and acetone. The KD has been shown to enhance 

the prognosis of the following diseases: cancer, diabetes, cardiovascular disease, and epilepsy 

(Dowis & Banga, 2021). A scientific investigation demonstrated that individuals diagnosed 

with type 2 diabetes who adhere to a KD for 15 months exhibit a significant decrease in 

haemoglobin A1C (HbA1c) levels from 7.5% to 5.9%. HbA1c evaluates the mean blood 

glucose levels over the last three months. This indicates that they have successfully achieved 

the recommended normal value for HbA1c, which is below 6% (Westman et al., 2008). 

Another study used KD for 56 weeks on 66 obese people, with nearly half of them having high 

cholesterol and the other half being normal. The results show a significant improvement in 

blood lipid profile. It shows a significant reduction in triglycerides, total cholesterol, glucose, 

and LDL cholesterol while increasing HDL cholesterol (Dashti et al., 2006). Another study 

administered KD to mice with brain metastatic cancer, and the tumour was monitored in vivo 

using bioluminescent imaging. The results show that the KD fed group had smaller tumours 

than the control group. Also, KD increased the survival rate by 56.7%. On the other hand, when 

KD and Hyperbaric oxygen therapy (HBO2T) - the oxygen nourishes the tumour, thereby 

halting the cancer-causing effects of hypoxia - were combined, the outcome improved 

significantly, with a decrease in tumour growth and a 77.9% increase in survival rate (Poff et 

al., 2013). In a different study on mice with lung cancer, the combinations of KD and radiation 

showed a significant reduction in tumour growth when compared to the control (B. G. Allen et 

al., 2013). Another healthy diet that research has demonstrated is a plant-based diet which can 

inhibit the growth of cancer. Plant-based diets rich in vegetables and fruits that contain high 

antioxidant and anti-inflammatory properties have been shown to improve survival rates in 
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cancer patients, including CRC (Hardt et al., 2022). A study conducted by the NHS found that 

consuming a high amount of vegetables and fruits reduced all-cause mortality by up to 16% 

(Shah & Iyengar, 2022). 

This suggests that diet is critical in preventing or reducing the risk of cancer growth. As a result, 

attempting to incorporate a healthy lifestyle would contribute to a reduction in global cancer 

incidence. 

 

1.3 Breast cancer progression: 

Mammary epithelial cells in the normal mammary gland are a single layer of polarized cells 

that grow around the empty lumen of the duct where milk can flow, and the entire duct is 

surrounded by a specialized thin layer of extracellular matrix (ECM) called the basement 

membrane (BM) (Figure 1.1). 

 

 
Breast cancer progression can be classified into three stages. When breast cancer is in its early 

stages uncontrolled division of mammary epithelial cells occurs, resulting in the formation of 

a mass of epithelial tumor cells inside the duct lumen. This results in the development of Ductal 

carcinoma in situ (DCIS). It is considered non-invasive because the BM is still intact and 

surrounds the tumour. DCIS accounts for around 20% of all breast cancer diagnoses (Gupta et 

al., 2021). Cancer cells can develop the ability to degrade the BM, allowing them to invade the 
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surrounding tissues. This stage is known as Invasive Ductal Carcinoma (IDC) (Mannu et al., 

2020). The third stage is characterised by the ability of breast cancer cells to enter the blood or 

lymphatic vessels, allowing them to spread throughout the body, resulting in the formation of 

secondary tumors at distant sites. This is referred to as metastatic breast cancer (Figure 1.2). 

This stage of cancer is extremely difficult to control and is the leading cause of breast cancer 

mortality in patients. The underlying mechanisms behind the progression of DCIS to IDC are 

still not well understood. 
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Several factors, including prognostic markers like tumour size, age, the thickness of the DCIS 

lesion, and the tumour microenviroment (TME) can influence the transition from DCIS to IDC 

(Silverstein & Lagios, 2015). The TME is complex and heterogeneous. Its composition varies 

according to the type of cancer; however, it exhibist similar characteristics, including 

Myoepthelial cells (MECs), extracellular matrix (ECM), adipocytes, immune cells, and cancer-

associated fibroblasts (CAF) (Anderson & Simon, 2020). 
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1.3.1 Myoepthelial cells (MECs): 

Breast MECs naturally suppress tumours, and express anti-tumour protein markers such as p63 

and p73 (Hernández Borrero & El-Deiry, 2021). Breast cancer has been associated with the 

loss of these markers. p63 and p73 has been shown to suppress the tumour by controlling cell 

growth. They achieved this by modulating cell proliferation, apoptosis, and migration—all 

essential processes for the progression of the tumour (Hayward et al., 2022). This is how they 

maintain the whole mammary epithelium integrity and ensure the cells' functional stability. 

MECs derived from DCIS tumours exhibits distinct characteristics, notably low expression of 

p63 and high expression of αvβ6 integrin, among other markers (Anderson & Simon, 2020). A 

research study found that increased levels of αvβ6 promote cancer progression by upregulating 

different matrix metalloproteinase (MMP) expression and activity (M. D. Allen et al., 2014). 

Another study reported that in epithelial cells the high levels of αvβ6 upregulate the TGFβ 

signalling pathway. The TGF signalling pathway involves the binding of LPA2, which 

activates intracellular Gqa, thereby initiating the RhoA and Rho kinase cascade (Xu et al., 

2009). This could explain how αvβ6 promotes invasion by activating the TGFβ signalling 

pathway, which leads to the upregulation of matrix metalloproteinase levels. 

1.3.2 Adipocytes: 

Obesity has been linked to an increased risk of breast cancer (Dehesh et al., 2023). Researchers 

discovered that the denser the breast, the more adipocytes it contains (Soguel et al., 2017). 

Cancer-associated adipocytes (CAAs) have been shown to promote tumour growth in 

xenograft models as well as cancer cell proliferation and invasion in culture (Zhao et al., 2020). 

This effect was enhanced following the secretion of adipokines such as leptin (Atoum et al., 

2020). Additionally, increased leptin levels can lead to chronic inflammation by increasing the 

secretion of proinflammatory cytokines like tumour necrosis factor a (TNFα) and interleukin 

6 (IL-6) (Iikuni et al., 2008). According to another study, upregulation of TNFα promotes 

breast cancer progression through increased cell proliferation (Mercogliano et al., 2020). 

Another study found that CAAs increased the expression of YAP/TAZ, in the other hand 

suppressing YAP/TAZ by using pharmacological inhibitor in turn reduced tumour growth. 

Therefore, it suggests that CAAs promote tumour growth via the YAP/TAZ signalling pathway 

(Song et al., 2024). While immune cells play a vital part in DCIS progression, relying on them 

to estimate the progression or relapses of the cancer presents a challenge. This is due to a 

variety of factors, including heterogeneity, which varies from person to person; technical 
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challenges, which make it difficult to accurately measure immune cells; and limited 

techniques. Taken together, we need further research to understand how the immune system 

regulates the progression of DCIS to IDC. 

1.3.3 Fibroblasts: 

It has been widely reported that cancer-associated fibroblasts (CAFs) play an important role in 

the initiation and progression of breast cancer (Zheng & Hao, 2023). There is no specific 

marker for CAFs, but they are distinguished by high expression of several markers, including 

α-Smooth muscle actin (αSMA) and platelet-derived growth factor receptor-α (PDGFRα) 

(Nurmik et al., 2020). It has been reported that CAFs exhibit different gene expression profiles 

when compared to normal fibroblasts isolated from malignant breast tissue (Singer et al., 2008). 

In one study, fibroblasts raised the level of COX-2 in DCIS, which led to higher levels of VEGF 

and MMP14, which help the cancer invasion, It is unclear what type of fibroblast was used or 

whether it became CAF when cocultured with cancer cells. (Min Hu et al., 2009). Reports 

indicate that CAFs secrete several factors, including HGF (Tyan et al., 2012). Studies have 

demonstrated that HGF stimulates the proliferation of the mammary duct. Furthermore, 

growing MDA-MB-468 breast cancer cells with CAF increased the production of HGF, which 

led to more colony formation and tumour growth in vivo (Scherz-Shouval et al., 2014). Overall, 

studies have shown that CAFs promote breast cancer progression by increasing the secretion 

of various factors. We need more research to comprehend how this effect triggers the 

downstream pathways that progress DCIS to IDC. 

 

1.4 Molecular Subtypes of Breast Cancer 

Breast cancer is classified using immunohistochemistry, which determines the expression of 

several markers such as human epidermal growth factor receptor (HER2), oestrogen receptor 

(ER), proliferation marker Ki-76, and progesterone receptor (PR). Breast cancer can be divided 

into different subtypes based on the expression of these receptors: luminal A, luminal B, HER2-

positive, and triple-negative (Łukasiewicz et al., 2021; Matro, 2015). 

The luminal A subtype is characterised by the expression of ER and/or PR and absence of 

HER2. Furthermore, it expresses Ki-67 at a low level in approximately 20% of tumours 

(Łukasiewicz et al., 2021). It is considered the most common form, as it accounts for around 

70% of all breast cancer cases. Second tumours occur most frequently at the bone level, while 

they are less common in the central nervous system (CNV). Similarly, in the case of the 
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recurrent, the survival rate is high (Matro, 2015). The 5-year survival rate percentage is 95.1% 

and the percentage of the relapse is 27.2% (Eroles et al., 2012). 

Luminal B exhibits aggressive behaviour and accounts for nearly 40% of breast cancer patients. 

It is distinguished by a high level of Ki-67 and low expression of the ER, as well as low 

expression of the PR. The 5-year survival rate percentage is 95.1% and the percentage of the 

relapse is 29.4% (Li et al., 2016). 

HER2- non-luminal breast cancer is more aggressive and presents a worse prognosis than 

luminal breast cancer when it recurs. It is distinguished by the high expression of Ki67 and 

HER2 and the lack of ER and PR. It accounts for 10-15% of all breast cancer cases 

(Łukasiewicz et al., 2021). The 5-year survival rate percentage is 92.2% and the percentage of 

the relapse is 25.9% (Orsaria et al., 2021). 

 

Triple Negative Breast Cancer (TNBC) is extremely aggressive and accounts for 10-15% of all 

breast cancer cases. Its distinguishing feature is the lack of expression of ER, PR, HER2. The 

5-year survival rate percentage is 77% and the percentage of the relapse is 40% (Dass et al., 

2021).Click or tap here to enter text.Click or tap here to enter text.Click or tap here to enter 

text.Click or tap here to enter text.Click or tap here to enter text. 

1.5 The MCF10 series of cell lines as a breast cancer progression model: 

In cancer research various methods and techniques are used to elucidate the molecular 

mechanisms driving tumour progression. These include in vivo models, in vitro cell culture 

models and clinical studies (Brock et al., 2019).   

The MCF10 series of cell lines has been extensively used in breast cancer research. The 

MCF10A cell line was established in the 1990s by Soule and colleagues from human breast 

epithelial tissue and are thus non-transformed epithelial cells. (Soule HD, 1990). MCF10A cell 

line is simple to work with because it has a stable normal genome in culture, allowing the 

generation of consistent and reproducible results. The great feature of this series of cell lines is 

that it allows researchers to study different stages of breast cancer using the same cell line 

derivatives, which includes MCF10AT1, MCF10DCIS and MCF10CA1(Santner et al., 2001; 

So et al., 2014). MCF10AT1 cells were generated by introducing active Hepatocellular Antigen 

Synthesiser (HRAS) into MCF10A, resulting in the formation of a pre-malignant cell line. 

When introduced into immunodeficient mice, it initiates the formation of lesions resembling 
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atypical ductal hyperplasia (ADH) and DCIS, and 25% of them progress to IDC, suggesting a 

carcinogenic characteristic (Dawson et al., 1996; So et al., 2014). MCF10AT1's xenograft 

lesion was extracted from mice, cells were grown, and cloned to generate MCF10DCIS.com, 

a cell line that was later inserted into immunodeficient mice's mammary fat pads and started to 

form tumour lesions that resembled DCIS (Fred R. et al., 2000; So et al., 2014). MCF10CA1a 

is a highly invasive cell line that spread rapidly. It was generated through several passages of 

MCF10AT1 in immunodeficient mice. When MCF10CA1a is inserted into immunodeficient 

mice, larger metastatic tumours form in their lungs (Santner et al., 2001; So et al., 2014). 

1.6 The extracellular matrix (ECM) in cancer: 

The ECM is a vital component of a cell's environment that is remarkably dynamic and adaptable, 

influencing key elements of cell biology. The ECM affects practically all cellular behaviours, 

either directly or indirectly, and is critical for developmental events (P. Lu et al., 2012). ECM 

stores signalling molecules and growth factors in addition to the core matrisome components, 

which include around 300 proteins, proteoglycans, glycoproteins, and polysaccharides (Naba et 

al., 2012). Each ECM component has different physical and biochemical properties (P. Lu et al., 

2012). One of the core aspects in traditional embryology is that niches or local 

microenvironments play a significant role in regulating cell behaviours. This notion is 

becoming widely acknowledged in cancer biology too (Lin & Scott, 2012). Extensive research 

has been done to find out how genetic changes originate and encourage cancer growth. These 

findings increased our knowledge of how tumours form and accelerated the discoveries of new 

genetic therapies in cancer (Bhowmick et al., 2004). However, new research has revealed the 

relevance of non-cellular niche components, particularly the ECM in cancer growth. Different 

regulatory mechanisms have been proposed to guarantee that ECM dynamics, as measured by 

its formation and degradation, are tightly controlled during organ growth and functioning 

(Bauer et al., 2007). Disruption of these regulatory mechanisms causes changes in the ECM 

organisation, resulting in abnormal cell activity in the niche and, ultimately, failure of organ 

stability and function. In ailments like tissue fibrosis and cancer, aberrant ECM dynamics are 

one of the most obvious clinical results (Cox & Erler, 2011). Several abnormalities in the ECM 

have been linked to breast cancer and have been shown to hasten the disease's progression 

(Oskarsson, 2013). Pregnancy causes significant changes in the structure of the mammary gland. 

This is especially noticeable during post-lactational mammary gland involution. The mammary 

gland is made up of milk-transporting lactiferous ducts that increase and branch widely 
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throughout pregnancy as a result of oestrogen, growth hormone, cortisol, and prolactin. The 

involution process begins at the end of the lactation process. Mammary gland involution is the 

procedure by which mammary glands revert back to a non-lactating state following weaning, 

which is characterised by epithelial cell death and tissue repair. It has been claimed that 

involuting mammary gland contains cancer-promoting components. Indeed, tumorigenic matrix 

fragments in ECM extracted from involuting mammary glands stimulated breast cancer cell 

proliferation in vitro and promoted metastasis in animal models (Lyons et al., 2011; Oskarsson, 

2013). Interestingly, the composition of the involuting mammary gland ECM and cancer-

associated ECM share some similarities (Oskarsson, 2013). ECM has a critical role in the 

progression and metastasis of breast cancer; consequently, understanding its role will aid in the 

development of novel treatments that target cell-ECM interaction. Laminins, entactin, type IV 

collagen, and proteoglycans make up the majority of the BM. Many ECM proteins, including 

type I, II, and III fibrillar collagens, vitronectin, fibronectin, elastin, are key component of the 

interstitial matrix and can be produced by stromal cells, adipocytes, and immune cells. COL I, 

III, IV, VI, fibronectin, laminin 332, periostin, and vitronectin enhance tumour proliferation 

and metastasis, while DMBT1 and SPARC suppress breast cancer formation and tumor growth 

(Zhu et al., 2014). 

 

1.7. Components of the extracellular matrix: 

1.7.1. Collagens: 

Collagen is one of the most common proteins found in the body. It is commonly found 

incorporated into the ECM structure of connective tissues such as skin. Collagen is best known 

for its role as a structural protein within the ECM, providing structural strength support, but it 

also participates in other cell processes such as adhesion and migration (Kular et al., 2014). 

There have been 28 different types of collagen identified. Collagen type 1 accounts for nearly 

90% of total collagen in the human body. Thus, type 1 is the major component of connective 

tissues and organs (B. Sun, 2021). Collagen type 1 is made up of three polypeptide chains that 

intertwine to form a trihelix structure. The collagen motifs are made up of three repeated amino 

acid sequences, Gly-X-Y. Gly stands for glycine, and X or Y may contain any type of amino 

acid other than Gly. X and Y are typically proline and hydroxyproline (Keller et al., 2022). 

Collagen can be classified as fibril forming collagen such as type1 collagen, fibril associated 

collagen with interrupted triple helices (FACITs) such as type IX, network forming collagen 

such as type IV, VI, VIII and X, transmembrane collagens such as type XIII, anchoring fibrils 

such as type VIII and beaded filament forming collagen such as type VI (Onursal et al., 2021). 
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Collagen synthesis starts with one α-polypeptide (two α1 and one α2) chain made up of glycine, 

proline, and hydroxyproline. Three of these chains combine to create a triple-helical structure 

known as procollagen. The procollagen structure is reinforced with propeptides at the end to 

prevent collagen assembly within the cell. Procollagen, is then released into the extracellular 

matrix. Once procollagen is secreted in the ECM, Metalloproteinase enzyme procollagen 

peptidase cleaves the propeptides at the N and C termini of the procollagen to form mature 

collagen. Following that, mature collagen begins to self-assemble into collagen fibres, which 

then aggregate to form larger collagen fibres (Figure 1.3)(Gomes & Salgueiro, 2022). 
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1.7.2.Fibronectin: 

Fibronectin is considered the second most common ECM protein. It is divided into two types. 

Insoluble fibronectin is found in the ECM, whereas soluble fibronectin is found in the plasma. 

Hepatocytes synthesise plasma fibronectin and secrete it into the bloodstream (Tamkun & 

Hynes, 1983). Fibronectin consists of two monomers that are linked together by a disulphide 

bond at the C-terminus. Each monomer is composed of repetitions of three types of modules: 
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I, II, and III (Figure 1.4). It also has ligand-binding domains, including the Arg-Gly-Asp 

(RGD) domain, which binds to integrins and enhances the adhesion of various cell types 

(Saraswathibhatla et al., 2023). Fibronectin is involved in many functions, including wound 

healing and cell-ECM adhesion (Saraswathibhatla et al., 2023). A published study monitored 

the cells' adhesion and proliferation after plating them on either fibronectin or collagen-1, in 

breast cancer cell lines CF-7, ZR-75-1, and MDA-MB-231. The results show that both ECM 

proteins increased the rate of proliferation and adhesion of breast cancer cells when compared 

to plastic. This was assessed after 24 hours by using the real-time xCELLigence system and an 

end-point assay (Nolan et al., 2020). 

 

 
 
 
 
1.8.Basement membranes (BM): 

Basement membranes (BMs) are thin layers of extracellular matrix that provide mechanical 

support, separates tissues, and influences cellular behaviour (Pozzi et al., 2017). In the initial 

phases of cancer progression, the BM has tumour-suppressing function, limiting cancer cells 

spreading. However, at later stages some cells like the one undergoing epithelial-to-

mesenchymal transition gain the ability to break through the BM and invade nearby tissues 

(Jean A Engbring & Hynda K Kleinman, 2003; Meghan A Morrissey et al., 2013). BM is rich 

in laminins, collagen IV and entactin/nidogen complex (Meghan A Morrissey et al., 2013). 
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Laminin and collagen IV have a unique feature because they self-assemble. Basement 

membranes are assembled in two primary stages. The first component to be deposited around 

the cell surface is laminin, which forms the basic BM layer (Meghan A Morrissey et al., 2013; 

Peuhu et al., 2022). Type IV collagen is subsequently incorporated and covalently crosslinked 

through disulphide and sulfimine bonds to enhance the mechanical strength of the BM. 

Laminin and collagen establish separate networks, while nidogen and perlecan interlink these 

networks to create a cohesive ECM (Figure 1.5) (Jayadev & Sherwood, 2017). 

 

Given that BM degradation is essential in various processes, including tissue remodelling, 

immune response, and wound healing, any disruption to this system constitutes a significant 

issue (Jayadev & Sherwood, 2017; Pozzi et al., 2017). MMPs, specifically MMP-2 and MMP-

9, are implicated in the degradation of type IV collagen and laminin, and they promote cellular 

migration across the BM during physiological processes (Jayadev & Sherwood, 2017). 

However, when degradation is uncontrolled, it leads to various diseases or pathological 

conditions (Meghan A Morrissey et al., 2013). For example, increased BM breakdown in 

cancer facilitates the invasion of adjacent tissues and the dissemination of cancer cells to other 

regions of the body. 
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Matrigel and Geltrex are BM preparations derived from murine tumours. They are widely used 

in in vitro experiment because they are native BM components and provide a setting to examine 

cell invasion behaviours in 3D systems (Jean A Engbring & Hynda K Kleinman, 2003). 

 
1.8.1. Laminins: 

Laminin is a heterotrimeric protein, composed of an a, b and γ chain. There are 5 α, 4 β, and 3 

γ genes. Disulfide linkages link them together, resembling crossed-shaped structures (Figure 

1.6) (Givant-Horwitz et al., 2005). Laminin exists in a variety of isoforms. Each one is named 

based on its unique composition (Table 1.1). For instance, Laminin 111 consists of α1, β1, and 

γ1. Laminins play numerous important roles, including cell adhesion, migration, and signalling 

(Halder et al., 2022; Hamill et al., 2009; Rousselle & Scoazec, 2020). 
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1.8.2. Laminins in breast cancer: 

Cancer's development and spread require changing the balance of ECM signalling (Oskarsson, 

2013). Matrix biology poses two major challenges: understanding how it functions in a state 

of health and how disruptions in ECM dynamics may contribute to the development and spread 

of cancer (Walker et al., 2018). Furthermore, extensive reports suggest that a high level of 

laminin contributes to cancer growth and metastasis (Gonzales et al., 1999; Zhou et al., 2020). 

Several epithelial tumour types express high levels of laminin 332, which flock at the tumour’s 

interface with the surrounding matrix. The expression of laminin 332 in various cancer types, 

including breast and cervical cancer, positively correlates with tumour invasiveness and poor 

patient prognosis (Givant-Horwitz et al., 2005; Ramovs et al., 2017; Tsuruta et al., 2008). 

Laminin 332 in breast cancer was reported in several studies to promotes tumour invasiveness 

and the migration of breast cancer cells (Kim et al., 2012; Troughton et al., 2022; Yin et al., 

2022). Reports suggest that laminin 332 could enhance breast cancer cell motility via integrins 

(Carpenter et al., 2009). Research has shown that the laminin binding receptors α3β1and α6β1 

are significantly up regulated and contribute to the progression of breast cancer (Faraldo et al., 

2024; Gonzales et al., 1999; Troughton et al., 2022; Zhou et al., 2020). Research suggests that 

the activation of the FAK/ERK signalling cascade by laminin binding to α3β1 initiates breast 

cancer cell proliferation (Miskin et al., 2021; Mitchell et al., 2010; Ramovs et al., 2019) 
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Research has linked different laminin isoforms, such as laminin-111 and laminin-511, to the 

progression of tumours in various cancer types, including breast and liver cancer (Banerjee et 

al., 2022). Researchers have discovered that laminin-111 promotes cancer through a variety of 

physiological processes, including cell adhesion and migration, as well as by facilitating 

tumour growth and metastasis (Kikkawa et al., 2013). According to recent research, one 

peptide derived from the laminin-111 sequence and synthesized manually using Solid Phase 

Peptide Synthesis (SPPS) corresponding to the cleaved fragment YIGSR (β1 chain) peptide 

acts as a tumour suppressor, whereas the IKVAV (α1 chain), and KAFDITYVRLKF (γ1 chain) 

peptides act as tumour promoters. This leads to the conclusion that Laminin-111 has multiple 

active sites that either suppress or promote tumour growth (Mendonça et al., 2024). Another 

study found that laminin-511 promotes the migration and invasion of metastatic breast cancer 

cells in the bone. This effect occurs in response to an increase in MMP-9 levels and stimulation 

of the ERK and AKT signalling pathways (Denoyer et al., 2014).  

1.9. ECM receptors 

Matrix receptors typically connect ECM to cells, mediating the connection and initiating 

cellular signalling pathways (Chua et al., 2016; Hynes, 2009; Walker et al., 2018). The most 

studied ECM receptors are the members of the integrin family. In addition, other families of 

ECM receptors also play a role in cell-ECM adhesion and each of these receptors has specific 

functions and signalling properties that enable tissue formation and cell signalling. These 

include: CD44, discoidin domain receptor, Hyaluronan-mediated motility receptor also called 

Rhamm, and dystroglycans (Zhu et al., 2014). 

Integrins receptors are the most abundant ECM receptors in all eukaryotes (Chua et al., 2016). 

They play roles in modulating cellular function such as cell adhesion, migration, growth, and 

proliferation (Hynes, 2009; Walker et al., 2018). Integrins consist of heterodimers composed 

of an α and a β subunit (Pang et al., 2023; L. Sun et al., 2023). There are18 a and 8 b subunits, 

forming 24 different heterodimeric integrin receptors (L. Sun et al., 2023). Integrins can be 

stimulated using two primary signalling mechanisms, Inside-Out Signalling and Outside-In 

Signalling. Inside-Out Signalling is triggered by adaptor proteins like talin binding to the tail 

of a b integrin. This activates integrins, resulting in conformational changes from a bended to 

an extended shape. This eventually recruits proteins like Kindlins, resulting in the activation of 

signalling pathways promoting cell adhesion, migration, ECM assembly, and remodelling 

(Pang et al., 2023; L. Sun et al., 2023). Outside-In Signalling is triggered by an ECM protein 
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binding to an integrin, resulting in the recruitment of several focal adhesion proteins like FAK 

and Src and leading to the activation of different signalling pathways, including Rac, mitogen 

activated protein kinase (MAPK) and phosphatidylinositol 3 kinase (PI3K)/AKT. This leads to 

the regulation of gene expression, survival, and other processes (Figure 1.7) (Pang et al., 2023; 

L. Sun et al., 2023). 

 

1.10. Focal adhesion proteins 

Focal adhesions comprise a large, complex group of proteins that play a critical role in initiating 

cell-ECM interactions (Murphy & Brinkworth, 2021). This is critical for cellular processes 

such as migration, proliferation, and survival. Integrins, tensin, talin, vinculin, kindlin, paxillin, 

focal adhesion kinase (FAK), Src family kinases, actin, and myosin II are some of the proteins 

that are enriched in focal adhesion (Legerstee & Houtsmuller, 2021). 

FA formation is a tightly controlled process. ECM binding activates integrins, triggering a 

conformational change that leads to the unfolding of bended integrins. Consequently, the 

formation of cell adhesion starts with the recruitment of focal adhesion proteins, specifically 

talin. This triggers the autophosphorylation of FAK-talin, which in turn attracts other focal 

adhesion proteins. First, Src is phosphorylated. This makes FAK-related proteins like tensin, 
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vinculin, kindlin, and paxillin phosphorylated as well (Legerstee & Houtsmuller, 2021; 

Murphy & Brinkworth, 2021). After this, it appears that myosin II initiates the assembly 

process for FA maturation. Actin fibres pull FA maturation and enrich it with the protein TNS, 

leading to the formation of fibrillar adhesion (Figure 1.8) (Beedle et al., 2023) 

 

1.11.Tensins: 

Tensins are focal-adhesion binding proteins that were first reported in 1991 (Liao & Lo, 

2021). Mammals contain four different isoforms. The firstly identified tensin protein was 

named as tensin-1 (TNS1), and three more proteins belonging to this family, namely tensin-
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2 (TNS2), tensin-3 (TNS3) and tensin-4 (TNS4), were identified as similar to TNS1. TNS2 

is also called C1-Ten (TENC1) and tensin 4 is also referred to as C-terminal tensin-like 

(CTEN) (Figure 1.9) (Liao & Lo, 2021). Tensins are known to play a significant role in 

regulating cell adhesion and fibrillar adhesion formation which arise after the focal adhesion 

maturation (Liao & Lo, 2021).  Tensins are large proteins as their size ranges between 170 

kDa and 220 kDa excluding TNS4, which has a size of ∼80 kDa (Lo, 2017). Tensins contain 

several domains. The Src homology 2 (SH2) domain is a motif known to recognize and 

associates specifically with phosphotyrosine (pTyr), that makes tensin a part of signal 

transduction pathways. It serves to connect these pathways with cytoskeletal networks. A 

protein tyrosine phosphatase (PTP), phosphotyrosine-binding (PTB) domain is found at the 

carboxyl termini. The PTB binds to the cytoplasmic tails of β-integrins, as well as other pTyr 

containing proteins (Cui et al., 2004). The actin binding domain (ABD) mediates the 

interaction with actin filaments, while the focal adhesion binding site (FAB) is required for 

tensin recruitment to focal adhesions (Fig 3) (Liao & Lo, 2021). When phosphorylated the 

SH2 domain of TNS becomes an effective binding sies for ligands which include Src, FAK, 

p130Cas among others, making it a site of signaling activity (H. Huang et al., 2008). There 

are three tyrosines in the TNS3 SH2 domain: Y1173, Y1206, and Y1256. Phosphorylation 

of the tyrosines in the SH2 domain is mediated by Src. Additionally, reports suggest that the 

residence tyrosines in SH2 domain play a significant role in the biological activity of TNS3. 

Qian et al. (2009) observed a high expression of Src in primary breast cancers compared to 

normal breast tissue. Furthermore, mutating the SH2 tyrosines in H1299 lung cancer cells 

resulted in a reduction in cell migration compared to WT (Qian et al., 2009). In another 

study, it has been demonstrated that TNS3 is important for proper growth of new born mice. 

One third of the mice lacking TNS3 exhibited growth retardation and died within 3 weeks 

after birth. The cause of death is not completely understood but it might be due to a 

combination of defects in the intestine, lung, and bone (Chiang et al., 2005). The common 

theme of these defects is related to incomplete development in these tissues. However, these 

observations indicate that TNS3 is essential for normal development and functions of the 

small intestine, lung, and bone (Chiang et al., 2005). Studies have demonstrated the role of 

Tensin 1 in maintaining renal function and skeletal muscle (H. Chen et al., 2002; Lo, 2017). 

Mice with TNS1 KO developed cysts and eventually died of renal failure. Researchers have 

also shown that Tensin 1 deficiency impairs skeletal muscle angiogenesis and regeneration 

(H. Chen et al., 2002; Lo, 2017). TNS2 knockout in FVBGN mice causes nephrotic 

syndrome, which leads to renal failure; the mice died eight weeks later. However, this 
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behaviour has been shown to be strain-dependent, as in C57BL6 or SV129 strains, TNS2 

knockout mice developed normally (Uchio-Yamada et al., 2016).Finally, TNS4 knockout 

mice showed no defects (Lo, 2017). 

 
 

1.12. Role of tensins in cancer 

Several studies have been performed to examine the role of the different tensins in cancer. 

TNS1 levels are low in twelve cancer types such as breast, colorectal, kidney, lung and ovarian 

cancer while high in three cancer types, including gastric cancer, esophageal cancer and 

lymphoma (Table.1.2). TNS2 has been shown to be down-regulated  in different cancer types 

such as breast, colorectal, kidney, and lung cancer, whereas TNS3 has been shown to be 

elevated in some cancers, such as breast cancer, and decreased in others like kidney and lung 

cancer (Table.1.2) (Liao & Lo, 2021).TNS4 has been found to be up-regulated in cancers such 

as gastric, lung, and colorectal, while it has also been found to be down-regulated in cancers 

such as kidney cancer and melanoma (Table 1.2) (Liao & Lo, 2021; Lo, 2017; Mouneimne & 

Brugge, 2007). TNS1and TNS2 have been shown to promote cell migration. The Boyden 

chamber migration assay was used on HEK293 cells to assess cell motility upon overexpression 

of TNS1 and TNS2. Cells expressing GFP–TNS1 or   GFP–TNS2 migrated significantly faster 

than GFP control cells, The author did not provide any evidence of the molecular mechanism 

behind how overexpression of TNS1 or TNS 2 promotes migration (H. Chen et al., 2002). In 

another study, endothelial cells were isolated from both TNS1-null and WT mouse 

embryos.  Cells lacking TNS1 migrated and proliferated at a significantly slower rate than their 

WT. In addition, this occurs in a TNS1 DLC1 RhoA signaling-dependent manner (Shih et al., 
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2015). Additionally, TNS2 over-expression in HepG2 and BEL7402 cells, which 

endogenously have low TNS2 levels, significantly inhibited the formation of colony (Yam et 

al., 2006). TNS4 has shown to be downregulated in the majority of prostate cancer cell lines 

(Lo, 2017; Mouneimne & Brugge, 2007), as well as overexpressed in a breast cancer cell line 

(Albasri et al., 2011a). 

Several publications highlighted that TNS3 levels are high in breast cancer cell lines 

(Chiang et al., 2005; Qian et al., 2009; Shinchi et al., 2015). Additionally, it was found that 

knocking down TNS3, but not TNS4, dramatically reduced cell migration, soft agar growth 

in vitro and tumor formation in vivo (Qian et al., 2009). It has also previously been shown 

that the deregulation of TNS3 promote cell migration, invasion and tumorigenesis in 

different cell lines from breast cancer, as well as melanoma and advanced lung cancer (Qian 

et al., 2009). Therefore, its role remains controversial. 

 
 
 
1.13. Cell migration in cancer: 

The hallmarks of cancer have been defined as key features associated with oncogenic 

transformation. These include the ability to sustain proliferation pathways, which allow cancer 

cells to continue to grow avoiding normal regulators; evading growth suppressors, due to the 
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loss of tumour suppressor genes such as p53; angiogenesis, in which cancer cells stimulate the 

formation of new blood vessels to support their growth; genome mutation and instability and 

invasion and metastasis activation (Hanahan & Weinberg, 2000). To be able to metastasise, 

cells must go through the invasion-metastasis cascade (Figure 1.10). Localised tumours enter 

the bloodstream, spread out, and form tumours at various locations. The first stage of invasion 

is localised invasion. During this stage, the cells migrate in various ways. 

 

Cell migration is an essential physiological process, such as during wound healing. During 

cancer metastasis, cells migrate to various parts of the body via individual cell migration 

including mesenchymal, amoeboid and collective cell migration (Friedl & Alexander, 2011). 

The microenvironment and cell types influence this process (Anderson & Simon, 2020). Cells 

that adopt mesenchymal migration begin to develop spindle-elongated morphology, and later, 

via integrin, they initiate cell-matrix interaction, this mode of migration is dependent on MMP-

mediated ECM degradation. (Anderson & Simon, 2020). This type of migration is usually seen 

in sarcomas. Leukaemia mainly utilise amoeboid or rounded migration, which starts by 

forming spherical (round) shapes, this mode of migration is independent of MMP and is 

primarily driven by blebbing (Anderson & Simon, 2020). Collective migration refers to a group 

of cells migrating together as a cluster, solid strands; this type of migration is dependent on 
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cell-cell adhesion. The leader cells at the front of the cluster guide the follower cells. Another 

type of collective migration is bud protrusion, in which cells constantly change their positions 

without the need for leader cells (Anderson & Simon, 2020). Breast cancer commonly exhibits 

this type of migration (Anderson & Simon, 2020). Recent reports indicate that breast cancer 

cells invade nearby tissue and migrate collectively (Chang et al., 2024). 

The migration cycle is described as a continuous chain of events that influence one another. 

Forming a protrusion is the first step in the cycle, followed by adhesion to the extracellular 

matrix using integrins. Following this, the cells contract with the help of myosin protein 

interactions with actin filaments to facilitate motility, which is essential during cell migration. 

The final step is the separation of the cells from the ECM to prevent movement resistance 

(Caswell & Zech, 2018). Actin cytoskeleton remodelling occurs when cellular protrusions 

form, allowing cancer cells to invade and migrate to different sites (Sarantelli et al., 2023). 

Lamellipodia, pseudopodia, and filopodia are three types of protrusions (Sarantelli et al., 2023). 

Lamellipodia, defined as sheet-like protrusions, are caused by actin filament branching and 

polymerisation, which creates tension and drives cell motion (Carmona et al., 2016; Machesky, 

2008). Lamellipodia are formed at the front edges of migrating cells. Actin polymerisation is a 

highly controlled process; many proteins regulate it, particularly in the lamellipodia branch 

network, which is formed by actin polymerisation induced by Arp 2/3 complex proteins 

(Chánez-Paredes et al., 2019). Arp 2/3 complex proteins play an important role in the dynamics 

of lamellipodia formation, especially in metastatic cells that form lamellipodia at high rates, 

facilitating invasion and migration (Machesky, 2008). Pseudopodia are dense, sheet-like 

structures that cancer cells use to sense and interact with environmental stimuli in three 

dimensions. It allows cancer cells to migrate through the ECM (Choi et al., 2018). Reports link 

the formation of pseudopodia to the activation of Rho/ROCK signalling pathways (Jia et al., 

2005). Filopodia are slim, finger-like structures. They protrude and extend actin filaments 

outside the cells to facilitate cell migration and invasion (Peuhu et al., 2022). Different proteins 

control different steps in the formation of filopodia (figure 1.11). One of these proteins, 

IRSp53, plays a crucial role in the formation of filopodia by sensing and causing membrane 

curvature, a necessary step for protrusion formation. To add to the list of proteins, myosin-X 

helps to bring integrin and actin crosslinking proteins to the edges of filopodia. These include 

Ena/VASP (enabled/vasodilator-stimulated phosphoprotein), which helps filopodia 

elongation, which makes filopodia longer. These proteins collaborate to ensure the correct 

assembly and formation of filopodia. This, in turn, aids in the migration and communication 
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of cells. Researchers have extensively investigated filopodia in vivo and in vitro in cancer 

migration and invasion (Jacquemet et al., 2017). Research suggests that the progression of 

cancer leads to the upregulation of filopodia proteins like Fascin and MYO10, which in turn 

promotes cell invasion (Jacquemet et al., 2017; Miihkinen et al., 2021). 
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1.14. Research hypothesis and aims: 

This research examined the role of the integrin-binding protein TNS3 in cancer progression. 

The ECM has been shown to promote the progression of DCIS to IDC. Longitudinal studies 

revealed that around 20-50% of the DCIS  progressed to IDC (Cowell et al., 2013). Moreover, 

TNS3 has been reported in several studies to be upregulated, promote tumorigenesis and 

metastasis in breast cancer (Qian et al., 2009; Shinchi et al., 2015). In addition, preliminary 

data generated in Dr Rainero lab support the role TNS3 in controlling extracellular matrix 

dynamics. Therefore, my hypothesis is that TNS3 controls the transition of DCIS to IDC by 

controlling ECM dynamics. 

This project is composed of 3 integrated aims: 
Aim 1: characterization of the expression of TNS3 during breast cancer progression and its 

role in controlling cancer cell invasion. 

Aim 2: investigation of the role of TNS3 in controlling DCIS to IDC progression and 

elucidation of the molecular mechanisms through which TNS3 modulates cancer cell 

invasion. This focuses on the role of TNS3 in modulating BM component secretion and/or 

organization 

Aim 3: Elucidation of the role of TNS3 in controlling tumour formation and metastasis in vivo 

using a Drosophila cancer model established in Dr Campbell lab (School of Biosciences, The 

University of Sheffield
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Chapter 2: Materials and methods 
 
2.1 Materials: 
 
Table 2.1. Reagent list: 
Reagent  
 

Company  

8 well chamber-slides ThermoFisher Scientific 
8 well high glass bottom Ibidi 
10cm petri dishes Greiner bio-one  
6-well tissue culture plates Greiner bio-one  
12-well tissue culture plates Greiner bio-one  
96-well, black, optically clear flat-bottom  Perkin Elmer Greiner bio-one  
3.5cm glass-bottom dishes SPL Life Science  
0.45μm syringe filter  Gilson  
Horse serum (HS) Gibco  
Distilled water  Gibco  
Phosphate buffer saline (PBS)  Gibco  
5X siRNA buffer  Horizon Discovery  
Trypan Blue stain 0.4%  Gibco by life technologies  
RNase-free water  Horizon Discovery  
Antibiotic-antimycotic  Gibco 
Insulin solution human Sigma 
Epidermal growth factor (EGF)  Sigma 
Hydrocortisone Sigma 
Dulbecco’s Modified Eagle Medium / 
nutrient Mixture F12 (DMEM-F12)  

Gibco  

0.5% Trypsin-EDTA solution 10X  Gibco 
Opti-MEM (1X), reduced serum medium  Gibco 
Dharmafect I Dharmacon/Horizon Discovery  
Dimethyl sulfoxide (DMSO) Fisher Scientific  
Collagen I high concentration (HC) rat tail  Corning  
Matrigel basement membrane (BM) 
matrix  

Corning  

Soluble collagen I Bio Engineering  
Methylcellulose Sigma 
Glycine Sigma 
Triton X-100 Sigma 
Tween-20  Sigma  
Alexa FluorTM 555 Phalloidin Invitrogen  
DMEM/F12, no glutamine Gibco 
Alexa FluorTM 488 Phalloidin Invitrogen  
Red cell tracker  Fisher 
VECTASHIELD Antifade Mounting 
Medium with DAPI 

VECTOR laboratories  

Bovine serum albumin (BSA)  Sigma  
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4-15% Mini-PROTEAN precast 
polyacrylamide gels  

Bio-Rad  

NuPAGETM LDS Sample buffer 
(NuPAGE)  

Thermo Fisher  

Qia-Shredder columns  QIAGEN  
Dithiothreitol (DTT) Melford  
FL-PVDF membrane  IMMOBILON-FL  
DRAQ5TM  Rocher 
Geltrex QIAGEN  
Cell Scraper, sterile, 28cm  Greiner Bio-One Ltd 
Trident universal protein blocking reagent  GeneTex 
Paraformaldehyde ( PFA) Science Fisher  
15ml Falcon Biodistribution 
50mL falcons Star Lab 
1.5mL Eppendorfs Star Lab 
Color Protein Standard Broad Range BioLabs 
Live Cell Fluorogenic DNA Labelling 
Probe 

SPOROCHROM 

 
 
Table 2.2 Antibody list:  

IR Dye 800 anti-mouse antibody LI-COR  

TNS3 Santa Cruz Biotechnology (sc-376467) 

TNS4 Invitrogen (684524) 

Anti-Laminin-5 antibody  Sigma-Aldrich (MAB19562) 

GAPDH mouse monoclonal Abcam (sc-47724) 

 
Table 2.3 Blocking antibody list: 

Mouse anti-human (IgG1) integrin a3 
blocking antibody 

 Merck (MAB1952Z) 

Mouse (IgG1) Ctrl blocking Antibody Biolegend (401401) 

Rat anti-human/mouse (IgG2a) CD49f 
blocking antibody 

Biolegend (313637) 

Rat (IgG2a) Ctrl blocking antibody Biolegend (400543) 
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Table 2.4. Solution composition  

Solutions Ingredients 

SDS lysis buffer  1% SDS (v/v), 50mM Tris-Hcl pH7 

Loading buffer  1mM DTT, 1X NuPAGE 

TBST 10mM Tris-HCl pH 7.4, 150mM NaCl, 

0.1% (v/v) Tween-20  

Towbin buffer 10X  1.92M Glycine, 0.25M Tris 

Transfer buffer   20% methanol, 10% Towbin buffer 

10X in deionised water  

1X PBS-Glysine PBS,0.75g Glycine 

1X IF wash PBS, 0.2% Triton X-100, 0.04% (v/v) 

Tween-20 

citric acid-based antigen unmasking  1:100 dilution 
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2.2 Methods: 

2.2.1.Cell culture  

MCF10A-DCIS cells were grown in DMEM/F12 supplemented with 5% horse serum (HS), 20 

ng/ml EGF, and 1% Penicilline and streptomycin (PS). MCF10A and MCF10CA1 cells were 

grown in DMEM/F12 was supplemented with 5% HS, 20 ng/ml EGF, 0.5mg/ml 

hydrocortisone, 10μg/ml insulin, and 1% PS. All of the cells were kept at 37° C and 5% carbon 

dioxide, and they were passaged away every three to four days. 

To split the cells, the culture medium was removed, the cells were washed twice in 1% PBS, 

and then they were incubated in 0.25% trypsin-EDTA for five minutes at 37° C and 5% carbon 

dioxide. Following the detachment of the cells, they were resuspended in complete growth 

media and seeded in tissue culture dishes at the desired density. 

To prepare cells for cryofreezing for long-term preservation, trypsinised cells were 

resuspended in complete media and centrifuged at a speed of 1000 revolutions per minute (rpm) 

for three minutes at room temperature (RT). Shortly after this, the pelleted cells were 

resuspended in 1 ml of a freezing solution which contained 10% DMSO, 25% complete media, 

and 65% HS. The vials were kept at a temperature of -80° Celsius for a few days before being 

moved to liquid nitrogen for longer-term storage. 

Cells are checked regularly to make sure they are free of contamination. This is accomplished 

by collecting 1 ml of cultured cell supernatant in free antibiotics to run the mycoplasma test. 

Furthermore, cells are checked on a regular basis for morphology, which is done under a 

microscope to avoid contamination and maintain consistent morphology. 

 

2.2.2.Western blot 

8 x 105 cells/well were seeded onto 6 well plastic plates for one day. The cells were then washed 

with ice-cold 1% PBS and lysed in SDS lysis buffer. The cell lysates were loaded into Qia-

shredder columns (Qiagen) and centrifuged using a mini centrifuge at the highest speed for 5 

minutes. Eppendorf tubes were used to collect the filtered cell lysates, loading buffer was added 

and the samples were heated at 75 °C for 5 minutes. The lysates were placed in the refrigerator 

at -20°C for later use in western blot analysis. 20-25 μl of each sample and 2 μl of Color Protein 

Standard Broad Range ladder were subsequently loaded into Bio-Rad 4-15% Mini-PROTEAN 

Gels. Electrophoresis was performed for 1hour and 30 minutes at a constant voltage of 100 

volts. The proteins were then transferred to IMMOBILON-FL -PVDF membranes. In order to 
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boost transfer efficiency by activating the chemical groups in the membrane, the membranes 

were pre-wetted with pure methanol. The transfer procedure was conducted in towbin transfer 

buffer for 75 minutes at 100 volts. The membranes were incubated in a blocking solution 

containing 5% (w/v) BSA in TBS-T for 1 hour at room temperature and with primary 

antibodies (table 3) in a solution of 5% (w/v) BSA in TBS-T overnight at 4° C. The membranes 

were washed three times in TBS-T for a total of ten minutes each time, with gentle rocking. 

This was followed by the incubation with the secondary antibody (table 2.5), in TBS-T with 

0.01% (w/v) SDS, for 1 hour at room temperature. Three additional rinses were performed in 

TBS-T, and three in distilled water. The membranes were imaged by the 800nm channel with 

a resolution of 200μm in a LiCor Odyssey Sa software system. ImageStudioLite was utilised 

to quantify band intensity. The intensity of the protein of interest was normalised to that of the 

GAPDH. 

 
Table 2.5. The antibodies used for western blotting: 
 
Primary antibody Dilution 

Mouse ant-TNS3 1:1000 

Mouse anti-LN5 1:1000 

Mouse anti-GAPDH 1:1000 

Secondry antibody Dilution  

IR Dye 800 anti-mouse IgG 1:30000 

 

2.2.3.siRNA-mediated knockdown: 

2.2.3.1 Transfection in 6-well plates  

3x105 cells were plated for 24 hours, to reach 30% confluence. 10μl of 5μM siRNA and 190μl 

of Opti-MEM for each well were added in one microtube. 2μl of Dharmafect I (DF1) and 198μl 

of Opti-MEM per well were mixed in a separate microtube and incubated for 5 minutes. Then, 

the Dharmafect I solution was added to the siRNA mixture and incubated for 20 minutes while 

rocking gently to ensure the formation of siRNA:Dharmafect I complex. The media was 
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aspirated from the cells, which were then washed twice with 1% PBS. Subsequently, the 

transfection mix was added on top of the cells. Finally, 1600 μl of media without P/S was added 

to each well.  

 

2.2.4 2D immunofluorescence microscopy microscopy: 

A 0.25 mg/ml Geltrex solution was made by diluting it with ice-cold PBS on ice. Following 

that, 3.5cm2 glass-bottomed dishes were coated with 100μl per dish. Then, the Matrigel was 

polymerised by incubating at 37°C for 1-2 hours. After 2 washes with PBS, 2 x105 cells were 

seeded on the Geltrex coated dishes overnight. The cells were fixed with 4% (w/v) 

paraformaldehyde (PFA) in 1x PBS for 15 minutes. Subsequently, cells were permeabilised 

with 0.25% (v/v) Triton X-100 in 1x PBS for 5 minutes at room temperature. Cells were rinsed 

three times with 1x PBS and blocked in 1% (w/v) BSA for one hour at room temperature. Cells 

were incubated with primary antibodies (table 2.6) in a 1% (w/v) BSA solution for one hour 

at room temperature. After, cells were rinsed 3 times with 1x PBS and, if required, incubated 

with secondary antibodies (table 4) in 1% (w/v) BSA at a 1:1000 dilution for 45 minutes at 

room temperature. The cells were then washed twice with 1%PBS and then incubated with 

Phalloidin Alexa Fluor 555 for 10 minutes. After two washes with PBS and one wash with 

sterilised water, Vectashield containing DAPI was used for nucleus staining and sample 

preservation. The dishes were then sealed with parafilm and stored at 4°C for a maximum of 

two weeks.  

The samples were acquired using a Nikon A1 confocal microscope. To visualise TNS3, LN332 

or TNS4 expression, three channels were used: DAPI (λex=403.5nm), FITC (λex=480.0nm), 

and Alexa Fluor 568 (λex=562.0nm). Phalloidin staining was used to identify the actin 

cytoskeleton, which was then tracked in the ROI manager of Image J to define the cells’ 

outlines. The intensity of TNS or LN332 in each cell was measured in the FITC channel. Each 

experiment involved acquiring a minimum of ten images. 

 

Table 2.6. Antibodies used for 2D Immunofluorescence microscopy microscopy: 

Primary antibodies Dilution 

mouse anti-TNS3 antibody 1:100 
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mouse anti-TNS4 antibody 1:100 

Mouse anti-LN5 1:100 

Secondry antibody Dilution 

Alexa Fluor 488 Goat Anti-mouse IgG 1:1000 

2.2.5 Cell proliferation assay: 

96-well plates were coated with a 3 mg/ml Matrigel solution (15μl/well) and let polymerise for 

three hours. Then, 0.6μl of 30nM siRNA was mixed with 9.4μl of DMEM media containing 

5% HS but no antibiotics for each well and added to the wells, giving a total of 10μl. Separately, 

0.24μl of DF1 was diluted in 9.76 μl of DMEM media with 5% HS and no antibiotics per well 

and added to each well. The plate was incubated in the hood for 30 minutes to allow the DF1 

and siRNAs to form complexes. 2×103 cells in 80 μl of antibiotic-free media were added to 

each well. This yielded a final siRNA concentration of 30 nM. The cells were kept in the 

incubator overnight. The following day, the media was removed, following washes with 100μl 

of 1x PBS and 200μl of fresh complete or free glutamine media was introduced to each well 

then left to grow for up to 7 days. Cells were fixed on days two and six. To fix the cells, the 

media was aspirated, and 40μl of 4% PFA was added, followed by a 15-minute incubation and 

two washes with 100μl of 1x PBS and stained with 5μM DRAQ5 for 1 hour at room 

temperature while gently rocking. Following this, the cells were washed twice with 1% PBS. 

The second wash was left in for 30 minutes with gentle rocking to reduce the intense 

background fluorescence, then the plates were imaged using the Licor Odyssey system Sa with 

specific settings. The plates were imaged by a 700nm channel with a resolution of 200μm in 

LiCor Odyssey Sa software system. Each well's signal intensity was calculated as the total 

intensity exploded by the total background. Image Studio Lit software was used to measure the 

signal intensity of each well.  

 

2.2.6 Fluorescence Immunohistochemistry staining: 

Tissue slides were obtained from SEARCHBreast (https://searchbreast.org/), from a polyoma 

middle T-driven mouse model (MMTV-PyMT) at pre-tumor initiation (normal mammary 

gland) at 42 to 44 days old, ductal adenocarcinoma stage (DCIS) at 73 days old, and invasive 

ductal carcinoma at 91 days old. 

https://searchbreast.org/
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 The slides underwent deparaffinization by dipping the slides in xylene for 3 minutes each for 

two times. After that, the samples were rehydrated in alcohol, by immersing them twice in 

100% ethanol (EtOH) for 5 minutes, twice in 95% EtOH for 5 minutes and twice in70% EtOH 

for 5 minutes. Finally, the samples are re-hydrated by placing them in dH2O for 5 minutes.  A 

citric acid-based antigen unmasking solution was utilized to enhance the entry of the antibody 

within the tissue. Subsequently, the slides were blocked using trident universal protein blocking 

reagent (animal serum free) for 30 minutes at room temperature. Slides were incubated with 

anti-TNS3 primary antibody (1:100 dilution) in 1% PBS for 1 hour at room temperature, 

washed with 1% PBS while stirring for 5 minutes, then rinsed once more with 1% PBS. 

Afterward, the slides were incubated with the secondary antibody (Alexa Fluor 488 anti-mouse 

IgG, 1:500) for 30 minutes at room temperature. They were then washed with 1% PBS while 

stirring for 5 minutes. Then, remove any residual PBS. Subsequently, 1-2 drops of Vectashield 

were added on top of the tissues. Finally, a glass coverslip was placed over the tissue. The 

images were taken by an Olympus microscope, 20X objective. The mean intensity of TNS3 

staining was quantified using ImageJ. 

 

2.2.7 3D Culture: 

5 μl of pure Matrigel is added to each well of an eight-well glass chamber slide and incubated 

in the cell culture incubator for a minimum of 15 minutes and a maximum of 30 minutes (figure 

2.1). During Matrigel polymerisation, cells were detached with trypsin and resuspended in 

DMEM/F12 media containing 2% Matrigel to reach a final concentration of 12500 cells/mL. 

In each well of the chamber slide, 400 μl of the cell suspension was added to the solidified 

Matrigel This produces a final concentration of 5000 cells per well in a medium containing 2% 

Matrigel. Cells were grown for up to 6 days in a humidified incubator with 5% CO2 at a 

temperature of 37 °C. After 3 days, the media was replaced with a fresh one containing 2% 

Matrigel. Where indicated, cells were treated with integrin blocking antibodies either at the 

time of seeding (day 0) or the following day (day 1).  
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2.2.8 3D-Immunofluorescence microscopy microscopy: 

Cells were fixed by gently removing the media followed by applying 400μl of 2% PFA for 20 

minutes at room temperature. Later, cells were permeabilized by overlying it with 250μl of 

0.5% Triton X-100 in PBS for 10 minutes at room temperature. The cells were washed three 

times with 1x PBS-Glycine for 10 minutes each at room temperature.  

The cells underwent incubation with 200 µl of a blocking buffer solution (IF wash and 1% 

BSA) for 1 hour at room temperature. Subsequently, the cells were stained by applying 100 µl 

of primary antibody per well (diluted 1:100 in blocking buffer) overnight at 4°C. The next day, 

the chamber slides were allowed to warm up to room temperature. Following that, the cells 

were washed three times with IF wash, with each wash lasting for 20 minutes at room 

temperature. After the washes, 100 µl of secondary antibody per well, prepared in blocking 

buffer at a 1:500 dilution, was added and left for 1 hour at room temperature. Once again, the 

cells were washed with IF wash for 20 minutes at room temperature. Subsequently, the cells 

were rinsed twice with 1% PBS, with each rinse lasting for 10 minutes. Finally, the cells were 

incubated with 100 µl of Phalloidin Alexa Fluor 555 (1:200 in 1% PBS) per well, for 30 
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minutes at room temperature. Lastly, the cells were rinsed with 1% PBS and then three drops 

of Vectashield containing DAPI were applied, followed by sealing the chamber slide with 

parafilm. Cells were imaged using a Nikon A1 confocal microscope, 60x objective.  

For cell live imaging experiments, cells were seeded as described above and on the second day 

the cells stained with Live Cell Fluorogenic DNA Labelling Probe (1:1000) for 1 hour prior to 

imaging. Cells were imaged using a Nikon time lapse microscope, 20x/0.75 Ph2 objective. 

Images were acquired every 10 minutes for 48 hours. Acini circularity (4p x [Area]/ 

[Perimeter]2) was measured with Image J. A perfect circle has a circularity value equal to one, 

which decreases in the presence of protrusions.  

 

Table 2.7. Antibodies used for 3D immunofluorescence microscopy microscopy  

Primary antibodies/ Blocking antibodies Dilution / Final concentration 

Mouse anti-human (IgG1) integrin a3 

(P1B5) blocking antibody 

 5µg/ml 

Mouse (IgG1) Ctrl blocking Antibody 5µg/ml 

Rat anti-human/mouse (IgG2a) integrin a6 

(GoH3) blocking antibody 

10µg/ml 

Rat (IgG2a) Ctrl blocking antibody 10µg/ml 

Mouse Anti-Laminin-5 antibody 1:100 

Mouse Anti-integrin a3 antibody 1:100 

Mouse Anti-integrin a6 antibody 1:100 

Mouse Anti-b1 antibody, conjugated with 

Alexa Fluor 488 

1:100 

Secondary antibody Dilution  

Alexa Fluor 488 Anti-mouse IgG 1:1000 
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2.2.9 3D-spheroid invasion assay  

MCF10A-DCIS cell spheroids were generated by the hanging-drop technique, as described in 

Bayarmagnai et al. 2019a. Initially, cells were washed with PBS and stained with 2μM Cell 

Tracker Red in serum-free media at 37°C for 45 minutes. 1x105 cells were resuspended in 2 ml 

of spheroid medium, containing 4.8 mg/ml of methylcellulose and 20 μg/ml of soluble collagen 

I in full growth medium (figure 2.2). After this, 20 μl of cell suspension was carefully 

positioned onto the inner surface of a 10cm2 tissue culture dish lid, resulting in 103 cells in each 

droplet.  A moist environment was created by adding 5 ml of 1x PBS to the culture dish and 

incubated at 37° C and 5% CO2 for 48 hours. This was done in order to prevent the hanging 

drops from drying out while the spheroids were being formed.  

After spheroids were formed, they were carefully washed with 500 μl of complete growth 

medium. After that, the spheroid suspension was moved into a 1.5 ml microcentrifuge tube. 

After gravity had caused all of the spheroids to settle to the bottom, growth medium was 

carefully removed and spheroids were washed twice with 500µl growth media. Spheroids were 

embedded in a mixture consisting of 4mg/ml Matrigel and 3mg/ml collagen I. One to two 

spheroids were mixed together in a uniform manner then added into a 60 μl of the 

Matrigel/collagen I mixture. 45 μl of the gel mixture and spheroids were deposited in the 

middle of each well of a glass-bottomed 24-well plate. The plate was inverted slowly and then 

incubated upside down at 37 °C for 20 minutes in order to prevent the embedded spheroids 

from sinking to the bottom of the wells. After that, the plate was turned over so that the right 

side was facing up, and left in the incubator for 20 minutes at 37 °C. 

The final step was to carefully add one ml of fresh growth medium all around the well in order 

to prevent the gel droplets from becoming detached. Spheroids were placed in an incubator at 

37°C with 5% carbon dioxide, and live images were taken at Day 0, Day 1, Day 2, and Day 3 

with a Nikon A1 confocal microscope, 10x objective. The invasion, core, and total area were 

quantified with Image J.  
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2.2.10 Drosophila cancer model: 

These experiments were performed by Dr Jamie Adams in the Campbel lab at the Univesity of 

Sheffield, as described in Campbell et al., 2019.  

2.2.11 RNA-Seq Data Analysis: 

 

The analysis was carried out using https://TNMplot.com. The methodology for data 

collection is detailed in their published paper (Bartha & Győrffy, 2021). Using the available 

data, I chose the TNS3 gene and human breast invasive carcinoma tissue to compare TNS3 

expression in normal and tumour tissues. 

 

2.2.12 Statistical analysis: 

Statistical analyses were performed using Graphpad Prism (Version 9.4.1) software. An 

unpaired t-test (Mann-Whitney test) was used to compare the two datasets, one-way ANOWA 

https://tnmplot.com/
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with multiple comparisons (Kruskal-Wallis test) was for multiple datasets with a single 

independent variable, while two-way ANOVA with multiple comparisons (Tukey test) was 

used to compare multiple datasets with two independent variables. 

 

 

Chapter 3: TNS3 is upregulated during breast cancer progression and promotes cancer 

cell invasion 

 

3.1 Introduction 

The MCF10 series cell line is a powerful tool for studying the molecular pathways behind 

breast cancer progression and it has been extensively employed as a breast cancer in vitro 

model (Bessette et al., 2015; Goh et al., 2022; So et al., 2014). It consists MCF10A, 

MCF10DCIS, and MCF10CA1. Click or tap here to enter text.Click or tap here to enter 

text.The extracellular matrix (ECM) consists of a variety of proteins that offer structural and 

chemical support to cells. Cell receptors like integrins facilitate communication between the 

ECM and cells, initiating signalling pathways that control cell migration, growth, and balance. 

Interaction with ECM components activate integrin receptors. This reaction leads to integrin 

clustering, initiating focal adhesion formation by recruiting proteins such as TNS, paxillin and 

focal adhesion kinase (FAK) (Legerstee & Houtsmuller, 2021; Rainero et al., 2015; Shinchi et 

al., 2015). Nascent focal adhesions later become mature focal adhesions and then longer 

fibrillar adhesions. Fibrillar adhesions are particularly enriched in tensin proteins (Atherton et 

al., 2022). The TNS family members are found at both focal and fibrillar adhesion sites. In 

particular, Tns1 localises to focal and fibrillar adhesion, TNS2 predominantly in focal 

adhesion, and TNS3 in enriched in fibrillar adhesion (Clark et al., 2010). A variety of studies 

have been conducted to investigate the role of TNS on cancer. TNS expression levels vary in 

cancer. TNS1 and TNS2 are downregulated in breast cancer, but TNS3 is upregulated. TNS4 

expression reported to be upregulated or downregulated (Liao & Lo, 2021; X. Lu et al., 

2021).The expression level of TNS3 can be regulated by intracellular signalling. For instance, 

when EGFR is activated, it triggers the activation of ERK/MAPK pathway that enhances the 

expression of TNS4 (also known as c-ten) while diminishing TNS3. Consequently, TNS3 is 

replaced by TNS4, leading to a decrease in the formation of stress fibres and the creation of 

focal adhesion (Cui et al., 2004). TNS3 has been shown to either promote or suppress cancer 

cell migration and invasion, depending on the cell type and environmental conditions. For 
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instance, knocking down TNS3 in breast cancer cells MDA-MB-231 and MDA-MB-468 

reduced cell invasion and migration, while it increased migration in WM793 melanoma, 05MG 

glioblastoma, and MCF10A non-transformed cells (Liao & Lo, 2021). Alterations in ECM 

composition and cell/ECM interaction can lead to abnormal cell division, potentially causing 

diseases, such as cancer metastasis, arthritis, and cardiovascular diseases (Chua et al., 2016; 

Hynes, 2009; Rainero, 2018; Walker et al., 2018). Some cancers, such as breast and pancreatic, 

are extremely fibrotic, featuring high ECM deposition and nutrient deprivation. Data from our 

lab showed that breast cancer cells can use the ECM as a nutrient source. We reported before 

that plating breast cancer cells MCF10DCIS on Matrigel under glutamine starvation resulted 

in higher proliferation compared to plastic (Nazemi et al., 2024). Another study reported that 

silencing TNS3 in tonsil-derived mesenchymal stem cells reduced the cell proliferation (Park 

et al., 2020). However, the role of TNS3 in controlling proliferation in breast cancer 

progression has not been elucidated yet. Therefore, further study to demonstrate the effect of 

silencing TNS3 in breast cancer cells plated on ECM is needed.  

The 3D culture approach was adopted to investigate the connection between DCIS and the 

ECM, which may facilitate the progression of DCIS to IDC (Brock et al., 2019; So et al., 2014). 

3D culture methods have been used to better recapitulate the tumour’s in vivo environment, 

allowing for a better understanding of cell-cell and cell-matrix interactions in a physiological 

setting. It has been reported that elevated accumulation of ECM proteins such as fibronectin, 

coupled with increased expression of integrin receptors, like the fibronectin receptor b6, could 

promote the switch from non-invasive to invasive cells. A study has reported increased 

expression of αvβ6 led to increased levels of MMP9 in HT29 and WiDr cells (colorectal 

adenocarcinoma cell lines). Metalloproteases are proteins that play an important role in 

remodelling the ECM. They have the ability to break down the basement membrane, 

facilitating invasion and migration (Yang et al., 2008). Despite this, the detailed molecular 

mechanisms controlling DCIS to IDC transition are poorly defined and deserve further 

exploration.  

 

Here I demonstrated that TNS3 levels were higher in human invasive breast cancer tissues than 

normal mammary tissues, while TNS1, TNS2, and TNS4 were downregulated in tumours. I 

validated this observation further by measuring TNS3 expression in the MMTV-PyMT breast 

cancer mouse model, confirming an upregulation of TNS3 in DCIS and IDC compared to the 

normal mammary gland. In addition, western blotting and immunofluorescence microscopy 
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microscopy experiments show that TNS3 expression was upregulated in a stage-dependent 

manner in the MCF10 series of cell line. Moreover, 3D invasion experiments indicated that 

TNS3 was required for in both MCF10DCIS and MCF10CA1 cells. Finally, proliferation 

experiments demonstrated that, while TNS3 knockdown did not affect cell proliferation in 

complete media, it significantly reduced the ECM-dependent cell growth observed under 

glutamine starvation. 

Altogether, these data indicates that TNS3 is upregulated during breast cancer progression and 

promotes cells invasion and ECM-dependent proliferation. 

 

3.2 Results 

3.2.1 TNS3 expression is up-regulated in breast cancer 

Previous reports have indicated that TNS3 expression is elevated in various cancer types, 

including gastric cancer and breast cancer (Liao & Lo, 2021). The expression of the different 

TNS isoforms was assessed in normal vs invasive breast carcinoma tissues by RNA-seq using 

datasets available in TNMplot.com (Bartha & Győrffy, 2021). The results in figure 3.1 show 

that the expression of TNS3 was significantly increased in  human tumours compared to normal 

tissues, while TNS1, TNS2 and TNS4 were significantly reduced in tumours compared to 

normal mammary tissues.  
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3.2.2 TNS3 expression is upregulated in DCIS and adenocarcinoma in a breast cancer 

mouse model. 

In order to corroborate the high expression of TNS3 in breast cancer tissues in comparison to 

normal tissues at the protein level, we evaluated the expression of TNS3 during the progression 

of breast cancer, from healthy mammary gland to DCIS, and IDC in a mouse model of breast 

cancer. Tissue samples were collected from a polyoma middle T-driven mouse model (MMTV-

PyMT) (Attalla et al., 2021) at 42 to 44 days old (pre-tumour initiation, normal mammary 

gland), at 73 days old (ductal adenocarcinoma, DCIS stage) and at 91 days old (invasive ductal 

adenocarcinoma). The validation of TNS3 antibody was done by Fiona J Wright, by using 

positive control (placenta) and negative control (brain) tissue. TNS3, staining in the normal 

mammary gland was faint and appeared to be diffuse in the mammary epithelial cells. TNS3 

levels were higher DCIS tumours, and appeared brighter at the periphery of the tumours 

compared to the centre. In the IDC sample, high TNS3 staining was detected all over the 

tumour. The very bright green dots observed in some images are believed to be a result of non-

specific signal and were excluded from the analysis of the fluorescence intensity. When 

compared to the normal group, DCIS and IDC samples had a significantly higher mean 

intensity of TNS3 (figure 3.2), supporting the idea that there is a correlation between breast 

cancer progression and an increase in TNS3 expression.  

 

 

 



 55 

 

 

3.2.3 TNS3 is upregulated in metastatic breast cancer cells compared to non-transformed 

mammary epithelial cells 

TNS3 expression was examined in the well-established MCF10 series of cell lines, including 

MCF10A (non-transformed mammary epithelial cells), MCF10DCIS (ductal carcinoma in 

situ) and invasive and metastatic MCF10CA1 cells, by Western blotting and 

immunofluorescence microscopy microscopy. As shown in figure 3.3A, the expression of 

TNS3 was upregulated in MCF10DCIS and MCF10CA1 cells compared to MCF10A cells, 

indicating that TNS3 expression increased in a stage dependent manner. I then analysed the 

subcellular localisation of TNS3 in MCF10A, MCF10DCIS and MCF10CA1 plated on a 

basement membrane extract (Geltrex) using immunofluorescence microscopy microscopy. 

Figure 3.3B shows increased TNS3 staining in the ventral surface of MCF10CA1 cells, 

compared to MCF10DCIS and MCF10A cells. In particular, actin cables that terminate with 

focal adhesions were coupled with TNS3 accumulation in MCF10CA1 cells, but not in 

MCF10DCIS and MCF10A. These results confirmed that TNS3 expression was significantly 

increased in the highly invasive MCF10CA1 cells compared to MCF10A and MCF10DCIS 

cells, suggesting that TNS3 might play a role in controlling the invasive behaviour of breast 

cancer cells.  
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3.2.4 TNS4 localises in the cytoplasm 

TNS4 expression has been shown to be elevated in a variety of cancers, including breast cancer 

(Albasri et al., 2011; Lo, 2017). Furthermore, study has reported that in HeLa and MCF10A 

cells, EGF stimulation resulted in a TNS switch, with increased TNS4 expression and 

decreased TNS3 levels. As a result, integrin b1 tail is released from TNS3, which reduces focal 

adhesion formation(Katz et al., 2007; Liao & Lo, 2021). Since we detected an increase in TNS3 

expression in the more aggressive cell lines, we wanted to determine the levels of TNS4 
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expression in the MCF10 series of cell lines. MCF10A, MCF10DCIS, and MCF10CA1 cells 

were plated on Geltrex overnight, fixed, and stained for TNS4. The results show that TNS4 

localised in the cytoplasm, in all three cell lines (figure 3.4). According to the quantification 

of the mean intensity, TNS4 expression was significantly lower in MCF10DCIS than MCF10A 

and MCF10CA1 cells, while TNS4 levels were comparable in MCF10A and MCF10CA1 cells. 

The findings show that the TNS switch was not detected in our experiment and TNS4 

expression did not correlate with cancer cell invasiveness. 

 

3.2.5 3D culture promotes DCIS cell invasion  

In order to study the role of TNS3 in breast cancer cell invasion, I aimed to establish a model 

in which I can study the transition from non-invasive to invasive behaviour. When DCIS cells 

grow in a 3D environment, they form round acini, which progress from a non-invasive to an 

invasive stage (Brock et al., 2019). This can be quantified by measuring the circularity of the 

3D structures. A perfect circle has a circularity value equal to 1, while this decreases in the 

presence of protrusions. Previous research in the Rainero lab has shown that up to 3 days in 

culture, DCIS cells form non-invasive acini, which become invasive after 6 days. Non-invasive 

acini have a rounded shape (circularity ~1). In the invasive stage, cells begin to protrude out of 

the acinus structure, invading in the surrounding tissues, resulting in a circularity <1. To 

confirm these findings, MCF10A, MCF10DCIS and MCF10CA1 cells were grown in 
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Matrigel-based 3D cultures for up to 6 days. As shown in figure 3.5, non-invasive MCF10A 

cells formed rounded acini both at day 3 and day 6 and the size of the acini increased at day 6 

compared to day 3. MCF10DCIS cells grew as non-invasive acini up to day 3, looking very 

similar to MCF10A acini and featuring a circular shape. Indeed, there was no significant 

difference in the circularity of MCF10A and MCF10DCIS acini at day 3. At day 6, 

MCF10DCIS cells protruded out of the acini, indicating a transition from a non-invasive to an 

invasive stage. Consistently, I observed a statistically significant reduction in the circularity of 

MCF10DCIS acini at day 6 compared to day 3. Invasive MCF10CA1 cells generated 

protrusions out of the acini at both day 3 and day 6, resulting in a statistically significant 

reduction in the circularity of MCF10CA1 acini compared with MCF10A ones. Furthermore, 

I detected a statistically significant increase in acini area in MCF10A and DCIS cells between 

day 3 and day 6, but not in CA1 cells.  These results shows that 3D culture can recapitulate the 

invasive properties of the cell lines.  
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3.2.6 Characterisation of MCF10DCIS cell spheroid invasion 

The 3D spheroid method is a well-established technique for studying breast cancer cell 

invasion in vitro. It has been widely used in cancer research because of its ability to mimic the 

environment of human tumours, allowing for the maintenance of cell-cell and cell-ECM 

interactions (Chang et al., 2024; Peuhu et al., 2022; Weaver et al., 2002). As a result, these 

characteristics make spheroids a great tool for studying the various behaviours of cancer cells, 

such as invasion and drug testing (Djomehri et al., 2019). While in the previous experiments 

acini were generated by embedding single cells in matrigel containing media (figure 5), here 

MCF10DCIS cell spheroids were generated by the hanging drop method first, then they were 

embedded in a mixture of 3mg/ml collagen I and 4mg/ml Geltrex for 4 days and imaged live 

every day (figure 3.6). The core size, total area and the invasion area of the 

 

 spheroids were measured with Image J. At day 0, the spheroids appear spherical. At day 1 the 

core size of the spheroids slightly increased but invasion was not observed. At day 2 

MCF10DCIS cells started to form invasive protrusions. At day 3 the core size and invasion 

increased. At day 4 the cells formed protrusions and strands of collective cells invading through 
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the surrounding matrix. Together, this method confirms that MCF10DCIS cells acquire an 

invasive phenotype when cultured in 3D, allowing me to assess the effect of silencing TNS3 

in DCIS cell invasion.  

3.2.7 TNS3 is required for DCIS cell invasion in 3D spheroids 

In order to investigate the role of TNS3 in breast cancer cell invasion, MCF10DCIS cells were 

transfected with a TNS3 specific si-RNA and a non-targeting siRNA as a control. Spheroids 

were formed with the hanging drop method for 48hr and embedded into a mixture of 4 mg/ml 

Geltrix and 3 mg/ml collagen 1 for 3 days. Spheroids were imaged live with a Nikon A1 

confocal microscope at day 0, day 1, day 2 and day 3. The core size and the invasion area of 

the spheroids were measured with Image J (figure 3.7A). At day 0, the spheroids appear 

spherical, and there is no significant difference in core and invasion area between non-targeting 

siRNA and TNS3 specific si-RNA, while TNS3 knockdown led to a significant decrease in the 

core area of spheroids at day 1 and 2. Moreover, TNS3 knockdown spheroids showed a reduced 

number of protrusive strands compared to non-targeting siRNA ones. In addition, knocking 

down TNS3 resulted in a nearly 60% decrease in mean invasion area at day 1, day 2 and day 

3, indicating that cell invasion, and potentially cell proliferation, in MCF10DCIS spheroids 

requires TNS3. To assess the efficiency of TNS3 knock-down, MCF10DCIS cells were plated 

in 6-well plates and transfected with either control non-targeting siRNA or an siRNA targeting 

TNS3. Western blotting analysis indicated that the percentage of the TNS3 knock-down was 

around 70% (figure 3.7B).  
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3.2.8 TNS3 is required for MCF10CA1 cell in invasion. 

 To investigate whether TNS3 also controls the invasion of metastatic breast cancer 

cells, MCF10CA1 cells were transfected with TNS3-specific siRNA and a non-targeting 

siRNA as controls and grown from single cells in 3D Geltrex for three days. At Day 3, the 
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control acini developed protrusions, as expected of invasive MCF10CA1 cells. However, when 

TNS3 was depleted, this behaviour was significantly reduced, and acini were mostly circular 

(figure 3.8A). Indeed, quantification of acinus circularity showed a statistically significant 

increase upon TNS3 down-regulation. Notably, there were no notable changes in the area.  
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To gain better insights in the cell invasion dynamics, I used live imaging of MCF10CA1 cells 

grown in 3D Geltrex. MCF10CA1 were transfected with non-targeting siRNA or TNS3-

specific siRNA and imaged from day 2 to day 4. After about 11 hours of imaging, control cells 

began to invade and formed multicellular protrusions. After 17.5, 24.2, and 31 hours, the 

invasion expanded by creating larger protrusions and the acini migrated through the matrix. 

The acini generated by cells transfected with TNS3-specific siRNA, on the other hand, after 

about 11 hours of imaging, only grew in size, but no invasion occurred. After 17.5, 24.2, and 

31 hours, the size of the acini kept increasing as the cells continued to proliferate, but no 

invasion occurred (figure 3.8B). Consistent with the previous results, the circularity was 

significantly reduced when we silenced TNS3 compared to the control group. Western blotting 

analysis confirmed that the percentage of the TNS3 knock-down in MCF10CA1 cells was 

around 70% (figure 3.8C).  

Altogether, we can conclude that TNS3 plays an important role in controlling breast cancer 

cell invasion. 

 

3.2.9 TNS3 downregulation reduced MCF10DCIS and MCF10CA1 cell growth on 

Matrigel under glutamine deprivation. 

Previous results showed that TNS3 knock-down in MCF10DCIS spheroids resulted in a 

significantly smaller core size, indicating that TNS3 may play a role in cell proliferation 

control. Furthermore, our lab recently found that the ECM promotes breast cancer cell growth 

during amino acid starvation, including glutamine (Nazemi et al., 2024). Because TNS3 plays 

an important role in mediating cell/ECM interaction, I wanted to investigate the effects of 

TNS3 knockdown on cell proliferation on plastic or matrigel, in complete media or glutamine 

starvation.  

MCF10DCIS and MCF10CA1 cells were cultured on plastic or plastic coated with 3mg/ml 

Matrigel for 7 days in either full media or glutamine-free media. In figure 3.9A, MCF10DCIS 

cells cultured on plastic or Matrigel in full media showed no significant differences between 

control and TNS3 downregulation. Similarly, figure 3.9B shows that MCF10CA1 cells grown 

on plastic or Matrigel with full media exhibited comparable proliferation rates with and without 

TNS3 knock-down. Consistent with previous findings, MCF10DCIS treated with a non-

targeted siRNA cells seeded in glutamine-free media grew significantly more on Matrigel than 

on plastic, while TNS3 downregulation significantly impaired cell proliferation on matrigel 

(Figure 3.9C). Similarly, MCF10CA1 cells plated on Matrigel in glutamine-free media 
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proliferated more than cells seeded on plastic in the presence of a non-targeting siRNA, while 

knocking down TNS3 reduced the proliferation on Matrigel without affecting cell growth on 

plastic (figure 3.9D). These findings confirmed that Matrigel supported cell proliferation under 

glutamine deprivation and TNS3 was required for ECM-dependent cell growth under 

starvation, without affecting cell proliferation in complete media. 

 

 

3.3 Discussion 

Here I demonstrated that TNS3 expression increased in DCIS and IDC, compared to the 

healthy mammary gland, in a breast cancer mouse model. Furthermore, TNS3 expression was 

significantly higher in invasive and metastatic MCF10CA1 cells compared to the non-

tumorigenic MCF10A cells. These data are in agreement with several publications highlighting 

that TNS3 levels are high in breast cancer cell lines compared to normal cell lines (Shinchi et 

al,. 20015; Qian et al.,2009; Chiang et al., 2005). In addition, previous in vivo study on FVB 

mice genetically modified by PyMT to produce breast cancer revealed that TNS3 is 

significantly more expressed in primary breast cancer tissue than in normal breast tissue (Qian 
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et al., 2009; Shinchi et al., 2015).  Some studies indicated that TNS4 levels increased in breast 

cancer, while others did not. It has been documented that TNS4 exhibited high expression 

levels in invasive breast tumors (Liao & Lo, 2021; X. Lu et al., 2021). Following the use of an 

EGFR kinase inhibitor, the expression of TNS4 decreased. This finding implies that the 

regulation of TNS4 is dependent on EGF (Albasri et al., 2011). Another research study 

indicates that TNS4 and TNS3 function in contrasting manners in regulating migration. 

Inhibition of TNS4 led to a decrease in migration, whereas silencing TNS3 resulted in an 

increase in migration (Mouneimne & Brugge, 2007). Another investigation found that TNS4 

decreased in various subclasses of human breast cancer obtained from a genomic database (X. 

Lu et al., 2021). Overexpressing TNS4 in MCF7 and human umbilical vein endothelial cells 

resulted in reduced cell proliferation, migration, and tube formation (X. Lu et al., 2021). 

In my project, I assessed TNS localisation at the adhesion level. TNS4 localization differs 

significantly from TNS3 in that it is located in the cytoplasm rather than at the ventral surface. 

Furthermore, TNS4 lacks one of the focal adhesion binding sites at the N-terminus, meaning 

that TNS4 can still bind to integrins via the PT domain but this is less effective at recruiting 

the protein to focal adhesion. It has also been reported that losing the N-terminal results in a 

loss of binding to focal adhesion proteins and actine filament (Liao & Lo, 2021). Here I 

demonstrated that MCF10DCIS cells could invade in a 3D culture setting (Brock et al., 2019). 

Furthermore, I was able to demonstrated that TNS3 was required for breast cancer cell 

invasion. This result is consistent with previous reports that TNS3 promotes cell invasion. A 

study was conducted to examine TNS3 and its impact on invasion in MDA-MB-231 breast 

cancer cells. The findings revealed that a decrease in TNS3 mRNA was linked to a reduction 

in invasion, but not proliferation (Shinchi et al., 2015). Another study using MDA-MB-468 

breast cancer cells found that a stable reduction in TNS3 expression reduced invasion and 

migration (Veß et al., 2017). Furthermore, my observation that TNS3 is required for 

MCF10CA1 cell invasion strengthens TNS3's critical role in breast cancer progression. 

Additionally, it was previously reported that knocking down TNS3, but not TNS4, dramatically 

reduced cancer cell migration, soft agar growth in vitro and tumour formation in vivo (Qian et 

al., 2009). The cell lines used in this study were human non-small cell lung cancer 

(NSCLC) lines H1299, A549, and H358, metastatic melanoma cell lines 553B, 1088, and 568, 

breast cancer line MDA-MB-468, and mouse cell line Met-1. Knocking down TNS3 

significantly reduced growth and migration in H1299, A549, and H358 cells, as evidenced by 

anchorage-independent growth in soft agar, transwell invasion assays, and the MTT assays. 

Similarly, 553B, 1088, and 568 melanoma cell lines showed a significant reduction in growth 
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and migration upon TNS3 downregulation. Met-1 cells and MDA-MB-468 breast cancer 

cells also exhibited decreased migration. The in vivo experiment was carried out in FVB/MT 

mice to evaluate tumour growth and metastasis. Met-1 and PyMT cells transfected with control 

and TNS3 targeting siRNAs were injected into the breast fat pad to assess tumour growth, as 

well as in the tail vein to assess metastatic potential. After four weeks, the tumours were 

removed from the fat pad and their volume measured. 20 days after tail vein injections, the 

lungs were dissected and checked for metastasis. The results showed a significant decrease in 

tumour growth and metastasis after TNS3 silencing. This finding suggests that TNS3 may play 

a critical role in the initiation and progression of breast cancer. The high level of TNS3 in DCIS 

may explain its role in tumour formation, whereas high levels in the metastatic stage highlight 

its contribution to enhanced invasion and spread to various organs.  

Following my 3D spheroid experiment in MCF10DCIS cells, I noticed a reduction in cell size, 

implying that TNS3 might play a role in proliferation. The results I got show silencing TNS3 

successfully reduced cell proliferation in both DCIS and CA1 plated on Matrigel under Gln-

free media. During the growth phase, there will be intracellular interactions that drive the 

formation of adhesion forces, causing the cells to cluster inside the spheroids. This fact will be 

overcome over time. In my experiment, I observed an effect on the growth of the spheroids on 

days 1 and 2 because the cells were transfected with TNS3-siRNA and stained with marker, 

which could have a preliminary effect on their growth compared to NT-siRNA as on day 3 the 

spheroids core size was comparable. My proliferation results show that the cell growth 

significantly increased in MCF10DCIS and MCF10CA1plated on Matrigel compared to plastic 

in glutamine-free media while there wasn't significant changes for both cell lines in complete 

media, in agreement with previous work from our lab, which demonstrated that ECM-

dependent cell growth required ECM endocytosis and lysosomal degradation (Nazemi et al., 

2024). Since TNS3 is needed for ligand-bound integrin internalisation, it is possible that TNS3 

might regulate cell growth by modulating ECM uptake (Rainero et al., 2015).  

Altogether, these findings indicate that TNS3 is upregulated during breast cancer progression 

and is required to promote cell invasion and ECM-dependent cell proliferation. 
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Chapter 4. TNS3 regulates BM organisation and filopodia formation 

4.1 Introduction. 

It has been reported that the deregulation of the ECM is implicated in cancer progression 

(Rainero, 2018; B. Sun, 2021; Walker et al., 2018). The progression of breast cancer is a 

multifaceted process where in the interaction between cancer cells and the ECM facilitates 

tumour invasion and metastasis (Guess & Quaranta, 2009). The BM possesses both tumour-

inhibiting and tumour-promoting characteristics. On the one hand, the BM constrains the 

primary tumour and, as a result, its degradation leads to cell migration. Conversely, the 

association between the accumulation of certain BM components and invasive behaviours has 

also been recognised. Indeed, ECM components such as laminins and collagen IV have been 

shown to exhibit pro-invasive properties and the overexpression of laminin-332 and collagen 

IV correlates with the advancement of breast cancer (Chang et al., 2024; Kim et al., 2012). 

Laminin-332 is a glycoprotein and a principal component of the BM. It plays a crucial role in 

facilitating cell adhesion and migration. Laminin-332 interacts with cells through various 

integrins receptors, including α3β1, α6β1, and α6β4 (Givant-Horwitz et al., 2005; Guess & 

Quaranta, 2009; Tsuruta et al., 2008). They are crucial for mediating the BM attachment, 

structure, assembly, and focal adhesion (Givant-Horwitz et al., 2005; Guess & Quaranta, 2009; 

Tsuruta et al., 2008). Extensive research has demonstrated upregulation in the expression levels 

of laminin-332, α3β1, and α6β1 during the progression of breast cancer (Faraldo et al., 2024; 

Gonzales et al., 1999; Kim et al., 2012; Speer et al., 2021; Yang et al., 2008; Zhou et al., 2020). 

Furthermore, laminin-332 binding to α3β1 integrin has been shown to promote focal adhesion 

signalling (Gonzales et al., 1999; Miskin et al., 2021; Ramovs et al., 2019). 

a3 integrin has been implicated in breast cancer metastasis. Indeed, a3 silencing significantly 

reduced the ability of triple negative MDA-MB-231 breast cancer cells to form lung metastasis 

in an NSG™ mouse model of breast cancer. Moreover, elevated α3 expression was correlated 

with an increase in the expression of the Brain-2 (Brn-2) transcription factor. Brn-2 is highly 

expressed in various types of cancer, including breast cancer and stimulates invasive 

behaviours (Miskin et al., 2021). The upregulation of laminin-332 and a3b1 was also found to 

be associated with anoikis resistance, an essential requirement and key marker for tumour cells' 

ability to metastatically spread. Anoikis is a type of cell death program that begins when cells 

become detached from the ECM. This process maintains tissue health by preventing the spread 
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and growth of abnormal cells. Metastatic cancer cells typically exhibit resistance to anoikis 

(Dai et al., 2023). Mechanistically, laminin-332 binding to integrin a3b1 on myofibroblasts 

activates a cell survival signalling pathway initiated by Akt phosphorylation, which resulted in 

anoikis resistance (Kim et al., 2012). Another reported study used Brca1/p53-deficient mice to 

study the effect of α6 knockout on tumour formation, which resulted in a reduction of EMT 

activation, thereby delaying the formation of tumours and reducing their number (Faraldo et 

al., 2024). 

Filopodia are slender, finger-like structures that develop and extend from the cell surface 

(Jacquemet et al., 2017). This actin filament structure is critical to maintaining numerous 

cellular processes, including sensing, motility, migration, wound healing, adhesion to the 

ECM, and cell-cell contact (Jacquemet et al., 2017). Filopodia exhibit distinct behaviour 

dynamics in terms of length and density, and the quantity of these filament protrusions varies 

between cells (Jacquemet et al., 2017). Filopodia are composed of densely packed parallel actin 

filaments with barbed ends orientated towards the filopodium tip (Miihkinen et al., 2021). This 

shape facilitates the proximity and accumulation of molecular motors, including 

unconventional myosin-X (MYO10) at the tips (Miihkinen et al., 2021). It was suggested that 

these molecular motors facilitate the transport of proteins, such as integrins, along actin 

filaments to the ends of filopodia (Miihkinen et al., 2021). During migration, cells use cellular 

extensions, such as filopodia, to investigate their surroundings. Filopodia form special integrin-

adhesion complexes to detect the ECM (Miihkinen et al., 2021). MYO10 and talin modulate 

β1-integrin activation at filopodia (Miihkinen et al., 2021). Moreover, MYO10 expression is 

associated with BM deposition. In addition, inhibiting MYO10 reduces BM assembly in non-

invasive DCIS cells (Peuhu et al., 2022). A reported study shows both invasion ability and 

filopodia formation increased in a stage-dependent manner in MCF10A and MCF10DCIS cells 

(Jacquemet et al., 2017).  

In the previous chapter, I showed that MCF10DCIS and MCF10CA1 cells expressed higher 

levels of TNS3 than MCF10A. Furthermore, TNS3 played a role in promoting invasion in both 

MCF10DCIS and MCF10CA1 cells. Therefore, I deemed it crucial to explore the underlying 

mechanisms through which TNS3 promoted cell invasion. According to my hypothesis, TNS3 

could achieve this by controlling BM deposition and the formation of filopodia, through the 

modulation of integrin receptors. In this chapter, I showed that TNS3 controls the expression 
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of laminin-332, as well as the formation of filopodia, in both MCF10DCIS and MCF10ACA1 

cells, by promoting the expression of integrin α3β1 and α6β1. 

4.2 Results 

4.2.1 TNS3 and 𝜷1 integrin downregulation prevents BM deposition. 

In the previous chapter, we demonstrated that TNS3 is involved in the invasion of MCF10DCIS 

and MCF10CA1 cells grown in 3D system. Here, I wanted to investigate the mechanisms 

underlying this effect by looking at how TNS3 regulates BM secretion/deposition. BM 

degradation is an important part of the invasion-metastasis cascade, where cancer cells begin 

to invade nearby tissues and travel through blood vessels to metastasis. However, localised BM 

component accumulation at nascent protrusion sites have been shown to drive breast cancer 

cell invasion (Chang et al., 2022).Therefore, I wanted to investigate the contribution of TNS3 

in modulating BM organisation. MCF10DCIS cells, transfected with an siRNA targeting 

TNS3, 𝛽1 integrin or a non-targeting siRNA control, were grown in Geltrex for 3 days and 

stained for the BM components laminin-332 (figure 4.1A). While control cells assembled a 

well-defined BM layer around the 3D acini structures, TNS3 and 𝛽1 KD cells failed to do so, 

as highlighted by the quantification of the laminin-332 staining intensity in the BM 

(extracellular) and inside the cells. Both intracellular and extracellular laminin-332 showed a 

statistically significant reduction in TNS3 and 𝛽1 KD cells when compared to the control group 

(figure 4.1A), In the presence of NT control, laminin-332 in the BM is evenly distributed 

around the acini, whereas silencing TNS3 leads to a more uneven distribution. In addition, 

silencing 𝛽1 leads to a notable decrease in laminin-332 incorporation in the BM, resulting in a 

significant reduction in the laminin-332 BM/intracellular ratio. These data indicate that TNS3 

and b1 integrin might control laminin-332 levels, while b1 integrin also plays a role in laminin-

332 deposition. As the BM is crucial for tissue maintenance and influences cellular behaviour 

(Khalilgharibi & Mao, 2021), we assessed the consequences of TNS3 and b1 KD on acini 

morphology. However, quantification of acinus circularity and area showed no significant 

difference between all conditions, despite a small trend towards a reduction in circularity in b1 

KD structures.  

To assess the efficiency of 𝛽1 knock-down, MCF10DCIS cells were transfected with either 

control non-targeting siRNA or an siRNA targeting 𝛽1. Cells were grown in 3D Geltrex for 3 

days. Then cells were fixed and stained for 𝛽1-integrin. As shown in figure 4.1B, in the control 

group, 𝛽1 accumulates all around the plasma membrane, both at the cell-cell junctions  
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and basolaterally. However, as expected, the intensity of b1 staining declined sharply after 

knocking down 𝛽1. The analysis of b1 intensity indicated ~50% reduction in integrin levels in 

the KD structures compared to the control.  

Altogether, these data suggest that TNS3 and b1 integrin could play a role in controlling 

laminin-332 levels in the BM. 

 

4.2.2 TNS3 downregulation reduced laminin-332 expression. 

Since extracellular and intracellular laminin-332 staining was reduced in TNS3 and 𝛽1 knock-

down in DCIS cells, as assessed by 3D immunofluorescence microscopy microscopy, I wanted 

to investigate whether overall laminin-332 expression was affected by TNS3 downregulation. 

MCF10DCIS cells were transfected with a TNS3 specific siRNA and a non-targeting siRNA 

control for 2 days. Then, the protein level of laminin-332 was determined by western blot. As 

shown in figure 4.2, laminin-332 expression was significantly decreased in TNS3 knock-down 

DCIS cells when compared to the non-targeting control, indicating that TNS3 controls laminin-

332 protein expression.  

 
 

4.2.3 TNS3 and 𝜷1 integrin down regulation did not affect laminin-332 

secretion/deposition in 2D. 

As b1 integrin downregulation affected laminin-332 BM deposition, I wanted it to examine if 

TNS3 and b1-integrin were affecting in laminin-332 secretion/deposition in 2D systems, 

alongside a decrease in overall expression. MCF10DCIS cells, transfected with an siRNA 

targeting TNS3, 𝛽1-integrin or a non-targeting siRNA control were plated on glass-bottom 

dishes, coated with 0.25mg/ml Geltrex for 48h. Cells were then fixed and stained for laminin-
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332 and 𝛽1-integrin. Z-stacks were acquired to be able to measure laminin-332 intensity below 

the ventral surface of the cells.  

 
 

The results in figure 4.3 show that the amount of the laminin-332 present in the BM was the 

same in the control compared to si-TNS3 and si- 𝛽1-integrin. To validate the downregulation 

of TNS3 upon knockdown, cells transfected with a non-targeting siRNA control or an siRNA 
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against TNS3 were fixed and stained for TNS3. TNS3 intensity was reduced by approximately 

60% in the knocked down cells compared to non-targeting siRNA. The signal in the nucleus is 

non-specific, as we have previously observed using this TNS3 antibody (figure 4.3B). These 

data suggests that TNS3 and 𝛽1-integrin are not controlling the secretion of laminin-332 to the 

BM in 2D system. 

 

4.2.4 Filopodia formation precedes laminin deposition. 

Considering there was an effect on the overall laminin-332 levels, I wanted to examine the 

deposition of laminin-332 at different time points in 3D. Therefore, MCF10DCIS cells were 

grown in 3D Geltrex for up to 3 days, fixed and stained for laminin-332 and actin.  The findings 

indicate that on day 1, there was no detectable laminin-332 in the BM around the acini. 

However, on day 2, a clear ring of laminin-332 became visible. On the third day the BM 

accumulation of laminin-332 was increased. The intracellular laminin-332 levels appeared 

constant over the three days. Image analysis show that extracellular laminin-332 increased 

significantly on Day 2 and 3 compared to Day 1, while, the intracellular laminin-332 remain 

constant over three days. Consequently, the BM to intracellular ratio of laminin-332, which 

reflects BM incorporation, progressively increased during the time course (figure 4.4).  

A recent study has demonstrated that MYO10, which is situated in the filopodia and is a master 

regulator of filopodia formation, is associated with BM deposition in MCF10DCIS cells. The 

expression of this protein was elevated in DCIS in comparison to the normal mammary gland 

and the loss of filopodia resulting from MYO10 knock-down impaired BM deposition in 

MCF10DCIS cells (Peuhu et al., 2022). Therefore, I quantified filopodia formation in 

MCF10DCIS cells grown in Geltrex for up to 3 days. The filopodia appeared dense and long, 

as the size of the acini increased over time, so did the number of filopodia per acinus. The 

results show that filopodia number and area grew on day 3 compared to days 1 and 2. 

Additionally, the filopodia lengths remained constant over the three days (figure 4.4). This 

suggests that the filopodia form first, followed by laminin-332 deposition in the BM, while the 

acini grow in size over time. This is consistent with the observation that filopodia are required 

for BM deposition (Peuhu et al., 2022). 
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4.2.5 TNS3 and β1-integrin downregulation reduced filopodia formation. 

It was reported that active β1-integrin accumulates at the leading edge of filopodia whereas 

inactive ones are distributed evenly (Miihkinen et al., 2021). Reportedly, the formation of 

filopodia was hindered when β1-integrin was suppressed, suggesting that β1-integrin is 

necessary for the formation of filopodia (Kren et al., 2007). To study the effects of suppressing 

TNS3 and β1-integrin on filopodia formation, MCF10DCIS cells were transfected with TNS3, 

𝛽1-integrin specific siRNA or a non-targeting siRNA control for 24h. Then, cells were grown 

in 3D Geltrex for 3 days, fixed and stained for actin and nuclei. Filopodia are readily visible in 

the non-targeting siRNA group (figure 4.5). In the acini where TNS3 or β1-integrin were 

silenced, fewer filopodia were present, which were smaller and less dense. The quantification 

shows that the average length and number of filopodia was significantly reduced in TNS3 or 

𝛽1-integrin specific siRNA when compared to the non-targeting control (figure 4.5). These 

results indicate that TNS3 and β1-integrin are required for filopodia formation in 3D systems.  

 
 

4.2.6 TNS3 knockdown did not affect 𝜷1-integrin distribution in MCF10DCIS cells. 

It has been demonstrated that filopodia function is regulated by 𝛽1-Integrin (Miihkinen et al., 

2021). In an integrin-dependent manner, it has been demonstrated that upregulating MYO10 

expression promotes filopodia production and elongation (Miihkinen et al., 2021; Zhang et al., 
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2004). Moreover, TNS3 expression has previously been shown to be required for β1-integrin 

activation. In fibroblast cells, higher TNS3 levels were associated with higher β1-integrin 

activation (Georgiadou et al., 2017).  It is possible to speculate that TNS3, being an integrin-

binding protein, could regulate the formation of filopodia by modulating the localisation of 

integrin at the basolateral surface. To study the effect of silencing TNS3 on β1-integrin 

localisation, MCF10DCIS cells were transfected with TNS3 specific siRNA or a non-targeting 

siRNA and grown in 3D Geltrex for 3 days, fixed and stained for b1-integrin. b1-integrin 

localised at cell-cell junctions and in the basolateral surface in both the control and TNS3-KD 

groups. There was no apparent variation in observable intensity. The mean intensity of 

extracellular, intracellular and the ratio of BL/intracellular b1 integrin staining was measured 

by ImageJ. The results show that the extracellular and intracellular 𝛽1-integrin expression 

levels remained unchanged in both the TNS3 siRNA and non-targeting siRNA groups (figure 

4.6). Thus, result suggest that the total expression of 𝛽1-integrin and its localisation are not 

affected by TNS3 downregulation.  

 

4.2.7 TNS3 knock-down reduced a3 and a6 integrin levels in MCF10DCIS cells.  

Two main laminin-332 receptors are ⍺3b1 and ⍺6b1. According to reports, integrins regulate 

laminin deposition, through the activation of Rho GTPase signalling pathway (Hamill et al., 

2009). This pathway also promotes the invasion and metastatic spread of cancer (Hamill et al., 
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2009). In addition, it has been suggested that Tiam1, a Rho GTPase guanine nucleotide 

exchange factor, could promote the laminin-332 deposition (Dehart et al., 2003). Furthermore, 

another study demonstrates that a3 regulates the organization of laminin-332 in the 

extracellular matrix in keratinocytes, as suppressing a3 has been shown to impair laminin-332 

deposition (Dehart et al., 2003). While I did not detect changes in b1 level, it is possible that 

TNS3 controls the expression levels of the specific laminin-332 receptors, a3 and a6 integrin. 

To investigate this, MCF10DCIS cells were transfected with TNS3 specific siRNA or a non-

targeting siRNA as a control for 24h, grown in 3D Geltrex for 3 days and stained for a3 or a6. 

a3 is expressed at low levels and localised at the plasma membrane as well as in the cytosol. 

The quantification shows that a3 basolateral and intracellular expression was significantly 

lower in TNS3 silenced acini than in the control group, but the BL/intracellular ratio remained 

constant (Figure 4.7A). Similarly, when TNS3 was downregulated the intensity of a6 integrin  

dropped significantly, from both intracellularly and in the basolateral surface, while the 

BL/intracellular ratio remained the same (Figure 4.7B). These findings suggest that TNS3 may 

control laminin-332 in the BM via the modulation a3 and a6 levels.  
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4.2.8	⍺3 integrin inhibition prevented laminin-332 deposition and filopodia formation in 

MCF10DCIS cells. 

Studies have demonstrated the localisation of ⍺3 integrin to filopodia in migrating epithelial 

cells (Underwood et al., 2009), implying its potential involvement in the formation of filopodia 

and the deposition of laminin-332. To test this, I used a specific anti-integrin α3 blocking 

antibody ((Byron et al., 2009), clone P1B5). MCF10DCIS cells were grown in 3D Geltrex in 

the presence of the ⍺3 integrin blocking antibody or an IgG control for 3 days, fixed and stained 

for laminin 322. In the presence of the IgG control, laminin-332 formed a thick, strong layer 
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in the BM around the acini. This accumulation in the BM was strongly reduced when a3 was 

blocked. The quantification shows that blocking ⍺3 significantly reduced the intensity of 

intracellular and extracellular laminin-332 when compared to the control group (figure 4.8A). 

Moreover, the ratio of extracellular to intracellular laminin-332 was reduced in the presence of 

the anti-⍺3 blocking antibody compared to the control group, suggesting that a3 might control 

both laminin-332 levels and its incorporation in the BM. Furthermore, the circularity of the 

acini was not affected by a3 blocking. Interestingly, I found that blocking ⍺3 resulted in a 

significant reduction in the number and length of filopodia when compared to the control. The 

filopodia in the control group are long, thin actin protrusions present all around the acini, 

whereas in the group treated with ⍺3 blocking antibodies, very few filopodia are detectable 

(figure 4.8B). These findings indicate that ⍺3 plays a role in controlling filopodia formation 

and laminin-332 expression/deposition in DCIS cells. 
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4.2.9 ⍺6 integrin inhibition prevented laminin-332 deposition and filopodia formation in 

MCF10DCIS cells. 

In addition to ⍺3𝛽1-integrin, ⍺6𝛽1-integrin is a laminin-332 receptor which is also required 

for laminin assembly (Bajanca et al., 2006; Speer et al., 2021; Tsuruta et al., 2008).To 

investigate the role of ⍺6 in laminin-332 incorporation in the BM and filopodia formation in 

breast cancer cells, I inhibited a6 function with a specific blocking antibody (Speer et al., 

2021). MCF10DCIS cells were grown in 3D Geltrex in the presence of the ⍺6 integrin blocking 

antibody or an IgG control for 3 days and stained for laminin-322. The acini in the control 

group formed a well-organised circular structure, with an accumulation of laminin-332 in the 

BM, appearing as a ring around the acini. However, when a6 was blocked, laminin-332 
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staining in the BM was reduced, and the structure of the acini appeared disorganised (figure 

4.9A). The quantifications show that blocking ⍺6 significantly reduced the intensity of 

extracellular laminin-332 when compared to the control group. Similarly, intracellular laminin-

332 intensity decreased in the ⍺6 blocked group compared to the control. Furthermore, when 

⍺6 is blocked, the circularity of the acini was diminished compared to the control groups 

(figure 4.9A), suggesting that a6 might be required to maintain the integrity of the acini.  

Moreover, blocking ⍺6 significantly reduced the number and length of filopodia compared to 

control. Filopodia appear extended and abundant in the control group but were reduced in the 

group treated with ⍺6 blocking antibodies (figure 4.9B). The findings suggest that ⍺6 may 

influence filopodia formation and BM secretion in MCF10DCIS cells in 3D systems.  
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4.2.10 Downregulation of TNS3 in MCF10CA1 cells reduced laminin-332 levels.  

In addition to MCF10DCIS cells, TNS3 was also found to be unregulated in MCF10CA1 cells 

and IDC tumours in the mice. Consequently, I was interested in exploring whether TNS3 was 

also controlling BM dynamics in invasive and metastatic breast cancer cells. MCF10CA1 cells 

were transfected with TNS3 specific siRNA or a non-targeting siRNA a control, grown in 3D 

Geltrex for 3 days and stained for laminin-322. It has been demonstrated that laminin-332 

accumulates at the invasive protrusion of migrating cells during 3D invasion (Chang et al., 

2022). Consistently, the staining of laminin-332 appeared strong in the control group and 

accumulated in area where the cancer cells were forming invasive protrusions; however, this 
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was not the case in the group where TNS3 was downregulated. The quantifications show that 

extracellular laminin-332 intensity was significantly reduced in the TNS3-siRNA group when 

compared to the non-targeted. Similarly, intracellular laminin-332 intensity decreased in the 

TNS3-siRNA group compared to the control. However, the BL/intracellular ratio remained 

unchanged (Figure 4.10A), suggesting that TNS3 might control laminin-332 overall levels, 

similarly to what I observed in MCF10DCIS cells. To assess this, western blot was used to 

measure laminin-332 expression in MCF10CA1 cells transfected with TNS3 specific siRNA 

and a non-targeting siRNA control for 2 days. Figure 4.10B shows a significant reduction, 

nearly 50%, in laminin-332 levels in MCF10CA1 cells following TNS3 knock-down, as 

compared to the non-targeting control. These findings indicate that TNS3 may play a role in 

controlling laminin-332 overall protein levels in the invasive MCF10CA1 cells. 
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4.2.11 Downregulation of TNS3 reduced filopodia formation in MCF10CA1 cells. 

My previous findings indicate that the downregulation of TNS3 diminished both the length and 

number of filopodia, while concurrently reducing the deposition of laminin-332 in non-

invasive MCF10DCIS cells. I aimed to assess whether the same was true in the invasive 

MCF10CA1 cell line. Therefore, the total number and length of filopodia were examined after 

suppressing TNS3 expression in MCF10CA1 cells. As shown in figure 4.11, the control group 

exhibited elongated and dense filopodia, but this was reduced in the group that received 

treatment with TNS3-siRNA. Indeed, TNS3 downregulation substantially decreased the 

quantity and length of filopodia in comparison to the non-targeting siRNA. The results indicate 

that TNS3 is required for the formation of filopodia in the metastatic MCF10CA1 cells.  

 

 
 

4.2.12 TNS3 downregulation reduced α3 integrin levels in MCF10ACA1 cells. 

In non-invasive MCF10DCIS cells, knocking down TNS3 resulted in a significant reduction 

in the intracellular and basolateral expression of the α3 integrin receptor. To assess TNS3 also 

controlled the level of expression of α3 integrin in invasive MCF10CA1 cells, cells were 

transfected with either TNS3 specific or non-targeting siRNA, grown in 3D Geltrex for 3 days 

and stained for a3 integrin. In the control group, a3 integrin localised at cell-cell junctions and 

at the basolateral surface of the acini (figure 4.12). However, silencing TN3 resulted in a 

weaker and barely visible signal at the basolateral surface and cell-cell junctions compared to 
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the control group, resulting in a small but statistically significant reduction in a3 integrin 

intensity. These findings suggest that TNS3 may control laminin deposition and filopodia 

formation through the modulation of a3 integrin levels.  

 

4.3 Discussion 

In this chapter, I demonstrated that the silencing of TNS3 and b1-integrin leads to a defect in 

BM deposition, assessed by measuring the basolateral and intracellular levels in 3D in 

MCF10DCIS. Furthermore, there was a decrease in the expression level of laminin-332 in 2D 

cultures upon TNS3 downregulation. Similarly, TNS3 silencing reduced laminin-332 levels in 

MCF10CA1 cells and opposed filopodia formation in both cell lines. Moreover, there was a 

significant decline in the expression level of a3 and a6 at both the basolateral and intracellular 

sites in MCF10DCIS cells and in the expression level of a3 in MCF10CA1 cells. Inhibition of 

both a3 and a6 integrins impaired both laminin-332 BM accumulation and filopodia 

formation. 

BM remodelling plays a key role in controlling cancer invasion. It has been recently reported 

that laminin-332 deposition at the tumour’s leading edge is needed for collective cell migration 

(Hwang et al., 2023; Chang et al., 2022). Laminin-332 is essential for cell adhesion, migration, 

and differentiation (Hwang et al., 2023; Rousselle & Scoazec, 2020; Troughton et al., 2022; 

Yin et al., 2022; Zhou et al., 2020). Some cancer types, most notably breast and colorectal 

cancer, have been shown to overexpress laminin-332 and collagen IV (Lindgren et al., 2021; 



 86 

Tsuruta et al., 2008). It is widely established that laminin-332 and collagen IV stimulate breast 

cancer cell migration via interaction with b1-containing integrin heterodimers, and are linked 

to breast cancer metastasis and invasiveness (Desgrosellier & Cheresh, 2010; Pan et al., 2018; 

Zhou et al., 2020). This is believed to occur in response to the increased expression of α3β1 

and α6β1 integrin receptors, which subsequently activate the PI3K-Akt signalling pathway, 

thereby enhancing the survival and proliferation of cancer cells in response to laminin-332 

(Bajanca et al., 2006; Faraldo et al., 2024; Miskin et al., 2021; Ramovs et al., 2019; Tsuruta et 

al., 2008). It was reported that silencing ⍺3b1-integrin in MDA-MB-231 breast cancer cells 

and injecting them into fat pad mice reduced tumour growth while silencing ⍺3b1-integrin in 

MDA-MB-231 cells plated on matrigel reduced invasion compared to the control (Mitchell et 

al., 2010). The laminin-332 receptor α3β1 integrin triggers the activation of intracellular 

cellular signalling pathways, promoting the invasion of cancers such as colorectal 

adenocarcinoma, head, neck, and pancreatic carcinoma (Tsuruta et al., 2008). Furthermore, 

studies have linked ⍺6β1-integrin to breast cancer progression and a poor prognosis (Faraldo 

et al., 2024; Yang et al., 2008). When laminin-332 binds to the integrin receptor ⍺3 and ⍺6, it 

activates the integrins by clustering them and initiates downstream signalling pathways 

(Cooper & Giancotti, 2019; Givant-Horwitz et al., 2005; Halder et al., 2022; Zhou et al., 2020). 

One of the well-studied pathways is FAK/SRC/MAPK/c-Jun, which will result in increased 

invasion and migration (Cooper & Giancotti, 2019; Givant-Horwitz et al., 2005; Gonzales et 

al., 1999; Zhou et al., 2020).  

Here I found a significant reduction in basolateral and intracellular laminin-332 staining after 

TNS3 silencing in 3D culture systems in both MCF10DCIS and MCF10CA1 cells. 

Furthermore, western blot experiments demonstrated a reduction in laminin-332 levels upon 

TNS3 downregulation in comparison to the control group. However, in 2D 

immunofluorescence microscopy microscopy experiments to examine laminin-332 secretion 

level in TNS3 and β1-integrin knocked down cells, the result showed no differences between 

the three groups, which is not consistent with the western blotting results. This observation 

could be explained by the fact that for the 2D western blot cells were grown on plastic while 

in 2D immunofluorescence microscopy microscopy the cells were plated on Geltrex. Another 

point to note is that western blot was performed two days after transfection, whereas for the 

immunofluorescence microscopy microscopy the cells were stained 24hr after transfection.  
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Recent research has indicated a correlation between filopodia formation and the advancement 

of invasive breast carcinoma (IBC) as well as the invasion of the surrounding region (Peuhu et 

al., 2022). Both DCIS and IBC from patient samples were used to quantify the presence of 

filopodia. The results indicated a notable upregulation in filopodia formation in both samples 

when compared with normal mammary epithelium. In addition, silencing the key filopodia 

regulator MYO10 was linked to a decrease in BM accumulation, filopodia number and length 

in DCIS cells. Furthermore, the production of MYO10-filopodia was increased in DCIS, which 

enhances their invasive capabilities when compared to the control group (Peuhu et al., 2022). 

Consistently, compared to the non-transformed MCF10A cells, the metastatic MCF10CA1 

cells exhibited greater length and density of filopodia (Kyykallio et al., 2020), while a 

significant increase in the density and length of the filopodia was observed in MCF10DCIS 

cells when compared to MCF10A cells (Jacquemet et al., 2017).  

My data show that filopodia formation preceded BM assembly in non-invasive MCF10DCIS 

cells, supporting published observations that filopodia were required for BM assembly. 

Moreover, I observed a significant reduction in filopodia length and number when TNS3 and 

β1-integrin were silenced, suggesting that TNS3 and b1 integrin might control laminin-332 by 

modulating filopodia formation. To note, only few 3D MCF10DCIS acini grew upon b1 

integrin knockdown, in line with the fact that b1 integrin KD has been shown to hinder cell 

growth in 3D (Kren et al., 2007). This is consistent with the fact that silencing b1 in cancer 

cells both in vivo and in vitro has been shown to reduce tumour growth and colony formation 

(M. B. Chen et al., 2016). In pancreatic cell lines, b1 downregulation resulted in a significant 

reduction in cell proliferation, migration, and adhesion in vitro, while it was found to reduce 

primary tumour growth while also preventing metastatic spread in vivo (Grzesiak et al., 2011). 

As TNS3 can bind to β1-integrin (Zuidema et al. 2022) and control integrin function (Q. Huang 

et al., 2024), it is possible that TNS3 controlled filopodia formation by controlling b1 integrin. 

However, TNS3 knockdown did not affect β1-integrin localisation and levels in MCF10DCIS 

cells. This could be due to the fact that TNS3 might control only a subset of β1-containing 

integrin heterodimers. In addition, that there may still be subtle differences in terms of b1 

targeting to the filopodia, which I cannot resolve at the magnification used in my experiments. 

Future research could use super-resolution microscopy to determine whether TNS3 is 

necessary for the targeting of b1 integrin to the filopodia tip. Indeed, my data suggest that 

TNS3 might control laminin-332 deposition via modulating α6β1 and/or α3β1 integrin 
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receptors. Silencing α3β1 integrin was found to reduce invasion in MDA-MB-231 cells 

(Miskin et al., 2021). Furthermore, RNAseq data analysis of patient samples revealed that high 

a3 expression correlated with poor survival (Ramovs et al., 2019). Interestingly, laminin-332 

was shown to influence cell proliferation by binding to a3 integrin (Gonzales et al., 1999),  

while α3β1 integrin was shown to mediate the formation of filopodia in the MDA-MB-435 

breast carcinoma cell line (Subramaniam Chandrasekaran, 1998). Consistently, we 

demonstrated that inhibiting a3 reduced BM deposition in MCF10DCIS cells. It has been 

widely reported that ⍺6 is pro-tumorigenic, and high expression is linked to poor survival 

(Faraldo et al., 2024). a6 has been observed to be elevated in different breast cancer cell lines 

including: MCF7, BT474, SKBR-3, MDA-MB-231, BT549, and HCC1937 (Faraldo et al., 

2024). A report found that α6-deficient Brca1/p53 mutant mice had lower tumour initiation 

rates. However, the loss of α6 after tumour formation had no effect on tumour growth (Faraldo 

et al., 2024; Hu et al., 2016), suggesting that (6 might play a prominent role in tumour initiation. 

Our findings indicate that the inhibition of a6 decreased laminin-332 levles in the BM in 

MCF10DCIS cells. These results are consistent with previous research indicating that 

inhibiting a3 and a6 decreased BM assembly alongside the filopodia density and length.  

It has been previously reported that laminin accumulated on sites where the invasion occurs, 

and the thickness of the BM enhanced the invasion (Ghannam et al., 2022; Peuhu et al., 2022). 

Consistently, my data show that laminin-332 accumulated around invasive protrusions in 

MCF10CA1 acini, in a TNS3-dependent manner. However, laminin-332 basolateral-to-

intracellular ratio was not affected by TNS3 downregulation. This could be explained by the 

fact that in the control group, laminin-332 is mostly polarised in areas of protrusions. 

Importantly, my data show that TNS3 regulates laminin-332 levels, rather than BM 

accumulation, in both MCF10DCIS and MCF10CA1 cells. Previous research has shown that 

MAPK/ERK signalling pathways regulate laminin expression. In particular, the transcription 

factor c-Jun has been shown to regulate the expression of LAMB1 (H. Lee et al., 2021). I can 

therefore hypothesise that TNS3 might regulates the expression of laminin 332 by activating 

MAPK/ERK signalling pathways downstream of integrin α6β1 or α3β1.  
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Chapter 5. TNS3 restricts transformation in normal epithelial cells. 
5.1 Introduction. 

The majority of human cancers develop as a result of epithelial cell transformation. The process 

starts when a single normal epithelial cell acquires genetic mutations, which lead to the 

activation of cancer-causing genes or the suppression of tumour suppressor genes (Hogan, 

2012). When genetic mutations occur, it causes the formation of a primary tumour. This 

process is promoted by various factors, including the remodelling of the ECM, resulting in the 

degradation of the BM and metastasis formation (Chua et al., 2016; Hogan, 2012; Hynes, 

2009). RAS GTPases play a crucial role in the progression of various cancers. Activating RAS 

mutations initiate downstream signalling cascades. This regulates numerous cellular processes 

that are responsible for the proliferation and survival of cancer cells (Boutin et al., 2017; 

Martínez-Abarca Millán et al., 2023). This pathway includes the phosphoinositide 3-kinase 

(PI3K) and MAP kinase pathways (Boutin et al., 2017). Genetically modified animal models 

provided an effective tool for studying tensin roles in various diseases. Different models, 

including Drosophila melanogaster and Caenorhabditis elegans, have a single tensin, whereas 

mammals have four different ones (Lo, 2017; Torgler et al., 2004).  

Drosophila melanogaster genome is 60% similar to the human one and approximately 75% of 

genes encoding for human diseases share similarity in flies. These characteristics, combined 

with a short generation time and low maintenance costs, make the Drosophila model capable 

of studying complex pathways related to medical research, such as cancer (Mirzoyan et al., 

2019). Drosophila models provide useful information about different cancers. These models 

offer a good foundation from which we can analyse tumour progression and look for underlying 

mechanisms. We can use Drosophila to study various cancer models, such as gut, brain, lung, 

prostate, thyroid, and haematologic cancers (Mirzoyan et al., 2019). Recently, researchers 

developed a model for colorectal cancer in Drosophila (Campbell et al., 2019). Colorectal 

cancer (CRC) affects approximately 4% of people, and it begins with a loss of function in the 

tumour-suppressor gene adenomatous polyposis coli (APC), resulting in the activation of the 

WNT signalling pathway. Activating mutation in the oncogene Ras is another common feature 

in CRCs. The mammalian and Drosophila gut share striking similarities. To model CRC in 

Drosophila, Wnt and Ras signalling pathways are activated clonally in the adult midgut. This 

is achieved by inactivating Apc1 and Apc2; while UAS-RasV12 is used to overexpressed a 

constitutive active form of Ras. It has been shown that these genetic changes resulted in the 

formation of intestinal tumours (Campbell et al., 2019). An increase in cell proliferation, 
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decreased cell polarity, and the expression of tumour markers similar to those found in human 

CRC validated these findings. These findings emphasise the similarities in CRC development 

between Drosophila and humans, making Drosophila an ideal model for studying cancer 

progression mechanisms (Martorell et al., 2014). 

Moreover, it has been shown that cancer cells take advantage of the epithelial-to-mesenchymal 

transition (EMT) to become invasive during the initial stages of the metastatic cascade. It is a 

process that causes epithelial cells to lose their characteristics and become mesenchymal, 

which promotes invasive behaviour. This process is driven by transcription factors such as 

Twist, Snail and ZEB, which promote the expression of mesenchymal markers, the loss of 

epithelial markers, and the production of ECM-degrading enzymes such as metalloproteases 

(Kalluri & Weinberg, 2009). The transcription factor SNAIL (Sna in Drosophila) is a key 

regulator of EMT. To recapitulate the metastatic spread of CRC, an activating Sna mutation 

was introduced in the Apc/Ras model. Noticeably, within 2-3 weeks, metastasis formation 

could be observed in different locations, including abdomen, thorax, head, the ovaries, legs and 

the brain (Campbell et al., 2019).  

The alignment of the four different TNS proteins in humans shows approximately 54% 

similarity with the SH2 and PTB domains to Drosophila TNS. The tensin protein in Drosophila 

connects integrin to actin and initiates signalling pathways like FAK signal transduction 

(Torgler et al., 2004). Researchers have extensively studied Tensin in Drosophila, uncovering 

its significant roles in cellular processes like cell adhesion, migration, wing development, and 

signalling pathways including JNK and FAK/Scr signalling (Cha et al., 2017; S. B. Lee et al., 

2003; Torgler et al., 2004). Another study examined the relationship between tensin and 

integrin. They created a tensin null mutation, which resulted in wing blister formation. This 

phenotype results from a loss of integrin adhesion (Torgler et al., 2004). These in vivo results 

suggested that tensin plays a role in linking integrins and the cytoskeleton, similarly to its role 

in mammalian cells.  

Here I used non-transformed MCF10A cells and a Drosophila cancer model to study how tensin 

affects tumour formation and metastasis. I showed that silencing TNS3 in MCF10A 

significantly increased cell invasion and proliferation. Mechanistically, TNS3 downregulation 

significantly increased laminin-332 expression, filopodia formation, and a3 integrin 

expression. In vivo, tensin overexpression significantly impaired tumour growth in both 
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Apc/Ras and Apc/Ras/Sna background, while it also opposed metastasis formation in the 

Apc/Ras/Sna model, indicating that tensin act as a tumour suppressor during tumour initiation. 

5.2 Results 

5.2.1 TNS3 knockdown increased invasiveness and cell proliferation in MCF10A cells. 

In non-transformed mammary epithelial cells, the BM provides tissue support and plays an 

essential role in maintaining tissue homeostasis (Ghannam et al., 2022). Integrin b1 has been 

shown to control mammary gland development and to be required to maintain mammary 

architecture integrity (Nisticò et al., 2014). Here I set out to investigate the role of TNS3 in 

non-transformed mammary epithelial cells. MCF10A cells were transfected with an siRNA 

targeting TNS3 or a non-targeting siRNA control, grown in 3D Geltrex for 3 days and stained 

for actin. On day 3, the control acini appear round and do not exhibit any invasive behaviour. 

However, the depletion of TNS3 promoted the formation of protrusions, as cells started to 

invade out of the acini (Figure 5.1A). Indeed, the quantification of acinus circularity revealed 

a statistically significant decrease due to TNS3 down-regulation. Importantly, that there were 

no significant changes in the area (Figure 5.1A).  

To gain better insights in the cell invasion dynamics, I used live cell imaging of MCF10A cells 

grown in 3D Geltrex. MCF10A were transfected with non-targeting siRNA or TNS3-specific 

siRNA for 48h and imaged from day 2 to day 4. After nearly 7 hours of imaging, control cells 

appeared spherical and uniform. After nearly 11 hours of imaging, there was only an increase 

in size, with no invasion observed. During 17.5, 24.2, and 31 hours, the acini size consistently 

increased in a regular pattern as cellular proliferation kept going, yet no invasion occurred. 

Conversely, the acini generated by cells transfected with TNS3-specific siRNA began to 

assume an irregular shape from 7 hours of imaging. Subsequently, after 11 hours of imaging, 

TNS3 knockdown acini began to invade and developed protrusions. Following 17.5, 24.2, and 

31 hours, the invasion progressed by forming multicellular protrusions (figure 5.1B). 

Consistent with the previous results, the circularity was significantly reduced when we silenced 

TNS3 compared to the control group (figure 5.1B). Western blotting analysis confirmed that 

the percentage of TNS3 knockdown in MCF10A cells was approximately 70%. (figure 5.1C).  

Overall, these data indicate that TNS3 prevents normally mammary epithelial cell invasion in 

3D systems. 



 92 

 

To investigate the effects of TNS3 knockdown on cell proliferation, MCF10A cells were 

transfected with non-targeting siRNA or TNS3 specific siRNA and grown for 7 days. As shown 

in figure 5.2, TNS3 knockdown MCF10A cells grew significantly more when compared to the 

non-targeting siRNA cells. These data indicate that TNS3 prevents cell growth in non-

transformed mammary epithelial cells. 
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5.2.2 TNS3 knockdown increased laminin-332 deposition in MCF10A cells.  

While on the one hand the BM inhibits cancer cell invasion by serving as a barrier that retains 

the cells within it (Ghannam et al., 2022), on the other hand a correlation between cell invasion 

and the accumulation and densification BM components have been reported (Chang et al., 

2022). Therefore, I hypothesised that losses TNS3 might promote cell invasion by modulating 

laminin expression. 

MCF10A cells were transfected with an siRNA targeting TNS3 or a non-targeting siRNA 

control, grown in Geltrex for 3 days and stained for laminin-332. In the control acini, laminin-

332 in the BM was deposited around the acini in a thin, even layer. However, upon TNS3 

downregulation, the laminin-332 staining around the acini became stronger and thicker. The 

quantification of laminin-332 staining intensity in the BM (extracellular) and inside the cells 

showed a statistically significant increase in both intracellular and extracellular laminin-332 in 

TNS3 KD cells compared to the control group (Figure 5.3A), while the BM/intracellular ratio 

remained the same. These data indicate that TNS3 could regulate the levels of laminin-332 in 

MCF10A cells, rather than its BM deposition.  

To validate this, MCF10A cells were transfected with a TNS3 specific siRNA, or a non-

targeting siRNA control and the laminin-332 protein level was determined by western blotting. 

Figure 5.3B demonstrates that TNS3-depleted MCF10A cells expressed significantly more 

laminin-332 compared to the non-targeting control. This suggests that TNS3 prevents the 

accumulation of laminin-332 in non-transformed mammary epithelial cells. 
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5.2.3 TNS3 silencing increased the number and length of filopodia in MCF10A cells 

Reports link the formation of filopodia to the assembly of the BM. Furthermore, as breast 

cancer progresses, the length and density of filopodia increase (Jacquemet et al., 2017; Peuhu 

et al., 2022). To assess whether suppressing TNS3 affected the length and quantity of filopodia, 

MCF10A cells were transfected with an siRNAs targeting TNS3 or a control siRNA for 24 

hours. Cells were then grown in 3D Geltrex for 3 days, fixed and stained for actin. Compared 

to the control, filopodia appeared longer and more abundant in cells in which TNS3 was 

silenced (figure 5.4). Image analysis indicated that TNS3-specific siRNA significantly 

increased the average length and number of filopodia compared to the non-targeting group. 

These results suggest that in non-transformed cells TNS3 might suppress filopodia formation. 

 

5.2.4 TNS3 knock-down increased a3 integrin levels in 3D systems 

I determined in my previous chapter that a3 is essential for the formation of filopodia and the 

expression/stabilization of laminin-332 in cancer cells. Therefore, I aimed to explore the impact 

of TNS3 knockout on the expression of a3 integrin in non-transformed cells. MCF10A cells 

were transfected with a TNS3 specific siRNA or a non-targeting siRNA as a control, grown in 
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3D Geltrex for 3 days and stained for a3. The results show that a3 staining was very faint in 

the control group, but after silencing TNS3, the staining became stronger. The quantification 

shows a significant increase in the basolateral and intracellular a3 level in the TNS3 

knockdown group when compared to the control, however, the BL/intracellular ratio stayed the 

same (Figure 5.5). These findings suggest that the downregulation of TNS3 may promote 

laminin-332 expression and filopodia formation by increasing a3 integrin expression. Overall, 

we can conclude that TNS3 is tumour suppressor gene in non-transformed mammary epithelial 

cells. 

 

5.2.5 TNS overexpression in the Apc/Ras background reduced tumour formation 

To assess the role of tensin in cancer formation and progression in vivo, we took advantage of 

the Apc/Ras Drosophila cancer model, whereby Apc1 and Apc2 are inactivated, and active Ras 

is expressed in Lgr5-positive intestinal stem cells (figure 5.6A, collaboration with Dr Jamie 

Adams). We analysed tumour formation in flies expressing GFP control, Apc/Ras and 

Apc/Ras/TNS. Consistent with previous data, we can detect tumours in the Apc/Ras, while 

mostly small clones of stem cells are present in the GFP only condition (figure 5.6B). 
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Strikingly, the overexpression of TNS profoundly reduced tumour formation, as measured the 

the % GFP coverage in the intestine. When assessing overall tumour burden by measuring the 

luciferase signal in the whole body of the flied, we detected a reduction upon TNS 

overexpression, but this was not statistically significant. To assess metastatic burden, the 

hemolymph was extracted from the flies and the levels of luciferase in circulation were 

monitored. Consistent with the fact that the Apc/Ras is mostly a non-metastatic models, we 

detected low luciferase levels, and these were further reduced in the presence of TNS 

overexpression, indicating that TNS has tumour suppressive functions in this context. 

5.2.6 TNS overexpression in the Apc/Ras/Sna background reduced tumour formation 
and metastasis 

Next we wanted to investigate the effect of TNS overexpression in the metastatic Apc/Ras/Sna 

model (figure 5.7A). In agreement with published data, big tumours were detected throughout 

the gut of Apc/Ras/Sna flies. Consistent with our results in the Apc/Ras background, TNS 
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overexpression almost abrogated tumour formation in the gut. Analysis of 5GFP coverage of 

the intestine and whole body luciferase signal showed a statistically significant reduction in 

TNS overexpressing flies compared to control (figure 5.7B). Consistent with published data, 

metastatic dissemination is easily detectable in Apc/Ras/Sail flies. Indeed, we detected ~10fold 

increase in the luciferase signal in the circulation of APC/Ras/Snail flies compared to Apc/Ras 

(see figure 5.6B), and TNS overexpression resulted in a significant reduction (figure 5.7B). 

Altogether, these data support the hypothesis that TNS is a tumour suppressor gene in this 

context.   
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5.3 Discussion 

In this chapter, I demonstrated that the silencing of TNS3 promoted MCF10A cell invasion 

and proliferation. This was coupled with increased laminin-332 expression in 3D and 2D 

cultures, filopodia formation and a3 integrin expression in 3D systems. In vivo, TNS 

overexpression reduced tumour formation in both the Apc/Ras and Apc/Ras/Sna backgrounds, 

while metastasis formation was impaired in the Apc/Ras/Sna background. 

Different studies have demonstrated that MCF10A cells can become invasive under certain 

conditions, such as oncogene overexpression or tumour suppressor gene downregulation. For 

instance, when the oncogene H-RAS was turned on, it activated different signalling pathways 

including PI3K and ERK, which are known to encourage cell growth. In addition, MCF10A 

exhibited invasive behaviour, showing high invasion when plated on matrigel-based 3D 

cultures (Dow et al., 2008). A published study found that silencing TNS3 in MCF10A 

promoted cell migration, through a TNS3/TNS4 switch. Indeed, downregulation of TNS4 

lowers EGF-induced migration. They also found that EGF stimulation raises the level of TNS4 

and lowers TNS3 expression, which speeds up cell migration. Therefore, they propose a 

reciprocal relationship between TNS3 and TNS4 that promotes EGF signalling, which in turn 

drives mammary cell migration (Katz et al., 2007). In our study, we did not assess TNS4 

expression levels in MCF10A cells, therefore we cannot rule out the possibility that cell 

invasion induced by TNS3 is also regulated by TNS4. Another study examined the impact of 

TNS3 overexpression in HEK 293 cells (non-transformed human embryonic kidney cells) on 

cellular migration and invasion. TNS3 overexpression diminished the cell migration rate 

towards the ECM and invasion of the BM compared to wild type cells (Martuszewska et al., 

2009). However, another study found that TNS3 KD limits cell growth and migration in 

mesenchymal stem cells (Park et al., 2022). This suggests that TNS3 role in preventing cell 

migration might be specific for epithelial cells. 

Our in vivo data showed that TNS overexpression opposed tumour formation and metastasis in 

a colorectal cancer model in Drosophila. TNS levels were assessed in colorectal cancer versus 

normal mammary tissues using online datasets (TNMplot.com). RNA-seq results showed that 

TNS3 and TNS4 expression increased significantly in tumours compared to normal tissues, 

while the expression of TNS1 and TNS2 was reduced (Bartha & Győrffy, 2021). Consistent 

with our data, downregulation of tensin in the Drosophila wing disc potentiated RasV12-

dependent wing disc hyperplasia. These results suggest that tensin in Drosophila functions as 
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a tumor suppressor, by limiting oncogenic Ras signalling (Martínez-Abarca Millán et al., 

2023). The detailed molecular mechanism behind this regulation has not been elucidated yet, 

so further work is needed to determine of tensin restrain Ras-driven oncogenesis and whether 

this effect is Ras-specific. 

Together, data from this chapter indicate that TNS3 in mammalian cells and Drosphila tensin 

act as tumour suppressors, limiting cell growth and proliferation in non-transformed mammary 

epithelial cells in vitro and preventing Apc/Ras driven tumorigenesis in vivo. 
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Chapter 6. General discussion  

6.1.Discussion: 

In this thesis, I demonstrated that TNS3 expression is upregulated in cancer cells compared to 

normal mammary epithelial cells, both in the MCF10 series of cell lines and in tissues from a 

polyoma middle T-drive mouse model of breast cancer. Moreover, I discovered that TNS3 

downregulation reduced the invasion of both MCF10DCIS and MCF10CA1 cells. Recent data 

from our lab demonstrated that the presence of ECM supported breast cancer cell growth, 

through a pathway which required ECM uptake, followed by lysosomal degradation. In 

particular, matrigel supported the proliferation of MCF10DCIS and MCF10CA1 cells grown 

under glutamine starvation (Nazemi et al., 2024), while TNS3 was shown to be required for 

ECM uptake in breast cancer cells (Shahd Alhadid, Rainero lab, unpublished data). In line with 

this, I found that TNS3 knockdown reduced the proliferation of MCF10DCIS and MCF10CA1 

cells plated on matrigel under glutamine deprivation. Together, this data demonstrated that 

TNS3 was required for the proliferation and invasion of breast cancer cells. 

Mechanistically, my data demonstrate that silencing TNS3 or b1 integrin resulted in a 

significant reduction in laminin-332 expression. Previous reports have shown that filopodia 

modulate BM deposition (Peuhu et al., 2022). Consistently, my results show that silencing 

TNS3 and b1 integrin significantly reduced the number and length of filopodia, in 

MCF10DCIS cells. Interestingly, this was accompanied by a significant reduction in the 

expression of a3 and a6 integrins, suggesting that TNS3 might control laminin-332 expression 

by modulating a3 and a6 integrin levels. Indeed, ⍺3 and ⍺6 blocking antibodies in 

MCF10DCIS cells greatly decreased the buildup of laminin-332 and the formation of filopodia. 

Similar results were obtained in MCF10CA1 cells, where TNS3 knockdown significantly 

reduced the expression of laminin-332 and a3 integrin, as well as filopodia formation.  

Finally, I investigated the function of TNS33 in normal mammary epithelial cells. The findings 

indicate that after suppressing TNS3, the invasion increased. We measured the expression level 

of laminin-332 and filopodia formation, revealing a higher level of laminin-332 and a3 integrin 

expression, as well as increased filopodia formation in TNS3 knockdown MCF10A cells 

compared to the non-targeting siRNA control. In addition, TNS3 downregulation promoted 

MCF10A cell proliferation, suggesting that TNS3 has tumour suppressive functions in non-

transformed epithelial cells. To investigate the role of TNS in tumour progression in vivo, I 
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tested TNS overexpression in a Drosophila colorectal cancer model, which resulted in tumour 

reduction in both the non-metastatic Apc/Ras background and the metastatic Apc/Ras/Snai 

background; additionally, TNS overexpression in the Apc/Ras/Snai background significantly 

reduced metastasis formation.  

To summarize, this project results suggest that TNS3 modulated laminin-332 expression via 

α3β1- and α6β1-dependent mechanisms. As my results showed, silencing TNS3 decreased 

integrin protein levels. This could be explained by differences in gene transcription or protein 

stability. Reports indicate that tensins play a crucial role in stabilizing integrins, as TNS3 and 

TNS4 have been shown to stabilise β1-integrin, which is responsible for mediating cell 

adhesion, migration, and cellular response (Merour et al., 2022; Muharram et al., 2014). In 

particular, TNS4 was shown to promote b1 integrin accumulation by preventing its 

internalisation and lysosomal degradation (Muharram et al., 2014). In contrast, TNS3 has been 

shown to promote the internalisation of ligand-bound a5b1 in ovarian cancer cells 

overexpressing the small GTPase Rab25 (Rainero et al., 2015). Here, I hypothesize that in 

breast cancer cells, the presence of TNS3 could stabilize focal adhesions containing α3β1 and 

α6β1, suggesting that TNS3 might stabilise specific integrin heterodimers, while promoting 

the internalisation of ligand-bound ones. It is important to consider that MCF10 cells do not 

express Rab25, Furthermore, I believe that adhesion signalling stimulates the formation of 

filopodia, leading to the accumulation of lamini-332 in the BM and subsequent cell invasion 

(figure 6.1). It has been reported that the formation of filopodia triggers the formation of focal 

adhesions by connecting b1 integrin at the filopodia tip to the ECM, thereby initiating the 

recruitment of focal adhesion proteins (Partridge & Marcantonio, 2006). As a result, focal 

adhesion formation commences, which contributes to proliferation, invasion, and the formation 

of filopodia. This could be caused by the activation of cellular signalling pathways, including 

FAK/Src activation, Junk, and PI3K, which are responsible for the upregulation of invasion 

and proliferation. Further investigations are required to determine whether TNS3 affects a3b1 

and a6b1 integrin stability and adhesion signalling in breast cancer cells, and how this process 

impinges on filopodia formation.  

On the other hand, in normal mammary epithelial cells, TNS3 acts as a tumour suppressor in 

the non-tumorigenic breast epithelial cells MCF10A. In this context, TNS3 might destabilize 

a3b1, and therefore prevent filopodia formation and laminin-332 expression.  Loss of TNS3 
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will therefore stabilise focal adhesions, leading to the activation of downstream signalling 

pathways that are responsible for invasion, proliferation, and migration (figure 6.1). 

The BM plays a dual role in cancer, being both tumour suppressor in early stages of 

tumorigenesis and tumour promoter at later stages. This observation might explain the 

differential role of TNS3 in normal and breast cancer cells. In normal cells, the BM contributes 

to structural integrity by providing a well-organized, balanced composition that helps maintain 

cell tissue homogeneity and boundaries (Jayadev & Sherwood, 2017; Meghan A Morrissey et 

al., 2013).  This helps to control cell migration and proliferation. 

On the other hand, cancers lose this feature due to disruption of the BM, alteration in its 

composition and compromised stability. Furthermore, once homeostasis is lost, cancer cells 

detach and move (Jean A Engbring & Hynda K Kleinman, 2003; Pozzi et al., 2017). 

One of the primary causes of cancer cell invasion is the high level of matrix mechanical 

plasticity. As a result, matrix densification is a well-documented aspect of matrix mechanical 

plasticity that promotes invasion (Chang & Chaudhuri, 2019). During cancer progression, 
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abnormal BM component deposition favours epithelial-mesenchymal transitions, which 

promote cancer cell growth and invasion. It has been shown that this occurs through the 

activation of the FAK/Src axis, which in turn activates PI3K and ERK, both of which are 

crucial for inducing a cell response such as cell survival, migration and invasion (Fatherree et 

al., 2022). An in vivo study found that in MMP-deficient animals, invadopodia break the BM 

five times more than wild-type animals (Chang & Chaudhuri, 2019).They used time-lapse 

imaging to investigate C. elegans anchor cell (AC) invasion. They observed that invasion 

occurred in the absence of MMP. Furthermore, it has been suggested that this occurred through 

adaptive mechanisms, including an increase in the Arp2/3 complex, which enhances F-actin 

formation and thus promotes protrusions. This process was powered by ATP, which is 

produced by the mitochondria located in the protrusions (Kelley et al., 2019). Another possible 

reason for breaking the BM is proliferation. Proliferation has been shown to increase the size 

of the tumour, putting more pressure on the BM and thereby weakening it (Chang & Chaudhuri, 

2019). This suggests a possible causal connection between proliferation and invasion. Another 

factor that could influence the change in the composition of BM is its stiffness (Khalilgharibi 

& Mao, 2021). Studies have reported an increase in the stiffness of the BM with higher collagen 

levels (Jayadev & Sherwood, 2017; Meghan A Morrissey et al., 2013). One of the primary 

causes of stiffer BMs is the overproduction of collagen IV and laminin, which contributes to 

invasive behaviour (Koorman et al., 2022). Furthermore, studies have demonstrated that TGF-

b signalling increases collagen synthesis during cancer progression, thereby contributing to the 

stiffness of BMs. Another factor to consider is ageing; as people get older, their collagen 

deposition increases (Jayadev & Sherwood, 2017; Meghan A Morrissey et al., 2013).  

We believe that the Drosophila cancer model we used most accurately represents cancer 

initiation, as TNS overexpression occurs in stem cells concurrently with APC loss and Ras/Snai 

activation. As a result, this model does not allow for measuring the effect of TNS 

overexpression in advanced stages of cancer. Future work should modulate TNS expression 

levels in established tumours, to determine whether TNS switch from being anti-tumorigenic 

during cancer initiation to being pro-tumorigenic at later stages 
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6.2 Conclusion and future direction: 

This project demonstrates a dual role of TNS3 in regulating breast cancer progression. It 

demonstrates how TNS3 links the ECM to initiate cellular physiological processes, such as 

invasion, proliferation, and filopodia formation. Furthermore, depending on the cell type, 

TNS3 can act as both a tumour suppressor or promoter. We need further research to elucidate 

the various roles of TNS3, as there are several questions that remain unanswered.  

It would be interesting to determine: 

• If TNS3 also affects cancer cell migration, performing would healing and random cell 

migration assays.  

• It would be important to determine what the molecular mechanisms through which 

TNS3 affect filopodia extension are, including how a3b1 and a6b1 control this 

process.  

• It would also be interesting to elucidate how TNS3 downregulation impinges on focal 

adhesion signalling, by performing western blot analysis to measure the 

phosphorylation levels of FAK, MAPK and AKT.  

• The protein levels involved in the formation of filopodia can be assessed using a 

western blot. 

• Assess the protein level of different ECM proteins such as collagen and fibronectine. 

• To assess the role of TNS3 in mice that has 4 different TNS, this would help to 
strengthen the ongoing investigation. 

 

Addressing these questions will advance our understanding of the role of TNS3 in breast 

cancer. Further research into the role of TNS3 and its role in controlling ECM dynamics in 

breast cancer progression is critical to uncovering novel regulators of tumour progression that 

will aid in the development of new therapeutic strategies to improve patient outcomes.  
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