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Abstract  

High-grade serous ovarian cancer (HGSOC) is the most common and lethal form of 

ovarian cancer. Early-stage diagnosis is rare due to the subtle nature of symptoms, and at 

later stages metastasis is common. The omentum is a preferential site for metastatic 

tumour formation, as it provides a HGSOC supportive tumour microenvironment (TME), 

an aspect of which is the extracellular matrix (ECM), assembled primarily by cancer 

associated fibroblasts (CAFs). Whilst it is known that fibrillar collagen-rich ECM in the 

omentum is associated with HGSOC progression, the molecular mechanisms involved in 

ECM assembly within the TME are poorly understood. Although endocytic recycling has 

been implicated in basement membrane ECM assembly, and in the remodelling of the 

ECM protein fibronectin, its role in ECM assembly within the HGSOC TME remains 

unclear. We found that Kuramochi HGSOC cells were minimally invasive in collagen 

hydrogels, but their co-culture with CAFs isolated from HGSOC metastases within 

spheroids significantly enhanced invasion. CAF-conditioned medium was insufficient to 

promote HGSOC invasion, however substantial collagen remodelling was detected in the 

vicinity of co-culture spheroids, suggesting that CAFs directly influenced the ECM to 

support invasion. An siRNA screening approach was used to deplete key endocytic 

recycling regulator Rab GTPases, and Arf6, in CAFs to identify those required to promote 

HGSOC invasion. Depletion of Arf6, or Rab4a and Rab4b in combination, resulted in a 

reduced capacity of two primary CAF lines to facilitate HGSOC invasion in 3D.  

We next analysed the influence of Arf6, Rab14, Rab4a and Rab4b, on ECM assembly. 

Fibronectin is thought to be important in generating fibrillar collagen matrix, however its 

assembly was unaffected by recycling regulator depletion. Instead, depletion of Arf6, or 

Rab14, inhibited collagen I deposition by CAFs, with collagen monomer secretion 

remaining unaffected. Recently, the uptake of secreted collagen and it’s recycling via an 

unknown route, has been implicated in fibrillar collagen assembly. Measuring the uptake 

of exogenous collagen I monomers by CAFs, demonstrated that Arf6 depletion 

significantly elevated collagen I uptake. However, there was a significant delay in the 

reappearance of internalised collagen as fibrils at the cell surface, suggesting that Arf6 

regulates the deposition of endocytosed and recycled collagen. Furthermore, live-cell 

imaging revealed that Arf6 localised to sites of exogenous collagen fibrillogenesis in 

CAFs overexpressing Arf6-mNeonGreen. Together, our data demonstrate key roles for 

endocytic recycling in the support of HGSOC progression by CAFs, and specifically 

implicate Arf6 in collagen assembly within the TME.  
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Chapter 1: Introduction 

1.1 An overview of cancer  

Cancers are a group of diseases which together are responsible for around 10 million 

deaths worldwide per year [1]. In men, the most prevalent cancer types are prostate, lung, 

and colon cancers, and those in women are cancers of the breast, lung, and colon [2]. 

Although cancer encompasses over 100 genetically diverse diseases, a number of 

hallmarks have been defined that can be applied across all cancer types. These describe 

the functional capabilities gained by cells as they transition towards a malignant state 

during tumourigenesis, and include, but are not limited to, genomic instability, 

proliferation, inflammation, induction of angiogenesis, and metastasis [3].  

 

1.2 Ovarian cancer classification and HGSOC development  

1.2.1 Ovarian cancer overview  

Ovarian cancer (OC) is the seventh most prevalent cancer type in women, accounting for 

around 4% of all cancer cases [4] [5]. It is the third most common gynaecological cancer, 

with over 230,000 new patients diagnosed worldwide each year, and is responsible for 

approximately 150,000 deaths annually [4] [6]. On average, the worldwide 5-year 

survival rate for OC is between 30-40% [4] [7]. However, the 5-year survival rate for 

patients can vary greatly depending not only on the OC stage at the time of diagnosis, but 

also on the histological type of OC detected [4]. Type I tumours are typically low-grade, 

detected at an early stage (I), and possess mutations in BRAF and KRAS, whilst lacking 

mutations in TP53. Type II tumours are high-grade, detected at more advanced stages (II, 

III and IV), and almost always possess mutations in TP53 [8] [9]. At stage I, the disease 

is confined to the ovaries and the 5-year survival rate is high at approximately 90%, with 

the symptoms at this stage including pain in the abdomen, neck and back, as well as 

abdominal swelling [10] [11]. However, the non-specific and subtle nature of these 

symptoms results in the majority of OC patients (70%) being diagnosed once the 

symptoms become more apparent at stages II, III and IV, by which point metastasis has 

occurred and the 5-year survival rate drops significantly to approximately 20-30% [11] 

[12]. 
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1.2.2 High-grade serous ovarian cancer (HGSOC) overview 

OC can be further classified into four histological subtypes: serous, clear-cell, mucinous 

and endometrioid [13]. The most common of these subtypes is high-grade serous OC 

(HGSOC; Type II), accounting for approximately 70% of all OC cases and between 70-

80% of all OC deaths [13] [14]. HGSOC tumours are associated with a high level of 

genetic instability, which arises due to mutations in TP53 [15]. Furthermore, these 

tumours are characterised by their highly proliferative, aggressive, and invasive nature, 

with widespread metastatic dissemination being very common at the time of diagnosis 

[13] [16]. The origins of HGSOC remain unclear. For many years it was thought that 

HGSOC originated primarily from the epithelial surface of the ovary, where the 

inflammation caused by rupture and repair of this surface during ovulation resulted in cell 

damage and the acquisition of mutations which led to tumour development in the ovary 

[17]. However, the absence of detectable HGSOC precursor lesions that possess TP53 

mutations within this epithelial surface suggests that the disease may originate elsewhere 

from the ovary [17] [18]. Over the past 20 years, the epithelial lining of the fallopian tube 

has emerged as the most likely origin for the majority of HGSOC tumours. Serous tubal 

intraepithelial carcinoma (STIC) lesions, which are positive for TP53 mutations, are 

thought to arise in this epithelial lining and act as the primary HGSOC precursor lesion. 

The cells within these lesions are believed to be able to transition to the ovary and to 

develop into primary HGSOC tumours through uncontrolled growth and proliferation 

following ovarian implantation [18] [19] [20] [21]. 
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1.3 HGSOC treatment  

1.3.1 Debulking surgery and chemotherapy 

The current standard treatment for HGSOC patients is a combination of cytoreductive 

debulking surgery and chemotherapy, and has remained largely unchanged for over 30 

years [22]. Patients with advanced stage HGSOC will undergo surgical procedures that 

often include the removal of the fallopian tube, the ovaries, the uterus, and the omentum, 

as well as other areas where the disease is visible [23]. Patients will also be treated with 

chemotherapeutic compounds which act as DNA damaging agents through cross-linking, 

such as cisplatin and carboplatin [24]. Whilst HGSOC tumours are often chemo-

responsive, their inherent genetic instability leads to the development of resistance against 

these compounds and subsequent disease recurrence in approximately 70% of patients 

within 4-16 months [25] [26].  

 

1.3.2 PARP inhibitors (PARPIs) 

Over the last 5 years, poly (ADP-ribose) polymerase inhibitors (PARPIs) have become a 

promising new addition to the treatment strategy for HGSOC [27]. These compounds 

offer a more targeted therapy, and take advantage of the synthetic lethality that exists 

between inhibiting the PARP enzyme in cells that possess germline or somatic loss of 

function mutations in BRCA1 or BRCA2 [28]. However, despite PARPIs drastically 

improving clinical outcomes for the 22% of patients with HGSOC tumours positive for 

these mutations, these compounds are ineffective against tumours with functional 

BRCA1/2 [29] [30]. Furthermore, resistance can arise against PARPIs through a variety 

of mechanisms, including via the reversion of mutations in BRCA1/2 that enable 

functionality to be regained [31]. Whilst recent progress has therefore been made in 

advancing HGSOC treatment strategies, there still remains a considerable need for the 

development of new methods if mortality rates associated with the disease are to improve. 
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1.4 Cancer invasion and metastasis  

1.4.1 Overview  

One hallmark of cancer in particular, which is a key contributor towards the high mortality 

rates associated with this group of diseases, is the ability of a malignant cells within a 

primary tumour to spread to other organs via metastasis [32]. Cancer metastasis involves 

cells within primary tumours undergoing a series of genetic changes through mutation 

[33]. During the metastatic cascade for many cancer types, cells will firstly acquire the 

ability to detach from neighbouring cells through undergoing an epithelial-to-

mesenchymal transition (EMT) [34]. This transition then also allows cells to migrate and 

invade into the surrounding stromal tissue [35].  

 

1.4.2 Mechanisms of cancer cell invasion  

Cancer cells that have acquired the ability to invade have been shown to do so either as 

individual cells, or as a collective, and invading cells can adopt, and switch between, 

either a mesenchymal or an amoeboid mode of migration [36]. Mesenchymal migration 

requires the upregulation of integrins and proteases, which allow for extracellular matrix 

(ECM) proteins to be bound and degraded, respectively. This mode of migration is 

therefore considered to be most suitable when invasion through a dense, stiffer ECM, is 

required. In contrast, amoeboid migration allows fast cell movement through small gaps 

in soft ECM, and is associated with a downregulation of integrins and proteases [36]. 

Although a full EMT was initially presumed to be required for cancer metastasis, it is 

now clear that collective migration can occur after cells undergo only a partial EMT, 

where migratory characteristics are acquired whilst loose cell-cell contacts are retained 

[37].  
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1.4.3 Intra- and extravasation  

Invasive cancer cells will often migrate towards nearby blood or lymph vessels, where 

they will then enter into the circulation through intravasation, and one of the advantages 

of collective cell migration is that survival is more likely during this period for cell 

clusters [38]. Disseminated tumour cells (DTCs) must then survive in the circulation, 

undergo extravasation to leave the vascular or lymphatic system, and enter into the stroma 

of secondary organs [39]. At these stages of the metastatic cascade, large numbers of 

cancer cells are unable to survive as many of the pro-tumourigenic factors present within 

the primary organ are no longer available. There is often a latency phase between 

extravasation and the development of a secondary tumour, due to the necessity of DTCs 

having to undergo additional genetic alterations in order for the metastatic cascade to be 

completed [40]. As metastasis is responsible for approximately 90% of cancer-related 

deaths, it is crucial to better understand the molecular mechanisms which drive this 

process [41]. 

 

1.5 HGSOC metastasis to the omentum   

1.5.1 HGSOC metastasises without intra- and extravasation 

HGSOC can metastasise using the vasculature through intra- and extravasation, however 

it differs from the majority of other cancers in that secondary tumours mostly form at 

distant sites without requiring the blood or lymphatic vessels [42] [43]. Metastasis 

primarily occurs through the detachment of cells from the primary ovarian tumour, via 

mechanisms such as hypoxia driven EMT, and entry into the peritoneal cavity [16] [44]. 

Cells, either as single cells or spheroid aggregates, then use the passive flow of fluid 

within this cavity to reach sites at which secondary tumours can develop [13] [45]. 

Disseminated HGSOC cells tend to therefore face fewer challenges when undergoing 

metastatic spreading compared to most other cancers, a feature that likely contributes to 

the high mortality rate associated with the disease [46].  
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1.5.2 HGSOC tropism for the omentum  

Although, theoretically, colonisation of any organ accessible from the blood or lymph 

vessels by DTCs is possible, it is now clear that, for most cancer types, the organs within 

which secondary tumours form is not random [47]. Each cancer type possesses an organ 

tropism, where specific organs are favoured for secondary tumour formation over others. 

This is due to certain organs providing microenvironments that suit the needs of different 

cancer types in order for their adaptation and development into secondary tumours [48]. 

Whilst HGSOC has the potential to colonise any of the organs accessible from the 

peritoneal cavity, disseminated HGSOC cells display a specific affinity for one tissue in 

particular, the omentum [49]. This apron-like fat pad covers the abdominal cavity and 

bowel, and primarily acts as a fat storage unit, whilst also having roles in processes such 

as immune regulation and the exchange of fluid in the peritoneal cavity [42] [43] [50] 

[51]. The omentum is rich in white adipocytes, as well as other stromal cell types 

including fibroblasts, mesenchymal stem cells (MSCs) and immune cells, with each of 

these cell types playing important roles in establishing a tumour microenvironment 

(TME), or metastatic niche, that facilitates colonisation of the omentum by DTCs 

[46](Figure 1.1). 
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Figure 1.1 - HGSOC cells metastasise from the ovary to the omentum  

HGSOC is thought to develop from STIC lesions, which themselves develop from the 

secretory epithelial cells that line the fallopian tube. STIC cells can transition to the ovary 

to form a primary HGSOC tumour after implantation. Following an EMT, metastasis 

primarily occurs via the peritoneal cavity, where disseminated HGSOC cells use the fluid 

flow within this cavity to reach other sites for secondary tumour formation. HGSOC cells 

display a tropism for the omentum, as it provides a microenvironment that supports many 

processes required for cancer cell growth, proliferation, and invasion. One aspect of the 

microenvironment that supports these processes, is the formation of a dense, fibrillar 

ECM. Adapted from a figure presented by H Naora and DJ Montell [52]. 

 

1.6 Tumour microenvironment (TME) overview 

In general, the TME encompasses the non-malignant cells, blood vessels, lymphatic 

vessels, and non-cellular components such as metabolites and ECM proteins located in 

the area surrounding a tumour, and in recent years the role of the TME in cancer 

progression at both primary and secondary sites has become increasingly recognised [53]. 

Whilst substantial heterogeneity exists between, and within, different cancer types, there 

are many features shared between their TMEs [54]. A diverse array of non-malignant cell 

types are recruited into the TME by the tumour, which then drives their adaptation to 

generate cancer-associated cell types, such that they are able to operate in a way that 

contributes towards providing conditions for supporting tumour development [55]. 
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1.6.1 Immune cells  

There are a number of different immune cell types that have been found to exist within 

TMEs, including T and B lymphocytes, macrophages, neutrophils, dendritic cells, and 

natural killer (NK) cells [55] [56]. The role of the immune system in tumour progression 

is complex, and its impact on a tumour is dictated by which immune cell types are present 

[57]. For example, cytotoxic CD8+ T lymphocytes are capable of exerting tumour-

suppressive effects within the TME. However, high levels of CD4+ T regulatory (Treg) 

cells are often present in TMEs, which act in an immunosuppressive manner through the 

modulation of cytotoxic T lymphocyte activity [58]. Similarly, B lymphocytes and 

macrophages within TMEs can also function in ways that both support and suppress 

tumour development. B lymphocytes are thought to primarily contribute towards 

productive immune responses towards a tumour, however it has also become clear in 

animal models, and in humans, that these cells are capable of secreting specific cytokines 

which ultimately lead to immune suppression [59]. Macrophages are also prevalent within 

TMEs, where they become activated to become tumour-associated macrophages (TAMs). 

TAMs can exist in two distinct activated states, where the M1 state is associated with 

tumour suppression, and the M2 state contributes towards promoting tumour 

development [60]. For example, M1 TAMs in the colorectal cancer TME enhance the 

cancer-cell mediated secretion of factors, such as galectin-3, which drive immune cell 

recruitment into the tumour vicinity and enable a productive immune response [61]. 

However, in the case of most TMEs, the interaction of macrophages with tumour cells 

results in the generation of TAMs that display an immune suppressive M2 phenotype 

[62]. As well as the ability of M2 TAMs to dampen the immune response in the TME, 

they have also been shown to enhance angiogenesis, for example through the production 

of vascular endothelial growth factor (VEGF) [63]. Furthermore, M2 TAMs are thought 

to collaborate with other non-malignant cell types in TMEs. For example, they have been 

shown to convert normal fibroblasts (NFs) into cancer-associated fibroblasts (CAFs), 

which are known to promote tumour progression through a variety of mechanisms, and 

there is also a cross-talk between these two cell types where CAFs stimulate M2 TAM 

activity [64].  
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1.6.2 Angiogenesis  

The formation of new blood vessels within TMEs via angiogenesis is vital for tumour 

progression. Pro- and anti-angiogenic factors regulate this process, and these factors will 

counteract each other until an angiogenic-switch occurs, where pro-angiogenic factors 

dominate to drive blood vessel formation [65]. A tumours requirement for blood vessels 

is primarily the result of nutrient and oxygen availability decreasing as the tumour 

increases in size [66]. However given the requirement of the majority of cancers for entry 

into the circulation in order for metastasis to occur, angiogenesis within TMEs also 

facilitates the spreading of DTCs to secondary sites [67]. The cells within a tumour are 

capable of stimulating angiogenesis within their TME, however in addition to M2 TAMs, 

many of the other non-malignant cell types surrounding the tumour can also aid blood 

vessel formation, including the various other immune cells present, as well as platelets, 

adipocytes, and CAFs [68]. For example, CAFs have been shown to secrete VEGF to 

stimulate angiogenesis in the TMEs of various different cancer types, including cancer of 

the liver and of the stomach [69] [70] [71].  

 

1.6.3 CAFs  

Fibroblasts are a common non-malignant cell type within the TME of many different 

cancers. In healthy organs, NFs predominantly function in the building of connective 

tissue where they act as the primary synthesisers of ECM, and the precise regulation of 

ECM synthesis and assembly is essential for organs to function correctly [72]. NFs are 

known to be heterogeneous, and a number of different phenotypes can be displayed 

depending on the fibroblast function required at a particular time. For example, in healthy 

adult organs, fibroblasts are relatively inactive. However, tissue development and repair 

requires the conversion of these quiescent fibroblasts to a more active, contractile, 

myofibroblast state, characterised by biomarkers such as α-smooth muscle actin (SMA) 

and fibroblast activation protein (FAP), enabling them to more efficiently assemble and 

remodel ECM [72] [73] [74] [75]. The ability of inactive NFs to be reprogrammed to an 

active, myofibroblast state, is utilised by malignant cells to generate CAFs that assist with 

tumour development [76]. 
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CAFs are considered as a heterogeneous group of mesenchymal cells, and are capable of 

carrying out diverse functions within TMEs, including those which support, and suppress, 

tumourigenesis [77]. In addition to the pro-tumourigenic roles of CAFs in both facilitating 

angiogenesis through growth factor secretion, and stimulating M2 macrophage function, 

they are well-established contributors towards the assembly and remodelling of ECM 

within the TME to support tumour development [78]. The ECM is believed to modulate 

the vast majority of processes involved in tumour progression, and a dense, stiff, highly 

cross-linked ECM has been detected within the TMEs of many cancer types. This type of 

ECM has been extensively shown to allow cancer cells to invade and metastasise, and to 

proliferate uncontrollably whilst also avoiding cell death and evading the immune system 

[79]. It is also now clear that, through focal adhesion kinase (FAK) signalling, the ECM 

can reprogram cancer cell metabolism to stimulate protein biosynthesis which ultimately 

enables cell survival and proliferation [80]. Finally, the ECM can indirectly enable 

tumourigenesis, through blocking the accessibility of chemotherapeutic compounds and 

cytotoxic T lymphocytes to the tumour, whilst also enhancing TAM infiltration [81] [82] 

[83]. The heterogeneous nature of CAFs within TMEs is exemplified by the fact that as 

well possessing roles in promoting tumour development, they are now known to also 

function in a tumour suppressive manner [84]. Whilst evidence in favour of CAFs acting 

as tumour suppressors is limited relative to that highlighting their tumour promoting 

functions, it is clear in certain circumstances that the presence of CAFs in TMEs can 

hinder tumour progression. As an example, the depletion of CAFs in mouse models of 

pancreatic cancer has been shown to enhance cancer cell invasion and to decrease overall 

survival through limiting immune cell infiltration [85].  
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1.7 CAF biomarkers  

The biomarkers conventionally used to identify and characterise CAFs are SMA, FAP, 

fibroblast-specific protein-1 (FSP-1; S100A4) and vimentin [86]. SMA is an actin 

isoform that is known to contribute towards the ECM assembly and remodelling capacity 

of myofibroblasts through increasing cell contractility [86]. Whilst expression of SMA is 

relatively low in NFs, OC-cell derived signalling molecules, such as TGFβ1 and TGFβ3, 

are known to drive the NF-CAF conversion through elevating SMA expression levels 

[87] [88] [89]. FAP is a serine protease on the fibroblast cell surface that is thought to 

have roles both in ECM remodelling through its ability to cleave collagen, and in 

regulating ovarian CAF proliferation, with increased FAP expression also associated with 

poor prognosis in HGSOC [90] [91] [92]. FSP-1 is a cytosolic calcium binding protein 

which can also be secreted by fibroblasts [93] [94]. Studies in mice have demonstrated 

that CAFs in which FSP-1 has been depleted have a reduced ability to facilitate metastatic 

colonisation of breast cancer cells [95]. However, although there are a wide variety of 

suggested roles for FSP-1 in cancer progression, exactly how expression of this protein 

in CAFs contributes towards their tumour promoting capacity is poorly understood [86] 

[94]. Since the identification of FSP-1 as a CAF biomarker over 25 years ago, this protein 

is no longer considered to be fibroblast specific. It is now known that other cell types, 

including cancer cells, can express FSP-1 and that elevated expression levels are 

associated with a more aggressive and invasive cancer cell phenotype, and with poor 

prognosis in cancer patients [93]. This renders FSP-1 as a relatively poor biomarker for 

CAF identification. Vimentin is an intermediate-filament protein with a role in forming 

the cytoskeletal network of mesenchymal cells. Whilst vimentin is expressed by CAFs, it 

is now known that many other cell types also express this protein, such as normal 

fibroblast populations, adipocytes, and cancer cells. Vimentin is therefore also a relatively 

poor CAF biomarker [87]. In addition to the conventional biomarkers used for CAF 

identification, other proteins which are specifically expressed in CAFs have now been 

identified. For example, collagen XI, which is a known nucleator of collagen I 

fibrillogenesis, has been identified as a specific biomarker for activated CAFs [96] [97]. 

High collagen XI expression is associated with poor disease outcomes across a variety of 

epithelial cancers, and an increase in collagen XI within the omentum of HGSOC patients 

correlates with disease progression [97] [98].  
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1.8 Targeting CAFs in the TME to treat cancer   

1.8.1 Overview 

Since the identification of key mutations in malignant cells that drive cancer progression, 

such as those which activate the epidermal growth factor receptor (EGFR), or inactivate 

p53, chemotherapy aiming to inhibit tumour growth has primarily focussed on targeting 

cancer cells directly. However, during treatment, the development of resistance against 

chemotherapeutic agents is common, and this is largely attributed to the genetic instability 

of malignant cells allowing them to develop resistance conferring-mutations [99]. 

Given that the interactions between cancer cells and their TME are now considered to be 

crucial contributors towards driving the development of many different cancer types, this 

opens up the possibility of targeting the TME to hinder tumour development indirectly. 

The non-malignant cells within TMEs are far more genetically stable, minimising the risk 

of resistance developing should these cells be targeted [54]. Although there are many 

differences between TMEs across cancer types, there are also many common features, 

including the presence of CAFs and their assembled ECM. These common features 

therefore have the potential to be targeted chemotherapeutically, and due to the multi-

faceted role of CAFs in the TME, there is significant potential for them to be targeted in 

the treatment of cancer. A number of studies have demonstrated how targeting CAFs and 

the ECM can indirectly hinder tumour progression, with several compounds having 

entered clinical trials [100]. 
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1.8.2 FAP targeting  

Much of the work aiming to target CAFs for cancer treatment has primarily focussed on 

utilising their cell-surface expression of the CAF biomarker, FAP, as a means of directing 

cytotoxic compounds or immune cells towards them [101]. Strategies for targeting FAP 

include the use of antibodies that bind to and inhibit FAP, cytotoxic prodrugs activated 

by FAP-mediated cleavage, and liposomes that are targeted to FAP and contain 

chemotherapeutic compounds [102] [103] [104]. Furthermore, approaches aiming to 

generate an immune response towards CAFs expressing FAP have also been tested [105]. 

However, despite many of these strategies generating positive results in animal models, 

none have been sufficiently effective to fully progress through clinical trials [100]. Most 

other strategies for targeting CAFs revolve around attempts to directly impair their 

tumour promoting functions in the TME. For example, the CXCL12/CXCR4 signalling 

axis has been shown to be of particular importance in allowing CAFs to recruit immune 

and vascular endothelial cells into the TME [106] [107]. In mouse models of breast 

cancer, the use of an inhibitor compound targeting this axis in CAFs was sufficient to 

reduce angiogenesis and immunosuppression in the TME [108].  

 

1.8.3 ECM targeting  

Attempts have also been made to target the predominantly CAF-assembled ECM within 

TMEs. The essential role of the ECM in facilitating cancer progression, both directly 

through supporting tumour growth and invasion, and indirectly by obstructing 

chemotherapeutic compound and immune cell access to the tumour, renders it an 

appealing target in cancer therapy [109]. The ECM in the TME may be targeted either via 

inhibiting the pro-tumourigenic function of ECM components which have already been 

synthesised and deposited, or alternatively, the processes involved in ECM component 

synthesis and deposition may be obstructed. For example, the ECM protein tenascin C is 

highly expressed by malignant cells, and an increase in its levels correlates with the 

progression of many cancer types, including those of the brain and lung [110]. It has been 

shown that the use of a tenascin C specific antibody was able to improve the outcome of 

glioblastoma patients in phase I and II clinical trials, potentially due to the role of this 

ECM protein in supporting glioblastoma cell migration [111] [112] [113]. With regards 

to targeting ECM protein deposition within TMEs, efforts have been made aiming to 

inhibit the synthesis of collagen I, an ECM protein that is of clear importance in cancer 
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progression, with roles in facilitating malignant cell growth, proliferation, and invasion 

[114]. In order for collagen to be secreted, triple helical procollagen must first be 

assembled within the endoplasmic reticulum (ER). A number of ER-resident enzymes 

function to modify collagen I such that the triple helix can form, such as the collagen 

prolyl-4-hyroxylases [109]. Inhibition of these enzymes has been demonstrated to 

significantly reduce metastasis in breast cancer models through impairing collagen I 

deposition [115] [116]. However, whilst the ECM has an important role in tumour 

development, it also carries out crucial functions in healthy tissue. As such, although a 

great deal of evidence exists in support of ECM targeting for cancer treatment, a common 

issue encountered during attempts to target this aspect of the TME is the non-desirable 

impact of doing so on healthy tissues [109]. In order for ECM targeting to be an effective 

strategy in the treatment of cancer, it is essential to identify cancer-specific ECM targets. 

These targets may include ECM proteins which are significantly more prevalent in TMEs 

relative to healthy tissue, or cellular components which are of particular importance in 

ECM synthesis and deposition specifically within TMEs.  

Targeting the CAF and ECM components of the TME therefore has great potential as a 

means to treat various cancer types. However, if this type of approach is to be used 

effectively in this way, it is crucial to elucidate how TMEs are generated in greater detail, 

including that found within the HGSOC tumour burdened omentum. Through furthering 

our understanding of the TME in the omentum, in terms of both its composition and the 

mechanisms involved in its generation, new targets may be identified for HGSOC 

treatment through chemotherapeutic intervention.  
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1.9 The HGSOC metastatic TME  

1.9.1 Overview  

As the omentum is the preferential site for metastatic HGSOC tumour formation, it is 

essential to further our understanding of the cellular, and non-cellular, components found 

within the omental TME. The presence of malignant cells in the omentum is thought to 

produce various cancer-associated cell types which are capable of assisting with HGSOC 

colonisation and tumour progression. There is also evidence to suggest that the generation 

of these various cancer-associated cell types may begin prior to the arrival of disseminated 

HGSOC cells in the omentum. Through mechanisms including exosome secretion, 

disseminated HGSOC cells in the peritoneal cavity are able to communicate with normal 

cell types in the omentum [117].  This is thought to create a pre-metastatic niche which 

favours omental colonisation, and may in part explain the tropism displayed by HGSOC 

cells for the omentum during metastasis [118] [119]. 
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1.9.2 White adipocytes 

The most abundant cell type in the omentum are the white adipocytes, and in healthy 

omentum, white adipocytes primarily function as energy storage units. However, they are 

also responsible for the secretion of over 400 paracrine and endocrine factors, including 

various adipokines and immune-regulatory cytokines [120]. Evidence has emerged 

highlighting the importance of the crosstalk that occurs between HGSOC cells and 

adipocytes in generating a microenvironment that allows for secondary tumour formation 

[46] [121]. Through converting white adipocytes into cancer-associated adipocytes via 

this cross-talk, metabolic reprogramming occurs. HGSOC cells in the omentum are able 

to stimulate the release of adipocyte-derived lipids, which act as an energy source for 

sustained malignant cell growth and proliferation [122] [123]. White adipocytes in the 

omentum can also secrete a number of adipokines and other factors that contribute 

towards secondary tumour formation [46] [124] [125] [126]. For example, they have been 

shown to secrete interleukin-8 (IL-8) which stimulates OC cell invasion [122]. In 

addition, white adipocytes can induce metabolic changes in OC cells that enable free fatty 

acids to be utilised more efficiently [127]. For example, factors secreted by white 

adipocytes can elevate lipid uptake by OC cells via the apelin/apelin receptor (APJ) 

signalling pathway [128]. Furthermore, a number of these factors function to upregulate 

enzymes required for fatty acid metabolism by OC cells, including fatty acid binding 

protein 4 (FABP4) and salt-inducible kinase 2 (SIK2) [122] [129]. 

 

1.9.3 Immune cells  

As discussed previously, the role of TAMs and other immune cells in tumour 

development is well established. Within the healthy omentum, aggregated clusters of 

immune cells exist, termed “milky spots”, and although rich in various immune cell types 

which enable defence against pathogens, they have been shown to tolerate cancer cells 

which subsequently enables omentum colonisation [130] [131]. Interestingly, 

disseminated HGSOC cells are believed to preferentially colonise the omentum at sites 

near these clusters, which indicates a direct role for the immune system in HGSOC 

metastasis [132]. 
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There are multiple different immune cell types found within the HGSOC omental TME, 

and a degree of heterogeneity in the immune cell composition in the omentum between 

HGSOC patients has been demonstrated [133]. HGSOC cell-macrophage bidirectional 

cross-talk is thought to occur in the omentum, through the secretion of many different 

cytokines, which acts to reprogram resident macrophages into TAMs. TAMs in the 

HGSOC TME predominantly display the M2 phenotype, and are known to secrete many 

different factors and enzymes that function to generate an immunosuppressive 

microenvironment, which in turn facilitates tumour development [46]. For example, 

TAMs in the omentum are thought to produce exosomes which recruit 

immunosuppressive Treg cells, and to secrete the chemokine CCL23, which promotes 

HGSOC cell invasion [134]. Furthermore, TAMs secrete the immunosuppressive and 

tumourigenic factors VEGF and transforming growth factor beta 1 (TGFβ1) [135] [136].  

The impact of T lymphocytes infiltrating the TME on survival and outcome for HGSOC 

patients varies depending on the subpopulation of these cells present. As in the case of 

most cancer types, CD8+ T lymphocyte infiltration correlates with better improved 

outcomes in HGSOC, and a role for these cells has been highlighted in malignant cell 

clearance [137]. Although some studies have also demonstrated that CD4+ T 

lymphocytes in the omental TME assist with clearing HGSOC tumours, recent evidence 

suggests that the presence of this T lymphocyte subpopulation correlates with poor 

survival [138]. This may be explained by the heterogeneous nature of CD4+ T 

lymphocytes. Specific subpopulations are able to mobilise other immune cells to generate 

a productive immune response against the tumour, whereas others, particularly the Treg 

subpopulation, operate in an immunosuppressive manner [133]. Furthermore, Treg cells 

within the omental TME have been shown to secrete VEGFA, which stimulates 

angiogenesis, and platelet-derived growth factor A (PDGFA), which supports CAF 

growth [139]. 

The other immune cell types often found within the HGSOC omental TME, are B 

lymphocytes, natural killer (NK) cells, and dendritic cells [133]. The presence of B 

lymphocytes in the HGSOC TME is common, and their infiltration, particularly that of B 

lymphocytes which are CD20+, correlates with improved patient survival [140] [141]. 

These cells produce a variety of cytokines, which together support a productive immune 

response for tumour clearance in the omentum. For example, they have been shown to 

secrete CXCL8, which acts to recruit other immune cell types, including dendritic cells, 

enabling their maturation such that they can activate CD8+ T lymphocytes [140]. 
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Dendritic cells in the omentum are able to both support and hinder tumour development. 

Whilst myeloid dendritic cells are capable of aiding tumour clearance, plasmacytoid 

dendritic cells are immunosuppressive and their presence correlates with poor prognosis 

[133] [142]. Plasmacytoid dendritic cells are recruited to the HGSOC TME due to the 

presence of malignant cell-derived factors, such as CXCL12, then following recruitment 

they can induce angiogenesis, HGSOC metastasis, and impair CD8+ T Lymphocyte 

function [143]. Finally, NK cells are also present in the TME of HGSOC, and this immune 

cell type primarily functions to suppress tumour development [133]. For example, 

HGSOC patient-derived NK cells have been shown to display cytotoxic activity towards 

HGSOC cells in mice, which resulted in the prevention of metastasis, and were also able 

to activate other immune cells to hinder HGSOC tumour growth in vitro, and in mice 

[144]. 

 

1.9.4 MSCs 

Resident MSCs in the omentum can be reprogrammed by HGSOC cells to produce 

cancer-associated MSCs (CA-MSCs), which have tumour-promoting capabilities. It is 

known that that the presence of MSCs in co-culture with OC cells enhances OC cell 

proliferation, invasion, and drug resistance, and this is believed to occur through the 

secretion of a host of cytokines, such as IL-6, CXCL12 and TGFβ [145] [146] [147] [148] 

[149]. MSCs are also a source from which CAFs can be derived within the omentum, and 

HGSOC cell-derived exosomes are responsible for MSC reprogramming [149]. 
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1.9.5 CAFs  

In addition to the various immune cells found within the HGSOC TME, CAFs are another 

stromal cell type present with essential roles in promoting HGSOC colonisation of the 

omentum and secondary tumour development. As well as from MSCs, CAFs in the 

omentum are derived from NFs, where HGSOC cells are responsible for their generation 

through reprogramming, for example via TGFβ secretion [150]. Tumour-CAF 

bidirectional cross-talk is then responsible for maintaining CAFs in a myofibroblast-like 

state, and also for stimulating CAFs to perform a number of roles in promoting tumour 

development in the omentum [151] [152]. CAFs function as the primary ECM 

remodelling cell type in the TME of most cancer types, and whilst many cell types within 

the omentum are likely responsible for ECM protein synthesis, including HGSOC cells, 

TAMs, and white adipocytes, it is the CAFs which predominantly synthesise and 

assemble these proteins to generate a dense ECM [150] [46] [153] [154] [155] [120] [156] 

[157] [158]. Work by Delaine-Smith et al. revealed the importance of the cross-talk that 

occurs between CAFs and OC cells in fibroblast activation [159]. They firstly highlighted 

TGFβ3 as the most highly expressed TGFβ isoform in OC cells. Secondly, they 

demonstrated how treatment of omental fibroblasts with this growth factor increases their 

expression of CAF biomarkers, such as FAP and SMA, and also enhances their ECM 

protein synthesis and deposition capabilities. This ECM is thought to play crucial roles in 

the omentum in driving tumour progression, through supporting HGSOC cell growth, 

proliferation, survival, and invasion [150]. Furthermore, CAFs in the omentum secrete 

many different growth factors, such as fibroblast growth factor (FGF), hepatocyte growth 

factor (HGF), and CXCL12, which also stimulate these processes to drive tumour 

development [151](Figure 1.2).  
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Figure 1.2 – CAFs origins and cell-cell communication within the HGSOC omental 

TME 

There is a great deal of complexity in the different cell types within the HGSOC TME, 

and in the cell-cell communication that occurs between them. CAFs in the omentum are 

likely derived from MSCs and NFs, and it is known that HGSOC-secreted factors, such 

as TGFβ, and exosomes, contribute towards converting these cell types to a CAF-like 

state. There is then a continual, bidirectional, cross-talk between the HGSOC tumour and 

the CAFs. The CAF phenotype is maintained by tumour-derived factors, such that the 

CAFs can carry out a number of processes that support HGSOC cell growth, 

proliferation, and invasion, including ECM assembly and growth factor secretion. White 

adipocytes are also activated by HGSOC cells in the omentum, resulting in the secretion 

of free fatty acids which provide energy for malignant cell growth and proliferation. 

Furthermore, through this activation, the white adipocytes may also contribute towards 

the secretion of ECM related proteins. Finally, the immune system plays a crucial role in 

HGSOC metastasis, and a number of immune cell types, including TAMs, function as 

immunosuppressants to support tumour development. In addition, TAMs, and the 

malignant cells themselves, have also been shown to be capable of ECM protein synthesis. 
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In addition to the tumour-promoting roles of CAFs in the omentum mediated by ECM 

assembly and growth factor secretion, CAFs are also able to stimulate tumour 

development via alternative mechanisms. As discussed previously, CAFs are able to 

communicate bi-directionally with a number of immune cell types within the omentum, 

which results in the stimulation of their immunosuppressive functions and subsequent 

tumour development. The cross-talk between CAFs and immune cells in the omentum is 

complex, and the secretion of a variety of factors by CAFs contributes towards 

immunosuppression in the TME. For example, factors including CXCL12 and 

macrophage colony-stimulating factor (CSF-1) are known to be secreted by CAFs which 

recruit immunosuppressive TAMs to the HGSOC TME [160]. Furthermore, CAFs in the 

omentum are able to enhance the survival and proliferation of immunosuppressive Treg 

cells through the production of factors such as CD73 and interleukin-6 (IL-6) [161]. 

CAFs also exert their pro-tumourigenic effects through mechanisms involving metabolic 

changes within the HGSOC TME. A role for CAFs has been demonstrated in directly 

reprogramming HGSOC cells to use glycogen, enabling cell growth and survival as the 

adipocytes become less abundant with tumour expansion. Glycogen phosphorylase is 

activated in HGSOC cells through the action of CAF-secreted factors, such as IL-6 and 

CXCL10 [162] [163]. Furthermore, metabolic reprogramming occurs within CAFs 

themselves, and these metabolic changes have been shown to contribute towards tumour 

development in the omentum. For example, nicotinamide N-methyltransferase  (NNMT) 

is a metabolic enzyme that becomes upregulate in CAFs, and is now considered to be 

crucial in the support of malignant cell growth and metastasis in the HGSOC TME. 

NNMT plays a role in altering CAF function through its involvement in ECM secretion 

and assembly, and in pro-tumourigenic cytokine production [164]. 
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1.10 The extracellular matrix (ECM)  

1.10.1 Overview  

The ECM is a non-cellular, multi-protein assembly, with the mammalian ECM consisting 

of approximately 300 proteins that make up a core-matrisome, including fibrillar proteins, 

such as collagen and fibronectin, and proteoglycans, such as versican and aggrecan [165] 

[166] [167]. The ECM also contains other matrisome-associated components, such as 

secreted growth factors, and enzymes that are required for the assembly and remodelling 

of ECM, including lysyl oxidases (LOXs) and matrix metalloproteinases (MMPs) [165] 

[168] [169]. The two major ECM structures found within the body are the interstitial 

ECM, and the basement membrane. Both of these ECM structures are able to regulate 

processes such as cell growth, proliferation, differentiation and angiogenesis, whilst also 

regulating cell signalling through controlling growth factor abundance [170] [171] [172] 

[173] [174]. The regulation of these processes is mediated via the interaction of cells with 

ECM components using a variety of ECM receptors at the cell surface, including integrins 

and syndecans [175]. Whilst a number of functions are shared between the major ECM 

structures, they also possess unique properties that enable specific roles to be carried out 

[176]. The interstitial ECM in connective tissues acts as a scaffold for cells to provide the 

tissue with structural integrity [177]. However, this type of ECM can exist in different 

forms, allowing tissues to carry out specific functions. For example, the hierarchical 

assembly of collagen in tendon offers high-tensile strength through the formation of thick 

bundles, whereas in the skin, the assembly of collagen to create less compact bundles 

enables stretching to be withstood [178]. Basement membranes exist as dense, thin sheets, 

which act as a scaffold for adjacent cell types, such as epithelial and endothelial cells, to 

anchor them to the underlying connective tissue [178] [179]. Furthermore, basement 

membranes also play a role in cell signalling, tissue separation and in the protection of 

tissues from mechanical stress [179] [180]. Although the importance of the ECM in 

mammalian tissues has been appreciated for many years, the precise mechanisms required 

for the assembly of individual ECM components into higher-order structures to form a 

dynamic and complex 3D network are still not yet fully understood.  
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1.10.2 The ECM in the HGSOC metastatic TME  

The composition and architecture of the ECM within the omentum is known to change 

with HGSOC disease progression. Pearce et al. used a multi-omics approach to compare 

the ECM composition between HGSOC patient-derived omentum samples with varying 

disease extents [98] [181]. It was shown that as the disease became more extensive, the 

complexity of the stromal ECM increased, and proteins such as collagen I, collagen XI, 

fibronectin, and COMP became more abundant. Furthermore, using second harmonic 

generation (SHG) microscopy, they were able to demonstrate that changes in collagen 

organisation occur with disease progression. In samples where the disease extent was 

relatively minimal, collagen fibres were thin and arranged around the white adipocytes, 

whereas in samples where the disease was more severe, larger bundles of collagen were 

observed [98]. These changes that occur in both ECM composition and organisation with 

HGSOC progression are thought to be important for HGSOC metastasis to the omentum 

and secondary tumour development [98] [182]. Given the contribution of metastasis to 

the high mortality rate associated with HGSOC, it is essential to understand the 

mechanisms involved in assembling the stromal ECM within the HGSOC metastatic 

TME. 

1.10.3 Collagen I synthesis and assembly  

The collagens occupy over 30% of the ECM in the human body and are therefore the 

most predominant family of ECM proteins [183]. This family comprises 28 members in 

total and can be divided into subtypes, including but not limited to the fibril-forming 

collagens, the fibril-associated collagens, the network forming collagens, and the 

transmembrane collagens [183] [184]. The most abundant collagen in connective tissue 

is the fibril-forming collagen I, and it is this collagen type for which the mechanisms of 

collagen synthesis, secretion and assembly are best understood [185] [184]. Collagen I is 

first synthesised as pro-collagen, which is triple helical in structure, primarily consisting 

of two different polypeptide chains, proα1 encoded by COL1A1 and proα2 encoded by 

COL1A2, in a 2:1 ratio [186]. However, it has been recently shown that collagen I 

homotrimers can also be produced, in particular by malignant cells found in pancreatic 

cancer, and the production of this homotrimeric collagen I was shown to be important for 

tumour progression [187]. Collagen chains are translated and translocated into the lumen 

of the ER, where post-translational modifications (PTM) occur which are essential for 

triple helical pro-collagen to form [184]. For example, procollagen chains are stabilised 

through the addition of hydroxyl groups by lysyl and prolyl hydroxylases, via enzymatic 
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reactions that require ascorbic acid [188] [189]. Enzymes within the ER then assist with 

the formation of an approximately 300 nm pro-collagen triple helical structure, which is 

then exported from the ER to the Trans-Golgi network (TGN) in a coat protein complex 

II (COPII) dependent process that can, but does not exclusively, utilise large carriers 

generated via the action of TANGO1 for this trafficking [190] [191] [192].  

Pro-collagen is trafficked through the Golgi network, whilst being subjected to further 

PTMs, followed by trafficking to the plasma membrane where carrier-plasma membrane 

fusion occurs, allowing for secretion into the extracellular space and for fibrillogenesis to 

take place [193] [194]. In certain cell types, such as the fibroblasts found in tendon, 

fibripositors have been identified, which are specialised membrane invaginations, or 

protrusions, created via the fusion of collagen-containing carriers with the plasma 

membrane [195] [194]. In order for procollagen to be processed to form rod-like 

tropocollagen molecules capable of assembly in the extracellular space, cleavage of the 

N- and C-termini by specific procollagen proteinases is required [196]. There are two 

models for how this processing occurs, where the N- and C- termini are cleaved either 

during procollagen trafficking, or after secretion into the extracellular space [197] [198] 

[199]. Once secreted and processed, tropocollagen is assembled into higher-order 

structures through the formation of microfibers, fibrils, fibres, and more complex 3D 

networks [199]. In vitro, collagen is able to self-assemble into fibrils to some extent. 

However, in order for the more complex networks found in vivo to be generated, cells are 

required to tightly regulate fibril composition, diameter, and length, such that elaborate 

matrices can be built [200]. 

Whilst considerable progress has been made over the last century in developing our 

understanding of collagen assembly in vivo, and that of the entire ECM in general, the 

detailed mechanisms that allow cells to assemble complex 3D matrices are still relatively 

poorly understood [200]. One mechanism that is known to be of particular importance in 

ECM assembly, is the binding of cells to secreted ECM components at their cell surface 

via integrins [201] [202]. Integrins are heterodimeric cell surface receptors that function 

to link the cytoskeleton within the cell to the ECM. ECM binding to integrins stimulates 

integrin clustering and initiates downstream intracellular signalling cascades that allow 

the cell to sense and respond to mechanical stimuli in their microenvironment [203]. 

Integrins α1β1, α2β1, α10β1 and α11β1, are known to bind monomeric or fibrillar 

collagens directly, however it is not yet known whether these integrins are essential for 

collagen fibrillogenesis.  
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1.10.4 Regulatory collagen family members     

There are a number of collagen family members that function in a regulatory capacity 

within the ECM, which not only control the initiation of collagen fibrillogenesis, but also 

have roles in regulating ECM organisation [204]. Collagens V and XI are fibril-forming 

collagens and known initiators/nucleators of collagen fibril formation, where mice in 

which these collagen types have been depleted display defects in the organisation of 

collagen fibrils, highlighting the importance of proper initiation of fibrillogenesis in 

guiding the overall architecture of ECM within a tissue [205] [206] [207]. Collagen V is 

ubiquitously expressed and, despite being a minor fibril-forming collagen present in small 

amounts in tissue relative to collagen I, is thought to play an important role in the initiation 

of collagen I fibrillogenesis [208]. Heterozygous COL5A1 knockout  mice are viable, but 

have significantly fewer collagen fibrils, and mice that completely lack COL5A1 are 

embryonic lethal and are incapable of generating collagen fibrils [205].  

The role of collagen XI in the initiation of collagen fibrillogenesis is believed to be of 

particular importance in cartilage, where it is associated with, and regulates the formation 

of, collagen II-containing fibrils. Mice completely lacking COL11A1 have severe 

cartilage defects with collagen fibrils virtually absent [206] [207]. However, during 

development, collagen XI expression has been shown to be more ubiquitous, and is also 

found within tissues that primarily contain collagen I, such as tendons. Mice that lack 

COL11A1 in the tendon display defects in fibrillar collagen organisation, where collagen 

fibrils with a smaller diameter were observed, and this regulation of collagen 

fibrillogenesis by collagen XI was found to occur during development [209]. 

Furthermore, collagens XI and V have been shown to coordinate in the regulation of 

collagen fibril formation in the tendon during development [96].  

These nucleators of collagen fibrillogenesis are thought to allow cell types that assemble 

ECM within tissues, such as fibroblasts, to assemble collagen fibres of specific diameters, 

allowing for the needs of a given tissue to be met. For example, as mentioned previously, 

tendon ECM must be able to provide high mechanical strength, and the relatively small 

amounts of collagen V present likely ensure that fibrils with a large diameter are 

assembled [204]. In contrast, in the cornea, collagen V levels are higher, ensuring smaller 

diameter fibrils are assembled which allow for transparency [210].  
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1.10.5 Fibronectin fibrillogenesis   

Fibronectin is a glycoprotein, secreted as a compact, soluble dimer, that becomes bound 

by integrins including α5β1 and αvβ3 [211] [212]. These integrins bind to specific 

domains within fibronectin, including its Arg-Gly-Asp (RGD) motif, which induces 

integrin clustering and focal contact formation [213] [214]. Clustering strengthens the 

binding of integrins to fibronectin, and actin cytoskeleton-mediated cell contraction 

facilitates a conformational unfolding of fibronectin dimers such that cryptic fibronectin 

binding sites are revealed, allowing its polymerisation into fibrils, highlighting the 

importance of cell contractility in ECM assembly in vivo [215] [213] [214] [216] [217] 

[218].  

As well as possessing domains that allow for binding to integrins, fibronectin has a 

number of modules that enable interactions with other ECM proteins, including collagen, 

and these interactions are known to be essential for the assembly of complex matrices 

[219]. For example, fibronectin is known to have multiple collagen I binding domains, 

and the binding of collagen I to pre-existing fibronectin fibrils is thought to be required 

for its assembly [220] [216] [221] [222] [223] [224]. However, whilst multiple groups 

have highlighted a role for fibronectin in collagen I fibrillogenesis, in that collagen I 

fibrils cannot assemble in vivo in its absence, there is also evidence suggesting that 

fibronectin fibrillogenesis itself can be regulated by collagen I binding [225] [226] [227]. 

This highlights a more reciprocal relationship between how the assembly of these 

matrices is regulated. In addition to binding collagen, fibronectin also interacts with and 

has a role in the assembly of other ECM components, such as the glycoproteins 

fibrinogen, fibrillin and thrombospondin-1, as well as the proteoglycans versican, 

perlecan and decorin [228] [229]. These interactions are thought to be important for 

incorporating other ECM components into the ECM such that it can mature to form a 

complex matrix [230]. 
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1.11 Endocytic recycling    

1.11.1 Overview 

A somewhat underappreciated intracellular process with a role in the assembly of ECM 

is endocytic recycling. This branch of the endosomal membrane trafficking pathway 

allows cells to return endocytosed cargo, such as integral membrane proteins, and lipids, 

back to the plasma membrane. Together with the secretory pathway, endocytic recycling 

offers a means to control how a cell communicates with its environment through 

regulating integral membrane protein and lipid abundance and organisation at the cell 

surface [231] [232].  

 

1.11.2 Endocytosis mechanisms  

Integral membrane proteins and other cargoes, including receptor bound ligands, can be 

internalised via a number of mechanisms that can be classified based on their dependence 

on the clathrin coat protein [233] [234]. Clathrin-mediated endocytosis involves the 

recruitment of clathrin from the cytosol to the plasma membrane, along with over 50 other 

proteins that coordinate to drive membrane invagination followed by membrane scission 

to release a clathrin-coated vesicle into the cytosol. Firstly, a clathrin coat is formed, 

which together with clathrin consists of adaptor proteins such as the AP2 heterotetramer, 

as well as a number of other scaffolding proteins [235]. An actin module then assembles 

at the site of endocytosis which contributes towards membrane bending. This module is 

made of up of actin filaments, the assembly of which is regulated by the actin-related 

protein 2/3 (Arp2/3) complex, as well as regulatory components including members of 

the Wiskott-Aldrich syndrome protein (WASP) family, dynamin, and myosin motor 

proteins [236] [237] [238]. Constriction of the neck at the invagination is then driven by 

dynamin, which interacts with, and is thought to be regulated by,  Bin-amphiphysin-Rvs 

(BAR) domain containing proteins. However, the exact role of BAR domain proteins in 

dynamin regulation is not fully understood, with studies suggesting both stimulatory and 

inhibitory effects on dynamin function [239] [240]. Uncoating of the vesicle then releases 

clathrin, and the other proteins involved in clathrin-mediated endocytosis, back into the 

cytosolic pool for reuse, and allows the vesicle to participate in membrane trafficking 

towards, and fusion with, the early endosome (EE) compartment [233].  
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The importance of clathrin-mediated endocytosis in allowing a cell to internalise 

macromolecules in a specific manner is well established, however there is an increasing 

number of proteins that are internalised by endocytosis mechanisms that do not require 

clathrin [233]. For example, cells can use caveolae-mediated endocytosis for 

macromolecule internalisation, where caveolae are flask-shaped, lipid-rich membrane 

invaginations with a variety of functions including fatty acid uptake and cell signalling 

[241] [242]. The formation of caveolae requires the integral membrane protein caveolin-

1, the cavin coat proteins, the BAR domain containing Pacsin2, and the EH-domain 

containing 2 (EHD2) ATPase [243]. In order for these membrane invaginations to detach 

from the plasma membrane, dynamin is thought to be required. However it is not yet clear 

whether dynamin acts alone in this role, whether other proteins such as intersectin are 

also required, or whether detachment can occur independent of dynamin [244] [245] 

[246]. Following, detachment, caveolae can then be trafficked towards the EE.  

Endocytosis can also occur via mechanisms that require neither clathrin nor dynamin, 

such as the clathrin-independent carrier (CLIC) GPI-anchored protein-enriched early 

endosomal compartment (GEEC) pathway [247]. This pathway is regulated by several 

proteins including Arp2/3, as well as the Cdc42 and Arf1 small guanosine triphosphatases 

(GTPases). Endocytosis via this mechanism occurs without the formation of a coat, where 

tubulovesicular carriers extend directly from the cell surface and are thought to then fuse 

with, or to mature into, GEECs [247] [248] [249] [250]. An alternative clathrin and 

dynamin independent mechanism of endocytosis is macropinocytosis [247]. This process 

enables large amounts of fluid and macromolecules in the extracellular space to be 

internalised, where ruffling of the actin cortex generates plasma membrane extensions 

that allow macropinosomes to form [251]. This endocytic mechanism can occur 

constitutively, as in the case of a number of immune cell types such as macrophages and 

dendritic cells, or alternatively it can occur in a signal dependant manner [247]. The 

formation of macropinosomes by membrane ruffling is regulated by Rac1 and Ras 

GTPases, as well as by phosphoinositide signalling [252]. Although this mechanism of 

endocytosis was initially believed to be non-specific, there is evidence to suggest that, in 

some cases, membrane proteins may be sorted at the site of macropinosome formation. 

This then allows for the specific internalisation of membrane proteins, and presumably 

also any cargoes to which they are bound, via this mechanism [253] [254].  
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1.11.3 Cargo sorting for degradation  

Following endocytosis by these mechanisms, internalised cargoes are trafficked to the 

EE, characterised by the presence of the small GTPase Rab5 on its surface, where cargoes 

are sorted either for degradation, or for recycling back to the plasma membrane [255]. 

Internalised cargoes that are to be degraded are sorted into intraluminal vesicles (ILVs) 

during EE-late endosome (LE) maturation, with this maturation being characterised by a 

switch from Rab5 to Rab7 on the compartments cytoplasmic surface, and resulting in the 

formation of a multivesicular body (MVB) [255] [256] [257]. Lysosome-MVB fusion 

then takes place, where lysosomal hydrolases act to degrade the internalised cargoes 

present in the lumen of the ILVs [258](Figure 1.3). Importantly, in certain cell types 

including cancer cells, MVBs can avoid degradation and fuse with the plasma membrane, 

releasing their contents into the extracellular space as exosomes which act in cell-cell 

communication [259]. 

 

1.11.4 Cargo sorting for recycling 

Instead of being sorted for degradation, internalised cargoes at the EE can be sorted for 

recycling where they are first retrieved from the degradative fate and then trafficked back 

to the plasma membrane [260]. Cargo retrieval occurs via the generation of tubular 

retrieval subdomains, that extend from the EE membrane into the cytosol [260] [261]. 

The membrane remodelling required for the formation of these tubular extensions is 

driven by Arp2/3 complex mediated-actin polymerisation, with this complex itself being 

regulated by the Wiskott-Aldrich syndrome protein and scar homolog (WASH) complex 

[262]. These tubules are then stabilised by BAR domain containing proteins, which sense, 

and also possibly generate, membrane curvature [263]. Cargo sorting into these tubules 

primarily occurs in a sequence-dependant manner, where proteins to be recycled possess 

specific motifs that are recognised by components of the retromer or retriever protein 

complexes [264] [265]. The recycling of cargoes sorted into tubules back to the plasma 

membrane can occur via a fast, direct route, or a slow, indirect route [266](Figure 1.3). 

Cargoes to be recycled via the slow pathway are first trafficked to the endocytic recycling 

compartment (ERC), which is a distinct population of vesicular and tubular endosomal 

membranes often located within the cells perinuclear region, that are thought to be derived 

from EE membrane tabulation events that take place during maturation [267] [268]. 
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Figure 1.3 – Endocytic recycling pathways return endocytosed cargo back to the 

plasma membrane  

Following endocytosis, internalised cargo is trafficked to the EE for sorting. Cargo can 

be sorted for degradation, where it is retained within the EE as it matures to form a LE. 

During maturation, cargo to be degraded is sorted into ILVs, followed by LE-lysosome 

fusion which allows for cargo degradation via the action of lysosomal hydrolases. 

Alternatively, endocytosed cargo can be sorted into tubular subdomains of the EE for 

recycling back to the plasma membrane. Recycling can occur via a fast, direct route, or 

via a slow, indirect route where cargo is first trafficked to the ERC.  
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1.11.5 Endocytic recycling regulators – Rab and Arf GTPases    

Key regulators of all membrane trafficking events within the cell, including endocytic 

recycling, are a set of G proteins belonging to the Rab and Arf families of small GTPases, 

of which there are approximately 60 and 30 members respectively in mammals [269] 

[270] [271]. These GTPases operate as molecular switches, where they are converted to 

an active state by the binding of guanosine-triphosphate (GTP), followed by a conversion, 

via their intrinsic GTPase activity, to an inactive, guanosine-diphosphate (GDP) bound 

state [272]. Essential regulators of the conversion to the active GTP bound state, are the 

guanine nucleotide exchange factors (GEFs), which act to facilitate the otherwise slow 

release of bound GDP and subsequent binding of GTP. The conversion then back to the 

inactive GDP bound state is regulated by GTPase activating proteins (GAPs) which 

stimulate the intrinsic, but otherwise very slow, GTPase activity of the G protein [273]. 

In their GDP bound state, inactive small GTPases are bound by guanine dissociation 

inhibitors (GDIs), which act to sequester the G protein in the cytosol as a soluble complex 

through binding their membrane-interacting lipid moieties [274]. GTP binding to the 

nucleotide binding sites of Rab and Arf proteins triggers large scale, allosteric changes in 

their conformation, mediated by an interswitch region located between the switch I and 

switch II regions. These changes allow Rab and Arf proteins, that were previously 

inactive and sequestered in the cytosol, to firstly interact with membranes following the 

release of their associated GDI via the action of  GDI-displacement factors (GDFs), and 

secondly to interact with their binding partner proteins, termed effectors [274] [275] 

[276](Figure 1.4). Within the Rab family of small GTPases, there are a number of 

subfamilies, where members of each subfamily share distinct sequence motifs [277]. 

Whilst the members of each subfamily often contribute towards regulating the same 

aspect of vesicle trafficking, differences can exist between them in terms of their tissue 

expression, intracellular localisation, and vesicle trafficking dynamics [278, 279]. For 

example, Rab11a, Rab11b, and Rab25 (11c) are members of the Rab11a subfamily, and 

function to recycle transmembrane receptor and adhesion complex proteins back to the 

plasma membrane following internalisation via the ERC. However whereas Rab11a and 

Rab11b are ubiquitously expressed across tissues, Rab25 is expressed primarily in 

epithelial cells where it regulates the recycling of cargoes specifically from the apical 

recycling endosome back to the cell surface [280] [278].  
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Figure 1.4 – The small GTPase cycle  

Rab and Arf small GTPases cycle between an active GTP-bound state, and an inactive 

GDP-bound state. GEFs facilitate the release of GDP, allowing for GTP binding and 

conversion to the active state. Once GTP-bound, the active GTPase is capable of 

membrane association and binding to effector proteins, such that its various roles in 

regulating membrane trafficking can be carried out. GAPs then stimulate the otherwise 

slow hydrolysis of GTP to form GDP, rendering the small GTPase in an inactive state. 

 

Specific members of the Rab and Arf families of GTPases have been implicated in the 

regulation of the fast recycling pathway, such as Rab4 and Rab35, and the slow recycling 

pathway, such as Rab8, Rab11 and Arf6 [281] [282] [283]. A level of coordination is to 

be expected between GTPases operating within the same recycling pathway, particularly 

in the case of the slow recycling pathway that first requires cargo trafficking from the EE 

to the ERC, followed by transport from the ERC to the plasma membrane. For example, 

Rab8 and Rab11, which are known to coordinate in the recycling of the transferrin 

receptor and also during primary ciliogenesis, are thought to regulate EE-ERC trafficking, 

and ERC-plasma membrane trafficking, respectively [284] [285]. Furthermore, regulators 

of different recycling pathways can also act in a coordinated manner to control the 

recycling of specific cargoes. For example, Rab4 and Rab11 have been shown to work in 

conjunction to mediate the recycling of the angiotensin II type I receptor [286]. The 

GTPases involved in endocytic recycling can also have roles in other membrane 

trafficking routes. For example, whilst Rab11 predominantly localises to the ERC, it has 

also been shown to localise to the TGN, where it acts to regulate transport of cargoes from 

the TGN to the ERC and the plasma membrane [287] [288].  
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1.11.6 Rab and Arf effector proteins 

Effectors are a diverse set of proteins that allow Rab and Arf GTPases to regulate a variety 

of processes required for membrane trafficking to occur, including those involved in 

vesicle budding from donor compartments, vesicle trafficking towards target 

compartments, membrane tethering, and finally fusion of those trafficked vesicles with 

target compartment membranes [289]. A large number of effector proteins have been 

identified for Rab and Arf GTPases, using techniques including genetic screens, affinity 

chromatography, and proximity labelling techniques, such as BioID [290] [291]. Whilst 

it was assumed that each effector would bind a specific Rab or Arf protein, there is now 

evidence to suggest that a single effector can interact with a number of small GTPases, 

both individually and also simultaneously through multivalent interactions. For example, 

the MICAL family of Rab effectors have multiple binding sites for different Rab GTPases 

located within a single interaction domain [292] [293]. 

In cargo sorting and the formation of vesicles at donor compartments, examples of 

effectors that have been identified as being of importance include the AP-1 clathrin 

adaptor, and tail-interacting protein of 47 kD (TIP47) [294] [295]. AP-1 is a Rab4b 

effector, and their interaction is involved in cargo sorting, such as that of the transferrin 

receptor, at the early endosome. TIP47 is a Rab9 effector protein, with a role in vesicle 

budding for the recycling of cargoes including the mannose-6-phosphate receptor 

(M6PR) from the EE and LE to the TGN [295] [296].  

A number of effectors have been implicated in the regulation of vesicle motility during 

their trafficking from donor to target compartments, including motor proteins which 

interact directly with Rab and Arf GTPases, as well as effectors which act as adaptors 

enabling indirect GTPase-motor protein interactions [297]. For example, Rab11 family-

interacting protein 5 (Rab11-FIP5) is a Rab11 effector important in the regulation of the 

slow recycling pathway via its interaction with the kinesin II motor protein [298]. In 

addition, JNK-interacting protein (JIP) 3 and 4 are Arf6 effectors, which recruit both 

dynein and kinesin motor proteins to endosomal membranes for the recycling of  MT1-

MMP [299]. 
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The final steps on the vesicle trafficking pathway involve tethering of the vesicle to the 

target compartment upon arrival, followed by membrane fusion. Factors required for 

membrane tethering are also GTPase effector proteins, and classically, have been grouped 

into those that consist of coiled coils, and those which are complexes made up of several 

proteins [300]. For example, the exocyst complex is a multiprotein assembly consisting 

of 8 subunits that functions in vesicle tethering to the plasma membrane, and an effector 

for GTPases including Rab8, Rab11 and Arf6 [301] [302] [303]. A number of additional 

GTPase effector membrane tethering complexes have also been identified, including 

factors for endosome recycling and Rab interactions (FERARI), homotypic fusion and 

vacuole protein sorting (HOPS), class C core vacuole/endosome tethering (CORVET), 

and class C homologs in endosome–vesicle interaction (CHEVI) [304] [305]. 

Furthermore, it has become apparent that Rab GTPases can function more directly as 

membrane tethers [306]. For example, Rab11a can interact with one of its effectors, class 

V myosin, to regulate membrane tethering, and Rab11-FIP2 has been highlighted as an 

additional Rab11a effector that enables myosin motors to interact with vesicles for 

tethering [307] [308]. Finally, following tethering, membrane fusion is driven by the 

SNARE protein family of GTPase effector proteins [309] [310].  

 

1.11.7 Endocytic recycling of ECM receptors  

As discussed previously, the interactions that occur between cells and the ECM, mediated 

by receptors at the cell surface, are essential in the regulation of many cellular processes, 

including growth, survival, proliferation, and migration [175] [311]. Together with 

lysosomal degradation, endocytic recycling plays a crucial role in regulating ECM 

receptor function through controlling their availability at the plasma membrane, as well 

as signalling. Membrane trafficking pathways therefore determine how cells respond to 

changes in ECM composition and organisation such that they can act accordingly [312]. 

Rab and Arf GTPases are known to regulate the recycling of a variety of ECM receptors, 

such as integrins [280] [313]. For example, a role for Rab25 in controlling α5β1 integrin 

recycling to stimulate cell migration has been demonstrated [280]. Furthermore, Arf6 has 

been shown to also recycle β1 integrin such that cell migration can occur, and Rab35 has 

been highlighted as a suppressor of Arf6-mediated β1 recycling to limit migration through 

enhancing cell adhesion [314]. 
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1.12 Endocytic recycling in ECM assembly    

1.12.1 Recycling regulator GTPases in ECM assembly 

A number of small GTPases that regulate endocytic recycling have been implicated in 

various processes linked with ECM assembly and remodelling. Rab10, which is thought 

to regulate cargo transport through the EE, and from the Golgi apparatus to the plasma 

membrane, has been shown to be involved in protein secretion to form the basement 

membrane [315] [316] [317] [318] [319]. Rab4a has been shown to play a role in 

fibronectin fibrillogenesis by endothelial cells during branching of the vasculature [320]. 

Another small GTPase that also has an involvement in the process of vascular 

morphogenesis is Rab11b, which has been shown to regulate fibronectin fibrillogenesis 

by endothelial cells through its recycling of α5β1 integrin, which is presumably active 

and bound to cleaved fibronectin. This recycling is thought to coordinate the trafficking 

of active α5β1 integrin with that of newly synthesised fibronectin, possibly enabling 

fibronectin secretion to occur at sites where α5β1 integrin is present, and in a state capable 

of fibronectin binding for the initiation of fibril assembly [321]. However, it is not clear 

whether the recycling of fibronectin itself is required for fibril assembly, or whether the 

recycling of the active integrin, coordinated with the trafficking of newly synthesised 

fibronectin, is sufficient for this process.  

 

1.12.2 Small GTPases in regulating MMP recycling 

As well as α5β1 integrin, other cargoes that are recycled in a small GTPase-regulated 

manner have also been shown to function in ECM assembly and remodelling. MT1-MMP 

(MMP14) is a membrane anchored MMP, with an established role in ECM remodelling 

through protein degradation, and is known to be required for the migration and invasion 

of a variety of cell types through 3D matrices [322]. This MMP is known to be recycled 

in a Rab and Arf GTPase dependant manner, with Rab8a, Rab14, Rab22a, and Arf6, all 

playing a role in controlling this recycling [323] [299]. Furthermore, MT1-MMP has been 

implicated in ECM assembly during the tissue expansion required for tendon 

development in mice. Cleavage of macromolecules, in particular fibronectin, at 

fibripositor sites by MT1-MMP was shown to be important for releasing collagen I fibrils 

from these sites such that they can be assembled into fibres. Fibronectin in this context is 

thought to act as a bridge between the cell and the collagen fibril on its surface, further 

emphasising the importance of fibronectin in collagen I assembly [324].  
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1.12.3 Collagen I recycling in fibrillogenesis 

Whilst a number of recycled cargoes, such as integrins and MMPs, have been implicated 

in fibronectin and collagen I fibrillogenesis, the question of whether or not the recycling 

of ECM proteins themselves is important for these assembly processes remains 

unanswered. A recent study highlighting the importance of ECM protein recycling in 

ECM assembly, demonstrated the involvement of collagen I recycling in its 

fibrillogenesis by mouse tendon fibroblasts. This recycling process was found to be 

regulated by a subunit of the CHEVI membrane tethering complex, VPS33B, and is 

thought to allow fibroblasts to gain spatial control over where the initiation of fibripositor 

formation occurs at the cell surface [305]. Collagen I fibrillogenesis was shown to require 

firstly the secretion of soluble collagen I monomers into the extracellular space, followed 

by the subsequent internalisation and recycling of these monomers to specific sites within 

the membrane for fibripositor formation [325]. It may be that the collagen presented at 

the cell surface after internalisation and recycling is sufficient for collagen I assembly via 

this mechanism. However, the assembly of collagen I fibrils in this fashion likely also 

involves incorporating additional collagen I monomers that have already been secreted 

into fibrils.  
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1.13 Project aims and objectives  

Minimal progress has been made in improving HGSOC treatment over the last 30 years. 

In order to develop more effective treatment strategies, it is essential that new targets are 

identified for therapeutic intervention. HGSOC metastasis to the omentum correlates with 

poor prognosis and overall survival, and is considered to be largely responsible for the 

high mortality rate associated with this disease. The specific conditions within the 

omental TME act to support colonisation of the omentum by HGSOC cells and 

subsequent secondary tumour formation. One aspect of this TME that contributes towards 

supporting multiple aspects of tumour development, including malignant cell growth, 

proliferation and invasion, is the formation of a dense, fibrillar ECM. Given that the non-

malignant cells within the TME are far more genetically stable than HGSOC cells, 

targeting these cells to indirectly hinder tumour development has considerable potential 

in the treatment of HGSOC.  

In the case of most forms of cancer, CAFs in the TME are considered as the primary cell 

type responsible for ECM protein synthesis and assembly such that complex 3D networks 

can be generated. However, the molecular mechanisms involved in the assembly of this 

type of ECM by CAFs in the omentum remain poorly understood. It is clear that endocytic 

recycling pathways and the small GTPases involved in their regulation play a crucial role 

in controlling the processes that guide the generation of complex 3D matrices in vivo. In 

ECM assembly and remodelling, the importance of cargoes, such as integrins, MMPs and 

ECM proteins in particular, undergoing recycling back to the plasma membrane after 

internalisation has been demonstrated in a number of contexts both in vitro and in vivo. 

However, it is not yet known whether Rab and Arf GTPase regulated-endocytic recycling 

pathways are required for ECM assembly by the CAFs present in the HGSOC omental 

metastatic niche. Further investigation into this area, with a particular focus on the 

identification of small GTPases and associated cargoes that are critical for ECM assembly 

in this context, could reveal novel targets for therapeutic intervention, where inhibiting 

their activity may prevent, or at least minimise, HGSOC metastasis to the omentum. 
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The overall aim of this research project was to identify novel regulators of endocytic 

recycling required for the assembly of ECM proteins by CAFs in the HGSOC metastatic 

niche, and to understand their role in controlling the molecular mechanisms involved in 

ECM assembly.  

The primary objectives of this project were as follows: 

 Characterise CAFs isolated from HGSOC patient omentum samples in terms of 

their expression of CAF biomarkers, their ability to assemble ECM proteins of 

interest, and their capacity for stimulating HGSOC cell invasion in 3D.  

 Identify regulators of endocytic recycling required for primary CAFs to assemble 

ECM proteins and to support HGSOC cell invasion using an siRNA screening 

approach. 

 Investigate the molecular mechanisms involved in the control of ECM assembly 

by endocytic recycling regulators in CAFs. 

 Identify additional ECM proteins that may be of importance in the HGSOC 

metastatic TME. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 60 

Chapter 2: Materials and Methods  

 

2.1 Omentum sample collection and cell culture 

Primary fibroblasts were derived from omentum samples obtained from HGSOC patients 

undergoing cytoreductive debulking surgery at either Saint Mary’s hospital, Manchester, 

or the Christie hospital, Manchester. The removed omentum samples were then 

processed, either with collagenase and dispase treatment, or using a gentleMACS™ 

(Miltenyi Biotec, 130-093-235) tissue dissociator according to the manufacturers 

protocol, to release primary cells as single-cell suspensions for culture. Fibroblasts were 

isolated from three different types of omentum samples. CAFs and uninvolved fibroblasts 

were isolated from HGSOC tumour burdened omentum. CAFs were derived from the 

area of these samples occupied by the tumour and its immediate microenvironment, 

whereas uninvolved fibroblasts were derived from areas of omentum that were located 

away from the tumour and that lacked any signs of macroscopic disease. Normal 

fibroblasts were derived from patients that did not have HGSOC, and instead often had 

another form of cancer such as early-stage endometrial cancer. All fibroblasts were grown 

under normoxic conditions, at 37°C with 5% CO2, in Dulbecco’s Modified Eagle Medium 

(DMEM) – high glucose (Sigma-Aldrich, D6171) containing L-glutamine, with 10% fetal 

bovine serum (FBS) 1% antibiotic-antimycotic (AA) solution (Sigma-Aldrich, A5955) 

added (hereafter referred to as complete DMEM). Culture under normoxic conditions 

likely prohibited cancer cell growth, where growth under hypoxic conditions is favoured. 

However, to ensure fibroblast monocultures were obtained, cancer cells and other stromal 

cells, such as mesothelial cells, were removed by subjecting co-cultures to differential 

trypsinisation [326]. Fibroblast were maintained in culture for no longer than 8 passages, 

as after this time they are known to become senescent and to lose their CAF-like 

properties. The primary human dermal fibroblasts (ATCC, PCS-201-012) and the 

HEK293T cell line were also cultured at 37°C with 5% CO2 in complete DMEM. The 

Kuramochi HGSOC cell line was cultured at 37°C with 5% CO2 in RPMI-1640 medium 

(Sigma-Aldrich, R8758) containing L-glutamine, with 10% FBS and 1% AA solution 

added (hereafter referred to as complete RPMI medium).  
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2.2 Statistical analysis and graph presentation 

All statistical analyses were carried out using Graphpad Prism 8 software. All data were 

tested for normality using the Shapiro-Wilk test. If normally distributed, data were 

analysed using an unpaired t test (if two groups were to be compared), or a one-way 

ANOVA with Tukey’s multiple comparisons test (if more than two groups were to be 

compared). All statistically significant results are indicated in the figures. For exogenous 

fibronectin assembly assays, a two-way ANOVA with Šidák multiple comparisons test 

was used. Pearson’s correlation analysis was used to measure the strength of the 

relationship between the capacity of CAFs to promote Kuramochi invasion and their 

contractility. All graph figures were generated using Graphpad Prism 8 software. 

 

2.3 CAF biomarker and ECM protein immunofluorescence staining, 

microscopy, and analysis  

For immunofluorescence, cells were seeded on to ethanol sterilised coverslips, which had 

been pre-coated with 0.1% gelatin (Sigma-Aldrich, G1393) diluted in PBS by incubation 

at 37°C with 5% CO2 for 30 minutes. For staining CAF biomarkers, cells were seeded at 

a density of 40,000 cells per mL and grown in culture for 4 days. The medium was 

replaced every 2-3 days, and TGFβ3 was present at a concentration of 10 ng.mL-1 in 

experiments where stated in the figure legend. For the staining of ECM proteins, cells 

were seeded at a density of 15,000 cells per mL and grown in culture for 10 days, with 

the medium replaced every 2-3 days. For these experiments, in some cases the medium 

contained TGFβ3 (10 ng.mL-1) and/or ascorbic acid at a concentration of 20 µg mL-1 

where stated in the figure legend.  

Antibody staining for immunofluorescence microscopy was carried out at room 

temperature, where cells in culture were firstly washed in phosphate buffered saline (PBS; 

Sigma-Aldrich, D8537), then fixed in 4% paraformaldehyde (PFA) for 20 minutes. For 

staining of intracellular proteins, cells were permeabilised at room temperature using 

0.2% triton™ X-100 (Sigma, X100) for 5 minutes, whereas for staining extracellular 

proteins, cells were not permeabilised. Prior to the addition of primary antibodies, cells 

were treated with 1% bovine serum albumin (BSA) for 1 hour at room temperature to 

block non-specific antibody binding sites. Primary antibodies (Table 2.1) were added for 

1 hour, followed by washing in PBS to remove any unbound antibody. Secondary 

antibodies (Table 2.2) were added, along with Hoechst 33342 (Invitrogen, H3570) if 
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nuclear staining was also required, for 1 hour whilst covered. Cells were then washed in 

PBS to remove any unbound secondary antibody, and in double-distilled water (ddH2O) 

to remove the salts from the PBS. If coverslips were used for staining, these were dried 

briefly, mounted on to glass slides using ProLong™  Gold antifade mountant (Invitrogen, 

P36980), and left to dry for at least 24 hours. If cells were stained without coverslips, 

2.5% Dabco® 33-LV antifade solution diluted in PBS was added.  

 

Table 2.1 – Primary antibodies used for immunofluorescence  

 

 

Table 2.2 – Secondary antibodies used for immunofluorescence  

 

Antigen Supplier Catalogue 

number 

Species and type Dilution 

Alpha smooth 

muscle actin 

(αSMA) 

Sigma-Aldrich A2547 Mouse monoclonal 1:100 

Fibroblast 

activation 

protein (FAP) 

Abcam Ab53066 Rabbit polyclonal 1:100 

Collagen XI 

(Intracellular) 

Atlas HPA058335 Rabbit polyclonal 1:100 

Collagen I  Gentaur OARA02579 Rabbit polyclonal 1:500 

Fibronectin  Abcam Ab6328 Mouse monoclonal  1:100 

Collagen XI 

(Extracellular) 

(Discontinued) 

Atlas HPA052246 

 

Rabbit polyclonal 1:100 

Versican Developmental 

Studies Hybridoma 

Bank 

12C5 Mouse monoclonal 1:100 

Antigen Fluorophore Supplier Catalogue 

number  

Species and type  Dilution  

Rabbit IgG 

(H+L) 

Alexa 

Fluor™ 488 

ThermoFisher A11008 Goat polyclonal 1:250 

Mouse IgG 

(H+L) 

Alexa 

Fluor™ 488 

ThermoFisher A32723 Goat polyclonal 1:250 

Rabbit IgG 

(H+L) 

Alexa 

Fluor™ 594 

ThermoFisher A32740 Goat polyclonal 1:250 

Mouse IgG 

(H+L) 

Alexa 

Fluor™ 594 

ThermoFisher A32742 Goat polyclonal 1:250 

Rabbit IgG 

(H+L) 

Alexa 

Fluor™ 647 

ThermoFisher A32733 Goat polyclonal 1:250 

Mouse IgG 

(H+L) 

Alexa 

Fluor™ 647 

ThermoFisher A32728 Goat polyclonal 1:250 
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Cells stained for immunofluorescence microscopy were imaged using either a Zeiss 3i 

spinning disk confocal microscope, or a Leica SP8 inverted confocal microscope. For 

spinning disk confocal microscopy, images were acquired using a 3i spinning disk 

confocal (CSU-X1, Yokagowa) and a Zeiss Z1 Axio-Observer microscope with a 

63x/1.40 Plan-Apochromat oil objective. Images were captured with an Evolve 

ECMCCD camera and Slidebook 6.0 software (3i). All other immunofluorescent staining  

images were acquired using a Leica SP8 inverted confocal microscope with a 63x/1.40 

HC PL APO oil objective and captured using Las X software (Leica). ImageJ was used 

for all image processing and analysis. 

To analyse CAF biomarker expression by immunofluorescence, ImageJ was used to count 

the number of cells expressing each biomarker over an intensity threshold. For SMA and 

collagen XI, heterogeneity was clearly visible in their expression levels. Higher threshold 

values were therefore used for their analysis to ensure only those cells with high levels of 

expression were counted. For FAP, expression was homogeneous, and a lower threshold 

value was used. 
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To analyse ECM protein assembly, two separate methods of analysis were used. Firstly, 

the fibre area was calculated by thresholding images to remove background staining and 

measuring the total area, the mean intensity, the minimum intensity, and the maximum 

intensity for each image. The fibre area was then calculated using the formula (mean 

intensity/total area)*maximum area. This number was then normalised to the number of 

cells in each image. To account for differences in staining between biological repeats, 

these values were normalised within each repeat by dividing the fibre area per cell for 

each image by the average fibre area per cell for the MOC195CAF untreated condition, 

or the NS siRNA transfected condition. Secondly, the large fibre index for each image 

was determined using the ridge detection algorithm within ImageJ, which is an extension 

of the ridge detection algorithm presented by Steger [327]. We define the fibre index as 

the area of fibres detected over a given width and length by the algorithm. For these 

images, a minimum line width of 10 pixels, and a minimum line length of 70 pixels, was 

used to detect larger fibres only, along with a number of other set parameters that 

remained constant between all experiments analysed with this algorithm (high contrast = 

100, low contrast = 30, sigma = 3.39, lower threshold = 0.17, upper threshold = 1.02). 

The area of fibres detected was then calculated using the formula (mean intensity/total 

area)*maximum area, and normalised to cell number for each image to obtain the fibre 

index per cell. These values were normalised within each repeat as described previously.  

 

2.4 Invasion assays – Spheroid hanging drops and top-down invasion 

To study the capacity of primary fibroblasts to stimulate the invasion of Kuramochi cells, 

the assay predominantly used was the spheroid invasion assay. Spheroids consisted of 

Kuramochi cells expressing green fluorescent protein (GFP), either as a mono-culture, or 

as a co-culture with primary fibroblasts stained with the red membrane dye PKH26 

(Sigma-Aldrich, PKH26GL) according to the manufacturers protocol. Where stated in the 

figure legend, fibroblasts were pre-treated with TGFβ3 (10 ng.mL-1) for 4 days before 

mixing with Kuramochi cells. Each spheroid was formed by pipetting 6000 cells, 

suspended in a 20 µL mixture of RPMI medium with methylcellulose (methocel), on to 

the lid of a cell culture dish, which was then flipped and placed on a dish containing a 

small amount of PBS to prevent evaporation of the medium. Hanging drops were 

incubated overnight at 37°C with 5% CO2. Spheroids were transferred into a cold, 200 

µL collagen I hydrogel mixture, consisting of rat tail collagen I (3 mg.mL-1; Corning, 

10224442), NaOH (6.8 mM) to naturalise the acetic acid present in the collagen I solution, 
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2X PBS and FBS- and AA-free RMPI medium. The collagen I mixture containing the 

suspended spheroids was then transferred to the central well within a 35mm glass bottom 

imaging dish (Mattek, P35G-1.5-10-C) and left to polymerise for 10 minutes at room 

temperature, followed by 30 minutes at 37°C. Complete RPMI medium containing 

ascorbic acid (20 µg mL-1) was added, and spheroids were incubated for 4 days at 37°C 

with 5% CO2. Where stated in the figure legend, epidermal growth factor (EGF; 30 

ng.mL-1) and hepatocyte growth factor (HGF; 100 ng.mL-1)  were also added to the 

medium, as they had been used by other members of the lab to stimulate the otherwise 

relatively non-invasive Kuramochi cells to invade. In some cases, fibroblast conditioned 

media was added to the Kuramochi spheroids where stated in the figure legend. This was 

generated by culturing fibroblasts in complete RPMI medium with or without TGFβ3 (10 

ng.mL-1) added for a minimum of 4 days. Where stated in the figure legend, spheroids 

were generated as described previously consisting of CAFs as a monoculture, and were 

grown in culture for 4 days in complete DMEM containing ascorbic acid (20 µg mL-1)  

before imaging. 

Spheroids were imaged at days 0 and 4 using a Leica SP8 confocal microscope, as 

described previously, with a HC PL APO 10x/0.40 CS2 air objective. For each spheroid, 

approximately 10 Z-sections were captured to cover the spheroids entire volume, and 

maximum intensity projections were generated using ImageJ. Spheroid invasion data was 

analysed in ImageJ, where invading cell area was calculated as a percentage of the total 

area. To obtain invading cell area and total area, channels were split and the brightness 

for the channel of interest was adjusted for each image to ensure all invading cells were 

clearly visible. Images were then thresholded, and the area corresponding to the spheroids 

central portion was defined. This area was then filled to solve the issue of some images 

containing a relatively hollow spheroid centre after thresholding due to the top of the 

spheroid being out of range for the objective. If left unfilled, the hollow spheroid centre 

would reduce the total area measure and therefore increase the percentage of invading 

cells. After filling, the total area was measured, along with the area outside the spheroid 

centre. Invading cell percentages were then normalised within each repeat by dividing 

each value by the average invading cell area for the Kuramochi mono-culture condition.  
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The top-down invasion assay approach was also tested in parallel to spheroid invasion 

method. This involved allowing a collagen I hydrogel mixture, containing the same 

components as described previously, to polymerise within the wells of a clear bottom 96-

well μ-plate (ibidi, 89626) for 10 minutes at room temperature, and 30 minutes at 37°C 

with 5% CO2. Cells (50,000 per well), either as a Kuramochi monoculture or a 

Kuramochi-fibroblast co-culture, were then added on to the hydrogel, followed by the 

addition of complete RPMI medium containing ascorbic acid (20 µg mL-1). Where stated 

in the figure legend, EGF and HGF were also added to the medium as described 

previously. Invasion at day 5 and day 12 was visualised by fluorescence microscopy using 

a Leica SP8 confocal microscope with a HC PL APO 10x/0.40 CS2 air objective. Las X 

software (Leica) was used to generate 3D reconstructions of the hydrogels, however this 

data was not analysed further due to the lack of invasion observed in all conditions. 

 

2.5 Collagen gel contraction assays  

Collagen gel contraction assays were carried out using a similar collagen I hydrogel 

mixture as described previously, although a lower collagen concentration of 2 mg.mL-1 

was used as this yielded the most reproducible results. Fibroblasts (30,000 per gel), which 

had been cultured in complete DMEM with or without TGFβ3 (10 ng.mL-1) added for 4 

days prior, were then mixed with the hydrogel, and transferred to a 35 mm dish where the 

gel was left to polymerise as described previously. Complete DMEM was added, and gels 

were incubated for up to 4 days at 37°C with 5% CO2. Images of the gels at days 0, 1, 

and 2 were taken in all gel contraction experiments, however, where stated in the figure 

legend, images were also taken at days 3 and 4. Gel contraction was calculated by 

measuring gel area at each time point as a percentage of the gel area at day 0. Pearson’s 

correlation analysis was carried out to determine the correlation between fibroblast 

contractility and their ability to facilitate Kuramochi invasion in the spheroid invasion 

assays.   
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2.6 Quantitative reverse transcription PCR (RT-qPCR) 

Endocytic recycling regulator expression in primary fibroblasts was measured using RT-

qPCR. Cells were grown in culture in complete DMEM for a minimum of 4 days, until a 

minimum area of 9.6 cm2 was covered (1 well of a 6-well plate well). For RNA extraction, 

cells were trypsinised and centrifuged at 4000 rpm for 5 minutes, and an RNeasy kit 

(Qiagen, 74004) was used according to the manufacturers’ protocol. To generate cDNA 

by reverse transcription, 1 µg of RNA was combined with a dNTP mix (1 mM; Invitroegn, 

18427-103) and oligo(dT)23 primer (1 µM; Invitrogen, 58862), in a final volume of 10 

µL. Following gentle mixing and a brief centrifugation, the reaction was incubated for 10 

minutes at 70°C to allow for primer annealing, with the reaction then being placed on ice 

to cool. Reverse transcriptase (200 U; Promega, M170A), reverse transcriptase buffer 

(Promega, M531A), and RNase inhibitor (20 U; NEB, M0314S), were added to the 

reaction and the volume brought to 20 µL. Following a 10-minute incubation at room 

temperature to allow for primer elongation, the reaction was incubated at 37°C for 50 

minutes. The reverse transcriptase was then denatured by heating to 90°C for 10 minutes, 

and the cDNA product was diluted by adding 100 µL. Each qPCR reaction was carried 

out by mixing cDNA (0.4 ng. µL-1) with PowerUp™ SYBR™ Green Master Mix 

(Applied Biosystems, A25776) and forward and reverse qPCR primers (0.5 µM) for each 

target sequence. All forward and reverse primers used were predesigned and purchased 

from Sigma-Aldrich (Table 2.3). The qPCR reactions were carried out using an AriaMX 

RT-qPCR machine (Agilent Technologies, G8830A), where the cDNA was denatured by 

heating to 95°C for 2 minutes, following by 40 amplification cycles of 95°C for 15 

seconds, primer and SYBR green probe binding at 55°C for 15 seconds, and primer 

extension for 1 minute at 72°C. Within each biological repeat, qPCR reactions were 

carried out in triplicate and the average cycle threshold (Ct) value was calculated. The 

ΔCt value was then calculated by subtracting the average Ct for the housekeeping gene, 

GAPDH, from the average Ct value for each recycling regulator target gene. The relative 

expression of each gene was then calculated, where relative expression = 2-ΔCt. 
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Table 2.3 – RT-qPCR primer sequences   

 

2.7 Gene silencing for the endocytic recycling regulator screen 

To determine which regulators of endocytic recycling were required for primary CAFs to 

facilitate the invasion of Kuramochi cells out of spheroids and to assemble ECM proteins 

of interest, an siRNA screen was used. The levels of each regulator protein were depleted 

using siRNA-mediated RNAi, and cells were used in spheroid invasion assays and ECM 

assembly assays. To ensure any positive results were not due to non-specific effects of an 

siRNA, and also not specific to primary fibroblasts derived from only one patient, all 

positive results observed following the use of one siRNA in CAFs derived from one 

patient were validated with a second siRNA in CAFs derived from a different patient. 

 

 

 

 

Target 

 

Forward primer sequence (5’-3’) 

 

Reverse primer sequence (5’-3’) 

 

Rab25 AAAACAATGGACTGCTCTTC GATTTCTTTCAGGACAGTCTC 

Rab11a ACATCAGCATATTATCGTGG GACGTAGATCACTCTTATTGC 

Rab11b GAACAACTTGTCCTTCATCG AGATCTCTGTGAGGATGTTC 

Rab4a ACTAGCACTAAGGATTCTGG ACAATGTGTTTTCTAGCAGG 

Rab4b ACGACTTCCTCTTCAAATTC TCTGTAGCGTCACAGTCTTC 

Rab8a GAGAGTGTAATATGGCGAAG CCTATGGTGGAGATAAAAGTG 

Rab8b ATGAATGACAGCAATTCAGC GAGTTCATCAAAGTAGCGAG 

Rab10 ATCACAACCTCCTACTACAG GCTCATCTATGTTTCTAAGCC 

Rab13 AGAACTGGATGAAAAGCATC CCACATTCATACTGGATTTAGC 

Rab14 ATTTATGGCTGATTGTCCTC CATAGACCATAAGAGCTCCC 

Rab22a AAAGAATTGGGTGAAAGAGC AATTGCATGAATAGAGTCGG 

Rab22b TTTATGACCAAAACTGTGCC AATGAATGAAACCGTTCCTG 

Rab35 GTGGAAGAGATGTTCAAC TTTCTTTCGTTTACTGTTCT 

Arf6 CTTAATGAGCATTCTCCACC TCAAAAGAAGAGAAAGTGGC 

Rab5a GGTTAAAGAACTTCAGAGGC TTCCTGGAAATCTACTGCTC 

Rab5b ACGTATGGTGGAGTATGAAG CAACTTCTTAGCTATTGCCAG 

Rab5c CATGGCAATAGCTAAGAAGC CGATTGGTTAGAGTGGATTC 

Rab21 AAGGATGATAGAAACAGCAC CATCAATAATCTGTACACCTCG 

GAPDH CAATGACCCCTTCATTGACC GACAAGCTTCCCGTTCTCAG 
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In order to deplete the levels of each endocytic recycling regulator, the RNAi and the 

clustered regularly interspaced short palindromic repeats (CRISPR)-cas9 approaches 

were tested. CRISPR-cas9 technology was used in the form of the lentiCRISPRv2 vector 

system, which aimed to generate a number of CAF lines in which each recycling regulator 

had been knocked out through gene editing. To test the feasibility of this approach, 3 pairs 

of DNA oligos encoding a gRNA sequence targeting Rab11a were cloned separately into 

the lentiCRISPRv2 plasmid (Addgene, plasmid #52961) according to the protocol 

developed by the Zhang lab [328](Table 2.4). After plasmid preparation, the success of 

the cloning procedure was assessed by sequencing each plasmid prior to use.  

 

Table 2.4 – gRNA encoding DNA sequences cloned into the lentiCRISPRv2 vector  

 

The 3 lentiCRISPRv2 plasmids into which each pair of oligos had been cloned were then 

used to transfect HEK293T cells. This transfection was carried out by firstly diluting 

polyethylenimine (PEI; 108 µg.mL-1) in Opti-MEM (ThermoFisher, 31985047) to a final 

volume of 250 µL. This was then combined with a 250 µL mixture of Opti-MEM 

consisting of all three different lentiCRISPRv2-Rab11a plasmids (5 µg total), and the 

pMDLg (Addgene, plasmid #12251), pVSV-G (Addgene, plasmid #138479) and  pRSV-

Rev (Addgene, plasmid #12253) plasmids (2.5 µg of each). Following a 20-minute 

incubation at room temperature, the PEI/plasmid mixture was added dropwise to cells in 

5 mL Opti-MEM, cells were incubated at 37°C with 5% CO2 for 6-8 hours, and the 

medium containing the transfection mixture was replaced with complete DMEM. Viral 

particle containing medium was then collected 72 hours post-transfection, centrifuged at 

1000 rpm for 5 minutes, and filtered through a 0.45 µm pore size filter to remove cell 

debris. Polybrene (6µg.mL-1) was used to enhance transduction efficiency, and was added 

both to the primary fibroblasts 2 hours prior to viral media addition, as well as to the viral 

media after filtration. The filtered viral media was then added to the fibroblasts for 24 

hours, followed by replacement of this media with complete DMEM. After 2-3 days, 

 

Target 

 

 

Forward oligo sequence (5’-3’) 

 

Reverse oligo sequence (5’-3’) 

Rab11a 

(Exon 2) 

CACCGCATTTCGAGTAAATCGAGAC AAACGTCTCGATTTACTCGAAATGC 

Rab11a 

(Exon 3) 

CACCGCATATGAAAATGTAGAGCGA AAACTCGCTCTACATTTTCATATGC 

Rab11a 

(Exon 3) 

CACCGGAGTGATCTACGTCATCTCA AAACTGAGATGACGTAGATCACTCC 
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successfully transduced cells were selected for using puromycin (0.75 µg.mL-1) (Gibco, 

P8833) treatment for 7-8 days. Importantly, it was decided that we would not subject 

primary fibroblasts to clonal expansion, and that we would proceed with a mixed 

population of cells. This was due to the slow growth rate of the primary fibroblasts likely 

preventing a single cell from generating a cell population of sufficient size for use in 

downstream experiments. The success of the Rab11a knockout was assessed using 

sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western 

blotting, with samples collected at 1 day and 14 days after the puromycin had been 

removed from the culture medium.  

The second approach used to deplete endocytic recycling regulator protein levels was 

RNAi mediated by siRNA. All siRNAs used were predesigned, Silencer™ Select siRNAs 

(ThermoFisher), and the knockdown efficiency of 2-3 siRNA oligos per target GTPase 

was tested (Table 2.5). To transfect primary fibroblasts, Lipofectamine™ 2000 

Transfection Reagent (ThermoFisher, 11668019) was used primarily, however, where 

stated in the figure legend the Fuse-It-siRNA (Ibidi, 60510) transfection method was also 

tested according to the manufacturer’s protocol. Each siRNA (80 nM total), either 

individually or in combination, was mixed with Opti-MEM, combined with 

Lipofectamine™ 2000 in Opti-MEM and incubated for 20 minutes at room temperature 

for 20 minutes. The siRNA-Lipofectamine™ 2000 mixture was diluted 1:1 by dropwise 

addition to primary fibroblasts in Opti-MEM, which were then incubated at 37°C with 

5% CO2 for 6-8 hours, after which time the transfection mixture was replaced with 

complete DMEM. The success of each knockdown was assessed either by western 

blotting for Rab11a (siRNA 1) and Rab11b (siRNA 1), with cell lysates collected day 5 

and day 10 post-transfection, or by RT-qPCR due to the lack of antibody availability for 

the other endocytic recycling regulators targeted in the screen, with RNA isolated at day 

2 and day 8 post-transfection.  
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Target Catalogue 

number  

Sense sequence  Anti-sense sequence  

Non-

silencing 

control  

4390843 Undisclosed Undisclosed 

Rab11a 1  4390824  

ID number 

S16702 

CAACAAUGUGGUUCCUAUUtt AAUAGGAACCACAUUGUUGct 

Rab11a 2 4390824  

ID number 

S16703 

GAGAUUUACCGCAUUGUUUtt AAACAAUGCGGUAAAUCUCtg 

Rab11b 1 4390824  

ID number 

S17648 

GCAUUCAAGAACAUCCUCAtt UGAGGAUGUUCUUGAAUGCtt 

Rab11b 2 4390824  

ID number 

S17647 

CUAACGUAGAGGAAGCAUUtt AAUGCUUCCUCUACGUUAGtg 

Rab4a 1  4390824  

ID number 

S11675 

GGUCCGUGACGAGAAGUUAtt UAACUUCUCGUCACGGACCtg 

Rab4a 2  4390824  

ID number 

S11676 

GAACGAUUCAGGUCCGUGAtt UCACGGACCUGAAUCGUUCtt 

Rab4b 1 4390824  

ID number 

S28800 

GGAAGACUGUGAAGCUACAtt UGUAGCUUCACAGUCUUCCca 

Rab4b 2 4390824  

ID number 

S28802 

GCACUAUCCUCAACAAGAUtt AUCUUGUUGAGGAUAGUGCgg 

Rab5a 1 4390824  

ID number 

S11678 

GGAAGAGGAGUAGACCUUAtt UAAGGUCUACUCCUCUUCCtc 

Rab5a 2 4390824  

ID number 

S11679 

CAAGCCUAGUGCUUCGUUUtt AAACGAAGCACUAGGCUUGat 

Rab5b 1  4392420  

ID number 

S11683 

GGUAUUACGUUUUGUCAAAtt UUUGACAAAACGUAAUACCag 

Rab5b 2 4392420 

ID number 

S11682 

GGAGCGAUAUCACAGCUUAtt UAAGCUGUGAUAUCGCUCCtg 

Rab5b 3 4392420 

ID Number 

S11681 

CGACAUUACUAAUCAGGAAtt UUCCUGAUUAGUAAUGUCGta 

Rab5c 1 4390824 

ID Number 

S11708 

GGACAGGAGCGGUAUCACAtt UGUGAUACCGCUCCUGUCCag 

Rab 5c 2 4390824 

ID Number 

S11710 

GCAAUGAACGUGAACGAAAtt UUUCGUUCACGUUCAUUGCag 

Rab8a 1 4390824  

ID number 

S8679 

GCAAGAGAAUUAAACUGCAtt UGCAGUUUAAUUCUCUUGCca 

Rab8a 2 4390824  

ID number 

S8680 

GAGUCAAAAUCACACCGGAtt UCCGGUGUGAUUUUGACACcc 

Rab8b 1 4392420 

ID number 

S28633 

GAAAGAUUCCGAACAAUCAtt UGAUUGUUCGGAAUCUUUCct 

Rab8b 2 4392420  CGAUAGAACUAGAUGGAAAtt UUUCCAUCUAGUUCUAUCGtt 
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Table 2.5 – Small GTPase targeting siRNA oligo sequences used during the siRNA 

screen 

ID number 

S28634 

Rab8b 3 4392420  

ID number 

S28635 

GAAUGAUCCUGGGUAACAAtt UUGUUACCCAGGAUCAUUCtt 

Rab10 1  4392420  

ID number 

S21390 

GGACGACAAAAGAGUUGUAtt UACAACUCUUUUGUCGUCCat 

Rab10 2  4392420  

ID number 

S21391 

GGAUGAUGCCUUCAAUACUtt AGUAUUGAAGGCAUCAUCCga 

Rab10 3  4392420  

ID number 

S21392 

CCAAUAGACUUCAAGAUCAtt UGAUCUUGAAGUCUAUUCCta 

Rab13 1 4392420 

ID number 

S11690 

GAGCGGUUCAAGACAAUAAtt UUAUUGUCUUGAACCGCUCtt 

Rab13 2 4392420  

ID number 

S11691 

GGAAUCCGAUUUUUCGAAAtt UUUCGAAAAAUCGGAUUCCat 

Rab13 3 4392420 

ID number 

S11692 

GAUCCGCACUGUGGAUAUAtt UAUAUCCACAGUGCGGAUCtt 

Rab14 1 4390824  

ID number 

S28311 

GAAAAUCUAUCAGAACAUUtt AAUGUUCUGAUAGAUUUUCtt 

Rab14 2 4390824  

ID number 

S28312 

GGUCUAUGAAUAUCACUAGA

tt 

UCUAGUGAUAUCAUAGACCat 

Rab21 1 4390824  

ID number 

S22823 

GGGUCCAAUUUACUACAGAtt UCUGUAGUAAAUUGGACCCaa 

Rab21 2 4390824  

ID number 

S22824 

GGGUCAAAGAAUUACGGAAtt UUCCGUAAUUCUUUGACCCag 

Rab22a 1  4392420 ID 

number 

S32992 

UGAGCUACAUAAAUUCCUAtt UAGGAAUUUAUGUAGCUCAtt 

Rab22a 2 4392420 ID 

number 

S32993 

CAGCUAUAAUCGUUUAUGAtt UCAUAAACGAUUAUAGCUGca 

Rab22a 3  4392420 ID 

number 

S32994 

CGCCGACUCUAUUCAUGCAtt UGCAUGAAUAGAGUCGGCGta 

Rab22b 

(31) 1  

4392420 ID 

number 

S21731 

GGAAUACGCUGAAUCCAUAtt UAUGGAUUCAGCGUAUUCCtt 

Rab22b 

(31) 2  

4392420 ID 

number 

S21732 

CAAUGGAACAAUCAAAGUUtt AACUUUGAUUGUUCCAUUGtt 

Rab22b 

(31) 3  

4392420 ID 

number 

S21733 

GAACUUCACAAGUUCCUCAtt UGAGGAACUUGUGAAGUUCat 

Arf6 1 4390824 ID 

number 

S1565 

GUCUCAUCUUCGUAGUGGAtt UCCACUACGAAGAUGAGACct 

Arf6 2 4390824 ID 

number 

S1566 

AGACGGUGACUUACAAAAAtt UUUUUGUAAGUCACCGUCUcc 
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2.8 SDS-PAGE and western blotting  

Cell lysates for SDS-PAGE and western blotting were obtained from cells covering a 

minimum area of 9.6 cm2 (1 well of a 6-well plate well). Cells were firstly washed with 

cold PBS on ice, followed by the addition of cell lysis buffer consisting of NaCl (200 

mM), Tris (75 mM), NaF (15 mM), Na3Vo4 (1.5 mM), EDTA (7.5 mM), EGTA (7.5 

mM), TritonX-100 (1.5%), IGEPAL CA-630 (0.75%), leupeptin (50 µg.mL-1), aprotinin 

(50 µg.mL-1) and AEBSF (1 mM). Cell lysates were scraped from the cell culture dish, 

and centrifuged at 14,000 RCF for 10 minutes at 4°C to pellet cell debris. The 

supernatants were then mixed with sample buffer, consisting of Tris (pH 6.8; 0.35 M), 

glycerol (38%), bromophenol blue (0.012%), SDS (10.3%) and dithiothreitol (DTT; 350 

mM), and heated to 95°C for 10 minutes. Samples were loaded into the wells of 

NuPAGE™ 4 to 12%, Bis-Tris gels (ThermoFisher, NP0322BOX), together with 4 µL 

of precision plus protein standard molecular weight marker (Bio-Rad, 1610394), and run 

at 100 V for 3 hours in NuPAGE™ MOPS SDS running buffer (Invitrogen, NP0001). 

For collagen I secretion assays (methods section 2.12.), samples were loaded into the 

wells of 6% Tris-glycine gels (ThermoFisher, XP00065BOX) with wedge wells to allow 

for up 80 µL of sample to be loaded. Protein transfer to 0.2 µm nitrocellulose membranes 

(Amersham, GE10600001) was carried out using a Trans-Blot Turbo Transfer System 

(Bio-Rad, 1704150EDU) according to the manufacturer’s protocol. Membranes were 

washed in Tris-buffered saline-Tween 20 (TBS-T) buffer and blocked in casein blocking 

buffer (Sigma-Aldrich, B6429) to prevent non-specific antibody binding. Membranes 

were incubated with primary antibodies in casein blocking buffer for 1 hour on a rocker 

at room temperature, then washed three times in TBS-T and incubated with fluorophore 

conjugated-secondary antibodies diluted in casein blocking buffer for 1 hour on a rocker 

at room temperature. Antibody-bound proteins were then visualised using an 

Odyssey® CLx system (LI-COR) and images were processed using ImageJ.  
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Table 2.6 – Primary antibodies used for western blotting 

 

2.9 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assays 

The proliferative capacity of primary fibroblasts following siRNA treatment was assessed 

using the Click-iT™ EdU Alexa Fluor™ 488 imaging kit (ThermoFisher, C10337) 

according to the manufacturer’s protocol. Cells were seeded at a density of 20,000 cells 

per mL and grown in culture for 5 days in the presence TGFβ3 (10 ng.mL-1). Nuclei were 

then stained with Hoechst 33342 as described previously. A minimum of 150 cells per 

condition were imaged using an Olympus inverted fluorescence microscope with a 

20x/0.40 LWD C A20 objective, and cell proliferation was measured as the percentage 

of cells positive for the EdU stain. 

 

2.10 Exogenous fibronectin assembly assay 

Primary fibroblasts were seeded into wells of a clear bottom 96-well μ-plate, pre-coated 

with 0.1% gelatin, at a density of 5000 cells per well and cultured for a minimum of 4 

days in complete DMEM with TGFβ3 (10 ng.mL-1). Fluorophore conjugated exogenous 

fibronectin (HiLyte Fluor™ 488; Cytoskeleton Inc, FNR02) was added to each well (5 

µg.mL-1) for 5, 15, 30 or 60 minutes, then cells were washed in PBS and fixed in PFA 

(4%) for 20 minutes at room temperature. Nuclei were stained with Hoechst 33342 and 

2.5% Dabco® 33-LV diluted in PBS was added. Images of assembled fibronectin fibres 

were acquired using a Leica SP8 inverted confocal microscope, where a single z-section 

was captured with as much fibronectin in focus as possible. ImageJ was used for all image 

processing, and analysis was carried out using the ridge detection algorithm as described 

previously, however a minimum line length of 5 pixels was used to ensure smaller fibres 

were also detected.  

Antigen Supplier Catalogue 

number 

Species and 

type 

Dilution 

Rab11a Cell Signalling  2413 Rabbit 

polyclonal 

1:1000 

Rab11b Cell Signalling  2414 Rabbit 

polyclonal 

1:1000 

Collagen I  Kerafast ENH018-FP Rabbit 

polyclonal 

1:1000 

Fibronectin Sigma-Aldrich  F3648 Rabbit 

polyclonal 

1:1000 

Tubulin Abcam Ab7291 Mouse 

monoclonal 

1:3000 
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2.11 Second-harmonic generation (SHG) microscopy  

To visualise the organisation of collagen in the vicinity of spheroids within collagen I 

hydrogels, SHG microscopy was used. Following imaging of spheroids for invasion 

analysis, spheroids within hydrogels were washed once in PBS and then fixed in PFA 

(4%) for 20 minutes at room temperature. Hydrogels were washed three times in PBS to 

remove PFA, 2.5% Dabco® 33-LV diluted in PBS was added, and stored at 4°C until 

imaging. Prior to imaging, Dabco® 33-LV was replaced with PBS. The SHG microscopy 

images were captured using a Leica SP8 upright multi-photon microscope with a 25x/0.95 

L HC Fluotar water immersion dipping objective and a MaiTai MP laser (Spectra-

Physics) at 880 nm. Z-sections were acquired covering approximately 55 µm and 

maximum intensity projections were generated using ImageJ software. Images were 

analysed by quantifying collagen fibre size in the spheroid vicinity using the ridge 

detection algorithm as described previously, however a minimum line length of 150 

pixels was used to detect only large, non-bundled fibres. To ensure only fibres in the 

spheroid vicinity were measured, ridge detection was restricted to an area around each 

spheroid of approximately 40,000 pixels in size.   

 

2.12 Collagen I monomer secretion assays  

Primary CAFs were seeded at a density of 50,000 cells per mL and grown in culture for 

24 hours before transfection with siRNA. Cells were then grown in culture for 72 hours 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg mL-1), after which time 

the conditioned medium was collected and prepared for SDS-PAGE and western blotting 

as described previously. Samples were loaded into 6% Tris-glycine gels to allow for a 

large volume to be loaded. Due to the absence of an available loading control for 

conditioned media, Ponceau staining (ThermoFisher, 17435103) was used to ensure 

comparable levels of total protein were loaded in each lane.  
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2.13 Cy3-Collagen I uptake and deposition assays  

Primary CAFs were seeded at a density of 40,000 cells per mL, then grown in culture for 

3-4 days in the presence of TGFβ3 (10 ng.mL-1). Cells were transfected with siRNA, the 

media was replaced with complete DMEM, then the following day exogenous rat tail 

collagen I (Corning; 10 µg.mL-1), labelled with the Cy3 fluorophore (Joan Chang, Kadler 

lab, University of Manchester; Cy3-Col I), was added directly to the media for 1 hour. 

Cells were then trypsinised and prepared for flow cytometry and re-seeding by 

resuspension in PBS. Approximately 30% of cells were used to determine the percentage 

of cells with internalised Cy3-Col I by flow cytometry, which was carried out using a BD 

LSRFortessa™ system, with non-Cy3-Col I treated cells used as negative controls for 

gating. The remaining trypsinised cells were then re-seeded on to coverslips pre-coated 

with 0.1% gelatin and grown for 24 hours in complete DMEM, followed by replacement 

of the medium with complete DMEM containing ascorbic acid (20 µg mL-1). Cells were 

fixed in PFA as described previously, 24 hours post-ascorbic acid addition, and Cy3-Col 

I deposition was imaged by confocal microscopy. Deposition analysis was performed 

using ImageJ software, where the total Cy3-Col I fibre area was measured and normalised 

to nuclei number. The fibre area for each image was then divided by the average fibre 

area for the non-silencing condition to normalise values within each biological repeat.  

 

2.14 Expressing mNeonGreen (mNG) and Arf6-mNeonGreen (Arf6-mNG) 

in CAFs with lentiviral transduction   

MNG and Arf6-MNG (6 µg) cloned into the pLX304 vector (Addgene, plasmid #25890;  

Konstantina Nikolatou, Bryant lab, University of Glasgow) were transfected into 

HEK293T cells at 60% confluency  in a T75 flask, along with psPAX2 (Addgene, plasmid 

#12260) (4.5 µg) and  pCMV-VSV-G (Addgene, #8454; 3 µg). The transfection was 

carried out using PEI, and the media containing viral particles was used to transduce 

primary CAFs, as described previously. Transduced CAFs were selected for with 

blasticidin (ThermoFisher, A1113903;  4 µg.mL-1) treatment for 7-8 days. The cells used 

for imaging experiments were not sorted using fluorescence-activated cell sorting 

(FACS), as the proliferation of CAFs sorted using this technique was greatly reduced. As 

the population of cells used for imaging therefore expressed each construct at varying 

levels, cells with very low expression or very high expression were ignored.  
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2.15 Live-cell imaging of Cy3-Col I  

Cy3-Col I uptake by CAFs, and Arf6 –mNG localisation to sites of Cy3-Col I  assembly, 

was visualised using live-cell imaging. CAFs expressing mNG or Arf6-mNG were seeded 

into the wells of 8 chamber µ-slides (Ibidi, 80807), at a density of 33,000 cells per mL, 

and treated with TGFβ3 (10 ng.mL-1). Cells were labelled with CellMask™ deep red actin 

tracking stain (ThermoFisher, A57245) according to the manufacturer’s protocol, and the 

staining solution was replaced with Opti-Klear™ buffer (ab275938) ready for imaging. 

Cy3-Col I was added (10 µg.mL-1), and cells were imaged immediately using spinning 

disk confocal microscopy with a 63x/1.40 oil objective as described previously, within a 

chamber pre-warmed to 37°C. Cells were imaged at 2-minute intervals for 2.5-3 hours. 

Z-stacks were captured at each time point, covering 7.5 µm in total with 0.5 µm per 

section. Images were captured with Slidebook 6.0 software as described previously, 

Imaris 9.9.1 software was used to generate 3D reconstructions and ImageJ software was 

used to generate maximum intensity projections. 
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2.16 HGSOC patient omentum sample mass spectrometry  

 

For the comparison of ECM protein composition between diseased, uninvolved, and 

normal omentum samples, 15 different omentum samples, including three pairs of 

matched diseased and uninvolved samples from the same patient, were processed to 

enrich ECM proteins, and analysed by mass spectrometry. Snap frozen samples, with a 

diameter of approximately 0.5 cm3, were homogenised with a  pestle and mortar in 1 mL 

of TB buffer containing Tris (10 mM), NaCl (150 mM), EDTA (25 mM), Triton X-100 

(1%), Leupeptin (25 μg. mL-1), Aprotinin (25 μg. mL-1) and AEBSF (0.5 mM). 

Homogenised samples were incubated on a rotator at 4°C overnight, then centrifuged at 

14,000 RCF for 10 minutes at 4°C. Pellets were then resuspended in PBS+ with 

Benzonase ® nuclease (250 units.mL-1, Sigma-Aldrich, E1014) added and incubated for 

30 minutes at 4°C. Samples were centrifuged for 10 minutes at 14,000 RCF and at 4°C, 

and western blot sample buffer was added to pellets. To ensure that ECM proteins had 

been enriched and that cytoplasmic proteins had been depleted in the final pellet during 

sample processing, a number of samples across the three categories, together with their 

corresponding supernatants collected at each centrifugation step, were subjected to SDS-

PAGE and western blot analysis. This analysis was carried out using fibronectin as an 

ECM protein marker and tubulin as a cytoplasmic protein marker (Table 2.6).  

 

Samples were prepared for mass spectrometry using the gel-top method. This was then 

followed by in-gel digestion and protein quantification by the mass spectrometry facility 

at the University of Manchester using the Orbitrap Exploris™ 480 mass spectrometer. 

Data analysis was carried out in house by Craig Lawless. MaxQuant 1.6.3.4 software was 

used to generate protein and peptide intensity values. The human proteome, downloaded 

from Uniprot (February, 2020), with variable modifications of methionine and proline 

oxidation, protein acetylation and cysteine carbamidomethylation, was then used to 

search spectra against. MSqRob software was used to make statistical comparisons 

between samples belonging to each of the three categories. Quantified proteins were 

classified into matrix and non-matrix using the matrisome database, and each class was 

independently submitted to MSqRob. To determine significant changes in protein 

abundance between samples, a q-value threshold of 0.05 was used, whereas a q-value 

threshold of 0.15 was used to identify near-significant changes.  

 



 79 

Chapter 3: Characterisation of primary fibroblasts isolated from 

HGSOC patient omentum samples 

3.1 Overview  

CAFs present in the TME of many different cancer types are known to be very 

heterogeneous in the phenotypes they display. A number of subpopulations are believed 

to exist, where each subpopulation expresses different biomarkers and is capable of 

carrying out different functions, allowing tumour growth to be assisted through a variety 

of mechanisms [329]. Whilst myofibroblast-like CAFs that generate aberrant ECM are 

abundant in TMEs, other populations can also be present [330]. CAFs that have 

immunosuppressive properties can exist, for example a subpopulation of ovarian CAFs 

have been shown to recruit and activate immunosuppressive CD25+FOXP3+ T cells 

[331]. Furthermore, CAFs which rather than promote tumour development act as 

inhibitors of this process, can also be present within the TME. For example, in breast 

cancer, the ability of a CAF subpopulation to suppress tumour growth through secreting 

Slit2 and activating Robo1 signalling in the tumour has been demonstrated [332].  

In order to understand how CAFs within the HGSOC omental TME generate an ECM 

that contributes towards tumour development, primary fibroblasts were isolated from 

HGSOC patient omentum samples and characterised. Given the heterogeneity that is 

known to exist between CAF subpopulations, it was crucial to firstly evaluate the extent 

of the heterogeneity present in isolated CAF populations through assessing the expression 

of a panel of known CAF biomarkers by immunofluorescence microscopy. Secondly, 

using immunofluorescence, isolated fibroblasts were characterised based on their ability 

to assemble an ECM that consisted of proteins which are known to become more 

abundant in the omentum TME with HGSOOC disease progression. Finally, spheroid 

invasion assays were used to measure the capacity of isolated fibroblasts to assemble and 

remodel ECM in a way that facilitates the invasion of the Kuramochi HGSOC cell line in 

3D culture. In addition, the contribution of fibroblast activation state towards CAF 

function was investigated by comparing CAF biomarker expression, ECM 

assembly/remodelling, and Kuramochi invasion promoting-ability between omentum 

derived-CAFs, omentum derived-NFs, and primary human dermal fibroblasts (HDFs). 

This was then further evaluated by carrying out these comparisons in the presence or 

absence of TGFβ3, a known HGSOC-cell derived fibroblast activator [159].  
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3.2 CAF biomarker expression by primary fibroblasts isolated from HGSOC 

patient tumour burdened omentum samples  

3.2.1 Overview  

Immunofluorescence microscopy with a panel of known CAF biomarkers was used firstly 

to confirm that the fibroblasts isolated from HGSOC patient omentum samples were 

CAF-like in nature, and secondly to evaluate the degree of heterogeneity present in 

isolated CAF populations. The CAF biomarker panel used consisted of SMA, FAP and 

collagen XI. Collagen XI was included, as in comparison to normal tissues where levels 

are thought to be relatively low, high collagen XI expression in CAFs derived from 

pancreatic and ovarian tumours has been detected [333] [334]. Furthermore, collagen XI 

has also been included in stromal gene signatures associated with poor clinical outcomes 

in OC and breast cancer [182] [ [335]. Whilst FSP-1 and vimentin have been used 

extensively as CAF biomarkers in the past, they were omitted from this panel on the basis 

of their lack of specificity for CAFs. The expression of SMA, FAP and collagen XI was 

assessed in all isolated CAF populations used throughout this project, and similar 

biomarker expression levels and localisations were observed across all CAF populations 

used. The abundance of SMA and FAP positive fibroblasts within the omentum has been 

shown to increase with HGSOC disease progression, and high FAP expression by 

omental CAFs is thought to facilitate cancer cell proliferation, invasion, and resistance to 

chemotherapy [98] [333].  

 

3.2.2 SMA, FAP and collagen XI expression in CAFs 

The expression of SMA within each isolated CAF population was heterogeneous, where 

whilst SMA was expressed in all cells, the level of expression was variable. Many cells 

expressed high levels of SMA, with bright, large SMA fibres clearly visible, whereas 

other cells displayed far lower levels of expression (Figure 3.1a). These large fibres likely 

correspond to more contractile, filament bundles/stress fibres of SMA, and suggest that 

fibroblasts positive for these fibres were more contractile and myofibroblast-like in 

nature, therefore rendering them more capable of ECM assembly and remodelling [336] 

[337] [338]. These data indicated that a level of heterogeneity existed within isolated CAF 

populations with regards to their expression levels of SMA. 
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Figure 3.1 – Omentum derived CAFs express SMA, FAP and collagen XI  

Primary CAFs were immunostained to detect expression of SMA, FAP and collagen XI 

after 4 days in culture (N = 3). Representative images of three example CAF lines isolated 

from HGSOC tumour burdened omentum samples, MOC195, MOC208 and MOC220, 

are shown (a) Representative images of SMA expression (b) Representative images of 

FAP expression. (c) Representative images of collagen XI expression. Nuclei were 

stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of z-

stacks are shown. 
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Surprisingly, despite others observing heterogeneity in FAP expression by CAFs, CAFs 

isolated from HGSOC patient omentum samples homogeneously expressed FAP, where 

a similar expression level and localisation was observed within, and across, all samples 

[87]. Although FAP functions as a membrane-bound serine protease, its localisation was 

predominantly reticular in appearance with some diffuse plasma membrane localisation 

also observed, suggesting it localised primarily within the ER (Figure 3.1b). The 

expression of collagen XI within all isolated CAF populations was heterogeneous. 

Although all cells expressed this biomarker to some extent, with a mostly retiuclar 

localisation observed, there was variation in its expression levels, where a proportion of 

cells displayed far higher levels of expression than others (Figure 3.1c). Taken together, 

these results indicate that the populations of fibroblasts isolated from HGSOC patient 

omentum samples had CAF-like properties in that all biomarkers were expressed, 

however a degree of heterogeneity was present, with SMA and collagen XI expressed at 

varying levels within each population.  

 

3.3 Comparison of SMA, FAP and collagen XI expression between primary 

CAFs, NFs and HDFs 

3.3.1 Overview  

To determine whether CAF biomarker expression varied depending on fibroblast 

activation state, immunofluorescence microscopy was used to compare SMA, FAP and 

collagen XI expression between omentum derived CAFs (MOC195) and NFs (MOC198), 

as well HDFs isolated from the skin, which were included as a non-omental control. 

Whereas CAFs were derived from HGSOC patient omentum samples, NFs were isolated 

from omentum samples removed from patients that did not have HGSOC. Instead, these 

patients often had some other form of cancer, such as early-stage endometrial cancer. In 

addition, these comparisons were also carried out in the presence or absence of TGFβ3. 

The purpose of doing so was firstly to evaluate the impact of treatment with this growth 

factor on the activation state of fibroblast populations, and secondly to establish whether 

isolated CAFs could be pushed towards a state similar to that of a myofibroblast capable 

of ECM assembly/remodelling, and facilitating HGSOC cell invasion. 
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3.3.2 SMA expression in CAFs, NFs and HDFs  

Although differences in SMA expression between omentum derived CAFs and NFs were 

expected, SMA was surprisingly similar between these fibroblast populations, with 

comparable percentages of cells possessing large SMA stress fibres (Figure 3.2a, 3.2c). 

HDFs expressed SMA at far lower levels, where only a small percentage of cells were 

positive for SMA stress fibres (Figure 3.2a, 3.2c). These results suggested that omentum-

derived CAFs and NFs were more myofibroblast-like in nature than HDFs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 – TGFβ3 treatment increases SMA expression in CAFs, NFs and HDFs 

Primary CAF, NFs and HDFs were immunostained to detect SMA expression after 4 days 

in culture, in the presence or absence of TGFβ3 (N = 3). (a) Representative images of 

SMA expression in untreated CAFs, NFs and HDFs. (b) Representative images of SMA 

expression in TGFβ3 (10 ng.mL-1) treated CAFs, NFs and HDFs. (c) Percentages of cells 

positive for large SMA stress fibres (yellow box in (b)) in CAFs, NFs and HDFs in the 

presence or absence of TGFβ3 are shown.  Quantification of data from three biological 

replicates, statistical analysis by Kruskal-Wallis test (***p<0.001, ****p<0.0001). All 

statistically significant results are shown. Nuclei were stained with Hoechst 33342. Scale 

bar = 50 μm. Maximum intensity projections of z-stacks are shown. 
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3.3.3 The effect of TGFβ3 treatment on SMA expression  

In order to understand the effect of TGFβ3 treatment on CAF, NF and HDF SMA 

expression, fibroblasts were cultured in the presence or absence of this growth factor. 

Treatment with TGFβ3 elevated SMA expression in all three fibroblast types, and was 

sufficient to increase SMA expression in HDFs to levels comparable with those observed 

in TGFβ3 treated CAFs and NFs (Figure 3.2a, 3.2b, 3.2c). These results confirmed the 

already established role of TGFβ3 as a potent activator of fibroblasts, and highlighted 

how this growth factor may be used to convert a more heterogeneous fibroblast population 

to one that is more homogenous. For future experiments aiming to understand the 

mechanisms involved in ECM assembly and remodelling by the myofibroblast 

subpopulation of CAFs in the omentum, heterogenous CAF populations could be pre-

treated with TGFβ3 as a means to push them towards a more homogeneous, activated 

myofibroblast-like state. 

3.3.4 FAP expression in CAFs, NFs and HDFs with TGFβ3 treatment 

It was observed previously that FAP expression by all HGSOC patient derived CAF lines 

was relatively homogeneous, where all cells were positive for this biomarker (Figure 

3.1a). Whilst this was to be expected, comparisons between FAP levels in CAFs, NFs and 

HDFs surprisingly revealed that NFs and HDFs expressed FAP to the same extent as 

CAFs (Figure 3.3a, 3.3c). As approximately 100% of cells show FAP expression prior to 

TGFβ3 treatment, the addition of this growth factor was unable to raise expression levels 

any further (Figure 3.3b, 3.3c).  
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Figure 3.3 – TGFβ3 treatment increases collagen XI expression in CAFs, NFs and 

HDFs, whereas FAP expression is unaffected  

Primary CAF, NFs and HDFs were immunostained to detect FAP and collagen XI 

expression after 4 days in culture, in the presence or absence of TGFβ3 (N = 3). (a) 

Representative images of FAP expression in untreated CAFs, NFs and HDFs. (b) 

Representative images of FAP expression in TGFβ3 (10 ng.mL-1) treated CAFs, NFs and 

HDFs. (c) Quantification of merged data from three biological replicates, and statistical 

analysis by Kruskal-Wallis test, of FAP expression by CAFs, NFs and HDFs in the 

presence or absence of TGFβ3. The percentages of cells positive for FAP are shown. (d) 

Representative images of collagen XI expression in untreated CAFs, NFs and HDFs. (e) 

Representative images of collagen XI expression in TGFβ3 (10 ng.mL-1) treated CAFs, 

NFs and HDFs. (f) Quantification of merged data from three biological replicates, and 

statistical analysis by Kruskal-Wallis test (**p<0.01), of collagen XI expression by CAFs, 

NFs and HDFs in the presence or absence of TGFβ3. The percentages of cells positive 

for collagen XI are shown. All statistically significant results are shown. Nuclei were 

stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of z-

stacks are shown. 
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3.3.5 Collagen XI expression in CAFs, NFs and HDFs with TGFβ3 treatment 

The previous characterisation of isolated omental CAF populations revealed similar 

collagen XI expression patterns between all populations tested, with heterogeneity then 

existing within each population (Figure 3.1c). However, despite a number of cells within 

each isolated population displaying moderate levels of collagen XI expression during this 

initial characterisation, when expression of this biomarker was compared between CAFs, 

NFs and HDFs in the presence or absence of TGFβ3, CAF collagen XI expression was 

far lower than that observed previously. Whilst CAFs were maintained in culture under 

the same conditions for no longer than 8 passages, it was clear that some CAF-like 

properties, such as high collagen XI expression, were to some extent lost prior to this, 

posing a problem for further experiments aiming to study the behaviour of myofibroblast-

like CAF populations. As well as in the CAFs, relatively low collagen XI levels were also 

detected in the NFs and HDFs, with the lowest expression detected in HDFs (Figure 3.3d, 

3.3f). Clearly visible increases in collagen XI levels were then observed following 

treatment of each fibroblast type with TGFβ3, although only the increase in expression 

by HDFs following treatment was statistically significant (3.3e, 3.3f).   

 

These data suggested that the presence of large SMA stress fibres, FAP positivity and 

expression of collagen XI are each important biomarkers for CAFs isolated from 

omentum metastases. Furthermore, these data indicated that collagen XI expression can 

be lost over time in culture. Changes in the properties of cultured primary CAFs was to 

be expected as passage number increased. As with SMA, the capacity of TGFβ3 treatment 

to elevate collagen XI levels in CAFs provided an important method for ensuring that 

primary CAFs used in downstream experiments were maintained in a myofibroblast-like 

CAF state. 
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3.4 Investigating the dependence of CAFs on ascorbic acid for collagen I 

fibrillogenesis  

3.4.1 Overview 

Collagen I is known to be deposited and assembled into thick bundles within the HGSOC 

TME, and levels of collagen I in the omentum increase with disease progression [98]. 

Furthermore, it is known that collagen I ECM is involved in enhancing the invasiveness 

of OC cells through β1 integrin mediated adhesion, and also for that of other cancer cell 

types [339] [340]. It was therefore crucial to understand how CAFs within the omentum 

assemble collagen I, beginning with evaluating their dependence on ascorbic acid for this 

process.  

Ascorbic acid is thought to be an essential cofactor for the hydroxylation of procollagen 

proline and lysine residues within the ER, which subsequently stabilises procollagen 

chains, and allows triple helical procollagen to form ready for secretion via the Golgi 

apparatus [189]. Human cells are unable to synthesise ascorbic acid, as they lack a 

functional form of the gulconolactone oxidase (GLO) enzyme which acts to catalyse the 

final step in its biosynthetic pathway [341].  It has therefore been established for decades 

that collagen I secretion and assembly by human fibroblasts requires the addition of 

ascorbic acid [342] [343] [188]. We hypothesised that ascorbic acid would be an essential 

cofactor required by CAFs in the omentum for collagen deposition.   
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3.4.2 The effect of ascorbic acid on collagen I assembly by CAFs 

To investigate the dependence of primary CAFs on ascorbic acid for collagen I synthesis 

and deposition, CAFs treated with TGFβ3 were grown in culture for 10 days in the 

presence or absence of ascorbic acid, and assembled collagen I was visualised using 

immunofluorescence microscopy in non-permeabilised cells. These data were quantified 

by measuring the total fibre area after thresholding, which was then normalised to cell 

number (Figure 3.5). Overall, across three biological repeats, ascorbic acid stimulated 

collagen I fibre assembly, where a significant increase in collagen I fibre area was 

observed and measured (Figure 3.4g). However, interestingly, ascorbic acid was not 

absolutely required for this assembly process, and across all three biological repeats, 

small amounts of collagen I could be assembled in the absence of ascorbic acid.  In the 

second and third biological repeats, ascorbic acid enhanced the deposition of collagen I 

fibres by primary CAFs, with statistically significant, and non-statistically significant but 

clearly visible, increases measured, respectively (Figure 3.4b, 3.4c, 3.4e, 3.4f). However, 

in the first biological repeat, ascorbic acid did not stimulate collagen I deposition, and 

primary CAFs had the capacity to deposit collagen I fibres in the absence of ascorbic acid 

to the same extent as those cultured in its presence (Figure 3.4a, 3.4d). As ascorbic did 

enhance collagen I assembly in most cases, ascorbic acid was included in the culture 

medium for all downstream experiments aiming to further understand the mechanisms of 

ECM assembly utilised by CAFs. 
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Figure 3.4 – Ascorbic acid enhances, but is not essential for, collagen I deposition by 

CAFs   

Primary CAFs (MOC194) were immunostained without permeabilisation to detect 

collagen I deposition after 10 days in culture, in the presence of TGFβ3 (10 ng.mL-1), in 

the presence or absence of ascorbic acid (20 µg.mL-1; N = 3). Representative images are 

shown from biological repeats 1(a), 2 (b), and 3 (c), of collagen I deposition by CAFs in 

the presence or absence of ascorbic acid. (d) Quantification, and statistical analysis by 

unpaired t-test, of collagen I fibre area deposited by CAFs in biological repeat 1. (e) 

Quantification, and statistical analysis by Mann-Whitney test (***p<0.001), of collagen 

I fibre area deposited by CAFs in biological repeat 2. (f) Quantification, and statistical 

analysis by Mann-Whitney test, of collagen I fibre area deposited by CAFs in biological 

repeat 3. (g) Quantification, and statistical analysis  by Mann-Whitney test (**p<0.01), 

of data merged from three biological replicates. All statistically significant results are 

shown. Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity 

projections of z-stacks are shown. 
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3.5 Collagen I, fibronectin, collagen XI and versican deposition by CAFs, 

NFs and HDFs  

3.5.1 Overview 

Once it had been established that CAF-mediated collagen I fibrillogenesis was stimulated 

by ascorbic acid, the effect of fibroblast activation state on the deposition of collagen I, 

fibronectin, collagen XI and versican, all of which become more abundant in the omentum 

with HGSOC progression, in 2D culture was investigated. CAFs, NFs, and HDFs, were 

grown in culture for 10 days in the presence or absence of TGFβ3 and 

immunofluorescence microscopy was used to visualise the deposition of collagen I, 

fibronectin, collagen XI, and versican, as fibres in the extracellular space. The importance 

of ascorbic acid in the assembly of fibronectin, collagen XI and versican was not 

investigated. However, given that ascorbic acid stimulated collagen I assembly by CAFs, 

and that an interdependence is thought to exist between the assemblies of different ECM 

proteins, ascorbic acid was included in the growth medium [225]. 

 

3.5.2 Quantification of ECM protein deposition 

In order to quantify these data, two different methods of analysis were used. Firstly, total 

fibre area was measured and normalised to cell number, giving the overall area of fibres 

present per cell in each image. Secondly, a large fibre index value was calculated for each 

image using the ridge detection algorithm within ImageJ software. We define fibre index 

as the area of fibres detected over a given width and length by the ridge detection 

algorithm. This enabled only fibres over a specified width (10 pixels) and length (70 

pixels) to be detected and measured (Figure 3.5). Large fibre index values were then 

normalised to cell number for each image. 
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Figure 3.5 – ECM deposition analysis by total fibre area and large fibre index 

Collagen I, fibronectin, collagen XI and versican deposition by CAFs, NFs and HDFs 

was visualised by fluorescence microscopy following immunostaining of non-

permeabilised cells. Images were analysed by measuring total fibre area, where the ECM 

protein channel was thresholded and the total area was measured, and large fibre index, 

where the ridge detection algorithm was used to identify and measure only those fibres 

with a minimum width of 10 pixels and a minimum length of 70 pixels. Detected fibres 

are shown in red. All measured values were normalised to cell number for each image. 
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3.5.3 Collagen I deposition by CAFs, NFs and HDFs with TGFβ3 treatment 

The measurement of total collagen I fibre area revealed that, when untreated, CAFs and 

NFs were more competent in collagen I assembly than HDFs, with a significantly greater 

total fibre area detected in CAFs and NFs compared to HDFs (Figure 3.6a, 3.6c). This 

was to be expected based on the SMA staining observed previously, as HDFs were the 

least activated of the three fibroblast types and therefore less likely to assemble ECM 

(Figure 3.2a). TGFβ3 treatment of CAFs or NFs did not significantly alter collagen I 

deposition, despite this treatment elevating expression of SMA in both of these fibroblast 

types (Figure 3.2). Whilst treatment with TGFβ3 was previously sufficient to elevate 

SMA expression levels in HDFs to those observed in TGFβ3 treated CAFs and NFs, this 

treatment did not stimulate collagen I deposition to the same level as that observed in 

untreated, or TGFβ3 treated, CAFs and NFs (Figure 3.6b, 3.6c).  

Image analysis by measurement of collagen I large fibre index revealed that whilst the 

amount of large fibres assembled by CAFs was unaffected by TGFβ3 treatment, this 

treatment resulted in a significant reduction in large fibre assembly by HDFs (Figure 3.6b, 

3.6d). The large fibre index was also reduced in NFs with TGFβ3 treatment, however this 

reduction was not statistically significant (Figure 3.6b, 3.6d).  

These data suggest that fibroblast activation state impacts upon collagen I deposition to 

some extent, as CAFs and NFs were more capable of collagen I deposition than HDFs. 

However, interestingly, TGFβ3 treatment did not significantly increase collagen I 

deposition by CAFs, NFs, or HDFs. As TGFβ3 treated HDFs remained unable to deposit 

collagen I to the same extent as TGFβ3 treated, or untreated, CAFs and NFs, this suggests 

that these omentum-derived fibroblasts may possess properties, in addition to SMA 

expression, that allow for excessive collagen I deposition. Furthermore, as treatment of 

CAFs and NFs with TGFβ3 did not enhance their collagen I deposition capacity, these 

fibroblast types may have already reached their maximum capacity for collagen I 

assembly prior to treatment, such that any stimulation was unable to increase deposition 

further.  
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Figure 3.6 – CAFs and NFs assemble collagen I more efficiently than HDFs 

Primary CAFs, NFs and HDFs were immunostained without permeabilisation to detect 

collagen I deposition after 10 days in culture, in the presence of ascorbic acid (20 µg.mL-

1), and in the presence or absence of TGFβ3 (10 ng.mL-1; n=3). (a) Representative images 

of collagen I deposition by untreated treated CAFs, NFs and HDFs. (b) Representative 

images of collagen I deposition by TGFβ3 treated CAFs, NFs and HDFs. (c) 

Quantification of merged data from three biological replicates, and statistical analysis 

by Kruskal-Wallis test (*p<0.05, **p<0.01, ***p<0.001), of total collagen I fibre area 

deposited by untreated and TGFβ3 treated CAFs, NFs and HDFs. (d) Quantification of 

merged data from three biological replicates, and statistical analysis by Kruskal-Wallis 

test (*p<0.05, **p<0.01), of collagen I large fibre index deposited by untreated and 

TGFβ3 treated CAFs, NFs and HDFs. All statistically significant results are shown. 

Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity 

projections of z-stacks are shown. 
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3.5.4 Fibronectin deposition by CAFs, NFs and HDFs with TGFβ3 treatment 

Evaluating the assembly of fibronectin by CAFs, NFs, and HDFs, in response to TGFβ3 

treatment revealed interesting results. It was expected that CAFs would have the highest 

capacity for assembling fibronectin fibres, in particular following TGFβ3 treatment. 

However, measuring total fibronectin fibre area highlighted that the NFs were the most 

capable of carrying out fibronectin fibrillogenesis, followed by the HDFs, with the CAFs 

assembling the least amount of fibres (Figure 3.7a, 3.7c). TGFβ3 treatment did not 

significantly elevate the total area of fibronectin deposited by the three fibroblast types 

(Figure 3.7b, 3.7c). Similarly, measuring the large fibronectin fibre index also resulted 

the same pattern of deposition, where the NFs, when untreated or TGFβ3 treated, 

deposited the highest amount of large fibres, with the CAFs depositing the least. TGFβ3 

treatment also did not alter the amount of large fibres deposited by any of the three 

fibroblast types (Figure 3.7a, 3.7b, 3.7d).  
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Figure 3.7 – NFs and HDFs assemble more fibronectin than CAFs 

Primary CAFs, NFs and HDFs were immunostained without permeabilisation to detect 

fibronectin deposition after 10 days in culture, in the presence of ascorbic acid (20 µg.mL-

1), and in the presence or absence of TGFβ3 (10 ng.mL-1; n=3). (a) Representative images 

of fibronectin deposition by untreated treated CAFs, NFs and HDFs. (b) Representative 

images of fibronectin deposition by TGFβ3 treated CAFs, NFs and HDFs. (c) 

Quantification of merged data from three biological replicates, and statistical analysis 

by Kruskal-Wallis test (*p<0.05, ***p<0.001, ****p<0.0001), of total fibronectin fibre 

area deposited by untreated and TGFβ3 treated CAFs, NFs and HDFs. (d) Quantification 

of merged data from three biological replicates, and statistical analysis by Kruskal-

Wallis test (*p<0.05, ****p<0.0001), of fibronectin large fibre index deposited by 

untreated and TGFβ3 treated CAFs, NFs and HDFs. All statistically significant results 

are shown. Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum 

intensity projections of z-stacks are shown. 

 

 

 

 

 

(a) 

(b) 

(c) 

(d) 

M
O

C
19

5C
A

F U
ntr

ea
te

d

M
O

C
19

5C
A

F T
G

Fß3 
tr

ea
te

d

M
O

C
19

8N
F U

ntr
ea

te
d

M
O

C
19

8N
F T

G
Fß3 

tr
ea

te
d

H
D

F U
ntr

ea
te

d

H
D

F T
G

Fß3 
tr

ea
te

d

0

20

40

60

80

100

C
el

ls
 p

o
si

ti
v
e 

fo
r 

C
o
ll

a
g
en

 X
I 

(%
) CAF Untreated

CAF TGFß3 treated

NF Untreated

NF TGFß3 treated

HDF Untreated

HDF TGFß3 treated

✱✱

✱✱

M
O

C
19

5C
A

F U
ntr

ea
te

d

M
O

C
19

5C
A

F T
G

Fß3 
tr

ea
te

d

M
O

C
19

8N
F U

ntr
ea

te
d

M
O

C
19

8N
F T

G
Fß3 

tr
ea

te
d

H
D

F U
ntr

ea
te

d

H
D

F T
G

Fß3 
tr

ea
te

d

0

20

40

60

80

100

C
el

ls
 p

o
si

ti
v
e 

fo
r 

C
o
ll

a
g
en

 X
I 

(%
) CAF Untreated

CAF TGFß3 treated

NF Untreated

NF TGFß3 treated

HDF Untreated

HDF TGFß3 treated

✱✱

✱✱



 96 

3.5.5 Collagen XI deposition by CAFs, NFs and HDFs with TGFβ3 treatment 

Collagen XI is a minor fibrillar collagen that is thought to have a role in nucleation of 

collagen I fibrillogenesis, as described previously, whereas versican is a proteoglycan that 

has several binding partners within the ECM, including collagen I, and as such is believed 

to play an important role in regulating the overall organisation of complex matrices [96] 

[344] [345]. Although collagen XI and versican are far less abundant in the HGSOC 

tumour burdened omentum than collagen I and fibronectin, their general roles in the 

formation of the ECM, and their increase in abundance in the omentum with tumour 

progression, suggests they may be of importance in generating an ECM that supports 

HGSOC tumour development. Furthermore, work by others has demonstrated roles for 

both collagen XI and versican in supporting OC cell invasion [346] [347]. 

Previous investigation of collagen XI expression as a CAF biomarker in CAFs, NFs, and 

HDFs, revealed heterogeneity in its intracellular localisation. All untreated fibroblast 

types expressed relatively low levels of collagen XI, with expression then elevated by 

TGFβ3 treatment, such that collagen XI was clearly visible with a reticular, ER-like, 

localisation in a proportion of cells (Figure 3.3d, 3.3e). However, as well as understanding 

how the expression levels and intracellular localisation of collagen XI changed with 

fibroblast activation, it was also important to explore what impact changes in activation 

state had on the deposition of collagen XI as fibres in the extracellular space. Untreated 

CAFs, NFs and HDFs deposited comparable amounts of collagen XI, as shown by 

measurement of total fibre area and large fibre index (Figure 3.8a, 3.8b, 3.8d). Although 

the large fibre indices measured remained unchanged following treatment of each 

fibroblast type with TGFβ3, a significant decrease in the total fibre area was observed 

upon treatment of NFs with TGFβ3 (Figure 3.8b, 3.8c, 3.8d).  
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Figure 3.8 – CAFs, NFs and HDFs assemble comparable amounts of collagen XI 

Primary CAFs, NFs and HDFs were immunostained without permeabilisation to detect 

collagen XI deposition after 10 days in culture, in the presence of ascorbic acid (20 

µg.mL-1), and in the presence or absence of TGFβ3 (10 ng.mL-1; n=3). (a) Representative 

images of collagen XI deposition by untreated treated CAFs, NFs and HDFs. (b) 

Representative images of collagen XI deposition by TGFβ3 treated CAFs, NFs and HDFs. 

(c) Quantification of merged data from three biological replicates, and statistical analysis 

by Kruskal-Wallis test (*p<0.05), of total collagen XI fibre area deposited by untreated 

and TGFβ3 treated CAFs, NFs and HDFs. (d) Quantification of merged data from three 

biological replicates, and statistical analysis by Kruskal-Wallis test, of collagen XI large 

fibre index deposited by untreated and TGFβ3 treated CAFs, NFs and HDFs. All 

statistically significant results are shown. Nuclei were stained with Hoechst 33342. Scale 

bar = 50 μm. Maximum intensity projections of z-stacks are shown. 
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3.5.6 Versican deposition by CAFs, NFs and HDFs with TGFβ3 treatment 

Visualisation of versican deposition by untreated and TGFβ3 treated CAFs, NFs, and 

HDFs, demonstrated that although versican itself is not fibrillar in nature, a fibre-like 

localisation in the extracellular space can be observed. This fibrillar localisation has been 

observed by others, and is likely due to versican accumulating along fibres formed by the 

many versican-binding partners found within the ECM [348]. In untreated fibroblasts, a 

significant difference in versican deposition was observed only between NFs and HDFs, 

where the NFs were more capable of assembling this ECM protein, shown by 

measurement of total fibre area (Figure 3.9a, 3.9c).  TGFβ3 treatment moderately 

increased the total versican fibre area deposited, however for all fibroblast types, these 

increases were not statistically significant (Figure 3.9b, 3.9c). A statistically significant 

increase was however measured in TGFβ3 treated NFs compared to untreated CAFs and 

HDFs. The large fibre indices measured for all fibroblast types were comparable, with 

TGFβ3 treatment insufficient to significantly elevate versican deposition by CAFs, NFs, 

and HDFs (figure 3.9a, 3.9b, 3.9d).  
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Figure 3.9 – Versican deposition does not correlate with fibroblast activation state 

Primary CAFs, NFs and HDFs were immunostained without permeabilisation to detect 

versican deposition after 10 days in culture, in the presence of ascorbic acid (20 µg.mL-

1), and in the presence or absence of TGFβ3 (10 ng.mL-1; n=3). (a) Representative images 

of versican deposition by untreated treated CAFs, NFs and HDFs. (b) Representative 

images of versican deposition by TGFβ3 treated CAFs, NFs and HDFs. (c) Quantification 

of merged data from three biological replicates, and statistical analysis by Kruskal-

Wallis test (*p<0.05, **p<0.01, ***p<0.001), of total versican fibre area deposited by 

untreated and TGFβ3 treated CAFs, NFs and HDFs. (d) Quantification of merged data 

from three biological replicates, and statistical analysis by Kruskal-Wallis test 

(**p<0.01), of versican large fibre index deposited by untreated and TGFβ3 treated 

CAFs, NFs and HDFs. All statistically significant results are shown. Nuclei were stained 

with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of z-stacks are 

shown. 
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3.6 Invasion assay optimisation with Kuramochi cells and Kuramochi-CAF 

co-cultures  

3.6.1 Overview 

The importance of a dense, fibrillar ECM within the TME for the migration and invasion 

of cancer cells is well documented in the literature. It is known that the formation of a 

stiff ECM, rich in proteins such as fibronectin and collagen I, plays a key role in cancer 

metastasis [349] [350] [351] [352] [353]. CAFs are believed to play a crucial part in the 

assembly and remodelling of ECM within the TME of many different cancer types [354] 

[355]. For example, CAF-mediated ECM remodelling can generate tracks that permit 

collective invasion of squamous cell carcinoma cells, ECM stiffening through CAF-

secreted cross-linking enzymes can stimulate the invasion of gastric cancer cells, and 

fibronectin alignment by CAFs promotes prostate cancer cell invasion  [356] [357] [358] 

[359]. In the context of HGSOC, whilst a number of CAF-derived ECM proteins, such as 

versican, have been shown to stimulate HGSOC cell line invasion, the capacity of 

HGSOC patient omentum derived CAFs to facilitate HGSOC cell invasion had not been 

previously investigated [347].  

In order to evaluate whether CAFs from the HGSOC omental TME were able to stimulate 

the invasion of HGSOC cells, two different 3D invasion assays with CAFs and the 

Kuramochi HGSOC cell line were tested. The Kuramochi cell line was selected for use 

in invasion assays as work by others in the lab had highlighted their relatively low 

capacity for invasion when cultured alone in spheroids. Both assays made use of a 

collagen I hydrogel, and we hypothesised that the CAFs themselves would invade into 

this gel and remodel the ECM proteins within it, and/or deposit new ECM, in such a way 

that Kuramochi invasion would then be stimulated. Given the role of ascorbic acid in 

stimulating collagen I assembly by CAFs, it was included in the growth medium during 

both invasion assays tested. 
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3.6.2 Top-down invasion assays 

Firstly, the effect of co-culturing Kuramochi cells with CAFs on Kuramochi invasion was 

evaluated using the top-down invasion assay approach. This involved adding a layer of 

collagen I hydrogel to the wells of a 96-well imaging plate, followed by the addition of 

GFP-expressing Kuramochi cells, either as a monoculture, or in co-culture with primary 

CAFs stained red with the PKH26 dye (Figure 3.10a). In co-cultures, CAFs occupied 25% 

of the total cell number at the time of cell seeding on to hydrogels. Kuramochi invasion 

down into the hydrogel was then visualised after 5 and 12 days in culture with confocal 

microscopy, where Z-sectioning was used to generate 3D reconstructions. Other members 

of the lab had found that Kuramochi invasion was minimal in the absence of added growth 

factors, such as EGF. In order to optimise the conditions for this assay, Kuramochi 

invasion was therefore monitored in the presence or absence of this growth factor. The 

top-down invasion assay highlighted that even when in co-culture with CAFs, which 

themselves were able to invade down into the hydrogel, and in the presence of EGF, 

Kuramochi cells displayed very little capacity for invasion after 5 days (Figure 3.10b). 

For this reason, cells were maintained in culture on the hydrogel for a longer time period. 

However, after 12 days, Kuramochi invasion was still not detected, and a considerable 

reduction in cell number was also observed, suggesting that cell death had occurred 

(Figure 3.10c). As sufficient invasion was not observed in any of the tested conditions, 

the 3D reconstructions were not analysed further. These results indicated that, in this type 

of invasion assay, CAF co-culture with Kuramochi cells did not stimulate cancer cell 

invasion.  
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Figure 3.10 – CAFs do not stimulate Kuramochi invasion in top-down invasion 

assays 

GFP-expressing Kuramochi cells, either as a mono-culture or in co-culture with primary 

CAFs stained red with PKH26, were seeded on to collagen I hydrogels within the wells 

of a 96-well imaging plate. Invasion in the presence of ascorbic acid (20 µg.mL-1), with 

EGF present or absent from the RMPI  medium, was visualised at day 5 and day 12 by 

fluorescence microscopy (n=2). (a) Schematic illustrating the top-down invasion assay. 

(b) Representative 3D reconstructions of Kuramochi and CAF invasion into the collagen 

I hydrogel at day 5 in the presence or absence of EGF. X, Y and Z axes are shown. White 

arrow is an example of an invading Kuramochi cell. (c) Representative 3D 

reconstructions of Kuramochi and CAF invasion into the collagen I hydrogel at day 12 

in the presence or absence of EGF. Scale bar = 100 μm.  
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3.6.3 Spheroid invasion assay overview  

The failure of CAFs to facilitate Kuramochi invasion in top-down invasion assays led to 

the testing and optimisation of the spheroid invasion assay approach. This assay has been 

used extensively in the study of cancer cell invasion, where cancer cells can be coaxed 

into forming a 3D spheroid which then becomes surrounded by an ECM-like hydrogel, 

creating conditions that somewhat mimic those found within a TME [360] [361] [362]. 

Spheroid invasion assays were carried out by forming spheroids consisting of either a 

Kuramochi mono-culture, or a Kuramochi-CAF co-culture, using the hanging drop 

method. A collagen I hydrogel was allowed to polymerise around the spheroids, 

recapitulating TME conditions where a tumour would be encapsulated by a 3D ECM. 

Spheroids were then imaged at day 0, where spheroids were inspected to ensure proper 

formation, and following culture for 4 days in medium containing ascorbic acid, spheroids 

were imaged to visualise invasion of Kuramochi cells out of the spheroids into the 

surrounding hydrogel (Figure 3.11a). Spheroid invasion assay data were analysed by 

measuring the area of cells that had invaded out from the spheroid (Figure 3.11b)  
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Figure 3.11 – Spheroid invasion assay schematic and image analysis  

Spheroids were formed, using the hanging drop method, consisting of either a GFP-

expressing Kuramochi cell mono-culture, or Kuramochi-CAF co-culture, where CAFs 

were stained red with PKH26. Spheroids were embedded into collagen I hydrogels (3 

mg.mL-1) and invasion at day 4 was visualised using fluorescence microscopy. (a) 

Schematic of the spheroid invasion assay protocol. (b) Summary of the spheroid invasion 

assay image analysis protocol. Images were analysed by firstly generating maximum 

intensity projections of z-sections from the Kuramochi channel. Images were then 

enhanced to ensure that all invading cells were clearly visible, and thresholded. The 

spheroid centre was then approximated and filled to ensure that any gaps in the spheroids 

central area did not impact upon the total cell area measured that was then measured. 

Finally, the cell area outside of this spheroid was measured, and invasion was measured 

as the percentage of invading cells relative to total cell area.  

(a) 

(b) 
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3.6.4 Spheroid invasion assay optimisation  

The spheroid invasion assays further demonstrated the relatively limited capacity of 

Kuramochi mono-cultures to invade. However, in contrast to the top-down invasion 

approach, co-culture of CAFs with Kuramochi cells resulted in an increase in cancer cell 

invasion. During the initial optimisation phase of this approach, varying CAF numbers 

were added to the co-culture spheroids. Due to the lack of Kuramochi invasion observed 

previously using the top-down invasion assay, it was possible that these cells required 

EGF and HGF for invasion. These growth factors were therefore initially included in the 

culture medium. Whilst an increase in Kuramochi invasion was observed out of spheroids 

in which CAFs occupied 12.5% of the total cell number, this increase was not significant. 

Co-culture of Kuramochi cells and CAFs in spheroids, where CAFs occupied 25% of the 

total cell number, was sufficient to yield a significant increase in Kuramochi invasion 

(Figure 3.12a, 3.12b). In order to further optimise spheroid invasion assay conditions, the 

effect of including EGF and HGF in the culture medium was evaluated. As expected, 

EGF and HGF stimulated Kuramochi invasion. However, when CAFs were included in 

the spheroids, the increase in Kuramochi invasion measured was more statistically 

significant without these growth factors present (Figure 3.12c, 3.12d, 3.12e, 3.12f). This 

was likely due to the lower basal level of Kuramochi invasion observed with growth 

factors absent, allowing any increase in CAF-stimulated Kuramochi invasion to be 

detected more readily. As anticipated, these results demonstrated the ability of CAFs to 

enhance cancer cell invasion. Furthermore, these data indicated that the optimal 

conditions for spheroid invasion assays are those where EGF and HFG are absent from 

the culture medium, and where CAFs occupy 25% of the total cell number in spheroids.  
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Figure 3.12 – CAFs stimulate the invasion of Kuramochi cells out of spheroids 

Spheroids were formed, using the hanging drop method as described previously, where 

GFP-expressing Kuramochi cells, and CAFs stained red with PKH26, were included in 

spheroids. Spheroids were then embedded into a collagen I (3 mg.mL-1) hydrogel, and 

Kuramochi invasion after 4 days in culture in complete RPMI medium, containing 

ascorbic acid (20 µg. mL-1, was visualised by fluorescence microscopy. Spheroid invasion 

assay optimisation was carried out by establishing the effect of CAF numbers within 

spheroids on Kuramochi invasion, as well the impact of including EGF (30 ng.mL-1) and 

HGF (100 ng.mL-1)  in the growth medium (n=3). (a) Representative images of spheroids 

consisting of Kuramochis, or Kuramochis and CAFs (ASC218), with CAFs occupying 

12.5% or 25% of the total cell number. (b) Quantification of merged data from three 

biological replicates, and statistical analysis by one-way ANOVA (*p<0.05, 

***p<0.001), of Kuramochi invasion out of spheroids. (c) Representative images of 

spheroids consisting of Kuramochis, or Kuramochis and CAFs (ASC218; 25%). Images 

were captured after 4 days in culture without EGF and HGF in the growth medium. 

Figure legend continues on the next page.  
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Figure 3.12 – CAFs stimulate the invasion of Kuramochi cells out of spheroids 

(d) Quantification of merged data from three biological replicates, and statistical 

analysis by unpaired t-test (****p<0.0001), of Kuramochi invasion out of spheroids in 

the absence of EGF and HGF. (e) Representative images of spheroids consisting of 

Kuramochis, or Kuramochis and CAFs (ASC218; 25%). Images were captured after 4 

days in culture with EGF and HGF in the growth medium. (f) Quantification of merged 

data from three biological replicates, and statistical analysis by unpaired t-test 

(**p<0.01), of Kuramochi invasion out of spheroids, in the presence of EGF and HGF. 

Normalised Kuramochi invasion values are shown, where the percentage of invading 

cells for each condition was normalised within each biological replicate by dividing by 

the average percentage for the Kuramochi monoculture spheroids. All statistically 

significant results are shown. Scale bars = 200 μm. Maximum intensity projections of z-

stacks are shown.  
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3.7 Spheroids invasion assays with Kuramochis and CAFs, NFs and HDFs  

3.7.1 Overview 

Following the optimisation of spheroid invasion assay conditions, it was important to 

understand the effect of fibroblast activation state on their ability to facilitate the invasion 

of Kuramochi cells out of the spheroids. To investigate this, 3D spheroid invasion assays 

were carried out with Kuramochis, either as a mono-culture, or in co-culture with CAFs, 

NFs or HDFs, where fibroblasts were grown in culture for 4 days prior to spheroid 

formation in the presence or absence of TGFβ3. Furthermore, in order to explore whether 

any fibroblast-facilitated invasion of Kuramochi cells was the result of ECM 

assembly/remodelling, or secretion of soluble factors, spheroid invasion assays with 

Kuramochi mono-cultures were also performed with culture medium conditioned by 

either untreated, or TGFβ3 pre-treated, fibroblasts.  

 

3.7.2 Kuramochi-CAF co-culture spheroids 

Spheroid invasion assays with Kuramochis and untreated, or TGFβ3 pre-treated, CAFs 

providing strong evidence in favour of fibroblast activation state impacting upon their 

capacity to stimulate cancer cell invasion. Alone, Kuramochis displayed a very minimal 

capacity to invade out of spheroids, and culture medium conditioned by untreated, or 

TGFβ3 pre-treated, CAFs was not able promote invasion (Figure 3.13a, 3.13b, 3.13d, 

3.13f). The data described previously demonstrated that untreated CAFs were able to 

significantly increase Kuramochi invasion (Figure 3.12), however in these experiments, 

although untreated CAFs did increase Kuramochi invasion, this difference was not 

statistically significant (Figure 3.13c, 3.13f). A statistically significant increase in 

Kuramochi invasion was observed only when TGFβ3 pre-treated CAFs were included in 

spheroids (Figure 3.13e, 3.13f). These data demonstrated that fibroblast activation state 

does enhance their ability to stimulate cancer cell invasion as expected, and that the ability 

of CAFs to aid the invasion of Kuramochi cells is not mediated by secreted factors. 

Instead, these data suggested that CAFs primarily utilise a different mechanism to support 

cancer cell invasion, and we hypothesised that this mechanism may be through the 

assembly/remodelling of ECM. Furthermore, additional evidence supporting the use of 

TGFβ3 pre-treatment in downstream assays focused on understanding ECM assembly 

and remodelling by myofibroblast-like CAFs was provided. 
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Figure 3.13 – TGFβ3 enhances the CAF-mediated stimulation of Kuramochi 

invasion 

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi mono-culture, or a Kuramochi-CAF (MOC195) co-culture, where 

CAFs were stained red with PKH26. Kuramochi spheroids were cultured in complete 

RMPI medium, or complete RPMI medium conditioned by untreated, or TGFβ3 (10 

ng.mL-1)  pre-treated, CAFs. Ascorbic acid was included in the growth medium  (20 

µg.mL-1). Invasion after 4 days was visualised by fluorescence microscopy (n=3). (a) 

Representative image of a spheroid consisting of Kuramochi cells. (b) Representative 

image of a spheroid consisting of Kuramochi cells cultured in RMPI medium conditioned 

by untreated CAFs (MOC195). (c) Representative image of a spheroid consisting of 

Kuramochi cells and untreated CAFs (MOC195). (d) Representative image of a spheroid 

consisting of Kuramochi cells cultured in RMPI medium conditioned by TGFβ3 pre-

treated CAFs (MOC195). (e) Representative image of a spheroid consisting of Kuramochi 

cells and TGFβ3 pre-treated CAFs (MOC195). (f) Quantification of merged data from 

three biological replicates, and statistical analysis by Kruskal-Wallis test (*p<0.05, 

**p<0.01, ***p<0.001,****p<0.0001), of Kuramochi invasion out of spheroids when in 

mono-culture in complete RMPI, or CAF conditioned RMPI, or in co-culture with CAFs. 

Normalised Kuramochi invasion values are shown, where the percentage of invading 

cells for each condition was normalised within each biological replicate by dividing by 

the average percentage for the Kuramochi monoculture spheroids. All statistically 

significant results are shown. Scale bars = 200 μm. Maximum intensity projections of z-

stacks are shown. 
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3.7.3 Kuramochi-NF co-culture spheroids 

Whereas during these experiments, untreated CAFs were not able to stimulate Kuramochi 

invasion, untreated NFs were able to do so (Figure 3.14a, 3.14c, 3.14f). This stimulation 

was then enhanced following pre-treatment of NFs with TGFβ3 (Figure 3.14e, 3.14f). 

Growth medium conditioned by untreated NFs increased Kuramochi invasion to some 

extent, however this change was not significant, and TGFβ3 treated NF conditioned 

medium was not sufficient to stimulate invasion (Figure 3.14b, 3.14d, 3.14f). These 

results therefore support previous data suggesting that fibroblast activation state 

influences their capacity to stimulate cancer cell invasion, and that this stimulation of 

invasion is not through the secretion of soluble factors. 
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Figure 3.14 – TGFβ3 enhances the NF-mediated stimulation of Kuramochi invasion 

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi mono-culture, or a Kuramochi-NF (MOC198) co-culture, where 

NFs were stained red with PKH26. Kuramochi spheroids were cultured in complete 

RMPI medium, or complete RPMI medium conditioned by untreated, or TGFβ3 (10 

ng.mL-1) pre-treated, NFs. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). Invasion after 4 days was visualised by fluorescence microscopy (n=3). (a) 

Representative image of a spheroid consisting of Kuramochi cells. (b) Representative 

image of a spheroid consisting of Kuramochi cells cultured in RMPI medium conditioned 

by untreated NFs (MOC198). (b) Representative image of a spheroid consisting of 

Kuramochi cells cultured in RMPI medium conditioned by untreated NFs (MOC198). (c) 

Representative image of a spheroid consisting of Kuramochi cells and untreated NFs 

(MOC198). (d) Representative image of a spheroid consisting of Kuramochi cells 

cultured in RMPI medium conditioned by TGFβ3 pre-treated NFs (MOC198). (e) 

Representative image of a spheroid consisting of Kuramochi cells and TGFβ3 pre-treated 

NFs (MOC198). (f) Quantification of merged data from three biological replicates, and 

statistical analysis by Kruskal-Wallis test (*p<0.05, ***p<0.001,****p<0.0001), of 

Kuramochi invasion out of spheroids when in mono-culture in complete RMPI, or NF 

conditioned RMPI, or in co-culture with NFs. Normalised Kuramochi invasion values are 

shown, where the percentage of invading cells for each condition was normalised within 

each biological replicate by dividing by the average percentage for the Kuramochi 

monoculture spheroids. All statistically significant results are shown. Scale bars = 200 

μm. Maximum intensity projections of z-stacks are shown. 
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3.7.4 Kuramochi-HDF co-culture spheroids 

Invasion assays with Kuramochis and untreated, or TGFβ3 treated, HDFs provided 

interesting results. Whilst fibroblast activation with TGFβ3 treatment of CAFs and NFs 

elevated their capacity to stimulate Kuramochi invasion, this treatment did not have the 

same effect on HDFs. Medium conditioned by untreated, or TGFβ3 treated, HDFs did not 

promote Kuramochi invasion out of spheroids, as was expected given the results 

generated with CAFs and NFs (Figure 3.15a, 3.15b, 3.15d, 3.15f). Co-culture of 

Kuramochis with untreated HDFs did not stimulate invasion out of spheroids, and in 

contrast to the results obtained with CAFs and NFs, TGFβ3 treatment of HDFs was also 

insufficient to promote Kuramochi invasion (3.15c, 3.15e, 3.15f).  
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Figure 3.15 – HDFs are unable to facilitate Kuramochi invasion  

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi mono-culture, or a Kuramochi-HDF co-culture, where HDFs 

were stained red with PKH26. Kuramochi spheroids were cultured in complete RMPI 

medium, or complete RPMI medium conditioned by untreated, or TGFβ3 (10 ng.mL-1) 

pre-treated, HDFs. Ascorbic acid was included in the growth medium  (20 µg.mL-1). 

Invasion after 4 days was visualised by fluorescence microscopy (n=3). (a) 

Representative image of a spheroid consisting of Kuramochi cells. (b) Representative 

image of a spheroid consisting of Kuramochi cells cultured in RMPI medium conditioned 

by untreated HDFs. (b) Representative image of a spheroid consisting of Kuramochi cells 

cultured in RMPI medium conditioned by untreated HDFs. (c) Representative image of a 

spheroid consisting of Kuramochi cells and untreated HDFs. (d) Representative image of 

a spheroid consisting of Kuramochi cells cultured in RMPI medium conditioned by 

TGFβ3 pre-treated HDFs. (e) Representative image of a spheroid consisting of 

Kuramochi cells and TGFβ3 pre-treated HDFs. (f) Quantification of merged data from 

three biological replicates, and statistical analysis by Kruskal-Wallis test, of Kuramochi 

invasion out of spheroids when in mono-culture in complete RMPI, or HDF conditioned 

RMPI, or in co-culture with HDFs. Normalised Kuramochi invasion values are shown, 

where the percentage of invading cells for each condition was normalised within each 

biological replicate by dividing by the average percentage for the Kuramochi 

monoculture spheroids. All statistically significant results are shown. Scale bars = 200 

μm. Maximum intensity projections of z-stacks are shown. 
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3.8 Collagen gel contraction assays with CAFs, NFs and HDFs 

3.8.1 Overview 

The findings from spheroid invasion assays suggested that CAF and NF pre-treatment 

with TGFβ3 enhanced their ability to facilitate cancer cell invasion, and that this effect 

was not mediated via the secretion of soluble factors. We hypothesised that the observed 

effect was instead due to changes in their capacity for ECM assembly and/or remodelling. 

Previous results demonstrated that TGFβ3 treatment activated fibroblasts, increasing their 

expression of CAF biomarkers, including SMA (Figure 3.2). The remodelling of existing 

ECM by myofibroblasts is known to depend upon their contractility. As SMA stress fibres 

are contractile in nature, it was possible an increase in fibroblast contractility was 

responsible for the enhanced Kuramochi invasion observed when in co-culture with 

TGFβ3 pre-treated fibroblasts. In order to determine whether the observed differences in 

the Kuramochi invasion-promoting capacity of fibroblasts in response to TGFβ3 

treatment was due to changes in their contractility alone, collagen gel contraction assays 

were carried out, and contractility was then correlated with their ability to promote 

invasion.  
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3.8.2 The effect of TGFβ3 treatment on collagen gel contraction by CAFs, NFs and HDFs 

Collagen gel contraction assays with untreated, or TGFβ3 pre-treated, CAFs, NFs and 

HDFs, were used to determine whether TGFβ3 pre-treatment altered the ability of each 

fibroblast type to contract collagen gels. When monitoring collagen gel size, gels 

containing  CAFs pre-treated with TGFβ3 became slightly smaller in area over time than 

those containing untreated CAFs, however this difference was not statistically significant 

(Figure 3.16a, 3.16b). Furthermore, NF pre-treatment with TGFβ3 did not result in a 

greater reduction in gel size over 4 days (Figure 3.16c, 3.16d). Similarly, the reduction in 

the area of gels containing HDFs over the 4-day time period was not impacted by pre-

treatment of HDFs with TGFβ3 (Figure 3.16e, 3.16f). This, to some extent, was expected 

given that this treatment did not render HDFs capable of promoting Kuramochi invasion 

(Figure 3.15). The inability of TGFβ3 treatment to enhance fibroblast contractility was 

surprising in that previously, an increase in SMA expression, which is associated with 

contraction, was observed following this treatment (Figure 3.2). To establish whether 

fibroblast contractility correlated with their ability to facilitate Kuramochi invasion, 

Pearson’s correlation analysis was used to determine the relationship between data from 

spheroid invasion assays and collagen gel contraction assays. This analysis revealed that 

a correlation did not exist between the invasion promoting properties of fibroblasts and 

their contractility, suggesting that the increase in Kuramochi invasion observed following 

CAF and NF pre-treatment with TGFβ3 was not due to these fibroblasts gaining 

contractility (Figure 3.16g).  

 

 

 

 

 

 

 



 116 

 

Figure 3.16 – TGFβ3 pre-treatment does not increase fibroblast contractility  

Figure legend on the next page.  
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Figure 3.16 – TGFβ3 pre-treatment does not increase fibroblast contractility 

Collagen gel contraction assays were carried out with untreated, or TGFβ3 pre-treated, 

CAFs, NFs and HDFs present in the gel to determine whether this treatment altered 

fibroblast contractility (n=4). Fibroblasts were suspended in a collagen I hydrogel mix  

(2 mg.mL-1), which was allowed to polymerise around them. Images of the gels were 

captured on days 0, 1, 2, 3 and 4. Fibroblast contractility was calculated by measuring 

the reduction in gel area over time. (a) Representative images of hydrogels containing 

untreated, or TGFβ3 pre-treated, CAFs (MOC195), at day 0, 1, 2, 3 and 4. (b) 

Quantification of merged data from four biological replicates, and statistical analysis by 

two-way ANOVA, of collagen gel contraction by untreated, or TGFβ3 pre-treated, CAFs 

(MOC195). (c) Representative images of hydrogels containing untreated, or TGFβ3 pre-

treated, NFs (MOC198), at day 0, 1, 2, 3 and 4. (d) Quantification of merged data from 

four biological replicates, and statistical analysis by two-way ANOVA, of collagen gel 

contraction by untreated, or TGFβ3 pre-treated, NFs (MOC198). (e) Representative 

images of hydrogels containing untreated, or TGFβ3 pre-treated, HDFs, at day 0, 1, 2, 3 

and 4. (f) Quantification of merged data from four biological replicates, and statistical 

analysis by two-way ANOVA, of collagen gel contraction by untreated, or TGFβ3 pre-

treated, HDFs. (g) Pearson’s correlation analysis using all collagen gel contraction 

assay data and spheroid invasion assay data for CAFs, NFs and HDFs.  
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3.9 Discussion and conclusions 

The results in this chapter demonstrate the characterisation of HGSOC patient omentum 

derived-CAFs, both in terms of CAF biomarker expression, and capacity for carrying out 

known CAF functions such as ECM assembly and promoting cancer cell invasion.  

 

3.9.1 Heterogeneity in CAF biomarker expression  

The evaluation of CAF biomarker expression revealed that SMA, FAP and collagen XI 

were expressed homogeneously between all populations of isolated CAFs, however 

heterogeneity existed in the expression of SMA and collagen XI within each population 

(Figure 3.1). This heterogeneity was to be expected given that multiple CAF subtypes are 

thought to exist within a TME, including those which exert either stimulatory or 

inhibitory effects on tumour development [363].  An explanation for this heterogeneity is 

that it may reflect the different precursor cell types from which CAFs in the omentum can 

be derived, as well as the different HGSOC cell-secreted factors involved in 

reprogramming non-malignant cell types into CAFs [364]. It is likely that inherent 

differences exist between the CAF-like functions that CAFs derived from different cell 

types can carry out. For example, NFs and MSCs in the omentum can be reprogrammed 

into CAFs through HGSOC-cell derived TGFβ, and exosomes, respectively [149] [150]. 

TGFβ and exosomes secreted by HGSOC cells have been shown to activate TGFβ 

receptor signalling in these non-malignant cell types to generate CAFs with 

myofibroblast-like properties. However, the extent of this signalling may differ 

depending on the factor responsible for its activation. CAFs generated by TGFβ-mediated 

reprogramming of NFs may be more activated and display higher levels of SMA 

expression relative to their MSC-derived counterparts. Furthermore, isolation of CAFs 

from tumour-burdened omentum samples withdraws HGSOC-cell derived factors 

responsible for maintaining CAF-like phenotypes. The heterogeneity observed here may 

reflect the extent to which these CAFs were originally activated, and myofibroblast-like 

in nature, prior to debulking surgery. Those which were initially in close proximity to the 

tumour would have been exposed to higher concentrations of factors that maintain the 

CAF phenotype, and may be able to retain this phenotype, and high SMA expression, in 

culture despite withdrawal of these factors during isolation.  
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3.9.2 CAF biomarker expression in CAFs, NFs and HDFs with TGFβ3 treatment 

The investigation of how fibroblast activation state impacted upon the expression of 

SMA, FAP and collagen XI, in CAFs, NFs, and HDFs, generated interesting findings. 

The treatment of all three fibroblast types was sufficient to increase their expression levels 

of SMA and collagen XI (Figure 3.2, 3.3). These data agree with work carried out by 

Delaine-Smith et al. highlighting how TGFβ3, as the primary TGFβ isoform secreted by 

HGSOC cells, is capable of elevating expression of SMA in omental fibroblasts [159]. In 

addition, and in agreement with these findings, work by others has also demonstrated that 

treatment of immortalised mesenchymal cells from bone barrow with TGFβ1 was able to 

elevate expression of the COL11A1 gene, measured by RT-qPCR [365]. Whilst others 

have observed relatively low levels of FAP in primary omental fibroblasts, which could 

then be elevated following TGFβ3 treatment, these findings could not be replicated during 

this project due to the high basal levels of FAP expression observed prior to TGFβ3 

treatment [159].  

Surprisingly, although SMA expression in HDFs was low prior to TGFβ3 treatment, 

CAFs and NFs expressed SMA at moderate and comparable levels (Figure 3.2a). As SMA 

is an established biomarker of activated, myofibroblast-like CAFs, it was presumed that 

expression levels would be higher in CAFs relative to NFs. One possible explanation for 

these similarities in SMA levels, is that SMA expression in the CAFs when grown in 

culture, may in fact be reduced compared to the levels found in CAFs still present within 

the omental TME. Isolation of CAFs from the omentum sample, and therefore also from 

the vicinity of the HGSOC tumour in that sample, would withdraw a whole host of 

tumour-derived signalling molecules from the CAFs that act to maintain them in a CAF-

like state. Alternatively, isolated NFs may instead have increased levels of SMA 

expression. Work by others has demonstrated the impact of substrate stiffness on 

fibroblast activation, where growth on a stiffer substrate activates fibroblasts and elevates 

SMA expression [366]. As NFs were grown on a stiffer substrate in cell culture flasks, 

compared to a relatively softer substrate found within the omentum, this could have 

driven them towards a more activated fibroblast state. However, comparing SMA 

expression between these two fibroblast populations, and the non-omentum derived 

primary HDFs, suggested that growth on a stiff substrate in culture was insufficient to 

elevate SMA expression levels to those found in CAFs and NFs (Figure 3.2). These 

results indicate that growth on a stiff substrate alone is not sufficient to explain the 

elevated SMA levels detected in NFs. An alternative explanation for the high SMA 
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expression in NFs, may be due to the patients from which NFs were isolated often having 

some other form of cancer, such as early-stage endometrial cancer. It is possible that the 

increased SMA levels were due to the pre-metastatic niche priming that can occur. As in 

the case of endometrial cancer, changes in the stromal cell composition of the omentum 

have been shown to occur prior to the arrival of cancer cells, possibly through exosomes 

that are known to be secreted by endometrial cancer cells [367] [368].  

Despite others observing relatively low FAP expression in primary omental CAFs prior 

to TGFβ3 treatment, FAP expression was high in all three fibroblast types regardless of 

TGFβ3 treatment [159]. The high basal levels of expression then rendered TGFβ3 

incapable of further elevating expression (Figure 3.3). It is possible that NF and HDF 

growth on the stiff substrate of a cell culture flask may contribute towards their activation 

and therefore elevated FAP expression levels to some extent. However, a more plausible 

explanation is that FAP is not as CAF-specific as is suggested in the literature, although 

it is also possible that the antibody itself may lack specificity, with the absence of a clear 

plasma membrane localisation supporting this [369]. Others have observed similar 

staining patterns using this antibody, as well as other antibodies that bind FAP, where 

localisation at the plasma membrane was not detected [370] [371]. This suggests that a 

lack of antibody specificity for FAP is not accountable for the staining patterns displayed 

by CAFs, NFs and HDFs. These results indicate instead that FAP may be a relatively poor 

CAF biomarker, and that it should be used with caution for the characterisation of 

omentum derived CAFs in the future. 

 

 

 

 

 

 

 

 

 

 



 121 

3.9.3 CAF dependency on ascorbic acid for collagen I biosynthesis   

As mentioned previously, the absence of the GLO enzyme in human cells led us to 

hypothesise that primary omental CAFs required the addition of ascorbic acid for collagen 

I deposition [341]. However, assessing the dependency of CAFs on ascorbic acid for this 

process highlighted that, whilst ascorbic acid enhanced collagen I assembly, it was not 

essential, and CAFs were able to deposit collagen I to some extent in its absence (Figure 

3.4). These data confirmed the stimulatory effect of ascorbic acid on collagen I 

fibrillogenesis by human fibroblasts [372]. However, this finding also raises questions 

regarding the necessity of ascorbic acid for collagen I synthesis and deposition by human 

cells. There is a lack of evidence in the literature supporting the existence of pathways in 

human cells that allow for collagen I synthesis and secretion in the absence of ascorbic 

acid. It is not yet known whether the ability to deposit collagen I in an ascorbic acid 

independent manner is specific to CAFs, and further experiments investigating the 

dependence of CAFs, NFs and HDFs, on ascorbic acid for collagen I assembly will shed 

light on this.  

 

3.9.4 ECM protein deposition by CAFs, NFs and HDFs with TGFβ3 treatment 

Firstly, ECM protein deposition experiments provided additional evidence in support of 

the heterogeneity that can exist between CAF populations isolated from separate HGSOC 

patient omentum samples. Despite the TGFβ3 treated CAFs used for the comparison of 

ECM protein deposition by CAFs, NFs and HDFs (MOC195) being cultured under the 

same conditions as CAFs used previously to investigate their dependency on ascorbic 

acid for collagen I deposition (MOC194), noticeable differences in the amount of collagen 

I deposited were observed. CAFs from isolate MOC195 (Figure 3.6a) were far more 

competent in collagen I assembly than those from isolate MOC194 (Figure 3.4a, 3.4b, 

3.4c), further highlighting the heterogeneity that can exist between CAF populations. 

Secondly, it was clear that as well as affecting CAF biomarker expression, fibroblast 

activation state also impacted upon ECM protein assembly in 2D culture. The 

measurement of total collagen I fibre area demonstrated that CAFs and NFs were more 

proficient in collagen I assembly than HDFs regardless of TGFβ3 treatment, despite this 

treatment elevating SMA expression to comparable levels between each fibroblast type 

(Figure 3.2, 3.6). This suggested that fibroblast activation, through driving SMA 

expression via TGFβ3 treatment alone, was insufficient to induce high levels of collagen 
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I deposition by fibroblasts in 2D. The omentum derived CAFs and NFs likely possess 

additional properties in their activated state, as well as high SMA expression levels, that 

allow the excessive deposition of collagen I in the omentum. Delaine-Smith et al. 

demonstrated that treatment of primary omental fibroblasts with TGFβ3 elevated their 

deposition of collagen I in 2D culture [159]. However, the data presented in this chapter 

indicated that treatment of CAFs, NFs, or HDFs, with this growth factor did not increase 

the amount of collagen deposited under these conditions (Figure 3.6). This finding 

suggests that despite the activation of CAFs and NFs observed following TGFβ3 

treatment, as shown by the increase in SMA expression, they may have already reached 

their maximum capacity for collagen I fibrillogenesis in 2D culture prior to TGFβ3 

addition.  

Measuring the large fibre indices of collagen I deposited by CAFs, NFs and HDFs, in the 

presence or absence of TGFβ3, revealed a significant decrease in the large fibre index of 

collagen I deposited by HDFs following TGFβ3 treatment. Whilst the large fibre index 

of the collagen I deposited by CAFs remained constant regardless of TGFβ3 treatment, a 

decrease in large fibre index, although not statistically significant, was observed 

following treatment of NFs with this growth factor (Figure 3.6). These findings may 

allude to how the overall architecture of collagen ECM evolves during the assembly of 

complex matrices over time. It is possible that thin, but long, collagen I fibres are 

deposited in the extracellular space initially, such as those assembled by untreated HDFs 

(Figure 3.6a). This could then be followed by the incorporation of these fibres into a 

meshwork, such as that assembled by TGFβ3 treated HDFs (Figure 3.6b). These fibres, 

once incorporated, would evade detection by the ridge detection algorithm, explaining 

the significant reduction in large fibre index upon HDF treatment with TGFβ3. 

Subsequently, larger fibres may then be assembled and deposited on top of this 

meshwork, to generate the type of complex ECM assembled by untreated, or TGFβ3 

treated, CAFs and NFs. Future experiments focussed on collagen I assembly by untreated, 

and TGFβ3 treated, CAFs, NFs and HDFs, over a longer time period, and with multiple 

time points, should reveal in more detail how the composition of the ECM assembled by 

these fibroblast types changes over time.  
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Surprisingly, despite fibronectin levels increasing in the omentum with tumour 

progression, analysis of fibronectin deposition by CAFs, NFs, and HDFs, revealed that 

after 10 days in culture, the untreated, and TGFβ3 treated, NFs deposited the most 

fibronectin, with lower levels deposited by CAFs and HDFs (Figure 3.7) [98]. 

Importantly, a high total fibronectin fibre area, or large fibre index, does not necessarily 

correspond to a more stable, mature ECM that is rich in collagen I. For example, during 

wound healing it is thought that a fibronectin and fibrin rich, provisional ECM is initially 

formed. This provisional ECM is then thought to mature, via the stimulation of collagen 

I deposition mediated by fibronectin, followed by the degradation of this fibronectin to 

allow for the generation of a more stable, collagen I-rich ECM [373] [374]. It is therefore 

possible that after 10 days in culture, a CAF-derived ECM consisting of relatively low 

levels of fibronectin may have undergone this maturation process at a faster rate than an 

ECM that remains rich in fibronectin after this time period. Taking into consideration that 

a fibronectin-rich, provisional ECM is thought to be replaced by a more mature ECM rich 

in collagen I, these results, together with the analysis of collagen I deposition by CAFs, 

may give some insight into how the matrix changes in composition and organisation over 

time. It is possible that whist the ECM assembled by CAFs after 10 days in culture was 

relatively low in fibronectin, it may in fact be the most mature ECM assembled by the 

three fibroblast types. Given that untreated and TGFβ3 treated CAFs were able to 

assemble large amounts of collagen I (Figure 3.6a, 3.6b), it is possible that the majority 

of fibronectin assembled by them had already been degraded and replaced with collagen 

I ECM after 10 days in culture. This is also supported by data from HDFs, which 

assembled minimal amounts of collagen (Figure 3.6a, 3.6b), but were able to deposit 

fibronectin with a relatively high total fibre area and large fibre index (Figure 3.7a, 3.7b). 

However, data from NFs suggests otherwise, where the ECM assembled by these 

fibroblasts over 10 days in culture contained both high amounts of collagen I and 

fibronectin (Figure 3.6a, 3.6b, 3.7a, 3.7b). One possible explanation for these findings is 

that the NFs may have assembled an ECM of intermediate maturity, where whilst large 

amounts of collagen I are present, the fibronectin rich-provisional ECM has not yet been 

degraded. Further experiments measuring the deposition of fibronectin, in combination 

with collagen I, over time, and with multiple time points, will be required to understand 

in greater detail how the fibrillogenesis of these two major ECM proteins is coordinated 

by each fibroblast type to assemble complex, mature matrices.  
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Collagen XI and versican have been implicated previously in the stimulation of ovarian 

cancer cell invasion, and both are upregulated in HGSOC tumour burdened omentum, 

with an increase in their levels also correlating with poor prognosis [346] [347] [98]. As 

a regulator of the nucleation of collagen fibrillogenesis, it is possible that within the 

HGSOC metastatic TME,  high levels of collagen XI may allow CAFs to control ECM 

assembly, such that HGSOC-supportive matrices are assembled [206] [207] [209]. 

Although versican has a known role in generating provisional ECMs in a variety of 

contexts, the increase in versican levels in the omentum with HGSOC progression, and 

its ability to support OC cell invasion, suggests a more persistent role for versican in the 

HGSOC TME  [348] [375] [376] [347]. For example, its possession of binding sites for 

various other ECM proteins enables their incorporation into the ECM, enabling ECM 

maturation, and it may be that high versican levels in the omentum enable the formation 

of the dense, fibrillar ECM associated with the HGSOC TME [228]. 

Measuring collagen XI deposition by CAFs, NFs, and HDFs, in the presence or absence 

of TGFβ3, indicated the amounts of collagen XI deposited by fibroblasts in 2D culture 

did not correlate with fibroblast activation state (Figure 3.8). A reduction in collagen XI 

deposition was observed following treatment of NFs with TGFβ3, which was surprising 

given the increase in collagen XI expression following TGFβ3 treatment observed 

previously (Figure 3.3d, 3.3e). This may suggest that collagen XI was initially deposited 

to nucleate collagen I fibrillogenesis, then degraded and replaced by additional collagen 

I over their time in culture [96]. However, the differences in collagen I assembly between 

untreated CAFs and HDFs observed previously (Figure 3.6a, 3.6c), together with their 

comparable levels of collagen XI deposition (Figure 3.8a, 3.8c), instead suggest that 

collagen XI is not replaced by collagen I in 2D culture. Similarly, the amount of versican 

deposited also did not correlate with fibroblast activation state (Figure 3.9). An increase 

in total versican fibre area was measured following treatment of each fibroblast with 

TGFβ3, however this increase was not statistically significant.  

These results therefore somewhat contradict data presented by others, where both 

collagen XI and versican have been shown to increase in omental abundance with 

HGSOC progression [98]. However, a possible explanation for these discrepancies is that 

CAFs likely display different functional capabilities when present in a 3D environment 

compared to when cultured in 2D. It has been established for some time that many 

different cell types, including fibroblasts, behave differently depending on whether they 

are cultured in 2D or in 3D systems [377]. For example, Sung et al. demonstrated that 
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human mammary fibroblasts, when cultured in 3D, displayed elevated expression levels 

of a number of factors that stimulate breast cancer cell invasion relative to their expression 

levels in 2D culture [378]. It is therefore possible that omental CAFs may only deposit 

large amounts of collagen XI and versican in response to TGFβ3 when cultured in 3D 

systems that model the microenvironment within the HGSOC TME. Further experiments 

will be required to investigate how the deposition of collagen XI and versican by CAFs 

changes in response to activation by TGFβ3 in 3D culture systems. 

 

3.9.5 Spheroid invasion assays  

Spheroid invasion assays were used to investigate the ability of fibroblasts to enhance 

Kuramochi invasion in a 3D culture system. Optimisation of these assays revealed that 

omentum derived CAFs were able to facilitate the invasion of Kuramochi cells out of 

spheroids into the surrounding gel. This increase in invasion was most significant when 

CAFs occupied 25% of the total cell number within spheroids, and when spheroids were 

cultured in the presence of ascorbic acid, but in the absence of EGF and HGF (Figure 

3.12). The treatment of omental CAFs and NFs with TGFβ3 enhanced their ability to 

facilitate Kuramochi invasion, however, HDFs remained incapable of promoting invasion 

despite this treatment. These results suggested that, to some extent, fibroblast activation 

state increases their ability to promote cancer cell invasion, where higher levels of 

Kuramochi invasion were observed when in co-culture with TGFβ3 pre-treated CAFs, or 

NFs. However, despite TGFβ3 treated CAFs, NFs and HDFs expressing CAF biomarkers 

at comparable levels (Figure 3.2, 3.3), differences existed in the ability of these activated 

fibroblasts to promote Kuramochi invasion. TGFβ3 pre-treated HDFs remained incapable 

of assisting cancer cell invasion, suggesting that fibroblast activation through TGFβ3 

treatment alone is insufficient to drive fibroblast-stimulated cancer cell invasion (Figure 

3.15). Omentum derived CAFs and NFs may therefore possess additional properties that 

allow them to enhance invasion.  
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Furthermore, carrying out these invasion assays with fibroblast conditioned media clearly 

demonstrated that the effects of fibroblasts on Kuramochi invasion were not mediated via 

the secretion of fibroblast-derived soluble factors (Figure 3.13, 3.14, 3.15). This is in 

contrast to previous results reported in the literature. Media conditioned by 

myofibroblasts has been shown to stimulate colon cancer cell invasion, and the 

proliferation, migration, and invasion of the SKOV3 OC cell line was enhanced by 

ovarian CAF-secreted FGF-1 [379] [380] [381]. These results therefore further highlight 

the heterogeneity that can exist in CAF behaviour within TMEs of different cancer types, 

but also within a given cancer type such as OC. However, one possible explanation for 

the discrepancy between results previously reported in the literature and those obtained 

in spheroid invasion assays, is that the fibroblasts used were not omentum-derived. 

Instead, CAFs were isolated from ovarian samples, and it may be that CAFs present 

within ovarian TME’s differ in properties and functional capabilities from those present 

in the HGSOC omental TME. With ovarian CAFs, whilst also likely able to assemble and 

remodel ECM, their tumour-promoting properties may rely more heavily on growth factor 

secretion. In contrast, CAFs within the omentum could primarily use ECM assembly and 

remodelling to exert their pro-tumourigenic effects.  

 

3.9.6 Collagen gel contraction assays  

As the stimulatory effect of TGFβ3 treated CAFs and NFs on Kuramochi invasion was 

not mediated by the secretion of soluble factors, we hypothesised that these fibroblasts 

enhanced OC cell invasion through ECM protein assembly/remodelling. It was important 

to determine whether TGFβ3 treatment rendered CAFs and NFs more capable of 

supporting Kuramochi invasion through elevating their deposition of new ECM proteins, 

and/or their ability to contract and remodel existing ECM proteins. To determine whether 

TGFβ3 treatment enhanced fibroblast contractility, collagen gel contraction assays were 

carried out, and the relationship between contractility and invasion promoting capacity 

was investigated.  
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These assays demonstrated that TGFβ3 treatment of all three fibroblast types did not 

significantly increase their contractility, and that contractility did not correlate with an 

increased ability to promote Kuramochi invasion out of spheroids. Although remodelling 

of existing ECM proteins can occur independently of cell contractility, these data indicate 

that the way in which omental CAFs predominantly facilitate cancer cell invasion is not 

through the contraction-mediated pulling/remodelling of the existing ECM. These 

findings contradict data presented by others demonstrating the importance of contractility 

in ECM deposition/remodelling by fibroblasts, and in the CAF-mediated facilitation of 

cancer cell invasion [382] [383]. It is possible that this ability to support OC cell invasion 

in a contraction-independent manner may be specific to CAFs present in the HGSOC 

metastatic TME. Additional experiments will be required to determine whether this 

property is omental CAF-specific, for example collagen gel contraction and spheroid 

invasion assays with fibroblasts associated with other cancer types may be carried out in 

the presence or absence of TGFβ3.  

As the increased ability of CAFs and NFs to stimulate Kuramochi invasion following 

TGFβ3 treatment did not correlate with cell contractility, and did not require soluble 

factor secretion, we hypothesised that these stimulatory effects following fibroblast 

activation were mediated via the deposition of new ECM proteins, such as collagen I. 

However, previous analyses of collagen I deposition by CAFs and NFs following TGFβ3 

treatment indicated that, in 2D culture, TGFβ3 treatment did not significantly increase 

collagen I assembly in CAFs and NFs relative to their untreated counterparts. As 

fibroblasts are known to behave differently depending on whether they are grown in 2D 

culture or in 3D systems, this may explain these findings [377] [378]. In 2D culture, CAF 

and NF treatment with TGFβ3 may not stimulate collagen I deposition to the same extent 

as that when these fibroblasts are cultured in 3D spheroids. Further experiments will be 

required to investigate how fibroblast activation through TGFβ3 treatment impacts upon 

ECM protein deposition by CAFs in 3D culture systems.  
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3.9.7 Summary  

To summarise, the results in this chapter indicate that fibroblasts isolated from HGSOC 

patient omentum samples are CAF-like in nature, where they assemble ECM proteins 

such as collagen I and fibronectin, and also facilitate cancer cell invasion. TGFβ3 

treatment was able to push otherwise heterogeneous CAF populations towards displaying 

a more homogeneous, myofibroblast-like phenotype, and downstream experiments 

aiming to investigate the mechanisms of ECM assembly by myofibroblast-like CAFs 

utilised treatment with this growth factor.  

Furthermore, following consideration of the results presented in this chapter, it remained 

possible that TGFβ3 treated CAFs and NFs stimulated Kuramochi invasion in 3D culture 

through depositing new ECM proteins, and/or remodelling existing ECM proteins via 

contraction-independent mechanisms. The remaining experiments carried out during this 

project aimed to investigate the molecular mechanisms involved in enabling TGFβ3 

treated CAFs to deposit and/or remodel ECM proteins in order to support Kuramochi 

invasion.  
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Chapter 4: An siRNA screen to identify endocytic recycling 

regulators required for CAFs to assemble ECM and facilitate 

HGSOC cell invasion  

4.1 Overview  

CAFs are known to play a key role within the TMEs of many different cancer types, 

where they are thought to support a number of the processes required for tumour 

development, including cancer cell invasion [384] [357]. One aspect of the TME that is 

believed to impact upon the invasion of cancer cells, and therefore also on metastasis, is 

the ECM [385]. Whilst many cell types within TMEs can remodel the ECM, for example 

cancer cells can degrade the ECM via MMP secretion, CAFs are the primary cell type 

responsible for ECM deposition and remodelling [386] [158].  

The mechanisms involved in ECM assembly and remodelling by fibroblasts in a healthy 

context, such as during development, are understood to some extent. For example, the 

intra- and extracellular processes involved in the secretion of collagen I and its assembly 

into fibres have been studied extensively and are now relatively well understood [200]. 

Furthermore, ECM proteins such as fibronectin, which can interact with other 

components of the ECM, now have established roles in allowing complex 3D matrices to 

be generated [220]. However, there are many cellular processes with underappreciated 

roles in ECM assembly, such as those involved in endocytic recycling. Endocytic 

recycling pathways and a number of small GTPases that regulate them, have been 

implicated in ECM assembly in a variety of contexts, including in the vascular 

morphogenesis that occurs during development [321]. However, the importance of these 

endocytic recycling pathways, and the small GTPases that regulate them, in ECM 

assembly and remodelling by CAFs within the microenvironment of different cancers has 

not yet been investigated. 

Once it had been established that primary omental CAFs were capable of firstly 

facilitating the invasion of Kuramochi cells out of spheroids, and secondly assembling 

ECM proteins such as collagen I and fibronectin, it was essential to determine which 

endocytic recycling regulator GTPases were required for CAFs to carry out these 

functions. In order to investigate the roles of endocytic recycling both in ECM assembly, 

and in the facilitation of cancer cell invasion by CAFs, an siRNA screening approach was 

used.  
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For the siRNA screen, small GTPases implicated in endocytic recycling regulation were 

grouped according to how closely related they were to one another, based on the Rab 

family evolutionary tree presented by Klöpper [387]. HGSOC patient derived CAFs, 

activated by TGFβ3 pre-treatment, were transfected with siRNAs targeting each 

endocytic recycling regulator GTPase. The mRNA levels of each target GTPase were 

depleted individually, and in cases where other closely related GTPases of the same sub-

family may compensate for target GTPase loss, multiple siRNAs were also used in 

combination, for example in the case of Rab11a and Rab11b. Following confirmation of 

GTPase mRNA depletion by RT-qPCR, transfected CAFs were then used in three 

separate assays. Firstly, spheroid invasion assays with Kuramochi cells were used to 

determine which GTPases were essential for CAFs to facilitate cancer cell invasion. 

Secondly, the effect of recycling regulator depletion on the assembly of endogenously 

synthesised collagen I and fibronectin was investigated using immunofluorescence 

microscopy. Finally, the requirement of the each GTPase for CAFs to assemble 

exogenous, fluorophore-labelled, fibronectin into fibres was explored by fluorescence 

microscopy (Figure 4.1).  

 

 

 

 

 

 

 

 

Figure 4.1 – Summary of the endocytic recycling regulator siRNA screening 

approach  

Endocytic recycling regulator GTPases were grouped according to the Rab family 

evolutionary tree presented by Klöpper [387]. Each GTPase was depleted individually, 

or in combination to account for compensation of depleted protein function by closely 

related proteins. Transfected CAFs were then used in three separate assays: Spheroid 

invasion with Kuramochi cells, collagen I and fibronectin immunostaining after 10 days 

in culture, and exogenous fibronectin assembly assays.  
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4.2 Measurement of endocytic recycling regulator expression in CAFs  

4.2.1 Overview 

Human cells express endocytic recycling regulator small GTPases at varying levels [388]. 

In order to ensure that downstream screening experiments focussed only on those 

GTPases expressed in primary CAFs, RT-qPCR was used to measure the expression 

levels of 18 different regulators of endocytic recycling. The expression levels of small 

GTPases involved in regulating fast recycling, such as Rab4a and Rab4b, and slow 

recycling, such as Rab11a, Rab11b, and Arf6, were measured. In addition, the expression 

levels of small GTPases involved in other aspects of endocytic recycling, such as Rab13, 

Rab21, and Rab5a, Rab5b, and Rab5c, were also measured [389] [390] [391] [392]. 

4.2.2 Endocytic recycling regulator expression in CAFs 

Firstly, the expression of 14 small GTPases was measured in two populations of CAFs 

isolated from HGSOC patient omentum. In both CAF lines, Rabs 10, 11a, 13 and 14, 

were the most highly expressed, with Rabs 4a, 4b, 8a, 8b, 11b, 22a, 22b and Arf6, 

expressed at lower, but measurable, levels. Expression of Rab25 and Rab35 was not 

detected in either CAF line (Figure 4.2a, 4.2b). Following the initial expression level 

measurements of these small GTPases in CAFs from patient samples MOC166 and 

ASC218, the expression levels of Rabs 5a, 5b, 5c and 21 were measured in a CAF line 

isolated from a third patient sample, MOC195. These data demonstrated that all 4 of these 

GTPases were expressed in CAFs, with Rab5c expressed at the highest level (Figure 

4.2c).  

Taken together, these RT-qPCR results indicated that most endocytic recycling regulator 

GTPases were expressed to some extent by CAFs derived from HGSOC patient omentum 

samples. In the downstream screening experiments that aimed to determine which 

recycling regulators were of importance in building the HGSOC metastatic niche, the 

levels of each of these regulators were depleted. As the expression of Rabs 25 and 35 

could not be detected in CAFs, these proteins were not included in downstream 

experiments.  
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Figure 4.2 – Primary omental CAFs do not express Rab25 or Rab35 

RT-qPCR was used to measure the expression levels of 18 different small GTPases  

implicated in various aspects of endocytic recycling (N = 3). RNA was firstly extracted 

from CAFs grown in culture for a minimum of 4 days, then the mRNA was converted to 

cDNA by reverse transcription. qPCR analysis was used to measure expression levels of 

each small GTPase, and GAPDH, in triplicate. The average expression level of each 

GTPase, and that of GAPDH, were used to calculate ΔCT values. The relative expression 

levels were then calculated, where relative expression = 2-ΔCT. (a) Relative expression 

levels of Rabs 4a, 4b, 8a, 8b, 10, 11, 11b, 25, 13, 14, 22a, 22b, 35 and Arf6, in CAFs 

derived from omentum sample MOC166, from three biological replicates. (b) Relative 

expression levels of Rabs 4a, 4b, 8a, 8b, 10, 11, 11b, 25, 13, 14, 22a, 22b, 35 and Arf6, 

in CAFs derived from omentum sample ASC218, from three biological replicates. (c) 

Relative expression levels of Rabs 5a, 5b, 5c and 21, in CAFs derived from sample 

MOC195, from three biological replicates.  
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4.3 Optimisation of gene silencing techniques 

4.3.1 Overview 

Once it had been established which regulators of endocytic recycling were expressed by 

omental CAFs, it was essential to identify the most effective method of depleting their 

levels in order to later determine which of them were required for CAFs to build the 

metastatic HGSOC TME. Two separate gene silencing techniques were tested: CRISPR-

cas9 and RNAi.  

4.3.2 CRISPR-Cas9 

With the aim of generating a collection of primary CAF lines in which each recycling 

regulator GTPases had been knocked out, the LentiCRISPR version of CRISPR-cas9 

technology was tested by trialling the capacity of a Rab11a targeting guide RNA (Rab11a-

gRNA) to deplete protein levels. Following the transduction of CAFs either with the 

empty Lenti-CRISPRv2 vector, or with this vector containing a sequence encoding the 

Rab11a-gRNA (Rab11a-LentiCRISPRv2), CAFs were subjected to selection with 

puromycin for at least one week. Importantly, due to the slow growth rate of primary 

fibroblasts, it was decided that transduced cells would not be clonally expanded. It was 

highly unlikely that a single cell would give rise to a population of a large enough size 

for use in downstream experiments, and as such, cells remained as a mixed population. 

The levels of the Rab11a protein present in each CAF population were then assessed by 

western blotting 1 day after the selection period. As expected, a clear reduction in the 

levels of Rab11a was observed in CAFs transduced with Rab11a-LentiCRISPRv2 relative 

to those transduced with the empty vector (Figure 4.3a). However, unfortunately, the 

assessment of Rab11a protein levels 14 days after the selection period revealed that 

Rab11a levels in CAFs transduced with Rab11 a-LentiCRISPRv2 were comparable to 

those transduced with the empty vector (Figure 4.3b). These results suggested that whilst 

this gene silencing technique may have led to a relatively significant reduction in the 

levels of Rab11a in CAFs initially, this reduction was not maintained over time in culture. 

It was likely that due to cells remaining as a mixed population, transduced cells were 

outcompeted and outgrown by their non-transduced counterparts over time, resulting in a 

population which overall expressed Rab11a at normal levels.  
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Figure 4.3 – CRISPR-cas9 technology was ineffective in Rab11a gene silencing  

The effectiveness of using CRISPR-cas9 technology to silence Rab11a expression was tested 

by firstly cloning a Rab11a-gRNA encoding sequence into the Lenti-CRISPRv2 vector. 

The empty vector, and the vector containing Rab11a-gRNA, were used to transfect 

HEK293T cells. The viral particles generated following this transfection were used to 

transduce CAFs (MOC195), and transduced cells were selected for using puromycin 

(0.75 µg.mL-1) treatment for 7-8 days. The levels of the Rab11a protein were assessed by 

western blotting using anti-Rab11a (Rab11a MW = 25 kDa; magenta arrow indicates 

Rab11a band) and anti-α-tubulin (Tubulin MW = 50 kDa; yellow arrow indicates Tubulin 

band) antibodies. (a) Western blot from one biological replicate showing Rab11a and α-

tubulin protein levels in CAFs (MOC195) transduced with the empty Lenti-CRISPRv2 

vector, or Rab11a-LentiCRISPRv2, 1 day after the puromycin selection period (images 

shown from non-adjacent lanes on the same western blot). (b) Western blot from one 

biological replicate showing Rab11a and α-tubulin protein levels in CAFs (MOC195) 

transduced with the empty Lenti-CRISPRv2 vector, or Rab11a-LentiCRISPRv2, 14 days 

after the puromycin selection period. 
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4.3.3 RNAi optimisation 

Following the failure of CRISPR-cas9 to generate a mixed population of CAFs in which 

Rab11a protein levels were reduced, the RNAi approach of gene silencing was tested 

using siRNA. To initially test this approach, CAFs were transfected with siRNAs 

targeting Rab11a or Rab11b. Due to the problems that can be encountered when 

attempting to transfect primary cells, transfection of these siRNAs into primary CAFs 

was carried out using either Lipofectamine™ 2000 (lipofectamine) or Fuse-It-siRNA 

(fuse-it) transfection reagents [393]. Whilst both reagents operate via the formation of 

liposomes that encapsulate siRNA, they differ in their method of entry into the cell. 

Whereas lipofectamine uses endocytosis to enter, Fuse-It-siRNA enters via membrane 

fusion. Furthermore, the efficiency of transfection and subsequent knockdown by these 

siRNAs was also tested in HDFs, which were in included as a non-omental, primary cell 

control. Protein levels following transfection were assessed by western blotting on day 5 

and day 10 post-transfection. As the downstream ECM assembly and spheroid invasion 

assays would be carried out over time frames ranging from 5 to 11 days, it was essential 

to ensure that gene silencing by these siRNAs was maintained over the majority of this 

period.   

It was expected that primary CAFs and HDFs would be difficult to transfect with 

lipofectamine, given the levels of toxicity that are generally believed to be associated with 

this reagent [394]. However, lipofectamine was, in fact, very effective in depleting the 

levels of both Rab11a and Rab11b in CAFs and HDFs. Clearly visible reductions in the 

levels of both Rab11 isoforms were observed at day 5, and levels remained reduced at 

day 10 post-transfection (Figure 4.4a, 4.4b). Fuse-it on the other hand, despite the low 

levels of toxicity associated with this reagent, was less effective in reducing the levels of 

Rab11a and Rab11b in both CAFs and HDFs. When protein levels were assessed on day 

5, Rab11a and Rab11b levels in cells transfected with their corresponding siRNAs were 

reduced relative to those in cells transfected with a non-silencing control siRNA (NS 

siRNA). However, at day 10 post-transfection, the levels of both Rab11 isoforms were 

comparable to those in cells transfected with the NS siRNA (Figure 4.4a, 4.4b) 
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Figure 4.4 – Rab11a and Rab11b protein levels can be depleted for 10 days using 

Lipofectamine™ 2000 

CAFs (MOC195) and HDFs were transfected either with the NS siRNA, or siRNA 

targeting Rab11a (Rab11a siRNA 1) or Rab11b (Rab11b siRNA 1; 80 nM), using either 

lipofectamine or fuse-it transfection reagents. Cell lysates were collected at day 5 and 

day 10 post-transfection, and western blotting with anti-Rab11a (Rab11a MW = 25 kDa; 

magenta arrow indicates Rab11a band), anti-Rab11b (Rab11b MW = 25 kDa, cyan 

arrow indicates Rab11b band), and anti-α-tubulin (Tubulin MW = 50 kDa; yellow arrow 

indicates Tubulin band), was used to evaluate knockdown efficiencies (N = 1). Anti-

Rab11b recognises both Rab11 isoforms, the larger MW band corresponds to Rab11b.  

Figure legend continues on the next page.  

(a) 

(b) 
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Figure 4.4– Rab11a and Rab11b protein levels can be depleted for 10 days using 

Lipofectamine™ 2000 

(a) Western blot from one biological replicate highlighting that Rab11a depletion is more 

efficient when using lipofectamine compared with fuse-it, demonstrated by reduced 

protein levels in lysates collected from cells transfected with Rab11a siRNA 1 at day 5 

and day 10 post-transfection, compared with those transfected with NS siRNA. (b) 

Western blot from one biological replicate highlighting that Rab11b depletion is more 

efficient when using lipofectamine compared with fuse-it, demonstrated by reduced 

protein levels in lysates collected from cells transfected with Rab11b siRNA 1 at day 5 

and day 10 post-transfection, compared with those transfected with NS siRNA.  

 

4.3.4 Efficiency of endocytic recycling regulator depletion with siRNA 

The results obtained during the optimisation of protein level depletion strategies 

suggested that the use of siRNA, transfected into cells with lipofectamine, was the most 

efficient method of achieving a significant depletion in the levels of Rab11a, or Rab11b, 

for a minimum of 10 days. In order to confirm that the levels of all endocytic recycling 

regulators of interest could be depleted to a similar extent using this technique, primary 

omental CAFs were transfected with siRNA oligos targeting each small GTPase. For each 

GTPase of interest, the efficiencies of 2-3 different siRNA oligos in depleting protein 

levels were tested, including that for second siRNA oligos targeting Rab11a and Rab11b, 

with mRNA levels measured via RT-qPCR at day 2 and day 8 post-transfection. It was 

important to ensure that for each small GTPase, at least 2 different siRNA oligos were 

able to efficiently reduce protein levels, as any positive results in downstream screening 

experiments with one siRNA oligo (siRNA 1) would require validation using a second 

siRNA oligo (siRNA 2) against the same target. The testing of all siRNA oligos targeting 

each recycling regulator revealed that all were capable of depleting the mRNA levels of 

their corresponding targets. RT-qPCR demonstrated that the mRNA levels of each 

GTPase in cells transfected with GTPase targeting siRNA oligos were reduced at day 2 

relative to cells transfected with the NS siRNA. These levels then remained reduced in 

cells at day 8 post-transfection (Figure 4.5). Per target, the two siRNA oligos that were 

most effective in depleting target protein levels were then taken forward for use in 

downstream screening experiments.  
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Figure 4.5 – Lipofectamine transfection of all siRNA oligos tested was sufficient to 

reduce mRNA levels each endocytic recycling regulator at day 2 and day 8 post-

transfection 

Figure continues on the next page. 

(a) 
(b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 4.5 – Lipofectamine transfection of all siRNA oligos tested was sufficient to 

reduce mRNA levels each endocytic recycling regulator at day 2 and day 8 post-

transfection 

Figure legend on the next page. 

(i) (j) 

(k) (l) 

(m) (n) 

(o) (p) 
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Figure 4.5 – Lipofectamine transfection of all siRNA oligos tested was sufficient to 

reduce mRNA levels each endocytic recycling regulator at day 2 and day 8 post-

transfection 

CAFs (MOC195), pre-treated with TGFβ3 (10 ng.mL-1) were transfected either with the 

NS siRNA, or siRNA targeting each endocytic recycling regulator GTPase (80 nM). Per 

GTPase , the efficiency of knockdown after separately transfecting CAFs with a minimum 

of 2 different siRNAs oligos was tested (N = 1). RNA was extracted from CAFs at day 2 

and day 8 post-transfection, and the mRNA was converted to cDNA by reverse 

transcription. The expression levels of each endocytic recycling regulator, and GAPDH, 

were measured in triplicate by RT-qPCR. ΔCT values were calculated for each GTPase, 

and relative expression values relative to GAPDH expression, were calculated as 

described previously.  Relative expression levels are shown for each GTPase, at day 2 

and day 8 post-transfection, in CAFs transfected with NS siRNA, or one of the following 

GTPase targeting siRNA oligos: (a) Rab11a siRNA 2. (b) Rab11b siRNA 2. (c) Rab4a 

siRNA 1 or Rab4a siRNA 2. (d) Rab4b siRNA 1 or Rab4b siRNA 2. (e) Rab14 siRNA 1 or 

Rab14 siRNA 2. (f) Rab8a siRNA 1 or Rab8a siRNA 2. (g) Rab8b siRNA 1, Rab8b siRNA 

2 or Rab8b siRNA 3. (h) Rab10 siRNA 1, Rab10 siRNA 2 or Rab10 siRNA 3. (i) Rab13 

siRNA 1, Rab13 siRNA 2 or Rab13 siRNA 3. (j) Rab5a siRNA 1 or Rab5a siRNA 2. (k) 

Rab5b siRNA 1, Rab5b siRNA 2 or Rab5b siRNA 3. (l) Rab5c siRNA 1 or Rab5c siRNA 

2. (m) Rab21 siRNA 1 or Rab21 siRNA 2. (n) Rab22a siRNA 1, Rab22a siRNA 2 or 

Rab22a siRNA 3. (o) Rab22b siRNA 1, Rab22b siRNA 2 or Rab22b siRNA 3. (p) Arf6 

siRNA 1 or Arf6 siRNA 2. 
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4.4 Endocytic recycling influences the ability of CAFs to support HGSOC 

cell invasion 

4.4.1 Group 1 small GTPases 

As work carried out previously by others had implicated Rab11 isoforms in ECM 

assembly, to begin investigating the impact of depleting group 1 GTPases on the ability 

of TGFβ3 pre-treated CAFs to support the invasion of OC cells, Rab11a and Rab11b were 

firstly depleted in CAFs, both individually and in combination [321]. As expected, based 

on results observed previously, Kuramochi cells without CAFs present in the spheroid 

were largely incapable of invading into the surrounding collagen I hydrogel (Figure 4.6a, 

4.6f). Co-culture of CAFs transfected with the NS siRNA was able to significantly 

stimulate the invasion of Kuramochi cells out of spheroids (Figure 4.6a, 4.6b, 4.6f, 4.6g). 

Following the transfection of CAFs with siRNA oligos targeting either Rab11a, Rab11b, 

or both in combination, CAFs remained competent in facilitating Kuramochi invasion. 

Relative to spheroids consisting only of Kuramochi cells, significant increases in 

Kuramochi invasion were observed, with the levels of invasion measured being 

comparable with those observed with NS siRNA-transfected CAFs (Figure 4.6). These 

results suggest that omental CAFs do not utilise Rab11 isoforms to support OC invasion 

in 3D.  
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Figure 4.6 – CAFs do not require Rab11a or Rab11b to facilitate Kuramochi cell 

invasion  

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi cell mono-culture, or a Kuramochi-CAF (MOC195) co-culture, 

treated for a minimum of 4 days, and transfected with siRNA (80 nM total) one day prior 

to inclusion in spheroids. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). Invasion after 4 days was visualised by fluorescence microscopy (N = 3). 

Representative images are shown of spheroids consisting of Kuramochi cells (a), or 

Kuramochi cells in co-culture with CAFs pre-transfected with NS siRNA (b), Rab11a 

siRNA 1 (c), Rab11b siRNA 1 (d), or Rab11a siRNA 1 + Rab11b siRNA 1 (e). (f) 

Quantification of merged data from three biological replicates, and statistical analysis 

by Kruskal-Wallis test (**p<0.01, ***p<0.001), of Kuramochi invasion out of spheroids 

consisting of Kuramochi cells as a mono-culture, or in co-culture with CAFs pre-

transfected with NS, Rab11a siRNA 1 or Rab11b siRNA 1. 

 Figure legend continues on the next page. 
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Figure 4.6–CAFs do not require Rab11a or Rab11b to facilitate Kuramochi cell 

invasion 

(g) Quantification of merged data from three biological replicates, and statistical 

analysis by Kruskal-Wallis test (**p<0.01, ***p<0.001), of Kuramochi invasion out of 

spheroids consisting of Kuramochi cells as a mono-culture, or in co-culture with CAFs 

pre-transfected with NS siRNA or Rab11a siRNA 1 + Rab11b siRNA 1. Normalised 

Kuramochi invasion values are shown, where the percentage of invading cells for each 

spheroid was normalised within each biological replicate by dividing by the average 

percentage for the Kuramochi monoculture spheroids. All statistically significant results 

are shown. Scale bar = 200 μm. Maximum intensity projections of z-stacks are shown. 

 

Next, the remaining small GTPases in group 1 were depleted in CAFs by transfection 

with siRNA, and transfected CAFs were co-cultured in spheroids with Kuramochi cells. 

As expected, CAFs transfected with the NS siRNA were able to significantly increase 

Kuramochi invasion when present in spheroids (Figure 4.7a, 4.7b, 4.7g). Whilst, like 

Rab11 and Rab11b, depleting Rab4a or Rab4b in CAFs did not affect their ability to 

support Kuramochi invasion, the depletion of Rab14, or Rab4a and Rab4b in 

combination, significantly reduced the CAF-mediated stimulation of Kuramochi invasion 

(Figure 4.7). These results suggested that endocytic recycling regulated by Rab14 was 

required for CAFs to facilitate Kuramochi invasion. Furthermore, these results suggested 

that Rab4a and Rab4b were also involved, and as a significant decrease in Kuramochi 

invasion was observed only when both Rab4 isoforms were depleted  in CAFs , Rab4a 

was likely able to compensate for Rab4b when it’s levels were depleted, and vice versa. 

However, data described here were obtained by depleting each recycling regulator with 

one siRNA oligo, and in CAFs isolated from one HGSOC patient omentum sample 

(MOC194). It was therefore possible that any significant results could have been observed 

due a non-specific effect of the siRNA, or they may  have been specific to the CAFs 

obtained from that particular patient. As such, it was essential to later validate these 

statistically significant findings.  
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Figure 4.7 – Depletion of Rab4a + Rab4b, or Rab14 significantly reduces the CAF-

mediated stimulation of Kuramochi invasion out of spheroids 

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi cell mono-culture, or a Kuramochi-CAF (MOC194) co-culture, 

where CAFs were stained red with PKH26. All CAFs were TGFβ3 (10 ng.mL-1) pre-

treated for a minimum of 4 days, and transfected with siRNA (80 nM total) one day prior 

to inclusion in spheroids. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). Invasion after 4 days was visualised by fluorescence microscopy (N = 3). 

Representative images are shown of spheroids consisting of Kuramochi cells (a), or 

Kuramochi cells in co-culture with CAFs pre-transfected with NS siRNA (b), Rab4a 

siRNA 1 (c), Rab4b siRNA 1 (d), Rab4a siRNA 1 + Rab4b siRNA 1 (e), or Rab14 siRNA 

1 (f). 

Figure legend on the next page. 
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Figure 4.7– Depletion of Rab4a + Rab4b, or Rab14 significantly reduces the CAF-

mediated stimulation of Kuramochi invasion out of spheroids 

(g) Quantification of merged data from three biological replicates, and statistical 

analysis by one-way ANOVA (**p<0.01, ***p<0.001, ****p<0.0001), of Kuramochi 

invasion out of spheroids consisting of Kuramochi cells as a mono-culture, or in co-

culture with CAFs pre-transfected with siRNA. Normalised Kuramochi invasion values 

are shown, where the percentage of invading cells for each spheroid was normalised 

within each biological replicate by dividing by the average percentage for the Kuramochi 

monoculture spheroids. All statistically significant results are shown. Scale bar = 200 

μm. Maximum intensity projections of z-stacks are shown. 

 

4.4.2 Group 2 and 3 small GTPases 

Prior to  the validation of results obtained from spheroid invasion assays with CAFs 

transfected with group 1 GTPase targeting-siRNAs, these assays were first carried out 

with CAFs pre-transfected with siRNAs targeting regulators classified into groups 2 or 3. 

When depleting group 2 small GTPases, CAFs pre-transfected with the NS siRNA were 

able to significantly increase the invasion of the Kuramochi cells out of spheroids (Figure 

4.8a, 4.8b). Within this group, the depletion of Rab8a, Rab8b, Rab8a + Rab8b in 

combination, Rab10 or Rab13 in CAFs, did not significantly reduce their capacity to 

promote Kuramochi invasion relative to that observed with CAFs pre-transfected with 

the NS siRNA (Figure 4.8). The only GTPase classified into group 2 that, when depleted 

in CAFs, resulted in a significant reduction in their ability to stimulate Kuramochi 

invasion, was Arf6 (Figure 4.8h, 4.8i). These results indicated that whilst the majority of 

the GTPases classified into group 2 were not involved in the facilitation of cancer cell 

invasion by CAFs, Arf6 was required. As in the case of the significant results observed 

with group 1 GTPases, this significant decrease in invasion upon Arf6 depletion would 

later have to be validated with a second siRNA, in CAFs isolated from a second HGSOC 

patient.  
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In contrast to groups 1 and 2, the depletion of each of the GTPases classified into group 

3 did not significantly alter the capacity of CAFs to support Kuramochi invasion. A 

significant increase in Kuramochi invasion was observed upon co-culture with CAFs pre-

transfected with the NS siRNA. However, CAFs in which Rab5a, Rab5b, Rab5c, Rab5a 

+ Rab5b + Rab5c in combination, Rab21, Rab22a, Rab22b, or Rab22a + Rab22b in 

combination, had been depleted, were still capable of supporting the invasion of 

Kuramochi cells out of spheroids. This suggested that these endocytic recycling 

regulators are not required for CAFs to facilitate this process (Figure 4.9). 

Figure 4.8 – Depletion of Arf6 significantly reduces the CAF-mediated stimulation 

of Kuramochi invasion out of spheroids  

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi cell mono-culture, or a Kuramochi-CAF (MOC194) co-culture, 

where CAFs were stained red with PKH26. All CAFs were TGFβ3 (10 ng.mL-1) pre-

treated for a minimum of 4 days, and transfected with siRNA (80 nM total) one day prior 

to inclusion in spheroids. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). 

Figure legend continues on the next page.  
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Figure 4.8– Depletion of Arf6 significantly reduces the CAF-mediated stimulation 

of Kuramochi invasion out of spheroids  

Invasion after 4 days was visualised by fluorescence microscopy (N = 3). Representative 

images are shown of spheroids consisting of Kuramochi cells (a), or Kuramochi cells in 

co-culture with CAFs pre-transfected with NS siRNA (b), Rab8a siRNA 1 (c), Rab8b 

siRNA 1 (d), Rab8a siRNA 1 + Rab8b siRNA 1 (e),  Rab10 siRNA 1 (f), Rab13 siRNA 1 

(g), or Arf6 siRNA 1 (h). (i) Quantification of merged data from three biological 

replicates, and statistical analysis by Kruskal-Wallis test (*p<0.05, ***p<0.001, 

****p<0.0001), of Kuramochi invasion out of spheroids consisting of Kuramochi cells 

as a mono-culture, or in co-culture with CAFs pre-transfected with siRNA. Normalised 

Kuramochi invasion values are shown, where the percentage of invading cells for each 

spheroid was normalised within each biological replicate by dividing by the average 

percentage for the Kuramochi monoculture spheroids. All statistically significant results 

are shown. Scale bar = 200 μm. Maximum intensity projections of z-stacks are shown. 
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Figure 4.9 – Group 3 GTPase depletion in CAFs does not significantly reduce   

Kuramochi invasion  

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi cell mono-culture, or a Kuramochi-CAF (MOC194) co-culture, 

where CAFs were stained red with PKH26. All CAFs were TGFβ3 (10 ng.mL-1) pre-

treated for a minimum of 4 days, and transfected with siRNA (80 nM total) one day prior 

to inclusion in spheroids. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). Invasion after 4 days was visualised by fluorescence microscopy (N = 3).  

Figure legend continues on the next page.  
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Figure 4.9 – Group 3 GTPase depletion in CAFs does not significantly reduce   

Kuramochi invasion  

Representative images are shown of spheroids consisting of Kuramochi cells (a), or 

Kuramochi cells in co-culture with CAFs pre-transfected with NS siRNA (b), Rab5a 

siRNA 1 (c), Rab5b siRNA 1 (d), Rab5c siRNA 1 (e), Rab5a siRNA 1 + Rab8b siRNA 1 + 

Rab5c siRNA 1 (f),  Rab21 siRNA 1 (g), Rab22a siRNA 1 (h), Rab22b siRNA 1 (i), or 

Rab22a siRNA 1 + Rab22b siRNA 1 (j). (k) Quantification of merged data from three 

biological replicates, and statistical analysis by Kruskal-Wallis test (**p<0.01, 

***p<0.001), of Kuramochi invasion out of spheroids consisting of Kuramochi cells as a 

mono-culture, or in co-culture with CAFs pre-transfected with siRNA. Normalised 

Kuramochi invasion values are shown, where the percentage of invading cells for each 

spheroid was normalised within each biological replicate by dividing by the average 

percentage for the Kuramochi monoculture spheroids. All statistically significant results 

are shown. Scale bar = 200 μm. Maximum intensity projections of z-stacks are shown. 

 

4.4.3 Validation  

The results from the initial round of screening with siRNA oligos targeting each GTPase 

in CAFs isolated from a HGSOC patient (either MOC194 or MOC195), indicated that 

Arf6, Rab14, and Rab4a + Rab4b, may be required for CAFs to support OC cell invasion. 

In order to ensure that the significant differences in Kuramochi invasion observed when 

using these siRNAs were not due to non-specific, off-target effects, it was crucial that 

results were validated by carrying out additional spheroid invasion assays using different 

siRNA oligos that targeted these GTPases. Furthermore, to ensure that the CAF 

phenotypes were not specific to CAFs isolated from a single patient, CAFs isolated from 

a second patient were used for validation. When validating the previous findings, 

depletion of Rab14 with siRNA 2 in CAFs did not alter their ability to support Kuramochi 

invasion relative to CAFs pre-transfected with the NS siRNA (Figure 4.10b, 4.10d, 4.10f). 

In contrast, pre-transfection of CAFs with Rab4a siRNA 2 + Rab4b siRNA 2 in 

combination, or Arf6 siRNA 2, was sufficient to reduce Kuramochi invasion relative to 

that observed in the presence of NS siRNA pre-transfected CAFs, validating previous 

results for these GTPases (Figure 4.10c, 4.10e, 4.10f). These data suggest that Rab4 

isoforms, as well as Arf6, play a role in enabling CAFs to support HGSOC cell invasion 

in the metastatic TME. 
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Figure 4.10 – Depletion of Rab4a + 4b, or Arf6, significantly reduces the stimulation 

of Kuramochi invasion out of spheroids by a second CAF line 

Spheroids were formed, using the hanging drop method as described previously and 

embedded into a collagen I (3 mg.mL-1) hydrogel. Spheroids consisted of either a GFP-

expressing Kuramochi cell mono-culture, or a Kuramochi-CAF (MOC208) co-culture, 

where CAFs were stained red with PKH26. All CAFs were TGFβ3 (10 ng.mL-1) pre-

treated for a minimum of 4 days, and transfected with siRNA (80 nM total) one day prior 

to inclusion in spheroids. Ascorbic acid was included in the growth medium  (20 µg.mL-

1). Invasion after 4 days was visualised by fluorescence microscopy (N = 3). 

Representative images are shown of spheroids consisting of Kuramochi cells (a), or 

Kuramochi cells in co-culture with CAFs pre-transfected with NS siRNA (b), Rab4a 

siRNA 2 + Rab4b siRNA 2 (c), Rab14 siRNA 2 (d), or Arf6 siRNA 2 (e). (f) Quantification 

of merged data from three biological replicates, and statistical analysis by Kruskal-

Wallis test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), of Kuramochi invasion 

out of spheroids consisting of Kuramochi cells as a mono-culture, or in co-culture with 

CAFs pre-transfected with siRNA. Normalised Kuramochi invasion values are shown, 

where the percentage of invading cells for each spheroid was normalised within each 

biological replicate by dividing by the average percentage for the Kuramochi 

monoculture spheroids. All statistically significant results are shown. Scale bar = 200 

μm. Maximum intensity projections of z-stacks are shown. 

 

KuramochiKuramochi + MOC208CAF NS siRNAKuramochi + MOC208CAF Rab4a siRNA 2 + Rab4b siRNA 2 Kuramochi + MOC208CAF Rab14 siRNA 2Kuramochi + MOC208CAF Arf6 siRNA 2
0

10

20

30

40

50

60

N
o
rm

a
li

se
d

 K
u

ra
m

o
ch

i 
ce

ll
 i

n
v
a
si

o
n

✱✱✱✱

✱✱✱

✱✱✱✱

✱✱✱✱

✱✱

✱

Kuramochi

Kuramochi + CAF

NS siRNA

Kuramochi + CAF

Rab4a + Rab4b siRNA 2

Kuramochi + CAF

Rab14 siRNA 2

Kuramochi + CAF

Arf6 siRNA 2



 151 

4.4.4 The effect of endocytic recycling regulator depletion on CAF proliferation, invasion 

and contractility 

As well as validating the spheroid invasion assay results, it was also critical to evaluate 

the effect of depleting Rab4a + Rab4b, Rab14, or Arf6, on CAF proliferation, as a 

decrease in proliferation following siRNA transfection would confound any validated 

findings. In order to evaluate the proliferative capacity of CAFs following siRNA 

transfection, EdU labelling assays were carried out. Compared to CAFs transfected with 

NS siRNA, depletion of neither Rab4a + Rab4b, Rab14, or Arf6, significantly altered 

CAF proliferation (Figure 4.11). These results indicated that transfecting CAFs with these 

siRNAs did not impact upon proliferation, and suggested that the behaviours of CAFs 

observed previously following siRNA treatment were not the result of alterations in their 

proliferation rate. 
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Figure 4.11 – Depletion of Rab4a + 4b, Rab14 ,or Arf6, does not significantly alter 

CAF proliferation 

CAFs (MOC194) were transfected with NS siRNA, Rab4a siRNA 1 + Rab4b siRNA 1, 

Rab14 siRNA 1, or Arf6 siRNA 1, and grown in culture for 5 days in the presence of 

TGFβ3 (10 ng.mL-1).  EdU Alexa Fluor 488 was then added to label proliferative cells 

and nuclei were stained with Hoechst 33342. Fluorescence microscopy was used to 

visualise cells, a minimum of 150 cells per condition were counted, and the percentage 

of proliferating cells was calculated (N = 3). Representative images from three biological 

replicates are shown for cells transfected with NS siRNA (a), Rab4a siRNA 1 + Rab4b 

siRNA 1 (b), Rab14 siRNA 1 (c), or Arf6 siRNA 1 (d). (e) Quantification of merged data 

from three biological replicates, and statistical analysis by one-way ANOVA, of CAF 

proliferation following siRNA transfection. Scale bar = 200 μm. Images from a single z-

plane are shown.  
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It was essential to ensure that the validated spheroid invasion assay results when Rab4a, 

Rab4b, or Arf6, were depleted, were not due to the depletion of these GTPases somehow 

impeding the ability of the CAFs to invade themselves. To investigate this, the images 

obtained during the validation with CAFs isolated from patient MOC208 were re-

analysed to measure CAF invasion. This analysis highlighted that depletion of Rab4a + 

Rab4b in combination, or Arf6, did not alter the ability of CAFs to invade, suggesting 

that these regulators allow CAFs to support Kuramochi invasion via a different 

mechanism, for example in possibly regulating ECM assembly/remodelling (Figure 

4.12). 

To determine whether the inability of Rab4a + Rab4b, or Arf6, depleted CAFs to support 

Kuramochi invasion was due to a reduction in their ability to remodel pre-existing 

collagen fibres ECM through cell contraction, collagen gel contraction assays were 

carried out. Following siRNA transfection, CAFs were embedded into collagen I 

hydrogels and gel contraction was monitored over 2 days as described previously. These 

assays revealed that CAF contractility remained unimpaired following depletion of Rab4a 

+ Rab4b, or Arf6 (Figure 4.12e, 4.12f, 4.12g).  These results therefore indicate that the 

reduced ability of CAFs to support Kuramochi invasion following depletion of these 

GTPases was not the result of them becoming less contractile. Furthermore, this suggests 

that Rab4a + Rab4b, or Arf6, depletion does not impede on the cell contraction mediated-

remodelling of pre-existing collagen fibres. 
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Figure 4.12 – Depletion of Rab4a + 4b, or Arf6, does not significantly alter CAF 

invasion or collagen gel contraction 

Using the data displayed in the previous figure (Figure 4.10), the invasion of the 

fibroblasts themselves out of the spheroids following pre-transfection with NS siRNA, 

Rab4a siRNA 2 + 4b siRNA 2, or Arf6 siRNA 2, and co-culture with Kuramochi cells, 

was measured. Invasion after 4 days was visualised by fluorescence microscopy (N = 3). 

Representative images are shown of spheroids consisting of CAFs (MOC208) pre-

transfected with NS siRNA (a), Rab4a siRNA 2 + Rab4b siRNA 2 (b), or Arf6 siRNA 2 

(c).  

Figure legend continues on the next page.  
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Figure 4.12 – Depletion of Rab4a + 4b, or Arf6, does not significantly alter CAF 

invasion or collagen gel contraction 

(d) Quantification of merged data from three biological replicates, and statistical 

analysis by one-way ANOVA, of CAF invasion out of Kuramochi-CAF co-culture 

spheroids following pre-transfection of CAFs with siRNA. Normalised  CAF invasion 

values are shown, where the percentage of invading cells for each spheroid was 

normalised within each biological replicate by dividing by the average percentage for the 

NS siRNA spheroids. Scale bar = 200 μm. Maximum intensity projections of z-stacks are 

shown. Figure legend continues on the next page. Collagen gel contraction assays were 

carried out as described previously by embedding CAFs pre-transfected with the NS 

siRNA, or siRNA oligos targeting Rab4a + Rab4b, or Arf6 (e; N = 3). Representative 

images from a single biological replicate including both Rab4a + 4b, and Arf6, are 

shown. Quantification of merged data from three biological replicates, and statistical 

analysis by two-way ANOVA, of collagen gel contraction by Rab4a + Rab4b (f) or Arf6 

(g), depleted CAFs. .  

 

4.5 Endogenous fibronectin deposition by CAFs does not require endocytic 

recycling   

4.5.1 Overview 

Spheroid invasion assay data suggested that omental CAFs required endocytic recycling, 

regulated by Rab4 isoforms and Arf6, to support the invasion of OC cells. However, it 

was not clear exactly how depleting the levels of recycling regulator GTPases in CAFs 

was interfering with their ability to facilitate Kuramochi invasion. We hypothesised that 

depleting the levels of these GTPases perturbed the ability to CAFs to efficiently 

assemble/remodel ECM proteins, which in turn rendered the ECM in the spheroid vicinity 

less suitable for Kuramochi cells to invade through. To assess the dependence of TGFβ3 

pre-treated CAFs on endocytic recycling for ECM protein assembly in 2D culture, the 

effect of depleting each GTPase on the deposition of fibronectin was investigated. CAFs 

in which recycling regulator GTPases had been depleted were seeded on to coverslips and 

cultured for 10 days in the presence of both ascorbic acid and TGFβ3. Extracellular 

fibronectin was then immunostained, without cell permeabilisation, and visualised by 

confocal microscopy.  
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4.5.2 Group 1 small GTPases 

As previous work by others had implicated Rab11 isoforms in the assembly of 

fibronectin, in particular Rab11b, it was expected that depletion of Rab11a, Rab11b, or 

both, would reduce fibronectin fibrillogenesis by CAFs [321]. However, depleting 

Rab11a or Rab11b individually in CAFs isolated from patient sample MOC195 did not 

impact upon their ability to assemble fibronectin fibres (Figure 4.13a, 4.13b, 4.13c, 

4.13e). Depleting Rab11a and Rab11b in combination in CAFs from patient sample 

MOC195 surprisingly resulted in a significant increase in the deposition of fibronectin, 

in contrast to what was expected based on data reported previously in the literature 

(Figure 4.13d, 4.13e). This result however could not be validated in CAFs from a second 

patient sample, MOC194, using Rab11a siRNA 2 and Rab11b siRNA 2, where a 

significant decrease in fibronectin deposition was observed following GTPase depletion 

(Figure 4,13g, 4.13h). This may suggest that CAFs isolated from different patients may 

use endocytic recycling regulators to different extents for the assembly of fibronectin, 

however an alternative possibility is that these opposing results may be due to non-

specific, off-target effects of each siRNA. Rab4 has also been implicated in fibronectin 

assembly, in particular during the branching of endothelial vessels [320]. However, 

depletion of Rab4 isoforms, or any of the remaining small GTPases classified into group 

1 did not significantly impact upon the deposition of fibronectin by CAFs (Figure 4.14). 
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Figure 4.13 – Depletion of Rab11a, 11b, or both 11a and 11b, does not alter 

fibronectin deposition by CAFs 

Primary CAFs (MOC195) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Fibronectin was 

immunostained and visualised by fluorescence microscopy (N = 3). Representative 

images from three biological replicates are shown, where CAFs (MOC195) were pre-

transfected with the NS siRNA (a), Rab11a siRNA 1 (b), Rab11b siRNA 1 (c), or Rab11a 

siRNA 1+ Rab11b siRNA 1 (d). Merged data from three biological replicates of 

fibronectin deposition by CAFs (MOC195) following depletion of Rab11a or Rab11b (e), 

or Rab11a and Rab11b together (f), was quantified and statistically analysed by one-way 

ANOVA (****p<0.0001). Statistically significant results were then validated using a 

second siRNA oligo against the target GTPase in a second CAF line (MOC194).  

Figure legend continues on the next page.  
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Figure 4.13 – Depletion of Rab11a, 11b, or both 11a and 11b, does not alter 

fibronectin deposition by CAFs 

Representative images from three biological replicates are shown, where CAFs 

(MOC194) were pre-transfected with the NS siRNA (g), or Rab11a siRNA 2 + Rab11b 

siRNA 2 (h). Merged data from three biological replicates of fibronectin deposition by 

CAFs (MOC194) following Rab11a + Rab11b depletion (i) was quantified and 

statistically analysed by unpaired t-test (**p<0.01). Normalised fibronectin fibre area 

values are sown, where the fibre area for each image was normalised within each 

biological replicate by dividing by the average fibre area for the NS siRNA condition. All 

statistically significant results are shown. Nuclei were stained with Hoechst 33342. Scale 

bar = 50 μm. Maximum intensity projections of z-stacks are shown. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 – Fibronectin deposition is not regulated by group 1 small GTPases   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Fibronectin was 

immunostained and visualised by fluorescence microscopy (N = 3).  

Figure legend continues on the next page.  
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Figure 4.14 – Fibronectin deposition is not regulated by group 1 small GTPases   

Representative images from three biological replicates are shown, where CAFs 

(MOC194) were pre-transfected with the NS siRNA (a), Rab4a siRNA 1 (b) , Rab4b siRNA 

1 (c), Rab4a siRNA 1 + Rab4b siRNA 1 in combination (d), or Rab14 siRNA 1 (e). Merged 

data from three biological replicates of fibronectin deposition by CAFs (MOC194) 

following siRNA transfection was quantified and statistically analysed by Kruskal-Wallis 

test. Normalised fibronectin fibre area values are sown, where the fibre area for each 

image was normalised within each biological replicate by dividing by the average fibre 

area for the NS siRNA condition. All statistically significant results are shown. Nuclei 

were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of 

z-stacks are shown. 

 

4.5.3 Group 2 and 3 small GTPases 

Recycling regulator GTPases classified into groups 2 and 3 were also depleted in CAFs, 

and the effect of depletion on CAF ability to deposit fibronectin was evaluated. The 

depletion of each group 2 small GTPase in CAFs from patient sample MOC194 did not 

result in a significant defect in fibronectin deposition (Figure 4.15). Similarly, group 3 

small GTPase depletion also did not impact upon this process (Figure 4.16). Whilst Rab5c 

depletion with siRNA 1 in CAFs from sample MOC194 resulted in a significant decrease 

in fibronectin deposition (Figure 4.16a, 4.16d, 4.16j), this result could not be validated 

with siRNA 2 in CAFs from sample MOC195 (Figure 4.16k, 4.16l, 4.16m).  

Taken together, these data suggest that the endocytic recycling regulators classified into 

groups 1, 3, or 3 do not influence the deposition of endogenous fibronectin as fibres in 

the extracellular space by omental CAFs. 
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Figure 4.15 – Fibronectin deposition is not regulated by group 2 small GTPases   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Fibronectin was 

immunostained and visualised by fluorescence microscopy (N = 3). Representative 

images from three biological replicates are shown, where CAFs (MOC194) were pre-

transfected with NS siRNA (a), Rab8a siRNA 1 (b), Rab8b siRNA 1 (c), Rab8a siRNA 1 + 

Rab8b siRNA 1 in combination (d), Rab10 siRNA 1 (e), Rab13 siRNA 1 (f), or Arf6 siRNA 

1 (g). Merged data from three biological replicates of fibronectin deposition by CAFs 

(MOC194) following siRNA transfection was quantified and statistically analysed by 

Kruskal-Wallis test. Normalised fibronectin fibre area values are sown, where the fibre 

area for each image was normalised within each biological replicate by dividing by the 

average fibre area for the NS siRNA condition. All statistically significant results are 

shown. Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity 

projections of z-stacks are shown. 
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Figure 4.16 – Fibronectin deposition is not regulated by group 3 small GTPases   

Figure legend on the next page.  
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Figure 4.16 – Fibronectin deposition is not regulated by group 3 small GTPases   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Fibronectin was 

immunostained and visualised by fluorescence microscopy (N = 3). Representative 

images from three biological replicates are shown, where CAFs (MOC194) were pre-

transfected with NS siRNA (a), Rab5a siRNA 1 (b), Rab5b siRNA 1 (c), Rab5c siRNA 1 

(d), Rab5a siRNA 1 + Rab5b siRNA 1 + Rab5c siRNA 1 in combination (e), Rab21 siRNA 

1 (f), Rab22a siRNA 1 (g), Rab22b siRNA 1 (h), or Rab22a siRNA 1 + Rab22b siRNA 1 

in combination (i). (j) Merged data from three biological replicates of fibronectin 

deposition by CAFs (MOC194) following siRNA transfection was quantified and 

statistically analysed by Kruskal-Wallis test (**p<0.01). Statistically significant results 

were then validated using a second siRNA oligo against the target GTPase in a second 

CAF line (MOC195). Representative images from three biological replicates are shown, 

where CAFs (MOC195) were pre-transfected with the NS siRNA (k), or Rab5c siRNA 2 

(l). Merged data from three biological replicates of fibronectin deposition by CAFs 

(MOC195) following Rab5c depletion (m) was quantified and statistically analysed by 

Mann-Whitney test. Normalised fibronectin fibre area values are sown, where the fibre 

area for each image was normalised within each biological replicate by dividing by the 

average fibre area for the NS siRNA condition. All statistically significant results are 

shown. Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity 

projections of z-stacks are shown. 
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4.6 Exogenous fibronectin assembly is regulated by endocytic recycling  

4.6.1 Overview  

The level of fibronectin fibril formation was often found to be variable between CAFs 

within individual samples and could depend upon a number of factors, including the 

ability of cells to synthesise, or remodel, fibronectin. To simplify the analysis, the role of  

these recycling regulator GTPases in the assembly of exogeneous fluorophore labelled 

fibronectin into fibres was investigated. The aim of these assays was to elucidate whether 

endocytic recycling, whilst not being required for the synthesises and deposition of 

endogenous fibronectin by omental CAFs, was involved in assembling fibronectin dimers 

which were already present in the extracellular space into fibres. Following CAF TGFβ3 

pre-treatment, and pre-transfection with siRNAs targeting recycling regulator GTPases, 

exogenous fibronectin was added. As this fibronectin is only visible by fluorescence 

microscopy after it has been assembled into fibres, fibronectin assembly could be 

observed over time by fixing CAFs at time points of 5-, 15-, 30- and 60-minutes post-

fibronectin addition.  

4.6.2 Exogenous fibronectin assembly analysis by ridge detection   

The assembly of exogenous fibronectin by CAFs was measured using the ridge detection 

algorithm described previously. However, whereas in previous experiments only large 

fibres were detected, with a minimum width of 10 pixels and a minimum length of 70 

pixels, the minimum line length was reduced to 5 pixels in order to detect exogenous 

fibronectin fibres of all sizes such that the fibre index could be calculated (Figure 4.17). 
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Figure 4.17 – The assembly of exogenous fibronectin was analysed by calculating 

fibre indices using the ridge detection algorithm 

Following TGFβ3 (10 ng.mL-1) pre-treatment and siRNA transfection, CAFs were seeded 

in to 96-well imaging plates. After cell attachment, exogenous fibronectin was added to 

each well (5 µg.mL-1) and cells were fixed after 5-, 15-, 30- or 60-minutes. Assembled 

fibronectin was visualised by fluorescence microscopy, where a single z-plane was 

captured at 10 positions for each condition. The ridge detection algorithm was then used 

to calculate the fibre index for each image by detecting fibres with a minimum line width 

of 10 pixels and a minimum length of 5 pixels. All measured values were normalised to 

cell number for each image. Example composite images for CAFs (MOC194) transfected 

with NS siRNA (a), or Rab14 siRNA 1 (c), are shown at each time point, together with 

their corresponding example greyscale ridge detection images, (b) and (d) respectively, 

where detected fibres are shown in red. Nuclei were stained with Hoechst 33342.  
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4.6.3 Group 1 small GTPases 

Initially, the impact of depleting Rab11a, Rab11b, or both isoforms in combination, on 

exogenous fibronectin assembly by CAFs was evaluated. Despite the depletion of Rab11a 

and Rab11b, individually, having no impact on exogenous fibronectin assembly by CAFs 

from patient MOC194, the depletion of both Rab11 isoforms together significantly 

elevated the ability of these CAFs to assemble exogenous fibronectin, with higher fibre 

indices measured at the 15- and 30-minute time points (Figure 4.18a, 4.18b). This result 

was then validated using Rab11a siRNA 2 and Rab11b siRNA 2 in CAFs from patient 

MOC195 , where larger fibre indices were measured at the 5- and 60-minute time points 

(Figure 4.18c). Surprisingly, the depletion of all other small GTPases classified into group 

1, in CAFs from patient MOC194, also lead to a significant increase in exogenous 

fibronectin assembly. Larger fibronectin fibre indices were measured following depletion 

of Rab4a, Rab4b, Rab4a + Rab4b in combination, or Rab14, at the 15- and 60-minute 

time points (Figure 4.17, 4.18d). Example images demonstrating higher fibronectin 

assembly following Rab14 depletion in CAFs from patient MOC194 are shown (Figure 

4.17). However, only the significant increase in fibre index measured following Rab14 

depletion could be validated in CAFs from patient MOC195. The depletion of Rab14 with 

siRNA 2 in CAFs from a second patient resulted in a significantly larger fibre index 

measured at the 30-minute time point (Figure 4.18e). 
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Figure 4.18 – Multiple group 1 small GTPases influence assembly of exogenous 

fibronectin by CAFs 

CAFs (MOC195 or MOC194) were pre-treated with TGFβ3 (10 ng.mL-1), then 

transfected with the NS siRNA, or recycling regulator targeting siRNAs. CAFs were 

seeded into 96-well imaging dishes, and after cell attachment, exogenous fibronectin was 

added (5 µg.mL-1) and cells were fixed after 5-, 15-, 30- or 60-minutes. Fluorescence 

microscopy was used to capture a single z-section at 10 different positions per condition, 

and the ridge detection algorithm was used to calculate the fibre index for each image as 

described previously, which was then normalised to cell number (N = 3). (a) 

Quantification, and statistical analysis, of fibre index for fibronectin assembled by CAFs 

(MOC194) transfected with NS siRNA, Rab11a siRNA 1, or Rab11b siRNA 1. (b) 

Quantification, and statistical analysis (*p<0.5), of fibre index for fibronectin assembled 

by CAFs (MOC194) transfected with NS siRNA, or Rab11a siRNA 1 + Rab11b siRNA 1.  

Figure legend continues on the next page.  
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Figure 4.18 – Multiple group 1 small GTPases influence assembly of exogenous 

fibronectin by CAFs 

(c) Quantification, and statistical analysis (**p<0.01), of fibre index for fibronectin 

assembled by CAFs (MOC195) transfected with NS siRNA, or Rab11a siRNA 2 + Rab11b 

siRNA 2. (d) Quantification, and statistical analysis (*p<0.05, **p<0.01, 

****p<0.0001), of fibre index for fibronectin assembled by CAFs (MOC195) transfected 

with NS siRNA, Rab4a siRNA 1, Rab4b siRNA 1, Rab4a siRNA 1 + Rab4b siRNA 1, or 

Rab14 siRNA 1. (e) Quantification, and statistical analysis (**p<0.01), of fibre index for 

fibronectin assembled by CAFs (MOC195) transfected with NS siRNA, Rab4a siRNA 2, 

Rab4b siRNA 2, Rab4a siRNA 2 + Rab4b siRNA 2, or Rab14 siRNA 2. All statistical 

analyses were carried out by two-way ANOVA. All statistically significant results are 

shown. 

4.6.4 Group 2 and 3 small GTPases 

Similar to the endocytic recycling regulators classified into group 1, groups 2 and 3 also 

contained a number of small GTPases that when depleted led to significant increases in 

the fibronectin fibre indices measured. Within group 2, depletion of Rab8a or Arf6 in 

CAFs from patient MOC194 resulted in significantly higher levels of fibronectin 

assembly at the 60-minute time point (Figure 4.19c, 4.19d). Example images 

demonstrating higher fibronectin assembly following Arf6 depletion are shown (Figure 

4.19a, 4.19b). These finding were then validated in CAFs from patient MOC195 using 

Rab8a siRNA 2, or Arf6 siRNA 2, where significantly higher fibronectin fibre indices 

were measured at the 30-minute time point (Figure 4.19e). Within group 3, depletion of 

multiple small GTPases significantly increased the capacity of CAFs from patient sample 

MOC194 to assemble exogenous fibronectin. Higher fibre indices were measured at the 

15-minute time point following depletion of Rab5b, Rab5c, Rab5a + Rab5b + Rab5c, 

Rab21, or Rab22a. In addition, higher fibre indices were measured at the 30- and 60-

minute time points following Rab5a + Rab5b + Rab5c, or Rab22a depletion, with Rab21 

depletion also leading to a higher fibre index measured at the 60-minute time point 

(Figure 4.20c, 4.20d). Example images demonstrating the enhanced ability of CAFs from 

patient MOC194 to assemble exogenous fibronectin following Rab22a depletion are 

shown (Figure 4.20a, 4.20b). These results for Rab5c, Rab21, Rab22a, and Rab22b, could 

then be validated in CAFs from patient MOC195, where higher fibre indices were 

measured at the 30-minute timepoint following depletion of these GTPases. Furthermore, 

Rab5c depletion also lead to a higher fibre index measured at the 60-minute timepoint.  
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Figure 4.19 – Rab8a and Arf6 influence the assembly of exogenous fibronectin by 

CAFs 

Exogenous fibronectin assembly assays were carried out with CAFs (MOC194 or 

MOC195) transfected with recycling regulator GTPase targeting siRNAs as described 

previously (N = 3). Example composite images for CAFs (MOC194) transfected with NS 

siRNA (a) or Arf6 siRNA 1 (b) are shown at each time point. (c)  Quantification, and 

statistical analysis (*p<0.05), of fibre index for fibronectin assembled by CAFs 

(MOC194) transfected with NS siRNA, Rab8a siRNA 1, Rab8b siRNA 1, or Rab8a siRNA 

1 + Rab8b siRNA 1.  

Figure legend continues on the next page.  
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Figure 4.19 – Rab8a and Arf6 influence the assembly of exogenous fibronectin by 

CAFs 

(d) Quantification, and statistical analysis (**p<0.01), of fibre index for fibronectin 

assembled by CAFs (MOC194) transfected with NS siRNA, Rab10a siRNA 1, Rab13 

siRNA 1, or Arf6 siRNA 1. (e) Quantification, and statistical analysis (***p<0.001), of 

fibre index for fibronectin assembled by CAFs (MOC195) transfected with NS siRNA, 

Rab8b siRNA 2, or Arf6 siRNA 2. All statistical analyses were carried out by two-way 

ANOVA. All statistically significant results are shown. 
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Figure 4.20 – Rab5c, Rab21, Rab22a and Rab22b influence the assembly of 

exogenous fibronectin by CAFs 

Exogenous fibronectin assembly assays were carried out with CAFs (MOC194 or 

MOC195) transfected with recycling regulator GTPase targeting siRNAs as described 

previously (N = 3). Example composite images for CAFs (MOC194) transfected with NS 

siRNA (a) or Rab22a siRNA 1 (b) are shown at each time point. (c)  Quantification, and 

statistical analysis (*p<0.05, **p<0.01, ***p<0.001), of fibre index for fibronectin 

assembled by CAFs (MOC194) transfected with NS siRNA, Rab5a siRNA 1, Rab5b siRNA 

1, Rab5c siRNA 1, or Rab5a siRNA 1 + Rab5b siRNA 1 + Rab5c siRNA 1.  

Figure legend continues on the page.  
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Figure 4.20 – Rab5c, Rab21, Rab22a and Rab22b influence the assembly of 

exogenous fibronectin by CAFs 

(d) Quantification, and statistical analysis (*p<0.05,**p<0.01, ****p<0.0001), of fibre 

index for fibronectin assembled by CAFs (MOC194) transfected with NS siRNA, Rab21 

siRNA 1, Rab22a siRNA 1, Rab22b siRNA 1,  or Rab22a siRNA 1 + Rab22b siRNA 1. (e) 

Quantification, and statistical analysis (**p<0.01), of fibre index for fibronectin 

assembled by CAFs (MOC195) transfected with NS siRNA, Rab5b siRNA 2, Rab5c siRNA 

2, or Rab5a siRNA 2 + Rab5b siRNA 2+ Rab5c siRNA 2. (f) Quantification, and statistical 

analysis (*p<0.05, **p<0.01, ***p<0.001), of fibre index for fibronectin assembled by 

CAFs (MOC195) transfected with NS siRNA, Rab21 siRNA 2, Rab22a siRNA 2, or 

Rab22b siRNA 2. All statistical analyses were carried out by two-way ANOVA. All 

statistically significant results are shown. 

 

4.7 Collagen I deposition requires endocytic recycling 

4.7.1 Overview  

As with fibronectin, collagen I is also abundant within the HGSOC omental TME, and is 

known to play roles in facilitating cancer cell invasion and growth [98] [395] [396]. 

Therefore, in addition to evaluating the impact of depleting recycling regulator GTPases 

in CAFs on their ability to deposit endogenous fibronectin, and to assemble exogenous 

fibronectin, the role of each GTPase in collagen I assembly by CAFs in 2D culture was 

also investigated. In contrast to fibronectin, where several Rab GTPases have been 

implicated in regulating its assembly by a number of cell types, none of the recycling 

regulator GTPases depleted during this siRNA screen had previously been associated 

with regulating collagen I deposition. 
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4.7.2 Group 1 GTPases 

To begin investigating the role of each recycling regulator GTPase in collagen I 

fibrillogenesis, Rab11a and Rab11b were depleted in CAFs from patient MOC195, both 

individually and in combination, and the effect of doing so on their ability to assemble 

collagen I in 2D was assessed by immunofluorescence microscopy. CAFs in which 

Rab11a, or Rab11b, had been depleted were able to assemble collagen I at a level 

comparable to that observed when CAFs were transfected with the NS siRNA (Figure 

4.21a, 4.21b, 4.21c, 4.21e). Depletion of both Rab11 isoforms in combination in CAFs 

from patient MOC195 resulted in a significant increase in collagen I deposition, where a 

higher total fibre area was measured relative to CAFs transfected with the NS siRNA 

(Figure 4.21d, 4.21f). However, this result could not be validated in CAFs from patient 

MOC194, where instead a significant decrease in collagen I deposition was measured 

following depletion of both Rab11 isoforms (Figure 4.21g, 4.21h, 4.21i). Interestingly, 

these patterns of collagen I deposition in CAFs from patient MOC194 and MOC195 

following Rab11a and Rab11b depletion were also observed in the deposition of 

fibronectin (Figure 4.13). As may be the case with fibronectin deposition, the opposite 

collagen I assembly capacities following GTPase depletion displayed by the CAFs from 

these two patients could indicate that they utilise different small GTPases to varying 

extents to assemble collagen I. However, it is also possible that the opposite results 

observed are due to off target effects of each siRNA used to deplete GTPase levels.  
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Figure 4.21 – CAFs do not require Rab11a or Rab11b to deposit collagen I  

Primary CAFs (MOC195) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Collagen I was 

immunostained and visualised by fluorescence microscopy (N = 3). Representative 

images from three biological replicates are shown, where CAFs (MOC195) were pre-

transfected with the NS siRNA (a), Rab11a siRNA 1 (b), Rab11b siRNA 1 (c), or Rab11a 

siRNA 1+ Rab11b siRNA 1 (d). Merged data from three biological replicates of collagen 

I deposition by CAFs (MOC195) following depletion of Rab11a or Rab11b (e), or Rab11a 

and Rab11b together (f), was quantified and statistically analysed by one-way ANOVA 

(*p<0.05). Statistically significant results were then validated using a second siRNA 

oligo against the target GTPase in a second CAF line (MOC194). Representative images 

from three biological replicates are shown, where CAFs (MOC194) were pre-transfected 

with the NS siRNA (g), or Rab11a siRNA 2 + Rab11b siRNA 2 (h).  

Figure legend on the next page.  
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Figure 4.21 – CAFs do not require Rab11a or Rab11b to deposit collagen I  

Merged data from three biological replicates of collagen I deposition by CAFs (MOC194) 

following Rab11a + Rab11b depletion (i) was quantified and statistically analysed by 

Mann-Whitney test (**p<0.01). Normalised collagen I fibre area values are sown, where 

the fibre area for each image was normalised within each biological replicate by dividing 

by the average fibre area for the NS siRNA condition. All statistically significant results 

are shown. Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum 

intensity projections of z-stacks are shown. 

 

The depletion of the remaining small GTPases classified into group 1 in CAFs from 

patient MOC194 indicated that Rab4b, Rab4a + Rab4b in combination, and Rab14, may 

be involved in regulating collagen I deposition, where significant reductions in total 

collagen fibre area were measured (Figure 4.22). However, during the validation of these 

findings, only the depletion of Rab14 with siRNA 2 in CAFs from patient MOC194 

resulted in collagen I assembly defects (Figure 4.22j, 4.22k). These results suggest that 

of the small GTPases classified into group 1, only Rab14 is essential for collagen I 

fibrillogenesis by omental CAFs in the HGSOC TME. 
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Figure 4.22 – Rab14 is required for the deposition of collagen I omental CAFs   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Collagen I was 

immunostained and visualised by fluorescence microscopy (N = 3).  

Figure legend continues on the next page. 
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Representative images from three biological replicates are shown, where CAFs 

(MOC194) were pre-transfected with the NS siRNA (a), Rab4a siRNA 1 (b) , Rab4b siRNA 

1 (c), Rab4a siRNA 1 + Rab4b siRNA 1 in combination (d), or Rab14 siRNA 1 (e). Merged 

data from three biological replicates of collagen I deposition by CAFs (MOC194) 

following siRNA transfection was quantified and statistically analysed by Kruskal-Wallis 

test (**p<0.01, ****p<0.0001). Statistically significant results were then validated using 

a second siRNA oligo against the target GTPase in a second CAF line (MOC195). 

Representative images from three biological replicates are shown, where CAFs 

(MOC195) were pre-transfected with the NS siRNA (g), Rab4b siRNA 2, Rab4a siRNA 2 

+ Rab4b siRNA 2, or Rab14 siRNA 2 (h). Merged data from three biological replicates 

of collagen I deposition by CAFs (MOC195) following Rab11a + Rab11b depletion (i) 

was quantified and statistically analysed by Kruskal-Wallis (*p<0.01).  Normalised 

collagen I fibre area values are sown, where the fibre area for each image was 

normalised within each biological replicate by dividing by the average fibre area for the 

NS siRNA condition. All statistically significant results are shown.  Nuclei were stained 

with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of z-stacks are 

shown. 

 

4.7.3 Group 2 and 3 small GTPases 

Similarly, the depletion of multiple recycling regulators classified into group 2 in CAFs 

from patient MOC194 resulted in defects in their ability to deposit collagen I. Significant 

reductions in the total collagen I fibre area were measured following depletion of Rab8a 

+ Rab8b in combination, Rab10, Rab13, and Arf6 (Figure 4.23). When these group 2 

recycling regulators were then depleted in CAFs from patient MOC195, only pre-

transfection of CAFs with Arf6 siRNA 2 resulted in a significant reduction in the total 

collagen I fibre area measured, with collagen I deposition following Rab8a + Rab8b, 

Rab10, or Rab13 depletion remaining unaffected (Figure 4.23n, 4.23o). These data 

therefore suggest that of the recycling regulators classified into group 2, only Arf6 

influences the assembly of collagen I fibres in 2D by omental CAFs.   
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Figure 4.23 – Arf6 is required for the deposition of collagen I omental CAFs   

Figure legend on the next page.  
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Figure 4.23 – Arf6 is required for the deposition of collagen I omental CAFs   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Collagen I was 

immunostained and visualised by fluorescence microscopy (N = 3). Representative 

images from three biological replicates are shown, where CAFs (MOC194) were pre-

transfected with the NS siRNA (a), Rab8a siRNA 1 (b), Rab8b siRNA 1 (c), Rab8a siRNA 

1 + Rab8b siRNA 1 in combination (d), Rab10 siRNA 1 (e), Rab13 siRNA 1 (f), or Arf6 

siRNA 1 (g). (h) Merged data from three biological replicates of collagen I deposition by 

CAFs (MOC194) following siRNA transfection was quantified and statistically analysed 

by Kruskal-Wallis test (*p<0.05, **p<0.01, ****p<0.0001). Statistically significant 

results were then validated using a second siRNA oligo against the target GTPase in a 

second CAF line (MOC195). Representative images from three biological replicates are 

shown, where CAFs (MOC195) were pre-transfected with the NS siRNA (i), Rab8a siRNA 

2 + Rab8b siRNA 2 (j),  Rab10 siRNA 2 (l), Rab13 siRNA 2 (m), or Arf6 siRNA 2 (n). 

Merged data from three biological replicates of collagen I deposition by CAFs (MOC195) 

following siRNA transfection was quantified and statistically analysed by Mann-Whitney 

test (*p<0.01; k), or by Kruskal-Wallis test (****p<0.0001, o).  Normalised collagen I 

fibre area values are sown, where the fibre area for each image was normalised within 

each biological replicate by dividing by the average fibre area for the NS siRNA 

condition. All statistically significant results are shown. Nuclei were stained with Hoechst 

33342. Scale bar = 50 μm. Maximum intensity projections of z-stacks are shown. 

 

In contrast to groups 1 and 2 that each contained a recycling regulator required for 

collagen I assembly by CAFs, depletion of any of the small GTPases classified into 3 

suggested that none have a role in regulating collagen I deposition. CAFs from patient 

MOC194 remained capable of depositing collagen I in the extracellular space following 

depletion of Rab5a, Rab5b and Rab5c, all Rab5 isoforms in combination, Rab21, Rab22a, 

Rab22b, and both Rab22 isoforms in combination (Figure 4.24).  
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Figure 4.24 – Collagen I deposition is not regulated by group 3 small GTPases   

Primary CAFs (MOC194) were pre-transfected with either the NS siRNA, or recycling 

regulator targeting siRNA oligos, then seeded on to coverslips and cultured for 10 days 

in the presence of TGFβ3 (10 ng.mL-1) and ascorbic acid (20 µg.mL-1). Collagen I was 

immunostained and visualised by fluorescence microscopy (N = 3).  

Figure legend continues on the next page.  
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Figure 4.24 – Collagen I deposition is not regulated by group 3 small GTPases   

Representative images from three biological replicates are shown, where CAFs 

(MOC194) were pre-transfected with the NS siRNA (a), Rab5a siRNA 1 (b), Rab5b siRNA 

1 (c), Rab5c siRNA 1 (d), Rab5a siRNA 1 + Rab5b siRNA 1 + Rab5c siRNA 1 in 

combination (e), Rab21 siRNA 1 (f), Rab22a siRNA 1 (g), Rab22b siRNA 1 (h), or Rab22a 

siRNA 1 + Rab22b siRNA 1 in combination (i). (j) Merged data from three biological 

replicates of collagen I deposition by CAFs (MOC194) following siRNA transfection was 

quantified and statistically analysed by Kruskal-Wallis test (**p<0.01). Normalised 

collagen I fibre area values are sown, where the fibre area for each image was 

normalised within each biological replicate by dividing by the average fibre area for the 

NS siRNA condition. All statistically significant results are shown.  Nuclei were stained 

with Hoechst 33342. Scale bar = 50 μm. Maximum intensity projections of z-stacks are 

shown. 

 

These data therefore indicate that, of the recycling regulators depleted during this siRNA 

screen, only Rab14 and Arf6 were required for CAFs from across HGSOC patients to 

assemble collagen I ECM in 2D. Interestingly, Arf6 was also required for CAFs to 

facilitate the invasion of Kuramochi cells during 3D spheroid invasion assays, suggesting 

that defects in collagen I deposition/remodelling could underlie why CAFs in which Arf6 

has been depleted display a limited capacity to support Kuramochi invasion in 3D (Figure 

4.10). However, the reduction in Kuramochi invasion following Rab14 depletion could 

not be validated in a second CAF isolate with a second siRNA. This suggested that an 

inability to deposit new collagen I fibres in 2D alone, was not sufficient to cause defects 

in the HGSOC cell invasion-promoting capacity of CAFs in 3D. Furthermore, the 

depletion of Rab4a + Rab4b in CAFs from patients MOC194 and MOC208 reduced their 

ability to promote Kuramochi invasion, however only in CAFs from patient MOC194 did 

depletion of these regulators result in collagen I deposition defects in 2D. This indicated 

that the limited ability of CAFs to support Kuramochi invasion following depletion of 

Rab4a and Rab4b in combination was likely not the result of impaired collagen I fibre 

deposition. 
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4.8 Second-harmonic generation (SHG) microscopy to visualise the 

organisation of collagen around spheroids 

4.8.1 Overview  

The data obtained during the siRNA screen suggested that Arf6 depletion in CAFs may 

reduce their capacity for supporting Kuramochi invasion through causing defects in their 

ability to deposit new collagen I fibres. However, considering the ECM deposition and 

spheroid invasion assay results following Rab4a + Rab4b, or Rab14 depletion, this 

indicated that alternative mechanisms may also be important for CAFs to support invasion 

in 3D.  

It is possible that only Arf6 is required for collagen I deposition by CAFs both in 2D and 

3D, whereas Rab14, and Rab4 isoforms, are required for the deposition of new collagen 

I fibres only in 2D, and 3D culture, respectively. However, as during the invasion assays 

spheroids were embedded in a collagen I hydrogel, it was unclear how defective collagen 

I deposition by CAFs, for example following Arf6 depletion, would result in such a 

significant reduction in their capacity for supporting cancer cell invasion. We 

hypothesised that the reduced Kuramochi invasion observed following GTPase depletion, 

may be due to them having a role in regulating collagen ECM remodelling. Data described 

previously indicated that depletion of either Arf6, or Rab4 isoforms, did not alter cell 

contractility. We therefore also hypothesised that any observed ECM remodelling defects 

caused by Rab4 isoform or Arf6 depletion, were due to these GTPases having an 

involvement in contraction-independent ECM remodelling mechanisms.  

In order to investigate whether depletion of Rab4a + Rab4b, Rab14, or Arf6, resulted in 

differences in collagen ECM organisation in the vicinity of spheroids, second-harmonic 

generation microscopy was used. This microscopy technique generates contrast through 

the interaction of light with structures that do not possess a centre of symmetry (non-

centrosymmetric). Very few structures in biology are non-centrosymmetric, however 

collagen is one is them. Using multiphoton microscopy, a second harmonic signal can be 

generated from tissues rich in collagen, allowing the organisation of that collagen to be 

visualised, where larger collagen fibres give rise to a stronger signal [397]. This technique 

therefore allowed for the imaging of collagen organisation around Kuramochi and CAF 

co-culture spheroids following depletion of Rab4a + Rab4, Rab14, or Arf6 in CAFs.  
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4.8.2 SHG microscopy on collagen gels following small GTPase depletion  

When comparing the structure of collagen around spheroids consisting only of 

Kuramochi cells with that surrounding Kuramochi and CAF (MOC208) co-culture 

spheroids, where CAFs had been transfected with the NS siRNA, clear differences were 

observed. The collagen around Kuramochi monoculture spheroids consistently adopted a 

cross-hatched organisation, where defined, unbundled fibres were observed crossing over 

one-another (Figure 4.25a). In contrast, the arrangement of collagen in the vicinity of 

Kuramochi and CAF co-culture spheroids following transfection with the NS siRNA was 

consistently more bundled, generating a meshwork of collagen where individual fibres 

were more difficult to resolve (Figure 4.25b). Whilst, in some cases, the collagen around 

spheroids appeared bundled into a meshwork arrangement similar to that observed 

following transfection with the NS siRNA, this bundling was less consistent. The collagen 

in the vicinity of many spheroids following depletion of these GTPases, particularly in 

the case of Arf6, was more cross-hatched with minimal bundling, suggesting that these 

GTPases may be involved in regulating ECM remodelling by CAFs (Figure 4.25c, 4.25e). 

It was suspected that the ability of CAFs to remodel the collagen in this way, may in part 

be responsible for their invasion promoting properties, and visualisation of the collagen 

around spheroids following Rab14 depletion provided evidence in favour of this. The 

collagen surrounding spheroids containing Rab14 depleted CAFs was mostly bundled, 

and in a similar arrangement to that observed following NS siRNA transfection, which 

was expected as a role for Rab14 in the facilitation of Kuramochi invasion by CAFs could 

not be validated previously (Figure 4.25d). 
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4.8.3 SHG microscopy image analysis method 

Prior to validating these findings in CAFs isolated from a different patient with second 

siRNA oligos targeting these GTPases, a method for analysing the arrangement of 

collagen in the spheroid vicinity was developed. As the presence or absence of collagen 

bundling around the spheroids correlated with the invasion of Kuramochi cells into the 

hydrogel, the aim of this analysis was to measure collagen bundling. Due to the fact that 

collagen fibres were more defined in the absence of bundling, the ridge detection 

algorithm could be used to detect fibres with a minimum line width of 10 pixels and a 

minimum line length of 150 pixels. This enabled large fibre indices to be measured, where 

a large fibre index corresponded to minimal collagen bundling (Figure 4.25f). This 

analysis revealed that the arrangement of the collagen surrounding spheroids where 

Rab4a + Rab4b, or Arf6 had been depleted in CAFs from patient MOC208, had a higher 

large fibre index than those where CAFs had been transfected with the NS siRNA (Figure 

4.25g). Although the differences in fibre index were not statistically significant, these 

results did suggest that depletion of Rab4a + Rab4b, or Arf6, may reduce the ability of 

CAFs to support Kuramochi invasion through perturbing their ECM remodelling 

capabilities. 
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Figure 4.25 – CAFs remodel collagen in the vicinity of spheroids 

CAFs (MOC208) were pre-transfected with either the NS siRNA, or siRNA oligos 

targeting recycling regulator GTPases. Spheroids were formed as described previously, 

consisting of GFP-expressing Kuramochi cells either as a mono-culture, or in co-culture 

with CAFs, where CAFs were stained red with PKH26 (shown as yellow in images).  

Figure legend continues on the next page. 
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Figure 4.25 – CAFs remodel collagen in the vicinity of spheroids 

After 4 days within the collagen hydrogel, Spheroids were fixed in PFA (4%), and the 

organisation of the collagen surrounding spheroids was then visualised by SHG 

microscopy using a multiphoton microscope (SHG signal shown in magenta; N = 3). 

Representative images of spheroids consisting of Kuramochi cells as a monoculture (a), 

or in co-culture with CAFs pre-transfected with the NS siRNA (b), Rab4a siRNA 1 + 

Rab4b siRNA 1 (c), Rab14 siRNA 1 (d), or Arf6 siRNA 1 (e). (f) Collagen organisation 

within the spheroid vicinity was analysed using the ridge detection algorithm (Minimum 

line width = 10 pixels, minimum line length = 150 pixels) to generate a large fibre index 

around each spheroid. (g) Merged data from three biological replicates of large fibre 

index in the area surrounding spheroids was quantified and statistically analysed by 

Kruskal-Wallis test. Normalised large fibre indices are shown, where the large fibre index 

for each image was normalised within each biological replicate by dividing by the 

average large fibre index of the Kuramochi mono-culture spheroids. All statistically 

significant results are shown.  Scale bar = 100 μm. Maximum intensity projections of z-

stacks are shown. 
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4.8.4 SHG microscopy validation 

To validate these findings, and to ensure that these differences in collagen ECM bundling 

around the spheroids were not due to off-target effects of the siRNA oligos,  Rab4a + 

Rab4b, Rab14, or Arf6, were depleted in CAFs using different siRNA oligos against these 

GTPases. Unfortunately, at the time of carrying out these experiments, only CAFs from 

patient MOC208 were available for use in spheroid invasion assays and SHG microscopy. 

Nevertheless, depletion of these GTPases with the second siRNA oligos generated similar 

results to those observed previously. CAFs transfected with the NS siRNA were capable 

of bundling collagen, resulting in a significantly lower large fibre index measured relative 

to that measured when Kuramochi cells alone were present in spheroids (Figure 4.26a, 

4.26b, 4.26f). Similar to the collagen organisation around spheroids observed previously, 

transfection of CAFs with Rab4a siRNA 2 + Rab4b siRNA 2, or Arf6 siRNA 2, resulted 

in a reduction in collagen bundling, particularly in the case of Arf6, and a corresponding 

increase in the large fibre indices measured (Figure 4.26c, 4.26e, 4.26f). Furthermore, 

following depletion of Rab14 with siRNA 2, collagen bundling by CAFs was more 

extensive relative to those in which Rab4a + Rab4b, or Arf6, had been depleted, however 

the differences in large fibre indices measured between these conditions was not as great 

as that observed previously (Figure 4.26d, 4.26f) 
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Figure 4.26 – Arf6 depletion in CAFs impairs collagen remodelling in the spheroid 

vicinity  

CAFs (MOC208) were pre-transfected with either the NS siRNA, or the second siRNA 

oligos targeting recycling regulator GTPases. Spheroids were formed, fixed in PFA (4%) 

4 days after embedding into the collagen hydrogel, and the collagen organisation around 

spheroids was visualised by SHG microscopy as described previously (N = 3). 

Representative images of spheroids consisting of Kuramochi cells as a monoculture (a), 

or in co-culture with CAFs pre-transfected with the NS siRNA (b), Rab4a siRNA 2 + 

Rab4b siRNA 2 (c), Rab14 siRNA 2 (d), or Arf6 siRNA 2 (e). (f) Merged data from three 

biological replicates of large fibre index in the area surrounding spheroids was 

quantified and statistically analysed by Kruskal-Wallis test (**p<0.01). Normalised large 

fibre indices are shown, where the large fibre index for each image was normalised within 

each biological replicate by dividing by the average large fibre index of the Kuramochi 

mono-culture spheroids. All statistically significant results are shown. Scale bar = 100 

μm. Maximum intensity projections of z-stacks are shown. 
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4.9 Discussion and conclusions  

The results in this chapter demonstrate the identification of endocytic recycling regulators 

that are required for HGSOC patient derived CAFs to support the invasion of Kuramochi 

cells and to assemble/remodel collagen I ECM.  

 

4.9.1 Endocytic recycling is required for CAFs to support HGSOC cell invasion in 3D 

Following RT-qPCR analysis to measure expression levels of each recycling regulator 

GTPase, an siRNA screen was used to identify which of them were required firstly for 

CAFs to support Kuramochi invasion in spheroid invasion assays. Work by others has 

highlighted Rab11b, Rab4a, and Rab10, as being required for the assembly of ECM 

proteins, such as fibronectin in the case of Rab4 and Rab11 isoforms, by various cell types 

[321] [320] [318] [319]. Furthermore, others have demonstrated the importance of MT1-

MMP, which is recycled in a Rab8, Rab14, Rab22a, and Arf6 regulated manner, in ECM 

protein deposition and remodelling [324] [323] [299]. Given the role of the ECM in 

supporting the invasion of many different cancer cell types, we hypothesised that 

depletion of these GTPases and/or others would impair the capacity of CAFs to support 

Kuramochi invasion through perturbing recycling pathways involved in ECM assembly 

[150]. 

Spheroid invasion assays revealed that depletion of Rab4a + Rab4b, Rab14, or Arf6, in 

CAFs from patient MOC194 reduced their capacity for facilitating the invasion of 

Kuramochi cells (Figure 4.7, 4.8). During validation of these results using CAFs from 

patient MOC208, only the depletion of Rab4a + Rab4b, or Arf6, resulted in defects in 

their capacity to support Kuramochi invasion, with invasion after Rab14 depletion 

remaining similar to that observed following NS siRNA transfection (Figure 4.10). A 

possible explanation for these findings is that given the heterogeneity that is known to 

exist between CAFs within cancer types, it may be expected that CAFs from different 

HGSOC patient omentum samples may primarily depend upon different endocytic 

recycling regulators to promote cancer cell invasion. The CAFs from isolate MOC194 

may rely more heavily on Rab14 to support cancer cell invasion than those from isolate 

MOC208. Further spheroid invasion experiments, where Rab14 siRNA 2 is used to pre-

transfect CAFs from isolate MOC194, will be required to determine whether these CAFs 

require Rab14 to support invasion more so than those from other HGSOC patients.  
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The depletion of Rab4a + Rab4b, or Arf6, did not alter CAF proliferation rates, their 

ability to invade out of spheroids themselves, or their ability to contract collagen 

hydrogels (Figure 4.11, 4.12). These findings, together with spheroid invasion assay data, 

highlight Rab4a, Rab4b, and Arf6, as having important roles in regulating the endocytic 

recycling pathways in CAFs across different HGSOC patients to support OC cell 

invasion. Furthermore, as cell contractility remained unaltered following Rab4a + Rab4b, 

or Arf6 depletion, these data indicate that the observed defects in the support of 

Kuramochi invasion by CAFs were not the result of impaired contraction-mediated 

remodelling of pre-existing ECM proteins.  

Arf6 has been implicated in the regulation of cancer cell invasion, where it has been 

shown that Arf6 localises to invadopodia of breast cancer cells, allowing the ECM to be 

degraded such that cells can migrate through it [398]. However, the involvement of Arf6 

in the support of tumour development by CAFs had not previously been investigated. The 

siRNA screen results presented here therefore demonstrate a novel role for Arf6 in cancer 

metastasis, where this GTPase is required for omental CAFs to support HGSOC cell 

invasion. 

4.9.2 Heterogeneity in the invasive capacity of CAFs 

Following the use of CAFs isolated from patient MOC208 in spheroid invasion assays, it 

became clear that heterogeneity can exist in the ability of the CAFs themselves to invade 

out from the spheroid into the surrounding gel. The CAFs from patient MOC208 were far 

more invasive compared to the CAFs transfected with the siRNA oligos previously, 

including those isolated from MOC194 and MOC195 (Figure 4.6, 4.7, 4.10). 

Furthermore, it also became evident that the invasive capacity of CAFs can change over 

time. During the initial spheroid invasion assays carried out, CAFs isolated from patient 

MOC195 were more invasive themselves, than when CAFs from this patient were used 

during the siRNA screen (Figure 3.13). This firstly suggests that CAFs from different 

patients are not all equally invasive, and secondly that CAF age (the number of passages 

in culture) can impact upon their ability to invade. Considering all of the spheroid 

invasion assay data obtained, CAFs were still capable of facilitating Kuramochi invasion 

regardless of whether they themselves were able to migrate a significant distance away 

from the spheroid. Presumably, even when minimal CAF invasion had occurred, they 

were still able to locally deposit and remodel ECM in the vicinity of the spheroid which 

may have in turn enabled Kuramochi invasion. 
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4.9.3 Omental CAFs do not require endocytic recycling for endogenous fibronectin 

deposition in 2D  

A dense, fibrillar ECM, rich in fibronectin, is common in the TMEs of many different 

cancer types, with this ECM protein known to promote a number of processes required 

for malignant cell growth, including proliferation, invasion, and angiogenesis [399]. As 

mentioned previously, a number of endocytic recycling regulators have been implicated 

in controlling fibronectin assembly by cell types other than CAFs [320] [321]. It was 

therefore important to understand which of them were required for fibronectin 

fibrillogenesis by CAFs in 2D, in order to gain an understanding of how these recycling 

regulators may function for CAFs to support HGSOC cell invasion in the TME. 

Exploring the impact of recycling regulator depletion on fibronectin deposition in 2D 

generated surprising results. Only the depletion of Rab11a + Rab11b in CAFs from 

patient MOC195, and that of Rab5c in CAFs from patient MOC194, was sufficient to 

impair fibronectin deposition, however these results could not be validated in CAFs from 

other isolates (Figure 4.15, 4.16). These results suggested that the small GTPases depleted 

during this screen are largely not required for the assembly of endogenous fibronectin by 

CAFs in the omentum. As discussed previously, it is possible that the opposite phenotypes 

observed upon Rab11a + Rab11b depletion in CAFs from isolates MOC195 and 

MOC194, may be due to non-specific effects of each siRNA. However, an alternative 

explanation is that CAFs from different patient samples utilise each GTPase to varying 

extents. Whereas CAFs from sample MOC195 could rely more heavily on Rab11a and 

Rab11b for fibronectin assembly, CAFs from sample MOC194 may upregulate a different 

small GTPase capable of recycling fibronectin binding integrins in response to Rab11 

isoform depletion, which would result in the elevated levels of fibronectin deposition 

observed (Figure 4.13). One candidate GTPase that may have been upregulated in these 

circumstances is Rab4a, however depletion of Rab4 isoforms in CAFs from sample 

MOC194, either individually, or in combination, did not alter fibronectin deposition 

(Figure 4.14) [320]. Nevertheless, it is also important to consider the possibility that the 

impact of depleting a specific recycling GTPase involved in fibronectin assembly, may 

be compensated for by an alternative, functionally redundant GTPase, such that 

fibronectin fibrillogenesis can occur. Further experiments aiming to explore the impact 

of depleting small GTPases in different combinations on fibronectin fibrillogenesis by 

CAFs, with a specific focus on simultaneously depleting those GTPases which may be 

functionally redundant, will therefore be required to investigate this possibility,  
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These data contrast work presented by others in the literature, highlighting roles for 

several recycling regulator GTPases, including those which control the fast and the slow 

recycling pathways, in fibronectin fibrillogenesis [321] [320] [318]. However, it is likely 

that different cell types will utilise different mechanisms to deposit ECM proteins and 

assemble them into more complex matrices. For example, whilst Rab4a and Rab11b 

regulated endocytic recycling may be essential for endothelial cells to assemble 

fibronectin during remodelling of the vasculature, CAFs such as those found in the 

HGSOC metastatic TME may not rely as heavily on endocytic recycling for fibronectin 

deposition.  

These findings, together with results from the spheroid invasion assays, also imply that 

the deposition of fibronectin by CAFs is not a contributing factor towards their capacity 

for supporting OC cell invasion. Given that fibronectin levels in the omentum increase 

with HGSOC progression, it remains unclear what function fibronectin plays in the 

metastatic TME. [98]. However, as discussed in the previous chapter, these findings may 

allude to the differences in behaviour displayed by cells depending on whether they are 

cultured in 2D or in 3D systems. Whilst depletion of each recycling regulator GTPase 

may not impair fibronectin fibrillogenesis in 2D, it is possible that these recycling 

pathways are required only for fibronectin assembly by CAFs cultured in 3D. Further 

work will be required to firstly determine the importance of fibronectin in the CAF-

mediated facilitation of HGSOC cell invasion in 3D, and secondly to understand the role 

of endocytic recycling in fibronectin deposition by CAFs in a 3D environment similar to 

that found in the omentum. This may initially be investigated by carrying out spheroid 

invasion assays with Kuramochi cells in co-culture with CAFs in which fibronectin levels 

have been depleted, for example through the use of siRNA. Should fibronectin deposition 

be required for CAFs to support Kuramochi invasion in this 3D system, the impact of 

recycling regulator depletion on fibronectin fibrillogenesis in 3D could then be 

investigated. This may be carried out through fluorescently tagging endogenous 

fibronectin and monitoring changes in its deposition following small GTPase depletion. 
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4.9.4 Endocytic recycling regulates exogenous fibronectin assembly CAFs in 2D 

It was expected that small GTPase depletion would either not give rise to defects in 

exogenous fibronectin assembly, or alternatively, based on results reported in the 

literature, we expected a decrease in fibronectin assembly following the depletion of 

GTPases such as Rab11b and Rab4a [321] [320]. In contrast, depletion of Rab11a, 

Rab11b, Rab14, Rab8b, Arf6, Rab5c, Rab21, Rab22a and Rab22b, resulted in an 

increased capacity of CAFs from isolates MOC194 and MOC195 to assemble exogenous 

fibronectin (Figure 4.18, 4.19, 4.20).  

Considering these data, together with the finding that endocytic recycling did not 

influence endogenous fibronectin assembly, this suggests roles for several small GTPases 

in regulating the assembly of fibronectin dimers, which are already present in the 

extracellular space, into fibrils. However, it is not yet clear how these GTPases regulate 

this assembly. It is known that reciprocal relationships exist between the trafficking 

itineraries of certain integrins, such as αvβ3 and α5β1 [400]. Inhibition of an integrins 

return to the plasma membrane after endocytosis can enhance recycling of an alternative 

integrin, leading to changes in cell behaviour. For example, the importance of reciprocal 

integrin trafficking has been demonstrated in regulating cell migration. Perturbation of 

direct αvβ3 integrin recycling, and therefore also the downstream signalling events 

associated with this integrin, was shown to elevate α5β1 levels at the cell surface resulting 

in random, rather than persistent, cell migration [400]. Furthermore, it has been shown 

that Arf6 has a role in regulating α5β1 and αvβ3 integrin levels at the cell surface, where 

Arf6 activity, and therefore also the relative cell surface levels of these integrins, can be 

regulated by syndecan-4 in response to ECM engagement [401]. It is therefore possible 

that the depletion of specific small GTPases in CAFs may elevate their capacity to 

assemble exogenous fibronectin through stimulating the activity of alternative recycling 

regulators. These alternative GTPases could recycle a fibronectin binding integrin more 

efficiently, leading to enhanced fibrillogenesis. An alternative explanation could be that 

given the significant increases in exogenous fibronectin assembly observed following 

depletion of specific recycling regulators, these GTPases may play an inhibitory role in 

regulating this process. It could be that they act to prevent the incorporation of free-

floating, unbound, fibronectin dimers into fibres, which may ensure that fibronectin 

dimers secreted by the CAFs can be bound immediately following secretion, allowing 

control over where fibronectin fibrillogenesis takes place.  
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4.9.5 Endocytic recycling regulates collagen I deposition by CAFs in 2D  

Evaluating the impact of recycling regulator depletion on collagen I deposition by CAFs 

revealed roles for Rab14 and Arf6 in regulating this process. In CAFs from patient 

MOC194, the depletion of several small GTPases reduced their deposition of collagen I, 

however only the depletion of Rab14, or Arf6, in CAFs from patient MOC195 was 

sufficient to produce similar results (Figure 4.22, 4.23, 4.24). Taken together, these results 

suggest that Rab14 and Arf6 are involved in regulating collagen I fibrillogenesis in CAFs 

across HGSOC patients.  

Both Rab14 and Arf6 have been implicated in regulating the recycling of MT1-MMP, 

which itself is thought to cleave fibronectin at fibripositor sites to release collagen fibrils 

from the cell surface, such that collagen fibres can be assembled [323] [324] [299]. It is 

therefore possible that the way in which these GTPases regulate collagen fibrillogenesis 

in omental CAFs is through controlling the recycling of MT1-MMP. However, Rab8 and 

Rab22a have also been highlighted as regulators of MT1-MMP recycling, and depletion 

of either of these GTPases did not impair collagen I deposition by CAFs. Although it is 

not yet clear whether Rab8, Rab14, Rab22a, and Arf6 control MT1-MMP recycling in 

CAFs, these data may suggest that changes in MT1-MMP recycling alone are insufficient 

to disrupt their deposition of collagen I. 

Additional experiments will be required to understand whether each of these GTPases 

regulate MT1-MMP recycling in CAFs from HGSOC patients, and also to investigate 

whether MT1-MMP recycling influences collagen I assembly in these cells. This may be 

investigated initially by fluorophore-tagging each GTPase together with MT1-MMP, 

followed by the using live-cell imaging to visualise whether the trafficking/recycling of 

MT1-MMP is coordinated by Rab8, Rab14, Rab22a, and/or Arf6. Should only Rab14 and 

Arf6 colocalise with MT1-MMP during trafficking, this would suggest a regulatory role 

for these GTPases in MT1-MMP recycling, and would also indicate that MT1-MMP may 

influence collagen I deposition by CAFs. The importance of this recycling for the 

assembly of collagen I could then be investigated by depleting MT1-MMP in CAFs and 

evaluating the impact of this on their ability to deposit collagen I fibres.  

 

 

 



 194 

Arf6 depleted CAFs also displayed a reduced capacity for supporting Kuramochi 

invasion, and it may be that the defects in collagen I deposition are responsible for their 

inability to facilitate invasion, however it is not yet clear whether a direct link exists 

between these two phenotypes. Experiments aiming to explore the effect of collagen I 

depletion in CAFs on their ability to enhance Kuramochi invasion will be required to 

investigate the link between the assembly of collagen I and the support of cancer cell 

invasion. 

 

4.9.6 Endocytic recycling regulates contraction-independent collagen remodelling by 

CAFs in 3D  

Following the findings from spheroid invasion and collagen gel contraction assays, we 

hypothesised that CAFs may remodel collagen ECM in the vicinity of spheroids, via a 

mechanism that does not require cell contractility but may involve Rab4a, Rab4b, and 

Arf6, allowing for Kuramochi invasion to be stimulated. SHG microscopy was used to 

observe the organisation of collagen in the area surrounding spheroids, and revealed 

differences between the organisation of the collagen ECM surrounding spheroids 

consisting of Kuramochi cells as a monoculture or Kuramochi-CAF co-cultures. NS 

siRNA transfected CAFs were consistently able to efficiently remodel and bundle the 

collagen ECM, with this bundling then less consistent in the vicinity of spheroids formed 

with Rab4a + Rab4b, or Arf6 depleted CAFs. These results indicate that one of the ways 

in which omental CAFs can support the invasion of Kuramochi cells out of spheroids may 

be through their ability to remodel ECM. Interestingly, similar differences in collagen 

organisation have been observed by others following the examination of the collagen 

structure between healthy and tumour burdened human ovary samples [402]. Nadiarnykh 

et al. observed defined fibres of collagen in a cross-hatched arrangement in healthy 

ovarian samples, whereas in tumour burdened samples, collagen fibres were poorly 

defined and bundled together to create a meshwork. Considering their findings, together 

with the SHG microscopy data presented here, it is possible that the differences in 

collagen organisation they observed were the result of ovarian CAF-mediated ECM 

remodelling. It is therefore also likely that HGSOC-associated CAFs in the omentum 

remodel collagen to create a similar meshwork, rendering the structure of the ECM more 

suitable for HGSOC cell invasion and omentum colonisation.  
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In addition, the SHG microscopy data also suggested that Rab4a + Rab4b, and Arf6 were 

involved in the remodelling of collagen by CAFs, which allowed them to support cancer 

cell invasion. As cell contractility was unimpaired following depletion of these recycling 

regulators, this remodelling likely occurs via a mechanism that is not dependent on cell 

contraction. In the case of Arf6, defects in collagen ECM remodelling by CAFs in which 

this GTPase has been depleted may be linked to their reduced capacity to deposit new 

collagen I as fibres.  

It is possible that in some cases, CAFs may require the synthesis of pericellular collagen 

in order for them to interact with and remodel collagen fibres which are already present 

in the extracellular space. However, it is important to consider that all collagen fibres in 

the spheroid vicinity, that are large enough, will produce a signal by SHG microscopy, 

including those which are CAF-derived. Therefore, the meshworks of bundled collagen 

assembled by CAFs likely consist not only of the collagen polymerised to form the 

hydrogel, but also collagen that CAFs have secreted and assembled into fibres. The larger 

fibre indices, and therefore reduced levels of collagen bundling measured by Arf6 

depleted CAFs, could simply be the result of these CAFs lacking the ability to efficiently 

assemble their own endogenous collagen into fibres. Alternatively, it is possible that Arf6 

depletion impairs ECM remodelling through a mechanism independent of collagen I 

deposition. For example, given the known role of Arf6 in MT1-MMP recycling, and the 

importance of this MMP in ECM remodelling, the observed defects in remodelling 

following Arf6 depletion may be the result of impaired MT1-MMP recycling [324] [299]. 

The importance of MT1-MMP in the remodelling of the ECM that surrounds spheroids 

by CAFs may be investigated by firstly depleting MT1-MMP levels in CAFs using 

siRNA prior to their inclusion in co-culture spheroids, followed by SHG microscopy to 

visualise any potential defects in collagen bundling/remodelling. 
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4.9.7 Summary  

To summarise, the results in this chapter indicate that myofibroblast-like CAFs within the 

omental TME of HGSOC tumours utilise small GTPases, and the endocytic recycling 

pathways that they regulate, to assemble/remodel ECM and to support cancer cell 

invasion. Rab4a + Rab4b, and Arf6, were identified as key regulators of endocytic 

recycling required for CAFs to facilitate Kuramochi invasion, and in addition to their 

requirement for Arf6, CAFs also displayed a dependence on Rab14 for the assembly of 

endogenous collagen I. However, the precise mechanisms by which Rab14 and Arf6 

regulate recycling to control the deposition of collagen I were not yet clear.  
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Chapter 5: Investigating the regulation of collagen I assembly by 

Arf6 and Rab14  

5.1 Overview  

Whilst it was clear that HGSOC patient omentum derived CAFs required Arf6 and Rab14 

to deposit collagen I ECM, the mechanisms by which these GTPases were regulating this 

process were not yet clear. There are a variety of possible means by which Rab14 and 

Arf6 could regulate collagen I deposition, for example through controlling the secretion 

or recycling of collagen itself, the recycling of collagen binding integrins, or the recycling 

of enzymes that are thought to be required for collagen I assembly, such as MT1-MMP 

[323] [324] [299]. To begin investigating these possibilities, experiments were carried out 

aiming to investigate the influence of Rab14 and Arf6 on collagen I secretion and 

recycling.  

Previous work by Chang et al. demonstrated that collagen I secretion and assembly into 

fibres by mouse tail tendon fibroblasts (iTTF) was controlled by the circadian clock [403]. 

Proteins such as TANGO1, and the VPS33B subunit of the CHEVI membrane tethering 

complex, were shown to be rhythmically expressed to enable collagen secretion and 

assembly to be controlled in this way, with this regulation being of importance for 

collagen homeostasis in tissue.  

Fibripositors are specialised plasma membrane invaginations, or protrusions, involved in 

collagen fibril formation [195]. They have been identified in cell types such as tendon 

fibroblasts, and are generated following collagen-carrier fusion with the plasma 

membrane in order for secretion and fibril assembly to occur [194] [195]. The transport 

of collagen into fibripositors requires non-muscle myosin II, and the release of assembled 

collagen fibrils from these sites at the cell surface requires MT1-MMP mediated cleavage 

of fibronectin [324]. Chang et al. also demonstrated that collagen assembly by iTTF cells 

requires both the secretion of soluble collagen I monomers into the extracellular space, 

as well as the endocytosis and recycling of a proportion of these monomers back to 

specific fibripositor sites for fibrillogenesis [325]. It was proposed that this recycling 

allows cells to gain control over where the initiation of collagen I fibrillogenesis takes 

place. Furthermore, VPS33B, together with α11 integrin, a known collagen-binding 

integrin subunit, were identified as key regulators of this recycling process [305]. 

Depletion of VPS33B with siRNA was shown to elevate collagen I monomer levels in 

conditioned media, whereas its overexpression resulted in a reduction in these levels, 
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suggesting VPS33B acted either as a negative regulator of secretion, or a positive 

regulator of endocytosis and/or recycling. Analysis of exogenous collagen uptake 

following VPS33B knockout, or overexpression, indicated that endocytosis was not 

regulated by VPS33B. Instead, it was proposed that VPS33B regulates collagen I 

monomer recycling for fibrillogenesis, as VPS33B knockout cells displayed a reduced 

capacity for assembling collagen I fibrils following exogenous collagen uptake and re-

seeding on to coverslips. It was also demonstrated that VPS33B interacted with collagen 

I during its recycling after endocytosis through the use of a split GFP system. Finally, 

reduced levels of integrin α11 at the cell surface following VPS33B knockout suggested 

that the regulation of collagen I fibrillogenesis via this mechanism by VPS33B may be 

mediated by integrin α11. Depletion of this integrin subunit elevated internalisation of 

exogenous collagen I, which indicated a role for integrin α11 in the recycling of collagen 

I, rather than in endocytosis after secretion [325]. Considering these findings, together 

with data presented in the previous chapter, we aimed to investigate the mechanisms of 

Rab14- and Arf6-regulated collagen I fibrillogenesis in more detail.  Similar experimental 

approaches to those described by Chang et al. were utilised to determine whether Rab14 

and Arf6 regulated aspects of this collagen I monomer secretion, internalisation, and 

recycling pathway to influence fibrillogenesis by CAFs.  

To investigate whether the depletion of Rab14 or Arf6 resulted in defects in the assembly 

of collagen I through altering the secretion of collagen I monomers, SDS-PAGE with 

western blotting was used to detect collagen I present in media conditioned by omental 

CAFs following siRNA transfection. To then evaluate the impact of Rab14 or Arf6 

depletion on the internalisation of collagen I, flow cytometry was used to measure the 

percentage of CAFs that had endocytosed exogenous Cy3-tagged rat tail collagen I (Cy3-

Col I) after treatment for 1 hour and trypsinisation to remove cell surface-bound collagen. 

A proportion of trypsinised cells following exogenous collagen treatment were 

subsequently re-seeded on to coverslips and cultured for 48 hours in the presence of 

ascorbic acid, and Cy3-Col I that had been recycled and deposited as fibres in the 

extracellular space was visualised by fluorescence microscopy. In order to further 

understand the role of Arf6 in collagen I recycling and fibrillogenesis, live-cell 

fluorescence microscopy was used with CAFs overexpressing Arf6-mNeonGreen (Arf6-

mNG). These cells were treated with Cy3-Col I, and the localisation of Arf6 during of the 

assembly of collagen into fibres was visualised. 
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Previous work by Pearce et al. highlighted a number of proteins, such as fibronectin, 

collagen XI, and versican, that increase in abundance in the omentum with HGSOC 

progression using a multi-omics approach [98]. In order to identify additional ECM 

proteins that increase in omental abundance during HGSOC progression, and therefore 

may be of importance for HGSOC tumour development, we used mass spectrometry to 

compare the ECM protein composition between omentum samples with varying disease 

extents. Heathy samples were collected from patients that did not have HGSOC, whereas 

uninvolved samples and diseased samples were collected from HGSOC patients. The 

uninvolved sample group included samples from patients where metastasis to the 

omentum had not yet occurred, and also samples collected from the region of tumour-

burdened omentum located away from the tumour. Importantly, previous analyses carried 

out by others to identify proteins that increase in omental abundance with HGSOC 

progression, compared the ECM protein composition between diseased and uninvolved 

sample types only. Through the inclusion of healthy samples from non-HGSOC patients 

in our analysis, we aimed to identify additional proteins with increases in their levels 

associated with HGSOC progression. Furthermore, pre-metastatic niche priming is 

thought to occur in HGSOC, where changes in non-malignant cell behaviour can take 

place prior to colonisation of the omentum by disseminated HGSOC cells [404]. By 

comparing the ECM protein composition between healthy and uninvolved omentum 

samples, we also aimed to determine whether changes in the ECM can occur in the 

omentum prior to metastasis. 
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5.2 Analysis of collagen I monomer secretion following Arf6 and Rab14 

depletion   

To begin investigating the mechanisms by which Rab14 and Arf6 regulate collagen I 

assembly by omental CAFs, the impact of depleting these small GTPases on collagen I 

monomer secretion was assessed.  

Following transfection of TGFβ3 treated CAFs with the NS siRNA, or siRNA oligos 

targeting Arf6, or Rab14, CAFs were grown in culture for 72 hours. The conditioned 

media was then collected, and SDS-PAGE followed by western blotting was then used to 

detect secreted collagen I monomers. This analysis revealed that depletion of Rab14, or 

Arf6, in CAFs, did not impair their ability to secrete soluble collagen I monomers into 

the extracellular space (Figure 5.1a, 5.1b, 5.1c). Comparable levels of collagen I were 

detected in conditioned media between all three conditions, across three biological 

replicates. This therefore suggested that the way in which Rab14 and Arf6 regulate 

collagen I fibrillogenesis, is not through controlling the initial secretion of soluble 

collagen I monomers into the extracellular space. 
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Figure 5.1 – Depletion of Arf6, or Rab14, does not impact upon collagen I monomer 

secretion by CAFs 

Primary CAFs (MOC194), pre-treated with TGFβ3 (10 ng.mL-1), were transfected with 

the NS siRNA, Rab14 siRNA 1, or Arf6 siRNA 1, then seeded into cell culture dishes the 

following day at a density of 50,000 cells per mL. Cells were grown in culture for 72 

hours in the presence of TGFβ3 and ascorbic acid (20 µg mL-1), and the conditioned 

media was collected and analysed by SDS-PAGE and western blotting with anti-collagen 

I (collagen type I α-1 MW = 136.5 kDa; magenta arrow) and Ponceau S staining solution 

(N = 3). Western blots and corresponding Ponceau stained membranes from biological 

replicates 1 (a), 2 (b) and 3 (c).  
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5.3 Arf6 regulates exogenous collagen recycling for deposition after 

endocytosis  

5.3.1 Overview  

As Arf6, or Rab14, depletion did not alter the secretion of collagen I by CAFs, it was 

possible that the impaired collagen I fibrillogenesis following the depletion of these 

GTPases observed previously was the result of defects in collagen I monomer trafficking 

to fibripositor sites after internalisation. In order to evaluate the effect of Rab14 or Arf6 

depletion on the internalisation and recycling of collagen I, collagen I uptake and 

deposition assays were carried out with exogenous Cy3-Col I (Figure 5.2). These assays 

were carried by adding Cy3-Col I to CAFs pre-transfected with siRNA, for 1 hour, 

followed by trypsinisation to cleave any Cy3-Col I away from the cell surface. CAFs were 

then either subjected to flow cytometric analysis, or re-seeded on to coverslips. Flow 

cytometry was used to measure the percentage of cells that had internalised Cy3-Col I 

after the 1 hour treatment (Figure 5.2b, 5.2c), and cells seeded on to coverslips were 

grown in culture for 48 hours in the presence of ascorbic acid, then the Cy3-Col I that 

was deposited as fibres after recycling was visualised by fluorescence microscopy (Figure 

5.2d, 5.2e).  

 

 

 

 

 

Figure 5.2 - Cy3-Col I uptake and deposition assay schematic   

Following TGFβ3 (10 ng.mL-1) pre-treatment, and transfection with either the NS siRNA, 

or siRNAs targeting Rab14, or Arf6, primary CAFs, at a density of 40,000 cells per mL, 

were treated with Cy3-Col I (10 µg.mL-1) for 1 hour (a). CAFs were trypsinised, and 

around 30% of cells were resuspended in PBS for flow cytometry analysis (b, c). The 

remaining cells were seeded on to coverslips and grown for 24 hours, after which time 

ascorbic acid (20 µg mL-1) was added to the culture medium (d). Cells were grown for 

an additional 24 hours, followed by PFA (4%) fixation and visualisation of recycled Cy3-

Col I deposited as fibres by fluorescence microscopy (e). 

(a) 

(b) 

(c) 

(e) 

(d) 
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5.3.2 Measurement of Cy3-Col I uptake by flow cytometry  

The use of flow cytometry to measure the percentage of cells that were positive for 

internalised Cy3-Col, revealed that a larger percentage of cells had internalised this 

collagen following transfection with Arf6 siRNA 1, or Rab14 siRNA 1. In CAFs isolated 

from patient sample MOC194, approximately 30% of cells were positive for internalised 

Cy3-Col I after transfection with the NS siRNA (Figure 5.3a). The depletion of Rab14 

increased the percentage of positive cells to approximately 40%, whereas that of Arf6 

increased this value further to approximately 50% (Figure 5.3b, 5.3c). Although depletion 

of either small GTPase in CAFs from sample MOC194 resulted in a clear increase in 

Cy3-Col I internalisation, only that for Arf6 was statistically significant (5.3d). These 

increases in the percentage of positive cells following Rab14 or Arf6 depletion were then 

validated in CAFs from patient sample MOC195 with Rab14 siRNA 2 and Arf6 siRNA 

2. The percentage of CAFs from patient MOC195 that had internalised Cy3-Col I 

following NS siRNA transfection was approximately 73%, and this percentage was then 

elevated to approximately 86%, and 90%, following depletion of Rab14, or Arf6, 

respectively (Figure 5.3e, 5.3f, 5.3g, 5.3h). Interestingly, these percentages measured 

with CAFs from patient MOC195 were far greater than those measured with CAFs from 

patient MOC194, further demonstrating the heterogeneity that can exist between CAFs 

derived from different patients. Although increases in the percentage of cells that had 

internalised Cy3-Col I following Rab14 or Arf6 depletion were observed, these increases 

were not statistically significant. However, this was likely due to the high basal level of 

internalisation observed following NS siRNA transfection. These results taken together 

suggest that depletion of Rab14 or Arf6 increases the amount of Cy3-Col I present in cells 

after 1 hour, but it was not yet clear whether these increases were the result of more 

efficient internalisation, defects in collagen recycling, or impaired collagen degradation.  
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Figure 5.3 - Depletion Rab14 or Arf6 in CAFs increases Cy3-Col I uptake    

Primary CAFs, pre-treated with TGFβ3 (10 ng.mL-1), were treated with Cy3-Col I for 1 

hour, one day after transfection with either the NS siRNA, or siRNAs targeting Rab14 or 

Arf6, as described previously. Cells were trypsinised and prepared for flow cytometry by 

resuspension in PBS. Each condition was carried out in duplicate within each biological 

replicate. Non-treated cells were used to establish the background level of fluorescence, 

allowing only cells positive for Cy3-Col I to be measured by flow cytometry (N = 3). 

Representative dot plots are shown from one biological replicate, where CAFs from 

patient MOC194 were transfected with the NS siRNA (a), Rab14 siRNA 1 (b), or Arf6 

siRNA 1 (c) and subjected to flow cytometric analysis. P4 (orange) indicates cells positive 

for Cy3-Col I.  

Figure legend continues on the next page.  
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Figure 5.3 Depletion Rab14 or Arf6 in CAFs increases Cy3-Col I uptake    

(d) Quantification of merged data from three biological replicates, and statistical 

analysis by Kruskal-Wallis test (*p<0.05), of the average percentage of cells positive for 

Cy3-Col I. Representative dot plots are shown from one biological replicate, where CAFs 

from patient MOC195 were transfected with the NS siRNA (e), Rab14 siRNA 2 (f), or Arf6 

siRNA 2 (g) and subjected to flow cytometric analysis. P2 (red) indicates cells positive 

for Cy3-Col I. (h) Quantification of merged data from three biological replicates, and 

statistical analysis by Kruskal-Wallis test, of the average percentage of cells positive for 

Cy3-Col I. All statistically significant results are shown. 

 

5.3.3 Recycling and deposition of internalised Cy3-Col I by CAFs is influenced by Arf6 

To determine whether the increase in Cy3-Col I positive cells following depletion of 

Rab14 or Arf6 was due to defects in their ability to recycle and deposit internalised Cy3-

Col I as fibres, trypsinised cells were re-seeded on to coverslips. After ascorbic acid 

addition for 24 hours, Cy3-Col I deposited as fibres in the extracellular space was 

visualised and measured 48 hours after re-seeding. CAFs isolated from patient MOC194 

were less capable of recycling the internalised Cy3-Col I and assembling it into fibres 

following the depletion of either Rab14 or Arf6. A statistically significant reduction in 

Cy3-Col I fibre area was measured in all three biological replicates with CAFs transfected 

with Rab14 siRNA 1, or Arf6 siRNA, relative to those transfected with the NS siRNA 

(Figure 5.4). Furthermore, combining the data from each replicate revealed that the 

reduction was more statistically significant following Rab14 depletion than for Arf6 

(Figure 5.4m). Surprisingly, when validating these findings with Rab14 siRNA 2 and 

Arf6 siRNA 2 in CAFs from isolate MOC195, merging the data from each biological 

replicate highlighted that only the depletion of Arf6 impaired their ability to recycle the 

internalised Cy3-Col I and assemble it into fibres after (Figure 5.5). Furthermore, a larger 

amount of Cy3-Col I was detected as fibres in the NS siRNA transfected CAFs from 

patient MOC195 relative to those from patient MOC194, which may be accounted for by 

the elevated levels of Cy3-Col I internalisation measured with isolate MOC195 CAFs. 

These data suggest that endocytic recycling, regulated in particular by Arf6, influences 

the deposition of collagen I as fibres following endocytosis. 
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Figure 5.4 - Recycling and deposition of Cy3-Col I after uptake by CAFs (MOC194) 

is impaired by Arf6 or Rab14 depletion   

Figure legend on the next page.  
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Figure 5.4 Recycling and deposition of Cy3-Col I after uptake by CAFs (MOC194) 

is impaired by Arf6 or Rab14 depletion   

Primary CAFs (MOC194), pre-treated with TGFβ3 (10 ng.mL-1), were treated with Cy3-

Col I for 1 hour, one day after transfection with either the NS siRNA, Rab14 siRNA 1, or 

Arf6 siRNA 1, as described previously. Cells were trypsinised to cleave any collagen 

bound to the cell surface, then re-seeded on to coverslips. After 24 hours, ascorbic acid 

(20 µg mL-1) was added for an additional 24 hours, after which time cells were fixed in 

PFA (4%) and recycled and deposited Cy3-Col I was visualised by fluorescence 

microscopy (N = 3). Each condition was carried out in duplicate within each biological 

replicate. Representative images from biological replicates 1, 2, and 3, of Cy3-Col I 

deposition by CAFs transfected with the NS siRNA (a, e, i), Rab14 siRNA 1 (b, f, j), or 

Arf6 siRNA 1 (c, g, k), are shown. (d, h, l) Quantification, and statistical analysis by 

Kruskal-Wallis test (*p<0.05, **0.01, ***p<0.001), of Cy3-Col I deposition by CAFs 

from biological replicates 1 (d), 2 (h), and 3 (l). (m) Quantification of merged data from 

three biological replicates, and statistical analysis by Kruskal-Wallis test (***p<0.001, 

****p<0.0001), of Cy3-Col I deposition by CAFs (MOC194). Normalised Cy3-Col I fibre 

area values are sown, where the fibre area for each image was normalised within each 

biological replicate by dividing by the average fibre area for the NS siRNA condition. All 

statistically significant results are shown. Nuclei were stained with Hoechst 33342. Scale 

bar = 50 μm. Maximum intensity projections of z-stacks are shown 
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Figure 5.5 - Recycling and deposition of Cy3-Col I after uptake by CAFs (MOC195) 

is impaired by depletion of Arf6 only    

Figure legend on the next page.  
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Figure 5.5 Recycling and deposition of Cy3-Col I after uptake by CAFs (MOC195) 

is impaired by depletion of Arf6 only    

Primary CAFs (MOC195), pre-treated with TGFβ3 (10 ng.mL-1), were treated with Cy3-

Col I for 1 hour, one day after transfection with either the NS siRNA, Rab14 siRNA 2, or 

Arf6 siRNA 2, as described previously. Cells were trypsinised, re-seeded on to coverslips, 

treated with ascorbic acid, and imaged by fluorescence microscopy as described 

previously (N = 3). Each condition was carried out in duplicate within each biological 

replicate. Representative images from biological replicates 1, 2, and 3, of Cy3-Col I 

deposition by CAFs transfected with the NS siRNA (a, e, i), Rab14 siRNA 2 (b, f, j), or 

Arf6 siRNA 2 (c, g, k), are shown. (d, h, l) Quantification, and statistical analysis by 

Kruskal-Wallis test, of Cy3-Col I deposition by CAFs from biological replicates 1 (d), 2 

(h), and 3 (l). (m) Quantification of merged data from three biological replicates, and 

statistical analysis by Kruskal-Wallis test (**p<0.01), of Cy3-Col I deposition by CAFs 

(MOC195). Normalised Cy3-Col I fibre area values are sown, where the fibre area for 

each image was normalised within each biological replicate by dividing by the average 

fibre area for the NS siRNA condition. All statistically significant results are shown.  

Nuclei were stained with Hoechst 33342. Scale bar = 50 μm. Maximum intensity 

projections of z-stacks are shown 
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5.4 Live-cell imaging of Cy3-Col 1 uptake and assembly with Arf6-mNG 

expressing CAFs 

5.4.1 Overview 

Although omental CAFs had demonstrated an ability to internalise and recycle Cy3-Col 

I after trypsinisation, others have shown that trypsinisation itself can significantly 

increase cell permeability [405]. It was therefore possible that the endocytosis of Cy3-

Col I observed previously was the result of trypsin-mediated cleavage of cell surface 

proteins. In order to determine whether CAFs were capable of Cy3-Col I endocytosis in 

a trypsin-independent manner, live-cell fluorescence microscopy was used to visualise 

uptake in live cells. Furthermore, these live-cell imaging experiments were carried out in 

CAFs overexpressing mNeon-Green (mNG) or Arf6-mNG through lentiviral 

transduction in order to begin investigating how Arf6 regulates collagen I deposition after 

internalisation. 

Importantly, experiments were carried out with transduced cells that were not subjected 

to FACS. We found that sorting these primary cells in this way hindered their growth 

following sorting. Transduced cells therefore remained as a mixed population in culture 

with non-transduced cells, and only cells overexpressing either mNG, or Arf6-mNG, at 

an intermediate level, were visualised by fluorescence microscopy.  
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5.4.2 Live-cell imaging of trypsin-independent Cy3-Col I endocytosis by CAFs 

Cy3-Col I was added directly to the culture medium of TGFβ3 pre-treated CAFs 

overexpressing Arf6-mNG, and uptake by cells was imaged immediately over 

approximately 2-3 hours. In order to evaluate whether CAFs were capable of internalising 

Cy3-Col I without trypsin treatment, 3D reconstructions of time-lapses were generated. 

Firstly, this revealed that, even in the absence of trypsin, CAFs were capable of 

internalising collagen, suggesting that collagen endocytosis is trypsin-independent 

(Figure 5.6). In the snapshots of a representative time-lapse shown in figure 5.6, a Cy3-

Col I positive structure can be observed in the extracellular space, either free-floating or 

possibly bound to the neighbouring cell which is not overexpressing Arf6-mNG, until t = 

55 minutes. At t = 64 minutes,  this Cy3-Col I structure is then bound by the Arf6-mNG 

overexpressing cell, and internalised. Over the remainder of the time lapse, this collagen 

is then trafficked throughout the cell, possibly to a site where fibrillogenesis can occur. 

Furthermore, a co-localisation between Arf6-mNG and the site at which the Cy3-Col I 

was endocytosed was not observed. Taken together, these data firstly suggest that 

collagen I endocytosis by CAFs is trypsin independent. Furthermore, considering that 

Arf6-mNG did not co-localise with sites of Cy3-Col I endocytosis, together with the 

finding that Arf6 depletion increases Cy3-Col I internalisation, these data strongly imply 

that Arf6 does not regulate the endocytic pathways involved in collagen I uptake.  
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Figure 5.6 - Uptake of Cy3-Col I by CAFs is trypsin independent, and Arf6-mNG 

does not co-localise with sites of Cy3-Col I endocytosis      

Primary CAFs (MOC195) overexpressing Arf6-mNG (green) were pre-treated with 

TGFβ3 (10 ng.mL-1) as described previously, then seeded into glass-bottomed dishes for 

24 hours. The following day, cells were stained with CellMask™ deep red actin tracking 

stain (grey) to allow for non-transduced cells to also be visualised. Cy3-Col I (10 µg.mL-

1; red) was then added directly to the cell culture medium, and Cy3-Col I uptake was 

imaged immediately by spinning disk confocal fluorescence microscopy for 2-3 hours (N 

= 3). Snapshots from a 3D reconstruction of a representative time-lapse are shown. The 

yellow arrow indicates an internalised Cy3-Col I positive structure. Scale bar = 20 μm. 

Maximum intensity projections of z-stacks are shown. 
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5.4.3 Live-cell imaging of Arf6 and collagen I fibrillogenesis  

Following the observation that Arf6-mNG did not co-localise with sites of Cy3-Col I 

internalisation, and therefore was likely not involved in regulating this endocytic process, 

we hypothesised that Arf6 may regulate the recycling of internalised Cy3-Col I to sites 

of collagen I fibrillogenesis. This was investigated by live-cell imaging, with the aim 

being to visualise a co-localisation between Arf6-mNG and sites at which endocytosed 

collagen I was assembled following recycling.  

Live-cell imaging of Cy3-Col I added to CAFs overexpressing Arf6-mNG demonstrated 

that Arf6 co-localised with sites of Cy3-Col I fibrillogenesis, whereas in control cells, 

mNG did not co-localise with assembled Cy3-Col 1 fibres (Figure 5.7a, 5.67, 5.7c, 5.7d). 

Arf6-mNG expressing CAFs were observed assembling Cy3-Col 1 into a branched 

network, and visualisation of single z-sections suggested that Arf6-mNG was located 

within, or just beneath the plasma membrane (Figure 5.7c). The generation of maximum 

intensity projection of 4 z-sections at each time point then revealed that above the Cy3-

Col I branch points at which Arf6-mNG was localised, Cy3-Col I was assembled into 

more elaborate structures over time, with networks extending away from the cell surface 

(Figure 5.7d, 5.7e). 

Although Arf6-mNG was located within the same z-section as the Cy3-Col I branch point, 

it was not clear whether Arf6 was located within the plasma membrane, or just beneath 

the plasma membranes inner leaflet. Furthermore, it was not yet clear whether Arf6 

localised to sites of collagen I assembly prior to the initiation of fibrillogenesis, or whether 

its localisation to these sites occurred after this process had been initiated. To understand 

the dynamics of the localisation of Arf6 to sites of Cy3-Col I fibrillogenesis in greater 

detail, 3D reconstructions of time-lapse images were generated. These reconstructions 

firstly revealed that in CAFs overexpressing Arf6-mNG, large Arf6 positive structures 

existed prior to the initiation of Cy3-Col I fibrillogenesis (Figure 5.7f). Secondly, 

visualising the localisation of Arf6, Cy3-Col I, and actin, from a side-on view indicated 

that large Arf6 positive structures sit just beneath the cortical actin, at the site where Cy3-

Col I is being assembled, and it is possible that these Arf6 positive structures correspond 

to recycling endosomes (Figure 5.7g).  
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Figure 5.7 - Arf6-mNG localises to sites of Cy3-Col I fibrillogenesis in CAFs     

Primary CAFs (MOC195) overexpressing mNG (green), or Arf6-mNG (green), were pre-

treated with TGFβ3 (10 ng.mL-1), then seeded into glass-bottomed dishes for 24 hours, 

and the actin (grey) was stained as described previously. Cy3-Col I (10 µg.mL-1; red) 

was then added directly to the cell culture medium, and Cy3-Col I uptake and assembly 

was imaged immediately by spinning disk confocal fluorescence microscopy for 2-3 hours 

(N = 3). Snapshots at t = 142.5 minutes from time lapse imaging of Cy3-Col I assembly 

by CAFs overexpressing mNG (a, b), or Arf6-mNG (c, d). Either single z-sections (a, c), 

or maximum intensity projections of 4 z-sections (b, d) are shown. The actin stain has 

been omitted from (b) and (d). 

Figure legend continues on the next page. 
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Figure 5.7 Arf6-mNG localises to sites of Cy3-Col I fibrillogenesis in CAFs     

Scale bar = 100 μm. (e) Zoomed in snapshots from a time lapse showing Arf6-mNG co-

localisation with Cy3-Col I assembly. The yellow boxes indicate the region where Arf6-

mNG co-localises with a Cy3-Col I branch point (c, d, e). Top-down (f) and side-on (g) 

views of 3D reconstructions from time-lapse imaging showing co-localisation of Arf6-

mNG with a Cy3-Col I fibre in CAFs. Yellow arrows indicate an Arf6-mNG positive 

structure that co-localises with Cy3-Col I. (g) Actin stain is shown only at t = 0 minutes. 

Scale bar = 5 μm. 

 

5.5 Analysis of HGSOC patient omentum sample ECM protein composition 

by mass spectrometry  

5.5.1 Overview 

Previous work by others has identified a number of proteins that increase in abundance 

in tumour burdened omentum with HGSOC progression, including collagen I, 

fibronectin, collagen XI, versican, and COMP [98]. However, by comparing the ECM 

protein composition between diseased and uninvolved omentum samples only, any 

differences in ECM composition that exist between diseased and healthy omentum could 

not be identified. In order to identify additional changes in ECM protein composition in 

the omentum with HGSOC progression, we used mass spectrometry to analyse the ECM 

composition in healthy, uninvolved, and diseased patient omentum samples. The diseased 

omentum samples used during this analysis were isolated from HGSOC patients, and 

were collected from the region of the omentum where the tumour was located, whereas 

healthy omentum samples were isolated from patients that did not have HGSOC. 

Uninvolved samples were also isolated from HGSOC patients, with this group including 

samples that were either collected from non-tumour burdened omentum, or from regions 

of tumour-burdened omentum located away from the tumour. In addition, by comparing 

the ECM composition between healthy and uninvolved omentum samples, we also aimed 

to identify changes that may occur in the omental ECM prior to the arrival of disseminated 

HGSOC cells in the omentum, in order to investigate whether pre-metastatic niche 

priming occurs.  
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5.5.2 ECM protein enrichment from HGSOC patient omentum  

Healthy, uninvolved, and diseased omentum samples, of which there were 5, 4, and 6, 

respectively, were homogenised using a pestle and mortar and ECM proteins were 

enriched via a series of centrifugations and incubations in various buffers. Furthermore, 

the uninvolved and diseased sample categories contained 3 pairs of matched samples 

(MOC109, MOC126 and MOC169) with the aim of identifying differences in ECM 

protein composition that existed between distinct regions of tumour burdened omentum 

(Figure 5.8a). The success of ECM protein enrichment from omentum samples was 

evaluated through SDS-PAGE and western blotting using anti-fibronectin and anti-

tubulin antibodies as ECM and cytosolic protein markers respectively. For all samples, 

western blot analysis indicated that ECM proteins had been enriched during the protocol, 

without enriching cytosolic proteins (Figure 5.8b). The resulting ECM protein pellets 

generated by this enrichment were then prepared for mass spectrometry by in-gel 

digestion, and the protein composition of each sample was analysed by mass 

spectrometry. This analysis firstly revealed that approximately 10% of the proteins within 

each sample were matrisome proteins, with the remaining proteins being cytosolic (Figure 

5.8c). Although this value was lower than expected given that ECM protein enrichment 

was carried out, this result indicated that the enrichment was consistent between samples.  
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Figure 5.8 – ECM proteins were enriched from healthy, uninvolved and diseased 

omentum patient samples for analysis by mass spectrometry 

Diseased, uninvolved, and healthy omentum samples, obtained from patients undergoing 

debulking surgery, and homogenised. ECM proteins were enriched (a). The success of 

the enrichment was evaluated by SDS-PAGE and western blotting, with anti-fibronectin 

(MW = 220 kDa) as an ECM protein marker, and anti-tubulin (MW = 50 kDa) as a 

cytosolic protein marker. Representative blots from two omentum samples, MOC109 and 

MOC111, are shown (b). The ECM protein composition of each omentum sample was 

analysed by mass spectrometry, and quantified in house using MaxQuant and MSqRob 

software. This analysis revealed that approximately 10% of the proteins within each 

sample were matrisome proteins (c). 
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5.5.3 Significant changes in ECM composition between samples 

During the analysis of the mass spectrometry data generated, 4 separate comparisons were 

carried out to identify ECM proteins that increased in abundance with disease 

progression: diseased vs healthy, diseased vs uninvolved (all samples included), diseased 

vs uninvolved (matched samples only), and healthy vs uninvolved. Comparing enriched 

ECM proteins between diseased and healthy omentum samples revealed that versican was 

the only protein with significantly (q-value < 0.05) altered levels between these samples, 

where an increase was measured in diseased samples (Figure 5.9a). This finding therefore 

supports data reported by others where versican increases in abundance in the omentum 

with disease progression [98]. Comparing the ECM protein composition between 

diseased and uninvolved samples, where all samples within these categories were 

included, highlighted a number of proteins with significantly altered levels between these 

sample types. Adipocyte enhancer binding protein 1 (AEBP1), versican, collagen VIII 

and prolargin, were all significantly more abundant in diseased samples (Figure 5.9b). 

The comparison of matched omentum samples between these two sample types 

highlighted that vitronectin and agrin were present at higher levels in the regions of these 

tumour-burdened samples where the tumours were located, compared to sites away from 

the tumours. A statistically significant increase was also measured in coagulation factor 

IX (F9) in diseased samples relative to matched uninvolved samples, however this was 

ignored due to the expected variability in the amount of blood that remained in samples 

following processing (Figure 5.9c). Interestingly, the comparison between healthy and 

uninvolved omentum samples did not generate any statistically significant results, 

indicating that changes in ECM composition do not occur prior to HGSOC cell 

colonisation of the omentum, and suggesting that pre-metastatic niche priming does not 

occur (Figure 5.9d). Comparing the ECM composition between diseased and uninvolved 

omentum where all samples, or only matched samples, were included, also highlighted a 

number of ECM proteins that decreased in abundance with disease progression. However, 

as only those proteins that increased in abundance with disease progression were of 

interest during this analysis, these proteins were ignored and will be omitted from 

downstream experiments (Figure 5.9c, 5.9e). 
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Figure 5.9 The ECM protein composition in the omentum changes with disease 

progression  

Following ECM protein enrichment from patient omentum samples, the ECM protein 

composition was compared between each sample group. Q-values were generated by 

correcting p-values for multiple testing, where a q-value of < 0.05 indicates a statistically 

significant difference in abundance, and a q-value of <0.015 indicates a near-statistically 

significant difference in abundance, between sample groups.  

Figure legend continues on the next page. 

 

Protein name  Fold change q-value  

Versican core protein 2.6 0.0321 
 

 
Protein name  Fold change q-value  

Latent-transforming 

growth factor beta-
binding protein-2 

3.3 0.0539 

Fibulin-2 2 0.1028 

Adipocyte enhancer 

binding protein 1 

4.6 0.1028 

Protein S100-P 14.1 0.1116 

Protein name  Fold change q-value  

Adipocyte enhancer 
binding protein 1 

5.1 0.0006 

Versican core protein  2.4 0.0153 

Collagen alpha-1 

(VIII) chain  
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Protein name  Fold change q-value  
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Diseased vs Uninvolved 

Matched Samples (q<0.15) 

(a) (b) 

Uninvolved vs Healthy (q<0.05) 
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Figure 5.9 The ECM protein composition in the omentum changes with disease 

progression  

Significant (a) and near-significant (e) results generated by comparing diseased and 

healthy omentum sample ECM compositions are shown with the corresponding PCA plot. 

Significant (b) and near-significant (f) results generated by comparing diseased and 

uninvolved omentum sample ECM compositions are shown with the corresponding PCA 

plot, where all samples within these groups were included. Significant (c) and near-

significant (g) results generated by comparing diseased and uninvolved omentum sample 

ECM compositions are shown with the corresponding PCA plot, where only matched 

samples within these groups were included. Results generated by comparing uninvolved 

and healthy omentum sample ECM compositions are shown with the corresponding PCA 

plot (d).  

 

5.5.4 Near-significant changes in ECM composition between samples 

Although all samples were analysed by mass spectrometry at the same time, an underlying 

variance existed between them, firstly because they were collected from different 

patients, and secondly because the ECM protein enrichment was not carried out 

simultaneously for all samples. It was therefore reasonable to also consider certain other 

ECM proteins for follow up analyses together with those proteins with significantly 

altered levels. Additional proteins were selected based on their implication in cancer 

progression from the literature, and also based on whether near-significant (q-value < 

0.15) fold changes of +/-75% existed in their levels between omentum sample types [406] 

[407] [408] [409] [410] [411]. A number of proteins met these criteria, including fibulin-

2, which was present at higher levels in diseased compared to healthy samples, 

vitronectin, which was more abundant in diseased compared to uninvolved samples, and 

versican, which was detected at higher levels in diseased samples relative to matched 

uninvolved samples (Figure 5.9e, 5.9f, 5.9g). Surprisingly, the comparison of healthy and 

uninvolved samples also did not highlight any ECM proteins with near-significant 

alterations in their levels between these sample types. This therefore further suggests that 

the omental ECM pre-metastatic niche is not primed prior to the arrival of HGSOC cells. 
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5.6 Discussion and conclusions   

The results in this chapter provide further insight into the role of Arf6 in the assembly of 

collagen I ECM by omental CAFs. The data presented indicates that Arf6 regulates this 

process, at least in part, through controlling the deposition of internalised and recycled 

collagen I monomers as fibrils. Furthermore, the comparison of ECM protein composition 

between healthy omentum samples, and samples obtained from patients at varying stages 

of HGSOC progression highlighted a number of proteins that become more abundant with 

disease extent.  

 

5.6.1 Collagen I internalisation by CAFs is enhanced following Arf6 depletion  

The data presented in chapter 4 demonstrate that CAFs require Arf6, and Rab14, for the 

assembly of collagen I ECM in 2D. Furthermore, depletion of Arf6 in CAFs was 

sufficient to impair the ability of CAFs to facilitate Kuramochi cell invasion from 

spheroids, possibly through defective collagen ECM remodelling capabilities. Chang et 

al. had demonstrated previously that in order for mouse tail tendon fibroblasts to assemble 

collagen I, soluble collagen I monomers must first be secreted, then internalised and 

recycled back to the plasma membrane. It was proposed that assembling collagen via this 

mechanism enables cells to gain a degree of control over where collagen I fibrillogenesis 

is initiated [325]. Evaluating the impact of Arf6, and Rab14, depletion in CAFs on 

collagen I monomer secretion suggested that these small GTPases do not regulate 

collagen I assembly through controlling its secretion. By measuring the uptake of Cy3-

Col I in Arf6 or Rab14 depleted cells after a 1 hour treatment, it was evident that a higher 

percentage of CAFs were positive for Cy3-Col I following depletion of Arf6 in CAF 

isolates from two HGSOC patients (Figure 5.3).  
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5.6.2 Arf6 influences the recycling and deposition of endocytosed collagen I  

Following Cy3-Col I uptake assays, it was essential to determine whether the elevated 

uptake of collagen by Arf6 depleted CAFs was due to recycling defects. Seeding Cy3-

Col I treated CAFs on to coverslips revealed that Arf6 depleted CAFs displayed a reduced 

ability to recycle and deposit internalised collagen I as fibres in the extracellular space 

(Figure 5.4, 5.5). Whilst Rab14 depletion with siRNA 1 in CAFs from patient MOC194 

impaired their ability to recycle and deposit internalised collagen, this result could not be 

validated in CAFs from patient MOC195. These results demonstrate a clear role for Arf6 

in regulating the deposition of internalised and recycled collagen I such that 

fibrillogenesis can occur. This recycling may allow internalised collagen monomers to be 

trafficked to specific sites, such as fibripositors, for the initiation of collagen I 

fibrillogenesis, and the impaired collagen recycling following Arf6 depletion may explain 

the defects in collagen I deposition by CAFs observed during the siRNA screen 

preventing in the previous chapter.  
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5.6.3 Mechanisms of collagen I endocytosis   

Despite the detection of Cy3-Col I within CAFs after trypsinisation by flow cytometry, 

and the observation that this internalisation can occur independently of trypsinisation, it 

is not yet clear how CAFs endocytose collagen in this manner such that it can be recycled 

and deposited as fibres (Figure 5.3, 5.6). Given that collagen monomers are 

approximately 300 nm in length, the most likely mechanism of internalisation is 

macropinocytosis, as these monomers are too large to be internalised by mechanisms such 

as clathrin- or caveolae-mediated endocytosis [412] [413]. Others have demonstrated that 

cell types such as pancreatic ductal adenocarcinoma cells, and stellate cells in the liver 

can endocytose collagen via macropinocytosis, which is thought to either enable survival 

following nutrient deprivation, or to allow changes in microenvironment to be sensed, 

respectively [414] [415]. As mentioned previously, this endocytosis mechanism was 

previously thought to only occur non-specifically, however it has become clear that 

membrane protein sorting into sites of macropinocytosis can occur [253] [254]. In 

addition, work by others has highlighted that during growth-factor induced fibroblast cell 

migration, integrins can be endocytosed via macropinocytosis and trafficked to specific 

sites for focal adhesion formation at the leading edge [416]. This therefore opens up the 

possibility of omental CAFs utilising macropinocytosis for the specific internalisation of 

collagen-bound integrins. For example, the engagement of integrins such as α1β1 and 

α2β1 with secreted collagen monomers at the cell surface, could result in their specific 

internalisation via macropinocytosis, followed by the trafficking of these integrins and 

their bound collagen to specific sites for collagen fibrillogenesis [417] [418] [419].  
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5.6.4 Arf6 does not regulate collagen I endocytosis    

A role for Arf6 in macropinocytosis has already been established by others. It is thought 

to be active at the plasma membrane at sites where internalisation via this mechanism 

takes place, and to also be required for the recycling of internalised membrane back to 

the cell surface [420] [421]. However, data presented in this chapter indicate that Arf6 

does not regulated the endocytosis of collagen, as internalised Cy3-Col I levels were 

higher following Arf6 depletion, and Arf6-mNG did not localise to sites of Cy3-Col I 

endocytosis (Figure 5.3, 5.6). The mechanisms utilised by CAFs to endocytose collagen 

I therefore remain unclear. As Arf6 does not influence Cy3-Col I internalisation, this may 

indicate that macropinocytosis is not involved in collagen uptake by CAFs. However, it 

is possible that macropinocytosis is not regulated by identical sets of small GTPases in 

all cell types. Whilst Arf6 may be required for cell types, such as fibrosarcoma cells, to 

internalise macromolecules by macropinocytosis, Arf6 may not regulate this process in 

CAFs such as those found within the HGSOC metastatic TME [421]. Further experiments 

will be required to determine the mechanism utilised by CAFs for collagen 

internalisation. Compounds that inhibit macropinocytosis, clathrin- or caveolae-mediated 

endocytosis, may be used prior to measuring collagen uptake by CAFs using flow 

cytometry in order to develop an understanding of how large collagen monomers can be 

internalised.  
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5.6.5 Arf6 co-localises with sites of collagen I fibrillogenesis     

Live-cell fluorescence microscopy also revealed that Arf6 localised to sites of collagen I 

fibrillogenesis in omental CAFs overexpressing Arf6-mNG, and provided additional 

evidence in support of a role for Arf6 in the recycling of endocytosed collagen I such that 

it can be incorporated into fibres. Arf6 was consistently found near the branch point of 

Cy3-Col I networks as they were assembled, with this branch point likely corresponding 

to the site of fibrillogenesis initiation. It is not clear whether this localisation occurs due 

to Arf6 overexpression, and further experiments aiming to visualise the localisation of 

fluorophore tagged-endogenous Arf6 should determine whether this co-localisation 

occurs if Arf6 is expressed at endogenous levels. It is also not yet clear whether collagen 

I fibre assembly by this mechanism involves only the incorporation of endocytosed and 

recycled collagen I monomers, or whether monomers which have not been internalised, 

and are present within the extracellular space, are incorporated as well. Interestingly, 

although cells were often observed moving somewhat during the time-lapse, as indicated 

by the actin staining, the localisation of Arf6-mNG to these branch points remained 

constant. This suggested that Arf6 positive structures may be either located within the 

plasma membrane, or somehow anchored to the membrane at sites of Cy3-Col I 

fibrillogenesis. Furthermore, as these live-cell imaging experiments were carried out in 

the absence of ascorbic acid, assembly of collagen I fibres via this mechanism is ascorbic 

acid independent. This may be expected, as in human cells ascorbic acid is involved only 

in stabilising pro-collagen chains within the ER such that triple-helical structures can 

form prior to secretion [188].  
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5.6.6 Regulation of collagen I recycling for fibrillogenesis by Arf6 

The generation of 3D reconstructions indicated that large Arf6 positive structures, 

possibly corresponding to recycling endosomes, were localised just beneath the plasma 

membrane at sites of collagen assembly (Figure 5.7). However, at the resolution obtained 

through the use of spinning disk confocal microscopy, individual vesicular carriers 

containing internalised Cy3-Col I could not be observed trafficking towards sites of 

collagen I fibrillogenesis. Whilst these data, and those previously described, implicate 

Arf6 in the regulation of collagen I recycling for fibrillogenesis, exactly how Arf6 

regulates the deposition of collagen following endocytosis is not yet clear. It is possible 

that Arf6 regulates the recycling of endocytosed collagen directly, where it may influence 

the trafficking of collagen monomer-bound integrins, ensuring that their recycling is 

targeted to sites of fibrillogenesis initiation. For example, Arf6 is known to control the 

recycling of the β1 integrin subunit, which is found within a number of collagen-binding 

integrins, such as α1β1, α2β1, and α11β1 [417] [419]. Furthermore, as described 

previously, Chang et al. demonstrated the role of the α11 integrin subunit in the recycling 

and deposition of endocytosed collagen monomers as fibrils by mouse tail tendon 

fibroblasts. It is therefore possible that Arf6 influences the deposition of internalised 

collagen I monomers by CAFs through regulating α11β1 integrin recycling [325]. 

However, an alternative possibility is that Arf6 instead regulates the trafficking/recycling 

of other cargoes that may be required for assembling collagen into fibres. Another 

candidate cargo that could be recycled by Arf6 for this purpose is MT1-MMP. As 

mentioned in the previous chapter, MT1-MMP is known to be involved in the cleavage 

of fibronectin to release collagen fibrils from the cell surface at fibripositors, and is also 

known to be recycled in an Arf6 dependant manner [299] [324]. Further experiments that 

firstly utilise super-resolution live-cell imaging microscopy should reveal in greater detail 

how the trafficking itineraries of Arf6 and internalised collagen I are coordinated with 

one another. It will be important to determine whether Arf6 itself localises to these 

vesicles, or whether it remains situated on larger endosomal structures through which 

Cy3-Col I vesicles are trafficked. Secondly, it may become evident that Arf6 does not 

directly regulate collagen I recycling, but instead regulates fibrillogenesis after 

endocytosis via influencing the recycling of alternative cargoes. Subsequent experiments 

will therefore also aim to identify other cargoes which are both recycled in an Arf6-

dependant manner, and required for collagen I assembly following endocytosis, for 

example through the use of proximity labelling techniques such as BioID [422] [291].  
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5.6.7 Identification of additional ECM proteins which increase in omental abundance 

with HGSOC progression     

Finally, mass spectrometry was also used to identify other ECM proteins that increased 

in abundance in the omentum with HGSOC progression. Through comparing the ECM 

protein composition between healthy, uninvolved, and diseased, omentum samples, a 

number of ECM proteins were identified that were present at higher levels in diseased 

samples relative to those that were healthy or uninvolved (Figure 5.9). As well as 

highlighting proteins that others had previously found to become more abundant in the 

omentum with disease progression, such as versican, this analysis also indicated a number 

of additional ECM proteins that may be of importance in the HGSOC metastatic niche, 

such as vitronectin, collagen VIII, and prolargin [98].  

AEBP1 has been highlighted as an oncogene in a variety of different cancer types, 

including colorectal and breast cancers, where it is thought to have roles in regulating 

processes such as invasion, proliferation and apoptosis [408] [423] [424]. Interestingly, 

AEBP1 is also believed to play a role in fibroblast proliferation, myofibroblast 

differentiation, and collagen assembly/remodelling [425] [426, 427]. In addition, studies 

in ovarian cancer mouse models have shown that the levels of this protein within 

extracellular vesicles, isolated from ascites present in the peritoneal cavity, increase with 

disease progression [426]. Whilst these studies demonstrated that HGSOC cells can 

produce extracellular vesicles containing AEBP1, it is not yet clear whether omental 

CAFs are capable of secreting this protein. However, given that others have shown 

AEBP1 is highly expressed in CAFs associated with colon adenocarcinoma, and that high 

AEBP1 expression correlates with fibroblast activation, it is likely that CAFs in the 

omentum are also capable of its synthesis and secretion [428].  
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Collagen VIII is considered a non-fibrillar collagen, where instead it is thought to form 

unique hexagonal networks [429]. Although the function of collagen VIII remains 

relatively poorly understood, it is believed to be of particular importance during 

remodelling of the vasculature, where its expression levels become elevated in vascular 

smooth muscle cells following vascular damage [430]. Furthermore, collagen VIII levels 

in serum are upregulated in a number of cancer types, including ovarian and breast, and 

it is thought that collagen VIII plays a role in the angiogenesis that occurs within the TME 

of these cancer types [431]. Although in cancers such as hepatocellular carcinoma, an 

upregulation of collagen VIII in the cancer cells themselves has been demonstrated, it is 

not yet apparent whether CAFs can secrete this ECM protein [432]. In order to understand 

the roles of AEBP1 and collagen VIII in the HGSOC metastatic niche, further 

experiments aiming to evaluate their expression in CAFs, and the impact of their 

depletion of CAF and cancer cell behaviour, will be required.   

Prolargin is a proteoglycan that in heathy tissue functions to bind collagen to the basement 

membrane [433]. Surprisingly, although our analyses revealed that prolargin was more 

abundant in diseased omentum samples relative to uninvolved samples, prolargin is 

described in the literature as a tumour suppressor gene in a number of cancer types [434] 

[435]. Furthermore, in hepatocellular carcinoma, subsets of CAFs that function as 

suppressors of tumour development have been shown to do so through the secretion of 

prolargin [436]. It is therefore unclear whether the prolargin within the HGSOC 

metastatic niche is CAF-derived, and further work will be required to further understand 

this, as well as the role of prolargin in the HGSOC TME. One possibility is that in the 

omentum, prolargin has a more oncogenic function, and it has been demonstrated that the 

N-terminal region of this protein can bind proteoglycans on the cell surface of fibroblasts 

to enhance their interaction with the ECM [437]. It may be that prolargin, either secreted 

by CAFs, other stromal cells, or HGSOC cells themselves, can facilitate the remodelling 

of the ECM by CAFs in a manner that supports HGSOC tumour progression.  
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The comparison of ECM composition between matched diseased and uninvolved 

omentum samples indicated that the tumour burdened region of these samples contained 

significantly higher levels of agrin and vitronectin, both of which have been previously 

linked with cancer progression. Agrin is a proteoglycan that, in healthy tissues, is thought 

to be of particular importance in the formation of neuromuscular junctions, where it 

primarily functions to bind laminin and to act as a link between the cell surface and the 

basement membrane [438]. However, in the context of cancer, a number of pro-

tumourigenic roles have been highlighted. For example, in rectal cancer, agrin has been 

shown to stimulate cancer cell migration, invasion and proliferation, and an upregulation 

in its expression is associated with poor prognosis, however exactly how it functions to 

promote these processes is not yet understood [439]. In addition, agrin is thought to also 

play a role in stimulating angiogenesis in the microenvironment of hepatocellular 

carcinoma tumours, and it has been shown that activated stellate cells within this TME 

contribute towards its secretion [438] [440]. 

In contrast to proteins such as collagen and fibronectin, which act primarily in a structural 

capacity within the ECM, vitronectin is believed to carry out its roles through interacting 

with other ECM proteins, cell-surface receptors such as integrins, and other secreted 

factors including proteases and cytokines [441]. A number of pro-tumourigenic functions 

of vitronectin have been highlighted by others, and it is thought that vitronectin stimulates 

the invasion of a variety of different cancer cell types via integrin binding, whilst also 

promoting angiogenesis within TMEs [442]. Although tumour promoting functions of 

vitronectin have been demonstrated in the context of a number of cancer types, including 

breast cancer and glioblastoma, its involvement in the metastasis of HGSOC cells to the 

omentum is not yet clear [411] [443]. It has however been shown that mesothelial cell-

secreted vitronectin has a stimulatory effect on OC cell line invasion, and that during OC 

metastasis, the MMP-2 mediated cleavage of vitronectin facilitates OC cell attachment to 

the peritoneum and omentum [444] [445]. It may be that the role of vitronectin within the 

HGSOC omental TME is limited to facilitating the initial attachment and implantation of 

cells on to the omentum. However, it is also possible that it may have other roles 

following implantation, such as assisting with HGSOC cell invasion into the omentum, 

as well as in other processes such as allowing angiogenesis to occur in the TME. It is not 

clear whether CAFs in the omentum are capable of secreting and assembling agrin and 

vitronectin. 
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Although immunohistochemical staining of HGSOC omentum sample sections will be 

required to validate these findings, these data, in combination with data available in the 

literature, suggest that the identified proteins may play important tumourigenic roles 

within the HGSOC metastatic TME. Although these additional ECM proteins have been 

implicated in the progression of other cancer types, their role in the HGSOC metastatic 

niche has not yet been investigated. Further experiments will therefore be required to 

firstly determine whether CAFs in the omentum are responsible for the synthesis and 

assembly of these proteins, and secondly to understand the functions of these proteins in 

supporting HGSOC tumour development.   

 

5.6.8 Changes in omental ECM composition do not occur prior to HGSOC cell arrival  

Pre-metastatic niche priming is a feature shared across many different cancer types, 

including OC, but also others such as cancer of the prostate or lung [404] [446] [447]. It 

can occur via mechanisms such as exosome secretion, or the secretion of other tumour-

derived factors, which function to drive initial changes in stromal cell behaviour within 

secondary organs such that the environment within these organs is more suited to support 

secondary tumour formation [448]. Changes in ECM protein composition are known to 

occur within secondary sites prior to the arrival of DTCs in a number of cancer types 

[449]. For example, studies in mice have demonstrated that exosomes derived from 

pancreatic cancer cells can stimulate fibronectin production in the liver [450]. Whilst 

changes in stromal cell behaviour in the omentum have been shown to occur before DTC 

colonisation, such as resident macrophage reprogramming to generate TAMs, whether or 

not pre-metastatic changes in omental ECM composition occur had not previously been 

investigated [119]. 
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Somewhat surprisingly, the comparison of ECM protein composition between healthy 

and uninvolved omentum samples did not highlight any proteins with levels that were 

altered significantly, or near-significantly, between these sample types (Figure 5.9c). 

These data suggested that the changes in stromal ECM composition in the omentum do 

not occur prior to colonisation by metastatic HGSOC cells. However, it is possible that 

whilst large scale changes in ECM protein abundance may not occur until DTCs colonise 

the omentum, smaller scale changes may occur which renders the pre-metastatic TME 

more suitable for secondary HGSOC tumour development. It will be interesting to 

evaluate the capacity of HGSOC cell lines, and primary HGSOC cells, to produce 

exosomes and other secreted factors which may alter CAF behaviour to stimulate 

excessive ECM protein deposition. This may be carried out through isolating exosomes 

from HGSOC cells, and investigating the impact of CAF exposure to these exosomes on 

the assembly of ECM proteins such as collagen I and fibronectin.  

 

5.6.9 Summary  

To summarise, the results presented in this chapter demonstrate that Arf6 controls the 

assembly of collagen I by CAFs in the omentum through regulating its deposition as fibres 

following endocytosis and recycling. A number of ECM proteins were also identified as 

becoming more abundant in the omentum with HGSOC progression, including 

vitronectin, prolargin and collagen VIII. These proteins may be of importance in the 

colonisation of the omentum by disseminated HGSOC cells and additional experiments 

should reveal whether these ECM proteins are produced by CAFs, and also whether they 

have a role in stimulating processes such as HGSOC cell invasion.  
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Chapter 6: Discussion  

6.1 Overview and results summary  

The colonisation of the omentum by disseminated HGSOC cells, and the subsequent 

formation of secondary tumours, is a crucial step in HGSOC progression and is largely 

responsible for the high mortality rate associated with this disease. HGSOC cells within 

the peritoneal cavity preferentially colonise the omentum, and their tendency to do so is 

the result of this organ providing a specific set of conditions, which together create a 

microenvironment that supports tumour development [46]. One property of this TME that 

is thought to be of particular importance in supporting the growth, proliferation, and 

invasion of HGSOC cells, is the synthesis and assembly of a dense, fibrillar ECM by 

CAFs [150] [151]. Given the role of the ECM in driving HGSOC progression in the 

omentum, it is essential to understand the molecular mechanisms involved in ECM 

production by CAFs in greater detail, such that new therapies aiming to prevent or 

minimise metastasis to the omentum may be developed.  

Although endocytic recycling pathways and a number of small GTPases involved in their 

regulation have been previously implicated in ECM assembly by cell types such as 

endothelial cells, the role of endocytic recycling in the assembly of ECM by CAFs, such 

that HGSOC cell invasion can be supported in the omentum, remains poorly understood 

[318] [321] [323]. This project therefore aimed to investigate the role of endocytic 

recycling pathways, and their regulator small GTPases, in the assembly of an invasion 

supportive ECM by CAFs isolated from HGSOC patient omentum samples, and a 

summary of results is presented in figure 6.1. To develop an understanding of how 

endocytic recycling regulators were involved in the synthesis of this type of ECM by 

omental CAFs, the work conducted during this project included: 

 The characterisation of CAFs isolated from HGSOC patient omentum samples, 

in terms of their CAF biomarker expression, and their ability to generate an ECM 

that supported Kuramochi invasion. 

 An endocytic recycling regulator siRNA screen which highlighted Rab4a + 

Rab4b, and Arf6, as being essential for the facilitation of Kuramochi invasion by 

CAFs in 3D, and Arf6 and Rab14 as being required for the assembly of collagen 

I ECM in 2D. 
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 Exogenous collagen I uptake and deposition assays that indicated a role for Arf6 

in the regulation of collagen I assembly through influencing its deposition 

following endocytosis and recycling, such that it could be trafficked to specific 

sites for fibrillogenesis to take place.  

 Live-cell imaging of Arf6-mNG expressing CAFs following Cy3-Col I treatment, 

which demonstrated that Arf6 co-localised to sites of Cy3-Col I fibrillogenesis, 

and that large Arf6 positive structures were located near the inner leaflet of the 

plasma membrane at sites of Cy3-Col I assembly. 

 A compositional analysis by mass spectrometry of ECM proteins in healthy, 

uninvolved, and diseased omentum samples which, as well as providing evidence 

in support of data reported by others, highlighted a number of additional proteins 

that may be of importance within the HGSOC metastatic TME.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 234 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 - Results summary 

The findings presented in chapter 3 (yellow) demonstrated the characterisation of 

primary omental CAF isolates, in terms of their CAF biomarker expression, and their 

capacity to carry out CAF-associated functions. The siRNA screening results presented 

in chapter 4 highlighted a number of recycling regulator GTPases as being of importance 

in enabling CAFs to support HGSOC cell invasion and/or to assemble/remodel ECM 

proteins. Finally, the results presented in chapter 5 provided evidence in support of a role 

for Arf6 in collagen I assembly, where this GTPase was shown to influence the deposition 

of collagen I as fibres in the extracellular space following endocytosis and recycling. In 

addition mass spectrometry analysis of omental ECM protein composition between 

omentum samples of varying HGSOC disease extents, highlighted a number of proteins 

that increase in abundance with disease progression.  
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6.2   CAF heterogeneity within the HGSOC TME  

6.2.1 Overview 

The importance of the TME in the progression of many different cancer types has been 

established for a number of years, and a great deal of research has focussed on developing 

our understanding of the interplay between cancer cells and the cellular, and non-cellular, 

components within microenvironments [451]. Of the cellular components, CAFs are 

believed to play a crucial role in promoting tumour progression through ECM assembly 

and remodelling, growth factor secretion, and contributing towards immune evasion and 

chemoresistance [150] [151] [452] [453]. However, it has become increasingly evident 

that a great deal of heterogeneity can exist between CAFs, both across cancer types, and 

also within a given cancer type [329]. It is now known that CAF sub-populations can 

possess tumour-suppressive properties, for example through the secretion of soluble 

factors, and exosomes containing microRNAs [84]. If CAFs in the omentum are to be 

targeted with the aim of suppressing their tumour-promoting functions to inhibit HGSOC 

metastasis, a better understanding of CAF heterogeneity in the omentum will be crucial 

to ensure that tumour-suppressive CAF subpopulations remain unaffected.   

 

6.2.2 CAF biomarkers in the characterisation of isolated CAF subpopulations  

The biomarkers that have conventionally been used to isolate, identify, and characterise 

CAFs in the past include, but are not limited to, SMA, FAP, FSP-1 and vimentin [86]. 

The use of many different CAF biomarkers has become controversial in recent years, 

primarily due to their overall lack of specificity, and at present, there is no single 

biomarker that is capable of specifically identifying all CAF subpopulations [454]. The 

effectiveness of using these biomarkers is dictated firstly by what the aim of their use is, 

and secondly by which CAF subpopulation is of interest. Myofibroblasts, and likely 

tumour-promoting, subpopulations of CAFs, can be identified based on high levels of 

SMA and FAP expression, and Pearce et al. have demonstrated that high expression of 

SMA and FAP by CAFs in the omentum correlated with HGSOC disease extent. 

However, subpopulations of CAFs that function in a tumour-suppressive manner are more 

difficult to identify using biomarker staining, and additional work focussed on identifying 

biomarkers specific for these CAFs will be required for their identification.  
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During this project, the primary goal of using immunofluorescence to stain SMA and 

FAP, as well as collagen XI, in CAFs, was to confirm that myofibroblast-like CAFs had 

indeed been successfully isolated from HGSOC tumour burdened omentum samples. The 

HGSOC cells initially present within these samples were expected to be negative for 

biomarkers such as SMA and FAP. As such, their use in this way was sufficient for 

ensuring each isolated population of cells mostly consisted of CAFs, and that the HGSOC 

cells had either been outgrown by the CAFs, or that they had been removed through 

differential trypsinisation. Using these biomarkers also allowed for some information to 

be obtained regarding the level of heterogeneity present in samples. During this project, 

when staining CAFs isolated from diseased omentum samples for SMA, FAP, and 

collagen XI, it was clear that a degree of heterogeneity existed (Figure 3.1). Whilst the 

FAP staining pattern was homogeneous, suggesting that all cells present were CAF-like 

in nature, not all cells expressed SMA and collagen XI to a similar extent, possibly 

indicating differences in the activation state between cells (Figure 3.2, 3.3). As only an 

average of 35% of CAFs from diseased omentum samples were positive for large SMA 

stress fibres, it was possible that during the isolation process, CAFs had become less 

activated through the withdrawal of HGSOC-tumour derived secreted factors, such as 

TGFβ isoforms. In order to ensure that activated, myofibroblast-like CAFs were used for 

the identification of recycling regulators required for ECM generation, we utilised TGFβ3 

treatment to activate primary CAFs, and to reduce the level of heterogeneity present in 

the sample (Figure 3.2. 3.3). The use of this treatment to activate primary CAFs has been 

carried out by others, and Delaine-Smith et al were able to use TGFβ3 to activate omental 

CAFs to increase their deposition of ECM proteins, including fibronectin, collagen I, 

collagen XI, COMP, and versican [159]. 
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6.2.3 Investigating CAF heterogeneity with single-cell RNA sequencing 

To fully understand CAF heterogeneity in the HGSOC TME, and to investigate how all 

CAF subpopulations within the HGSOC TME function, and contribute towards, or 

supress tumour development, techniques other than the use of biomarker staining are 

required. One such technique that has been used in recent years to characterise individual 

subpopulations of primary CAFs within samples, is single-cell RNA sequencing (scRNA-

seq) [455]. This technique enables transcriptomes to be analysed with single-cell 

resolution, and has revolutionised our understanding of how complex the heterogeneity 

is that exists between CAF subpopulations within TMEs of different cancer types [456] 

[457]. CAF heterogeneity has been analysed by scRNA-seq in a number of cancer types, 

including pancreatic and breast cancers [458] [459]. Whilst this technique has been used 

to identify distinct immune cell populations within the HGSOC TME in the omentum, an 

investigation into omental CAF heterogeneity has not yet been carried out [460]. 

Furthermore, this technique has limitations, for example whilst it has the potential to 

provide information regarding heterogeneity in CAF gene expression, it is well 

established that transcript and protein levels often do not correlate [461]. Nevertheless, 

this technique will be vital to understand CAF heterogeneity in the omentum in greater 

depth, and to ensure that strategies aiming to target CAFs therapeutically are focussed 

only on those responsible for stimulating HGSOC development  
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6.2.4 Functional assays for CAF characterisation  

Given the lack of biomarkers capable of identifying specific subpopulations of isolated 

CAFs, it has become clear that functional analyses of CAF behaviour are required for 

proper characterisation [462]. It was therefore essential that during this project, CAFs 

were not only characterised based on biomarker expression, but also on their ability to 

carry out CAF-associated functions of interest. In combination with the analysis of CAF 

biomarker expression by CAFs, NFs, and non-omental HDFs, functional assays aiming 

to assess the capacity of these fibroblasts to assemble ECM and to support Kuramochi 

invasion revealed interesting results.   

Although differences in CAF biomarker expression were initially observed between 

CAFs, NFs, and HDFs prior to TGFβ3 treatment, treatment with this growth factor 

resulted in each biomarker being detected at comparable levels between each fibroblast 

type (Figure 3.2, 3.3). However, similar CAF biomarker expression levels did not 

correlate with CAF behaviour during the functional assays carried out. Firstly, clear 

differences were observed in the capacity of these fibroblasts to assemble collagen I 

fibres, where HDFs were less able to do so compared to CAFs and NFs (Figure 3.6). 

Furthermore, despite TGFβ3 pre-treatment of CAFs and NFs rendering them significantly 

more competent at facilitating Kuramochi invasion out of spheroids, HDFs remained 

incapable of doing so, despite the high levels of SMA expression following TGFβ3 

treatment detected previously (Figure 3.13, 3.14, 3.15). This suggests that high expression 

of SMA, FAP, and collagen XI alone, is not necessarily always sufficient for activated 

fibroblasts to be able to carry out tumour-promoting functions. Furthermore, omentum-

derived CAFs and NFs may possess additional properties that enable them to support 

HGSOC tumour development following activation with TGFβ3.  
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6.3 Endocytic recycling in generating the HGSOC TME  

6.3.1 Overview  

The role of endocytic recycling in the assembly of ECM by various normal cell types had 

been demonstrated by others. A number of Rab GTPases have been implicated in the 

control of ECM assembly, including Rab10 in protein secretion to generate basement 

membrane, as well as Rab4a and Rab11b in fibronectin fibrillogenesis by endothelial cells 

during branching of the vasculature [318] [320] [321]. Several cargo proteins which are 

recycled in a Rab GTPase-dependant manor have also been highlighted as having roles 

in the assembly of ECM, including α5β1 integrin in fibronectin fibrillogenesis, and MT1-

MMP in collagen I fibrillogenesis [321] [324].  However, until recently, it was not clear 

whether the internalisation and recycling of ECM proteins themselves was of importance 

in their assembly to generate fibres. Chang et al. demonstrated that mouse tendon 

fibroblasts can endocytose secreted collagen I monomers and recycle them to specific 

sites for fibrillogenesis, and regulators of this recycling were also identified [325]. 

The results obtained during this project highlighted a number of endocytic recycling 

regulators as being required for CAFs to contribute towards generating a HGSOC-

supportive TME in the omentum. Through the using an siRNA screening approach, 

omental CAFs displayed a dependency on Rab4a, Rab4b, and Arf6, to facilitate 

Kuramochi cell invasion in 3D, and as well as Arf6, Rab14 was also required for the 

deposition of collagen I fibres in 2D (Figure 4.7, 4.8, 4.10, 4.22, 4.23). Exogenous 

collagen I uptake and deposition assays, combined with live-cell fluorescence 

microscopy, revealed that Arf6 localised to sites of collagen I assembly, and that Arf6 

functioned in controlling collagen I assembly through regulating the deposition of 

internalised and recycled collagen (Figure 5.3, 5.4, 5.5, 5.7).  
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6.3.2 Rab4a and Rab4b in the support of HGSOC invasion by CAFs  

Depletion of Rab4a + Rab4b in combination in CAFs isolated from two HGSOC patient 

omentum samples was sufficient to impair their capacity for supporting Kuramochi 

invasion (Figure 4.7, 4.10). However, although depletion of these GTPases resulted in 

fewer collagen I fibres deposited by CAFs from isolate MOC194, this result could not be 

validated in CAFs from patient MOC195 (Figure 4.22). This suggested that whilst Rab4a 

and Rab4b are utilised by omental CAFs to support HGSOC invasion within the 

omentum, the stimulatory effect of endocytic recycling regulated by these GTPases is 

likely not exerted through controlling collagen I deposition. Work by others had 

demonstrated the involvement of Rab4a in fibronectin fibrillogenesis. However, the 

siRNA screening data indicate that neither Rab4 isoform was required for fibronectin 

assembly by omental CAFs (Figure 4.14). Although SHG microscopy revealed that 

depletion of Rab4a and Rab4b in CAFs isolated from patient MOC208 impaired collagen 

I remodelling in the vicinity of spheroids to some extent, this was not consistent (Figure 

4.25, 4.26). It is therefore not clear how Rab4a- and Rab4b-regulated endocytic recycling 

enables CAFs to support HGSOC invasion. One possibility is that Rab4 isoforms may 

influence ECM assembly by CAFs in 3D more so than in 2D, however they may also be 

required for the assembly of other ECM components involved in facilitating HGSOC 

invasion. For example, CAF-secreted versican has been shown to enhance OC cell 

invasion, and further experiments aiming to investigate how Rab4 isoform depletion 

impacts the assembly of such proteins may provide information regarding how these 

GTPases enable CAFs to support invasion [347].  
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6.3.3 Arf6 in collagen I assembly and remodelling   

CAFs displayed a requirement for Arf6 in order to assemble collagen I, and Cy3-Col I 

uptake and deposition assays indicated that the role of Arf6 in regulating this process was 

through controlling the deposition of collagen I following endocytosis and recycling 

(Figure 6.2). A co-localisation between Arf6-mNG and sites of Cy3-Col I fibrillogenesis 

was observed by live-cell fluorescence microscopy, where Arf6 localised just beneath the 

plasma membranes inner leaflet (Figure 5.7). However, exactly how Arf6 regulates 

endocytic recycling such that internalised collagen can be deposited as fibres is not yet 

clear.  

 

 

 

 

 

 

 

 

 

Figure 6.2 - Proposed model of Arf6-regulated recycling in the support of HGSOC 

invasion by CAFs in the omentum.  

Taking the findings from this research project into consideration, we propose that Arf6 

functions as a critical regulator of ECM generation by CAFs in the omentum. Arf6-

regulated endocytic recycling influences the assembly and remodelling of collagen I 

through regulating its deposition as fibrils following internalisation. The 

assembly/remodelling of collagen via a mechanism that firstly requires collagen I 

monomer secretion, followed by collagen endocytosis and recycling, plays a key role in 

constructing an ECM microenvironment that supports HGSOC cell invasion. Arf6 may 

therefore contribute towards colonisation of the omentum by metastatic HGSOC cells, 

and has the potential to serve a target for chemotherapeutic intervention in the treatment 

of HGSOC. 
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The molecular mechanism involved in the internalisation and recycling of collagen I 

monomers by CAFs have not yet been investigated in detail, however the increase in Cy-

Col I internalisation following Arf6 depletion suggests that this GTPase does not  regulate 

collagen endocytosis (Figure 5.3). Arf6 could regulate the recycling of internalised 

collagen directly, where it may traffic with collagen I positive vesicles to guide them 

towards sites at the plasma membrane for fibrillogenesis. This may be investigated using 

the split GFP approach described by Chang et al., where they were able to demonstrate 

that VSP33B trafficked with vesicles containing endocytosed collagen I monomers [325]. 

Should Arf6 operate in this manner, it is unlikely that a direct interaction, between Arf6 

and collagen I exists during these membrane trafficking events. Instead, Arf6 localised to 

the surface of endosomal or vesicular structures may interact with other cargos which 

themselves interact with endocytosed collagen I monomers. Possible candidates that act 

as a bridge between Arf6 and collagen I are the integrin family of cell-adhesion receptors.  

Arf6 is known to interact with, and to regulate the recycling of, the β1 integrin subunit, 

and several integrin dimers containing this subunit have been shown to bind collagens in 

a variety of cell types, including α1β1, α2β1, α10β1 and α11β1 [417] [418] [419]. Arf6 

may therefore regulate collagen I recycling through its interactions with β1 subunit 

containing integrins. However it is also possible that Arf6 does not directly influence 

collagen I recycling, but instead may regulate the recycling of alternative cargoes that 

function in collagen fibrillogenesis. As mentioned previously, an alternative candidate 

cargo is MT1-MMP, which can be recycled in an Arf6 dependant manner, and is known 

to have a role in ECM remodelling and the release of collagen I fibrils from the cell 

surface at fibripositors [299] [324].   
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In order to investigate the mechanisms of Arf6 regulated recycling in collagen I 

deposition, we aim to firstly determine whether Arf6 influences MT1-MMP recycling in 

CAFs, and secondly to evaluate the impact of MT1-MMP depletion in CAFs on their 

ECM remodelling/collagen I deposition capabilities. Furthermore, to identify near-

neighbour cargoes and recycling machineries which associate with Arf6 in CAFs, we will 

use the BioID proximity labelling technique [422] [291]. This technique is particularly 

useful for identifying interactors of recycling regulator GTPases, as transient associations 

with regulators, such as GEFs and GAPs, and effector proteins, are often crucial for the 

regulation of endocytic recycling [463] [464]. The use of BioID may therefore highlight 

specific Arf6-associated cargoes, such as integrins, which could interact with collagen I 

during its recycling and enable Arf6 to influence its trafficking for fibrillogenesis, as well 

as other effector proteins that enable Arf6 to regulate this process.  

 

6.4 More complex models to study CAFs in the HGSOC TME 

6.4.1 Overview  

As described in chapter 1, there is a complex interplay between the different non-

malignant cell types within TMEs of many cancer types, including that of HGSOC. It is 

known that whilst the cell-cell communication that occurs between stromal cells, such as 

CAFs, and the tumour with which they are associated is essential for tumourigenesis, the 

interactions that occur between different stromal cells is also vital for tumour progression 

[55]. In the context of CAFs, constant multi-directional cross-talk occurs with other 

stromal cells, which not only contributes towards the tumour-promoting capacity of these 

other cells, but also maintains CAFs in a state capable of facilitating malignant cell 

growth, proliferation, survival and invasion [79] [80] [81] [82] [83].  
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During this project, CAFs were studied either as a mono-culture in 2D, or in co-culture 

with the Kuramochi cell line in 3D invasion assays. Although these experiments 

generated interesting results demonstrating how CAFs may function to stimulate HGSOC 

cell invasion through ECM protein synthesis and remodelling, it is important to consider 

the impact of other stromal cells on CAF behaviour in this context. In order to investigate 

how CAFs operate to support HGSOC metastasis in the omentum in a more 

physiologically relevant context, there is a need to study CAF function in the presence of 

other stromal cells, such as white adipocytes, and the various immune cell types present 

in the omentum. Furthermore, to fully understand the mechanisms by which CAFs 

support HGSOC tumour development in the omentum, it is essential to investigate CAF 

behaviour in vivo, for example in animal models of HGSOC.  

 

6.4.2 White adipocytes 

As white adipocytes are the most abundant cell within the omentum, an understanding of 

how CAFs assemble and remodel ECM to modulate the invasive capacity of HGSOC 

cells in an adipocyte rich environment is vital. Whilst the results produced during this 

project indicated a role for Arf6 in the regulation of collagen I deposition and remodelling 

by CAFs to facilitate HGSOC cell invasion, the relevance of this mechanism in the 

omentum is not yet clear. It is possible that the regulation of ECM assembly and 

remodelling through endocytic recycling in CAFs is impacted by the tri-directional cross-

talk which likely occurs between CAFs, HGSOC cells, and white adipocytes in the 

omentum. Delaine-Smith et al. have developed a tri-culture model which includes 

HGSOC cells, primary CAFs, and primary omental white adipocytes. In this model, CAFs 

were able to efficiently assemble ECM proteins such as fibronectin, collagen I, 

fibronectin, and versican, proving that it can be used to study CAF behaviour in an 

environment that more accurately recapitulates the complex interactions which occur in 

the omental TME. We hypothesise that Arf6 plays a role in the assembly of ECM by 

CAFs in the omentum, and we aim to utilise a similar tri-culture model to determine the 

importance of Arf6 in collagen I deposition and remodelling within a more physiological 

relevant setting.  
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6.4.3 Immune cells  

The cell-cell interactions between CAFs and the various immune cells present in TMEs 

are known to be of great importance in tumour progression. CAFs in the omentum are 

capable of secreting factors, such as CXCL12 and CSF-1, which recruit tumour-

promoting TAMs displaying an M2 phenotype to the TME [160]. Furthermore, their 

secretion of additional factors, including IL-6, supports the generation of an 

immunosuppressive environment by stimulating Treg cell proliferation and survival 

[161]. Furthermore, the cross-talk between CAFs and immune cells in the omentum is 

bidirectional. For example, Treg cells have been shown to secrete PDGFA which 

enhances the growth of CAFs [139]. Given the ability of immune cells to modulate CAF 

behaviour in the omentum, it will be important to investigate how endocytic recycling 

controls ECM assembly and remodelling by CAFs in the presence of immune cells. 

A possible approach to study the impact of immune cells on CAF function is to generate 

tri-culture spheroids consisting of Kuramochi cells, CAFs, and an immune cell type such 

as primary TAMs. Similar work by others has demonstrated how the inclusion of immune 

cells in 3D culture systems of fibroblasts and non-small cell lung cancer cells was 

sufficient to enhance MMP secretion and ECM protein deposition [465]. It will therefore 

be interesting to monitor whether immune cells, such as HGSOC patient derived TAMs, 

are capable of altering the dependence of CAFs on Arf6 for supporting Kuramochi 

invasion out of spheroids.  
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6.4.4 Animal models  

Models that incorporate other stromal cells will enable CAF behaviour, and the 

importance of Arf6 in ECM assembly, to be studied in a more physiologically relevant 

setting. However, given the complexity of the many different interactions occurring 

between each cell type in the HGSOC TME, the ultimate aim is to investigate the 

importance of Arf6 for HGSOC metastasis in animal models. Genetically engineered 

mouse models have been used extensively to study the metastasis of various cancer types, 

including HGSOC, and mouse models of HGSOC can be generated through the 

expression of known oncogenic mutations associated with the disease in the ovary, or in 

the fallopian tube [466] [467]. In addition, metastatic HGSOC mouse models can be 

produced through intra-peritoneal injection of HGSOC cells derived from mice, or 

humans. Omental metastases were detected in a number of mouse models generated in 

this manner, and analyses of their TME revealed similarities with that found within 

human HGSOC patient derived omentum [468]. 

With regards to modulating CAF function within the omentum of HGSOC mouse models, 

one approach that maybe used is the Cre/Lox system. Mo et al. recently demonstrated 

how this method can be used to generate mice in which a protein of interest has been 

knocked out specifically in stromal fibroblasts [469]. They were able to highlight a role 

for their protein of interest, YAP1, in enabling OC cells to communicate with stromal 

fibroblasts through exosome secretion. A similar approach may therefore be used to 

investigate the importance of Arf6 in HGSOC metastasis in vivo, where mice could be 

generated with Arf6 knocked out specifically in CAFs within the omental stroma.  
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6.5 Conclusions and future directions 

The work carried out during this project highlights Arf6-regulated endocytic recycling as 

an important controller of collagen I assembly and remodelling by activated, 

myofibroblast-like, CAFs which enables the support of cancer cell invasion in the 

HGSOC metastatic TME. In addition, the comparison of ECM protein composition 

between healthy, uninvolved, and diseased, omentum samples highlighted several 

proteins which may be of importance in supporting metastatic HGSOC tumour 

development. As discussed previously, there a number of additional experiments which 

may be carried out to investigate these findings in greater detail, and those which will be 

prioritised are as follows: 

 As MT1-MMP has been implicated in collagen I fibrillogenesis and is thought to 

undergo recycling in an Arf6-regulated manner, ECM deposition assays, and 

spheroid invasion assays together with SHG microscopy, will be carried out 

following MT1-MMP depletion to investigate the potential role of this cargo in 

generating ECM in the omental TME. 

 

 BioID will be used to identify key Arf6 regulators, such as GEFs and GAPs, which 

control its activity in CAFs, as well as Arf6-associated cargoes and effector 

proteins that may enable Arf6 to influence ECM assembly and remodelling in the 

HGSOC metastatic TME.  

 

 It will be essential to investigate the importance Arf6-regulated recycling in CAFs 

during HGSOC metastasis in a system that more accurately recapitulates the 

environment found within the omentum. Initially, tri-culture systems will be set 

up consisting of CAFs, HGSOC cells, and either white adipocytes or immune cell 

types such as TAMs. The impact of Arf6 depletion on ECM assembly/remodelling 

will be evaluated, together with the influence of these other non-malignant cell 

types on the Arf6-mediated facilitation of OC cell line invasion. Following on 

from this, Arf6 function in CAFs may also be investigated in mouse models of 

HGSOC through generating Arf6 knockout CAFs specifically in the stroma of the 

omentum as described previously. Furthermore, others have demonstrated how 

the Arf6 inhibitor, NAV-2729, can hinder uveal melanoma tumourigenesis in 

mouse models via injection into the peritoneum, and we may utilise a similar 

approach to target Arf6 function in the HGSOC omental stroma [470]. 
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 Whilst a number of ECM proteins were identified using mass spectrometry as 

increasing in omental abundance with HGSOC progression, the functions of these 

proteins in the TME, and the role of CAFs in their synthesis and assembly, have 

not yet been investigated. The expression levels of proteins such as vitronectin,  

agrin, AEBP1, collagen VIII, and prolargin, will firstly be measured in CAF 

isolates. The impact of depleting these proteins on the facilitation of HGSOC cell 

invasion by CAFs will then be investigated, together with the influence of 

endocytic recycling pathways on their synthesis and deposition in the extracellular 

space.  

 

The necessity of Arf6-regulated endocytic recycling for CAFs to support HGSOC 

metastasis opens up the possibility of chemotherapeutically interfering with Arf6 function 

in the omentum as a means of preventing, or minimising, HGSOC colonisation. 

Furthermore, Arf6 has also been shown to be involved in cell invasion, both in normal 

and malignant cells, suggesting that targeting Arf6 in the omentum has the potential to 

obstruct the pro-tumourigenic properties of both the cancer cells and the non-malignant 

stromal cells to prevent metastasis [471] [472] [473].  

However, an issue that is often encountered during attempts to target either individual 

ECM components in the TME, or their synthesis, is that healthy, non-tumour burdened 

tissues can also be effected [109]. Given that Arf6-regulated endocytic recycling is also 

involved in the cellular processes which occur in healthy tissue, including normal cell 

migration, cytokinesis, and endothelial cell adhesion, impairing Arf6 function in vivo may 

result in non-desirable off-target effects [474]. It will therefore be essential to determine 

the impact of Arf6 inhibition on normal cell behaviour, both in cell culture systems and 

in model organisms. Furthermore, the use of BioID may allow the identification of other 

protein machineries that associate with Arf6 and enable it to regulate collagen I assembly 

and remodelling by CAFs, but are not as essential as Arf6 for normal cell function, and 

may therefore serve as more suitable targets for chemotherapeutic intervention [422] 

[291].  
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