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[bookmark: _GoBack]Breast cancer is the leading cause of cancer death in women. Triple-negative breast cancer (TNBC) is a highly aggressive subtype of breast cancer which is associated with a poor clinical outcome in comparison to other breast cancer subtypes. In TNBC a high stroma content is associated with a poor prognosis. Cancer-associated fibroblasts (CAFs) are key components of the tumour stroma and are responsible for secreting and remodelling the extracellular matrix (ECM). The role of soluble signalling by CAFs in cancer progression is well established. In contrast, the means by which they contribute to cancer progression by altering the mechanical properties of the tumour microenvironment remains to be clarified. Therefore, the aim of this work was to identify differences in TNBC-associated fibroblasts as compared to normal breast fibroblasts and determine their function in TNBC progression. In order to achieve this, we have characterised normal breast fibroblasts and TNBC patient-derived CAFs using immunofluorescence, live cell imaging and traction force microscopy. We have then established 2D and 3D in vitro co-culture models to study the interactions between fibroblasts and HCC1143 cells using live cell imaging and immunofluorescence. Finally, we have analysed the effect of CAF-derived ECM, particularly hyaluronan, on HCC1143 by generating fibroblast-derived ECM. We observed that in 2D and 3D, the TNBC CAFs showed an increased capacity to induce the nuclear localisation of the oncogenic transcriptional co-regulator YAP in HCC1143, as compared to normal breast fibroblasts. The CAFs also exhibited increased cellular contractile forces, and these forces were required for CAFs to compress clusters of TNBC cells, and to induce the nuclear localisation of YAP. Finally, we show that CAF-derived hyaluronan is an alternative mechanism by which CAFs can promote the nuclear localisation of YAP in HCC1143. Taken together, these observations support the hypothesis that the contractile forces and hyaluronan production of CAFs promote TNBC via the nuclear translocation of YAP. This highlights the importance of the physical properties of the tumour microenvironment in and progression of TNBC and suggests that CAFs can be targets for future drug-development against TNBC.
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Cancer is a disease characterised by uncontrolled cell proliferation. The capacity to sustain proliferative signalling is generated by genome instability, through which cancer cells acquire or increase the expression of tumour-promoting oncogenes and lose the expression of tumour-suppressing genes (Hanahan and Weinberg, 2011). Cancer is the leading cause of death in 57 countries (Bray et al., 2021), and incidence is rising worldwide due to population ageing and an improvement in screening and detection (Sung et al., 2021). 

[bookmark: _Toc126225908][bookmark: _Toc126306833][bookmark: _Toc127779622][bookmark: _Toc129874064][bookmark: _Toc131080180]Breast cancer
Breast cancer is the most commonly diagnosed cancer worldwide, accounting for 2.3 million new cases in 2020. It is the leading cause of death in women, accounting for 1 in 6 cancer deaths (Sung et al., 2021). Breast cancer survival varies significantly by country, with a 5-year survival rate of more than 80% in high-income countries such as the UK, USA and Australia, in comparison to less than 70% in lower-income countries such as India and Thailand (Allemani et al., 2018). Incidence rates are higher in high-income countries which reflects improvements in screening and early detection (Bray et al., 2018). Risk factors for breast cancer include hereditary factors such as the inheritance of BRCA mutations, in addition to non-hereditary factors such as age, breast tissue density, body mass index, pregnancy and breastfeeding (Łukasiewicz et al., 2021).

Breast cancer arises in the cells of the mammary tissue, and breast cancer cases are categorised into histopathological subtypes based on their anatomical origin. The most common form of breast cancer is carcinoma, which arises from mammary epithelial cells and accounts for 95% of breast cancer cases (Makki, 2015). Carcinomas are further divided into ductal or lobular carcinomas based upon their specific location within the compartments of the breast tissue. Other types include sarcomas, which arise from connective tissues and account for less than 1% of breast cancer cases (Zubair et al., 2021).

Ductal carcinoma in situ (DCIS) is the most common form of non-invasive breast cancer. DCIS arises from the epithelial cells within the breast ducts and is contained within the basement membrane. Patients diagnosed with DCIS have a good prognosis and a 5-year survival rate of 98.5% (Ernster et al., 2000). However, if not detected and treated early, it is highly likely that DCIS will develop into invasive cancer such as an invasive ductal carcinoma (IDC). IDC is the most common form of breast cancer and accounts for approximately 80% of breast cancer cases. In IDC the cells have invaded out of the duct, through the basement membrane and into the surrounding tissue or lymph nodes. If cells which arose in the lobular tissue become invasive, this is classified as an invasive lobular carcinoma (ILC). ILC accounts for approximately 10% of breast cancer cases (Feng et al., 2018).

[bookmark: _Toc126306835][bookmark: _Toc127779624][bookmark: _Toc129874066][bookmark: _Toc131080181]Molecular subtyping of breast cancer 
In addition to histological classification, breast cancer can be categorised into molecular subtypes. The molecular classification of breast cancer was first proposed by Perou and Sørlie, who categorised breast cancer patients by distinct gene expression patterns. This categorisation includes gene expression of progesterone receptor (PR), estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) (Perou et al., 2000). Identification of receptor expression is standard clinical practice and has a direct impact on the selection of therapy and prognosis (Duffy, 2001) (Table 1.1).



[bookmark: _Toc131080647]Table 1.1: Characteristics of breast cancer molecular subtypes. (Eliyatkın et al., 2015; Johnson et al., 2021; Zuo et al., 2017).
	Subtype
	Proportion of total breast cancer cases (%) 
	Gene expression
	Standard therapy
	5-year overall survival (%)

	Luminal A
	50
	Luminal cytokeratins
ER/PR positive
HER2 negative
	Endocrine therapy
Chemotherapy
	92.3

	Luminal B
	20
	Luminal cytokeratins
ER/PR positive
HER2 negative
High P53
	Endocrine therapy
Chemotherapy
	88.4

	HER2
	15
	TP53 mutations
HER2 positive
ER/PR negative
	Anti-HER2 therapy 
Chemotherapy
	83.6

	Basal-like
	15
	ER/PR/HER2 negative
	No targeted therapy
Chemotherapy
	82.9
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[bookmark: _Toc131080182]Breast cancer staging
Tumour, node and metastasis (TNM) classification is a standard staging system for breast cancer, and describes the tumour size, lymph node involvement and extent of metastasis. Breast cancer stage is a key predictor of survival. The survival rate for stage I Triple-negative breast cancer (TNBC) is 95%, and this drops significantly to 11% for patients with stage IV TNBC (Howlader et al., 2018).


[bookmark: _Toc131080648]Table 1.2: Criteria for TNM staging in breast cancer. The eighth edition of TNM classification by the American Joint Commission of Cancer. Adapted from (Giuliano et al., 2017).
	Stage
	Criteria

	0
	Tis (DCIS)

	IA
	Tumour is ≤ 20mm and no lymph node metastasis are detected

	IB
	No evidence of a primary tumour, but micrometastases are detected
OR 
Tumour is ≤ 20mm and micrometastases are detected

	IIA
	No evidence of a primary tumour and micrometastases or metastases in 1-3 auxiliary lymph nodes
OR
Tumour is ≤ 20 mm and metastases in 4-9 axillary lymph nodes
OR 
Tumour is > 20 mm but ≤ 50 mm and no lymph node metastasis are detected

	IIB
	Tumour is > 20 mm but ≤ 50 mm and micrometastases or metastases in 1-3 auxiliary lymph nodes
OR 
Tumour is > 50 mm and no lymph node metastasis are detected

	IIIA
	Tumour is ≤ 20mm and metastases in 4-9 axillary lymph nodes
OR 
Tumour is > 20 mm but ≤ 50 mm and metastases in 4-9 axillary lymph nodes
OR
Tumour is > 50 mm tumour and micrometastases or metastases in 1-9 auxiliary lymph nodes

	IIIB
	Tumour of any size that has extended to the chest wall or skin and no lymph node metastases detected
OR 
Tumour of any size that has extended to the chest wall or skin and micrometastases or metastases in 1-9 auxiliary lymph nodes

	IIIC
	Tumour of any size and metastases in 10 or more auxiliary lymph nodes

	IV
	Tumour of any size and distant metastasis detected


[bookmark: _Toc126225909][bookmark: _Toc126306837][bookmark: _Toc127779626][bookmark: _Toc129874068]


[bookmark: _Toc131080183]Triple-negative breast cancer
TNBC is a breast cancer subtype classified by low expression of PR, ER and HER2, and accounts for approximately 15% of total breast cancer cases (Kohler et al., 2015). There is a significant overlap in features between basal-like breast cancer and TNBC, with 50-70% of basal-like tumours categorised as triple-negative, however, the terms are not identical (Alluri and Newman, 2014). Basal-like and TNBC are characterised by aggressive disease progression, an advanced stage upon diagnosis and early age of onset, which contribute to a poorer prognosis in comparison to other breast cancer subtypes (da Silva et al., 2020; Lund et al., 2009). TNBC has a significantly higher incidence in younger women and occurs disproportionately in African American women, a trend which remains following adjustment of additional risk factors including grade, poverty index, and diagnosis delay (Lund et al., 2009).
[bookmark: _Toc126225910][bookmark: _Toc131080184]TNBC metastasis 
The feature that distinguishes a malignant tumour from a benign tumour is the capacity to metastasise. Metastasis is the process by which cancer cells from the primary tumour disseminate via the bloodstream and lymphatic system and form secondary tumours in other parts of the body (Chaffer and Weinberg, 2011). The seed and soil hypothesis illustrates why particular cancer types have a propensity for metastasis in particular secondary sites. In this hypothesis, circulating tumour cells are the ‘seeds’, which have a predisposition for the best ‘soil’ – the tissue microenvironment which has the ideal conditions for metastatic colonisation. Clinical data to support this hypothesis in breast cancer was first reported in 1889, and proposed that the study of both the seed and the soil is important (Paget, 1889). 

Metastasis is the main cause of cancer death, accounting for approximately 75% of breast cancer deaths (Dillekås et al., 2019). TNBC patients are highly susceptible to metastasis. The subtype is associated with a higher incidence of distant metastasis in comparison to other breast cancer subtypes, with distant metastasis occurring in 27% of patients. TNBC patients have a higher risk of distant recurrence within 5 years, with a rapid rise in the incidence of distant recurrence between 1-3 years after diagnosis followed by a decrease from 3 years onward. Comparatively, in other breast cancer subtypes the risk of recurrence is relatively stable. The brain, liver, bone and lungs are the most common sites of metastasis in TNBC (Dent et al., 2007; Wu et al., 2016). Brain metastasis results in the lowest overall survival with a median of 5 months in comparison to 13, 14 or 15 months for bone, liver and lung, respectively (Yao et al., 2019). 

[bookmark: _Toc126225911][bookmark: _Toc131080185]TNBC therapy 
Several standard breast cancer therapies, such as trastuzumab (for HER2-positive breast cancer) and tamoxifen (for ER-positive breast cancer) are directly targeted towards a particular receptor and are only effective on breast cancer cells which overexpress that particular receptor. The development of these targeted therapies has led to significant improvement in breast cancer survival rates (Gu et al., 2016). Due to its lack of receptor expression, there are currently no targeted endocrine or molecular therapies for TNBC. This contributes to the lower survival rate in TNBC in comparison to other breast cancer subtypes (Howlader et al., 2018). Chemotherapy is the standard therapy for TNBC, which is followed by surgery for cases diagnosed at an early stage (Gu et al., 2016). For TNBC patients with metastatic disease, survival outcomes from chemotherapy have not improved over the last 30 years, apart from in cases where metastatic relapse is less than 3 years after diagnosis (Tevaarwerk et al., 2013). TNBC is responsive to immunotherapy, as a high proportion of TNBC tumours exhibit high levels of lymphocyte and CD8+ T-cell infiltration (Stanton et al., 2016). Immunotherapy targeted towards programmed cell death-ligand 1 and programmed death receptor-1 is emerging as a new target in breast cancer, in particular for TNBC patients with advanced disease (Tavares et al., 2021). A common feature of both basal-like and TNBC is the frequency of breast cancer gene (BRCA) 1/2 mutations. Of breast cancer patients with a BRCA1 mutation, 75% are identified as triple negative, basal-like, or both (Foulkes et al., 2003). As a result of the involvement of BRCA in homologous recombination to repair DNA damage, TNBC patients with BRCA mutations are sensitive to poly(ADP-ribose)polymerase (PARP) inhibitors through synthetic lethality. The PARP inhibitors Olaparib and talazoparib are approved as treatments for metastatic TNBC with BRCA mutations (Barchiesi et al., 2021). Overall, this reveals a clear need for the development of new therapeutics which will improve the poor prognosis of TNBC. To this end, researchers have been investigating new avenues for TNBC treatment, including targeting the tumour microenvironment (TME) (Cazet et al., 2018; Takai et al., 2016). 

[bookmark: _Toc126225912][bookmark: _Toc126306838][bookmark: _Toc127779627][bookmark: _Toc129874069][bookmark: _Toc131080186]The tumour microenvironment
The TME is composed not only of cancer cells but also of non-malignant cells and extracellular matrix (ECM). It is now well established that the TME plays an important role in breast cancer initiation, progression and metastasis (Hanahan, 2022; Mohammadi and Sahai, 2018; Soysal et al., 2015). The components of the TME can exert both pro and anti-tumorigenic effects which are mediated by physical interactions and intracellular signalling (Soysal et al., 2015). The TME contributes to many of the hallmarks of cancer (Hanahan and Weinberg, 2011) such as sustaining proliferative signalling (Álvarez-Teijeiro et al., 2018), inducing angiogenesis (Batlle et al., 2019) and initiating metastasis (Tan et al., 2011). A major component of the breast TME is the stroma, a network of connective tissue that contains extracellular matrix and stromal cells such as fibroblasts, immune cells and endothelial cells. In healthy tissue, the stroma provides structural support and supports normal organ function, whereas the stroma in cancer differs in terms of its cellular components, extracellular matrix composition, structure and stiffness which can contribute to tumour growth and invasion.

[bookmark: _Toc127779628][bookmark: _Toc129874070][bookmark: _Toc131080187]The stroma in TNBC 
In breast cancer, the characteristics of a particular subtype can be reflected in the stroma. The stroma surrounding a triple-negative tumour exhibits a ‘triple-negative signature’ which primarily includes the upregulation of genes involved in immune response, such as leucocyte activation and antigen presentation. This signature is also induced in normal mammary fibroblasts following co-culture with TNBC cells, indicating that this gene expression signature is induced by the breast cancer cells themselves (Casbas-Hernandez et al., 2015). Evidence suggests that stromal gene expression can be used as an indicator of prognosis (Finak et al., 2008). 

The tumour stroma ratio, a measure of the proportional quantity of stroma in the TME, is also a prognostic factor in breast cancer. The method by which tumour stroma ratio is measured and classified varies, but a high stroma content is generally considered to be 50% or higher (Kramer et al., 2019). Stroma-high tumours are associated with a poorer prognosis compared to stroma-low tumours. This association is particularly strong in TNBC tumours with respect to overall survival and local recurrence (de Kruijf et al., 2011; Dekker et al., 2013; Millar et al., 2020; Vangangelt et al., 2020). The dual impact of triple-negative status and a high quantity of stroma on reccurence-free survival is illustrated in figure 1.1. 
[image: ]
[bookmark: _Toc131147249]Figure 1.1: The impact of tumour stroma and breast cancer subtype on recurrence-free survival. Kaplan-Meier curve showing recurrence free survival in patients from the Nottingham Breast Cancer Series with respect to tumour stroma ratio and triple-negative status. Adapted from (Vangangelt et al., 2020), under the Creative Commons CC BY license.

[bookmark: _Toc131080188]TNBC tumour morphology
The morphology of the tumour and stroma is also distinct in TNBC. The most common morphology observed in TNBC tumours is a round or oval shape, with distinct circumscribed margins with the surrounding tissue. This morphology is present in approximately 37% of TNBC tumours. In comparison, non-TNBC tumours more commonly have irregular masses with spiculated margins (Gao et al., 2014). Despite being very aggressive, round TNBC tumours with smooth, distinct margins have a very similar morphology to benign masses (Johnson et al., 2021). A circumscribed morphology is caused by a ‘pushing border’ growth pattern in which a highly proliferative tumour is physically pushing the surrounding stroma outwards, rather than an indistinct, invasive border that generates a desmoplastic stroma (Costantini et al., 2016). This data highlights the distinct properties of the stroma in TNBC and suggests that the gene expression, physical quantity and morphology of the stoma may play a role in the progression of TNBC. 
[bookmark: _Toc127779634][bookmark: _Toc129874071][bookmark: _Toc131080189]
The extracellular matrix 
The ECM consists of a dynamic network of proteins, glycoproteins and proteoglycans produced by resident cells. It provides structural support for cellular adhesion and migration and plays a role in the regulation of normal cell functioning and tissue homeostasis. The ECM is continually remodelling and varies significantly among tissues (Eble and Niland, 2019; Frantz et al., 2010).  The main structural components of the ECM are proteoglycans and fibrous proteins. Proteoglycans include perlecan and glycan, which are comprised of a protein core with a covalently linked chain of glycosaminoglycans. Glycosaminoglycans without a protein core, such as hyaluronan are also abundant in the ECM. Glycosaminoglycans are highly hydrophilic and contribute to the hydration and viscosity of tissues. Fibrous proteins include collagens and fibronectin which provide structure and tensile strength to the ECM and are key regulators of cell adhesion and migration. ECM proteins can be degraded by matrix metalloproteinases (MMPs) during both tissue homeostasis and disease (Frantz et al., 2010; Saraswathibhatla et al., 2023). The mechanical properties of the ECM such as stiffness, viscoelasticity, composition and density regulate diverse characteristics of cell behaviour including morphology, migration, adhesion, proliferation, protein expression and gene expression (Avery et al., 2018; Hartman et al., 2017; Yeung et al., 2005). Cells detect changes in their microenvironment through integrins, cell adhesions and cell surface receptors, and react by altering cytoskeletal organisation, composition and orientation through the process of mechanotransduction (Martino et al., 2018). 

[bookmark: _Toc131080190][bookmark: _Toc129874072]The ECM in cancer 
Under normal physiological conditions, ECM homeostasis is precisely regulated and maintains a balance of deposition, remodelling and degradation. In pathological conditions such as cancer, this balance can be disrupted. The composition, alignment, stiffness and abundance of the ECM in the TME can differ significantly from normal tissue (Acerbi et al., 2015). Generally, the TME contains a greater quantity of ECM in comparison to normal tissue, particularly collagen I (Alowami et al., 2003). Normal ECM is typically isotropic and there is a transition towards a more organised, aligned ECM during cancer progression. Increased collagen I alignment perpendicular to the tumour boundary is an independent prognostic factor for reduced breast cancer survival (Conklin et al., 2011). In in vivo models, the alignment of collagen and fibronectin with the direction of invasion correlates with the incidence of metastasis (Goetz et al., 2011). An increase in the quantity of hyaluronan in the ECM leads to the accumulation of compressive force within tumours by promoting tumour swelling due to its hydrophilic properties. On the other hand, an increase in collagen I content in the ECM surrounding a tumour can mechanically resist tumour swelling through increased tensile strength, however, this will also lead to an increase in the compressive force within a tumour (Voutouri and Stylianopoulos., 2018). These changes in ECM composition and structure lead to changes in the mechanical properties of tumours. The accumulation of ECM as well as cancer cells increases the stiffness of the TME. This can lead to a positive feedback loop in which increased ECM deposition and stiffness drives pro-tumorigenic mechanoresponsive signalling in cells of the TME resulting in further ECM changes and further driving cancer progression (Mohammadi and Sahai, 2018). 

An increase in mammographic density over time is associated with increased breast cancer risk (Mokhtary et al., 2021). This is likely due to an increased quantity of collagen (Alowami et al., 2003). Higher mammographic density is a pre-existing state, in comparison to the desmoplastic reaction and increase in ECM which promotes cancer at its earlier stages. Alterations in the ECM can also promote cancer progression in a more indirect manner, by conferring resistance to therapy. The ECM can act as a physical barrier which blocks the diffusion of therapeutic drugs. Simultaneously, this barrier reduces the availability of oxygen and nutrients to cancer cells, ultimately leading to hypoxia and metabolic stress. These stressors can upregulate anti-apoptotic and drug resistance pathways, leading to therapy resistance (Henke et al., 2020).

Although the ECM can have a significant impact on tumour growth, invasion and therapy resistance, in some instances the ECM can restrain tumour growth. Collagen I can act as a mechanical barrier to restrict tumour growth and invasion (Bhattacharjee et al., 2021). Another ECM protein, decorin, can suppress breast cancer cell metastasis by degrading E-cadherin and inhibiting EGFR/ERK signalling (Hu et al., 2021). 

[bookmark: _Toc129874073][bookmark: _Toc131080191]The ECM in breast cancer 
The majority of breast cancers arise in the ducts or lobules of the breast. These are highly regulated structures, in which the basal surface of polarised epithelial cells is in contact with myoepithelial cells and a specialised ECM called basement membrane. The basement membrane is primarily composed of collagen IV, laminins, perlecan and nidogens (Insua-Rodríguez and Oskarsson, 2016). Under normal conditions, the basement membrane plays a role in maintaining the duct structure and the polarity of the epithelial cells. During the early stages of cancer progression, for example during DCIS, the cancer cells are confined by the basement membrane which separates them from the surrounding stroma. Degradation or disruption of the basement membrane by proteases such as MMPs can disturb the highly regulated structure and stimulate EMT, which contributes to cancer invasion and metastasis (Duffy et al., 2000). Breast tumours can be classified into subgroups based upon the expression of ECM components, and this correlates with clinical outcome (Bergamaschi et al., 2008).

[bookmark: _Toc127779629][bookmark: _Toc129874074][bookmark: _Toc131080192]Fibroblasts
Fibroblasts are one of the most abundant cell types within the stroma. In 1858, Virchow first identified spindle-shaped cells which had the capacity to produce collagen (Virchow, 1858). Subsequently, the first mention of the term ‘Fibroblast’ was published in 1896 and described cells which produced connective tissue (Ziegler, 1896). 

Fibroblasts are responsible for synthesizing and remodelling the ECM and are the key cell type involved in wound healing (Abbasi et al., 2020; Driskell et al., 2013). Through the secretion and deposition of ECM proteins, fibroblasts regulate tissue regeneration and homeostasis, thereby influencing the mechanical properties of the ECM including structure, stiffness and orientation (Frantz et al., 2010). A defining feature of fibroblasts is their production and organisation of collagen I, one of the 28 collagens which are the most abundant proteins within the ECM. Collagens provide structure to the ECM, supporting both cell adhesion and migration (Frantz et al., 2010).

Fibroblasts are a highly heterogenous cell type and vary greatly depending on their tissue of origin. Therefore, despite being widely studied, there are currently no exclusive fibroblast markers. Consequently, fibroblasts are generally identified by exclusion or by a combination of markers, for example vimentin (Alkasalias et al., 2017) α-smooth muscle actin (α-SMA), fibroblast specific protein 1 (FSP-1) and fibroblast activation protein (FAP) (Kalli and Stylianopoulos, 2018). Expression of these markers is not limited to fibroblasts, which makes it challenging to identify and isolate fibroblasts in vivo for investigation. 

Fibroblasts remain quiescent in tissue until they are activated in response to injury. Activated fibroblasts, known as myofibroblasts obtain a more contractile phenotype which allows them to orchestrate the wound healing process (Kalli and Stylianopoulos, 2018). Transforming growth factor β (TGFβ) is a cytokine which induces the differentiation of myofibroblasts through the upregulation of α-SMA, resulting in increased contractile force in a dose-dependent manner via the promotion of stress fibre assembly and formation of focal adhesions. These cytoskeletal changes provide myofibroblasts the capacity to exert physical force, contracting their surrounding environment to close a wound (Vaughan et al., 2000).  

In the context of cancer, normal fibroblasts inhibit tumour growth. The ECM produced by normal fibroblasts can inhibit cancer cell proliferation in vitro and restrain tumour growth in vivo (Kaukonen et al., 2016). Soluble factors secreted by normal fibroblasts in co-culture with cancer cells can reduce cancer cell proliferation and motility (Alkasalias et al., 2014). The diverse mechanisms by which fibroblasts have been found to exert their tumour-suppressing effect across different cancer types is reflective of their heterogeneity (Alkasalias et al., 2018). 

As cancer progresses, fibroblasts located within the TME undergo physiological and molecular changes induced by cancer cells. As a result, fibroblasts acquire a continuously active, tumour-promoting phenotype, and become known as cancer-associated fibroblasts (CAFs).

[bookmark: _Toc127779630][bookmark: _Toc129874075][bookmark: _Toc131080193]Cancer-associated fibroblasts 
CAFs behave similarly to myofibroblasts activated during wound healing. However, unlike myofibroblasts which ordinarily undergo apoptosis upon completion of the wound healing process, CAFs become irreversibly and perpetually active, corrupted by the cancer cells to aid cancer growth and progression (Kalluri, 2016). Consequently, a tumour can be described as ‘a wound that does not heal’, to illustrate the way in which cancer cells can exploit and perpetuate the wound healing properties of the stroma in order to support their development (Dvorak, 2015).

CAFs are reported to originate from several sources. The primary source of CAFs is considered to be quiescent fibroblasts resident in the TME (Arina et al., 2016). CAFs have also been shown to originate from bone marrow-derived stem cells, which differentiate into CAFs in response to paracrine signals from breast cancer cells (Raz et al., 2018). Other proposed sources include endothelial cells via endothelial to mesenchymal transition (Zeisberg et al., 2007), and adipocyte cells through activation of the Wnt/β-catenin pathway (Bochet et al., 2013). A disputed origin of CAFs is cancer cells that have undergone epithelial to mesenchymal transition (EMT). There are studies in support of this (Bartoschek et al., 2018), however it is also argued that as these cells will contain the same genetic mutations as the original cancer cells, they should be considered as a separate population to CAFs (Sahai et al., 2020). 

[bookmark: _Toc127779631][bookmark: _Toc129874076][bookmark: _Toc131080194]CAF activation
In addition to the diversity of CAF origins, there is also a wide range of ways in which CAF precursors are activated to become CAFs. Perhaps the most well-established mechanism is paracrine signalling between CAFs and cancer cells, for example through cancer cell-derived TGFβ or osteopontin (Ringuette Goulet et al., 2018; Sharon et al., 2015). Inhibition of TGFβ signalling in mesenchymal stem cells inhibits their differentiation into CAF, which would otherwise occur after co-culture with breast cancer cells or incubation with cancer cell-conditioned media (Shangguan et al., 2012). Furthermore, contact-dependent paracrine signalling between breast cancer cells and resident fibroblasts in the TME can lead to their activation via the Notch signalling pathway (Strell et al., 2019). Sustained reciprocal crosstalk between CAFs and cancer cells creates a positive feedback loop of cancer promotion and CAF activation (Yoshida, 2020).

The mechanical properties of the TME can also initiate CAF activation. ECM stiffness induces mechanotransduction and drives the differentiation of mesenchymal stem cells into CAF (Ishihara et al., 2017). Activated CAFs will promote additional matrix stiffness, further increasing cytoskeletal tension, leading to the activation of Src signalling and yet again increasing ECM stiffness. Consequently, a feedback loop of matrix stiffening and CAF activation arises (Calvo et al., 2013). Finally, CAFs can become activated through genetic modifications (Albrengues et al., 2015) and DNA damage (Legrand et al., 2018). 

CAF-like cells have been identified in healthy tissue in individuals with BRCA1 mutations. Etzold et al compared the breast fibroblasts from a breast cancer patient and her twin sister. Although both had BRCA1 mutations, the extent of epigenetic mutations of BRCA1 was greater in the twin who had developed breast cancer. Although derived from non-cancerous tissue of the upper arm, fibroblasts derived from the twin who developed cancer had increased expression of tumour-promoting genes and exhibited increased proliferation and migration in comparison to those of the healthy twin. This supports the hypothesis that CAFs are not exclusive to tumour tissue, but are also present in the healthy tissue of individuals possessing mutations in tumour suppressor genes. This may increase susceptibility to cancer and promote initial tumour formation (Etzold et al., 2016).

[bookmark: _Toc127779632][bookmark: _Toc129874077][bookmark: _Toc131080195]CAF heterogeneity
Due to their diverse origins and mechanisms of activation, CAFs are highly heterogeneous. The lack of a specific CAF marker also alludes to the existence of diverse subtypes. Following single-cell RNA sequencing of CAFs isolated from the MMTV-PyMT mouse model, Bartoschek and colleagues identified three distinct CAF subtypes in breast cancer with distinctive gene expression profiles, functional characteristics and clinical significance. The relative number of these subtypes changes throughout cancer progression. For example, the proportion of mCAFS derived from resident fibroblasts in the TME with high expression of ECM related genes, decreases throughout cancer progression. These changes may occur as the needs of the tumour change during progression, resulting in the CAF populations with different functions expanding or depleting to meet them (Bartoschek et al., 2018). The proportions of CAF subtypes over time is regulated by a range of mechanisms including paracrine feedback loops with cancer cells, ECM remodelling and microRNA (Yoshida, 2020). Similarly, Friedman and colleagues used transcriptional profiling of 4T1 tumours in BALB/c mice to identify 2 CAF subtypes, each composed of multiple subsets. They also found that the composition of CAF subtypes changes during disease progression and transitions from an immunoregulatory to a wound healing gene signature. This was then validated in a TNBC patient cohort, and the ratio of subtypes was associated with clinical outcome and BRCA status (Friedman et al., 2020). Finally, Wu and colleagues directly analysed the transcriptional profile of 5 TNBC tumours and identified 2 CAF subtypes. In particular, they found that the inflammatory-CAF (iCAF) population was strongly associated with immune evasion in TNBC (Wu et al., 2020). The subtypes from these studies are detailed in table 1.3.



Table 1.3: CAF subtypes identified in TNBC. 
	Subtype
	Origin
	Gene expression
	Markers
	Reference

	vCAF
	Perivascular
	Vascular regulators
	Nidogen-2
	(Bartoschek et al., 2018)

	mCAF
	Resident fibroblasts
	ECM production and modification
	Fibulin-1
PDGFRα
	

	dCAF
	EMT of tumour cells
	Stem cell markers
	SCRG1
	

	pCAF
	Resident fibroblasts
	Immune regulation
Cell migration
Wound healing
	Pdpn
	(Friedman et al., 2020)

	sCAF
	Bone-marrow-derived mesenchymal stem cells
	Antigen presentation
ECM remodelling
	FSP-1
	

	myCAF
	Resident fibroblasts
	Collagen biosynthesis
ECM remodelling
	FAP
ACTA2
	(Wu et al., 2020)

	iCAF
	Resident fibroblasts
	Developmental signalling
Chemotactic regulation
Stem cell markers
	CXCL12
EGFR
	




The proportions and spatial organisation of fibroblast subpopulations within breast tumours have been found to be clinically significant in the above-mentioned studies. vCAFs are associated with an increased risk of metastasis which is independent of risk factors including lymph node status and tumour size, as well as molecular subtype (Bartoschek et al., 2018). Additionally, Friedman et al determined that the ratio of pCAFs to sCAFs is associated with disease outcomes in TNBC patients with BRCA mutations (Friedman et al., 2020).  In contrast with the current literature (Kramer et al., 2019), Ali et al found that the presence of myofibroblast or fibroblast phenotypes was associated with a decreased hazard ratio in breast cancer (Ali et al., 2020). However, this variation may be due to the protective effect of normal fibroblasts, and further supports the presence of multiple CAF populations with distinct influences on cancer progression. There is also substantial heterogeneity among CAFs from different breast cancer subtypes. Tchou et al compared CAFs from ER+, TNBC and HER2+ primary breast cancer samples and identified 782 differentially expressed genes. Pathway analysis revealed that genes involved in actin cytoskeleton signalling, integrin signalling and actin-based cell motility were highly expressed in HER2+ in comparison to ER+ and TNBC (Tchou et al., 2012). 

CAF heterogeneity persists even within the TNBC subtype. Costa et al identified 2 subgroups of TNBC, based upon the ratio of CAF subtypes. These CAF subtypes promote an immunosuppressive environment in TNBC through different mechanisms (Costa et al., 2018). Furthermore, CAF heterogeneity has been detected up to the single cell level with regard to CAF marker expression (Calvo et al., 2013). In the future, more in-depth sequencing will further clarify the role of CAF subpopulations in breast cancer and may also lead to the discovery of additional CAF populations.

[bookmark: _Toc129874079][bookmark: _Toc131080196]The mechanical properties of CAFs change throughout breast cancer progression
Efremov et al used atomic force microscopy to compare the mechanical properties of normal fibroblasts, transformed fibroblasts and CAFs. CAFs and transformed fibroblasts were softer in comparison to normal fibroblasts, demonstrated by a significantly lower Youngs modulus. Further examination of the fibroblasts using fluorescent microscopy found that transformed fibroblasts and CAFs contained fewer stress fibres and fewer mature focal adhesions than normal fibroblasts, which was associated with a decrease in cell area (Efremov et al., 2014). These structural changes may make CAFs more motile and better suited to moving through the ECM as the lack of stress fibres and the disassembly of focal adhesions are key features of migratory cells (Harn et al., 2016). In contrast, Calvo et al found that the number and prominence of stress fibres and focal adhesions increased as breast cancer progressed, increasing their ability to contract and remodel their surrounding matrix (Calvo et al., 2013). Additionally, a comparison of the properties of control NIH3T3 fibroblasts with H-ras oncogene transfected NIH3T3 by Coughlin et al found that in transformed fibroblasts, stiffness was increased. This was accompanied by a decrease in cellular friction, resulting in a more fluid-like state. This property may enable the structural changes that allow CAFs to deform and penetrate the ECM, facilitating invasion as it allows fibroblasts to penetrate and move through small gaps in the ECM (Coughlin et al., 2013). This conflicting data may be further evidence to support heterogeneity in CAF populations. Subsets of CAFs with distinct phenotypes may be present within breast tumours, performing separate yet complimentary functions and therefore may respond differently to changes in the mechanical environment.

[bookmark: _Toc131080197]The role of CAFs in cancer progression
The role of CAFs in breast cancer is complex and multifaceted. There are numerous mechanisms by which CAFs have been shown to promote and suppress cancer, with the majority of studies supporting a tumour-promoting function.  

[bookmark: _Toc129874081][bookmark: _Toc131080198]Soluble factor crosstalk with cancer cells 
The role of soluble factor signalling between CAFs and breast cancer cells, and its contribution to cancer progression is relatively well established. This has been presented by multiple studies in which the culture of breast cancer cell lines of various subtypes with conditioned media from CAFs leads to changes in the cells’ proliferative, migratory and invasive ability, as well as therapy response (Guo et al., 2023; Ren et al., 2018; Yu et al., 2014). 

TGFβ is a key chemokine involved in cancer cell-CAF paracrine interactions. In addition to the role of cancer cell-derived TGFβ in CAF activation, reciprocal signalling between cancer cells and CAFs via the secretion of TGFβ results in a positive feedback loop of CAF activation and cancer promotion. The treatment of MDA-MB-231 cells with CAF-conditioned media promotes the expression of mesenchymal markers including vimentin and fibronectin, and decreases the expression of epithelial cell marker E-cadherin, indicating the induction of EMT. This results in a more aggressive cancer cell phenotype characterised by increased migration and invasion, which is inhibited by the addition of an anti-TGFβ1 antibody to the CAF-conditioned media (Yu et al., 2014). This effect was replicated by Ren et al, who went on to elaborate that CAF-derived TGFβ promoted the expression of the long non-coding RNA HOTAIR by breast cancer cells via the SMAD signalling pathway (Ren et al., 2018).

Other pro-tumorigenic pathways activated by CAF-derived soluble factors include the secretion of stromal cell-derived factor 1 (SDF-1) which promotes breast cancer cell proliferation via CXCR4. CAF-derived SDF-1 also recruits endothelial progenitor cells to the tumour microenvironment which differentiate into vascular endothelial cells, thereby promoting angiogenesis (Orimo et al., 2005). CAF-derived IL-6 has been shown to increase breast cancer cell growth in vitro and in vivo, in addition to promoting radiotherapy resistance via STAT3 pathway activation (Guo et al., 2023; Osuala et al., 2015).
[bookmark: _Toc131080199]Immune regulation
CAFs have an established role in immune regulation in cancer and can regulate immune cell activity through both soluble signalling and through the changes they induce in the mechanical properties of the TME. Costa et al identified a differential accumulation of CAF subtypes in TNBC with regard to immune regulation. The high FAP expressing CAF-S1 subtype promotes the recruitment, differentiation and survival of T lymphocytes through the secretion of soluble factors including CXCL12, B7H3 and OX40L. This subtype was found to be particularly enriched in TNBC (Costa et al., 2018). Similarly, Wu et al identified a CAF subtype (iCAFs, Table 1.3) with a role in immune evasion which was particularly associated with cytotoxic T-lymphocyte dysfunction in TNBC patients (Wu et al., 2020). CAF-secreted factors can also promote an immune suppressive environment in breast cancer by driving macrophage recruitment and activation (Cohen et al., 2017). CAFs are able to engulf, process and present antigens, leading to the death and exhaustion of tumour-suppressive T cells and increased tumour growth (Lakins et al., 2018). Changes in the mechanical properties of the TME as a result of the highly fibrotic stroma produced by CAFs also influences immune regulation. Increased stiffness at the invasive front of TNBC is associated with increased immune cell infiltration, particularly tumour-promoting activated macrophages (Acerbi et al., 2015). Finally, CAFs have also been shown to influence anti-tumour immunity. In immunocompetent mice treated with adoptive T-cell therapy, tumours which undergo complete regression contain a higher proportion, but a lower density of stroma in comparison to those that undergo a complete response (Martin et al., 2010).
[bookmark: _Toc131080200]Metabolic reprogramming 
CAFs support cancer progression by promoting metabolic adaptation. Autophagic fibroblasts can provide recycled nutrients to cancer cells, resulting in stromal-epithelial cell metabolic coupling and promoting tumour growth independent of angiogenesis (Salem et al., 2012). Cancer cells can activate a switch to aerobic glycolysis in CAFs, which in turn provide additional pyruvate and lactate to the cancer cells, increasing mitochondrial activity and therapy resistance (Yu et al., 2017).

[bookmark: _Toc129874080][bookmark: _Toc131080201]Altering the physical properties of the tumour
Although intercellular signalling with CAFs via secreted factors plays an important role in cancer progression and fibroblast differentiation, it is not sufficient for cancer cell invasion (Attieh and Vignjevic, 2016). The mechanisms by which CAFs alter the structure, composition and physical properties of the TME and ECM, and how this aids breast cancer progression have not yet been fully established. A distinctive function of active fibroblasts is ECM remodelling following injury. In order to repair tissue, activated fibroblasts synthesise and degrade the ECM as required, however in the context of cancer this remodelling activity is exploited by cancer cells to promote invasion (Kalli and Stylianopoulos, 2018). CAFs constantly remodel the surrounding environment, leading to mechanical changes which are detected by the cytoskeleton, resulting in a continuous cycle of mechanosignalling and further remodelling (Bertero et al., 2019). 
[bookmark: _Toc131080202]ECM remodelling
Several proteins have been identified as regulators of the mechanical ECM remodelling properties of CAFs. Lysyl oxidase-like 2 (LOXL2), an enzyme which catalyses collagen crosslinking, is a key protein involved in fibre organisation and a mediator of fibroblast activation. Expression of the LOX family of enzymes is often upregulated in cancer, resulting in increased tissue stiffness and matrix disorganisation. Fibroblasts treated with a LOXL2 inhibitor lose their ability to align and efficiently crosslink fibres. In vivo, LOXL2 inhibition decreases tumour volume and lung metastases of MDA-MB-231 cells injected into the mammary fat pad (Grossman et al., 2016). Farnesoid X receptor (FXR) is a nuclear receptor and transcription factor which is reported to have anti-tumour effects in ER and PR positive breast cancer cells. When activated in fibroblasts, FXR significantly decreases fibroblast migration, inhibits actin stress fibre formation and impairs collagen contraction ability. FXR expression analysis in human breast cancer stroma microarrays revealed that increased levels correlated to significantly improved survival in comparison to patients with low expression (Barone et al., 2018).

ECM remodelling by CAFs alters the alignment of matrix fibres. During breast cancer progression CAFs cause fibres in the ECM to become increasingly aligned, initially parallel to the tumour and subsequently becoming perpendicular. This later stage is a marker of poor prognosis, as this alignment creates paths which enable the outward migration of tumour cells (Goetz et al., 2011; Jones et al., 2019). CAFs can create ECM ‘tracks’ which promote the directional migration of cancer cells (Erdogan et al., 2017) and can also lead cancer cells by collective migration through the formation of heterotypic E-cadherin/N-cadherin adhesions (Labernadie et al., 2017). Expression of caveolin-1, a plasma membrane protein expressed by CAFs is implicated in ECM fibre organisation. In vivo, collagen fibres generated by wild-type fibroblasts were found to be significantly more perpendicular to tumours in comparison to caveolin-1 knockout fibroblasts. Perpendicular alignment of collagen fibres to the tumour border is positively correlated with the number of metastases (Goetz et al., 2011). Han et al found that oriented matrix fibres are able to direct breast cancer cell invasion, as cells follow the direction of the fibres. However, the fibres used in this study were artificially engineered and had not been deposited or remodelled by CAFs or fibroblasts. Therefore, although this data shows that fibre orientation significantly impacts breast cancer invasion, in this study it is not directly linked to matrix remodelling by CAFs (Han et al., 2016). 

The tumour suppressor Pten is another a regulator of matrix alignment by fibroblasts. In mice with a fibroblast specific Pten deletion, fibrillar collagen deposition is increased, significantly more aligned and significantly more perpendicular around breast tumours. Single cell contractility was increased in Pten deficient cells, which may improve their capacity to remodel the ECM (Jones et al., 2019). A high frequency of Pten mutations is found in breast cancer stroma, indicating that when fibroblasts obtain a CAF phenotype they may lose Pten expression. Loss of Pten in CAFs is associated with an increase in collagen deposition, macrophage infiltration and angiogenesis (Trimboli et al., 2009). Breast cancer cells cultured on Pten knockout derived matrices developed a significantly more elongated morphology in comparison to those cultured on wild type fibroblast-derived matrices or glass. This included elongated nuclei, a characteristic associated with increased migratory ability. Decellularization of the matrix prior to seeding the breast cancer cells ensures that any changes seen are due to the differences in the mechanical properties of the matrix caused by Pten expression, and not due to paracrine signalling between fibroblasts and breast cancer cells (Jones et al., 2019). 

By promoting ECM turnover and remodelling through proteolysis and physical force, CAFs are able to create a pathway through the ECM for cancer cells, enabling the invasion of epithelial cells which possess little to no mesenchymal characteristics (Gaggioli et al., 2007). In a study by Calvo et al, fibroblasts were isolated from MMTV-PyMT mouse models at increasing stages of breast cancer development. In comparison to normal or hyperplasia-associated fibroblasts, CAFs had a significantly increased capacity to remodel collagen gels. When grown within a matrix for 5 days, CAFs were able to create a more favourable environment for breast cancer cell invasion in vitro, whereas normal fibroblast remodelling activity did not create a permissive environment for breast cancer invasion (Calvo et al., 2013). When co-cultured with squamous cell carcinoma cells, fibroblasts can enable collective invasion through a dense collagen I dominant matrix, with a fibroblast as the leading cell (Gaggioli et al., 2007).  In these studies, CAFs were either in direct contact with cancer cells, or the CAF-remodelled matrix was washed after CAFs were killed and removed. This indicates that the effects observed on breast cancer cells occurred due to the mechanical ECM remodelling properties of fibroblasts, not secreted factors. 

[bookmark: _Toc131080203]Increasing matrix stiffness
Persistent activation of CAFs can increase the stiffness of the breast TME. Increased stiffness is a common feature of breast tumours and can be used to identify a tumour by palpation due to the significant difference in stiffness between the normal breast tissue and the tumour. Changes in stiffness from the cellular level of CAFs up to the tissue stiffness of the breast tumour itself can influence breast cancer progression. In addition to a role in diagnosis, tumour stiffness is associated with both increased risk and poorer outcomes in breast cancer, with the most aggressive subtypes found to have the most stiff invasive front (Acerbi et al., 2015). Increased matrix deposition and ECM crosslinking by CAFs contribute to this increase in stiffness (Plodinec et al., 2012). Fibroblasts isolated from increasing stages of breast cancer progression have a significantly improved ability to increase matrix stiffness with CAFs able to increase the stiffness of collagen gels from 120 Pa to > 1 kPa (Calvo et al., 2013).  Stiffness may also decrease treatment efficacy, as increased collagen deposition impedes drug diffusion into tumours (Netti et al., 2000). 

Hypoxic conditions are frequently present within tumours, as an increased cell number combined with dysregulated blood flow often leads to oxygen deprivation. HIF-1α, a transcription factor upregulated by hypoxia has been found to influence collagen I production by fibroblasts. Under hypoxic conditions, collagen I secretion by fibroblasts is significantly upregulated and forms long, intact fibres. As a result, fibroblasts under hypoxic conditions generate a matrix which is 3 times stiffer than that produced by fibroblasts under normal oxygen conditions (Gilkes et al., 2013). 

CAFs themselves are able to adapt to changes in microenvironment stiffness, leading to further alteration of TME mechanical properties and paracrine signalling with breast cancer cells. A four times increase in ECM stiffness is sufficient to activate normal fibroblasts into a myofibroblast like state without the addition of exogenous TGFβ (McLane and Ligon, 2015). In contrast, Gu et al have shown that in comparison to a stiff matrix (6.4 kPa), fibroblasts grown on a soft matrix (0.2 kPa) have reduced adherens junction formation, a loss of organised actin stress fibres, and increased MMP secretion and activity. These characteristics suggest that a soft substrate induces an active and migratory phenotype in fibroblasts (Gu et al 2014). However, these studies and many others which investigate the role of substrate stiffness on cell behaviour are completed in 2D which does not truly recapitulate the complex 3D TME.

Matrix stiffness has been found to directly drive EMT, the process by which non-motile epithelial cells gain mesenchymal characteristics thereby increasing their migratory ability. Wei et al investigated the effect of substrate stiffness on the induction of EMT by culturing non-transformed and tumorigenic mammary epithelial cell lines on collagen-coated hydrogels of varying stiffness (150 - 5700 Pa). At high matrix stiffness, cells presented with a partial EMT phenotype and a destabilised basement membrane. This effect was due to increased nuclear translocation of TWIST1, a key transcription factor essential for the induction of EMT, initiated by increased matrix stiffness. Treatment using an integrin-β1 blocking antibody inhibited this nuclear translocation whilst also preventing the EMT phenotype, showing that TWIST1 is key in this process, and regulated by increased integrin activation, a direct result of high matrix stiffness (Wei et al., 2015). EMT is a vital early step of the metastatic process, allowing breast cancer cells to become motile and migrate outwards from the primary tumour. Therefore, the upregulation of EMT through increased matrix stiffness may contribute to an increase in breast cancer metastasis.  

In summary, CAFs have been implicated in every stage of cancer progression from tumour initiation and invasion to metastasis and therapy resistance. Therefore, CAFs are a promising target for cancer therapy.

[bookmark: _Toc127779633][bookmark: _Toc129874082][bookmark: _Toc131080204]Targeting CAFs for cancer therapy
TNBC patients are significantly more likely to have stage III cancer at diagnosis and more likely to develop distant recurrence (Dent et al., 2007). As a result, TNBC has a lower survival rate than other breast cancer subtypes (Howlader et al., 2018). Due to this poor prognosis, a treatment approach with the aim to slow down metastatic growth rather than targeting the primary tumour may be very beneficial for TNBC patients. An advantage to targeting CAFs in cancer therapy is that, unlike cancer cells, they are generally genetically stable and therefore are less likely to become resistant to therapy (Hosein et al., 2010).  A number of possible CAF targets have been identified in the literature, for example, targeted activation of FXR may reduce the tumour promoting properties of CAFs (Barone et al., 2018). Additionally, LOXL2 inhibition in TNBC mouse models has been shown to slow tumour growth and decrease the incidence of lung metastases. This correlated with decrease in matrix fibre alignment and smaller fibre diameter (Grossman et al., 2016).

Successful targeting of the tumour stroma in combination with standard therapies may increase standard treatment efficacy. In an in vivo model of TNBC, the anti-fibrosis agent and TGFβ antagonist Pirfenidone significantly decreased tumour growth and incidence of lung metastases when used in combination with doxorubicin, a standard breast cancer therapy. This outcome was due to a direct effect on CAFs, as treatment of breast cancer cells alone with Pirfenidone had no effect (Takai et al., 2016). Human trials using CAF targeted treatment have also been undertaken. In a phase I clinical trial, TNBC patients were treated with sonidegib, a small molecule inhibitor of smoothened, which inhibits the hedgehog pathway in CAFs. When used together with docetaxel this combination increased drug sensitivity, resulting in increased survival  (Cazet et al., 2018) . Nevertheless, the high heterogeneity of CAFs results in varied outcomes when they are targeted as cancer therapy. For example, a reduction in stromal content in pancreatic cancer in vivo increases tumour aggressiveness, cancer cell proliferation and tumour vascularity (Rhim et al., 2014). A phase II clinical trial which targeted FAP in metastatic colorectal cancer patients and saw no significant response (Narra et al., 2007).

[bookmark: _Toc129874083][bookmark: _Toc131080205]Hippo signalling pathway
The Hippo signalling pathway is a tumour-suppressive kinase signalling pathway which is regulated by mechanical cues of the microenvironment. The primary function of the Hippo signalling pathway is to regulate tissue growth through the modulation of cell proliferation and differentiation. Originally identified in Drosophila, the pathway is highly conserved in mammals and consists of a kinase signalling cascade followed by the subcellular translocation of transcriptional co-activators and finally transcription factor activity (Pan, 2010). This work will exclusively refer to the human proteins. The core Hippo signalling pathway begins with phosphorylation and activation of MST1/2. This can occur via the activity of kinases including TAO, and alternatively via MST1/2 autophosphorylation. MST1/2 phosphorylates the adaptor proteins SAV1 and MOB1 which aid in the recruitment, phosphorylation and activation of LATS1/2. In turn, LATS1/2 phosphorylate transcriptional co-activators Yes-associated protein 1 (YAP) and  Transcriptional co-activator with PDZ binding motif (TAZ), resulting in their binding to 14-3-3 proteins and sequestration in the cytoplasm (Boggiano et al., 2011; Praskova et al., 2004) (Figure 1.2). LATS1/2 is essential for YAP phosphorylation, whereas MST1/2 are not absolutely required (Meng et al., 2015).

Alternatively, when the Hippo pathway is inactive, the kinase signalling cascade does not proceed and YAP and TAZ remain unphosphorylated. As a result, they can translocate into the nucleus, bind to TEAD transcription factors and initiate transcription of target genes which directly promote the hallmarks of cancer including sustained proliferation, resistance to apoptosis, angiogenesis and cancer cell stemness (Pan, 2010). Widespread dysregulation of the Hippo pathway, including multiple alterations to components of the pathway within a single tumour has been identified in multiple human cancer types (Sanchez-Vega et al., 2018).  


[image: ]
[bookmark: _Toc131147250]Figure 1.2: The core Hippo signalling pathway in mammals. Schematic showing the Hippo signalling pathway in its active and inactive state.

The activation of the Hippo pathway can occur through a variety of physical and biochemical signals. As the pathway is a regulator of cell proliferation and organ growth, it can be activated by mechanical signals such as cell-cell contact, increased cell density, reduced cell spreading area, ECM stiffness and changes in cytoskeletal tension (Dupont et al., 2011; Zhao et al., 2007). Other environmental factors which regulate Hippo signalling include oxidative stress, hypoxia and glucose deprivation (DeRan et al., 2014; Ma et al., 2015; Shao et al., 2014). 

[bookmark: _Toc131080206][bookmark: _Toc129874084]YAP and TAZ 
YAP and TAZ are frequently overexpressed in various types of cancer. This overexpression is associated with cancer progression, metastasis, therapy resistance and decreased cancer survival. Due to their involvement in the transcriptional regulation of many genes and diverse mechanisms of activation, the promotion of cancer by YAP and TAZ occurs through many different mechanisms (Zanconato et al., 2016). 

YAP and TAZ have both overlapping and unique functions. It has been reported that YAP has a greater effect on the regulation of cell phenotype in comparison to TAZ (Plouffe et al., 2018). YAP knockout in mice is embryonically lethal and results in developmental arrest by day 8.5 (Morin-Kensicki et al., 2006), whereas 20% of TAZ knockout mice develop into adults (Makita et al., 2008). This suggests that YAP is more essential, as TAZ is not able to compensate for the absence of YAP. In TNBC, YAP is commonly overexpressed in both tumour tissue and in cell lines. In TNBC patients, but not in breast cancer patients overall, high levels of YAP mRNA and YAP protein correlate with decreased relapse-free survival (Andrade et al., 2017; Vici et al., 2016). In cancer cells, the nuclear translocation of YAP induces sustained proliferation, apoptosis resistance and epithelial-to-mesenchymal transition (Overholtzer et al., 2006). 

[bookmark: _Toc129874085][bookmark: _Toc131080207]YAP and CAFs
YAP is activated in CAFs and promotes ECM stiffening through the promotion of matrix remodelling and deposition of thick collagen fibres. Whilst normal fibroblasts contain YAP primarily in the cytoplasm, in CAFs the majority of YAP is found in the nucleus where it can promote transcription. Soluble factors from cancer cells lead to activation of Rho-associated protein kinase (ROCK) signalling in CAFs, resulting in a positive feedback loop of matrix stiffening and YAP activation. ECM stiffening itself can then stimulate further YAP activation in CAFs, further promoting stiffening and forming a positive feedback loop sustaining YAP signalling. The downstream effects of YAP signalling also include increased cell growth and proliferation, leading to an increase in cell number and contributing to increased stiffness in the TME due to increased cell density (Calvo et al., 2013). A study by Cao et al found that fibroblasts cultured on stiffer, highly crosslinked 3D matrices had decreased tumorigenic properties due to physical entrapment limiting their mechanical and paracrine effects on neighbouring breast cancer cells. In contrast to the work by Calvo and colleagues, this was due to a decrease in the nuclear translocation of YAP, leading to a decrease in contractile ability (Cao et al., 2019). 


[bookmark: _Toc129874087]

[bookmark: _Toc131080208]Research aim and objectives
The prognostic value of high stromal content and the circumscribed morphology of TNBC tumours indicates that the stroma and the mechanical properties of the TME play an important role in TNBC progression. CAFs are the key component of the tumour stroma and are key regulators of the mechanical properties of the TME through their ability to deposit, degrade and remodel the ECM. Although the gene expression of TNBC CAFs has been characterised in previous studies, there is a lack of studies investigating the role of the physical properties of CAFs in TNBC. Furthermore, TNBC is associated with a poor prognosis and lacks targeted therapy options. This highlights the need for the identification of key mechanisms and the development of new therapies. Therefore, the aim of this research is to identify differences in TNBC-derived fibroblasts, as compared to normal breast fibroblasts, and determine their function in TNBC progression. To achieve this aim, the objectives of this research are as follows:
 
1. Identify how morphology, protein expression, physical properties and ECM deposition are altered in TNBC-associated fibroblasts
2. Using 2D and 3D co-culture models, identify differences between normal and TNBC-associated fibroblast arrangement, behaviour and ECM production
3. Determine molecular mechanisms by which TNBC-associated fibroblasts promote the progression of TNBC 

Chapter 1


[bookmark: _Toc131080209][bookmark: _Toc120632105][bookmark: _Toc120882835]Materials and Methods

[bookmark: _Toc131080210]Materials 
[bookmark: _Toc120632106][bookmark: _Toc120882836][bookmark: _Toc131080211]Solutions and Buffers

[bookmark: _Toc120883772][bookmark: _Toc131080649]Table 2.1: Solutions and buffers.
	Buffer/Solution
	Ingredients

	4% PFA
	4% PFA in PBS

	RIPA buffer with protease inhibitor
	150 mM NaCl, 1.0% Triton X-100, 0.1% sodium dodecyl sulphate, 50 mM Tris, 1X protease inhibitor in Milli-Q water, pH 8.0

	10X TBS
	200 mM Tris, 1500 mM NaCl in Milli-Q water, pH 7.6

	TBST
	1X TBS (20 mM Tris, 150 mM NaCl, 0.1% Tween20) in Milli-Q water

	Cell extraction buffer
	20 nM NH4OH, 0.5% Triton X-100 in PBS

	1% PBSA
	1% BSA in PBS

	0.2% Triton
	0.2% Triton in PBS

	PBST
	0.1% Tween in PBS

	10X TD buffer
	1.3 M NaCl, 50 mM KCl, 17 mM Na2HPO4, 250 mM Tris Base in ddH2O, pH 7.4. Filter sterilised with 0.22 μm filter.




[bookmark: _Toc120632107][bookmark: _Toc120882837]

[bookmark: _Toc131080212]Western blot reagents

[bookmark: _Toc120883773][bookmark: _Toc131080650]Table 2.2: Reagents used for western blotting.
	Reagent
	Company
	Catalogue number

	4x Laemmli Sample buffer
	Bio-Rad
	1610747

	Stripping buffer
	Thermo Fisher
	21059

	10x Tris/Glycine/SDS buffer (Running buffer)
	Bio-Rad
	1610772

	10x Tris/Glycine Buffer (Transfer buffer)
	Bio-Rad
	1610734

	Pierce BCA protein assay kit
	Thermo Fisher
	23227

	Protein ladder
	Bio-Rad
	161-0374

	Trans Blot RTA transfer kit, Nitrocellulose
	Bio-Rad
	1704271

	Ponceau S solution
	Sigma Aldrich
	P7170-1L

	cOmplete tablets mini Easypack protease inhibitor cocktail
	Roche
	04 693 124 001

	Super signal west pico plus chemiluminescent substrate (HRP)
	Thermo Fisher
	34577

	4–15% Mini-PROTEAN® TGX Stain-Free™ Protein Gels
	Bio-Rad
	4568084




[bookmark: _Toc120632108][bookmark: _Toc120882838]

[bookmark: _Toc131080213]Primary antibodies

[bookmark: _Toc120883774][bookmark: _Toc131080651]Table 2.3: Primary antibodies. 
IF: Immunofluorescence, WB: Western blot
	Antibody
	Manufacturer (Cat no.)
	Host
	Dilution (application)

	Ki67
	Abcam (ab16667)
	Rabbit
	1:250 (IF)

	YAP
	Santa Cruz (sc-101199)
	Mouse
	1:100 (IF)

	Vimentin
	Sigma Aldrich (V6389)
	Mouse
	1:300 (IF)
1:1000 (WB)

	β-actin
	Sigma-Aldrich (A1978)
	Mouse
	1:1000 (WB)

	αSMA
	Abcam (ab124964)
	Rabbit
	1:1000 (WB)

	Fibronectin
	Abcam (ab2413)
	Rabbit
	 1:200 (IF)

	Collagen I
	Abcam (ab260043)
	Rabbit
	1:100 (IF)

	Pan-cytokeratin
	Origene (BP5069)
	Guinea pig
	1:50 (IF) 
1:2000 (WB)

	αSMA
	Abcam (ab124964)
	Rabbit
	1:1000 (WB)

	CD44 
	Thermo Fisher (14-0441-82)
	Rat
	1:500 (IF)

	HAS2
	Santa Cruz (sc-514737)
	Mouse
	1:500 (WB)

	FAP-α
	Abcam (ab28244)
	Rabbit
	1:1000 (WB)

	GAPDH
	Proteintech (60004)
	Mouse
	1:10,000 (WB)




[bookmark: _Toc120632109][bookmark: _Toc120882839]

[bookmark: _Toc131080214]Secondary antibodies

[bookmark: _Toc120883775][bookmark: _Toc131080652]Table 2.4: Secondary antibodies. 
IF: Immunofluorescence, WB: Western blot
	Antibody
	Manufacturer (Cat no.)
	Host
	Dilution (application)

	Anti-mouse Alexa Fluor 647
	Thermo Fisher (A21236)
	Goat
	1:400 (IF)

	Anti-rabbit Alexa Fluor 647
	Thermo Fisher (A21245)
	Goat
	1:400 (IF)

	Anti-mouse Alexa Fluor 488
	Thermo Fisher (A32766)
	Goat
	1:400 (IF)

	Anti-rabbit Alexa Fluor 488
	Thermo Fisher (A32790)
	Donkey
	1:400 (IF)

	Anti-rat Alexa Fluor 647
	Thermo Fisher (A-21247)
	Goat
	1:400 (IF)

	Anti-rat Alexa Fluor 488
	Abcam (ab150157)
	Goat
	1:400 (IF)

	Anti-mouse HRP conjugate
	Abcam (ab102448)
	Goat 
	1:10,000 (WB)

	Anti-rabbit HRP conjugate
	 ImmunoReagents (GtxRb-003-DHRPX)
	Goat
	1:10,000 (WB)

	Anti-guinea pig Alexa Fluor 555
	Abcam (ab150188)
	Goat
	1:400 (IF)




[bookmark: _Toc120632110][bookmark: _Toc120882840][bookmark: _Toc131080215]

Other fluorescence staining reagents

[bookmark: _Toc120883776][bookmark: _Toc131080653]Table 2.5: Other fluorescence staining reagents. 
IF: Immunofluorescence
	Reagent
	Manufacturer (Cat no.)
	Dilution (application)

	Phalloidin-Alexa Fluor 488
	Thermo Fisher (A12379)
	1:750 (IF)

	DAPI
	Sigma Aldrich	(D9542)
	1:1000 (IF)

	Streptavadin-Alexa594
	Thermo Fisher (S11227)
	1:1000 (IF)

	Hyaluronic acid binding protein biotin conjugate
	Sigma Aldrich (385911)

	1:166 (IF)



[bookmark: _Toc120632111][bookmark: _Toc120882841][bookmark: _Toc131080216]Primary human fibroblasts 
Primary human triple-negative breast cancer-associated and primary normal human breast fibroblasts (NFs) were obtained from Breast Cancer Now. The CAFs were derived from a 46 year old TNBC patient diagnosed with a grade II invasive ductal carcinoma. The NFs were derived from a 55 year old woman following breast reduction surgery. 

[bookmark: _Toc120632112][bookmark: _Toc120882842][bookmark: _Toc131080217]Methods
[bookmark: _Toc120632113][bookmark: _Toc120882843][bookmark: _Toc131080218]General cell culture 
Cell lines were maintained in an incubator (Sanyo, Osaka, Japan) at 37˚C, 5% CO2. Human TNBC cells (HCC1143) were cultured in Roswell Park Memorial Institute Medium (RPMI) (Lonza, Switzerland) supplemented with glutamine, 1% Penicillin/Streptomycin and 10% Foetal bovine serum (FBS) (Sigma Aldrich, USA). HCC1143 were Short Tandem Repeat profiled according to the global standard ANSI/ATCC ASN-0002.1-2021 (2021) prior to receipt. Primary human fibroblast cell lines were cultured in (Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12) DMEM/F12 with glutamine (Lonza, Basel, Switzerland) supplemented with 1% Penicillin/Streptomycin and 10% FBS and were used up to passage 8. Human embryonic kidney cells expressing the adenoviral E1 gene (NAUT293) were cultured in DMEM with glutamine (Lonza, Switzerland) supplemented with 1% Penicillin/Streptomycin and 10% FBS. All experiments were performed using complete media (10% FBS) unless otherwise specified. 

All cell culture was performed inside a class II safety cabinet under sterile conditions. Cells were passaged by washing once with warm PBS, once with warm trypsin/EDTA (Sigma Aldrich, USA), and then incubating with 0.5 mL trypsin/EDTA per T75 flask until cells had detached. HCC1143 cells were routinely passaged when they reached 80-90% confluency, whilst fibroblasts were allowed to stand confluent until needed for experiments in order to keep passage number low. Cell counting was performed using a TC20 cell counter (Bio-Rad, USA) with dual chamber cell counter chamber slides.

[bookmark: _Toc120632114][bookmark: _Toc120882844][bookmark: _Toc131080219]Cell freezing and thawing
To freeze down, cells were trypsinised, counted and resuspended in 90% FBS + 10% dimethyl sulfoxide (DMSO) at a concentration of 1 x 106 per mL. The cell suspension was added to cryovials at 1 mL per vial. Vials were placed inside a polyethylene foam box inside a - 80˚C freezer for 24 hours before being transferred to liquid nitrogen for long-term storage.

Cells were thawed in a 37˚C water bath for 90 seconds, then added to a T25 flask which had been pre-incubated at 37˚C, 5% CO2 with the appropriate media for 30 minutes. Media was replaced with fresh media 6 hours later once cells had adhered to remove DMSO.

[bookmark: _Toc120632115][bookmark: _Toc120882845][bookmark: _Toc131080220]Western blotting
Information on all western blotting reagents can be found in table 2.2.

[bookmark: _Toc120632116][bookmark: _Toc120882846][bookmark: _Toc131080221]Preparation of cell lysate
Media was aspirated and cells were washed twice with ice-cold PBS. Cells were lysed using 15 µL RIPA buffer per 1 cm2 on ice for 10 minutes. A cell scraper was used to remove all cells which were transferred to an Eppendorf tube on ice and incubated for 10 minutes. Samples were vortexed twice for 15 seconds and centrifuged at 10,000 rpm for 5 minutes at 4˚C. Pellets were discarded and supernatants were transferred to new tubes. Samples were stored at -80˚C until needed. 

[bookmark: _Toc120632117][bookmark: _Toc120882847][bookmark: _Toc131080222]SDS-PAGE
Protein concentration was quantified via bicinchoninic protein assay according to the manufacturers protocol. Samples were prepared by diluting 3:1 in 4X Laemmli buffer containing 50 mM dithiothreitol. Samples were boiled for 5 minutes on a heat block at 90˚C, with the exception of samples for HAS2 analysis, which were boiled for 5 minutes at 70˚C. Immediately after boiling samples were centrifuged at 3000 rpm for 1 minute. Samples and protein ladder were loaded onto 4-15% precast gels and run in 1X TGS running buffer at 100 volts for approximately 1 hour. 

[bookmark: _Toc120632118][bookmark: _Toc120882848][bookmark: _Toc131080223]Membrane transfer
Samples were transferred from the gel onto a nitrocellulose membrane using the Trans-Blot Turbo Transfer System (Bio-Rad, USA) on the mixed molecular weight setting which ran at 25 volts for 7 minutes. The membrane was stained with Ponceau S solution to confirm a successful transfer and cut if necessary. 
[bookmark: _Toc120632119][bookmark: _Toc120882849][bookmark: _Toc131080224]Antibody staining and visualisation
Membranes were blocked in TBST containing 5% milk (as standard) or 5% bovine serum albumin (BSA) (for HAS2 or phosphorylated proteins) for 1 hour on a shaker at room temperature. Primary antibodies were diluted (as specified in table 2.3) in TBST containing 5% milk or 5% BSA and incubated with the membrane overnight at 4˚C on a roller. The following day, membranes were washed twice quickly, then washed 3 x 10 minutes in TBST on a shaker. Secondary antibodies were diluted (as specified in table 2.4) in TBST containing 5% milk or 5% BSA and incubated for 1 hour at room temperature on a shaker. The membrane was washed twice quickly then washed 3 x 10 minutes in TBST on a shaker protected from light. After covering in HRP substrate, the membranes were visualised using the ChemiDoc Imaging system (Bio-Rad, USA). The signal intensity of the bands was quantified in FIJI Version 2.3 (Schindelin et al., 2012). Each sample was normalised to the corresponding β-actin or GAPDH loading control band.

[bookmark: _Toc120632120][bookmark: _Toc120882850][bookmark: _Toc131080225]Stripping and re-probing 
If necessary, membranes were stripped and re-probed. After visualising the first protein of interest, membranes were washed for 3 x 10 minutes in TBST at room temperature and then incubated with 10 mL stripping buffer at 37˚C for 10 minutes. To confirm that there was no remaining signal, the membranes were washed for 2 x 10 minutes in TBST and imaged with HRP substrate. If any signal remained, the stripping process was repeated. If no signal remained, membranes were washed for 2 x 10 minutes in TBST and blocking, antibody staining and visualisation were repeated with the next antibodies. 
[bookmark: _Toc120632121][bookmark: _Toc120882851][bookmark: _Toc131080226]
Flow cytometry for cell cycle analysis 
Cells were trypsinised and resuspended in complete media. Cells were then centrifuged at 2500 rpm for 5 minutes, the supernatant was discarded and the pellet was washed in 1% PBSA. The supernatant was discarded and the pellet was resuspended in the 1% PBSA that remained in the tube. Cells were fixed in ice-cold 70% ethanol, which was added dropwise while vortexing and incubated for 30 minutes at 4˚C. Cells were then washed twice in PBS, spinning at 2500 rpm for 5 minutes each time, and then resuspended in PBS containing 10 µg/mL propidium iodide (Sigma Aldrich, USA) and 10 µg/mL RNase A (Sigma Aldrich, USA). Samples were transferred to round-bottom tubes with cell strainer caps (Corning Inc, USA). Flow cytometry was performed on an LSRII Flow cytometer (BD Biosciences, UK), measuring 10,000 events per sample. 

[bookmark: _Toc120632122][bookmark: _Toc120882852][bookmark: _Toc131080227]Fibroblast migration
Cells were seeded 1000 per well in CellVIEW slide chambers (Grenier Bio-One, UK) and incubated for 24 hours. 15 minutes prior to filming, the media was changed to fresh media containing 0.05 µg /mL Hoechst (Thermo Fisher, USA). Wells were imaged in the Zeiss Cell Discoverer Microscope at 37˚C. 5% CO2. Four fields of view per well were imaged every 45 minutes for 15 hours in phase gradient and Hoechst channels. Cell migration was using the TrackMate plugin in FIJI (Tinevez et al., 2017). Tail detachment in cell migration videos was quantified by counting the total number of tail detachments per field of view and dividing this by the total number of cells. 

[bookmark: _Toc120632123][bookmark: _Toc120882853][bookmark: _Toc131080228]Traction force microscopy
35 mm 12 kPa collagen I coated hydrogel plates with 0.2 µm yellow/green fluorescent microspheres (Cell Guidance Systems, Cambridge, UK) were pre-incubated in complete media for 30 minutes prior to cell seeding. 10,000 fibroblasts were seeded per plate and allowed to adhere for 5 hours. Plates were imaged in a Cell Discoverer 7 microscope, set to 37˚C and 5% CO2. First, the ‘stressed’ bead images were taken together with phase gradient images of the cells. Cells were then detached by adding 1.5 mL cell extraction buffer (Table 2.1) directly to the plate and incubating for 5 minutes. Once cells were detached, the ‘relaxed’ bead images were taken. Bead displacement was analysed in FIJI using Particle Image Velocimetry, followed by Fourier transform traction cytometry using an ImageJ macro shared by Dr Lee (Lee and Kumar, 2020), adapted from a previously published method (Martiel et al., 2015). Traction forces and energy were determined by totalling the values over the entire area, front or rear of the cell.

[bookmark: _Toc120632124][bookmark: _Toc120882854][bookmark: _Toc131080229]ELISA analysis
[bookmark: _Toc120632125][bookmark: _Toc120882855][bookmark: _Toc131080230]Sample preparation for ELISA
For NF and CAF enzyme-linked immunosorbent assay (ELISA) experiments, fibroblasts were seeded in 6 well plates at a density of 60,000 cells per well. After 24 hours incubation, the media was changed to 1.5 mL fresh complete media per well. For the collagen I ELISA, the media contained 100 µM Ascorbic acid (Sigma Aldrich, USA), 37.5 mg/mL Ficoll70 (Sigma Aldrich, USA) and 25 mg/mL Ficoll400 (Sigma Aldrich, USA).  For the hyaluronan ELISA, a media-only control well was also prepared at this stage, as hyaluronan is present in FBS. Plates were incubated for 72 hours. Media, cell and ECM samples were collected sequentially. First, all media was collected and centrifuged at 200 g for 10 minutes. Wells were washed twice with PBS and then incubated with 200 uL cell extraction buffer (see table 2.1) at 37˚C for 3 minutes. Lysed cells were collected and wells were washed twice with 500 uL PBS, collecting the PBS each time, with the total volume comprising the cell sample. To collect the ECM sample, wells were washed twice more with PBS, then ECM was detached with a cell scraper and collected by washing the wells twice with 600 uL PBS each time. Cell and ECM samples were centrifuged at 16,000 g for 20 minutes at 4˚C and the supernatant was transferred into new tubes. All samples were stored at - 80˚C until analysis. 
[bookmark: _Toc120632126][bookmark: _Toc120882856][bookmark: _Toc131080231]ELISA
ELISA analysis was performed according to the manufacturer’s protocol. Samples were analysed in duplicate, with media-only samples as control. The hyaluronan content of media, cell and ECM samples was quantified using a Hyaluronan ELISA kit (DHYAL0, R&D Systems, USA).  Quantification of collagen I was performed using Human Pro-Collagen I alpha 1 SimpleStep ELISA® Kit (ab210966, Abcam, UK).

[bookmark: _Toc120632127][bookmark: _Toc120882857][bookmark: _Toc131080232]Adenovirus amplification, isolation and titre
[bookmark: _Toc120632128][bookmark: _Toc120882858][bookmark: _Toc131080233]Adenovirus amplification and harvest 
NAUT293 cells were cultured in T175 flasks. Once the cells had reached 80% confluency, 150 µL of adenovirus seed stock was added to each flask. After approximately 3 days, when a cytopathic effect was seen in 80% of cells, the contents of the flasks were centrifuged at 1500 rpm for 5 minutes and the supernatant was discarded. Pellets were stored at - 20˚C until needed. To prepare samples for purification, cell pellets were resuspended in 10 mL ice-cold PBS and centrifuged at 1500 rpm for 5 minutes. The supernatant was discarded, and the pellet was resuspended in 2 mL complete media. Following this, the suspension was freeze-thawed 4 times in a 37˚C water bath and dry ice, then transferred into 2 mL Eppendorf tubes and centrifuged at 13,000 rpm for 10 minutes. The resulting supernatant was transferred into a 50 mL falcon tube. 
[bookmark: _Toc120632129][bookmark: _Toc120882859][bookmark: _Toc131080234]Caesium chloride purification  
Caesium chloride (CsCl) gradient ultracentrifugation was used to purify the virus. Open-Top Thinwall Ultracentrifuge tubes (Beckman Coulter, USA) were sterilised in 70% IMS for 30 minutes and washed with sterile water. CsCl densities were prepared in 1X TD buffer (Table 2.1). The first gradient was prepared by adding 2.5 mL of 1.40 g/mL CsCl (Sigma-Aldrich, USA), then 2.5 mL 1.25 g/mL density CsCl on top. The prepared virus extract was layered on top of the CsCl gradients, with mineral oil (Sigma-Aldrich, USA) added to 1 cm from the top of the tube to prevent aerosolization of the virus. Ultracentrifugation was performed using a Beckman Optima L-80 XP Ultracentrifuge with a swinging bucket rotor. The first gradient was centrifuged at 35,000 rpm for 1.5 hours at 15˚C. The adenovirus was harvested by piercing the ultracentrifuge tube with a 20G needle and 5 mL syringe just below the virus band to draw it out. The second gradient was prepared by adding 5 mL of 1.34 g/mL to a tube, then layering the harvested band from the first centrifugation. Mineral oil was layered on top 1 cm lower than the top of the tube. This was centrifuged at 35,000 rpm for 18 hours at 15˚C. Again, the virus band was harvested with a 20G needle and 5 mL syringe.  

[bookmark: _Toc120632130][bookmark: _Toc120882860][bookmark: _Toc131080235]Buffer exchange 
A buffer exchange was performed using Amicon 50 kDa cut off centrifugal units (MilliporeSigma, USA) to ensure adenovirus suitability for in vitro use. The viral extract was added to the centrifugal units and centrifuged at 2000 rpm for 1.5 minutes. 1 mL of sterile PBS was added and mixed gently against the filter using a filter tip pipette, then spun again at 2000 rpm for 1.5 minutes. This process was repeated 5 times. The buffered virus was then resuspended in approximately 1 mL PBS, aliquoted and stored at - 80˚C until needed.

[bookmark: _Toc120632131][bookmark: _Toc120882861][bookmark: _Toc131080236]Titration
The adenovirus was quantified using Adeno-X Rapid Titre Kit (Takara Bio, Japan) using NAUT293 cells according to the manufacturer’s instructions. Viral dilutions of 10-2, 10-3, 10-4, 10-5 and 10-6 were added in triplicate to cells seeded 5 x 105 per well in a 6-well plate. The optimum dilution, with 10-20 infected cells per field of view at 20X magnification was selected, and 3 fields of view were counted per well.

Infectious units (ifu) per mL were calculated using the equation: 
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[bookmark: _Toc120632132][bookmark: _Toc120882862][bookmark: _Toc131080237]General 2D immunofluorescence staining
Samples were fixed in prewarmed 4% PFA in PBS for 15 minutes at room temperature and permeabilised in 0.2% Triton in PBS for 5 minutes at room temperature. Samples were then blocked in 1% BSA in PBS for 1 hour at RT. After washing once in PBS, primary antibodies were diluted in 0.1% BSA in PBS and incubated for 1 hour at room temperature, or overnight at 4˚C. After washing three times in PBS, secondary antibodies, diluted in 0.1% BSA in PBS were added and incubated for 1 hr at room temperature. If necessary, phalloidin and 4′,6-diamidino-2-phenylindole (DAPI) were added with the secondary antibody. Finally, samples were washed in PBS and dipped once in distilled water. Cells on glass coverslips were mounted on glass slides with Mowiol and cells in slide chambers were stored in PBS. All samples were stored at 4˚C until imaging.

[bookmark: _Toc120632133][bookmark: _Toc120882863][bookmark: _Toc131080238]Fluorescence staining for hyaluronan
First, the negative control was prepared by incubating biotinylated hyaluronan-binding protein with high molecular weight hyaluronan for 3 hours at room temperature. Samples were fixed in prewarmed 4% PFA in PBS for 15 minutes at room temperature, permeabilised in 0.2% Triton in PBS for 5 minutes at room temperature and quenched with 10 mM glycine for 30 minutes at room temperature. Samples were first blocked in 3% PBSA and 5% goat serum for 1 hour, then blocked with a streptavidin/biotin blocking kit (Thermo Fisher, USA) for 15 minutes each, washing with PBST in between each block. Samples were stained with biotinylated hyaluronan-binding protein (Sigma-Aldrich, USA) or the negative control overnight at 4˚C. Samples were then stained with primary antibodies for 1 hour at room temperature in 1% PBSA. After washing with PBST, samples were incubated with the corresponding secondary antibodies and streptavidin-Alexa conjugate in 1% PBSA for 1 hour at room temperature. Cells on glass coverslips were mounted on glass slides with Mowiol and cells in slide chambers were stored in PBS. All samples were stored at 4˚C until imaging.
[bookmark: _Toc120632134][bookmark: _Toc120882864][bookmark: _Toc131080239]
2D co-culture
[bookmark: _Toc120632135][bookmark: _Toc120882865][bookmark: _Toc131080240]2D co-culture seeding
To form a 2D co-culture, HCC1143 cells were seeded in CellVIEW slide chambers (Grenier Bio-One, UK) at 5 x 104 per well in 150 uL media containing Cell tracking red dye kit (Abcam, UK) at a 1:20 dilution and incubated for 72 hours to form a confluent monolayer. To create islets, media was removed from the slide chambers, and a P1000 pipette tip was used to remove excess HCC1143 cells and form a circular islet in the centre of the well. Wells were then washed 3 times with warm PBS to remove all excess cells, and 200 uL of a 5 x 104 /mL fibroblast cell suspension was added per well, for a final seeding density of 1 x 103 fibroblasts per well. For HCC1143 monoculture islets, fresh media only was added. Slide chambers were incubated for at least 24 hours prior to imaging, treatment or fixing to allow cells to fully adhere and spread. 

[image: ]
[bookmark: _Toc131147251]Figure 2.1: 2D co-culture method.  (A) Cancer cells are seeded in a slide chamber with cell tracking red dye and grown to full confluence. (B) Excess cancer cells are removed, leaving a confluent cluster of cancer cells in the centre of the well. (C) Fibroblasts are seeded into the well.

[bookmark: _Toc120632136][bookmark: _Toc120882866][bookmark: _Toc131080241] 2D co-culture live cell imaging
Media was replaced with fresh phenol red-free DMEM/F12 30 minutes prior to the start of imaging. Cells were imaged using a Cell Discoverer 7 microscope at 37˚C, 5% CO2, 24 hours after fibroblast seeding (0 hours timepoint) and then after another 72 hours (72 hours timepoint). 



[bookmark: _Toc120632137][bookmark: _Toc120882867][bookmark: _Toc131080242]Conditioned media treatment
Fibroblasts were seeded 6 x 104 per well in a 24-well plate in 1.2 mL complete media and incubated for 3 days to generate conditioned media. 150 µL of conditioned media was then added per well to HCC1143 monoculture and incubated for 72 hours before imaging or fixation.

[bookmark: _Toc120632138][bookmark: _Toc120882868][bookmark: _Toc131080243]2D co-culture viability
To evaluate cell viability at 72 hours of co-culture, the media was changed to fresh phenol red-free media containing 1 µg/mL propidium iodide and 0.05 µg/mL Hoechst and incubated for 30 minutes prior to imaging using a Cell Discoverer 7 microscope at 37˚C, 5% CO2. 

[bookmark: _Toc120632140][bookmark: _Toc120882870][bookmark: _Toc131080244] Spheroid co-culture 
[bookmark: _Toc120632141][bookmark: _Toc120882871][bookmark: _Toc131080245]Spheroid seeding
Prior to seeding, HCC1143 were incubated with Cell Tracking red dye kit (ab269446, Abcam, UK) at 1:20 dilution, and fibroblasts were treated with 400 ifu/cell GFP adenovirus for 24 hours. For co-culture spheroids, 1.6 x 104 fibroblasts and 4 x 103 HCC1153 were seeded in 96 well, low attachment U-bottom plates (Thermo Fisher, USA) in DMEM/F12 media and pipetted up and down 3 times to mix. Monoculture HCC1143 spheroids were seeded simultaneously, with 4 x 103 cells per well. Spheroids were incubated for 3 days before analysis.
[bookmark: _Toc120632142][bookmark: _Toc120882872]
[bookmark: _Toc131080246]Spheroid live imaging 
[bookmark: _Toc120632143][bookmark: _Toc120882873]Spheroids were transferred to a CellVIEW slide chamber (Grenier Bio-One, UK) in phenol red free media using a P1000 pipette tip and imaged with a Cell Discoverer 7 Microscope set to 37˚C and 5% CO2. Z-stacks were taken at 3 µm intervals using 10X magnification (20X objective x 0.5). 
[bookmark: _Toc131080247]Flow cytometry analysis of spheroids 
Spheroids were pooled into one Eppendorf tube per condition and centrifuged for 5 minutes at 200 g. The supernatant was removed, and spheroids were washed once with PBS, centrifuging for 5 minutes at 200 g to remove as much PBS as possible. Spheroids were then dissociated by adding 300 µL Accutase (Thermo Fisher, USA) per tube and incubating at 37˚C under agitation for 15 minutes, then pipetting up and down 3 times with a P1000 pipette tip.  Cells were washed once in 1% PBSA, then resuspended in 500 µL 1% PBSA round bottom tubes with cell strainer caps (Corning, USA). To analyse viability, samples were dyed by adding 1 µM TO-PRO3 (Thermo Fisher, USA) just before running. Samples were run on an LSRII flow cytometer (BD Biosciences, USA). Gating and analysis were performed using FlowJo software (BD Biosciences, USA).

[bookmark: _Toc120632144][bookmark: _Toc120882874][bookmark: _Toc131080248]Spheroid formalin fixation, paraffin embedding and sectioning
Spheroids were pooled into one 50 mL centrifuge tube per condition, washed in PBS and fixed in 4% PFA at room temperature for 30 minutes, then washed twice in PBS to remove excess PFA, centrifuging for 5 minutes at 200 g each time to remove supernatant. Spheroids were then embedded in molten Histogel (Epredia, UK), and centrifuged for 5 minutes at 200 g to ensure that all spheroids were on the same plane at the bottom of the tube. Histogel was solidified on ice for 15 minutes, then removed from the tubes and placed into histology cassettes in 70% ethanol until processing.  Samples were dehydrated through a series of increasing ethanol concentrations and infiltrated with paraffin wax. Samples were then embedded in wax, ensuring that the spheroids were on a single plane parallel to the bottom of the cassette. 3 µm sections were cut using a microtome, placed onto microscope slides and incubated at 37˚C overnight. 
[bookmark: _Toc120632145][bookmark: _Toc120882875]
[bookmark: _Toc131080249]Spheroid immunofluorescence staining
Spheroid sections were dewaxed and rehydrated in a series of decreasing ethanol solutions. Antigen retrieval was performed in a pressure cooker heated to 120˚C for 15 minutes with Dako Target Retrieval solution (Agilent, USA). Sections were blocked in 1% PBSA with 10% goat serum for 1 hour at room temperature. Primary antibodies were diluted in 1% PBSA with 2% goat serum and incubated for 1 hour at room temperature, or overnight at 4˚C. After washing three times in PBS, secondary antibodies, diluted in 1% PBSA with 2% goat serum were added and incubated for 1 hr at room temperature. The staining process was repeated sequentially for each primary and corresponding secondary antibody. Sections were mounted in DPX mounting media (Merk, USA).

[bookmark: _Toc120632146][bookmark: _Toc120882876][bookmark: _Toc131080250]

Blebbistatin treatment
Samples were treated with 50 µM Blebbistatin (Sigma-Aldrich, USA). This concentration was selected as it has been commonly used to inhibit fibroblast contractility in vitro (Liu et al., 2010, Raman et al., 2013, Alturi et al., 2020). A 10 mg/mL stock solution was diluted 1:1000 in media to obtain a working concentration of 10 µg/mL. DMSO was used as the vehicle control at 1:1000 dilution.  Samples were incubated with blebbistatin or DMSO treatment for 72 hours prior to analysis.

[bookmark: _Toc120632151][bookmark: _Toc120882881][bookmark: _Toc131080251]siRNA knockdown of HAS2
siRNA knockdown was performed using Smartpool ON-TARGETplus siRNA (Dharmacon, USA) for HAS2 (Accessions hit: NM_005328) or a non-targeting pool as control. siRNA transfection was performed according to the manufacturers protocol in 24 well plates. Cells were seeded so that they would reach 70% confluency after 24 hours. 30 minutes before transfection, the media was aspirated and replaced with 250 µL of fresh complete media. The siRNA complexes were made by preparing 25 µL of serum free media containing 0.75 µL of siLentFect (Bio-Rad, USA), and 25 µL of serum free media containing 120 nM siRNA per well. The siLentFect solution and siRNA solution were mixed together and incubated for 20 minutes at room temperature. 50 µL of the siRNA complex was added to each well, resulting in a final siRNA concentration of 10 nM. 

[bookmark: _Toc120632147][bookmark: _Toc120882877][bookmark: _Toc131080252]Fibroblast-derived ECM
The following method is adapted from (Franco-Barraza et al., 2016).
[bookmark: _Toc120632148][bookmark: _Toc120882878][bookmark: _Toc131080253]Gelatin coated coverslips
All steps were performed under sterile conditions. 13 mm diameter glass coverslips were placed into a 24 well plate. 200 µL of 0.2% gelatin in H2O (Sigma-Aldrich, USA) was added to each well and incubated for 1 hour at 37˚C. Gelatin was aspirated and wells washed once with PBS and incubated with 200 µL 1% glutaraldehyde for 30 minutes at room temperature. Glutaraldehyde was aspirated and wells were washed for 3 X 5 minutes with PBS. Then, 200 µL of 1 M glycine was added to each well and incubated for 20 minutes at room temperature followed by another 3 X 5 minute wash in PBS. The resulting gelatin-coated coverslips were then incubated for 1 hour at 37˚C with complete media prior to cell seeding.

[bookmark: _Toc120632149][bookmark: _Toc120882879][bookmark: _Toc131080254]Generation of fibroblast-derived ECM
Fibroblasts were seeded onto gelatin-coated coverslips at a density of 10,000 cells per cm2 in complete media and incubated for 24 hours. At this stage, siRNA transfection was performed if necessary.  After 24 hours, media was changed to fresh media containing 50 µg/mL ascorbic acid (Sigma-Aldrich, USA) and incubated for a further 72 hours. The matrices were decellularized by washing once in warm PBS, then incubating with 200 µL of warm (37˚C) cell extraction buffer (Table 2.1) for 5 minutes at 37˚C. Cell lysis was confirmed by checking under a brightfield microscope. The matrix was washed 3 times very gently with PBS to remove all cell debris. The resulting decellularized matrices were used immediately for cell seeding or fixed for immunofluorescence staining.

[bookmark: _Toc120632150][bookmark: _Toc120882880][bookmark: _Toc131080255]Seeding cells on fibroblast-derived ECM
HCC1143 were seeded directly onto fibroblast-derived ECM at sub confluent (5000 cells per cm2) and confluent (25,000 cells per cm2) densities. Cells were incubated for 48 hours before fixation and immunofluorescence staining.

[bookmark: _Toc120632152][bookmark: _Toc120882882]
[bookmark: _Toc131080256]Image analysis
All image analysis was performed in FIJI (Schindelin et al., 2012).
[bookmark: _Toc131080257]Single cell morphology analysis
The morphology single cells were quantified by thresholding the phalloidin signal channel and using the wand tool to select individual cells. The measure function was used to measure the area, aspect ratio and circularity.
[bookmark: _Toc131080258]2D co-culture analysis
Cluster growth was quantified by measuring cluster area at 0 and 72 hour timepoints. Viability was quantified by counting the number of propidium iodide stained nuclei and dividing by the total number of Hoechst stained nuclei to generate the percentage of non-viable cells. Cell density in islets was quantified by counting the number of nuclei in 3 randomly selected 100x100 µm squares per islet
[bookmark: _Toc131080259]3D co-culture analysis
Image processing and analysis of Z-stacks were performed using Zeiss Zen Software. Focussed Z sections were extracted, and deconvolution was performed followed by background subtraction. The resulting image was used to create a maximum intensity projection. GFP fluorescence distribution was analysed in FIJI by drawing 4 equally spaced lines from the centre of the spheroid to the edge and plotting the profile of the GFP intensity along each line (Figure 2.2). 

[image: ]
[bookmark: _Toc131147252]Figure 2.2: Analysis of the spatial distribution of fibroblasts within spheroids. (A) Representative images of maximum intensity projections of spheroids. Showing the merged image (left), single channel image (centre) and illustration of image analysis in FIJI (right). The yellow and red lines represent the equally spaced lines along which the fluorescence intensity was measured. (B) The result of plot profile analysis along the red line. 
[bookmark: _Toc120632153][bookmark: _Toc120882883][bookmark: _Toc131080260]

Quantification of YAP localisation
YAP localisation was quantified in immunofluorescent stained samples (Fig. 2.1 A) in FIJI using a custom macro, shown below. A threshold was applied to the DAPI image (Fig. 2.1 B) and used to create a nuclear region of interest (ROI) for each cell (Fig. 2.1 C). The nuclear ROI was overlaid onto the YAP channel (Fig. 2.1 D,E). First, fluorescent intensity was measured in the nuclear ROI, and then a cytoplasmic ROI was generated by creating a band 3 µm in diameter around the nuclear ROI (Fig. 2.1 F). Fluorescence intensity in this band was measured as the cytoplasmic intensity. 
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[bookmark: _Toc120883692][bookmark: _Toc131147253]Figure 2.3: YAP nuclear/cytoplasmic ratio analysis using a custom FIJI macro. (A) Fluorescence image of cells showing nuclei (blue) and YAP (green). (B) Nuclei channel following thresholding. (C) ROI generated from nuclei threshold image. (D) ROI applied to YAP channel. (E) Example of nuclear YAP intensity measurement. (F) Example of cytoplasmic YAP intensity measurement.

[bookmark: _Toc131080261]

ECM alignment and coherency 
ECM alignment and coherency were analysed using the OrientationJ plugin in FIJI (Fonck et al., 2009).
[bookmark: _Toc120632154][bookmark: _Toc120882884]
[bookmark: _Toc131080262]Statistical analysis 
All statistical analysis was performed in GraphPad Prism version 9.3 (GraphPad Software, USA). Normality was tested using the D'Agostino-Pearson normality test. If the data was normally distributed, an unpaired t-test was used for comparisons of 2 groups and an ordinary one-way ANOVA was used for comparisons of more than 2 groups. If the data was not normally distributed, a Mann-Whitney test was used for comparisons of 2 groups and a Kruskal-Wallis test was used for comparisons of more than 2 groups. The statistical test used for each data set is indicated in the corresponding figure legend.  

Chapter 2



[bookmark: _Toc131080263]Fibroblast Characterisation

[bookmark: _Toc127279889][bookmark: _Toc127358253][bookmark: _Toc131080264]Introduction
Tumours have been described as “wounds that do not heal”, which effectively describes the exploitation of the wound-healing process and the perpetual activation of fibroblasts in the TME (Dvorak, 1986). There is significant heterogeneity in CAFs in terms of gene expression, protein expression and their contribution to cancer progression. This heterogeneity occurs across different breast cancer subtypes, as well as within the TNBC subtype (Bartoschek et al., 2018; Costa et al., 2018). The role of soluble signalling between CAFs and breast cancer cells is relatively well established, with many papers describing the effects of numerous soluble factors secreted by CAFs in the breast TME (Guo et al., 2023; Orimo et al., 2005; Yu et al., 2017). However, it is becoming increasingly recognised that the physical properties of CAFs and their ability to alter the mechanical properties of the TME also play a significant role in cancer progression (Goetz et al., 2011; Karagiannis et al., 2012; Labernadie et al., 2017).

There are a number of compelling reasons to explore the role of CAFs in TNBC specifically. Firstly, TNBC tumours frequently contain a large quantity of dense stroma. When the breast TME contains a higher quantity of stroma in comparison to cancer cells, this is indicative of a poor prognosis, and this association is particularly strong in TNBC (Kramer et al., 2019; Moorman et al., 2012; Vangangelt et al., 2020). In addition, TNBC tumours commonly present with a circumscribed morphology and a distinct boundary between the cancer cells and the stroma. This morphology is indicative of a highly proliferative tumour which is physically pushing the stroma outwards as it expands in volume. This rapid proliferation and distinct interface suggest that there is reduced physical contact between the tumour and stroma and implies that there is less time for paracrine reactions to occur (Gao et al., 2014; Johnson et al., 2021). Therefore, given the different morphological and mechanical properties of the TNBC tumour stroma and the distinct interface between the two, the physical properties are likely to be equally as important as paracrine signalling in the progression of this breast cancer subtype. Undoubtedly, CAFs are important components of the tumour stroma and play a key role in altering the mechanical properties of the tumour microenvironment through ECM deposition, crosslinking, reorganisation and degradation (Erdogan et al., 2017; Gaggioli et al., 2007; Goetz et al., 2011; Jones et al., 2019). Finally, TNBC is in great need of novel therapy options, as it is a highly aggressive subtype of breast cancer which lacks specific hormone receptors, rendering hormone-targeted therapies ineffective. TNBC has a high propensity to metastasize to other organs, resulting in poorer outcomes and higher mortality rates (Dent et al., 2007). Hence, the development of new and effective treatments is essential to improve the survival and quality of life for patients with TNBC.

Due to the high heterogeneity of CAFs, it is beneficial to perform characterisation in order to define their phenotype and to inform subsequent functional experiments. It is also useful to determine which existing CAF subtype a CAF aligns with. We hypothesised that there would be differences between normal breast fibroblasts and TNBC-derived CAFs with respect to their morphology, protein expression and physical properties. Therefore, the aim of this chapter was to characterise NFs and TNBC-derived CAFs, particularly regarding their physical properties including migration and contractile force. The data from this chapter will help to further clarify the role of CAFs in TNBC and identify the molecular mechanisms involved. To achieve this, the techniques used included immunofluorescence, western blotting, flow cytometry, live cell imaging and traction force microscopy.




[bookmark: _Toc131080265]Results 
[bookmark: _Toc131080266]CAFs exhibit a spindle-shaped morphology
CAFs showed a clear difference in morphology in comparison to NFs. This was evident when observed by eye on a low power brightfield microscope and was confirmed by the quantification of aspect ratio in fixed cells stained for filamentous actin (F-actin) with phalloidin. In 2D culture, CAFs exhibited a more spindle-shaped morphology when subconfluent (Figure 3.1A,B) and confluent (Figure 3.1C.D), indicated by a higher aspect ratio. There were no obvious differences in the distribution or density of F-actin fibres. On average, CAFs are 6 times longer than they are wide. However, despite their differences in shape NFs and CAFs have the same total spreading area (Figure 3.1E).
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[bookmark: _Toc131147254]Figure 3.1: CAFs have a higher aspect ratio than NFs, with no difference in area. Representative images of subconfluent (A,B) and confluent (C,D) NFs (A,C) and CAFs (B,D) showing nuclei (blue) and F-actin (green). Scale bar: 300 µm. (E) Quantification of aspect ratio and cell area in subconfluent cells. Quantification shows the mean +/- SEM of 3 independent experiments with n ≥ 77 cells per condition. The data was analysed using a Mann-Whitney test. **** = p < 0.0001.


[bookmark: _Toc131080267]CAFs show increased expression of myofibroblast markers 
Expression of vimentin, a widely used marker of fibroblasts, was characterised by western blot in HCC1143, NFs and CAFs. As expected, both fibroblasts expressed vimentin, and there was no difference in expression levels between NFs and CAFs. HCC1143 did not express vimentin (Figure 3.2A). Next, the protein expression of myofibroblast markers (Avery et al., 2018; Rockey et al., 2013) in NFs and CAFs was characterised. Expression of FAP-α was increased by almost threefold in CAFs in comparison to NFs (Figure 3.2B). There was a trend towards increased α-SMA in CAFs (Figure 3.2B), however, this was not statistically significant (p = 0.0747).


[image: ]
[bookmark: _Toc131147255]Figure 3.2: Western blot characterisation fibroblast and myofibroblast markers. (A) Representative western blot and quantification of vimentin expression in HCC1143, NFs and CAFs normalised to β-actin loading control. (B) Representative western blots and quantification of FAP-α and α-SMA normalised to GAPDH loading control. Quantification shows the mean +/- SEM of ≥ 3 independent experiments. The data was analysed using an unpaired t-test. * = p < 0.05.
[bookmark: _Toc127279892][bookmark: _Toc127358256][bookmark: _Toc131080268]

Cell cycle progression is comparable between NFs and CAFs
Cell cycle progression can vary depending on CAF subtype (Bartoschek et al., 2018). Flow cytometry was used to determine the cell cycle status of NFs and CAFs. The distribution of cells in each phase of the cell cycle was comparable between NFs and CAFs, indicating that there were no major differences in cell cycle progression (Figure 3.3A,B). The proportion of cells in G2 was slightly lower in CAFs (7.9%) than NFs (10.4%), indicating that there may be a higher incidence of cell cycle arrest in G1 phase in CAF (Figure 3.3C).

[image: ]
[bookmark: _Toc131147256]Figure 3.3: NFs and CAFs are genetically stable and have comparable cell cycle progression. Histograms showing propidium iodide stain intensity in NFs (A) and CAFs (B). (C) Quantification of the percentage of cells in each stage of the cell cycle shows the mean +/- SEM of 3 independent experiments, with > 10,000 events measured per condition, per experiment.

[bookmark: _Toc127279893][bookmark: _Toc127358257][bookmark: _Toc131080269]CAFs exert increased single cell contractile force
The ability to generate contractile force is a defining trait induced in myofibroblasts during wound healing (D’Urso and Kurniawan, 2020) and in CAFs during cancer progression (Calvo et al., 2013). The capacity of fibroblasts to contract collagen gels increases with disease progression (Calvo et al., 2013), and is required for the generation of an aligned fibronectin matrix (Erdogan et al., 2017). In this work, single cell contractile force was analysed by TFM (Figure 3.4A). CAFs exerted increased contractile force and energy in comparison to NFs (Figure 3.4B). These results align with the trend towards increased levels of α-SMA in CAFs shown by western blotting (Figure 3.2B), which also suggests that they have an increased capacity for actomyosin contractility. 

The majority of the traction force was exerted in the front or rear of the cells (Figure 3.4A). Although there were no differences in the area of the cells analysed, CAFs had a higher aspect ratio (Figure 3.4B). This confirms that the cells analysed in this experiment were representative of the whole populations, as this is a similar trend to the cell morphology quantification in figure 3.1. There was no correlation between aspect ratio and contractile energy (R2 = 0.049), which indicates that the ability to exert increased contractile force is not determined by the CFs spindle shaped morphology (Figure 3.5). Finally, more energy was exerted at the front edge of the cell in both cell types (Figure 3.6A,B), with a trend towards a higher ratio between front and rear energy in CAFs (Figure 3.6C). 
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[bookmark: _Toc131147257]Figure 3.4: CAFs exert increased single cell contractile force in comparison to NFs.
(A) Representative heat maps showing traction force exerted by single NF and CAF quantified by traction force microscopy. The dashed white line indicates the outline of a single cell. Scale bar: 40 µM. (B) Quantification of energy, force, area and aspect ratio. Quantification shows the mean +/- SEM of 4 independent experiments with n ≥ 35 cells per condition. The data was analysed using a Mann-Whitney test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.


[image: ]
[bookmark: _Toc131147258]Figure 3.5: Contractile energy does not correlate with cell morphology. The graph displays the correlation between energy and aspect ratio in fibroblasts. The red line indicates the linear regression and the points represent individual cells.
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[bookmark: _Toc131147259]Figure 3.6: A higher proportion of contractile energy exerted by fibroblasts is in the front edge of the cell. Quantification of contractile energy in the cell front (A), rear (B) and ratio (C) between front and tail energy in NFs and CAFs. Quantification shows the mean +/- SEM of 4 independent experiments with n ≥ 35 cells per condition. The data was analysed using a Mann-Whitney test. 
[bookmark: _Toc127279894][bookmark: _Toc127358258][bookmark: _Toc131080270]

CAFs migrate with increased speed and persistence
CAFs have been shown to guide cancer cell migration and collectively migrate with cancer cells (Labernadie et al., 2017). To quantify the migratory properties of the NFs and CAFs, single cell migration was assessed with live cell imaging (Figure 3.7A). CAFs displayed a higher mean and maximum migration speed, in addition to higher migration persistence (Figure 3.7B). In addition, it was observed that during migration there were instances where the rear of the fibroblasts would remain attached to the same position on the tissue culture surface whilst the fibroblast continued to migrate, resulting in the detachment of the tail of the cell (Figure 3.8A). Quantification of tail detachment revealed a trend towards a higher incidence in CAFs (Figure 3.8B), and this occurrence did not appear to affect subsequent migration or viability.



[image: ]
[bookmark: _Toc131147260]Figure 3.7: CAFs are more migratory than NFs. (A) Representative phase gradient images showing first frame of a migration experiment. The yellow lines represent migration tracks. Scale bar: 500 µM. (B) Quantification of mean speed, maximum speed and persistence. Graphs show the mean +/- SEM of 3 independent experiments with n ≥ 139 cells per condition. The data was analysed using a Mann-Whitney test. * = p < 0.05, **** = p < 0.0001. 
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[bookmark: _Toc131147261]Figure 3.8: Tail detachment is observed during migration of NFs and CAFs. (A) Representative image showing tail detachment during cell migration.  The yellow arrow indicates the separation of the tail from the cell and the numbers on the bottom left of each panel indicate time in minutes. Scale bar: 50 µM. (B) Quantification of tail detachment. Graphs show the mean +/- SEM of 3 independent experiments with n ≥ 139 cells per condition. The data was analysed using a Mann-Whitney test.



[bookmark: _Toc127279895][bookmark: _Toc127358259][bookmark: _Toc131080271]Discussion
In this chapter, we confirmed that the primary TNBC-derived CAFs which are used in this thesis are active and contractile. The results suggest that these CAFs are of a similar phenotype to the myCAF subtype characterised in TNBC stroma by Wu et al, which were identified by expression of FAP and α-SMA and an ECM remodelling gene expression profile (Wu et al., 2020). Concurrently, we have shown that the NFs have lower expression of these markers and exert less contractile force, and therefore are a suitable control to compare with the CAFs in subsequent experiments. 

The CAFs are from a patient at an earlier disease stage, with no metastasis detected. Therefore, we could speculate that these CAFs are permissive to the transition from DCIS to IDC. In contrast, the normal fibroblasts are from a healthy patient following a breast reduction. It could be proposed that the ideal normal control fibroblasts would be from the corresponding contralateral breast of a breast cancer patient, however, as cancer is a systemic disease, these cells may have been altered in some way. 

[bookmark: _Toc131080272]Fibroblast morphology and protein expression 
We showed that CAFs had a more elongated, spindle-shaped morphology in comparison to NFs. This spindle shape is characteristic of fibroblast morphology in vivo (Cukierman et al., 2001). In addition, an elongated cell morphology is associated with larger polymerised cytoskeletal filaments oriented parallel to the long axis of the cell, which allows for greater force generation (Livne and Geiger, 2016). 

The western blotting data revealed that CAFs had higher expression of FAP-α, a transmembrane protease with roles in matrix protein degradation, for example the cleavage of collagen I (Fitzgerald and Weiner, 2020). Cleavage of collagen in the tumour microenvironment by CAF-derived FAP-α occurs in a matrix metalloproteinase-dependent manner (Thorseth et al., 2022). FAP-α is also required for the migration of bone marrow-derived mesenchymal stem cells, a CAF precursor (Chung et al., 2014). FAP-α is overexpressed in cancer and has been implicated in tumour progression. However, high FAP-α levels in stromal fibroblasts has been associated with both increased (Ariga et al., 2001) and decreased (Yu et al., 2015) overall survival. Although the role of FAP-α is incompletely understood, it is an emerging target for cancer therapy and has been targeted in preclinical and clinical trials (Xin et al., 2021).

In addition, we found a trend towards increased α-SMA expression in CAFs, although it was not statistically significant. This trend reflects the literature, in that myofibroblasts and CAFs show increased α-SMA expression in comparison to NFs (Calvo et al., 2013; Rockey et al., 2013). This is clinically relevant, as stromal expression of α-SMA correlates with poorer outcomes in breast cancer (Yamashita et al., 2012). The lack of a significant difference in α-SMA expression is interesting, given that we found that the CAFs are significantly more contractile, as shown by TFM. This may be due to the experimental design. The fibroblasts harvested for western blot were grown in a standard tissue culture flask, which induces cell spreading and the formation of mature actin fibres. Culture on a stiff substrate of 20 kPa has been shown to induce α-SMA expression in normal fibroblasts (Huang et al., 2012). This is of course very different to the physiological environment, where we would likely see a greater difference in α-SMA expression between NF and CAF. However, this method is in line with to the subsequent experiments in this work, as they are also performed on standard tissue culture materials.

Avery et al identified 2 fibroblast subtypes from murine pulmonary tissue, with high FAP expression (FAPHi) and high α-SMA expression (α-SMAHi). These subtypes had distinct gene expression and were regulated by ECM composition and stiffness. FAPHi fibroblasts had an ECM deposition and remodelling phenotype, whereas α-SMAHi fibroblasts had a contractile phenotype (Avery et al., 2018). It appears that the CAFs used in this work exhibit both of these phenotypes, however, our results are not directly comparable as Avery et al used quantitative real-time polymerase chain reaction to quantify expression. Furthermore, there can be considerable heterogeneity in protein expression even amongst fibroblasts within the same subtype or location. For example, Calvo et al identified significant variation in α-SMA and FAP-α expression at the single cell level in fibroblasts isolated from a mouse model of breast cancer (Calvo et al., 2013).

In relation to the breast CAF subtypes identified by Costa et al, the CAFs in this work align with the α-SMA and FAP-α positive CAF-S1 subtype. This subtype is particularly enriched in TNBC tumours where it promotes a pro-tumorigenic immunosuppressive environment (Costa et al., 2018). In contrast, Bartoschek et al found that α-SMA and FAP-α  exhibited a ‘salt and pepper’ expression pattern across all CAF subtypes identified. Therefore, expression of these proteins is not specific to a particular subtype, however the CAFs profiled in this study were isolated from a MMTV-PyMT mouse model rather than patient material (Bartoschek et al., 2018).

[bookmark: _Toc131080273]Cell cycle progression
Cell cycle progression is comparable between NFs and CAFs. This is beneficial to keep in mind in the following chapters, as it supports that the differences seen in subsequent experiments are not due to differences in proliferation between the cell types. Although the flow cytometry data provides information about the number of cells in each stage of the cell cycle, it does not provide any information about how quickly cells are progressing through a cell cycle. Therefore, it would be advantageous to perform a growth curve experiment.


[bookmark: _Toc131080274]Contractile force
The ability of CAFs to contract the ECM is central to their ability to promote cancer (Gaggioli et al., 2007; Glentis et al., 2017). It has been shown previously, in a step-wise model of murine mammary carcinoma, that fibroblast contractility increases with disease stage (Calvo et al., 2013). In this work, using TFM we showed that CAFs exert both increased contractile force and increased contractile energy. This method allows us to precisely look at contractile force from single cells and determine the distribution and direction of the force. In comparison to other methods used to determine contractility, such as a collagen gel contraction assay, TFM provides more detail about the exertion of force on a single cell level, however, this is in a 2D context. 

We hypothesised that the capacity of the CAFs to generate contractile force would be linked to their spindle-shaped morphology, as this morphology is generally associated with longer, more pronounced actin fibres. Therefore, the cells were incubated for 5 hours after seeding with the aim to reduce the impact that cell shape had on force exertion, whilst allowing sufficient time for the cells to attach. Despite this, the aspect ratio of CAFs was still higher than NFs analysed by TFM (Figure 3.4). The aspect ratio of CAFs analysed by TFM (Figure 3.4B) was lower than those analysed by immunofluorescence (Figure 3.1E), with average aspect ratios of 4.4 and 6.2, respectively. However, this was likely to be predominantly due to the difference in the stiffness of the substrate rather than incubation time. Although the TFM gels of 12 kPa are relatively stiff in relation to physiological stiffness, this is still much softer than tissue culture polystyrene which is approximately 3 x 106 kPa (Fekete et al., 2018). Interestingly, the morphology of NFs was less impacted by substrate stiffness and the aspect ratio of NFs was more comparable on TFM gels and tissue culture polystyrene, with average aspect ratios of 2.9 and 3.2, respectively. However, we cannot draw solid conclusions using data generated in 2 separate experiments with the variables of both incubation time and substrate. Ultimately, we found no correlation between aspect ratio and energy. In fact, the linear regression between the two factors was trending towards a slightly negative correlation. Instead, perhaps cell shape is linked more to the distribution of forces in the cell (e.g. front vs rear) rather than the overall force exertion ability.  




[bookmark: _Toc131080275]Single cell migration
We showed that CAFs were able to migrate faster, with increased persistence. Although the migratory ability of CAFs themselves has not been linked to cancer promotion, there is abundant evidence to demonstrate that CAF migration is able to drive cancer cell migration and metastasis. For example, CAFs and cancer cells collectively migrate in 2D and 3D in vitro models, in which the CAFs lead the migration of the cancer cells by exerting force which physically pulls the cancer cells forward. This interaction is mediated by cell-cell adhesions, with the formation of E-cadherin/N-cadherin junctions between cancer cells and CAFs (Labernadie et al., 2017). CAFs also lead cancer cell migration by generating ‘tracks’ through ECM which cancer cells can migrate on (Gaggioli et al., 2007). This suggests that CAFs which are able to migrate faster, with more persistence would have an increased capacity to promote cancer migration. The mesenchymal mode of cell migration is powered through integrin mediated traction with the ECM (Bear and Haugh, 2014). The TFM data suggests that increased migration speed is linked to the ability of CAF to exert increased forces at the front of the cell, in comparison to the tail. In some cases, these strong adhesions are not disassembled in time at the rear of the cells, and therefore the rear of the cell remains in place attached to the tissue culture surface, detached from the main cell body. To our knowledge, this observation in CAFs has not been reported previously.


Chapter 3


[bookmark: _Toc131080276]CAFs promote the nuclear localisation of YAP in HCC1143 cells

[bookmark: _Toc122767087][bookmark: _Toc124420656][bookmark: _Toc129349068][bookmark: _Toc131080277]Introduction
The tumour stroma of TNBC is different to that of other subtypes of breast cancer. First, TNBC frequently presents with a circumscribed morphology and a well-defined, smooth, pushing border between the tumour and surrounding healthy tissue. In contrast, non-TNBC breast tumours have invasive, spiculated margins. A circumscribed morphology is linked to a higher tumour grade in comparison to the spiculated margins (Costantini et al., 2016; Gao et al., 2014; Wojcinski et al., 2012), and is found in aggressive tumours in which the high proliferation rates of the cancer cells will push them outwards into the stroma (Costantini et al., 2016). During clinical imaging, these tumours have a similar morphology to benign lesions, despite being highly aggressive (Johnson et al., 2021; J. Li et al., 2018).The ratio between the tumour and stroma is a prognostic factor in TNBC (Moorman et al., 2012). For instance, TNBC tumours which are comprised of more than 50% stroma show a shorter relapse-free period and lower overall survival than TNBC with a lower fraction of stroma (Kramer et al., 2019; Millar et al., 2020). 

The common standard methods used to study the interaction between TNBC cells and fibroblasts, such as transwell chambers and conditioned media experiments, are ideal to study paracrine signalling between the cell types. However, they are not optimised for the study of the role of physical forces of fibroblasts in cancer (Poon and Ailles, 2022). Therefore, there is a current lack of in vitro models that recapitulate the specific spatial organisation and physical properties of the distinct boundary between TNBC and stromal cells. Therefore, to understand the role of the physical properties of fibroblasts in TNBC progression, we have established in vitro 2D and 3D models composed of TNBC cells and patient-derived CAFs or normal breast fibroblasts. We have used a 2D co-culture model comprising a circumscribed morphology and a distinct border between a cancer cell cluster surrounded by fibroblasts. In the 3D co-culture model, we evenly mixed the cell types in order to determine how they would naturally organise. 

We hypothesised that CAFs would promote the growth and proliferation of HCC1143 cells when in co-culture. The aim of this chapter was to characterise the interactions between HCC1143 and NFs or CAFs in 2D and 3D co-culture, particularly with respect to cancer growth and proliferation, fibroblast-cancer cell physical interactions, spatial arrangement and mechanoresponse. In order to achieve this, we studied the interactions between fibroblasts and TNBC cells in 2D and 3D models using live cell imaging, flow cytometry and immunofluorescence. To investigate the role of the increased contractility in CAFs observed in the previous chapter, we analysed the subcellular localisation of the mechanoresponsive transcription co-factor YAP, and used blebbistatin treatment to inhibit cellular contractility.


[bookmark: _Toc122767088]

[bookmark: _Toc124420657][bookmark: _Toc129349069][bookmark: _Toc131080278]Results
To understand the role of the physical properties of fibroblasts in the control of TNBC, we have created in vitro 2D and 3D models composed of TNBC cells and TNBC patient-derived CAFs or NFs. We have used the cell line HCC1143, an epithelial-like human breast cancer cell line derived from a triple-negative and basal-like IDC with no metastases detected (Gazdar et al., 1998). HCC1143 have an epithelial phenotype and do not have strong vimentin expression (Prat et al., 2013). This is in contrast to some commonly used TNBC cell lines, for example, MDA-MB-231 cells which express vimentin and have low E-cadherin expression and demonstrate a more mesenchymal phenotype (Blick et al., 2008). This makes HCC1143 an appropriate cell line for the study of the earlier stages of cancer progression, prior to the induction of EMT.

[bookmark: _Toc124420658][bookmark: _Toc129349070][bookmark: _Toc131080279]Cancer cell clusters are present in TNBC
The TNBC patient-derived CAFs used in this work were isolated from a 46 year old patient with a grade II IDC (Table 4.1). HCC1143 are isolated from a tumour of the same molecular and histological subtype (Gazdar et al., 1998). Haematoxylin and Eosin staining of a tissue section of the tumour is presented in Figure 4.1. In this tissue, small cancer cell clusters, indicated by the purple haematoxylin stain, are visible outside the main bulk of the tumour. The tumour and small cancer cell clusters are surrounded by a dense stroma, indicated by the pink eosin stain. This demonstrates that the CAFs are derived from a tumour with a circumscribed morphology. 

[bookmark: _Toc131080654]Table 4.1: Histopathological characteristics of the tumour from which the CAFs are derived. Data provided by Breast Cancer Now.
	Age at diagnosis
	Invasive type
	Invasive grade
	Invasive size (mm)
	Lymph node status
	TNM

	46
	Invasive ductal carcinoma
	2
	14
	Negative
	T1cN0
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[bookmark: _Toc129255200][bookmark: _Toc129255486][bookmark: _Toc129260322][bookmark: _Toc131147262][bookmark: _Toc122767090][bookmark: _Toc122767347][bookmark: _Toc122767360][bookmark: _Toc128658491]Figure 4.1: Cancer cell clusters in TNBC. Haematoxylin and Eosin staining of TNBC patient tissue section (left). The magnified area shows cancer cell clusters (right).  Left scale bar: 3 mm. Right scale bar: 1 mm. This staining and imaging was performed by Breast Cancer Now.

[bookmark: _Toc124420659][bookmark: _Toc129349071][bookmark: _Toc131080280]Establishment of a simple in vitro 2D co-culture model
In order to study the role of CAFs in TNBC in the presence of an abrupt tumour-stroma interface, we established a 2D co-culture model system to replicate the cancer cell clusters seen in figure 4.1. This model consists of an HCC1143 TNBC cancer cell cluster surrounded by a monolayer of either NFs or CAFs (Figure 4.2). Cancer cells were seeded first and formed into a cluster. Fibroblasts were then seeded on top and allowed to adhere for 24 hours. Co-cultures were then incubated for 72 hours prior to analysis. The fibroblasts aligned parallel to the boundary of the cancer cell cluster and were more disorganised further from the cluster (Figure 4.2).

Cell viability within the 2D co-cultures was assessed to confirm that the model supported cell viability and that there were no initial differences in cell viability which may impact subsequent experiments. After 72 hours, 2D co-cultures were stained with the membrane permeable dye Hoechst and membrane impermeable dye propidium iodide and imaged on a live cell imaging microscope. The proportion of propidium iodide positive nuclei, which represented the proportion of dead cells, was calculated. This demonstrated that the model supports viability in fibroblasts and HCC1143 (Figure 4.3). Mean fibroblast viability was ≥ 93% and mean HCC1143 viability was ≥ 94%, with no significant difference in fibroblasts or HCC1143 between NF and CAF co-culture. 
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[bookmark: _Toc128658492][bookmark: _Toc129255201][bookmark: _Toc129255487][bookmark: _Toc129260323][bookmark: _Toc131147263]Figure 4.2: Representative 2D co-culture containing HCC1143 and fibroblasts. The yellow dashed line indicates an HCC1143 cancer cell cluster. Immunofluorescence staining for F-actin (green), Pan-cytokeratin (blue) and vimentin (red). Scale bar: 500 µm.
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[bookmark: _Toc131147264][bookmark: _Toc128658493][bookmark: _Toc129255203][bookmark: _Toc129255489][bookmark: _Toc129260324]Figure 4.3: 2D co-culture maintains the viability of HCC1143 and fibroblasts. Representative live images of HCC1143 and fibroblasts in 2D co-culture, showing Hoechst stain (blue) and propidium iodide stain (red). The white arrows indicate examples of dead cells in each panel. Scale bar: 200 µm. Quantification shows the mean +/- SEM of 3 independent experiments with ≥ 8 islets and n ≥ 849 cells total per condition. The data was analysed using a Mann-Whitney test. 



[bookmark: _Toc124420661][bookmark: _Toc129349072][bookmark: _Toc131080281]CAFs compress cancer cell clusters
CAFs have been reported to possess both pro- and anti-tumorigenic properties (Sahai et al., 2020).  To investigate the ability of fibroblasts to promote or suppress cancer cell cluster growth in our 2D model, the total area of the cancer cell clusters in fibroblast co-culture was monitored over 72 hours. Cancer cells were dyed with a DMSO-free live cell dye, so that their location could be accurately determined at different time points (Figure 4.4A). Cancer cell clusters in co-culture with CAFs displayed a greater decrease in area over 72 hours, as compared to clusters in co-culture with NFs (Figure 4.4B). This was accompanied by an increase in the density of the cancer cells within the clusters, with double the cancer cell density observed in CAF co-culture (0.00416 nuclei / µm2) in comparison to NF co-culture (0.00210 nuclei / µm2) at 72 hours (Figure 4.4C). Importantly, there was no difference in the initial cluster area between NF and CAF co-culture at the 0 hour time point (Figure 4.4D). As there were no differences in cancer cell or fibroblast viability between NF and CAF co-culture (Figure 4.3), this suggests that the changes in cluster area are not due to differences in cell death. In addition, there was no difference in fibroblast density between NF and CAF after 72 hours of co-culture (p = 0.4972), indicating that the changes in cluster area are not due to differences in fibroblast confluency (Figure 4.5). In summary, CAF co-culture reduces the area of cancer cell clusters, whilst simultaneously increasing cell density within the clusters. Taken together, this data suggests that CAFs are compressing the cancer cell clusters. 
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[bookmark: _Toc128658494][bookmark: _Toc129255202][bookmark: _Toc129255488][bookmark: _Toc129260325][bookmark: _Toc131147265]Figure 4.4: CAFs compress cancer cell clusters. (A) Live images of representative cancer cell clusters in co-culture at 0 and 72 hours, showing cancer cells (white). The boundary of the cluster at 0 hours is indicated by the yellow dashed line. Scale bar: 500 µm. Quantification of change in cluster area (B), nuclei density within the clusters (C) and cluster area at 0 hours (D) show the mean +/- SEM of 3 independent experiments, with n ≥ 12 samples analysed per condition. Change in cluster area and cluster area at 0 hours were analysed using a Mann-Whitney test and nuclei / area was analysed using an unpaired t-test. * = p < 0.05, **** = p < 0.0001.
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[bookmark: _Toc131147266]Figure 4.5: There is no difference in fibroblast density after 72 hours of co-culture.
[bookmark: _Toc129255204][bookmark: _Toc129255490][bookmark: _Toc129260326]Quantification shows the mean +/- SEM of 3 independent experiments, with n ≥ 12 samples analysed per condition. Data was analysed using an unpaired t-test. 

[bookmark: _Toc124420662]
[bookmark: _Toc129349073][bookmark: _Toc131080282]There is no difference in proliferation in 2D co-culture
Sustained proliferative signalling is a hallmark of cancer (Hanahan and Weinberg, 2011). Ki-67 is a protein which is expressed in all phases of the cell cycle apart from the resting phase, G0 (Gerdes et al., 1984). Immunohistochemical detection of the Ki-67 antigen is among the most widely used markers for the determination of cell proliferation in vitro and for the pathological assessment of the proliferative index of tumours (Li et al., 2015). In breast cancer, Ki-67 is utilised as a marker for prognosis and a predictor of chemotherapy efficacy (Nielsen et al., 2021). To assess proliferation, co-cultures were fixed after 72 hours of incubation and stained for DAPI and Ki-67. In NF co-culture, 32.8% of HCC1143 were Ki-67 positive, whereas 25.0% of HCC1143 were Ki-67 positive in CAF co-culture (Figure 4.6). Ki-67 positivity was 20.6% and 17.3% in NFs and CAFs, respectively (Figure 4.6). However, these differences were not statistically significant. 
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[bookmark: _Toc128658495][bookmark: _Toc129255205][bookmark: _Toc129255491][bookmark: _Toc129260327][bookmark: _Toc131147267]Figure 4.6: There is no difference in Ki-67 staining between NF and CAF co-cultures, in HCC1143 or fibroblasts. Representative images showing nuclei (blue) and Ki-67 (red) staining of HCC1143 and fibroblasts in 2D co-cultures fixed after 72 hours incubation. Scale bar: 100 µm. Quantification shows the mean +/- SEM of 3 independent experiments with ≥ 6 islets and n ≥ 425 cells total per condition. The data was analysed using unpaired t-tests.

[bookmark: _Toc124420663]

[bookmark: _Toc129349074][bookmark: _Toc131080283]Establishment of a 3D spheroid co-culture model
2D co-culture does not recapitulate the complex physical properties of the 3D environment. Therefore, in order to study the role of CAFs in 3D, an in vitro 3D spheroid co-culture model was established. Spheroids were generated using the liquid overlay technique. Co-culture spheroids contained HCC1143 and fibroblasts in a 1:4 ratio, with a total of 20,000 cells, and monoculture spheroids contained 20,000 HCC1143 cells only. Spheroids composed of HCC1143 cells only were irregularly shaped, loosely formed and frequently broke apart when transferred from the U-bottom plate used for spheroid generation, to a flat-bottomed plate for imaging. In contrast, co-culture spheroids had uniform boundaries, were more compact and were not damaged during transfer (Figure 4.7A). Co-culture spheroids were more circular and consistent than HCC1143 only spheroids (Figure 4.7B). Finally, CAF co-culture spheroids were larger in area than NF co-culture spheroids (Figure 4.7C).

The 3D co-culture model supported viability of both HCC1143 cells and fibroblasts. There was a trend towards increased viability of HCC1143 in co-culture in comparison to monoculture, with mean a mean viability of ≥ 78% in co-culture, compared to 67% in monoculture (Figure 4.8A). Mean fibroblast viability was ≥ 92%, with no significant difference between NF and CAF co-culture (Figure 4.8B).
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[bookmark: _Toc128658496][bookmark: _Toc129255206][bookmark: _Toc129255492][bookmark: _Toc129260328][bookmark: _Toc131147268]Figure 4.7: Fibroblast co-culture spheroids are uniform and reproducible, and CAF co-culture spheroids are larger than NF co-culture spheroids. (A) Representative phase gradient images of live spheroids. Scale bar: 300 µm. (B) Quantification of spheroid circularity, with error bars representing the minimum and maximum values. (C) Quantification of spheroid area. Quantification shows the mean +/- SEM from 3 independent experiments with n ≥ 23 spheroids per condition. Circularity was analysed with a Kruskal-Wallis test and Dunn’s multiple comparisons test and area was analysed with a Mann-Whitney test. * = p < 0.05, **** = p < 0.0001

[bookmark: _Toc124420664]
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[bookmark: _Toc128658497][bookmark: _Toc129255207][bookmark: _Toc129255493][bookmark: _Toc129260329][bookmark: _Toc131147269]Figure 4.8: 3D co-culture supports viability of HCC1143 and fibroblasts. (A) HCC1143 viability in mono- or co-culture spheroids. (B) Fibroblast viability in co-culture spheroids. Quantification shows the mean +/- SEM from 3 independent experiments with n ≥ 23 spheroids per condition. HCC1143 viability was analysed with a one-way ANOVA with multiple comparisons, and fibroblast viability was analysed with an unpaired t-test.



[bookmark: _Toc129349075][bookmark: _Toc131080284]CAFs show a reduced capacity to suppress HCC1143 growth in spheroid co-culture
As the microscopy data (Figure 4.7) had shown that CAF co-culture spheroids are larger than NF co-culture spheroids, we then sought to determine if the variation in area was due to a difference in the quantity of HCC1143 or fibroblasts. Cell numbers were quantified by dissociating spheroids into single cells and running flow cytometry. Cell types were identified using live dyes. HCC1143 cells comprised 23% of the total live cell number in NF co-culture spheroid samples and 25% in CAF co-culture samples (Figure 4.9A). For both conditions, this was an increase from the initial seeding density of 20%. CAF co-culture spheroids contained more than double the number of HCC1143 cells as compared to NF co-culture spheroids, with an average of 5259 and 2409 HCC1143 per spheroid, respectively (Figure 4.9B,C). However, spheroids containing HCC1143 only contained the highest number of HCC1143 overall, with an average of 13406 per spheroid. This suggests that fibroblasts may have a suppressive effect on HCC1143 proliferation in 3D co-culture, and that this suppressive effect is lower in CAFs.
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[bookmark: _Toc128658498][bookmark: _Toc129255208][bookmark: _Toc129255494][bookmark: _Toc129260330][bookmark: _Toc131147270]Figure 4.9: CAFs show a reduced capacity to suppress HCC1143 growth in spheroid co-culture. (A) Mean total proportion of each cell type in pooled spheroid samples. The gating used was unable to identify the cell type of small proportion of cells with complete certainty, therefore the total % of sample in co-culture spheroids is under 100%. (B) Mean number of each cell type per spheroid. (C) Mean number of HCC1143 per spheroid. Error bars represent SEM. Data was obtained from 3 independent experiments with n ≥ 23 spheroids per condition. HCC1143 / spheroid was analysed using a paired t-test. * = p < 0.05.


[bookmark: _Toc129349076][bookmark: _Toc131080285]Fibroblasts show distinct spatial distribution in spheroid co-culture
When seeding, the cell types were uniformly mixed together. We hypothesised that the fibroblasts would organise around the HCC1143 cells and encapsulate them to form 3D cancer cell clusters. To establish how the cell types were arranged in 3D, each cell type was fluorescently labelled, and spheroids were imaged live at 37˚C, 5% CO2 after 72 hours incubation. Z-stacks were used to create maximum intensity projections and visualise the spatial arrangement of each cell type. This revealed that HCC1143 were uniformly distributed within both NF and CAF co-culture spheroids, whereas fibroblasts showed a distinct distribution (Figure 4.10A, B). NFs were clustered towards the centre of the spheroids, whereas CAFs displayed a more uniform distribution with small clusters throughout the spheroids (Figure 4.10C). A two-way ANOVA revealed that there was a statistically significant interaction between the location within the spheroids, measured by distance from the centre, and GFP fluorescence between NF and CAF co-culture spheroids (F (20, 1160) = 3.35,  p < 0.0001).
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[bookmark: _Toc131147271][bookmark: _Toc128658499][bookmark: _Toc129255209][bookmark: _Toc129255495][bookmark: _Toc129260331]Figure 4.10: Fibroblasts show distinct spatial distribution within co-culture spheroids. Maximum intensity projections from Z-stacks of (A) NF and (B) CAF co-culture spheroids, showing HCC1143 (orange) and fibroblasts (green) as single channel and merged images. Scale bar: 200 µm. (C) Quantification of GFP fluorescence, indicating the presence of fibroblasts, across the radius of the spheroids, showing the mean +/- SEM. 6 measurements were taken per spheroid in 3 independent experiments with n ≥ 7 spheroids per condition. Data was analysed using a 2 way ANOVA.

[bookmark: _Toc129349077][bookmark: _Toc131080286]Cell proliferation is higher in NF co-culture spheroids
In order to assess the spatial distribution of protein expression within the spheroids, we optimised a protocol for formalin fixation, paraffin embedding and sectioning of the spheroids. This allowed spheroid sections of 3 µm thickness to be stained by immunofluorescence. In the 2D co-culture model, pan-cytokeratin was used as an HCC1143 specific marker, however, optimisation of this antibody for use on paraffin sections was unsuccessful. Instead, we opted to use vimentin as a fibroblast specific marker, as HCC1143 are characterised by low vimentin expression (Prat et al., 2013). Unexpectedly, we found that all cells within the co-culture spheroids were positive for vimentin (Figure 4.11). As a result, we were unable to differentiate between HCC1143 and fibroblasts in spheroid co-culture sections by immunofluorescence. 

Consequently, quantification of immunofluorescence staining of spheroids is not specific to a particular cell type, rather a general quantification of all of the cells within the spheroid. After 72 hours incubation, co-culture spheroids were fixed, sectioned and stained for Ki-67 to assess proliferation. In NF-co-culture, Ki-67 positive cells were predominantly on the periphery of the spheroids, with some Ki-67 positive cells also present towards the centre. In CAF co-culture, Ki-67 positive cells were restricted to the periphery of the spheroids, with very few Ki-67 cells present towards the centre. Overall, NF co-culture spheroids had a higher proportion of Ki-67 positive cells with an average of 20% Ki-67 positive cells, in comparison to 11% Ki-67 positive cells in CAF co-culture spheroids (Figure 4.12).
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[bookmark: _Toc131147272][bookmark: _Toc129255210][bookmark: _Toc129255496][bookmark: _Toc129260332]Figure 4.11: HCC1143 express vimentin in 3D co-culture. Representative image of a spheroid section with immunofluorescence staining for nuclei and vimentin. The merged image shows DAPI (blue) and vimentin (red). Scale bar: 100 µm. 
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[bookmark: _Toc131147273][bookmark: _Toc129255211][bookmark: _Toc129255497][bookmark: _Toc129260333]Figure 4.12: The proportion of Ki-67 positive cells is higher in NF co-culture spheroids in comparison to CAF co-culture spheroids. Representative images of spheroid sections with immunofluorescence staining for nuclei and vimentin. The merged image shows nuclei (blue) and vimentin (red).  Scale bar: 100 µm. Quantification shows the mean +/- SEM. Data was obtained from 3 independent experiments with n ≥ 13 spheroids per condition. The percentage of Ki-67 positive cells was analysed with an unpaired t-test. ** = p < 0.01.





[bookmark: _Toc129349078][bookmark: _Toc131080287]CAF co-culture increases the nuclear localisation of YAP in cancer cells in 2D
Cells are able to sense and respond to changes in their microenvironment through the process of mechanotransduction. YAP is a transcriptional co-activator which is regulated by the mechanoresponsive Hippo signalling pathway. Therefore, the subcellular localisation of YAP can be modulated by the mechanical properties of a cell’s microenvironment (Dupont et al., 2011). Representative images of high and low nuclear localisation of YAP are presented in figure 3.13.

In order to determine if the cancer cells within the clusters were responsive to compression by the CAFs, the subcellular localisation of YAP was analysed via immunofluorescence. Specifically, the nuclear to cytoplasmic ratio of YAP expression in individual cells was determined. The nuclear localisation of YAP was increased in cancer cells when in 2D co-culture with CAFs, in comparison to NFs (Figure 3.14). Additionally, there was no difference in the nuclear localisation of YAP in the fibroblasts in 2D co-culture (Figure 3.15). 

In order to determine if the difference in YAP localisation in cancer cells was in fact the result of the physical presence of the fibroblasts, rather than CAF-derived soluble factors, the localisation of YAP was then assessed in cancer cells in monoculture treated with either NF or CAF conditioned media, or fresh media as control. There was no difference in YAP localisation between the three conditions (Figure 4.16). Taken together, this indicates that the physical presence of the CAFs in 2D co-culture, not the presence of soluble factors, increases the nuclear localisation of YAP in cancer cells. 
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[bookmark: _Toc129255212][bookmark: _Toc129255498][bookmark: _Toc129260334][bookmark: _Toc131147274]Figure 4.13: Representative images of immunofluorescence staining of nuclei and YAP, showing high nuclear localisation or high cytoplasmic localisation. The merged images show nuclei (blue) and YAP (green). Scale bar: 20 µm.
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[bookmark: _Toc129255213][bookmark: _Toc129255499][bookmark: _Toc129260335][bookmark: _Toc131147275]Figure 4.14: The nuclear localisation of YAP in cancer cells is increased in 2D CAF co-culture. Representative immunofluorescence images of cancer cell clusters in 2D co-culture with either NF or CAF, showing nuclei (blue) and YAP (green). Scale bar: 40 µm. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 943 cells analysed per condition in ≥ 8 samples. Nuclear / cytoplasmic YAP was analysed using a Mann-Whitney test. **** = p < 0.01.
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[bookmark: _Toc129255214][bookmark: _Toc129255500][bookmark: _Toc129260336][bookmark: _Toc131147276]Figure 4.15: There is no difference in the nuclear localisation of YAP between fibroblasts in 2D co-culture. Representative immunofluorescence images of fibroblasts in 2D co-culture with HCC1143, showing nuclei (blue) and YAP (green). Scale bar: 100 µm. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 623 cells analysed per condition in ≥ 8 samples. Nuclear / cytoplasmic YAP was analysed using a Mann-Whitney test.
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[bookmark: _Toc131147277][bookmark: _Toc129255215][bookmark: _Toc129255501][bookmark: _Toc129260337]Figure 4.16: Fibroblast conditioned media does not alter the nuclear localisation of YAP in HCC1143 in 2D. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. CM = conditioned media. Data was obtained from 3 independent experiments, with n ≥ 85 cells analysed per condition in ≥ 3 samples. Nuclear / cytoplasmic YAP was analysed with a Kruskal-Wallis test with multiple comparisons.



[bookmark: _Toc129349079][bookmark: _Toc131080288]The cellular contractile force of CAFs is required for their capacity to compress cancer cell clusters 
In order to determine if the ability of CAFs to exert increased contractile force was required for their capacity to compress cancer cell clusters, 2D co-cultures were treated with blebbistatin or DMSO as control. Blebbistatin is a myosin II inhibitor and a well-established inhibitor of cellular contractility (Bhadriraju et al., 2007). There was no difference in the change in cancer cell cluster area in NF co-culture between DMSO and blebbistatin treatment, with mean changes in cluster area of 6.5% and 11%, respectively (Figure 4.17A,C). In contrast, blebbistatin treatment reduced the decrease in cancer cell cluster area in CAF co-culture from - 26.2% to – 5.3% (Figure 4.17B,C). In addition, following blebbistatin treatment, there was no difference in cancer cell density within the clusters at 72 hours, indicating that there was no longer any difference in compression of the clusters between NF and CAF (Figure 4.17D). 
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[bookmark: _Toc129255216][bookmark: _Toc129255502][bookmark: _Toc129260338][bookmark: _Toc131147278]Figure 4.17: Blebbistatin treatment reduces the ability of CAFs to compress cancer cell clusters in 2D co-culture. Representative live images of cancer cell clusters in co-culture with NF (A) or CAF (B) at 0 and 72 hours following DMSO or Blebbistatin (Bleb) treatment, showing cancer cells (white). The boundary of the cluster at 0 hours is indicated by the yellow dashed line Scale bar: 500 µm. Quantification of change in cluster area (C) and nuclei density (D) within the clusters at 72 hours shows the mean +/- SEM of 3 independent experiments, with n ≥ 7 samples per condition for cluster area and n ≥ 5 samples per condition for nuclei density. Change in cluster area was analysed with a one-way ANOVA with multiple comparisons and nuclei density was analysed with a Kruskal-Wallis test with multiple comparisons. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 





[bookmark: _Toc129349080][bookmark: _Toc131080289]The cellular contractile force of fibroblasts is required for their capacity to promote the nuclear localisation of YAP in cancer cells 
In order to determine if the ability of CAFs to exert increased contractile force was required for their capacity to promote the nuclear localisation of YAP, YAP subcellular localisation was quantified in DMSO and blebbistatin treated 2D co-cultures. Blebbistatin treatment decreased the nuclear localisation of YAP in cancer cells in both NF and CAF co-culture as compared to DMSO control. Interestingly, blebbistatin treatment resulted in a greater difference in YAP localisation in HCC1143 between NF and CAF co-culture (Figure 4.18). In HCC1143 cells alone, there was no difference in the localisation of YAP between DMSO control and blebbistatin treatment (Figure 4.19). Taken together, this shows that blebbistatin treatment reduces the ability of fibroblasts to promote the nuclear localisation of YAP in HCC1143.

Interestingly, blebbistatin treatment decreased the nuclear localisation of YAP in NFs in 2D co-culture but had no effect on YAP localisation in CAFs (Figure 4.20). Therefore, in blebbistatin treated co-culture, the nuclear localisation of YAP was higher in CAFs as compared to NFs.

The localisation of YAP was also assessed in co-culture spheroids following DMSO or blebbistatin treatment. Unfortunately, cell specific markers were not optimised for spheroid section staining and the cell types could not be differentiated between. Therefore, YAP localisation was determined with no specificity to cell type. In spheroids overall, YAP localisation followed a similar trend as in 2D co-culture. Nuclear localisation was increased in CAF co-culture spheroids as compared to NF co-culture spheroids treated with DMSO control. Blebbistatin treatment decreased the nuclear localisation of YAP in CAF co-culture spheroids in comparison to control but had no effect on NF co-culture spheroids in comparison to control. Finally, following blebbistatin treatment there was no longer any difference in YAP localisation between NF and CAF co-culture spheroids (Figure 4.21). However, it must be emphasised that this is data is not specific to a particular cell type.
[image: ]
[bookmark: _Toc129255217][bookmark: _Toc129255503][bookmark: _Toc129260339][bookmark: _Toc131147279]Figure 4.18: Blebbistatin treatment decreases the nuclear localisation of YAP in cancer cells in 2D co-culture.  Representative immunofluorescence images of HCC1143 in 2D co-culture with NFs or CAFs, without or with blebbistatin treatment (Bleb), as indicated, showing nuclei (blue) and YAP (green). Scale bar: 50 µm. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 604 cells analysed per condition in ≥ 8 samples. Nuclear / cytoplasmic YAP was analysed using a Kruskal-Wallis test. * = p < 0.05, **** = p < 0.0001.
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[bookmark: _Toc129255218][bookmark: _Toc129255504][bookmark: _Toc129260340][bookmark: _Toc131147280]Figure 4.19: Blebbistatin treatment does not alter the nuclear localisation of YAP in HCC1143 in 2D monoculture. Quantification of nuclear / cytoplasmic YAP in HCC1143 cells in 2D monoculture treated with DMSO control or blebbistatin (Bleb). Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 208 cells analysed per condition. Nuclear / cytoplasmic YAP was analysed using a Mann-Whitney test.
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[bookmark: _Toc129255219][bookmark: _Toc129255505][bookmark: _Toc129260341][bookmark: _Toc131147281]Figure 4.20: Blebbistatin treatment reduces the nuclear localisation of YAP in NFs in 2D co-culture. Representative immunofluorescence images of fibroblasts in co-culture with HCC1143, without or with blebbistatin treatment (Bleb), as indicated, showing nuclei (blue) and YAP (green). Scale bar: 50 µm. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 228 cells analysed per condition in ≥ 8 samples. Nuclear / cytoplasmic YAP was analysed using a Kruskal-Wallis test. **** = p < 0.0001.
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[bookmark: _Toc129255220][bookmark: _Toc129255506][bookmark: _Toc129260342][bookmark: _Toc131147282][bookmark: _Toc124420665]Figure 4.21: The nuclear localisation of YAP is increased in CAF co-culture spheroids and decreases following blebbistatin treatment. Quantification of nuclear / cytoplasmic YAP in all cells in 3D co-culture treated with DMSO control or blebbistatin (Bleb). Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments, with n ≥ 6 spheroids per condition. Nuclear / cytoplasmic YAP was analysed using a Kruskal-Wallis test with multiple comparisons. * = p < 0.05.



[bookmark: _Toc129349081][bookmark: _Toc131080290]Discussion
The CAFs are from a grade II IDC. IDC is the most commonly diagnosed form of breast cancer (Alkabban and Ferguson, 2022). This classification means that the cancer cells have originated from the breast duct and have invaded outside of the duct into the surrounding tissue. Once cancer cells have invaded into the surrounding tissue, they have the capacity to intravasate into the lymph nodes or bloodstream and colonise other tissues of the body, resulting in the formation of metastases. Histological grading is scored from 1-3, with a grade of 3 describing cancer cells that have undergone the most differentiation from normal cells. In this case, grade II signifies that the cancer cells from this patient are moderately differentiated (van Dooijeweert et al., 2022).

[bookmark: _Toc129349082][bookmark: _Toc131080291]Establishing 2D and 3D co-culture models 
In the 2D model, we recreated the defined interface between fibroblasts and cancer cells. This recapitulates the morphology seen in physiological conditions, particularly in TNBC and in earlier stages of breast cancer. 2D co-culture allows us to examine the interactions between the two cell types at a high resolution. This method is reproducible and can be adapted to different research questions by drug treatments and downstream analysis. However, it does not replicate the complexity of the 3D tumour microenvironment. Glass is orders of magnitude stiffer than the tumour microenvironment and cells in 2D culture lack physiological cell-cell contact, 3D mechanical forces and 3D ECM interactions. For these reasons, we also studied the interactions between the two cell types in a 3D model.

We wished that the mechanical properties in our 3D co-culture model would be determined by the cells themselves. Therefore, we did not add extraneous, non-human ECM components, such as Matrigel and rat or bovine collagen I, which are commonly used for spheroid production. We used the liquid overlay technique, which ensured that all ECM components were derived from fibroblasts or cancer cells. This method produced consistent spheroids with good reproducibility and allowed the size and cell proportions to be controlled and the spatial organisation to be analysed. In contrast to collagen or Matrigel embedded spheroids, the method we used cannot detect the outward migration of cells from the spheroid, nor is it subject to the same extent of mechanical cues from the surrounding environment as a tumour would be in vivo. 

A comparison of cell arrangement between the 2D and 3D model is not possible in this work, as the cell seeding method was intentionally designed to create a defined interface between the cell types in 2D, whereas in 3D the cells were evenly mixed together and naturally spatially organised. In future experiments, it would be interesting to seed cells sequentially or use an alternative seeding method which allows the spatial localisation of the cells to be controlled.

These models are simplified as they contain only two cell types, nevertheless this means that we know that all of the effects that we observe are due to differences between the NFs and CAFs. In future work, it may be interesting to incorporate immune or endothelial cells, as immune infiltration and angiogenesis have been linked to changes in the mechanical microenvironment in breast cancer (Acerbi et al., 2015).


[bookmark: _Toc129349083][bookmark: _Toc131080292]Fibroblast distribution in spheroid co-culture
In 3D co-culture, cells did not naturally organise in a circumscribed morphology. We speculate that the distinct spatial organisation of NFs and CAFs within the spheroids could be due to the increased capacity of the CAFs to bind to the TNBC cancer cells, which could be due to changes in the cell-cell adhesion molecules or differences in ECM production. For example, NFs may have a reduced capacity to form E-cadherin/N-cadherin junctions with cancer cells (Labernadie et al., 2017), and instead may preferentially adhere to other NFs. The lack of an encapsulating matrix around the spheroids may limit the ability of the cells to reorganise, as the cells on the periphery of the spheroid will be unable to form cell-ECM adhesions, potentially reducing their ability to migrate.

In this work, we were not able to determine if contractile forces and compression played an active role in cell behaviour and YAP localisation in 3D. However, we have shown that blebbistatin treatment decreases the nuclear localisation of YAP in cells overall, which indicates that fibroblast contractility does impact the mechanical microenvironment and mechanotransduction within spheroids. In addition, the arrangement of NFs within the spheroids as a cluster in the centre suggests that they would not be capable of exerting a contractile or compressive force on the cancer cells surrounding them. As the CAF are distributed throughout the spheroids, this suggests that they may be capable of exerting force on the cancer cells. However, this is speculation as we have shown no evidence of cancer cell compression in 3D.

[bookmark: _Toc129349084][bookmark: _Toc131080293]Analysis of proliferation
There was no difference in the proportion of Ki-67-positive cancer cells in 2D co-culture. Although the density of the cancer cells increased over time, the total area that they occupied decreased. Therefore, the total number of cancer cells after 72 hours was not significantly different in NF and CAF co-culture. In addition, there was no difference in the proportion of Ki-67-positive fibroblasts. This supports the hypothesis that the compression of the cancer cell clusters is due to the exertion of physical force by the CAFs, rather than an increased number of CAFs which reduced cancer cell cluster area solely through increased proliferation.

In this work, Ki-67 positivity was only measured at a single time point. As cell proliferation will be influenced by many time-dependent factors such as cell density, nutrient and oxygen availability and ECM quantity, we may have found different results if the co-cultures were fixed at different time points. Particularly in the case of the spheroids, as the CAF co-culture spheroids were larger in diameter, this would reduce nutrient and oxygen diffusion to the cells in the centre, potentially leading to hypoxia or necrosis. The oxygen diffusion rate in spheroids is approximately 232 μm, which is surpassed in some of the CAF co-culture spheroids (Grimes et al., 2014). The NF co-culture spheroids are smaller and more proliferative at the 72 hour time point. As the CAF co-culture spheroids are much larger at 72 hours, we could infer that at an earlier time point, they would have been much more proliferative than NF which led to their larger size and higher total cell count. Although we could not identify the cell type of the Ki-67 positive cells, the flow cytometry data (Figure 4.9) suggests that the level of proliferation was relatively even in cancer cells and fibroblasts as there was not a dramatic difference in the proportion of each cell type when comparing the proportion when the spheroids were seeded with the proportion at flow cytometry analysis. 

[bookmark: _Toc129349085][bookmark: _Toc131080294]Fibroblasts are suppressive in spheroid co-culture
In 3D co-culture, spheroids composed of HCC1143 alone have a much larger increase in cell number in comparison to co-culture spheroids. This indicates that the fibroblasts have a suppressive effect in 3D co-culture, and that NFs have a greater suppressive effect. Perhaps this is linked to the spatial organisation of the cells, however it is surprising that NFs are capable of exerting a suppressive effect whilst localised towards the centre of the spheroids and therefore with reduced contact with the cancer cells. 

[bookmark: _Toc129349086][bookmark: _Toc131080295]HCC1143 express vimentin in spheroid co-culture
We attempted to optimise immunofluorescence staining of spheroid sections with an anti-pan-cytokeratin antibody in order to differentiate HCC1143 cells from fibroblasts, however, the optimisation was not successful. Therefore, we then intended to use vimentin staining to differentiate between the two cell types. Although fibroblasts and cancer cells could be differentiated between using vimentin staining in 2D co-culture (Figure 4.2), in 3D co-culture, all cell types appeared to express vimentin (Figure 4.11). Our data is in agreement with published data showing that HCC1143 express little to no vimentin when in 2D culture (Prat et al., 2013). However, there is evidence which demonstrates that vimentin expression in HCC1143 is highly upregulated in 3D co-culture (Rossi, 2017). This suggests that 3D culture, even in the absence of fibroblasts, is capable of inducing an EMT phenotype in HCC1143.

[bookmark: _Toc129349087][bookmark: _Toc131080296]CAFs compress cancer cell clusters and promote the nuclear localisation of YAP in cancer cells 
Rather than promoting the growth of cancer cell clusters in 2D co-culture as we expected, we found that CAFs exerted contractile force which resulted in a reduction in cancer cell cluster area, an increase in cancer cell density and an increase in the nuclear localisation of YAP. These observations align with a previous finding that CAFs have the capacity to compress cancer cells via actomyosin contractility (Barbazan et al., 2021). However, in contrast to our data, Barbazan and colleagues found that this compression leads to a decrease in nuclear YAP localisation which is abolished through blebbistatin treatment or myosin IIA knockout in CAFs. In contrast, we observed that CAF contractility increased nuclear YAP, accompanied by a decrease in cluster area. Although we did not find direct evidence of compression of cancer cells by CAFs, for example through readouts like changes in pressure or traction force, we observed an increase in cancer cell density within the clusters in CAF co-culture. The differences in these observations may result from the use of different model systems and cancer types; specifically a mouse colorectal cancer model and primary human breast CAFs.

Following blebbistatin treatment, the capacity of CAFs to compress cancer cell clusters and promote the nuclear localisation of YAP was reduced, yet remained greater than the effect of blebbistatin treated NFs. This implies that other factors may be required for the ability of CAFs to regulate YAP in cancer cells, perhaps ECM deposition, remodelling, or fibroblast migration. This will be explored in more detail in the following chapter. It is also likely that blebbistatin treatment is not able to entirely inhibit cellular contractility, particularly as CAFs are more contractile that NFs, and therefore we may be observing the effect of the remaining contractile force.

There is no difference in YAP localisation in cancer cells in co-culture when comparing control NFs and blebbistatin treated CAFs, which suggests that if the contractility of CAFs is inhibited, this abolishes the variation in the ability of different fibroblast types to affect YAP localisation in cancer cells. However, there is a difference between blebbistatin treated NF and CAF, which suggests that the relative effect of blebbistatin is different for each type of fibroblast.

We were unable to differentiate between cell types in 3D co-culture and therefore unable to determine cell type specific YAP localisation. However, in control samples the overall trend remains the same as in 2D, with increased nuclear localisation of YAP in CAF co-culture. Blebbistatin treatment removes this difference by decreasing the nuclear localisation of YAP in CAF co-culture, resulting in no difference between blebbistatin treated spheroids. As we did not observe any difference in YAP localisation in untreated fibroblasts in 2D we could hypothesise that this is the same as in 3D, and therefore the difference we see is in the cancer cells, however this is speculation. As the mechanical microenvironment will be very different in 3D in comparison to 2D, it would not be surprising to detect differences in YAP in fibroblasts. 

[bookmark: _Toc129349088][bookmark: _Toc131080297]YAP localisation in fibroblasts
We found no difference in the nuclear localisation of YAP between NFs and CAFs in 2D co-culture. This is surprising, considering that YAP has been identified as a regulator of CAF activation and activity (Calvo et al., 2013). In this work, immunofluorescence staining of YAP was done on a hard tissue culture surface, in comparison to Calvo and colleagues who used softer collagen matrices. Therefore, it is possible that in our experiments, nuclear YAP was already high in the fibroblasts due the hard substrate and that is why no difference could be identified. To explore this further, it would be interesting to determine if we observe the same result on NFs and CAFs cultured on a softer substrate. 

Interestingly, blebbistatin treatment reduced the nuclear localisation of YAP in NFs, as compared to DMSO control, but had no effect on CAFs in 2D. This may be due to a proportional response to blebbistatin. As the CAFs are more contractile they will potentially have greater expression of myosin II, the target of blebbistatin.  As NFs have less myosin II, the same quantity of blebbistatin would bind and inhibit a greater proportion of the total myosin II in NFs and therefore have a proportionally greater effect. Erdogan et al observed that CAFs had increased expression of myosin light chain 2 in comparison to NFs, and therefore they treated CAFs with a higher concentration of blebbistatin (Erdogan et al., 2017). Therefore, in future work, it may would be beneficial to adjust blebbistatin treatment based upon contractility and myosin expression.
Chapter 4


[bookmark: _Toc131080298]CAF-derived hyaluronan induces the nuclear localisation of YAP in HCC1143 cells 

[bookmark: _Toc129430498][bookmark: _Toc131080299]Introduction
In chapter 4, we observed that blebbistatin treatment reduced the ability of CAFs to induce the nuclear localisation of YAP in HCC1143 cells in 2D co-culture. Nevertheless, the nuclear localisation of YAP in blebbistatin treated CAF co-culture remained higher than in blebbistatin treated NF co-culture. This may be due to the inability of the blebbistatin treatment protocol to entirely inhibit fibroblast contractility, however it may also suggest that there are other factors required for the promotion of nuclear YAP localisation by CAFs. Therefore, we sought to determine the role of fibroblast-derived ECM on the nuclear localisation of YAP in HCC1143 cells. 

The contractile forces of CAFs are essential for their ability to remodel the ECM (Gaggioli et al., 2007; Hooper et al., 2010). Two major components of the ECM produced by fibroblasts are collagens and hyaluronan. Collagen is the most abundant protein in mammals. There are 28 types of collagen, which are heterotrimers or homotrimers consisting of 3 α chains. Collagen I is comprised of 2 α1 chains and 1 α2 chain and is the most abundant fibrillar protein in the ECM (Ricard-Blum, 2011; Shi et al., 2022). Collagen I expression is frequently upregulated in the breast cancer TME where it can promote metastasis (Liu et al., 2018). There is little evidence to support a direct role of collagen I in modulating YAP localisation, however, it is established that mechanical changes in the microenvironment caused by changes in collagen I abundance and remodelling such as stiffness and integrin binding, can regulate the Hippo pathway (Dupont et al., 2011; Schwartz, 2010). The role of collagen I in TNBC is much more well established (Cazet et al., 2018; Gao et al., 2022; Sun et al., 2021), whereas less is currently known about the role of hyaluronan in TNBC, therefore we chose to focus our work on hyaluronan.

Hyaluronan is a glycosaminoglycan, which, unlike other glycosaminoglycans in the ECM does not contain a protein core. It is a polymer composed of many repeating chains of d-glucuronic acid and N-acetyl-d-glucosamine. Hyaluronan is highly hydrophilic and contributes to the hydration and viscosity of tissues. In humans, hyaluronan is found in a wide range of molecular weights, from a low molecular weight of approximately 5 × 105 to a high molecular weight of more than 5 × 106 Da.  High and low molecular weight hyaluronan have distinct, often opposing biological effects (Vigetti et al., 2014). 

In humans, hyaluronan is synthesised by hyaluronan synthases 1-3 (HAS1-3). HAS1-3 are transmembrane enzymes which polymerise hyaluronan at their intracellular region. The newly synthesised hyaluronan is then extruded through the extracellular region into the extracellular space (Itano and Kimata, 2002). HAS2 is the most abundant isoform and is responsible for the majority of hyaluronan synthesis (Vigetti et al., 2014). Hyaluronan can be degraded by hyaluronidases. Six hyaluronidases are found in humans, and they are unique in their tissue distribution and activity. Hyaluronidases can degrade high molecular mass hyaluronan to low molecular mass hyaluronan or into small hyaluronan oligomers (Stern and Jedrzejas, 2006). The balance between hyaluronan synthesis and degradation determines the quantity and molecular weight of hyaluronan present, and therefore also regulates its biological effect in healthy tissue and disease. 

Hyaluronan has been linked to both cancer progression and suppression. High stromal hyaluronan expression is independently associated with poor survival and a pro tumour immune response in breast cancer (Auvinen et al., 2000; Tiainen et al., 2015; W. Wu et al., 2020) as well as numerous cancer types  (Anttila et al., 2000; Llaneza et al., 2000; Tahkola et al., 2021). Naked mole rats are highly resistant to cancer and this is attributed to the fact that they produce a large amount of extremely high molecular weight hyaluronan (Tian et al., 2013).

The direct link between the Hippo pathway and hyaluronan was first identified in 2019. In this work, Ooki and colleagues identified that high molecular weight hyaluronan activates Hippo signalling by inducing clustering of the transmembrane hyaluronan receptor CD44 and the formation of a complex between CD44 and polarity-regulating kinase 1b (PAR1b). This prevents the interaction of PAR1b and MST1/2, allowing MST1/2 to be phosphorylated and the Hippo pathway to proceed. In contrast, low molecular weight hyaluronan prevents the clustering of CD44 and PAR1b, leading to the formation of a complex between PAR1b and MST1/2 and inhibiting downstream Hippo signalling (Ooki et al., 2019).

In the previous chapter, blebbistatin treatment did not result in a complete reversion of CAF to the same activity as NF in 2D or 3D co-culture. Therefore, we hypothesised that, in addition to the physical forces exerted by CAFs on TNBC cells, there were additional mechanisms involved. We decided to focus on collagen I as it is the most abundant protein in the ECM, and  hyaluronan, as recent research has revealed the role of hyaluronan in the Hippo signalling pathway (Ooki et al., 2019). To achieve this, we assessed hyaluronan and collagen I production and ECM deposition in fibroblasts using ELISA and immunofluorescence staining. Then, to determine the effect of CAF-derived hyaluronan on HCC1143 cells, we reduced hyaluronan production in CAFs by siRNA knockdown of HAS2 and analysed HCC1143 cells cultured on control or HAS2 siRNA treated CAF-derived ECM.

[bookmark: _Toc129430499][bookmark: _Toc131080300]Results
[bookmark: _Toc129430500][bookmark: _Toc131080301]CAFs deposit more extracellular hyaluronan and collagen I
The quantity of hyaluronan and collagen I produced by the CAF and NF was determined by ELISA. In order to obtain more detail on where they were being secreted, the quantity of hyaluronan and collagen I was determined separately in the media (to determine the soluble quantity), the cells (to determine the intracellular quantity) and the ECM (to determine the insoluble, deposited quantity). 

The level of hyaluronan in the media did not differ between NFs and CAFs. In contrast, the intracellular and deposited hyaluronan levels were higher in CAFs. On average, CAFs produced more than double the amount of intracellular hyaluronan (213 ng/mL) in comparison to NFs (96 ng/mL), and deposited almost three times the amount of ECM hyaluronan (12 ng/mL) in comparison to NFs (5 ng/mL) (Figure 5.1). 

Similarly, the level of collagen I in the media did not differ between NFs and CAFs, although there was a trend towards a higher amount in CAFs (p = 0.22). There was also no difference in intracellular collagen levels, but again a trend towards a higher level in CAFs (p = 0.36). Finally, CAFs deposited 27 times more collagen I than NF, with levels of 1670 ng/mL and 60 ng/mL, respectively (Figure 5.2). 

The difference in hyaluronan and collagen I deposition between NFs and CAFs could also be seen in 2D co-culture (Figure 5.3). In CAF co-culture, aggregates of extracellular hyaluronan and collagen are present throughout the area occupied by CAFs.

To examine hyaluronan and collagen I production in NFs and CAFs in subcellular detail, single cells were fluorescently stained for hyaluronan and collagen I and imaged with a confocal microscope (Figure 5.4). Intracellular collagen is visible in vesicles in the fibroblasts with a random distribution. Hyaluronan has a more diffuse distribution throughout the cells, and in some locations appears to be inversely correlated with vimentin. In CAFs, increased hyaluronan staining intensity is observed in gaps in the vimentin cytoskeleton. Finally, extracellular hyaluronan is visible in CAFs, but not in NFs.
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[bookmark: _Toc131147283]Figure 5.1: CAFs produce more intracellular and extracellular hyaluronan than NFs. Hyaluronan content of conditioned media, cells and ECM in NF and CAF samples measured by ELISA. Quantification shows the mean +/- SEM of 3 independent experiments with 2 technical replicates for each sample. The dots represent individual replicates. Data was analysed using a Mann-Whitney test.  * = p < 0.05, *** = p < 0.001.
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[bookmark: _Toc131147284]Figure 5.2: CAFs deposit more extracellular collagen I than NFs. Collagen I content of conditioned media, cells and ECM in NF and CAF samples measured by ELISA. Quantification shows the mean +/- SEM of 3 independent experiments with 2 technical replicates for each sample. The dots represent individual replicates. Data was analysed using a Mann-Whitney test. ** = p < 0.01.
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[bookmark: _Toc131147285]Figure 5.3: Representative images of collagen I and hyaluronan distribution in 2D co-culture. The merged image shows nuclei (blue), collagen I (red) and hyaluronan (green). The white arrows indicate extracellular hyaluronan. Scale bar: 500 µm.
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[bookmark: _Toc131147286]Figure 5.4: Vimentin, hyaluronan and collagen I distribution in single fibroblasts. Representative confocal images of the leading edge of a single NF and CAF. The merged image shows vimentin (green), hyaluronan (red) and collagen I (yellow). The white arrows indicate gaps in the vimentin cytoskeleton which contain hyaluronan. The blue arrow indicates extracellular hyaluronan. Scale bar: 20 µm.

[bookmark: _Toc129430501][bookmark: _Toc131080302]ECM deposition
The ELISA experiments only provided information about the quantity of ECM deposited. Therefore, in order to assess the organisation and distribution of the ECM, confluent fibroblasts were cultured on glass coverslips for 5 days to generate fibroblast-derived matrix. Coverslips were left uncoated as control or coated in crosslinked gelatin in order to determine which condition was optimal for the generation of fibroblast-derived matrix. The resulting matrices were decellularized and stained for fibronectin and hyaluronan by immunofluorescence (Figure 5.5A). This revealed that NFs were unable to deposit considerable ECM, with or without gelatin. In contrast, CAFs deposited abundant ECM which covered the entire coverslip (Figure 5.5B).  Although there was no significant difference in overall fibronectin and hyaluronan deposition, CAF-derived matrix on crosslinked gelatin was more consistent, with fewer gaps in comparison to matrix on control coverslips. As the NFs did not deposit ECM, subsequent fibroblast-derived matrix experiments were conducted with CAF derived matrix only. 

The distribution of fibre orientation in CAF-derived matrix was then assessed using the OrientationJ plugin in FIJI. CAF-derived matrix generated on control coverslips had more parallel ECM fibres and one major fibre orientation, whereas CAF-derived matrix generated on crosslinked gelatin coverslips had a more broad distribution of fibre orientation, with two peaks of fibre orientation (Figure 5.6A,B,C). In summary crosslinked gelatin coated coverslips lead to the production of a more evenly distributed ECM. Consequently, crosslinked gelatin coated coverslips were used for subsequent experiments.
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[bookmark: _Toc131147287]Figure 5.5: Fibroblast-derived matrix generation is improved on crosslinked gelatin. (A) Representative images of NF and CAF-derived matrix generated on coverslips with or without a crosslinked gelatin coating, showing immunofluorescence staining of fibronectin (green) and hyaluronan (red). Scale bar: 100 µm. (B) Quantification of the percentage area covered by fibronectin or hyaluronan shows the mean +/- SEM of 1 experimental repeat, with 3 replicates per condition. Data was analysed using a one-way ANOVA with multiple comparisons. ** = p < 0.01, *** = p < 0.001.
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[bookmark: _Toc131147288]Figure 5.6: Fibroblast-derived matrix generation has a broader distribution of orientation on crosslinked gelatin. (A) Representative images of fibroblast-derived matrix orientation. Scale bar: 100 µm. Right column shows immunofluorescence staining of fibronectin in white, and images in the left column are colourised according to matrix orientation, as specified in (B). (C) Quantification of matrix orientation in each of the images. 


[bookmark: _Toc129430502][bookmark: _Toc131080303]Hyaluronan production is decreased in CAFs following siRNA knockdown of HAS2
In order to determine the role of CAF-derived hyaluronan on cancer cells, we aimed to reduce hyaluronan production and deposition in CAFs through siRNA knockdown of hyaluronan synthase 2 (HAS2). HAS2 is the primary enzyme for hyaluronan synthesis and is vital for mammalian embryonic development (Camenisch et al., 2000). Following siRNA transfection, a trend towards a reduction in HAS2 levels was detected by western blot (Figure 5.7B). Furthermore, HAS2 siRNA treatment reduced the amount of hyaluronan deposited in CAF-derived ECM (Figure 5.8A). Production of hyaluronan was quantified by ELISA analysis of the media, cells and ECM. In comparison to control siRNA treated CAFs, HAS2 siRNA treated CAFs deposited less ECM hyaluronan, with mean hyaluronan levels of 62 ng/mL and 41 ng/mL, respectively (Figure 5.8B).

Interestingly, the reduction of hyaluronan in CAF-derived ECM changed the distribution of orientation of ECM fibres. In comparison ECM deposited by control siRNA treated CAFs, ECM deposited by HAS2 siRNA treated CAFs was more disorganised, with lower coherency in fibre orientation (Figure 5.9A.B).
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[bookmark: _Toc131147289]Figure 5.7: HAS2 siRNA treatment decreases hyaluronan deposition and HAS2 protein level in CAFs. Representative western blot and quantification of HAS2 protein levels normalised to β-actin as the loading control. Quantification shows the mean +/- SEM. The dots represent 3 independent experimental repeats.
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[bookmark: _Toc131147290]Figure 5.8: HAS2 siRNA treatment decreases the hyaluronan content of CAF-derived ECM. (A) Representative images showing fluorescence staining of decellularized matrix produced by control or HAS2 siRNA treated CAFs, showing fibronectin (green) and hyaluronan (red). Scale bar: 20 µm. (B) Quantification of hyaluronan content in media, cells and ECM from control or HAS2 siRNA treated CAFs. Quantification of hyaluronan shows the mean +/- SEM of 4 independent experiments. The dots represent individual replicates. Data was analysed using a Mann-Whitney test. * = p < 0.05. 
[image: ]
[bookmark: _Toc131147291]Figure 5.9: HAS2 siRNA treated CAFs produce a less coherent ECM. (A) Representative images of ECM derived from CAF treated with control or HAS2 siRNA. Right column shows immunofluorescence staining of fibronectin in white, and images in the left column are colourised according to matrix orientation, as specified in the colour bar. (B) Representative graphs showing the distribution of fibre orientation from the images in (A). Quantification of distribution of orientation shows the mean +/- SEM of 3 experimental repeats. Data was analysed using an unpaired t-test. * = p < 0.05. 


[bookmark: _Toc129430503][bookmark: _Toc131080304]HCC1143 cells express CD44
CD44 is a transmembrane glycoprotein which is a  primary cell surface receptor for hyaluronan (Chen et al., 2018). The binding of hyaluronan to CD44 stimulates an array of downstream signalling effects which includes modulation of Hippo, TGFβ and STAT3 signalling (Marotta et al., 2011; Ouhtit et al., 2013; Xu et al., 2010). CD44 expression is commonly upregulated in breast cancer patients, and in breast cancer cell lines (Xu et al., 2020). However, data regarding CD44 in the HCC1143 cell line is lacking. Therefore, we confirmed the expression of CD44 by immunofluorescence staining (Figure 5.10). 
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[bookmark: _Toc131147292]Figure 5.10: HCC1143 cells express CD44. Representative images of HCC1143 cells showing CD44 (left) and merged image (right) showing DAPI (blue), F-actin (green) and CD44 (red). Scale bar: 30 µm. 


[bookmark: _Toc129430504][bookmark: _Toc131080305]HCC1143 morphology is altered when cultured on hyaluronan depleted CAF-derived ECM
HCC1143 cultured on HAS2 siRNA treated CAF-derived ECM exhibited differences in morphology when compared to HCC1143 cultured on control siRNA treated CAF-derived ECM. In comparison to control siRNA treated CAF-derived ECM, HCC1143 cultured on HAS2 siRNA treated CAF-derived ECM had a reduced area, higher aspect ratio and lower circularity (Figure 5.11). This suggests that a reduction in hyaluronan content in the ECM generates more elongated cells with a smaller spreading area. In addition, there was no difference in the proportion of Ki-67 positive cells between the conditions (Figure 5.12), suggesting that reduced hyaluronan content in the ECM did not affect cell proliferation.
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[bookmark: _Toc131147293]Figure 5.11: Depletion of hyaluronan in CAF-derived ECM alters HCC1143 cell morphology. Representative immunofluorescence images of HCC1143 cultured on control or HAS2 siRNA treated CAF-derived ECM, showing nuclei (blue), fibronectin (green) and F-actin (red). Scale bar: 50 µm. Quantification of cell area, aspect ratio and circularity show the mean +/- SEM. Data was obtained from 3 independent experiments with n ≥ 125 cells per condition. Data was analysed using a Mann-Whitney test. ** = p < 0.01.
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[bookmark: _Toc131147294]Figure 5.12: There is no difference in the proportion of Ki-67 positive HCC1143 on control or HAS2 siRNA treated CAF-derived ECM. Representative immunofluorescence images of HCC1143 cultured on control or HAS2 siRNA treated CAF-derived ECM, showing nuclei (blue), F-actin (green) and Ki-67 (red). Scale bar: 50 µm. Quantification of Ki-67 positive cells shows the mean +/- SEM. Data was obtained from 3 independent experiments with n ≥ 9 fields of view analysed per condition. Data was analysed using an unpaired t-test. 


[bookmark: _Toc129430505][bookmark: _Toc131080306]The nuclear localisation of YAP in HCC1143 is decreased when cultured on hyaluronan depleted CAF-derived ECM
The activation of CD44 by hyaluronan can regulate the Hippo signalling pathway, resulting in the regulation of YAP localisation (Ooki et al., 2019; Xu et al., 2010). To determine if the hyaluronan deposited by CAF altered Hippo signalling in HCC1143, we quantified the subcellular localisation of YAP in HCC1143 cultured on control or HAS2 siRNA treated CAF-derived ECM. The nuclear localisation of YAP in HCC1143 was decreased in HAS2 siRNA treated CAF-derived ECM in comparison to control (Figure 5.13).
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[bookmark: _Toc131147295]Figure 5.13: Depletion of hyaluronan in CAF-derived ECM reduces the nuclear localisation of YAP in HCC1143 cells. Representative immunofluorescence images of HCC1143 grown on control or HAS2 siRNA treated CAF-derived ECM, showing DAPI (blue), and YAP (green). Scale bar: 30 µm. Quantification shows all values, with dashed lines representing the median and upper and lower quartiles. Data was obtained from 3 independent experiments with n ≥ 108 cells per condition. Data was analysed using an unpaired t-test. * = p < 0.05.


[bookmark: _Toc129430506][bookmark: _Toc131080307]Blebbistatin treatment results in a trend towards a decrease in hyaluronan deposition by CAFs
In the 3D co-culture model, blebbistatin treatment was used in order to reduce the contractility of the fibroblasts and led to a decreased in the nuclear localisation of YAP in HCC1143. However, after observing the effect of CAF-derived hyaluronan on the localisation of YAP, we hypothesised that in addition to its effect on contractility, blebbistatin may also be affecting the mechanical properties of the co-culture by reducing the capacity of the fibroblasts, specifically CAFs, to deposit ECM. Therefore, we generated CAF-derived ECM using the standard protocol with the addition of blebbistatin treatment or DMSO as control, and analysed the soluble, intracellular and deposited hyaluronan content. In comparison to DMSO control, blebbistatin treatment led to a trend towards a decrease in hyaluronan production, particularly in deposited hyaluronan (Figure 5.14). This may suggest that as well as impacting the ability of CAFs to exert contractile force in co-culture, ECM deposition was also affected by blebbistatin. 
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[bookmark: _Toc131147296]Figure 5.14: The effect of blebbistatin treatment on hyaluronan production by CAFs. Quantification of hyaluronan content of CAF media, cells and ECM by ELISA. Quantification shows the mean +/- SEM. The dots represent 4 independent experimental repeats. Data was statistically analysed using an unpaired t-test.


[bookmark: _Toc129430507]

[bookmark: _Toc131080308]Discussion
[bookmark: _Toc131080309]Collagen and hyaluronan detection
In this work, we used commercially available ELISA kits for collagen I and hyaluronan detection. The collagen I ELISA kit detects procollagen I alpha 1, specifically the procollagen I N-Terminal pro-peptide. Collagen I is synthesised intracellularly as procollagen I, then cleaved to remove the N- and C-terminals to form collagen I which then assembles into collagen fibrils (Canty and Kadler, 2005). This is a suitable method to measure collagen I content, because after procollagen I is cleaved and processed, there are many different forms, structures and modifications which would be difficult to identify simultaneously. Consequently, quantifying procollagen is best way to measure new collagen synthesis. Therefore, for the ECM ‘deposited’ collagen, this data is a measure of newly deposited collagen that has not yet been further processed or formed into fibrils. The hyaluronan ELISA kit detects hyaluronan of a molecular weight of 35 kDa or greater. Therefore, this method is capable of detecting all high molecular weight hyaluronan. However low molecular weight hyaluronan is categorised as 10 – 250 kDa (Ooki et al., 2019) and therefore some will be undetected with this method.

[bookmark: _Toc129430508][bookmark: _Toc131080310]Collagen and hyaluronan production in fibroblasts
Using ELISA analysis, we found that in comparison to NFs, CAFs deposited greater quantities of extracellular hyaluronan and collagen I. The quantity of intracellular hyaluronan was also greater in CAFs, however, there was no difference in the quantity of soluble hyaluronan or collagen I. Generally, the increased production of collagen I and hyaluronan by CAFs contributes to the formation of a TME that supports cancer progression.  In pancreatic cancer, a cancer type that is also often characterised by a large quantity of stroma in the TME, there is a coordinated accumulation of hyaluronan and collagen during tumour progression (Li et al., 2018). In contrast, Bhattacharjee and colleagues have demonstrated opposing effects of hyaluronan and collagen in pancreatic cancer. They show that collagen mechanically restricts tumour growth, whereas hyaluronan promotes tumour proliferation and invasion (Bhattacharjee et al., 2021). 

An accumulation of dense, aligned and crosslinked collagen I is a common characteristic in the breast TME (Alowami et al., 2003; Conklin et al., 2011), and supports many aspects of cancer progression such as cancer cell proliferation and migration, immune cell infiltration and therapy resistance (Cazet et al., 2018; Esbona et al., 2016; Goetz et al., 2011). Although there has been substantial research into the structure, deposition and role of collagen I in TNBC, so far, there has been little investigation into the role of hyaluronan. Therefore, we are among the first to provide evidence to support the role of hyaluronan in TNBC progression. In order to strengthen this link, future work should include further functional characterisation of TNBC cells cultured on control and hyaluronan depleted ECM.

[bookmark: _Toc129430510][bookmark: _Toc131080311]ECM deposition
NFs were not able to deposit a substantial quantity of ECM, whereas CAFs were able to deposit a much larger quantity of ECM that covered the entire surface of the culture area. This was expected, as CAFs are activated and therefore will be proficient in ECM production. This also further explains the data generated from the ELISA experiments, as the reason that a low amount of collagen I and hyaluronan were detected in NF samples was that there was a low quantity of ECM deposited in general. Even the addition of a crosslinked gelatin coating to the cell culture surface did not improve the ECM deposition of NFs. Therefore, it was not possible to use the NFs as the ‘normal’ control for the experiments using ECM. In future work, it may be interesting to try and activate the NFs by TGFβ treatment to see if this improves their ability to deposit ECM.

[bookmark: _Toc129430511][bookmark: _Toc131080312]The effect of HAS2 siRNA treatment on ECM deposition and coherency
HAS2 siRNA treated CAF-derived ECM had decreased hyaluronan content, and this was accompanied by a decrease in ECM coherency in comparison to control siRNA treated CAF-derived ECM. In this work, ECM coherency was determined using immunofluorescence staining of fibronectin. The decrease in coherency may be due to interactions between fibronectin and hyaluronan. Hyaluronan has been shown to regulate the assembly of fibrillar ECM components, including fibronectin (Evanko et al., 2015). In human bone marrow-derived mesenchymal stem cells, a CAF precursor, hyaluronan is required for fibronectin fibrillogenesis (Assunção et al., 2021). This has significance in cancer progression, as the assembly of parallel, therefore more coherent, fibronectin by CAFs promotes the directional migration of cancer cells (Erdogan et al., 2017). Therefore, hyaluronan may promote cancer cell migration indirectly by enhancing pro-migratory fibronectin deposition and organisation. This could be evaluated by assessing the migration speed and persistence of HCC1143 on control and HAS2 siRNA treated CAF-derived ECM. In addition, it would be interesting to use a fluorescently labelled fibronectin such as Rhodamine fibronectin, to determine if HCC1143 exhibit directional migration along fibronectin tracks. 

[bookmark: _Toc129430512]

[bookmark: _Toc131080313]Morphological changes in HCC1143 on hyaluronan depleted ECM
When grown on hyaluronan-depleted ECM, HCC1143 had a reduced spreading area and a more elongated morphology. This is likely due to altered mechanoresponse signals in the absence of hyaluronan, as hyaluronan can modulate integrin-mediated mechanotransduction. In 2D cell culture, cell area typically increases as substrate stiffness increases. This increase in area is accompanied by the development of prominent stress fibres and focal adhesions. It has previously been shown that cells grown on a soft substrate coated with hyaluronan behave in a similar manner to those grown on a stiff substrate (Pogoda et al., 2017).  Consequently, it would be expected that cells on hyaluronan-depleted ECM would react as if stiffness had been decreased and therefore exhibit a decrease in spreading area, as we have shown in this work.

We also observed that culturing HCC1143 on hyaluronan-depleted ECM led to a more elongated cell morphology. There is less data which links substrate stiffness to cell aspect ratio or circularity, however it has been shown that a more viscoelastic substrate induces a higher aspect ratio (Chester et al., 2022). A high hyaluronan content increases the viscoelasticity of tissues (Cowman et al., 2015), however this opposes our findings, as it suggests that a decrease in hyaluronan would decrease the aspect ratio of cells. Perhaps this disparity is due to differences in hyaluronan molecular weight, as high molecular weight hyaluronan displays increased viscoelasticity in comparison to low molecular weight hyaluronan (Kim et al., 2018).

[bookmark: _Toc129430513][bookmark: _Toc131080314]The role of CAF-derived hyaluronan in YAP localisation
The nuclear localisation of YAP has been shown to increase in a substrate stiffness-dependent manner (Dupont et al., 2011). However, it has also been shown that if the substrate is coated in hyaluronan, cells constantly behave as if on a stiff substrate. Therefore, cells on a soft, hyaluronan-coated substrate exhibit the same nuclear YAP localisation as cells on a stiff substrate (Chopra et al., 2014). In our data, a decrease in hyaluronan leads to a decrease in the nuclear localisation of YAP in HCC1143. The differences in these outcomes could be due to the different cell types used. Chopra and colleagues used 3T3 mouse fibroblasts, which do not express CD44 (Tzircotis et al., 2005). Therefore, 3T3 cells will not respond to hyaluronan via CD44 clustering and the subsequent downstream effects on Hippo signalling. On the other hand, we have shown that HCC1143 do express CD44 and therefore hyaluronan will be capable of modulating YAP phosphorylation.

Furthermore, as the molecular weight of hyaluronan determines its effect on YAP localisation, we speculate that the hyaluronan produced by the CAFs in this work is predominantly of a low molecular mass, as low molecular mass hyaluronan inhibits Hippo signalling and therefore promotes the nuclear localisation of YAP (Ooki et al., 2019).






Chapter 5


[bookmark: _Toc131080315]General discussion

[bookmark: _Toc131080316]Summary of findings
In summary, this work proposes two mechanisms by which CAFs may play a role in TNBC. First, we show that the capacity of CAFs to exert contractile force results in their ability to compress HCC1143 cell clusters. Secondly, we show that CAF-derived hyaluronan induces morphological changes in HCC1143 cells. Through both of these mechanisms, CAFs increase the nuclear localisation of the tumour-promoting transcriptional co-activator YAP. Downstream pathways of YAP activation include apoptosis resistance, uncontrolled proliferation, induction of EMT and cancer cell stemness (Overholtzer et al., 2006; Pan, 2010). We speculate that CAF contractile force promotes the nuclear localisation of YAP in HCC1143 by changing the mechanical properties of the cell microenvironment and thereby modulating mechanotransduction, and that CAF-derived hyaluronan promotes the nuclear localisation of YAP in HCC1143 by promoting CD44 clustering and resulting in the inactivation of MST1/2, thereby inhibiting Hippo signalling. Here, the results will be discussed in context with the current literature, unanswered questions will be considered, and potential future work to further validate the conclusions drawn or to answer outstanding questions will be proposed. 

[bookmark: _Toc131080320]2D and 3D co-culture models
The simplicity of the models in this work allows us to look at the interactions between just two cell types. It is beneficial to look at two cell types in isolation so that we can precisely identify which components are producing the effect that we observe. However, of course, they are not as physiologically relevant to the TME. Advances in 3D cell culture techniques have given rise to the ability to create highly complex in vitro cancer models, such as organoids, which more closely match the physiological TME. These models can be expensive, labour-intensive and time-consuming (Liu et al., 2022; Yang et al., 2022). Therefore, there is an advantage to identifying mechanisms in more simple models initially, then adding complexity when the mechanisms are more established.

It is difficult to make comparisons between cells cultured in 2D and 3D, as the cells will be subject to different mechanical forces and cell-matrix interactions. Furthermore, in this work cells were seeded intentionally to create a circumscribed morphology in 2D, whereas in 3D they were allowed to self-organise. It would be interesting to sequentially seed cells in 3D culture to see if it is possible to guide the formation of a circumscribed morphology. Similar to this work, Yakavets and colleagues found that simultaneously seeding MCF-7 breast cancer cells with MRC-5 fibroblasts resulted in spheroids which contained fibroblasts concentrated in the centre, surrounded by cancer cells. They found that seeding cancer cells first, then fibroblasts resulted in spheroids with a more even distribution of each cell type (Yakavets et al., 2020). 

[bookmark: _Toc131080317]YAP in cancer
Although we have observed an increase in the nuclear localisation of YAP as a result of CAF contractile force and CAF-derived hyaluronan, a key point to consider is that an increase in nuclear localisation does not necessarily result in the increased transcription of YAP target genes, as there is no evidence to suggest a linear correlation between the two. In fact, in addition to the degree of nuclear localisation, the nucleocytoplasmic shuttling of YAP also regulates YAP transcriptional activity (Franklin et al., 2020). 

As mutations in YAP and other components of the Hippo pathway are not common in cancer (Cunningham and Hansen, 2022; Zanconato et al., 2016), this suggests that the increase in YAP activity which is often observed during cancer progression is regulated by extracellular factors, such as CAFs. As well as mechanical cues, Hippo signalling can be regulated by various soluble factors, such as G protein-coupled receptors (Zindel et al., 2021) and glucocorticoid receptor activation by steroid hormones (Sorrentino et al., 2017). However, in this work, we show that CAFs are primarily modulating YAP localisation through physical interactions, as we saw no differences in YAP localisation between HCC1143 treated with NF or CAF conditioned media.

This work suggests that compression of HCC1143 by CAFs leads to an increase in YAP localisation in these cells. However, this is in contrast with the currently accepted model of YAP mechanoregulation, which is that YAP nuclear localisation is negatively regulated by an increase in cell density as a mechanism to stop tissue overgrowth (Zhao et al., 2007). Although the loss of contact inhibition of proliferation is a hallmark of cancer (Hanahan and Weinberg, 2011), there is limited evidence which demonstrates that YAP regulation can occur independent of cell density. For example, nuclear YAP localisation can be induced by a high density of ligands such as fibronectin, independent of substrate stiffness (Stanton 2019). In addition, E-cadherin-mediated cell-cell contact has been shown to be required for cell density-dependent regulation of Hippo signalling. This has been established in MDA-MB-231 cells, which typically lack E-cadherin expression. In parental MDA-MB-231 cells, nuclear YAP localisation remains high even under high cell density, whereas induced expression of E-cadherin in MDA-MB-231 cells results in a switch to cytoplasmic YAP localisation (Kim et al., 2011). However, this does not directly answer the question arising from this work, as HCC1143 express E-cadherin in 2D co-culture. In 3D co-culture, we found that HCC1143 express vimentin, which suggests that they have undergone EMT to some extent and therefore have reduced or lost E-cadherin expression, but we have not verified this in our model. Overall, this indicates that there are other factors involved in the regulation of YAP in the context of the models used in this work. Consequently, we then focused on CAF-derived hyaluronan as an alternative source of YAP regulation.

[bookmark: _Toc131080319]If the CAFs are compressing the cancer cells, how are they promoting cancer?
A major question arising from this work is that if the CAFs are compressing the cancer cells, how is this promoting cancer progression? In this work, we have not shown evidence that the CAFs are promoting cancer by increasing cancer cell proliferation (measured by Ki-67 staining) in comparison to NF co-culture in 2D and 3D. Although the number of HCC1143 increased in 3D co-culture with CAFs, this did not correspond with a difference in Ki-67 at the 72 hour time point. As previously discussed, this may be due to the time points analysed. Moreover, other cancer hallmarks such as cancer cell migration and invasion have not been analysed in this work. Therefore, although we speculate that an increased nuclear localisation of YAP will promote cancer due to its wide range of pro-tumorigenic co-transcriptional targets, we have no functional data to demonstrate that the CAFs promote TNBC progression in comparison to NFs

If CAFs are compressing cancer cells in a 3D tumour, this would contribute to an increase in intertumoral pressure. In vitro, increased compressive forces can induce a more invasive cancer cell phenotype, as well as increase proliferation (Novak et al., 2020; Tse et al., 2012). In addition, increased intertumoral pressure is associated with an increase in angiogenesis and vascular permeability (Zanotelli and Reinhart-King, 2018). In theory, this would result in a more permissive environment for cancer cell intravasation and increase the chance of metastasis. However, it is important to emphasise that this is highly speculative, as we have not shown any evidence of compression, although this is indicated by the decrease in cancer cell cluster area alongside an increase in cell density, which can be abrogated by inhibition of the contractility of the surrounding fibroblasts. The measurement of compressive forces in a 2D environment is challenging. Many studies of cancer cell compression utilise non-cellular methods of mechanical compression, such as weighted pistons, magnets or microfluidic devices. In order to determine if the cancer cell clusters are subject to compressive force in a co-culture model, Barbazan and colleagues used a laser ablation technique. When a cut was formed perpendicular to a cancer cell cluster, the cells rapidly moved towards it, demonstrating a release from compressive force (Barbazan et al., 2021).

The capacity of CAFs to encapsulate and compress cancer cells in in vitro culture parallels the clinical presentation of TNBC tumours, which are dense and circumscribed and are therefore often assumed to be benign despite their ability to progress rapidly (Johnson et al., 2021). If this morphology is a cause or a consequence of TNBC progression is not established. Perhaps it is a combination of the dramatic increase in cell density due to uncontrolled proliferation, alongside the encapsulation of the tumour by highly contractile CAFs.

[bookmark: _Toc131080318]The role of CAF-derived hyaluronan in cancer progression
Numerous studies have revealed a role for hyaluronan in cancer, and there is growing evidence regarding TNBC. The current literature in the cancer field largely focuses on hyaluronan production by the cancer cells themselves, or the extent of hyaluronan or hyaluronan-associated proteins in the TME generally. Increased low molecular weight hyaluronan content in the serum of breast cancer patients correlates with lymph node metastasis (Wu et al., 2015), and overexpression of hyaluronan-binding protein 1 is associated with a poorer prognosis and reduced overall survival in TNBC patients (Wang et al., 2015). In vivo, a pericellular hyaluronan coat on TNBC cells promotes migration through the brain endothelium and subsequent brain metastasis (Hamester et al., 2022). HAS2 knockout mouse models of colorectal and pancreatic cancer show a significant reduction in tumour burden. Hepatic stellate cells, a CAF precursor, derived from these mice decrease spheroid growth within a 3D model in comparison to hepatic stellate cells from control mice. Interestingly, in these models collagen I had the opposite effect and mechanically restricted cancer growth (Bhattacharjee et al., 2021).

In our work, siRNA knockdown of HAS2 in CAFs resulted in a trend towards a decrease in HAS2 expression. Even the relatively low knockdown efficiency we achieved resulted in decreased hyaluronan deposition, and we could still observe significant effects of hyaluronan depletion on HCC1143 cultured on the CAF-derived ECM. HAS2 knockdown is the standard method to inhibit hyaluronan synthesis, as HAS2 is the major HAS in fibroblasts (Vigetti et al., 2014). Rather than transient siRNA knockdown, stable HAS2 knockout CAFs could be generated with CRISPR-Cas9 technology to permanently silence gene function. This would allow for longer term co-culture experiments to be conducted. Nevertheless, there are alternative methods available for reducing hyaluronan, for example, treatment with 4-methylumbelliferone, an inhibitor of hyaluronan synthesis (Kultti et al., 2009) Hyaluronidase treatment is also used to target hyaluronan in some studies, however, this reduces the molecular weight of hyaluronan and can increase hyaluronan synthesis (Buhren et al., 2020). Due to the varied effects of hyaluronan molecular weight in vitro, hyaluronidase treatment may result in a very different outcome in comparison to HAS2 knockdown. 

Hyaluronan can have distinct effects on cancer progression which are dependent on its molecular weight (Ooki et al., 2019; Wu et al., 2015). Therefore, it would be beneficial to determine the molecular weight of the CAF-derived hyaluronan in this work, and in future CAFs used. This could be done using agarose gel electrophoresis (Cowman, 2019) or size exclusion chromatography (Suárez-Hernández et al., 2021). This would provide further evidence regarding the mechanism by which CAF-derived hyaluronan is impacting TNBC cells. 

[bookmark: _Toc131080321]Future work
This work highlights many future avenues for research. However, there are some particularly important questions that need to be addressed in order to improve and demonstrate the validity of the findings: 

1. Address the heterogeneity of fibroblasts and CAFs
A major limitation of this work is that one NF and one CAF were used. This does not reflect the vast heterogeneity of CAF subpopulations which occur even within the same cancer type or the same tumour (Bartoschek et al., 2018; Costa et al., 2018; Wu et al., 2020). Therefore, to further validate the results of this work it will be essential to repeat experiments in additional NFs and CAFs. Repeating this work in 5-6 CAFs would match the number of patient samples used in studies which have identified CAF subtypes from human TNBC samples (Friedman et al., 2020, Wu et al., 2020). Larger samples sizes have been used in some subtype studies, for example, Costa et al performed RNA sequencing on samples from 16 patients (Costa et al., 2018). However, using this number of samples for in vitro work, particularly co-culture and knockdown experiments, would be very time-consuming. Reaching a total of 5 different patient CAF would be a good starting point, and would likely be sufficient to reveal a difference, if one is present. Confirming these findings in additional patient-derived CAFs will support the idea that the mechanisms highlighted in this work are clinically relevant and applicable to more than a single patient. It would also be interesting to perform experiments using fibroblasts derived from the tumour and corresponding contralateral breast of the same patient to assess the systemic effects of cancer progression and the influence of fibroblasts on cancer predisposition. In addition, it is likely that the CAFs used in this work are of the myofibroblast-like, contractile and ECM-producing CAF subtype (Bartoschek et al., 2018;  Wu et al., 2020). Repeating the characterisation of contractile force and ECM production would establish how these factors correlate with the ability of CAFs to modify YAP localisation in cancer cells.

Significant heterogeneity is also present in TNBC cells themselves, and therefore it would be beneficial to incorporate additional TNBC cell lines. HCC1143 were selected to use in this work as they have an epithelial phenotype, however, to increase the impact of the findings, experiments could be repeated in other TNBC cell lines. For example, MDA-MB-231 is perhaps the most well-characterised TNBC cell line. MDA-MB-231 cells have a much more mesenchymal phenotype in comparison to HCC1143 (Blick et al., 2008), so it would be interesting to see if we see the same experimental outcomes. 

2. Validate the proposed pathway
Further experiments would also be essential to confirm the proposed mechanism of Hippo pathway inactivation by CAF-derived hyaluronan. This could be achieved with successive experiments using knockout cells generated using genetic techniques such as RNA interference or CRISPR. Briefly, this would involve:

· The culture of CD44 knockdown HCC1143 on control or HAS2 knockdown CAF-derived ECM to assess whether a difference in YAP localisation remains.
· The culture of YAP knockdown HCC1143 on control or HAS2 knockdown CAF-derived ECM to assess whether downstream pathways of YAP signalling are affected.
· The use of myosin II knockdown CAFs in 2D co-culture to determine if they retain the capacity to compress cancer cell clusters and promote the nuclear localisation of YAP in HCC1143.

In addition, it would be crucial to evaluate YAP-mediated transcriptional activity. This could be accomplished by quantifying the expression of YAP target genes, for example, CTGF, CYR61, and miR-130a using quantitative real-time PCR (Cao and Zhao, 2019). 

3. Additional functional experiments to determine the effect of YAP nuclear localisation
To determine the effect of an increased nuclear localisation of YAP in TNBC cells, it would then be important to perform various functional experiments to establish if nuclear YAP localisation results in the upregulation of cancer-promoting phenotypes which are downstream of YAP signalling. This could include quantifying the migration of cancer cells out of spheroid co-culture, immunofluorescence staining, quantitative real-time PCR or flow cytometry to determine the initiation of EMT and cancer cell stemness. In addition, as we did not see any difference in proliferation in this work, it would be beneficial to assess proliferation at additional time points, again using Ki-67 staining or perhaps a different method such as a 5-ethynyl-2’-deoxyuridine (EdU) assay.



[bookmark: _Toc131080322]Translational relevance
[bookmark: _Toc131080323]Targeting YAP
YAP is being evaluated as a therapeutic target in pre-clinical and clinical settings. Drugs that directly target YAP include verteporfin, a drug already in clinical use as a treatment for macular degeneration that directly binds to YAP and blocks its interaction with TEADs (Liu-Chittenden et al., 2012). Verteporfin treatment decreases TNBC viability and decreases tumour growth in vivo. Combination therapy of verteporfin with a mammalian target of rapamycin complex (mTORC) inhibitor acts synergistically and reduces tumour growth more than each treatment alone (Dai et al., 2021). In addition, mevalonate pathway inhibitors such as zoledronic acid can induce the phosphorylation and therefore nuclear exclusion of YAP in breast cancer cells in vitro (Sorrentino et al., 2014). A wide variety of drugs also targets upstream or downstream regulators of the Hippo pathway, thereby indirectly regulating YAP (Nakatani et al., 2017).

At the time of writing, there is one clinical trial published on clinicaltrials.gov directly focused on targeting YAP in cancer that is active. It is a randomised interventional phase II clinical trial, investigating the effect of the statin simvastatin in pancreatic cancer. Simvastatin inhibits the nuclear localisation of YAP in T regulatory cells, leading to YAP-mediated T regulatory cell dysfunction and an increase in anti-tumour immune response (Maronne, 2023). Interestingly, there are also two studies assessing the effect of zoledronic acid, a drug normally used for preventing and treating bone metastasis in breast cancer patients, on YAP expression in TNBC.  However, one of these studies was terminated due to a low accrual rate and the other has an unknown recruitment status (Negri, 2019, 2018).

Taken together, this shows that YAP is an emerging target for cancer therapy. The utilisation of existing YAP targeting drugs that are already approved for clinical use in other applications could be a valuable approach to improving TNBC outcomes. 

[bookmark: _Toc131080324]Targeting hyaluronan
[bookmark: OLE_LINK1]Hyaluronan has been extensively targeted in pancreatic cancer, in clinical trials as well as in vitro and in vivo work (Li et al., 2018), with varied success. Pegvorhyaluronidase alfa (PEGPH20) is a recombinant human hyaluronidase which has progressed up to stage III clinical trials in pancreatic cancer. Although the preceding pre-clinical and initial clinical work was promising (Hingorani et al., 2016; Infante et al., 2018), no benefit was identified in phase III trials in pancreatic patients with hyaluronan-high metastatic pancreatic cancer (Van Cutsem et al., 2020). Although the quantity of hyaluronan within tumours is evaluated in these studies the molecular weight of hyaluronan is not assessed. This may contribute to conflicting outcomes and would be beneficial to take into account in future studies. Hyaluronidases have not yet been investigated in TNBC in clinical trials.

Although hyaluronan itself has not previously been identified as a therapeutic target in TNBC, due to the frequent high expression of CD44 on many types of cancer cells (Senbanjo and Chellaiah, 2017) multiple studies have exploited the affinity between CD44 and hyaluronan by creating hyaluronan conjugated drugs to improve therapy delivery and specificity. The coating of existing drugs with hyaluronan has been shown to improve the specificity and efficiency of TNBC therapy in vivo (Hu et al., 2022; Yasothamani et al., 2021). Our work suggests that in addition to its function as a means to improve existing therapy, targeting hyaluronan synthesis  or build-up in the TME may be a viable option for TNBC therapy. However, more extensive research is needed. 

[bookmark: _Toc131080325]Final conclusions
The role of YAP dysregulation in cancer progression has been identified in various cancers, however an increase in the nuclear localisation of YAP in TNBC cells as the direct result of CAFs has not previously been identified. Furthermore, a direct role of hyaluronan in the regulation of Hippo signalling in breast cancer has recently been described (Ooki et al., 2019), however, to our knowledge our data is the first to support the hypothesis that CAF-derived hyaluronan can promote the nuclear localisation of YAP in TNBC cells. This highlights CAF-derived hyaluronan as a potential target for TNBC therapy. However, additional research is essential to further characterise the mechanisms involved and the functional consequence. Taken together, this highlights that the roles of CAFs in TNBC which are explored in this work are an understudied area which have the potential to inform future research into novel targets for TNBC therapy. However, further experimentation is essential to validate the results and further elucidate the pathways involved.
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