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ABSTRACT 

Ovarian cancer is the most common cause of female gynaecological cancer death and ~80% of 

patients will have developed metastasis at diagnosis. For this reason, it is fundamental to 

discover novel mechanisms controlling ovarian cancer metastasis. Ovarian cancer metastasis 

relies on cancer cell migration and interaction with the extracellular matrix (ECM), mediated 

by surface receptors like integrins. Extracellular proteases, like ADAMTSs, are fundamental 

to degrade the ECM and facilitate cell migration, leading to the formation of a tumour-

promoting environment. The small GTPase Rab25 has been shown to control cancer cell 

migration in 3D environments, increasing integrin recycling. We have recently demonstrated 

that ADAMTS5 was upregulated by Rab25. Moreover, ADAMTS5 inhibition reduced the 

migration and invasion of ovarian cancer cells over-expressing Rab25.  

 

In this thesis we showed that the ECM component fibronectin promoted ADAMTS5 

expression. Mechanistically, we found that the fibronectin co-receptor syndecan-4 was 

required for Rab25-driven ADAMTS5 expression. We also found that ADAMTS5 was 

necessary and sufficient to stimulate ovarian cancer cell migration through matrix, while 

ADAMTS5 inhibition and knockdown prevented ovarian cancer spheroid invasion and 

migration through mesothelial cell layers. Furthermore, we developed an in vivo Zebrafish 

model to elucidate the contribution of Rab25 to ovarian cancer metastasis and found that Rab25 

overexpression promoted ovarian cancer metastasis formation. Altogether, these data identify 

ADAMTS5 as a novel regulator of ovarian cancer cell migration and invasion, suggesting it 

might represent a novel therapeutic target to prevent ovarian cancer metastasis. 
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CHAPTER 1: Introduction 

In this chapter, I will cover the basics of ovarian cancer development, progression, and 

metastasis; explore the role of the extracellular matrix (ECM) in cancer progression and 

introduce regulators of cancer cell migration.  

1.1 Ovarian cancer: 

Cancer is a group of diseases characterised by the abnormal growth and transformation of cells. 

It is one of the leading causes of death worldwide that led to 10 million deaths in 2020 (WHO, 

2021), being one of the major societal, public health and economic problems of the 21st century. 

Studies working on prediction of cancer cases estimate that there will be a 77% increase in 

cancer cases by 2050 compared to 2022, if the projected changes in population growth and 

cancer rates remain the same (Bray et al., 2024), highlighting the need to invest in prevention 

and treatments.  In this thesis, I will focus on ovarian cancer, the most common cause of female 

cancer death when looking at gynaecological malignancies. 

1.1.1 Epidemiology  

Breast (23.8%), cervical (6.8%), uterine (4.3%) and ovarian (3.4%), are among the most 

frequently diagnosed cancers in women, together they account for almost 40% of all cancers 

affecting women (Bray et al., 2024). In 2018 there were approximately 7,500 new cases of 

ovarian cancer and 4,200 deaths in the UK (Cancer Research UK, 2021). Early-stage ovarian 

cancer is normally symptom free, and when symptoms start to appear, they tend to be non-

specific leading women to be diagnosed at an advanced stage. This reduces 5-year survival rate 

to 29% compared to early-stage detection survival rate and increases reoccurrence, as 80% of 

the patients will already have developed metastasis by the time of diagnosis (Dhaliwal and 

Shepherd, 2021). Furthermore, despite advances in precision medicine and cytotoxic therapies; 

treatment safety and efficacy (due to chemoresistance) are not consistent when looking at solid 
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tumour treatments. Anti-invasive and antimetastatic drugs have been overlooked in the past 

years as the drug end point is not tumour shrinkage but metastatic reduction. Recent regulatory 

changes have been implemented allowing for metastatic endpoints for solid tumour therapies, 

which will lead to new opportunities to develop migrastatics; drugs that block cell movement 

or invasion, broadening cancer treatment options (Rosel et al., 2019). This is a great 

advancement as metastasis is considered the most life-threatening event for patients with 

cancer, accounting for 90% of tumour-related deaths (Riggio et al., 2021). However, this often 

repeated claim can be considered overly simplistic as it lacks robust evidence, due to the 

multifactorial nature of cancer including primary tumour burden, organ dysfunction, systemic 

effects, treatment related toxicity and other pathologies (Boire et al., 2024). Nevertheless, a 

better understanding of the metastatic events is necessary, as a high frequency of ovarian cancer 

patients have micro-metastasis that are not detectable with current technologies. 

1.1.2 Pathological classification, development, and progression   

Ovarian cancer can be classified into epithelial or non-epithelial cancers (figure 1.1). Epithelial 

ovarian cancer (EOC) accounts for more than 90% of ovarian cancer cases while non-epithelial 

include germ-cell, accounting for approximately 5%, sex-cord stromal and small cell 

carcinoma, accounting for the rest. EOC can be further classified in six different subtypes: 

serous, clear cell, endometrioid, mucinous, squamous carcinoma and transitional cell 

(Worzfeld, et al., 2017). Historically all subtypes were classified by clinicians and researchers 

as of ovarian epithelial origin, as the dominant mass was located on the ovary, but lesions to 

other areas (fallopian tubes or peritoneum) were reported (Piek et al., 2001; Woolas et al., 

1994). Recently, high-grade serous ovarian cancer, accounting for 75% of all EOC, has been 

shown to arise predominantly from tissue within the fallopian tube (Köbel and Kang, 2022). 

The world health organization (WHO) has now reclassified female genital tumours using 

combined terminology for the site of origin to tubo-ovarian high-grade serous carcinoma 
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(WHO, 2020). Other ovarian cancer types, such as endometroid and clear cell carcinoma, do 

also not develop from the ovarian tissue but arise from ectopic endometrium. Mucinous ovarian 

cancer tissue of origin has been controversial, most of these tumours were misdiagnosed 

metastasis from other organs like uterus, pancreas, colon and stomach (Ledermann et al., 2014), 

but a small rate of them do actually originate from the epithelium of the ovaries. Ovarian cancer 

origin heterogeneity presents extra challenges for the study and treatment of this disease 

(Blagden, 2015). To aid advancing therapies better nomenclature and classification are needed 

to optimise treatment. To achieve this, further research to determine early events leading to 

ovarian cancer development is required.  

Figure 1.1. Location of origin of the different ovarian cancer subtypes. Diagram showing different parts of the 

female reproductive system. Ovarian cancer types have been labelled in red next to the current known tissues from 

which they develop. Due to the multiple tissues of origin of serous ovarian cancer a star was used to mark the 

different location of origin of this subtype. Image created using BioRender.  
 

Moreover, ovarian cancer can be further classified by stage and grade that will define tumour 

progression. The International federation of Gynaecology and Obstetrics (FIGO) have defined 

the staging system for ovarian, fallopian and peritoneum cancers. There are four stages, I-IV, 
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that describe how advanced the tumour has grown, I being the earliest and IV the most 

advanced (Berek et al., 2021). The criteria for each stage are summarised in figure 1.2. In 

addition, EOC can be categorised by grade. Multiple grading systems are currently used, the 

most common ones are the FIGO, WHO or Gynecology Oncology Group, USA, (GOG). Based 

on the FIGO system, there are a total of three grades based on architectural features depending 

on the ratio between granular and papillary structures against solid tumour structures. In low 

grade cancers (grade I) there is less than 5% solid tumour, moderate grade cancers (grade II) 

have between 5% and 50% solid tumour growth and finally high-grade cancers (grade III) are 

more than 50% solid tumour, growing more quickly and being more likely to spread. As these 

grading systems were not useful in classifying all ovarian cancer subtypes, were not universally 

applied and were not always prognostically meaningful when comparing early and late stages, 

Silverberg and colleagues proposed a grading system that considers the architectural pattern, 

nuclear pleomorphism and mitotic activity (Silverberg, 2000). Each of these parameters scores 

1 to 3 points, following guidelines. If the final score is between 3-5, it is a well-differentiated 

grade I tumour; between 6-7 a moderately differentiated grade II tumour; while between 8-9 a 

poorly differentiated grade III tumour.  
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Figure 1.2. Stages of ovarian cancer. The illustration shows where cancer cells are located during the different 

ovarian cancer stages, including the description of the four main stages (I to IV) and substages of the disease as 

classified in the FIGO staging system. Illustration made using BioRender. 

 
 

1.1.3 Molecular abnormalities underlying ovarian cancer 

The most common EOC subtype is high grade serous ovarian carcinoma (HGSC), also 

classified as the most lethal. HGSC are associated with mutations in the TP53 gene. The 

majority of TP53 mutations are missense variants, but frameshift, nonsense or splice junction 

variants leading to complete loss of protein have also been observed (Salani et al., 2008). TP53 

is a tumour suppressor gene involved in G2 checkpoint, controlling cell cycle arrest, senescence 

or apoptosis in response to cellular stress (Bieging et al., 2014). In contrast to what could be 

expected, a study analysing The Cancer Genome Atlas (TCGA) data found that TP53 wildtype 

tumours could lead to worse prognosis than mutated (missense, frameshift, splice-site and 

nonsense) TP53 tumours (Wong et al., 2013), potentially due to upregulation in EDAR2, which 
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regulates NF!B leading to survival and invasion. Moreover, approximately 50% of HGSC 

show defective homologous recombination of somatic and germline breast cancer gene 

(BRCA) mutations, epigenetic activations of BRCA or abnormalities in DNA repair genes 

(Testa et al., 2018). BRCA1/2 are components of the homologous recombination repair 

machinery for double strand DNA breaks; mutations in others members, such as, RAD51C, 

RAD51D and BRIP1, have also been associated with increased risk of developing ovarian 

cancer (Ramus et al., 2015). Furthermore, omics studies have confirmed the high chromosomal 

instability of this types of cancer. RB1 (encoding for retinoblastoma, a negative regulator of 

cell cycle progression), NF1 (neurofibromin, a negative regulator of cell growth), FAT3 (FAT 

Atypical cadherin 3, coordinating cell-cell adhesion), CSMD3 (CUB and Sushi multiple 

domain 3, an activator of mitogen-activated protein kinase (MAPK) signalling pathway), 

GABRA6 (gamma-aminobutyric acid receptor subunit alpha-6) and CDK12 (cyclin-dependent 

kinase 12, regulating gene transcription, RNA splicing and DNA replication) were further 

found mutated in HGSC and 113 focal somatic copy number alterations were detected, like 

amplification of CCNE1 (Cyclin E1, cell cycle regulator), MYC (myelocytomatosis oncogene, 

playing a role in cell cycle progression and apoptosis) and MECOM and deletions in PTEN 

(phosphatase and tensin homolog, negative regulator of cell division and growth), RB1 and 

NF1 (Bell et al., 2011). Other alterations are commonly located in the Notch, phosphoinositide 

3-kinase (PI3K) and RAS-MEK signalling pathways (Matulonis, et al., 2016).  

When looking at other ovarian cancer subtypes, v-raf murine sarcoma viral oncogene homolog 

B1 (BRAF) mutations are normally only found in serous borderline tumours or low-grade 

serous carcinomas. Even if low grade serous carcinomas show more mutational stability and 

have been proven to be less aggressive than HGSC, these tumours tend to be less responsive to 

chemotherapy, leading to poor long-term prognosis (Tone et al., 2014). Loss of PTEN and 

activation of PIK3CA are common in endometroid and clear cell subtypes, but not in serous or 
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mucinous (Kuo et al., 2009). Moreover, clear cell carcinoma frequently has inactivating 

mutations of ARID1A, a subunit of the SWI/SNF chromatin remodelling complex which 

facilitates gene activation, as it is associated to endometriosis, while HER2 amplification has 

been reported in this and mucinous subtypes. Mucinous subtype has also been reported to 

exhibit KRAS mutations (Cuatrecasas et al., 1997; Lheureux et al., 2019; Wiegand et al., 2010).  

Small cell carcinoma of the ovary, currently with unknown tissue of origin, is associated with 

somatic and germline inactivating mutations in SMARCA4, part of the SWI/SNF chromatin 

remodelling complex together with ARID1A, associated with loss of protein expression 

(Jelinic et al., 2014). 

Not only is ovarian cancer a highly heterogenic disease, with multiple tissues of origin, but it 

also displays a varied genetic and molecular background. It is known that genome instability 

and mutations to tumour suppressor genes and oncogenes drive the transformation of normal 

cells into neoplastic states forming malignant tumours. Hanahan (2022) has recently proposed 

the concept of “enabling characteristics”, molecular or cellular mechanisms that aid cancer 

cells to adopt functional trails; among these, non-mutational epigenetic reprograming can be 

found. Multiple epigenetic events have been reported in ovarian cancer, many of them linked 

to tumour progression and chemotherapy resistance. To mention a few examples, 

hypermethylation of MLH1, involved in DNA repair, is found in more than 50% of ovarian 

cancer with platinum resistance while epigenetic silencing of the tumour suppressor gene 

DLEC1 is linked to ovarian cancer recurrence (Lin et al., 2018; Zeller et al., 2012). 

1.1.4 Current detection and treatments  

There is no screening test for ovarian cancer to increase early detection. As it occurs with many 

other cancer types, the risk of developing ovarian carcer increases with age. This is mostly due 

to accumulation of genetic alterations and exposure to environmental factors, being 5 times 

more common in women over 60 years of age than under (National Cancer Institute, 2024). 
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Most patients are asymptomatic during early stages of ovarian cancer, and when showing 

symptoms, they can be misdiagnosed due to similarities with other pathologies like 

gastrointestinal conditions, as there are no clear or unique symptoms specific to ovarian cancer. 

Another common issue for early detection is that early lesions do not occur in the ovaries, 

which makes it harder to know where to look. Common diagnosis tests are transvaginal 

ultrasound or high blood levels of carbohydrate antigen 125 (CA125). CA125 is an epitope 

located on mucin 16, a glycoprotein expressed on epithelial cells from the ovaries, fallopian 

tube and peritoneum, among other tissues, which is not normally found in the bloodstream, but 

under pathological conditions, such as ovarian cancer, levels can rise. However, CA125 can 

also be elevated in endometriosis and benign tumours or be non-detectable in early-stage 

ovarian cancer (Whitwell, et al., 2020), increasing the risk of misdiagnosis. Increased levels of 

CA125 are most frequent in HGSC compared to other subtypes; it is found elevated in 50% of 

stage I patients, with better detection in later stages (Jacobs et al., 1999; Tian et al., 2009). The 

Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening trial tested the efficacy of 

CA125 as a screening tool by enrolling more than 78,000 women, between the ages of 55-78, 

and assigning them randomly to two groups: one where normal care screening was provided 

(examination with ovarian palpation) and the other where annual screening with CA125 blood 

test and transvaginal ultrasound was provided. Ovarian cancer was diagnosed in both groups 

at a similar rate (4.7 and 5.7 per 10.000 persons/year respectively). Independently of the 

screening technique, approximately 80% of cases were late stage (III or IV), which led to no 

reduction in overall mortality (Buys et al., 2011). A further trial carried out in the UK (United 

Kingdom Collaborative Trial of Ovarian Cancer Screening - UKCTOCS) that enrolled 200,000 

post-menopausal women aimed to investigate the effect of early detection using the Risk of 

Ovarian Cancer Algorithm (ROCA) in ovarian cancer mortality. ROCA uses baseline levels of 

CA125, serially collected levels, age, menopausal status, and other genetic risk factors. A small 
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increase in survival, due to annual screening using ROCA, was reported in the study but the 

results were not statistically significant (Jacobs et al., 2016).  

Human epididymis protein 4 (HE4), a surface glycoprotein like CA125, has been reported to 

be elevated in serous and endometroid tumours, with changes in levels occurring earlier than 

CA125 (Abbink et al., 2018; Drapkin et al., 2005).  

There are currently two FDA approved multivariate index assays, OVA1 and ROMA. OVA1 

assay measures multiple serum biomarkers including CA125 and calculates the risk index of 

ovarian malignancy. As it uses more than one biomarker, it is able to identify higher levels of 

early stage ovarian cancer and subtypes frequently misdiagnosed due to low levels of CA125 

(Dunton et al., 2021; Ueland et al., 2011). ROMA incorporates levels of CA125 and HE4 with 

menopausal status and carries out a regression model. This was shown to be more sensitive 

than CA125 serum levels alone at detecting early-stage disease, with higher sensitivity in 

premenopausal women than postmenopausal, potentially due to postmenopausal women 

needed to be further subdivided in early and late postmenopausal stages so that better cut-offs 

for the levels of CA125 and HE4 could be applied (Chan et al., 2013; Moore et al., 2009). 

These screening and detection issues lead to most patients being diagnosed at late or advanced 

stage presenting metastasis. Activation of invasion and metastasis, covered in detail in section 

1.2, is one of the hallmarks of cancer, associated with higher pathological grades, poor 

prognosis, and higher mortality (Hanahan and Weinberg, 2011). Therefore, finding therapy 

targets that can prevent metastasis is fundamental. 

First line of treatment for ovarian cancer involves surgery, that depending on woman age and 

cancer stage, type, and grade, may lead to bilateral or unilateral oophorectomy. If patients are 

classified with well-differentiated stage I ovarian cancer, after debulking of the macroscopic 

tumours they will not receive chemotherapy. For all other cases, platinum-based chemotherapy, 

like cisplatin or carboplatin, is administered post-surgery. In some cases, the use of taxane 



 10 

agents, like paclitaxel, is also administered as a combination therapy. Improvement in survival 

has been observed when paclitaxel is incorporated weekly (dose-dense) instead of every 3 

weeks together with carboplatin every 3 weeks (Armstrong et al., 2006; Katsumata et al., 2009). 

Platinum derived chemotherapies lead to cytotoxicity by crosslinking with DNA, forming 

platinum-DNA adducts recognised by proteins involved in nucleotide excision repair, 

mismatch repair and high mobility group proteins, leading to apoptosis via a still unclear 

process hypothesised to be mediated via activation of c-ABL and JNK/SAPK pathway 

(Kartalou and Essigmann, 2001; Nehmé et al., 1997).  Even if platinum-based chemotherapy 

is effective, 75% of patients will recur, developing resistance to chemotherapy and succumbing 

to the disease (Agarwal and Kaye, 2003). Over the last decades, PARP inhibitors have been 

approved by the FDA for use in ovarian cancer management together with bevacizumab, a 

monoclonal antibody that binds VEGF, as second-line chemotherapy for patients with 

resistance or BRCA mutations. Emerging therapies are being developed to bridge the gap of 

demand for novel treatment approaches. For instance, clinical trials for immunotherapy 

pembrolizumab, durvalumab or rintatolimod have just finished (estimated completion dates 

2024 up to late 2025), while small molecule kinase inhibitors and gene therapies are also being 

considered (Tavares et al., 2024).  

Overall, ovarian cancer is the most lethal reproductive cancer for females, refinement of 

screening techniques and development of more targeted treatments to enhance patient outcome 

are needed. Therefore, research focusing on understanding the development and progression 

of the disease may help identify new targets and biomarkers for earlier diagnosis and improved 

survival.  

1.2 Ovarian cancer cell migration and dissemination  

Most solid tumour cancers like breast, lung, colon, and liver metastasise via the lymphatic 

system or blood system following a series of processes, termed the invasion/metastasis cascade. 
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This involves local invasion, intravasation, survival in the circulation, extravasation, and 

colonization of distant tissues. On the contrary, ovarian cancer metastasis occurs mostly 

passively (figure 1.3). The ovary has no anatomical barrier, allowing cancer cells to move 

freely in the peritoneal cavity once detached from the primary tumour (Motohara, et al., 2019). 

Ascites formation, a condition which refers to the build-up of fluid in the abdominal cavity, is 

one of the complications of ovarian cancer. Movement of the ascitic fluid can lead to cells 

shedding from the primary tumour, either as spheroids including stromal components or single 

cells. Detached spheroids/cells then float in the ascitic fluid and reach the omentum and 

peritoneum, the most common metastatic sites, and rarely the liver or lungs (Yeung, et al., 

2015). After shedding from the primary tumour, ovarian cancer cells must avoid anoikis, the 

process by which adherent cells undergo apoptosis when they lose cell-matrix interactions 

(Hanahan and Weinberg, 2011). It was shown that while floating in ascitic fluid ovarian cancer 

cells gained anoikis resistance via "v#3 integrin activation, which led to decreased caspase-3 

activation and increased expression of Bcl-2, resulting in cell survival (Dolinschek et al., 2021). 

Additionally, it has been shown that amplification of chromosome 1q22, which leads to 

overexpression of Rab25 in breast and ovarian cancer, is linked to preventing apoptosis and 

anoikis and increasing proliferation in both anchored and non-anchored cancer cells (Tan et al., 

2006). As multiple spheroids can shed from the primary tumour, metastasis to the 

intraperitoneal cavity occurs rapidly and dissemination occurs in multiple areas (Lengyel, 

2010). Previous research and clinical observations have revealed that ovarian cancer cells have 

a preference for adipose-rich surfaces in the peritoneal cavity, such as the omentum, with 

approximately 80% of women showing omental metastasis (Schild et al., 2018). Boyden 

chamber experiments, where ovarian cancer cells were seeded in the top compartment and 

either adipocytes or conditioned media from adipocytes were placed in the bottom 

compartment, showed increased ovarian cancer cell migration when adipocytes were present 
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and an even bigger effect with the conditioned media, suggesting the involvement of a soluble 

factor. Five cytokines were further identified as abundantly secreted by adipocytes: IL-6, IL-8, 

MCP-1, TIMP-1, and adiponectin. Addition of inhibitory antibodies against IL-6, IL-8, MCP-

1 and TIMP-1 resulted in at least 50% decreased migration of cancer cells towards matrigel 

plugs containing adipocytes when compared to the absence of antibodies (Nieman et al., 2011). 

Moreover, it was further investigated if adipocytes provided energy to cancer cells in the form 

of lipids to sustain metastatic growth. An increase of lipid droplets was observed when ovarian 

cancer cells were cocultured with adipocytes. Thanks to the use of adipocytes loaded with 

fluorescently labelled lipids, it was possible to observe that lipids were transferred from 

adipocytes to cancer cells. It was discovered that ovarian cancer metastatic cells upregulate 

fatty acid binding protein 4 (FABP4) in comparison to primary tumours. FABP4 is a small fatty 

acid binding protein that assists in the trafficking of lipids in the cells, functioning as a 

chaperone during lipolysis, the breakdown of triglycerides to fatty acids and glycerol. When 

ovarian cancer cells were cocultured with adipocytes, increased in fatty acids release and 

increased phosphorylation of hormone-sensitive lipase (HSL) were observed, which led to 

lipolysis. Moreover, when cancer cells were cocultured with adipocytes, they showed increased 

MAPK phosphorylation, activation of protein kinase A and #-oxidation, all signs of lipid 

metabolism adaptation for energy production (Nieman et al., 2011; Scheja et al., 1999).  
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Figure 1.3. Ovarian cancer dissemination. The illustration shows the process through which ovarian cancer cells 

migrate and metastasise. Firstly, ascitic fluid builds up. VEGF has been linked to accumulation of ascitic fluid in 

the abdomen and its inhibition was found to reduce ascites formation in mouse models (1), then cells shed from 

the primary tumour into the peritoneal cavity. Increase FN and !5"1 integrin promotes cell detachment from the 

primary tumour, while MMP14 cleavage of !3 integrin decreases adhesion of cancer cells. Loss of E-cadherin 

leading to activation of epithelial to mesenchymal transition (EMT) and overexpression of Rab25, which supports 

anchorage-independent proliferation, are also linked to cancer cell shedding from the primary tumour (2), after 

which cells adhere to the tissue where metastasis will occur. Adhesion to the mesothelial layer of cells that cover 

the abdominal organs have been shown to be promoted by MMP2 and MMP9, which can cleave collagen and 

fibronectin located on top of mesothelial cells. Furthermore, FN and vimentin have been shown to promote 

anchorage via !5"1 and !v"3 integrin interactions (3). Once cells have attached, colonization of the tissue occurs. 

Multiple MMPs have been shown to promote invasion of ovarian cancer cells. Stimulation of cluster of 

differentiation 44 (CD44) expression in cancer cells by ascites increases binding to hyaluronic acid which in turn 

promotes adhesion and migration of cancer cells. CXCL12 found on ascitic fluid engages with its receptor CXCR4 

located in ovarian cancer cells promoting "1 integrin expression, which increases migratory potential. 

Additionally, lysophosphatidic acid (LPA), also upregulated in the ascitic fluid, promotes cancer cell motility by 

inducing MMP secretion (4). Finally, a pro-tumorigenic microenvironment is achieved to support cancer cell 

growth and survival in the new tissue. After implantation, inflammation of the tissue results in stromal cell 

secretion of IL-1, IL-6 and IL-8, which stimulate angiogenesis by increasing ovarian cancer cell secretion of 

VEGF, leading to new vasculature formation and survival of the metastasis (5). In red some of the factors known 

to promote the different stages of ovarian cancer progression are listed. Illustration made using BioRender, 

adapted from (Yeung et al., 2015). 
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Once the spheroids reach the secondary site, they interact with the mesothelium, a single 

epithelial cell layer that covers the organs in the peritoneal cavity, before colonization occurs 

(Yeung, et al., 2015). Early adhesion of the ovarian cancer spheroids to the mesothelium has 

been found to be mediated by matrix metalloproteinases (MMP), that are upregulated during 

ovarian cancer progression (Egeblad and Werb, 2002). MT1-MMP (also known as MMP14) 

was found to cleave mucin 16 from the surface of ovarian cancer cells, which led to enhanced 

adhesion of cancer cells to the mesothelium in an integrin-dependent manner. It was suggested 

that mucin 16 initially facilitates weak binding to the mesothelial monolayer via interaction 

with mesothelin located on peritoneal mesothelial cells, while shedding of the ectodomain via 

MT1-MMP-mediated cleavage leads to potential exposure of integrin #1 which further 

stabilises the adhesion (Bruney et al., 2014). On the other hand, MMP2 was found to enhance 

adhesion by cleaving FN and vitronectin into smaller fragments to which cells adhere more 

strongly (Kenny et al., 2008). Once cancer cells are attached to the mesothelium, they start to 

proliferate and invade the surrounding tissues. These processes have been found to be promoted 

by ascitic components, including lysophosphatidic acid, which promotes motility and 

invasiveness of cancer cells (Fang et al., 2002); CXCL12 binding to CXCR4, which increases 

#1 integrin expression and cancer cell migratory potential (Balkwill, 2004); and increased 

CD44 expression in cancer cells that binds to hyaluronic acid, increasing migration (Casey and 

Skubitz, 2000). Finally, the formation of macrometastasis is achieved when ovarian cancer 

cells implant in secondary tissues. This stimulates the release of cytokines due to inflammation 

in the tissue, such as interleukin 1, 6 and 8, that in turn lead to increased vascular endothelial 

growth factor (VEGF) secretion, creating an optimal microenvironment for metastatic growth 

(Freedman et al., 2004; Stadlmann et al., 2005).  

Passive dissemination is not the only way ovarian cancer can metastasise. Pradeep and 

colleagues have shown that ovarian cancer metastasis can also occur hematogenously by using 
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a parabiosis model (Pradeep et al., 2014). They excised the skin of female mice and connected 

their circulation via anastomosis. Successful connection of the circulation was confirmed by 

injecting dye into one mouse and the appearance of dye in the other. Host mice were injected 

with ovarian cancer cells in the ovaries to investigate metastatic spread in host and guest mice. 

Mice were separated 2 weeks after injection and omental metastasis was found after 25 days 

with no micrometastases present in other organs of the guest mice, confirming that ovarian 

cancer cells can spread hematogenously having a predilection for the omental tissue (Pradeep 

et al., 2014).  

Altogether, ovarian cancer metastasis occurs mainly via passive dissemination to the peritoneal 

cavity. Cancer cells shed from the primary tumour, often as spheroids, and if they survive into 

the ascitic fluid they reach the omentum or peritoneum, where they adhere. Adhesion is 

facilitated by upregulation of ECM protein, cell surface receptors and MMPs which create a 

supportive microenvironment for metastasis to occur.  

1.3 Importance of the ECM in tumour progression 

It has become apparent that cancer is not only the accumulation of genetic mutations. These 

are necessary, but not sufficient for cancer progression. Instead, cancer is a complex ecosystem, 

that includes cancer cells, stromal cells, and ECM, figure 1.4. Interactions between these 

players are fundamental for tumour development, survival and progression (de Visser and 

Joyce, 2023). The foundation of this theory comes from the “seed and soil hypothesis”  

described by Paget, where it was suggested that to understand cancer it was not only important 

to look at the cancer cells, or “seed”, but also at their surrounding cells, matrix, nutrients and 

signals, or “soil”;  this is now defined as the tumour microenvironment (TME) (Paget, 1889). 
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Figure 1.4. Tumour microenvironment. The illustration shows the main components of the tumour 

microenvironment, including cancer cells, different types of stromal cells, the ECM and vasculature. Image made 

using Biorender.  
 

The TME composition varies between tumour types and subtypes, showing heterogeneity from 

patient to patient. However, some core factors are always present, like tumour cells, 

vasculature, cancer-associated stomal cells, immune cells, ECM, and secreted factors 

(Bharadwaj and Mandal, 2024). The interactions between the different cell types and the ECM 

lead to a complex and dynamic signalling network, which has been found to promote several 

hallmarks of cancer, such as angiogenesis (Watnick, 2012), metastasis (Neophytou et al., 2021) 

and drug resistance (Salemme et al., 2023).  

The ECM is a non-cellular component essential for the maintenance of tissue homeostasis, as 

it promotes cell-cell communication, adhesion and proliferation (Frantz et al., 2010). During 

cancer development and progression, the ECM is dysregulated and undergoes continuous 

remodelling, giving rise to biochemical and biophysical cues that influence cell adhesion and 
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migration (Walker et al., 2018). Mass spectrometry approaches were used to clarify matrix 

composition in tumours. 1056 genes were found to be linked to the matrisome, by combining 

in silico prediction with proteomic analysis; of these 278 were defined as core matrisome genes, 

encoding for 200 glycoproteins (including FN, laminins and tenascins), 35 proteoglycans and 

43 collagens, while 778 genes were considered matrisome-associated genes, which included 

secreted factors (such as growth factors and cytokines), ECM regulators (including MMPs, 

ADAM, LOX) and ECM-affiliated (like semaphorins and mucin) (Naba et al., 2012). 

1.3.1 ECM proteins in ovarian cancer TME 

In ovarian cancer several ECM proteins have been found dysregulated, contributing to primary 

tumour growth, survival in ascitic fluid and metastasis (Brown et al., 2023). There are two main 

types of ECM: basement membrane (BM) and interstitial matrix (IM). The BM is secreted 

mostly by epithelial or endothelial cells, it is located beneath them separating them from the 

IM, and it is mainly formed by non-fibrillar collagen IV, laminin, nidogens and perlecan. On 

the other hand, the IM, located in the lamina propria, is mainly secreted by mesenchymal cells, 

and is composed of fibrillar collagens I and III, fibronectin, elastin, decorin and hyaluronic acid 

(Pompili et al., 2021). During ovarian cancer peritoneal metastasis, ovarian cancer cells interact 

with both the BM and IM proteins of the pelvis and abdomen. In this section, I will discuss the 

major components of ovarian cancer ECM.  

a. Collagens  

Collagens are the most abundant ECM protein, comprising 28 different types that can be 

categorised into three major groups: fibrillar, non-fibrillar and fibril-associated (Ricard-Blum, 

2011), with fibrillar collagens being the predominant group. 

Collagens are formed by three polypeptide, ", chains of different sizes (from 662 to 3152 amino 

acids) that form homo- or heterodimers (Ricard-Blum et al., 2005). The three " chains arrange 
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by forming a right-handed triple helix that is stabilised by the presence of glycine, located at  

every third residue, resulting in the formation of a triple helix comprised of Gly-X-Y repeats 

(Persikov et al., 2005). The X and Y locations are mainly prolines and 4-hydoxyprolines but 

their composition is variable (Weis et al., 2010).  

Collagen is synthetised as procollagen (figure1.5). Firstly, pro-" chains undergo multiple post-

transitional modifications in the ER, resulting in the formation of the triple helix facilitated by 

heat shock protein 47 (Sauk et al., 2005). Further modifications, like hydroxylation, are added 

to the pro-collagen before it is transported to the Golgi apparatus, where final modifications 

occur before being assembled into secretory vesicles (Wu et al., 2025). Once in the extracellular 

space, the N-terminus is cleaved by a disintegrin and metalloproteinase with thrombospondin 

motifs 2 (ADAMTS2), except for the N-terminus of the pro- "1 V chain that is cleaved by 

bone morphogenic protein 1 (BMP-1). BMP-1 also cleaves the C-terminus of the pro-peptides, 

resulting in a  functional collagen molecule (Hopkins et al., 2007).  

Collagens can be divided in subfamilies depending on the supramolecular assembly into fibrils, 

beaded filaments or anchoring fibrils (fibril-associated collagens with interrupted triple-helices 

- FACIT) and networks (Ricard-Blum, 2011). Lysyl-oxidase (LOX) mediates the assembly of 

collagen into fibrils, by crosslinking the telopeptides that are left exposed after the removal of 

the pro-peptides. The obtained fibrils are heterotypic in nature formed by 3 components; a 

major fibrillar collagen (collagen I or II), a minor fibrillar collagen (collagen V or XI), and a 

FACIT (collagen IX, XII or XIV) (Revell et al., 2021). 
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Figure 1.5. Collagen structure. Collagen chains are formed by Gly-X-Y repeats, where X and Y mostly represent 

proline and 4-nhydroxyproline, respectively. Three alpha chains form the procollagen triple helix structure. The 

N- and C-terminus domains are cleaved by ADAMTS2 and BMP-1 respectively, giving rise to mature collagen. 

Image made using Biorender.  

 
In the normal ovarian tissue, collagen fibrils are thin, long, and wavy, running parallel to the 

epithelial boundary, while during cancer development the fibrils become short and thick 

running in a perpendicular direction to the boundary. The formation of these collagen tracks is 

known as tumour-associated collagen signature, linked to loss of elasticity and increase in 

stiffness (Adur et al., 2014). Increased collagen deposition by CAFs and tumour-associated 

macrophages is observed in multiple cancers (Xu et al., 2019); for instance, in breast cancer it 

has been linked to increased invasiveness and tumour progression (Provenzano et al., 2006). 

In ovarian cancer, collagen I has been linked to increased adhesion and migration of different 

ovarian cancer cell lines (Shen et al., 2012) and spheroids (Burleson et al., 2004) and to 

paclitaxel resistance (Gurler et al., 2015). Collagen VI has been shown to increase 

chemoresistance to cisplatin (Sherman-Baust et al., 2003), while collagen XI has been 

correlated to high stages of disease and poor survival, it has been identified as a recurrence 
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predictor, it was found elevated in metastasis and it can be considered a biomarker for platinum-

resistance (Cheon et al., 2014; Teng et al., 2014; Wu et al., 2014). 

b. Laminins 

Laminins are the second major component of the BM after collagen IV. There are twelve 

different mammalian laminin heterodimers formed by the assembly of three disulphide-linked 

polypeptides, ", # and % chains, into the shape of an asymmetrical cross (Colognato and 

Yurchenco, 2000). The N-terminus of laminins normally interact with other BM molecules, 

helping in the assembly and stability of the BM, while the C-terminus interacts with cell surface 

receptors mediating signalling between the cells and the ECM, this allows cells to mediate 

adhesion, migration and survival by regulating apoptosis among other functions, figure 1.6 

(Aumailley, 2013). In ovarian cancer laminin delimits the area between epithelial cells and the 

stroma. This is found disrupted in proximity to areas with invading cells, during early stages 

of invasion (Campo et al., 1992). This work did not specify which specific laminin heterodimer 

was studied. During later stages of ovarian cancer, high levels of laminin are found in ascitic 

fluid which could be linked with metastasis promotion. Due to the type of antibodies used, 

authors could not determine if the change was observed in whole laminin or fragments  (Byers 

et al., 1995). Moreover, it was suggested that ovarian cancer cells may produce laminin at later 

stage of metastasis to promote migration and invasion by binding to cell surface receptors that 

are also dysregulated during cancer progression, such as integrins and CD44. Injection of 

ovarian cancer cells in mouse ovaries together with laminin-111 was found to be linked to 

bigger tumours and more ascites production when compared to cancer cells co-injected with 

gelatine. Moreover, laminin-111 and its peptides led to increased cell adhesion and increase in 

survival gene expression in vivo (Yoshida et al., 2001). Moreover, laminin-511 secreted in 

exosomes by ovarian cancer cells was found to be taken up by omental macrophages, leading 

to a pro-tumoral phenotype (H. Li et al., 2022). On the contrary, laminin subunit a3 gene 
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(LAMA3) expression was found to be lower in carcinoma tissue when compared to normal, 

potentially due to DNA methylation. Low LAMA3 expression was linked to lower recurrence-

free survival and overall survival when compared to high LAMA3 expression (Tang et al., 

2019), potentially functioning as a tumour suppressor.  

Figure 1.6. Laminin structure and function. Laminins are composed of three polypeptide chains, a, b and c. 

Laminin binds to cell surface receptors, such as integrins and dystroglycans, via the C-terminus and to the BM 

via the N-terminus; this triggers downstream signalling pathways mediating adhesion, migration, survival and 

preventing apoptosis. Image made using Biorender.  

 

c. Fibronectin  

Fibronectin (FN) is a glycoprotein that mediates cell-ECM interaction during development 

(George et al., 1993). FN interacts with other ECM proteins, cell surface receptors, 

glycosaminoglycans and other FN molecules (Hynes and Yamada, 1982). FN exists as a dimer 

linked via a pair of antiparallel disulphide bonds at the C terminus. Each monomer is composed 
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of repeating units, including twelve type I, two type II and fifteen to seventeen type III motifs, 

forming a modular protein (Zollinger and Smith, 2017). FN adopts a compact conformation 

where the type III2-4 of one subunit covalently interacts with the type III12-14 from the other, 

folding on itself (Lemmon et al., 2011). This conformation is a soluble form that is then 

assembled by cells into a insoluble fibrillar network, that is incorporated in the ECM (Hynes, 

1990). This assembly occurs as a multistep process. Adherent cells interact with the soluble 

FN dimer via integrins located in focal adhesions. FN/integrin binding unfolds the FN molecule 

into a linear structure that, by stretching the domains, allows further FN binding, leading to the 

formation of a network in an irreversible manner (Morla and Ruoslahti, 1992), figure 1.7. FN 

has been shown to promote cell growth, migration and differentiation during wound healing, 

embryonic development and tumorigenesis (To and Midwood, 2011).  

Figure 1.7. Fibronectin assembly. Fibronectin dimers interact via disulfuric bonds and are further folded via ionic 

interactions. Once FN bind to cell surface receptors of the integrin family, the dimer undergoes a conformational 

change becoming linear where other FN molecules can anchor. Image made using Biorender.  
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In ovarian cancer FN is an indicator of poor prognosis, that has been shown to promote cancer 

cell migration and invasion. Its expression was found elevated in omental metastasis and ascites 

(Franke et al., 2003; Kenny et al., 2008; Lou et al., 2013; Wilhelm et al., n.d.). Higher FN 

expression is found in patients with higher FIGO stages (stage III and IV) when compared to 

lower FIGO stages (stage I and II) (Bao et al., 2021). Moreover, it was also shown to promote 

migration of ovarian cancer cells in an "5#1 integrin dependent manner (Caswell et al., 2007). 

FN also promotes adhesion and migration of ovarian cancer spheroids to the peritoneum during 

early metastatic events. FN expression and secretion is induced in mesothelial cells by ovarian 

cancer cell interacting in a transforming growth factor beta (TGF- #)/RAC1 signalling-

dependent manner (Kenny et al., 2014; Rieppi et al., 1999). Indeed, knock down of FN in 

mesothelial cells reduced cancer cell proliferation and migration. In vivo models confirmed the 

need for FN during omental metastasis, as mice with FN deficiency developed less metastasis 

post ovarian cancer cell injection (Kenny et al., 2014). 

d. Proteoglycans  

All ECM contains proteoglycans at different concentrations, for example they are the major 

component of the cartilage matrix. They were firstly identified in the ECM, where they can 

vary in form and function, from the small leucine-rich decorin to the big aggrecan (Aspberg, 

2012; Reed and Iozzo, 2002). Proteoglycans can also be located on the cell surface, mostly as 

transmembrane proteins, such as syndecans and CD44; while others, like glypicans, are 

anchored to the outer face of the plasma membrane via glycosylphosphatidylinositol (Dick et 

al., 2012). Serglycin is the only proteoglycan known to be located intracellularly in mast cell 

granules and endothelial cells, where it is thought to regulate the secretion of the chemokine 

CXCL1 (Meen et al., 2011), figure 1.8. Finally, a few proteoglycans, including syndecan and 

glypicans, have been reported in the nucleus, but this remains controversial, as is not clear how 

proteoglycans are transported into the nuclei, due to their size. It has been suggested that 
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syndecans could be cleaved by MMPs, and syndecan fragments could be transported to the 

nucleus (Couchman and Pataki, 2012; Richardson et al., 2001). Proteoglycans are a complex 

macromolecule with a protein core, containing functional domains that can affect cell-matrix 

dynamics, and one or more glycosaminoglycan (GAG) chains that contains alternating units of 

hexosamine acid, hexuronic acid or galactose, contributing to the heterogeneity of the 

proteoglycan family (Karamanos et al., 2018). The type of GAG chain attached to the protein 

core is determined by the core protein structure, the linker tetrasaccharide that extends from 

the anchor site modifications, and the Golgi apparatus biochemical environment (Prydz, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

Figure 1.8. Proteoglycans family members. Extracellular matrix proteoglycans, such as versican, aggrecan and 

neurocan, are shown linked to hyaluronic acid; cell surface proteoglycans, like syndecan and glypican are located 

at the plasma membrane by their transmembrane domain or via glycosylphosphatidylinositol. Serglycin is located 

intracellularly in vesicles. Image from (Edwards, 2012). 

 

In normal tissues, proteoglycans provide hydration and compressive resistance (Hynes and 

Naba, 2012), while during ovarian cancer they have been found associated with multiple 

processes. Decorin loss of expression in ovarian cancer ECM is linked to cancer progression 

(Nash et al., 2002). Another small leucine-rich repeat proteoglycan, lumican, was also found 
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to be reduced in the ovarian cancer stroma, but no link with cancer progression was established 

(Amankwah et al., 2011). Loss of perlecan expression in the BM correlated to higher invasion, 

as staining was absent at the invasive front of tumours in patient samples, but it was retained 

close to new vasculature (Davies et al., 2004). Hyaluronic acid high levels correlates with 

higher tumour grades and metastasis, as it is known to promote cancer cells adhesion to the 

peritoneum (Casey and Skubitz, 2000; Catterall et al., 1999; Hiltunen et al., 2002). Moreover, 

it has been linked to reduction of carboplatin chemotherapy efficiency. Carboplatin has been 

shown to increase production of hyaluronic acid, which leads to increased ABC transporter 

expression, which transport different substances out of the cells including drugs, that in turn 

induce chemotherapy resistance (Ricciardelli et al., 2013). Versican is also found elevated in 

many malignant tumours. In ovarian cancer, increase levels of versican in the stroma correlated 

with increase in hyaluronic acid. Moreover versican is known to interact with hyaluronan acid 

and CD44, cell surface receptor for hyaluronan acid, which is potentially linked to promoting 

cancer progression (Ghosh et al., 2010; Voutilainen et al., 2003; Ween et al., 2011). Versican 

overexpression was linked to increased microvessel density, invasion potential and poorer 

overall and progression-free survival in ovarian cancer patients (Ghosh et al., 2010). 

Furthermore, it facilitates adhesion of ovarian cancer cells and spheroids to the mesothelial 

monolayer as it promotes disaggregation and cell migration. This suggests that versican might 

drive metastasis, as reduction in its expression impaired the ability of cancer cells to generate 

peritoneal metastasis in vivo  (Desjardins et al., 2014). 

1.3.2 ECM degradation and remodelling 

The ECM is constantly being deposited, degraded, and remodelled to maintain tissue 

homeostasis (Walker et al., 2018). During tumour progression, normal tissue homeostasis is 

lost. A highly aligned, anisotropic, and organised ECM is a sign of desmoplasia, as normal 

ECM has a random isotropic arrangement of fibres. This ECM alignment serves as trails for 
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cancer cells to migrate (Provenzano et al., 2006). Importantly, biochemical and biophysical 

cues are also released while the ECM is actively remodelled, as it serves as a reservoir of 

growth factors and bioactive molecules, further influencing adhesion and migration of cells 

(Geiger and Yamada, 2011). As changes occur during tumour progression, an increased 

secretion of fibronectin, collagen I, III and IV, and cancer type-specific ECM proteins, such as 

increased expression of hyaluronan acid in pancreatic cancer or chondroitin sulphate 

proteoglycan in glioblastomas, occurs thanks to cross-communication between the ECM and 

tumour cells (Malik et al., 2015). The changes in ECM composition between cancer types can 

be used as prognostic biomarkers (Cirri and Chiarugi, 2011), such as laminin #3 chain 

expression, which was identified as a poor prognostic factor in colorectal cancer and 

hyaluronan acid accumulation in the tumour is linked to poor prognosis in pancreatic cancer 

(M.-S. Kim et al., 2021; Sato et al., 2016).  

For cancer cells to invade and migrate, they need to breach though the BM, which normally 

functions as a physical barrier to cell migration. This is why cancer cells that need to become 

motile adopt different migratory behaviours to move through the ECM barrier (Kelley et al., 

2014). One way in which cancer cells can breach through the BM is mediated by the build-up 

of mechanical force. As cancer cells proliferate, they are spatially constricted by the BM. This 

results in an increase in the mechanical stress that may lead to BM rupture (Chang and 

Chaudhuri, 2019). Another method is mediated by protrusive invadopodia, actin rich 

protrusions of the plasma membrane on the basal surface of cells, into the BM, creating a breach 

in the membrane that allows the cell to squeeze in the gap as it widens (Walker et al., 2018). 

Evidence has found high levels of matrix degrading enzymes at the breaching sites. 

Interestingly, optical highlighting and landmark photobleaching experiments has shown that 

gap formation is not correlated with degradation of the matrix. All together it suggests that 

degradation of the matrix is only partial and laminin and collagen IV are also pushed to the 
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side by invadopodia, suggesting the involvement of multiple factors during cancer cell invasion 

(Kelley et al., 2014; Morrissey et al., 2013).  

1.3.2.1 Stromal cells in ECM remodelling: cancer associated fibroblasts and 

cancer associated mesothelial cells 

Fibroblasts secrete most of the components of the ECM, moreover they also secrete MMPs, 

which degrade ECM, and their counterparts tissue inhibitors of metalloproteinases (TIMPs), 

helping to maintain normal ECM turnover (Kalluri and Zeisberg, 2006). During cancer 

progression, fibroblasts and other stromal cells become activated, similarly to activation during 

wound healing processes, and together with cancer cells they can regulate matrix alignment 

(Cukierman and Bassi, 2010). Cancer-associated fibroblasts (CAFs) can be activated by 

various mechanisms, including inflammatory cues, changes in ECM stiffness or composition, 

and metabolite secretion by cancer cells  (Kalluri and Zeisberg, 2006). A well-known regulator 

of CAF activation is TGF#, that has been established to promote the activation of SMAD 

transcription factors. This drives the expression of "-smooth muscle actin ("SMA), increasing 

contractility of the cytoskeleton and promoting ECM remodelling. In addition, stimulation with 

IL-1, IL-6 and TNF" can also lead to CAF activation while loss of Notch signalling can 

promote CAF phenotype in some cancer types (Sahai et al., 2020). CAFs can be classified into 

three main groups based on their genetic and epigenetic profile, although more subtypes have 

been identified in the tumour stoma in a cancer type-dependent manner (de Visser and Joyce, 

2023): inflammatory (iCAF), myofibroblastic (myCAF) and antigen presenting CAF (apCAF). 

iCAF are linked to metastasis, angiogenesis and immunosuppression and have been shown to 

be induced by TNF" and IL-1"; myCAFs have been shown to promote matrix deposition, 

migration, invasion and metastasis, they are characterised by high "SMA expression; finally, 

apCAF are linked to immunosuppression (Louault et al., 2020). CAF heterogeneity could be 

due to the diverse cell precursors. CAFs mainly derive from fibroblasts or pericytes located 
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close to the tumour, but they can also derive from; 1) mesenchymal stem cells located in the 

bone marrow, 2) epithelial or mesenchymal cells that have undergone EMT or 3) endothelial 

cells (Cirri and Chiarugi, 2011).  

CAFs have been shown to promote cancer cell proliferation in multiple cancer types, by 

releasing hepatocyte growth factor (HGF), epidermal growth factor and cytokines. For example 

HGF secreted by CAFs has been shown to increase proliferation of lung cancer cells via 

activation of c-Met receptor which led to activation of PI3K/Akt (protein kinase B) in cancer 

cells (Yao et al., 2024). Similarly, CAF-derived HGF increased proliferation and drug 

resistance of ovarian cancer cells by the activation of c-Met signalling pathway (Deying et al., 

2017). Moreover, CAFs secrete several proteases which mediate the degradation of the ECM 

and cleavage of growth factors, leading to tumour expansion, invasion and angiogenesis (Roy 

et al., 2009). Beside this, CAFs have also been shown to promote angiogenesis, via the 

expression of connective tissue growth factor, resulting in the formation of micro-vessels. 

Additionally the secretion of MMP9 and MMP13 by CAFs indirectly activate VEGF by 

releasing it from the ECM (Joshi et al., 2021). In addition to primary tumour growth, CAFs 

have been linked to invasion and distant metastasis by accelerating the process of EMT. CAFs 

were found to regulate EMT via regulation of #-catenin mediated by cytokine secretion and 

extracellular vesicles (Liu et al., 2024). For example, CXCL12 secreted by CAFs activates #-

catenin signalling in tumour cells, which in turn leads to the expression of genes promoting 

EMT. Moreover, microRNA from CAFs have been shown to downregulate PTEN expression 

and activate #-catenin and PI3K/Akt signalling in bladder cancer, further promoting EMT 

(Shan et al., 2021). EMT can also be activated by CAFs in an #-catenin independent manner, 

as it was shown that loss of caveolin-1 in CAFs led to increase in the migration and invasion 

ability of breast cancer cells, via the  secretion of TGF# and activation of TGF#RII receptors 

in breast cancer cells (Huang et al., 2022). Finally, CAFs were also found to facilitate cancer 
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progression by inducing inflammation in tumours, recruiting macrophages, neutrophils and 

lymphocytes to the tumour stroma, resulting in the formation of a pro-tumorigenic TME and 

facilitating tumour progression (Chiarugi, 2013). 

In ovarian cancer, CAFs have been shown to promote tumour growth, proliferation, and 

metastasis via the activation of EGFR/Extracellular signal-regulated kinase (ERK)/Akt 

pathways in cancer cells (Zhang et al., 2022). Moreover, it was found that co-culturing 

fibroblasts with ovarian cancer cells led to increased motility of the cancer cells in a TGF# 

dependent manner. Furthermore, in fibroblasts co-cultures with ovarian cancer cells, higher 

levels of versican were observed compared to fibroblast only cultures. This process was found 

to be dependent on TGF# secreted by cancer cells, as it was prevented in the presence of a 

TGF# neutralising antibody. The CAF-mediated versican upregulation then promoted ovarian 

cancer cell motility by activating NF!B signalling pathway and expression of CD44 and 

MMP9 in cancer cells (Yeung et al., 2013). 

One of the major causes of death in ovarian cancer is recurrence, due to metastasis and 

resistance to chemotherapy. In these processes, cancer associated mesothelial cells (CAMCs) 

in the ovarian cancer TME play an important role. 

Mesothelial cells from a monolayer that lines the organs of the abdominal cavity, including the 

omentum and small intestines, and are the primary barrier to ovarian cancer dissemination. 

Similar to fibroblasts, when mesothelial cells become activated, they undergo morphological 

changes, with increase in "SMA and vimentin expression, fibronectin secretion, and reduction 

of E-cadherin, which in turn leads to EMT (Lv et al., 2011). CAMCs have been found to 

promote adhesion and invasion of ovarian cancer cells to the peritoneum by increasing 

secretion of IL-8 and CCL2 (Zheng et al., 2022). Moreover, CAMCs have been shown to 

secrete hyaluronic acid, which binds to the CD44 receptor highly expressed on the ovarian 

cancer cell surface, which was shown to promote adhesion the mesothelium (Casey et al., 2003; 
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Gardner et al., 1996; Jones et al., 1995). CAMCs can further facilitate metastasis by secreting 

VEGF, in response to TGF# secreted from ovarian cancer cells, which acts on epithelial cells 

boosting their migratory potential and vasculature formation abilities of human umbilical 

venous endothelial cells (Fujikake et al., 2018). TGF#, secreted form ovarian cancer cells, 

further activates RAC1/SMAD3 pathway via binding to the TGF#RI in CAMCs, which 

induces the upregulation of fibronectin expression. This has been shown to support adhesion 

and migration of ovarian cancer cells expressing "5#1 integrin to fibronectin deposited on 

CAMCs (Kenny et al., 2014).  

1.3.2.2 Matrix degrading enzymes 

For tumour invasion to succeed, infiltration, dissemination, and substitution of normal tissue 

by tumorigenic tissue is needed. To support these processes, degradation of the ECM and 

formation of new tumour supporting ECM that aids the growing tumour mass need to be 

achieved (Madsen and Bugge, 2015). This is mediated by the secretion of matrix degrading 

enzymes. In this section I will discuss MMPs, ADAMs and ADAMTSs, together denominated 

the metzincin protease superfamily, as they have a methionine residue next to the zinc-

dependent metalloproteinase active site (Kelwick et al., 2015). 

a. Matrix metalloproteases (MMPs) 

MMPs are a family of 24 zinc-dependent endopeptidases that play crucial roles in various 

physiological processes, such as embryonic development, tissue remodelling, and wound 

healing, as well as in pathological conditions like cancer, arthritis, and cardiovascular diseases 

(Birkedal-Hansen et al., 1993; Sekhon, 2010). They are capable of degrading a diverse array 

of ECM proteins, including collagens, elastin, and gelatine (Zitka et al., 2010). Depending on 

their structure, function, and cellular localization, they can be grouped in eight subcategories. 

From the N-terminus to the C-terminus, MMPs typically consist of a pro-peptide, a catalytic 
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domain, a linker peptide or hinge region and a hemopexin domain (Cui et al., 2017). MMPs 

are synthesised as inactive proenzymes, which once in the ECM, or on the cell surface in some 

cases, need to be activated. Most MMPs are activated by furin cleavage of the RXKR or RRKR 

sequence located between the pro-domain and the catalytic domain (Ra and Parks, 2007). 

Activation of MMPs can also occur via furin-independent mechanisms, including cleavage  by 

other MMPs, such as pro-MMP2 that is cleaved by MMP14 (Ra and Parks, 2007). To ensure 

that ECM turnover is tightly regulated, MMPs are inhibited by "2-macroglobulin or TIMPs. 

"2-macroglobulin sequesters the enzyme while TIMPs chelate the catalytic zinc atom with their 

N-terminal domain (Löffek et al., 2011). 

In cancer, MMPs have been found commonly overexpressed both by cancer cells and stromal 

cells, promoting ECM degradation and growth factor release (Deryugina and Quigley, 2006) 

and being implicated in different stages of tumour progression and metastasis (figure 1.9). 

Invasion and intravasation (figure 1.9-1) were found to be promoted by MMP-1, -2, -3, -7, and 

-14. MMP-1 secreted from CAFs was found to cleave PAR-1 which drove cancer cell migration 

and invasion in an in vivo mouse xenograft model of breast cancer (Boire et al., 2005). PAR-1 

is a G-protein-coupled receptor that when cleaved can activate proinflammatory and 

proliferative signalling, including IL-8. MMP-2 and MMP-14 were known to release TGF-# 

from the ECM, that can then stimulate cancer cell invasion, migration, immune responses and 

proliferation (Kessenbrock et al., 2010). MMP-3 overexpression leads to cleavage of E-

cadherin, which in turn promotes EMT, leading to migration of premalignant mammary 

epithelial cells (Lochter et al., 1997). Multiple MMPs are associated with cancer spread, MMP-

2 and 3 with lymph node metastasis and vascular invasion in oesophageal squamous cell 

carcinoma (Shima et al., 1992), MMP-11 is linked to increased local invasiveness in head and 

neck cancer (Muller et al., 1993) while MMP13 correlates with increased metastatic capacity 

in head and neck, and vulvar squamous cell carcinoma (Johansson et al., 1999, 1997). MMPs 
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also promote tumour growth by stimulating angiogenesis (figure 1.9-2); for example, MMP-1 

promotes the expression of VEGF receptor 2 by stimulation of MAPK and activation of nuclear 

factor kappa-B (NF!B) which leads to the promotion of endothelial cells proliferation 

(Quintero-Fabián et al., 2019). MMP-9 is known to control angiogenesis by regulating 

availability of VEGF. In pancreatic cancer, it was found that infiltrating cells expressed MMP-

9 which cleaved ECM-bound VEGF improving availability for its receptor in pancreatic islet 

cells (Bergers et al., 2000). On the contrary, MMPs can also inhibit angiogenesis. MMP-2, -9 

and -12 have been shown to produce angiostatin by degrading plasminogen, which has been 

found to inhibit human microvascular endothelial cells proliferation and differentiation in vitro 

(Cornelius et al., 1998). Tumstatin is a fragment produced from the cleavage of plasminogen 

by MMP-9, which has been identified as a suppressor of vasculature formation. Indeed, MMP-

9 deficient mice showed increased tumour growth as they had reduced levels of tumstatin in 

blood (Hamano et al., 2003). Moreover, inflammation of the tumour microenvironment can be 

regulated by MMPs (figure 1.9-3). TNF-", a known proinflammatory cytokine, is expressed as 

a membrane-bound precursor. The removal of its prodomain is mediated by ADAM-17 and 

MMPs, such as MMP-1, -2, -3, 9 and -12. Secretion of TNF-" by macrophages, natural killer 

cells and T-cells, leading to TNF-" receptors, TNFR1 and TNFR2, activation on cancer cells 

induces tumour cell death and tumour-associated endothelial cell death, which increases 

vasculature permeability due to disruption of the vasculature, increasing immune cell 

infiltration into the tumour (Alim et al., 2024). MMP-7 was found to indirectly regulate 

neutrophil infiltration by cleaving syndecan-1 (SDC1) from cell surfaces. SDC1 is known to 

form complexes with CXCL1, which once released by MMP-7 cleavage leads to the formation 

of a gradient attracting neutrophils (Li et al., 2002). Similarly, MMP-9 cleavage of 

CXCL8/interleukin-8 complex leads to increased chemotaxis gradients, which attract 

neutrophils (Van den Steen et al., 2000). Finally, MMPs can support the formation of metastatic 
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niches (figure 1.9-4). MMP-9  ability to release VEGF and Kit ligand from the ECM promoting 

angiogenesis has been linked to the formation of the metastatic niche which recruits stem cells 

and progenitors cells from the bone marrow to metastatic sites that are tumour-type specific, 

as injection of Lewis lung carcinoma cells lead to metastasis in lung and liver and melanoma 

cells disseminated more widely in mice models (Kaplan et al., 2005). In addition, MMP-1 

correlates with poor prognosis in colorectal and oesophageal carcinomas (Reunanen and 

Kähäri, 2013), MMP-1, -2 and -9 serum levels correlate with poor prognosis in breast cancer 

(Kwon, 2023), while MMP-7 serum levels correlates with bladder cancer poor prognosis 

(Szarvas et al., 2014). In ovarian cancer, increased expression of MMP-9 was found to corelate 

with poor prognosis (Sillanpää et al., 2006).  

 

Figure 1.9. MMP functions in the TME. The illustration shows the different roles of MMP in tumour progression 

and their substrates. Image from (Kessenbrock et al., 2010). 
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In ovarian cancer, MMP-2 and MMP-9 are associated with tumour aggressiveness (Brun et al., 

2008), invasion (Moser et al., 1994) and promotion of metastasis (Schmalfeldt et al., 2001). 

Furthermore, MMP-7 overexpression was linked to promotion of invasion and migration 

(Wang et al., 2005; Zhao et al., 2012). Additionally, MMP-7 has been shown to be elevated in 

80% of malignant ovarian cancers compared to 40% borderline and normal samples (Al-Alem 

and Curry, 2015), but controversially, high expression was also found to correlate with better 

10-year disease free survival (Sillanpää et al., 2006), leaving the role of this enzyme uncertain. 

MMP-8 expression levels were identified to correlate with tumour grade, tumour stage and 

poor prognosis. Furthermore, its production was upregulated in response to interlukin-1 beta 

potentially promoting an invasive phenotype. MMP-8 was found to correlate with tumour 

progression in a study that examined 302 patients with different types of ovarian cancer 

(Stadlmann et al., 2003). Stratification of patients into short survival and long survival 

population showed that MMP-13 expression in ascitic fluid correlated with decreased overall 

survival (Hantke et al., 2003) 

b. A disintegrin and metalloproteases (ADAMs) 

ADAMs are a family of 21 metalloendopeptidase proteins, which cleave membrane protein 

extracellular domains. Unlike MMPs they are all membrane bound, but variant proteins have 

been found secreted, as multiple ADAM genes have alternative spliced transcripts (Edwards et 

al., 2008). For example ADAM12 encodes for full length ADAM12 protein and short length 

ADAM12 protein which does not have the transmembrane and cytoplasmic domains (Wewer 

et al., 2006). ADAMs are composed of a pro-domain, a disintegrin domain, a metalloproteinase 

domain, a cysteine-rich domain and an EGF like domain, followed by the transmembrane 

domain and the cytoplasmic domain (H. Zhu et al., 2021), figure 1.10. After ADAMs are 

synthetised in the endoplasmic reticulum, they are transported to the Golgi for further 

maturation. Once at the plasma membrane, ADAMs are inactive until the pro-domain is 
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removed, mostly by furin-mediated cleavage (Seals and Courtneidge, 2003). ADAMs take their 

name due to similarities to the disintegrin domain of snake venom metalloproteinases, that 

contain RGD sequences which allows them to interact with integrins. On the contrary, ADAMs 

disintegrin domain lack RGD binding sites (Evans, 2001); however, there is now evidence that 

a motif present in their disintegrin loop allows interaction with integrins (White et al., 2005), 

influencing cell adhesion and cell-cell interactions. The ADAM cysteine-domain was found to 

mediate cell adhesion, in addition to shedding of membrane bound proteins. ADAM12 

cysteine-domain was found to bind to syndecans located on the cell surface of mesothelial cells 

promoting initial integrin-independent adhesion (Iba et al., 2000). The secreted form of 

ADAM-9 (ADAM-9S), lacking transmembrane and cytoplasmic domains, was shown to 

regulate colon cancer cell invasion in vitro through binding to "2#1 and "6#4 integrins via its 

disintegrin domain. Indeed, when integrin blocking antibodies were present ADAM-9S-driven 

invasion was strongly reduced (Mazzocca et al., 2005). Moreover, ADAM-9S was shown to 

be catalytically active against laminin-1, resulting in increased invasion in laminin-1 containing 

matrices. 
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Figure 1.10. ADAM structure. The illustration shows the general structure of the ADAM family members and 

their activation by cleavage of the pro-domain by convertases like furin proteases. Image from (Lambrecht et al., 

2018). 

 

ADAM-10 and 17 have been shown to release EGFR ligands from the membrane of cells, 

including EGF, TGF-" and amphiregulin, which are known to be implicated in cancer 

development and progression (Sahin et al., 2004). ADAM-9 was found highly expressed in 

epithelial cells from well differentiated prostate tumours, while its expression was reduced as 

cancer progressed to advanced stages. ADAM-9 knockout in mice led to the development of 

smaller prostate tumours when compared to controls carrying either one or two alleles of 

ADAM-9. Furthermore, overexpression of ADAM-9 in mouse prostate epithelial cells led to 

abnormal epithelium and neoplasia (Peduto et al., 2005). ADAM-12 overexpression in mouse 

models of breast cancer has been linked to increase tumour progression (Kveiborg et al., 2005). 

Moreover, ADAM-15 knocked out mice showed less neovasculature and smaller tumours after 
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being injections with melanoma cells (Horiuchi et al., 2003), while others have found that its 

downregulation in prostate cancer cells led to reduced migration and adhesion to fibronectin, 

vimentin and lamin (Najy et al., 2008).  

In ovarian cancer, low expression levels of ADAM-23 in epithelial cells is associated with poor 

survival, higher FIGO stages and lymph node metastasis (Ma et al., 2018). ADAM-10 and 17 

have been shown to mediate the shedding of the adhesion protein nectin-4, suggesting that it 

may promote cancer cell migration, as shed nectin-4 has been found to promote tumour cell 

survival via translocation of the endo-domain to the nucleus, and migration and EMT activation 

via activation of PI3K/Akt signalling pathway via the ecto-domain (Buchanan et al., 2017; 

Wang et al., 2025). Moreover, ADAM-17 has also been found to decrease cisplatin efficacy by 

increased shedding of its substrates which in turn activate downstream cell survival signalling. 

Therefore, combination of inhibition of ADAM-17, using the small molecule inhibitor 

GW280264X, with cisplatin led to increased sensitivity to chemotherapy (Hedemann et al., 

2021). 

c. A disintegrin and metalloprotease with thrombospondin motifs (ADAMTSs) 

ADAMTSs are secreted enzymes, associated to zinc metalloproteases as they contain a 

methionine residue close to the zinc-dependent active site, found to have multiple roles in tissue 

morphogenesis and pathologies, inflammation and vasculature formation (Gomis-Rüth, 2009). 

There are 19 genes that encode for ADAMTSs. ADAMTSs family members are named 1 to 

20, excluding ADAMTS11 which was assigned to the same protein as ADAMTS5 (Apte, 

2009). Their structure includes a signal peptide, a pro-region, a metalloproteinase domain, a 

disintegrin like domain, a central thrombospondin type I repeat, a cysteine rich domain, 

followed by a spacer region (figure 1.11). All family members have the same structure for the 

protease domain that spans up to the thrombospondin type I repeat, while the ancillary domain 

is where the variability is introduced (Apte, 2009). Depending on their domain organization, 
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ADAMTSs can be subdivided into eight categories, with different substrate preferences 

summarised in table 1.1. ADAMTSs can be activated in multiple ways. The pro-domain 

maintains the protein folded correctly and inactive; all ADAMTSs contain a furin-like pro-

protein convertase cleavage site, pro-ADAMTS1 and 4 can also be activated in the Golgi and 

secreted in an active state, while others are activated by furin extracellularly (ADAMTS5) or 

in the cell surface (ADAMTS9) (Koo et al., 2007). Furthermore, some members do not need 

the removal of the pro-domain to be catalytically active, like ADAMTS13, that contains an 

extremely short pro-domain which appears to not be involved in activation of the protease but 

potentially in binding of other proteins (Majerus et al., 2003). ADAMTSs substrate-binding 

preferences, catalytic activity regulation and association with the ECM depends on the ancillary 

domain (Kelwick et al., 2015). Similarly to the other metalloproteinases, their activity is 

inhibited by TIMPs (Murphy, 2011) or by internalization and degradation via low-density 

lipoprotein-related protein 1 (LRP-1) (Yamamoto et al., 2014). 

 
Figure 1.11. ADAMTS generic structure. The illustration shows the general structure of the ADAMTS family 

members. Starting from the N-terminus, a signal peptide (S), a pro-region (Pro), a metalloproteinase domain 

(Met), a disintegrin like domain (Dis), a central thrombospondin type I repeat (T1), a cysteine rich domain (Cys), 

a spacer region (Spa) with a variable C-terminus which can contain more thrombospondin type I repeat. 

Pro Met DisS Cys Spa Variable C-terminusT1N C
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Table 1.1. ADAMTS family members classification. In the table is possible to see the classification of the different 

members and the substrates they are known to cleave  

 

Multiple ADAMTSs have been found dysregulated in cancer, functioning both as tumour 

suppressors and tumour promoters. This dual role could be due to the different ECM substrates, 

the cleavage of which could have different impacts in the TME. We have recently reviewed 

ADAMTS role in modulating ECM dynamics, cancer cell-ECM interactions and oncogenic 

signalling pathways during cancer metastasis (Bacchetti et al., 2024).   

A pan-cancer analysis demonstrated that most ADAMTS were upregulated in pancreatic cancer 

while ADAMTS1, 8, 9, 10 and 15 were found downregulated in multiple cancer types 

(Bacchetti et al., 2024). Moreover, their expression was found to vary depending on cancer 

stage, for example ADAMTS1 was found downregulated in early stages of breast and head and 

neck cancers, but it latter appears to be overexpress, promoting metastasis at later stages 

(Demircan et al., 2009; Porter et al., 2004; Tan et al., 2013). Their ability to regulate cancer not 

Classification ADAMTS member Main Substrate

Aggrecanases and 
proteoglycanases

ADAMTS1
ADAMTS4
ADAMTS5
ADAMTS8
ADAMTS9

ADAMTS15
ADAMTS20

Aggrecan, versican, 
brevican, neurocan, 

fibromodulin, decorin, 
syndecan, biglycan

COMP proteinases ADAMTS7
ADAMTS12 COMP

Procollagen N-peptidases
ADAMTS2
ADAMTS3

ADAMTS14
Pro-collagen

Von-Willebrand factor 
proteinases ADAMTS13 Von-Willebrand coagulation 

factor

Unclassified 

ADAMTS6
ADAMTS10
ADAMTS16
ADAMTS17
ADAMTS18
ADAMTS19

Unknown 
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only resides in the remodelling of the ECM, but also via direct interaction or cleavage of growth 

factors that modulate downstream signalling pathways, including activation of TGF-# by 

ADAMTS1, 6, 10 and 16 leading to cell migration (Bacchetti et al., 2024).  

To summarize ECM composition and remodelling are fundamental for tumour development, 

growth, and metastasis. The different ECM proteins, secreted either by the cancer cells or 

cancer supporting stromal cells, play a fundamental role in cancer cell adhesion, migration, and 

survival. Moreover, degradation of the ECM by matrix degrading enzymes, like MMPs, 

ADAMs and ADAMTSs is also needed to allow cancer cells to escape the primary tumour, 

breach through the BM and establish a supportive TME for growth and metastasis.  

  

1.4 ADAMTS5 role in cancer initiation and progression 

ADAMTS5 has numerous proteoglycan substrates, and it has been well characterised in 

osteoarthritis, where it cleaves aggrecan, one of the major components of the cartilage matrix. 

Similarly to ADAMTS1 and ADAMTS4 (Kumar et al., 2012a), it has been identified as a 

tumour promoter and a tumour suppressor, in a context-dependent manner.  

On the one hand, its role as a tumour suppressor has been observed in prostate cancer and head 

and neck carcinomas (Stokes et al., 2010). In prostate cancer, ADAMTS5 mRNA expression 

levels were low in cancer cell lines, while stromal cell cultures expressed higher levels of 

ADAMTS5, while addition of TGF#1 to the latter led to decreased expression of ADAMTS5. 

In these tumours, an increase in versican deposition was linked to increased cell migration, 

potentially due to the decreased expression of ADAMTS5 or due to the increase in versican 

translation (Cross et al., 2005). Furthermore, in breast cancer expression levels of ADMATS5 

were found to be decreased compared to normal breast tissue (Porter et al., 2004). 

Hypermethylation of the ADAMTS5 gene was observed in colorectal cancer when compared 

to normal mucosa, using bead-chip arrays, suggesting that it might be a potential diagnostic 
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marker (Kim et al., 2011). Moreover, the thrombospondin motif type I (TSR1) of ADAMTS5 

has been found linked to angiogenesis in vivo, as it was shown to inhibit formation of new 

vasculature. The authors suggested this could be due to inhibition of the attachment of 

endothelial cells to the matrix, blocking their migration and induction of apoptosis by blocking 

the VEGF-induced stress fibres via suppression of RhoA activation (Sharghi-Namini et al., 

2008). Moreover, this could also be mediated by sequestration of VEGF, as it has been 

previously shown that the C-terminus domain of the TSR motif in ADAMTS1 can bind and 

sequester VEGF (Luque et al., 2003). Further work is needed to confirm the ability of 

ADAMTS5 TSR motif to sequester VEGF. Similar results were also shown in melanoma, 

where the TSR1 domain of ADAMTS5 was shown to inhibit cell growth in vivo independently 

of the catalytic activity. This effect was linked to reduced formation of new vasculature, 

reduced tumour cell proliferation and increased apoptosis (Kumar et al., 2012b). In this study 

the overexpression of ADAMTS5 in tumours led to down-regulation of pro-angiogenic factors 

such as VEGF, insulin growth factor binding protein 3 (IGFBP-3), placental growth factor 2 

(PlGF-2) and platelet-derived endothelial cell growth factor (PD-ECGF), identifying 

ADAMTS5 as an anti-angiogenic and anti-tumorigenic protein. Interestingly, in gastric cancer 

the anti-angiogenic properties of ADAMTS5 were not mediated via VEGF. It was found that 

ADAMTS5 expression was downregulated in gastric tumour samples when compared to 

normal tissues, and a negative correlation between ADAMTS5 expression and micro-vessel 

density was detected by immunohistochemical staining. The transcription factor Ets proto-

oncogene 1 (ETS1) is known to regulate cell differentiation, tumour progression and 

angiogenesis. ETS1 expression was shown to be downregulated upon ADAMTS5 over-

expression, while ADAMTS5 knockdown increased ETS1 levels, suggesting that ADAMTS5 

might regulate angiogenesis in part by downregulation of ETS1 (Huang et al., 2019). A more 

detailed examination of the role of ADAMTS5 in controlling ETS1 expression and the 
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molecular mechanism behind this is required. Additionally, in vitro experiments showed an 

increase adhesion of cancer cells to FN leading to decreased cancer cell migration and invasion 

when ADAMTS5 was upregulated in gastric cancer (Huang et al., 2019). Similarly, to gastric 

cancer, in hepatocellular carcinoma (HCC) ADAMTS5 was found to be downregulated. When 

stably expressed in an HCC cell line, ADAMTS5 led to VEGF downregulation in the media. 

As a result of this, application of ADAMTS5 containing media, from ADAMTS5 expressing 

hepatocellular carcinoma cells, on human umbilical vein endothelial cells impaired their 

migration and invasion, reducing vasculature formation via downregulation of VEGF (C. Li et 

al., 2015). ADAMTS5 ability to reduce angiogenesis reflected on patient survival, as HCC 

patients with higher levels of ADAMTS5 had higher overall survival compared to patients with 

low expression. However, other studies have reported that higher levels of ADAMTS5 resulted 

in poorer overall survival and correlated with pathological stages in HCC (Z. Zhu et al., 2021). 

The difference between these studies could be in the nature of the experiments. Li et al, 

identified low expression rate of ADAMTS5 in patient tumour tissue samples compared to 

normal tissue, 50% of the samples did stain for ADAMTS5, which was mainly in the cytoplasm 

and then transfected HCC cells to stably express ADAMTS5 for future experiments. On the 

other hand, Zhu et al, carried out bioinformatic analysis using different GEO datasets and 

TCGA profiles, using potentially a bigger pool of data. It is therefore possible that mRNA 

levels do not correlate with protein levels. Thus, the role of ADAMTS5 in HCC is still unclear. 

On the other hand, ADAMTS5 has also been observed as a tumour promoter. ADAMTS5 is 

overexpressed in glioblastomas via activation of IL-1. In this context, it was found to colocalise 

with brevican, one of its substrates, which it was proven to cleave into two major fragments, 

which in turn increase glioblastoma invasive potential (Held-Feindt et al., 2006; Nakada et al., 

2005). Moreover, ADAMTS5 expression was found to correlate with lymph node invasion, 

higher pathological stages, and poorer overall survival in colorectal cancer (Haraguchi et al., 
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2017). Similarly, high expression correlates with poorer prognosis and promotion of invasion 

in non-small lung cancer (Gu et al., 2016). A549 lung cancer cells transfected with ADAMTS5 

shRNA showed decreased migration compared to control, also showing decrease E-cadherin 

and increase vimentin protein levels. In breast cancer, cleavage of fibulin-2 by ADAMTS4 and 

5 also leads to higher invasion and migration of cancer cells (Fontanil et al., 2017).  

In ovarian cancer, ADAMTS5 was identified as overexpressed in malignant tumours when 

compared to benign or borderline ovarian tumours. Its expression was mainly located in 

epithelial cells, with higher expression of brevican, versican and aggrecan in malignant 

subtypes compared to benign tumours (Lima et al., 2016), suggesting a potential role in 

advanced stages of ovarian cancer. Moreover, we looked at ovarian cancer patient survival, 

using Gyorffy and colleagues platform, Kaplan-Meier Plotter (Gyorffy et al., 2012; Győrffy, 

2023), where it was possible to observe that higher expression of ADAMTS5 in ovarian cancer 

patients leads to worse overall survival when compared to low ADAMTS5 expression patients 

(Yuan et al., 2024). 

In conclusion ADAMTS5 can have a dual role in cancer. It has been identified as a tumour 

suppressor in cancer types like colorectal, gastric, and prostate, but it was also identified as a 

tumour promoter in cancers such as ovarian, lung and glioblastomas.  Depending on the tumour 

type where its expression is dysregulated, it can affect angiogenesis, and migration and 

invasion of cancer cells.  

1.5 Molecular mechanisms underpinning cell migration 

Cell migration is fundamental to establish and maintain a tissue. In cancer, cells need to acquire 

the expression of genes that enable them to alter their shape and attachment to other cells and 

the ECM (Hanahan and Weinberg, 2011). Cancer cell migration can be classified as individual 

or collective migration, which depends on the cell morphology, molecular profile, actin 

cytoskeleton dynamics, matrix adhesion and protease activity (Wu et al., 2021). Cells that move 
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individually can adopt two behaviours: amoeboid or mesenchymal migration. On one hand, 

amoeboid migration is characterised by rapid movement, round and deformable cell shape, and 

poor cell-ECM interactions, with no degradation of the surrounding ECM, as their 

deformability allows cells to squeeze through narrow gaps (Holle et al., 2019). On the other 

hand, mesenchymal migration is characterised by epithelial cancer cell morphological and 

genetical changes which leads cells to downregulate epithelial markers and upregulate 

mesenchymal ones in a process called epithelial to mesenchymal transition (EMT) (Kalluri and 

Weinberg, 2009). During EMT cancer cells lose expression of E-cadherin, and other epithelial 

markers, and increase expression of mesenchymal markers, including N-cadherin, vimentin, 

a-smooth muscle actin and fibronectin. Moreover an increase in the expression levels of EMT-

related transcription factors can be observed such as ZEB1, SNAI1 and TWIST (Grigore et al., 

2016). Mesenchymal cancer cells have an elongated spindle-like shape that can form plasma 

membrane protrusions, like pseudopodia and filopodia. As mesenchymal cells cannot squeeze 

through the ECM pores, this type of migration is characterised by proteolytic degradation of 

the ECM, mediated by the recruitment of proteases at the leading edge of the cell to break down 

ECM barriers (Chang and Chaudhuri, 2019). Movement of the cancer cells is achieved by 

integrin-mediated ECM adhesion, focal adhesion kinase (FAK) and Src dependent cytoskeletal 

rearrangement and contractility via focal adhesion formation, which create tension and a 

pulling force towards the ECM at the leading edge of the cell. By integrin turnover and 

recycling, adhesion at the rear of the cell is reduced and increased at the front resulting in slow 

forward movement of the cell (Sadok and Marshall, 2014).  

Finally, cancer cells can migrate collectively, for this to occur cancer cells retain some cell-cell 

connections, moving as a group. Their movement is dependent on the actin dynamics, 

proteolysis of the ECM and integrin-mediated ECM adhesion. During collective migration 

cells are polarised, forming a leading edge and a following edge (Wu et al., 2017).  
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Regulation of integrin-dependent cell-ECM adhesion is critical in controlling mesenchymal 

cell migration. A key mechanisms modulating integrin function is vesicular trafficking, which 

is tightly controlled by small GTPases of the Rab family. This process will be discussed in 

more detail below.    

1.5.1 Rab GTPases  

Rab GTPases form the largest family of small GTPases, comprising more than 70 members. 

They belong to the Ras superfamily and function as molecular switches (Wennerberg et al., 

2005). Rab GTPases cycle between a GTP-bound active and a GDP-bound inactive form. The 

hydrolysis of GTP into GDP is promoted by GTPase activating proteins (GAPs), which 

stimulate the GTPase activity of the Rab GTPases. In addition, recognition by a GDP 

dissociation inhibitor (GDI) retain the Rab GTPase in the cytosol, preventing their activation. 

To activate the GTPases, guanine nucleotide exchange factors (GEFs) mediate the removal of 

GDP and addition of GTP (Goody et al., 2005), figure 1.12.  

Once activated, Rab GTPases promote membrane trafficking and intracellular signalling in a 

temporal and spatial manner (Zerial and McBride, 2001). Rabs are located at the plasma 

membrane and organelle membranes, controlling the endocytic and exocytic trafficking, 

shuttling cargo to and from the cell surface and within the cell. This allows them to contribute 

to plasma membrane delivery, organelle biosynthesis and degradation (autophagy) and regulate 

functions such as secretion, synaptic transmission, cell polarity and phagocytosis (Schwartz et 

al., 2007). Rab GTPase activation is controlled by cell signalling, with GAPs and GEFs being 

phosphorylated in response to cellular stress or growth factors stimulation (Xu et al., 2021). To 

increase specificity Rab GTPases are located into specific cellular compartments and linked to 

specific cargos. For example Rab2 is located in the endoplasmic reticulum (ER) mediating 

trafficking between the ER and Golgi; Rab5 is located in clathrin coated vesicles and early 

endosomes while Rab11 localises in recycling endosomes (Schwartz et al., 2007). 
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Figure 1.12. Rab GTPases activation. Rab GTPases switch between an GTP-active state to a GDP-inactive state. 

This swich is mediated by GTPase activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs). 

Furthermore, GDP dissociation inhibitor (GDI) retains inactive Rab GTPases in the cytosol. Image made using 

BioRender. 
 
Rab GTPases have been found to be altered in different cancer types, as dysregulation of 

receptor signalling and trafficking is linked to cancer development, table 1.2. Many Rab family 

members are expressed at higher levels in cancer types like breast, liver, and lung, promoting 

tumour progression and metastasis as they increase vesicle trafficking of cell adhesion 

molecules, stimulating invasion and migration. Gene mutations and post-transitional 

modifications have also been observed in many cancers leading to regulation of tumorigenic 

potential, cell invasion and metastasis. Some Rab GTPases have been found to have dual roles, 

and depending on the cancer type, they can be tumour promoting or tumour suppressing. For 

instance, Rab1 is tumour promoting in liver cancer and tumour suppressing in breast cancer, 

while Rab27 is tumour promoting in breast cancer and tumour suppressing in lung cancer (Xu 

et al., 2024). Dysregulation of the Rab11 subfamily is particularly linked to metastasis 

Active state

Inactive state
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progression, due to the alteration in integrin recycling to the plasma membrane, as described 

below (Caswell et al., 2007; Wang et al., 2000).  

Table 1.2. Summary of Rab GTPases in different cancer types. Table adapted from (Xu et al., 2024).  

Cancer type  Rab’s implicated 
Liver Rab1, Rab10, Rab13, Rab22 

and Rab32 
Breast Rab1, Rab2A, Rab5, Rab8, 

Rab11, Rab21, Rab22, 
Rab25, Rab27, Rab35 and 

Rab40B 
Colorectal  Rab1, Rab13 and Rab31 
Melanoma  Rab1 and Rab4A 
Pancreatic Rab5 and Rab27  
Cervical  Rab5, Rab10, Rab11, 

Rab13, Rab21, Rab31 and 
Rab35 

Gastric  Rab11, Rab14 and Rab18 
Ovarian  Rab14 and Rab25 

Lung Rab25 
 

1.5.1.1 Rab25  

Rab25, also called Rab11c, is a member of the Rab11 subfamily that regulates endosomal 

recycling in epithelial cells (Jagoe et al., 2006). Rab25 has been found to function as an 

oncogene in ovarian, breast, renal, gastric, liver, bladder, lung, prostate cancer and 

glioblastoma, but also as a tumour suppressor in colon, head and neck, oesophageal, oral, and 

oropharyngeal cancers; therefore, its function changes depending on the cancer type (Wang et 

al., 2017). 

Rab25 is a small GTPase, of 23kDa, its function is regulated by the guanine nucleotide binding 

motif and the carboxyl-terminal region. The former allows binding of the GTP/GDP and the 

latter contains a CCXXX motif that allows binding to specific membranes via prenylation of 

the cystine residues, namely vesicles that will be recycled to the apical membrane in polarised 

epithelial cells (Bhuin and Roy, 2014). 
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Rab25 has been found mutated in ovarian, prostate, bladder and invasive breast cancer, 

producing a constitutively activated GTP-bound protein that promotes migration (Kessler et 

al., 2012). Multiple evidence has associated Rab25 to an oncogenic function. Rab25 was 

identified as a driver of 1q22 region amplification, which increased DNA, RNA and protein 

expression levels associating it with poor patient prognosis in ovarian, breast and Wilms 

tumours (Cheng et al., 2004; Mitra et al., 2012). Increased expression of Rab25 allows survival 

of cells without growth factors, improves growth without anchorage, suppresses apoptosis and 

increases tumour development, by promoting recycling of integrins to the plasma membrane 

and activating intracellular signalling pathways. For example, direct interaction of Rab25 with 

"5#1 integrin was linked to increased tumour aggressiveness, cancer cell migration and cell 

invasion (Caswell et al., 2007). "5#1 integrin was found to coprecipitate with HA-Rab25 

stably expressed in ovarian cancer cells, but not with Rab11A or Rab11B. Furthermore, 

chimeras of Rab25, with partial or total replacement of the c-terminus with the corresponding 

region of Rab11, were used to confirm Rab25 variable region is the one able to associate with 

#1 integrin. The opposite experiment was also carried out, where Rab11 with total replacement 

of the variable region with the corresponding Rab25 one was able to bind to b1 integrin. 

Invasion assays were then carried out showing increased invasion in Rab25 expressing ovarian 

cancer cells in a "5#1 and FN dependent manner, as addition of FN to the matrix further 

boosted migration. Chimeras were also used confirming the need of Rab25 interaction with #1 

integrin to promote invasion, as full length Rab11 and Rab25 with Rab11 c-terminal region did 

not promote migration while full length Rab25 and Rab11 with Rab25 c-terminal region did 

(Caswell et al., 2007). Rab25 has been shown to also activate Akt and Wnt signalling pathways 

and suppress apoptosis. Overexpression of Rab25 led to increased anchorage dependent and 

independent cell proliferation. This was associated with elevated Akt phosphorylation levels, 

which in turn stimulated ovarian cancer cell proliferation by blocking apoptotic signalling via 
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decreased BCL2 expression and PI3K activation (Cheng et al., 2004). Similarly, Rab25 

expression was found elevated in glioblastoma cells (Ding et al., 2017), hepatocellular cells 

(Geng et al., 2016) and in bladder cancer cells (Zhang et al., 2013), where it was found to 

regulate Akt phosphorylation  leading to migration and invasion. On the other hand, Rab25 

overexpression was detected in HCC patient tissues and correlated with advance tumour stages 

and nodal metastasis. Rab25 downregulation was found to inhibit the expression of Wnt 

signalling target genes like c-Myc, cyclin D1 and MMP7, negatively regulating cancer cells 

ability to invade (Geng et al., 2016). Moreover, Src signalling pathway and ERK were also 

found affected by Rab25 expression. Rab25 was also reported to stabilise HIF-1a, in an 

oxygen-independent manner, promoting aggressiveness of ovarian cancer and a cisplatin 

resistance phenotype (Gomez-Roman et al., 2016). Tumour cell proliferation, migration and 

invasiveness were as also enhanced by Rab25 expression in renal cancer cells. Consistently, 

Rab25 expression correlated with high invasion classification, lymph node metastasis and 

pathological stage in renal cancer patients (Y. Li et al., 2015). 

On the other hand, several studies have shown that loss of Rab25 expression can lead to tumour 

progression, suggesting a tumour suppressive role in colorectal and head and neck cancer 

(Goldenring and Nam, 2011; Seven et al., 2015; Tong et al., 2012). Rab25 was found to be 

downregulated in colorectal cancer when compared to normal colon tissue, correlating with 

lower survival rates. Moreover deficiency of Rab25 in mice led to the formation of multiple 

polyps in the small bowel and colon (Nam et al., 2010). Another group also showed that ectopic 

expression of Rab25 in colorectal cancer cell lines reduced invasiveness and wound closure 

rates in 2D and colony formation in 3D matrices by upregulating claudin-7 expression, a tight 

junction protein known to suppress proliferation and invasion in multiple cancer types. 

Mechanistically, the inhibition of cell invasion was mediated by Rab25 increased recycling of 

claudin-7 which reduced the phosphorylation of EGFR, decreasing downstream signalling 
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pathway activation, demonstrated by the reduction of its effector Ras (Cho et al., 2024). 

Moreover, "5#1 localisation in polarised Caco2-BBE cells, a clone of the Caco2 cell line able 

to form an apical bush border, was altered in Rab25 knockdown. A reduction in "5#1 integrin 

at the plasma membrane was found, altering the apical brush border formation, leading to 

clustering of microvilli. Depletion of Rab25 also reduced claudin expression, disrupting tight 

junctions. All together alteration to integrin expression and localization, and disruption of tight 

junctions increased colorectal cancer cell migration and colony formation in Rab25 knock 

down cells (Krishnan et al., 2013).  

Rab25 expression in cancer is still under investigation as correlation between its expression 

and cancer progression is still unclear due to the diverse behaviours depending on cancer type. 

Rab25 function is likely to be determined by the cancer type. Literature suggests that regulators 

of Rab, like Rab coupling protein, or effectors, like chloride intracellular channel 3 (CLIC3) 

may determine if Rab25 has an oncogenic or a tumour suppressor function (Chen, 2021). 

1.5.2 Integrins  

Integrins are a superfamily of cell adhesion transmembrane receptors that bind mostly to the 

ECM (Hynes, 2002). They are heterodimers formed by an " and a # subunit. Currently, 18 " 

subunits and 8 # have been identified in humans that bind through a noncovalent association  

(Hynes, 2002). The extracellular portion of the dimer contains 700 to a 1000 amino acids 

forming an elongated stalk and a globular ligand binding head region (Xiong et al., 2001). In 

the head region there are seven repeats and an insertion called the I-domain, which contains a 

metal ion-dependent adhesion site; when the ligand binds, it switches from a closed to an open 

conformation, strengthening the adhesion (Liddington and Ginsberg, 2002). The cytoplasmic 

tails are smaller, containing approximately 75 amino acids, tails of the different b subunits 

share high similarity, while " subunit tails are diverse. Many cytoskeletal and signalling 

proteins binds to the # tails, and a few have been found to also interact with the " (Calderwood 
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et al., 2003; Hughes et al., 1996). Integrins have different ligand specificity, allowing them to 

bind to different ECM proteins, figure 1.13 (Takada et al., 2007). 

Figure 1.13. Integrin ligand-specificity. Integrins can be classified in three broad categories based on the ECM 

specificity: RGD-binding, laminin-binding and collagen-binding integrins. Image made using BioRender. 
 

Once integrins bind to their corresponding ligand, they stimulate intracellular signals, 

modulating cell behaviours like adhesion, proliferation, survival, shape, polarity, motility, gene 

expression and differentiation, mostly by regulating cytoskeletal changes  (Clark and Brugge, 

1995). Integrins can be activated either via the extracellular portion (outside-in signalling) or 

from the intracellular region (inside-out signalling). Integrins exists in three conformations, 

bent (low-affinity), medium-affinity and extended (high-affinity); the switch between them 

depends on the affinity with the ligand (ECM proteins) and downstream effectors. The bent 

conformation is normally maintained by shank-associated RH domain-interacting proteins 

which bind to the " integrin tails. Contrarily, the extended conformation is maintained by the 

Laminin-binding integrins

Collagen-binding 
integrins

RGD-binding integrins
(Fibronectin, vitronectin, 

fibrinogen)
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interaction of the # integrin tail with "-actin, talin, vinculin and paxillin, among others. This 

binding triggers conformational changes that extend the extracellular domains of the subunits 

and rearrange the " and # interface in the ligand-binding domain, leading to increased affinity 

- this process is termed inside-out signalling (Pang et al., 2023). Integrins can also be activated 

by the binding of the ligand to the extracellular domain of the integrin - outside-in signalling. 

Integrins clustered at the cell surface interact with the ECM ligands, which stimulate 

conformational changes, leading to the activation of FAK. FAK is then auto-phosphorylated 

which contributes to Src binding next to the intracellular # integrin tail. In turn the complex 

activates adhesion associated adaptor proteins like paxillin (Li et al., 2023).  

Due to their multiple functions in normal cellular states, integrins have been found linked to 

almost every step of cancer progression, from cancer initiation to metastatic colonization, 

including local invasion, survival and intra- and extravasation (Hamidi and Ivaska, 2018). In 

ovarian cancer, "2#1 was found highly expressed, being identified as a marker for poor 

prognosis (Dötzer et al., 2021). "2#1 was also found to promote ovarian cancer peritoneal 

dissemination by influencing spheroid disaggregation during mesothelial cell invasion, by 

increasing the levels of MMP2 and 9 (Burleson et al., 2005; Shield et al., 2007). However, it 

was also found that "2#1 promotes spheroids formation in epithelial cancer ovarian cells, as a 

reduction in spheroid diameter was observed when cancer cells with a2 knockout were allowed 

to form spheroids compared to a2 expressing cells, ability to bind collagen was also reduced 

in the a2 knockout cells (Huang et al., 2020). This difference in "2#1 function in ovarian 

cancer spheroid formation could depend on the dual role of a2b1 integrin being needed to both 

aggregate cells together and maintain cell-cell connections in the early stages of dissemination, 

and spheroid adhesion to the mesothelium. a2b1-dependent collagen binding at the metastatic 

site could then increase the levels of MMP2 and 9, favouring disaggregation of the spheroids 
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and promoting migration and invasion. Furthermore, "2#1 was also observed to promote 

chemoresistance via activation of PI3K/Akt signalling pathway (Zheng et al., 2020). 

"5#1 has also been linked to ovarian cancer progression. Loss of E-cadherin in ovarian cancer 

was shown to promote the upregulation of "5 integrin, which in turn enhanced adhesion to FN-

containing matrices and migration in matrigel (Sawada et al., 2008). The omentum, one of the 

main metastatic sites of ovarian cancer cells, was shown to contain high levels of FN. In 

addition, mesothelial cells, lining the omentum, are known to secrete FN and deposit it on their 

cell surface. It was demonstrated that 3D cultures of ovarian cancer cells bind to the mesothelial 

cells in a FN- and "5#1 integrin-dependent manner. Indeed, "5#1 blocking antibodies 

prevented ovarian cancer cells adhesion to the mesothelium in vivo, indicating that a5b1 is 

required for the early step in metastasis (Sawada et al., 2008). Other groups also demonstrated 

that either #1 expression or addition of exogenous FN induced spheroid formation, which could 

be blocked by "5#1 blocking antibodies (Casey et al., 2001). Additionally, blocking the RGD 

binding site in FN with specific antibodies abolished ovarian cancer cell binding to mesothelial 

cells, confirming the need of integrin-mediated adhesion for metastasis initiation (Strobel and 

Cannistra, 1999). 

Integrins surface levels are tightly regulated by endocytosis and recycling. This is fundamental 

to regulate cell migration, as integrins establish several weak interactions with the ECM. As 

they are internalised, sorted and re-delivered in other areas of the cells, integrin density 

increases establishing stronger adhesions that allow the cells to move; this is called Velcro 

principle (Alberts et al., 2002). Integrin endocytosis has been found to be mediated by a variety 

of pathways, including clathrin-dependent, caveolin-dependent endocytosis or via 

macropinocytosis (Moreno-Layseca et al., 2019). After internalisation, integrins can be 

recycled back to the plasma membrane by two different pathways, the Rab4 dependent short-

loop and the Rab11-dependent long-loop (De Franceschi et al., 2015). In ovarian cancer cells,  
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it was found that Rab25 directly interacts with "5#1 integrin (Caswell et al., 2007). 

Furthermore, Rab25 expressing cells were found to promote the expression of CLIC3 in a 

matrix dependent manner, as when A2780-Rab25 cells were seeded on a 3D fibrillar cell-

derived matrix CLIC3 gene expression was increased, compared to plastic or control cells 

lacking Rab25 expression. CLIC3 was founds enriched in late endosome/lysosomes, where it 

colocalised with Rab25. Moreover, FN-bound a5b1 was delivered to CLIC3-positive 

lysosomes, but rather than being degraded, it was recycled back to the plasma membrane, in a 

Rab25 and CLIC3-dependent manner. Interestingly, in the absence of CLIC3, Rab25 promoted 

integrin degradation. These observations might shed light on the dual role of Rab25 that has 

been observed in cancer, as the presence of CLIC3 might dictate whether Rab25 promotes (by 

driving integrin recycling) or prevent cell migration (by stimulating integrin degradation) 

(Dozynkiewicz et al., 2012). 

Figure 1.14. Integrin recycling. The illustration shows the trafficking routs of integrins. At the plasma membrane 

integrins are internalised in a Rab5- or Rab21-dependent manner. Inactive integrins are mostly recycled from 
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early endosomes in a Rab4 dependent manner, via the short loop pathway. They can be further recycled in a Rab11 

dependent manner from early endosomes, via the long loop pathway. Moreover, active integrins can be recycled 

from CLIC3-positive late endosomes positive in a Rab25-dependent manner, preventing degradation. In the 

absence of CLIC3 integrins are degraded. Image made using BioRender.  

 

1.5.2. Other ECM receptors  

Other ECM receptors have been identified as important regulators of cancer cell migration, 

these include CD44 and syndecans.  

a. CD44 

CD44 is a transmembrane glycoprotein that is expressed at different degrees in multiple cell 

types and used as a cell surface marker to recognise cancer stem cells. The main ECM ligand 

of CD44 is hyaluronic acid, that as previously mentioned is found in ovarian cancer TME. 

Upon ligand binding, CD44 undergoes a conformational change that activates multiple 

signalling pathways to induce cell proliferation, adhesion, migration, and invasion (Ponta et 

al., 2003). Versican, a proteoglycan, is known to bind to hyaluronic acid forming the 

pericellular matrix of the cell. This serves as scaffold for other proteins, such as newly secreted 

collagen and fibronectin, that can be retained in the pericellular matrix before assembly, 

forming tracks that promote cell proliferation and migration (Evanko et al., 2007; Wight, 2017). 

In ovarian cancer, TGF-# upregulates versican in CAFs, which promotes motility and invasion 

by binding to CD44 at the ovarian cancer cell membrane. This results in the activation of NF!B 

and JNK signalling, which in turn upregulates CD44, hyaluronan-mediated motility receptor 

and MMP9, and potentially further activates CD44-mediated signalling pathways (Yeung et 

al., 2013). Expression of CD44 has been found to correlate with higher stages of disease and 

poor prognosis in ovarian cancer patients (Lin and Ding, 2017; Sacks and Barbolina, 2015). 

Moreover, it was linked to EMT via regulation of Snail, metastasis and relapse (Gao et al., 

2015; Zhou et al., 2019). Research has also shown that CD44 together with #1 integrin mediate 
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ovarian carcinoma cell adhesion to mesothelial cells during early steps of metastasis (Lessan 

et al., 1999).  

b. Syndecans 

Syndecan family is composed of four members (syndecan 1-4), all transmembrane heparan 

sulphate glycoproteins. Syndecans have mainly three domains, a highly conserved C-terminus 

cytoplasmic domain, a transmembrane domain, and a variable N-terminus extracellular domain 

that contains multiple GAG chains (Czarnowski, 2021), figure 1.15. The GAG chains allow 

syndecans to interact with multiple growth factors, like VEGF and FGF2, chemokines, ECM 

molecules like fibronectin, proteinases, and lipases. The extracellular domain also allows 

syndecan to interact directly or indirectly with integrins. Moreover, this domain can be shed 

from the membrane, which has been linked to tumour progression. The cytoplasmic domain 

can be further subdivided into three regions: a C1 region, a variable region and a C2 region. 

The C1 region is linked with cytoskeleton interactions while the C2 region can mediate 

trafficking and exosome production (Chung et al., 2016).  

 

Figure 1.15. Syndecan structure. The illustration shows the main structure of the four syndecans. Syndecans are 

composed of three major domains, the extracellular, transmembrane, and cytoplasmic. The cytoplasmic domain 

can be further divided into three regions, C1, variable region and C2. Image made using Biorender.   
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Location of syndecans may vary between cell types as they are not expressed ubiquitously. 

SDC1 is located in epithelial cells and leukocytes, and its expression is found dysregulated in 

many cancer types. In bladder cancer, low levels of SDC1 correlated with lower stage and 

grade and could predict recurrence free survival (Kim and Park, 2014). Other studies have 

confirmed the decreased levels of SDC1 in tumour samples but interestingly found high levels 

in the serum, providing evidence of SDC1shedding. This process was linked to high stage and 

grade bladder cancer, indicating that shedding may contribute to aggressiveness (Szarvas et al., 

2014). On the contrary, elevated SDC1 levels correlated with poor prognosis in breast cancer, 

resulting in increased tumour bulk, high grade and oestrogen and progesterone receptor 

negative phenotype (Barbareschi et al., 2003). Furthermore, high SDC1 expression was 

associated with higher patient death when patients were treated with cyclophosphamide-

methotrexate-fluorouracil chemotherapy, while no other therapy showed correlation with 

SDC1 expression. Additionally, SDC1was linked to aggressive triple-negative inflammatory 

breast cancer and was found to be co-expressed with the cancer stem cell marker CD44, 

suggesting a role in cancer stem cell-like behaviour via the modulation of IL-6/STAT3, Notch 

and EGFR signalling pathways (Ibrahim et al., 2017). Moreover, in ovarian cancer, SDC1 has 

been found expressed in borderline and malignant tumours, but not in benign tissues. Its 

expression in the stoma was found associated with shorter patient survival and disease 

progression (Davies et al., 2004). This was supported by another study that found high levels 

in the stoma and low levels in the epithelium, suggesting that SDC1 may have a tumour 

promoting role in the stroma and a tumour suppressor role in the epithelial cells (Kusumoto et 

al., 2010). Syndecans have been involved in cell-cell and cell-ECM interactions. Loss of SDC1 

in epithelial cells could lead to decreased intracellular cohesion, allowing for migration to 

occur, increasing metastatic potential; while increased expression in the stroma could be 
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needed to promote tumour angiogenesis, supporting tumour survival and growth, due to SDC1 

ability to bind to growth factors.  

Syndecan-2 (SDC2) localises to synapses and it is expressed by mesenchymal cells, known to 

have a role in matrix formation (Klass et al., 2000). SDC2 increased expression was found 

mainly in lung, colorectal and pancreatic cancer. In pancreatic cancer, SDC2 was expressed in 

the stroma and epithelial cells of tumour tissues but not in normal tissue  in stromal cells, and 

contrarily to SDC1, high expression in epithelial cells was associated with longer survival and 

no association with its expression in the stroma and survival was found (Hrabar et al., 2010). 

On the contrary, in lung cancer SDC2 expression was increased in malignant cells and 

promoted cell invasiveness (Tsoyi et al., 2019). Moreover, in colorectal cancer upregulation of 

SDC2 was associated with vascular invasion, cancer stage, lymph node and distant metastasis, 

playing a role in activating EMT (Hua et al., 2020). Syndecan-3 (SDC3) expression was found 

increased in pancreatic cancer and it was associated with perineural invasion and correlated 

with increased tumour size (Yao et al., 2017, 2014). However, further elucidation of the role 

of SDC2 and 3 in cancer is needed.  

Finally, syndecan-4 (SDC4), the most ubiquitously expressed member of the family, has been 

found dysregulated in numerous cancer types. It has been found overexpressed in breast, liver, 

melanoma, glioma, testicular, osteosarcoma, thyroid, kidney and bladder cancer, while it was 

shown to be downregulated in neuroblastoma (Onyeisi et al., 2021). SDC4 and "5 integrin 

gene expression and protein cell surface localisation were found increased in colorectal cancer 

cells under hypoxia. Similar increase in SDC4 and a5 gene expression was also found in 

colorectal cancer patient tissues. Moreover, an increased adhesion of the colorectal cancer cells 

was observed on FN under hypoxic conditions (Koike et al., 2004), consistent with an increase 

in FN receptor expression. In glioma tissues and cell lines, all four syndecans were detected at 

an mRNA level. It was found that SDC1 expression was promoted by NF!B (Watanabe et al., 
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2006). SDC4 is a marker for poor prognosis, used as predictive biomarker for long term 

survival after administration of the Wilms’ tumour 1 targeting cancer vaccine WT1 peptide, as 

low syndecan-4 mRNA expression was linked to 64% of the patients responding well to the 

therapy (Takashima et al., 2016). SDC4 was shown to correlate with oestrogen and 

progesterone receptors presence in breast cancer. In addition, a negative correlation between 

SDC1 and SDC4 was observed in breast cancer. In high-grade breast tumours low SDC4 and 

high SDC1 expression was found, while in tumours with oestrogen and progesterone receptors 

the opposite trend, high SDC4 and low SDC1, was observed (Lendorf et al., 2011). In 

osteosarcoma, an increase of SDC4 and its ligand FN was observed in high grade tissues when 

compared to others. High SDC4 expression was associated with larger tumour size, distant 

metastasis and shorter overall survival (Na et al., 2012). 

In ovarian cancer, multiple syndecans are dysregulated. SDC1 is upregulated in ovarian 

carcinoma when compared to normal tumour, and in secondary metastasis compared to normal 

omentum tissue (Casey et al., 2003; Salani et al., 2007). SDC3 was identified as a potential 

biomarker, as it was significantly overexpressed in tumour stroma compared to normal stroma, 

to improve diagnosis of EOC (Kulbe et al., 2019), while SDC4 correlates with poor prognosis 

and its expression increases as tumour stage increases (S. Kim et al., 2021). 

Recapitulating, cell migration is a key process for cancer progression. Cancer cells can adopt 

different strategies to migrate, having to change cell shape, degrade and adhere to the 

surrounding ECM. Rab GTPases are fundamental regulators of integrin recycling. Integrins are 

receptors that mediate cell-ECM interactions influencing adhesion, survival, and motility, 

which facilitate metastatic spread. Understanding the molecular mechanisms governing these 

processes is essential for developing targeted therapies aimed at disrupting cancer spread. 

1.6 Hypothesis, aims and objectives  
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As metastasis is the leading cause of death of ovarian cancer patients, understanding how 

ovarian cancer cell migration is regulated at the molecular level is essential. In this thesis, we 

aimed to investigate the role of ADAMTS5 in regulating ovarian cancer cell migration and 

invasion downstream of Rab25 and to elucidate the molecular mechanism behind Rab25-

mediated upregulation of ADAMTS5. 

Rab25 overexpression in A2780 ovarian cancer cells was found to promote FN-dependent 

invasion. This was mediated by Rab25 driven recycling of a5b1 integrin to the invasive front 

of migrating cells which promoted adhesion to FN surfaces, enhancing tumour cell invasion 

into the ECM (Caswell et al., 2007). Furthermore, recently published data from our lab, (Yuan 

et al., 2025), demonstrated that Rab25 overexpression promoted ADAMTS5 expression 

compared to the empty vector control, and this upregulation was further promoted by the 

presence of cell derived matrix. Moreover, we showed that ADAMTS5 is required for Rab25-

dependent ovarian cancer cell migration in 3D environments (Yuan et al., 2024). Indeed, a 

reduction of pseudopod elongation and directional cell migration was observed in Rab25-

overexpressing cells in the presence of 2 different ADAMTS5 inhibitor, as well as upon 

ADAMTS5 knockdown. Furthermore, when spheroids generated from Rab25 expressing cells 

were embedded in a 3D matrix, the presence of ADAMTS5 inhibitor and ADAMTS5 

knockdown significantly reduced in the invasion area. Taken together. we found that Rab25 

upregulates ADAMTS5 in 3D environments and that its catalytic activity is needed for ovarian 

cancer cell migration and invasion in the presence of ECM. In addition, FN is highly enriched 

in cell derived matrices and was found to be expressed in ovarian cancer ECM and ascites 

(Kenny et al., 2014). We, therefore, hypothesised that FN is the ECM component driving the 

upregulation of ADAMTS5 downstream of Rab25 overexpression, in ovarian cancer cells. 

Rab25 could be coordinating cell adhesion to FN via the promotion of a5b1 integrin recycling 

to the plasma membrane which, together with SDC4, regulates focal adhesion formation, which 
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in turn might promote ADAMTS5 expression. High levels of this protease then drive migration, 

mesothelial cell invasion and ultimately metastasis, in a catalytic activity-dependent manner. 

The objectives of this project are to elucidate: 

a. The molecular mechanism through which Rab25 controls ADAMTS5 expression 

and the role of FN in promoting this upregulation. 

b. The requirement of Rab25 and ADAMTS5 for ovarian cancer cell migration and 

invasion, using a physiologically relevant 3D in vitro system. 

c. The role of Rab25 and ADAMTS5 in promoting ovarian cancer cell invasion in vivo 

using a zebrafish cancer model. 
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CHAPTER 2: Materials and Methods 

2.1 Materials 

Table 2.1. Materials  

Material Supplier 

0.22μm syringe filter Gilson 

10 cm petri dishes, 200mm deep Greiner bio-one 

12 well plates Cell Star Greiner bio-one 

24 well plates CytoOne StarLab 

25 Culture-Inserts 2 Well for self-insertion Ibidi 

4% PFA ThermoFisher 

5X siRNA buffer Horizon Discovery by Perkin 
Elmer 

6 well plates Cell Star Greiner bio-one 

ADAMTS5 Inhibitor MedChemExpress 

ADAMTS5 Inhibitor SantaCruz 

alpha5 integrin, mouse BD Transduction Laboratories 

AmbionTM Nuclease-Free Water Invitrogen 

Amicon Ultra® - 4 Centrifugal filters 10k Milipore 

Ammonium chloride Sigma 

Ampicillin Sigma 

anti ADAMTS5, rabbit abcam 

anti-Fibronectin, mouse BD Transduction Laboratories 

anti-Integrin alpha 2 antibody abcam 

anti-Mouse Alexa 488, donkey Invitrogen 

anti-Mouse Alexa 647, goat Invitrogen 

anti-Rabbit Alexa 594, donkey Invitrogen 

anti-Rabbit Alexa 647, goat Invitrogen 
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ATN161 TOCRIS 

Beta1 integrin - Alexa647, mouse (clone TS2/16) BioLegend 

Bisindolylmaleimide I (BIM) Cayman 

Calcium chloride Fisher 

Collagen I HC rat tail Corning 

Color Prestained Protein Standard Broad Range BioLabs 

DarmaFect 1 Reagent Dharmacone 

Dimethyl sulfoxide (DMSO) Sigma 

Disodium phosphate Fisher 

Dithiothreitol (DTT) Bio-Rad 

Dulbecco's Modified Eagle Medium (DMEM), high 
glucose, pyruvate 

Gibco 

EGF Sigma 

Fibronectin bocine plasma Sigma 

Foetal bovine serum (FBS) Gilson 

Glass-bottomed 3.5cm dishes StarLab 

Glucose Fisher 

Glycerol Fisher 

Glycine Sigma 

High-Capacity cDNA Reverse Transcription Kit Appliedbiosystems 

Hs_ADAMTS5_1_SG QuantiTect Primer Assay Qiagen 

Hs_CXCL8_1_SG QuantiTect Primer Assay Qiagen 

Hs_GAPDH_1_SG QuantiTect Primer Assay Qiagen 

Hs_SDC4_1_SG QuantiTect Primer Assay Qiagen 

Insulin SLS 

InvitrogenTM LipofectamineTM 2000 Transfection 
Reagent 

ThermoFisher 

Lactose  Sigma 

Luna® Universal One-Step RT-qPCR Kit New England Biolabs 
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Magnesium sulphate AnalaR 

Matrigel BM matrix, GF reduced Corning 

GeneJet Plasmid Maxiprep kit Fisher 

Medium 199 Sigma 

Methanol Fisher 

Methylcellulose Sigma 

Microplate PCR 384 well Alphalaboratories 

Mm_Adamts5_1_SG QuantiTect Primer Assay Qiagen 

Mm_Gapdh_3_SG QuantiTect Primer Assay Qiagen 

NuPAGE, LDS Sample Buffer (4X) Fisher 

On target plus control siRNA non-targeting siRNA #4 Horizon 

ON-TARGETplus Human RAB25 siRNA Horizon 

ON-TARGETplus Human SDC4 siRNA Horizon 

Phalloidin Alexa Fluor 555 ThermoFisher 

Phalloidin Alexa Fluor 647 ThermoFisher 

Potassium dihydrogen phosphate Fisher 

Purified mouse andt-CD29 BD Transduction 
Laboratories 

PVDF membrane IMMOBILON-FL 

Polyvinylpyrrolidone (PVP) Sigma 

QiaShredder QIAGEN 

qPCRBIO SyGreen Blue Mix Lo-ROX PCRBIOSYSTEMS 

QuantiNova® SYBR® Green PCR Kit QIAGEN 

Rnase-free water Cleaver scientific and Horizon 
Discovery 

RNeasy Mini Kit (50) QIAGEN 

RPMI-1640, L-Glutamine Gibco 

Sodium chloride Sigma-Aldrich 

Sodium deoxycholate Sigma-Aldrich 
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Sodium sulphate  

Soluble collagen I Bio Engineering 

Tris(hydroxymethyl)aminomethane (Tris) Sigma-Aldrich 

Triton X-100 Sigma 

Trypsin-EDTA Sigma 

Tryptone Gibco 

Tween-20 Sigma 

Ultra-LEAF™ Purified Rat IgG1, κ Isotype Ctrl 
Antibody, Rat (IgG1k) 

BioLegend 

VECTASHIELD Antifade Mounting Medium with DAPI VECTOR laboratories 

Yeast  ForMedium 

2.2 Cell culture  

A2780 ovarian cancer cells, gifted by Prof Jim Norman’s lab (Cancer Research UK Scotland 

Institute) and generated as described in Cheng et al., 2004, established from an ovarian 

endometroid adenocarcinoma with Rab25 overexpression (A2780-Rab25), or with control 

vector pcDNA3 (A2780-DNA3); Ovcar3 cells, obtained from Prof Patrick Caswell (The 

University of Manchester), established from the ascites of a patient with progressive ovarian 

adenocarcinoma; and Ovcar4 cells, established from a high-grade serous ovarian 

adenocarcinoma from a patient refractory to cisplatin, were cultured in RPMI media 

supplemented with 10% foetal bovine serum (FBS). MDA-MB-231, a metastatic breast cancer 

cell line, and SKOV3, established from the ascitic fluid of a 64-year-old caucasian female with 

an ovarian cancer, were cultured in DMEM supplemented with 10% FBS. Epithelial cell line 

from the mesothelium isolated from pleural fluid of non-cancerous individuals and 

immortalised by transfection of pRSV-T plasmid, MET-5a-GFP, was obtained from Francis 

Jacobs lab (Department of Biomedicine, University Hospital Basel). It was cultured in Medium 

199 supplemented with 10% FBS, 3.3 nM epidermal growth factor (EGF), 400 nM 
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hydrocortisone, 870 nM bovine insulin and 20 mM HEPES. All cell lines were maintained at 

37 degrees C with 5% C02 and split as needed (max every 4 days). Mouse embryonic fibroblasts 

(MEFs) from a SDC4 knock-out mouse and wild type MEF were cultured in DMEM with 

10%FBS and 10nM interferon gamma (from Dr Bass lab, University of Sheffield). They were 

maintained at 33 degrees C with 5% CO2, to maintain the KO stable as it is expressed under a 

temperature-sensitive promoter with interferon gamma. 

For cell splitting, media was removed from the cells, and they were washed with phosphate 

buffer saline (PBS), after which cells were incubated with 0.25% trypsin-EDTA or TrypLE for 

5 to a maximum of 10 minutes. Trypsin was then neutralised by resuspending the cells in 

complete medium. The cells are then seeded in 10 cm tissue culture dishes. Ovcar3 and Met-

5a-GFP were split at a ratio of 1:3 while A2780’s at a ratio of 1/20 every 3 to 4 days. 

For long term storage, cells were cryopreserved. Once cells reached more than 70% 

confluency, they were trypsinised and neutralised in complete medium after which they were 

centrifuged at 1000 rpm for 3 minutes at room temperature (RT). Two solutions were prepared 

for preservation: A) 50% complete medium and 50% FBS for a total of 500µl and B) 80% FBS 

and 20% DMSO for a total of 500 µl, per 10cm dish that needed freezing. The pellet was then 

suspended in solution A and added into cryovials. Solution B was added on top by gently 

pipetting the solution into the wall of the vial. Each vial was then gently inverted and placed 

into Corning TM CoolCell cell freezing container into a -80 degrees C freezer for a few days 

before being moved to liquid nitrogen. Cells were recovered from cryo by fully thawing the 

vial in a water bath before adding the whole millilitre of solution to a 10 cm dish containing 10 

ml of media. Cells are split the next day and passaged again before using for experiments to 

ensure normal behaviour.  

2.3 Ovcar3/MET-5a-GFP Coculture assay 
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35 mm glass bottom dishes were coated with 25 µg/ml FN for 1 hour at 37 degrees C to allow 

polymerization. 1/20 Ovcar3 cells and 1/20 MET-5a-GFP cells, from a confluent 10cm dish, 

were added to the dish together with a 50/50 mix of RPMI and Medium 199 media for a total 

of 2 ml. Cells were incubated at 37 degrees C for 6 days with no media change or 12 days with 

one media change at day 6. Cells were then assessed by immunofluorescence.  

2.4 2D and 3D Immunofluorescence staining  

For any type of staining cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes in 

sterile conditions. After which cells were washed with PBS and permeabilised with 0.25% 

Triton X-100 in PBS for 5 minutes.  

For 2D antibody staining, cells were blocked using 1% bovine serum albumin (BSA) for 1 

hour at RT. Respective primary antibodies or conjugated antibodies were diluted in PBS and 

added to the dishes for 1 hour at RT (table 2.2). Cells were washed 3 times with PBS. If the 

antibody was not conjugated, a secondary antibody, anti-mouse IgG Alexa Fluor 555 or anti-

mouse IgG Alexa Fluor 488, was added and incubated for 45 minutes at RT. Cells were washed 

again with PBS and incubated with Phalloidin Alexa Fluor 555 or Phalloidin Alexa Fluor 647 

when needed, for 10 minutes at RT. Cells were finally washed twice with PBS, once with dH2O 

and Vectashield antifade mounting medium with DAPI was added for preservation. Dishes 

were then kept at 4 degrees C until imaged.  

For 3D antibody staining, cells were blocked using Immunofluorescence wash (IFw) (1xPBS 

with 0.3gNaN3, 0.5g BSA, 1 ml Triton X-100 and 0.2ml Tween for a total of 500ml, pH 7.4) 

for 2 hours at RT on a rocker. Respective primary antibodies or conjugated antibodies in IFw 

were added to the dishes and incubated overnight at 4 degrees C. Cells were washed 3 times 

with PBS-1%Tween for 5 minutes. If the antibody was not conjugated, a secondary antibody 

was added in IFw to the sample and incubated for 4 hours at RT. Cells were washed again with 
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PBS-Tween and incubated with Phalloidin Alexa Fluor 555 or Phalloidin Alexa Fluor 647, 

when needed, for 1 hour at RT. Cells were finally washed 3 times with PBS-1%Tween for 5 

minutes and Vectashield antifade mounting medium with DAPI was added for preservation. 

Dishes were then kept at 4 degrees C until imaged.  

Table 2.2. IF antibodies. Dilution ratio for the primary and secondary antibodies used for IF.  

 

2.5 Spheroids generation and Clearance assay  

For the generation of spheroids the hanging drop method described in Bayarmagnai et al., 

2019 was used. 1/10 Ovcar3 cells, 1/20 A2780-Rab25 or DNA3 cells, from a confluent 10cm 

dish, were diluted in 2ml of media with methylcellulose (MTC), final concentration 4.8 mg/ml 

and 20μg/ml soluble collagen I for A2780 cells or 40µg/ml soluble collagen for Ovcar3 cells, 

ensuring spheroids are produced more reliably as it promotes cell aggregation and droplet 

Antibody Dilution Ratio Provider, catalogue n° 

Phalloidin Alexa Fluor 555 1:300 Thermo Fisher, A34055 

Phalloidin Alexa Fluor 647 1:300 Thermo Fisher, A22287 

Anti-Mouse IgG Alexa 

Fluor 488 

1:3000 Invitrogen, A21202 

Anti-Mouse IgG Alexa 

Fluor 647 

1:3000 Invitrogen, A28181 

Mouse anti-human '5 

integrin 

1:250 BD Transduction 

Laboratories, 555651 

Alexa Fluor 647 anti-human 

CD29 (b1 integrin) 

1:250 BioLegend, 303018 

Mouse anti-Fibronectin 1:250 BD Transduction 

Laboratories, 610077 
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attachment to the petri dish. From this solution, 20µl droplets were formed on the lid of a 10cm 

petri dish. The dish was filled with PBS to avoid drying out due to media evaporation. The lid 

is then closed so that drops are hanging.  

For embedding, spheroids were collected after 48 hours of incubation at 37 degrees C. 

Spheroids were then collected in an Eppendorf tube with media to remove the MTC solution 

by gently pipetting up and down. Spheroids were then allowed to set at the bottom of the tube 

and supernatant was removed. Spheroids were collected individually and embedded into 200µl 

of 4mg/ml rat tail collagen I and 4mg/ml GelTrex. The matrigel/collagen I mixture containing 

the spheroid was deposited into a 24 well glass bottom non adherent plate and placed in the 

incubator at 37 degrees C, 5% CO2 for 30 minutes to allow polymerization. Finally, the matrix 

was covered with 1ml media. 50µM "5 inhibitor, ATN-161, was added to both the 

matrigel/collagen mixture and the media, water was used as control. Spheroids were imaged 

every day using an Olympus fluorescent microscope with a 4x objective. Analysis was 

performed in ImageJ (Schindelin et al., 2012), area of the core of the spheroid was measured 

at the different timepoints and subtracted to the total spheroid area, measured by drawing a 

region of interest around the invasive strands migrating from the spheroid, to obtaining the 

invasion area.  

For clearance assays (figure 2.1) 35mm glass bottom dishes or 6 well plates were coated with 

25µg/ml FN and incubated for polymerization for 1 hour, after which PBS was added and 

dishes/plates were kept at 4 degrees C overnight or until needed. After coating, MET-5a-GFP 

cells were seeded (1/5 from a 10cm dish) and incubated overnight to form a confluent 

monolayer of cells. A2780-Rab25 and DNA3 spheroids were collected after 48 hours hanging 

while Ovcar3 spheroids were collected after 72 hours. Spheroids were then placed in an 

Eppendorf tube with PBS to remove the MTC solution by gently pipetting up and down. Media 

was removed from the dishes with the monolayers and spheroids were then placed on top of 
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the monolayer by gently pipetting them on top. Gently, drop by drop, 1ml media was added on 

top avoiding moving the spheroids. Dishes were then kept at 37 degrees C, 5% CO2 for 4 hours 

for A2780 cells and for 6 hours for Ovcar3 cells. A2780s/METs dishes were either imaged live 

with a Nikon W1 spinning disk microscope, 10x objective, every 2 hours for 16 hours or with 

an Olympus Fluorescence microscope, 4x objective at 0, 3 and 6 hours. Ovcar3/METs 

clearance were imaged at 0, 3, 6, 24, 48 hours using an Olympus Inverted Fluorescence 

microscope 4x objective. Clearance was assessed by measuring the area surrounding the 

spheroid in which MET-5a-GFP fluorescence was displaced either by A2780 or Ovcar3 cells.   
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Figure 2.1: Clearance assay procedure. Spheroids were generated on day 1, using the hanging drop method from 

a confluent plate of Ovcar3 cells and incubated for three days. One day before the spheroids are ready, MET-5a-

GFP cells are seeded to obtain a confluent monolayer (day 3). Spheroids are then placed on top and imaged at 
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different timepoints on day 4. Timeline of the experiment is highlighted by different coloured areas. Analysis was 

then carried out by measuring the area cleared by the spheroid.  

 
2.6 Western blotting 

6-well plates were coated with 25μg/ml FN or 2mg/ml collagen I and left to polymerise for one 

hour at 37 degrees C, 5% CO2, plastic was used as control. Cells were seeded and incubated 

for 24 hours to obtain a confluent monolayer.  

For ADAMTS5 protein expression, cell media was changed after 6 hours from Dulbeecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% FBS or RPMI supplemented with 

10% FBS to DMEM or RPMI with no FBS and kept at 37 degrees C, 5% CO2 for three days. 

Cell media was collected, and the proteins were concentrated following a four-step 

centrifugation protocol, table 2.3 and figure 2.2.  

For all western blot samples, cells were lysed in 100µl SDS-lysis buffer (50mM Tris pH7, 

1%SDS in water). Lysates were collected into QiaShredder columns and centrifuged at RT for 

5 minutes in a mini bench centrifuge. 4 x NuPAGE was mixed with dithiothreitol (DTT, final 

concentration 1mM) and proteins to a 4:1 ratio. 15µl to 20µl of samples were loaded into a 

Bio-Rad 4-15% Mini-PROTEAN precast polyacrylamide gel together with 3µl BioLabs 

protein ladder. Gels were run at 100V for 75 minutes in running buffer (25mM Tris base, 

192mM glycine and 1% SDS in deionised water). Proteins were then transferred into FL- 

PVDF membrane in Towbin transfer buffer (25mM Tris, 192mM glycine, 20% methanol in 

deionised water) for 75 minutes at 100V. Immobilon transfer membranes were blocked for 1 

hour in 5% BSA. Membranes were incubated with primary antibodies (table 2.4) in TBST 

(10mM Tris-HCl pH7.4, 150mM NaCl, 0.1% Tween-20 in deionised water) overnight at 4 

degrees C. The next morning membranes were washed 3 times with TBST for 10 minutes with 

rocking. Secondary antibodies in TBST supplemented with 0.01% SDS were then added to the 

membrane for 1 hour at RT with rocking. Membranes were washed again 3 times with TBST 
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for 10 minutes with rocking and washed 3 times with deionised water before being imaged 

using a Licor Odyssey Sa system. Analysis was performed using ImageStudioLite. The bands 

intensity was quantified with Image Studio Lite and normalised to housekeeping protein 

intensity. 

Table 2.3. Conditioned media sample collection. 4-step centrifugation to obtain a concentrated sample of protein 

containing conditioned media.  

Centrifuge speed (g) Time 

300 g 10 min 

2000 g 10 min 

max (5250) g 30 min 

VivaSpin Centrifuge concentrator at 4000g 

Membrane 10000 MWCO  

Until media drops to 250μl 

or

Pl FN

CM Cell lysate

24h

300g x 10min 2000g x 10min max x 30min 4000g until [250!"]
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Figure 2.2. Centrifuge speed steps for protein concentration. 15 ml Falcon tubes were used during the first three 

steps. In the last Filter tube VivaSpin, 10K MWCO, was used to concentrate higher molecular weight proteins.  

 

Table 2.4. Western blot antibodies. Primary and secondary antibodies used for western blot including the dilution 

ratio and supplier. 

Antibodies Dilution Supplier, catalogue n° 

Rabbit anti-Rab25 1:600 Proteintech, 13189-1-AP  

Rabbit anti-ADAMTS5 1:250 Abcam, ab41037 

Mouse anti-FN 1:1000 BD Transduction 
Laboratories, 610077 

Mouse anti-CD29 (b1 
integrin) 

1:1000 BD Transduction 
Laboratories, 610467 

Mouse anti-CD49b (a2 
integrin) 

1:1000 BD Transduction 
Laboratories, 611017 

Rabbit anti-CD49e (a5 
integrin) 

1:2000 Proteintech, 84468-4-RR 

Mouse anti-GAPDH 1:1000 Santa Cruz biotechnology, 
sc-477224 

Mouse anti-Flag M2 1:5000 Sigma, F3165 

Anti-mouse IgG IR-Dye 800 
CW 

1:30,000 Licor, 925-32210 

Anti-rabbit IgG IR-Dye 680 1:20,000 Licor, 926-68071 

 

2.7 Transformation of bacteria 

Competent DH5ɑ cells were mixed with plasmid DNA (figure 2.3). Plasmids were integrated 

in bacteria via heat shock. Bacteria were allowed to grow at 37 degrees C overnight in 

100(g/ml ampicillin or 100(g/ml ampicillin with 30(g/ml chloramphenicol agar plates, 

depending on the vector. DNA was obtained following GeneJet Plasmid Maxiprep kit protocol, 

as per manufacturer’s instructions. DNA concentration was measured using a Nanodrop 

microvolume spectrophotometer. DNA was stored at -20 degrees until needed.  
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Figure 2.3. Plasmid maps. Plasmid map of the CAG-H2B-RFP-IRES-Puro plasmid (A) and pCEP4 backbone 

vector, ADAMTS5 with a FLAG-TAG at the C-terminus was inserted in it as described in Santamaria et al., 2019 

(B).  

 

2.8 Transfection of cancer cells 

For transfection of DNA, 4x105 A2780-DNA3 were seeded overnight. On the following day, 

media was removed, 2.5μg ADAMTS5 DNA was added to 250μl RPMI FBS free media and 

5μl Lipofectamine 2000 in 250μl RPMI FBS free media. Both solutions were mixed and 

incubated for 20 minutes at RT, after which they were added on the cells with additional 500μl 

RPMI FBS free media at 37 degrees C for 6 hours, after which media was changed to RPMI 

media with 10% FBS. To assess the transfection, cells were lysed as described above in section 

2.5 Western blotting. ADAMTS5 expression was detected using an anti-FLAG antibody, as 

the construct contains a FLAG-TAG at the C-terminus.  

For siRNA transfection, 4x105 cells were seeded in each well of a 6 well plate. 10μl of 5μM 

siRNA was mixed with 190μl Opti-MEM per well. At the same time, 2μl Dharmafect I was 

mixed with 198μl Opti-MEM. The two solutions were then mixed together and incubated for 

20 minutes at RT. After which the solution was added to cells, that were incubated at 37 degrees 

A) B)
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and 5% CO2 for 24 hours before media was changed. Knocked down was assessed by qPCR, 

1 day after transfection.  

2.9 Stable cell line generation 

For the generation of H2B-RFP stable cell lines, A2780s and Ovcar3 cells were seeded in 6 

well plates to reach confluency on the next day. 5µl of Lipofectamine 2000 was added to 245µl 

Opti-MEM per transfection. In another Eppendorf tube 2.5µg H2B-RFP were mixed with 

250µl Opti-MEM. The two solutions were then combined and incubated for 20 minutes at RT. 

500µl of Lipofectamine/DNA/Opti-MEM mixture was added to each well, in the presence of 

additional 500µl of Opti-MEM. The cells were incubated at 37 degrees C for 6 hours before 

changing the media to RPMI with 10% FBS. On the next day, 25% of the optimal puromycin 

concentration for the cell line was added to the media. Each day the puromycin concentration 

was incremented to 50%, 75% and 100% of optimal concentration if cell were not less than 

50% confluent. The optimal concentration was established by doing a kill curve, 1.5μg/ml was 

found to be optimal for A2780 cells and 1μg/ml was found to be optimal for Ovcar3 cells. Cells 

were grown in puromycin for a week and then puromycin was removed. To maintain high 

H2B-RFP expression cells were treated with 1.5μg/ml puromycin for one passage once a 

month.  

2.10 Scratch/wound healing assays with matrix overlay 

For scratches done manually (figure 2.4), A2780 (DNA and/or Rab25) or Ovcar3 cells were 

detached from a confluent 10cm dish using Trypsin EDTA and neutralised using 10% FBS 

containing media. Cells were seeded into a 12-well plate at a density of 1/12 and incubated 

overnight to achieve confluency. The next morning, 0.5 mg/ml matrigel or 0.5mg/ml matrigel 

plus 25µg/ml FN solutions in 10% FBS media were prepared for the overlay. Monolayers were 

scratched manually by doing a cross using the end of a 200μl pipette tip. Cells were either 
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covered by 300µl 10% FBS media, matrigel or matrigel plus FN and left in the incubator for 

30 minutes to polymerise, after which wells were topped up with full media or media 

containing 10µM ADAMTS5 inhibitor or DMSO control. ADAMTS5 inhibitor is a 

thioxothiazolidinone compound that contains a Zn2+ chelating motif which inhibits ADAMTS-

5 with higher selectivity over ADAMTS-4. Each branch of the scratches was imaged at 0h, 3h, 

6h and 24h after adding the inhibitors using an Olympus Inverted Fluorescence Microscope. 

The area of the scratch was manually calculated by tracing the perimeter of the non-invaded 

area of the well using Image J. 

For scratches imaged live, scratches were done as described above. After matrix 

polymerisation, plates were imaged live using the Nikon Widefield live-cell system (Nikon Ti 

eclipse with Oko-lab environmental control chamber) with a Plan Apo 10X objective. Each 

arm of the scratch was imaged, for a total of 4 images per well. Images were acquired for a 

total of 16h, 10-minute time frames. Cell migration was manually tracked using the manual 

tracking plug in Image J. Velocity and forward migration index (FMI) was calculated using the 

chemotaxis plug in Image J. FMI is defined as the efficacy of the cells to migrate forwards in 

relation to both axis, x and y. To properly interpret the data the expected effect needs to be 

perpendicular or parallel to the axis.   

For scratches done with inserts (Ibidi, culture insert 2 well for self-insertion, catalogue number 

80209), Ovcar3 or Ovcar3/MET-5a-GFP cells were detached from a 10cm dish using Trypsin 

EDTA and neutralised using 10% FBS media. Square inserts with two chambers were added 

to wells of a 12 well plate, cells at a density of 1/12 were added to 1 ml of media and mixed 

well before adding 70ul of mixture to each chamber. For coculture scratches, MET-5a-GFP 

and Ovcar3 cells were mixed at a 1:1 ratio into the 1ml media. 1 ml of PBS was added outside 

the chamber to avoid cell trying out and the plates were incubated overnight to form a 

monolayer. The next morning, 0.5 mg/ml matrigel or 0.5 mg/ml matrigel plus 25µg/ml FN 
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solutions were prepared for the overlay. Inserts were detached from the wells using tweezers. 

Cells were either covered by 300µl 10% FBS media, Matrigel, matrigel plus FN or Collagen I 

solutions and left in the incubator for 30 minutes to polymerise, after which wells were topped 

up with full media or media containing 10µM ADAMTS5 inhibitor or DMSO control. The 

scratches were imaged at 0h, 3h, 6h and 24h after adding the inhibitors using an Olympus 

Inverted Fluorescence Microscope. The area of the scratch was manually calculated by tracing 

the perimeter of the non-invaded area using Image J.  
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Figure 2.4. Scratch assay protocol. First cells are seeded and incubated overnight to achieve a confluent 

monolayer, then they were manually scratched forming a plus shape. Matrix was added on top and incubated for 

30 min to polymerise. Finally, scratches were imaged at 0h, 3h, 6h and 24h. Migration was measured as the scratch 

area over time.  

 

2.11 qPCR 

1/12 A2780-Rab25 or A2780-DNA3 cells, 1/10 Ovcar3 and MEF, from a 10cm dish, were 

seeded into a 6-well plate precoated with FN at 25µg/ml or on plastic. Cells were then incubated 

for 24h at 37 degrees C before extracting the mRNA. Cells were detached using 0.25% trypsin-

EDTA (for MEF) or TrypLE (for Rab25, DNA3 and Ovcar3) and neutralised after a 5-minute 

incubation at 37 degrees C with complete media. Cells were spun down at 1000rpm for 3 

minutes and they were washed with PBS once after which they were spun down again. 

Supernatant was aspirated without disturbing the pellet and Eppendorfs were snap frozen at -

80 degrees C. mRNA was extracted according to the manufacturer’s protocol (RNeasy® Mini 

– Qiagen).  

For one-step qPCR, Luna ® Universal One-Step RT-qPCR Kit was used. Samples were 

prepared by adding less than 1µg RNA, 5µl Luna Universal One-Step Reaction Mix, 0.5µl 

Luna WarmStart ® RT Enzyme Mix, 0.8µl mix forward and reverse primer and toped up with 

RNase free water for a total of 10µl. 

For two-step qPCR, cDNA was first synthesised with High-Capacity cDNA Reverse 

Transcription Kit (Fisher). Afterward, loading master mix containing 5µl QuantiNova SYBR® 

Green PCR Kit (Qiagen) master mix, 1µl forward and reverse primer and 1µl RNase free water 

was prepped and mix with 3µl cDNA solution (5ng/µl).  

Finally, for both one-step and two-step reactions, 10µl samples were loaded on a 324 well plate. 

Quantstudio 12K flex real-time PCR system was used as analyser in the SYBR ® mode, table 

2.5 includes machine settings. Expression levels were calculated using the 2 −∆∆Ct method 
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(Livak and Schmittgen, 2001). GAPDH was used as housekeeping gene. Each sample was 

tested in technical triplicates. 

Table 2.5. Settings for the qPCR machine reactions. Table includes the time and temperature for the set-up of 

the qPCR reactions. 

one-step qPCR 

 Hold stage PCR Stage Melt curve Stage 

Temperature  

(Degrees Celsius) 

 95 95 60 95 60 95 

Time (min:sec)  2:00 0:10 0:30 0:15 1:00 0:15 

Two-step qPCR 

 Hold stage PCR Stage Melt curve Stage 

Temperature  

(Degrees Celsius) 

55 95 95 60 95 60 95 

Time (min:sec) 10:00 1:00 0:10 1:00 0:15 1:00 0:15 

 

2.12 FN fragments purification 

2 bottles of 450ml 2YT autoinduction medium (table 2.6) in two 2L flasks were prepared and 

autoclaved in advance, together with 20x TBS (12.1g Tris pH7.5 and 87.7 g NaCl in 500ml 

water),1x TBS and 2YT agar.  
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Table 2.6. Bacteria growth medium recipe. List of the supplements needed to make the autoinduction media 

including final concentration needed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transformed competent cells BLR:DE3 pLysS bacteria were mixed with H0 fragment plasmid 

(Makarem et al., 1994) or the 50K fragment plasmid (Danen et al., 1995). Plasmids were 

2YT Medium Base (500ml) 

5g Tryptone 

2.5g Yeast extract 

450ml H2O 

Additives for auto-induction media (500ml) 

 Substance Stock Final 
Conc. 

25ml Na2HPO4 500mM 25mM 

12.5ml KH2PO4 1M 25mM 

25ml NH4Cl 1M 50mM 

2.5ml Na2SO4 1M 5mM 

1ml MgSO4 1M 2mM 

1ml CaCl2 (add last) 1M 2mM 

2.5ml Glycerol (warm)  0.5% 

0.25g Glucose  0.05% 

1g Lactose  0.2% 

0.5ml Ampicillin 100mg/ml  
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integrated in bacteria via heat shock. Bacteria were allowed to grow at 37 degrees C overnight 

in 100µg/ml ampicillin and 30µg/ml CAP 2YT agar plates. The following day, one colony of 

bacteria for each plasmid was inoculated in 2x10ml 2YT media with 1000µg/ml Ampicillin 

and 30µg/ml CAP. Bacteria was put in incubator for approximately 8 hours. After, all the other 

components of the autoinduction media were added to a flask and it was inoculated with 0.5ml 

of the starter cultures. As CaCl2 precipitates, it is important to add it at the end when the media 

is well mixed. After an overnight incubation at 37 degrees C in shaker incubator, the bacterial 

culture was divided into 4x 250ml centrifuge tubes, that were balanced with water. Cultures 

were then spun down at 5000rpm for 15min using an SLA-1500 rotor at 4 degrees C. The 

pellets were combined and resuspended in 40ml 1xTBS with 1/1000 complete protease 

inhibitor. Resuspended bacteria were then frozen in 50ml tube at -70 degrees C overnight. On 

the following day, bacteria were thawed in a beaker containing RT water to aid cells lysis. 

Bacteria were further sonicated six times for 30 seconds.  

The two FN fragments were purified in different ways (figure 2.5). For the H0 fragment, 50µl 

of 10mg/ml DNase/Rnase was added to the lysate and incubated on ice for 30 minutes. While 

incubating, 3ml of glutathione magnetic beads were washed three times with 1x TBS. Cell 

debris were then pelleted by centrifugation using a JA25.50 rotor at 20,000 rpm for 30 minutes 

at 4 degrees C. Lysate was then added to the glutathione beads and incubated for 30 minutes at 

RT to allow binding. Beads were then washed five times using 25ml of ice-cold 1x TBS by 

leaving them in a rotator for 5 minutes each. Beads were then resuspended in 2ml 50mM Tris-

HCl pH 8.0 with 10mM CaCl2. 50U of thrombin were added to it and the mix was left for 

digestion for 4 hours at RT. Beads were removed from the solution using a magnet. Finally, 

eluted protein was passed through a 1ml benzamidine HiTrap column. Protein was aliquoted 

and stored at -20˚C. Protein was loaded on a Bis-Tris gel, to ensure correct elution. Gels were 

then stained with Coomassie stain to detect proteins. 
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For the 50K fragment, Buffer A and Buffer B were prepared in advance and diluted to have 1L 

of 1x Buffer A and Buffer B (table 2.7). While the cell debris were pelleted by centrifugation 

using a JA25.50 rotor at 20,000 rpm for 30 minutes at 4 degrees C, DEAE SepharoseTM fast 

flow, agarose, was packed into a 20cm x10mm column and equilibrated with 100ml of Buffer 

A at 7rpm flow rate. Clear lysate was then loaded in the column at 7rpm flow rate (if the lysate 

is not clear, it needs to be spun down again). It is important to keep some of the flow through 

and loaded sample for analysis. Column was then washed overnight at rate 3rpm with 100ml 

Buffer A. The proteins were then eluted from the column by running a gradient of 300ml Buffer 

A against Buffer B at rate 7rpm. Once eluted, profile was checked on a Bis-Tris gel, by loading 

10µl sample mixed with 10µl SDS-PAGE buffer of every other fraction starting from fraction 

8, including the original lysate and flow through as control. Gels were then stained with 

Coomassie stain and the fractions with the highest protein content were pooled together and 

concentrated down to 10ml using Vivaspin20, 3000 MWCO PES in a Mellor centrifuge at 

maximum speed. Proteins were then aliquoted and stored at -20˚C. Finally, the column was 

stripped with more than a 100ml high salt buffer and washed with more than 100ml low salt 

buffer before being stored away. 
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Table 2.7. Buffer A and Buffer B recipes. Amounts and ingredients of the high salt and low salt buffers needed 

for the protein concentration using the filter column and fraction collector.  

20x Buffer A (500ml) Low Salt TBS 

 Substance Stock 

29.2g NaCl 1M 

28.2g Tris, pH 6.0 400mM 

500ml H2O 

20x Buffer B (500ml) High Salt TBS 

 Substance Stock 

73g NaCl 2.5M 

7.05g Tris, pH 6.0 100mM 

500ml H2O 

 

For both proteins, protein concentration was quantified using a BCA assay kit (Thermo 

Scientific, 18064090). BCA solution was prepared by diluting solution B with solution A using 

a 1:50 ratio, as per manufacturer’s instructions. Eppendorf tubes containing 0, 2, 4, 8, 12, 16mg 

BSA standard (2mg/ml) and tubes with 2ul, 5ul, 10ul of the H0 and 50K fragments were 

prepared. To each tube, 1ml BCA solution was added. Solutions were then transferred into 

plastic cuvettes and incubated for 30 minutes at RT. After which, a spectrophotometer set at 

562nm was used to measure the absorbance. BSA standard curve was produced using 

absorbance (y) against milligrams (x) using Excel. A trend line was added and with the equation 

generated the concentration of H0 and 50K protein elution was determined.  
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Figure 2.5. Illustration of the methodology followed to obtain FN fragments; 50K and H0. 
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2.13 Zebrafish xenotransplants  

A personal licence category B (I93771398) was obtained as per home office regulations 

covering modules L, E1, PIL A (theory and skills), K (theory and skills) and PIL B species 

zebrafish. All work was carried out under project licence PP8726269. 

Adult fish, Nacre or Casper, were kept at 27–28.5 degrees C on a light–dark cycle. For mating, 

one male and one female were kept overnight in breeding tanks or tanks were marbled. Eggs 

were collected and sorted in petri dishes with E3 media and kept in a 28 degrees C incubator 

until day 2.5 post-fertilization.  

Injection plates were prepared by melting 1.5% Agarose in E3 in the microwave for about 2 

minutes and letting the agarose cool down in a thin layer over a petri dish plate. A2780 cells 

were detached using Trypsin and spun down at 1500 rpm for 3 min, supernatant was removed, 

and cells resuspended in 5 ml of PBS. Cells were counted and spun down again, ensuring all 

trypsin and media were removed. Cells were concentrated to 1x107 cells in 1ml of PBS with 

1% Polyvinylpyrrolidone (PVP).  

Cells were kept on ice and 1 or 2.5-day post-fertilization (dpf) zebrafish embryos were 

anaesthetised with tricaine (figure 2.6). Cells were inserted in the microinjector and 2 embryos 

at the time were laid in the agar plate in the absence of E3 and microinjected using borosilicate 

capillaries with approximately 400 cancer cells in the brain ventricle (1dpf embryos) or cardiac 

cavity (2.5 dpf embryos). Embryos were then placed back in fresh E3 for recovery. 30min to 

1-hour post-injection embryos were checked under a Leica fluorescent microscope to ensure 

cells were present and no cells were in the circulation. Embryos with no successful injection 

were culled. Embryos were then kept in a 34 degrees C incubator to ensure cell survival until 

they reach 4.5 to 10 dpf. 10 embryos from the anaesthetised plates were used as control and 

kept with the injected embryos in a 34 degrees C incubator. They were then imaged live using 

a Leica MZ10 F microscope or an Axio Zoom.V16 microscope. 
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Figure 2.6. Zebrafish injection procedure. Embryos were collected and incubated at 28 degrees C until they 
reached 2.5dpf. Microinjector was set up and human cancer cells were injected in the pericardial cavity. Embryos 
were incubated at 34 degrees C up to 10dpf. Finally, embryos were imaged using a fluorescent microscope and 
checked for metastasis.  

 

2.14 Statistical analysis 

For each experiment, biological repeats were normalised to the control. Data were analysed and 

represented using GraphPad Prism 10.4.0. For experiments containing two unpaired data sets, non-

parametric t tests were run (Mann-Whitney). In experiments with more than two unpaired datasets, one-

way ANOVA with multiple comparisons, Kruskal-Wallis test, was performed. When having multiple 

variables, a two-way ANOVA with multiple comparisons was carried on. Parts of a whole graphs were 

used to plot percentages in observational analysis. Statistical significances were considered when the p 

value was less than 0.05. Super plots were generated as described in (Lord et al., 2020). 

 

 

 

 

 

16h

2.5dpf Pericardial cavity 
injection 34℃ until 10dpf Check for 

metastasis
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CHAPTER 3: Rab25 drives ADAMTS5 expression in a FN dependent manner 

via syndecan-4 in ovarian cancer cells. 

3.1 Introduction: 

Rab25 overexpression is observed in approximately half of ovarian cancers leading to higher 

aggressive state (Cheng et al., 2004; Jeong et al., 2018). In A2780 ovarian cancer cells Rab25 

was found to promote migration on 3D matrices, characterised by the extension of long 

pseudopodia. Furthermore, direct interaction of Rab25 with ß1 integrin was discovered, which 

promoted α5ß1 recycling to the pseudopod tips (Caswell et al., 2007). Moreover, Rab25 was 

found to sort ligand-bound, active α5ß1 integrin to lysosomes. The lysosomal protein CLIC3 

mediates the recycling of the integrins from the lysosome to the cell surface at the rear of the 

cell, activating Src which in turn promotes focal adhesion disassembly, allowing cells to move 

forward (Dozynkiewicz et al., 2012). Taken together, Rab25 appears to rapidly deliver inactive 

a5b1 integrin to the pseudopodia tip to form new adhesion, while active a5b1 integrin is sorted 

into CLIC3-positive lysosomes promoting disassembly of adhesions. In addition, ADAMTS5 

was found upregulated in upon Rab25 overexpression when cells were cultured in 3D matrices 

compared to 2D matrices (Dozynkiewicz et al., 2012; Yuan et al., 2024). Additionally, we have 

demonstrated that Rab25 increases ADAMTS5 mRNA levels, and this was further promoted 

by the presence of fibroblast-generated cell derived matrix (CDM). Moreover, ADAMTS5 

inhibition was found to significantly decrease pseudopod elongation and directional migration 

of Rab25 overexpressing cells when compared to control cells on CDM but not on plastic 

(Yuan et al., 2024). 

 FN, the ligand of α5ß1 integrin, is found in most connective/interstitial tissues. It is essential 

in different processes like wound healing and morphogenesis and regulates cell behaviours like 

adhesion, spreading and migration (Zollinger and Smith, 2017). FN interacts with different 
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ECM proteins, including glycosaminoglycans and cell surface receptors via specific domains. 

Collagen binds to domain type I 6 to 9 and domain type II 1 to 2, tenascin-C binds to different 

type III domains, growth factors share affinity with type II domains 12 to 14 similarly to 

glycosaminoglycans and proteoglycans containing heparin sulphate chains, like SDC4. This 

fragments are known as H0. Integrins bind FN via the RGD site located in the type III domain 

10 and the PHSRN site located in type III domain 9, defined as 50K fragment (Pankov and 

Yamada, 2002) (Figure 3.1). 

 

Figure 3.1. FN dimer structure. Schematic representation of the FN structure including the biding domains and 

binding partners. 50K FN polypeptide incorporates type III repeats 6 to 10 while H0 includes type III repeats 12 

to 15. 

 

FN is known to be highly expressed in ovarian cancer tissues, deposited by cancer associated 

fibroblasts or cancer cells themselves, being part of the tumour microenvironment. As FN is 

an abundant component of the fibroblast CDM (figure 3.2) and ADAMTS5 expression was 

increased when Rab25-overexpressing cells were seeded on CDM, we hypothesised that 

ovarian cancer cells binding to FN via α5ß1 led to the upregulation of ADAMTS5. In this 

chapter we found that both Rab25 and FN upregulate ADAMTS5 in ovarian cancer cells in a 

SDC4 dependent manner, but not in an α5ß1 dependent manner. 

FN
Fibrin

Tenascin C

Collagen
Gelatine

FN
MMP3
MMP9
MMP12

Heparin
Tenascin C

Type III
(extradomain)

Type III Type II

Type I

!3#1
!5#1
!8#1
!&#1
!&#3
!&#6

TGF-#
Heparin

Syndecan-4
Fibulin
VEGEF
BMPs

FN

Variable
splicing 
region

50K

H0



 91 

Figure 3.2. FN staining in CDM. CDM was produced by TIF cells and 

stained for FN (green). Image obtained from Rainero, E. (Unpublished). 

 

 

 

 

 

 

3.2 Results: 

3.2.1 Rab25 and Fibronectin promote ADAMTS5 upregulation: 

We have recently found that the presence of fibroblast-generated matrices increased the 

expression levels of ADAMTS5 in A2780 cells overexpressing Rab25 (Yuan et al., 2024). As 

FN is one of the main ECM components of the premetastatic niche in the omentum and is 

highly enriched in fibroblast-generated matrices, we aimed to determine if FN leads to 

upregulation of ADAMTS5 in the presence of Rab25 overexpression, both at the mRNA and 

protein level. A2780 cells overexpressing Rab25 and control A2780 containing pcDNA3 

vector control were cultured on plastic or FN (25(g/ml) coated plates for 24h and the mRNA 

was extracted. Similarly, protein expression was assessed by western blotting; cells were 

seeded, and media changed to FBS free after 6h before collecting the samples 72h after seeding. 

As ADAMTS5 is a secreted protein, both cell lysates and condition media were collected; the 

latter was concentrated by a 4-step centrifugation protocol (figure 3.3-A). 

FN

TIFs CDM



 92 

 

Figure 3.3. Rab25 overexpression drives ADAMTS5 expression. Schematic representation of the experimental 

plan (A). A2780-Rab25 and A2780-DNA3 cells were seeded on plastic (Pl) or 25µg/ml FN for 24h in media 

containing 10% FBS (B,C) or 1% FBS (D). RNA was extracted, and samples were loaded directly on a plate with 

LUNA one-step qPCR reagents following the kits instructions, to measure Rab25, ADAMTS5 and GAPDH (as 

housekeeping gene). Data represents normalised means (triangles) and individual data points (circles), ± SEM 

from N=4 independent experiments, **p=0.0013 and ****p<0.0001, Kruskal-Wallis test (B), ***p=0.0004, 

Kruskal-Wallis test (C), and ± SEM from N=3 independent experiments, **** p<0.0001, 2-Way ANOVA-

Corrected Fisher’s LSD (D). A2780-Rab25 and A2780-DNA3 cells were seeded on plastic (Pl) or 25µg/ml FN 

for 72 hours, media was changed 6h after seeding to serum free RPMI, cell lysate and conditioned media were 

collected, and conditioned media was concentrated. Samples were run through SDS-page gels, transferred to 
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FVDF membranes, and blotted for ADAMTS5 and GAPDH. Data represent individual data points, ± SEM from 

at least N=3 independent experiments, Šídák's multiple comparisons test, *p=0.0290 and **p=0.0043 (E). Image 

made using items from Servier medical Art and Biorender.  

 

Rab25 overexpression was confirmed by qPCR, showing that A2780-Rab25 cells have higher 

Rab25 expression compared to DNA3 cells (figure 3.3-B). qPCR analysis shows a significant 

increase in the ADAMTS5 expression levels between DNA3 cells and Rab25 cells when 

seeded on FN (figure 3.3-C) for 24h, while there is a small, but not statistically significant 

increase in cells seeded on plastic. As the serum present in the media contains soluble FN, we 

reduced the serum levels to 1% to better assess the impact of matrix FN on ADAMTS5 

expression. Under low serum conditions, ADAMTS5 mRNA levels were significantly 

increased when Rab25 overexpressing cells were seeded on FN compared to A2780-DNA3 

cells, while there was no change when cells were plated on plastic (figure 3.3-D), indicating 

that Rab25 promoted ADAMTS5 expression only in the presence of FN. When looking at 

protein levels, A2780-Rab25 and DNA3 cells where seeded either on plastic or FN for 3 days 

before samples were collected on the contrary of qPCR experiments where cells were seeded 

for 24h. Western blot data show that there is a significant increase in ADAMTS5 protein levels 

in the conditioned media in Rab25-overexpressing cells compared to DNA3 cells. This increase 

is more pronounced when cells are seeded on FN, but it is also observed on plastic, despite the 

data being more variable potentially due to cell matrix deposition by cancer cells (figure 3.3-

E). 

To investigate the role of Rab25 in a more physiological context, the Ovcar3 cell line was used 

as it endogenously overexpresses Rab25, to a similar extent as the exogenous overexpression 

in A2780 cells (figure 3.4-A). Other highly used ovarian cancer cell lines were tested to 

investigate Rab25 expression, Ovcar4 and SKOV3, but no Rab25 protein expression was 

detected (figure 3.4-A). Consistent with our A2780 cell data, we observed a statistically 

significant increase in ADAMTS5 expression when Ovcar3 cells are seeded on FN compared 
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to plastic (figure 3.4-B,C). Overall, our finding indicate that FN promotes ADAMTS5 

expression in Rab25 overexpressing ovarian cancer cells.  

Figure 3.4. FN drives ADAMTS5 expression in Ovcar3 cells. A2780-DNA3, A2780-Rab25, Ovcar3, Ovcar4 and 

SKOV3 cells were lysed and the Rab25 and GAPDH protein levels were measured by Western Blotting (this 

figure is included in (Yuan et al., 2024) (A). Schematic representation of the experimental plan (B). Ovcar3 cells 

were seeded on plastic (Pl) or 25µg/ml FN for 24h. RNA was extracted, samples were then loaded directly on a 

plate with LUNA one-step qPCR reagents to measure Rab25, ADAMTS5 and GAPDH (as housekeeping gene). 

Data represents normalised mean and individual data points, ± SEM from N=4 independent experiments, 

*p=0.0137, Mann Whitney test (C).  

 

3.2.2 '5ß1 integrin expression and localisation differs between ovarian cancer cell 

lines: 

Integrins are the major cellular ECM receptors, allowing cells to respond to ECM changes, 

adhere and migrate (Takada et al., 2007). α5ß1integrin is the typical FN receptor, mediating 

cell adhesion and migration (Hou et al., 2020). To assess if integrin α5ß1 could be mediating 

the upregulation of ADAMTS5 by binding to FN, we firstly characterised the expression of 

integrin a5, a2, b1 and FN in A2780 and Ovcar3 cells. A2780-DNA3, A2780-Rab25 and 

Ovcar3 cells were seeded on plastic for 24h, lysed and integrin expression was assessed by 

Western blotting. A2780 cells had significantly higher levels ofa5 and ß1integrin compared to 

Ovcar3 cells and in a Rab25-independent manner, as there was no significant difference 

between DNA3 and Rab25 cells, and Ovcar3 protein levels were two times lower than DNA3 

cells. α2 integrin expression significantly higher in A2780-DNA3 cells compared to Ovcar3 
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cells while A2780-Rab25 cells had an intermediate level of a2 expression, but none of the 

differences were statistically significant, probably due to sample variability. Finally, A2780-

DNA3 cells have almost a four times higher FN expression compared to Ovcar3 and A2780-

Rab25 cells (Figure 3.5).  

 

Figure 3.5. Integrin differential expression in ovarian cancer cells. A2780-DNA3, A2780-Rab25 and Ovcar3 

cells were seeded on plastic for 24h. Cell lysates were collected, run, and blotted for integrin a2, a5, b1, FN and 

GAPPDH (A). Graphs represents normalised individual data points, ± SEM from N=5 independent experiments, 

Kruskal-Wallis test, *p=0.0198 a5 Ovcar3 vs DNA3, *p=0.0492 b1 Ovcar3 vs Rab25, **p=0.0018 b1 Ovcar3 vs 

DNA3, *p=0.0104 FN Ovcar3 vs DNA3 and a2 *p=0.0114 Ovcar3 vs DNA3 (B). 

 

Previous research has shown that α5 integrin is located in focal adhesions and in fibrillar 

adhesions located under the nucleus when plated on FN coated dishes in Rab25 overexpressing 

A2780 cells, while it localises in focal adhesion in the absence of Rab25 expression (Rainero 

et al., 2015). We assessed the localisation of integrin α5 in both Rab25 overexpressing cells, 

A2780-Rab25 and Ovcar3, by seeding cells on glass-bottomed dishes precoated with FN 

(25ug/ml). Integrin α5 is mostly diffused in the cytoplasm of Ovcar3 cells, while in A2780-

Rab25 cells it clearly accumulates in focal and fibrillar adhesions (figure 3.6). Overall, a 
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differential expression of integrins and FN was observed in ovarian cancer cell lines, showing 

higher levels of a5, a2, b1 and FN in A2780 compared to Ovcar3 cells. 

 

Figure 3.6. Integrins differential localization in ovarian cancer cells. Ovcar3 and A2780-Rab25 cells were 

seeded on a FN (25ug/ml) coated glass-bottomed dishes for 24h, fixed and stained for a5 integrin (green), actin 

(magenta) and nuclei (blue). Dishes were imaged using a Nikon A1 confocal microscope with a 60x objective.  

 

3.2.3 '5ß1 integrin binding to FN is not necessary for ADAMTS5 upregulation: 

It is known that FN can engage with the cells via interactions with integrins, like α5ß1, and 

cell surface proteoglycans, such as SDC1 and 4, that have been found to form cooperative pairs 

to modulate different cellular responses to extracellular stimuli (Morgan et al., 2007). 

Moreover, Rab25 overexpression is linked to higher recycling of integrin α5ß1 to the plasma 

membrane, particularly to the leading edge of migrating cells (Caswell et al., 2007). We wanted 

to investigate whether the interaction between FN and its receptors integrin α5ß1 and/or SDC4 

was required for FN-dependent ADAMTS5 expression (figure 3.7-A). Firstly, FN fragments 

were purified as previously described in (Danen et al., 1995; Sharma et al., 1999). Two different 
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fragments, one containing the RGD integrin binding domain (50K) and one containing the 

heparin binding domain (H0), binding to SDC4, were synthetised (figure 2.4). A2780-DNA3, 

A2780-Rab25 and Ovcar3 cells were seeded on glass-bottomed dishes precoated with 50K, H0 

or full-length FN for 24 hours and mRNA was extracted (figure 3.7-B).  

Figure 3.7. Both H0 and 50K FN fragments promote ADAMTS5 upregulation in ovarian cancer cells. Diagram 

showing the hypothesis tested and the FN fragments binding sites (A). qPCR samples were generated by seeding 

A2780 or Ovcar3 cells on full length FN, H0 or 50K FN fragments for 24h in 10% FBS media (C,D) or 1% FBS 

media (E). RNA was extracted, samples were then loaded directly on a plate with LUNA one-step qPCR reagents 

(B). Data represents normalised mean and individual data points ± SEM from N=4 independent experiments, **** 

p<0.0001, Šídák's multiple comparisons test (C), ± SEM from N=3 independent experiments, **p=0.0064 FN vs 

50K and **p=0.0025 H0 vs 50K, Kruskal-Wallis test (D) and data represents normalised mean and individual 
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data points ± SEM from N=3 independent experiments, **p=0.0015 Rab25 FN vs 50K, **p=0.0072 DNA3 FN 

vs H0, ***p=0.0007 50K DNA3 vs Rab25, *p=0.0001 H0 DNA3 vs Rab25 and ****p<0.0001, 

Šídák's multiple comparisons test (E). Image made using items from Servier medical Art and Biorender and 

adapted from (Morwood et al., 2023). 
 

qPCR results show that ADAMTS5 expression levels were significantly increased in Rab25-

overexpressing cells when compared to DNA3 cells on both FN fragments, to the same extent 

of full-length FN (figure 3.7-C). In Ovcar3 cells, we detected a small, but statistically 

significant, increase in ADAMTS5 expression in cells seeded on the 50K fragment, containing 

the integrin binding site (figure 3.7-D). As serum full length FN might confound the results, 

qPCR experiments were repeated using 1% FBS supplemented media, to reduce the amount of 

plasma FN. Although we detected an increase in ADAMTS5 expression in Rab25 cells on all 

fragments when compared to DNA3, the 50K fragment led to a statistically significant 

reduction in ADAMTS5 expression levels compared to full length FN, while there was no 

significant difference between the H0 fragment and the full-length FN. Interestingly, the H0 

fragment led to increased ADAMTS5 expression in DNA3 cells when compared to full length 

FN (figure 3.7-E). These experiments suggest that both a5b1 integrin and SDC4 might be 

required for ADAMTS5 expression, as this was not reduced to DNA3 cell levels with either of 

the FN fragments. To test whether a5b1 integrin was required for ADAMTS5 expression, 

A2780 cells were seeded on full length FN overnight in the presence of either an α5 integrin 

inhibitor (ATN-161) or anti-ß1 blocking antibody (AIIB2). ATN-161 is a non-competitive 

inhibitor of the FN PHSRN sequence, located close to the RGD binding site. It was shown to 

inhibits integrin signalling without affecting integrin-dependent adhesion (Cianfrocca et al., 

2006). A2780-DNA3 and A2780-Rab25 cells were firstly seeded on FN (25µg/ml) for 6hr to 

allow them to adhere, then ATN-161 (50mM), DMSO control, and AIIB2 (2ug/ml) or IgG1 

control were added to the media. Cells were then incubated overnight before samples were 

collected for qPCR. Consistent with previous data, ADAMTS5 expression was increased in 
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A2780-Rab25 compared to DNA3 cells, in both DMSO and a5 inhibitor treated cells (figure 

3.8-A). Similarly, the treatment with an anti- ß1 blocking antibody (AIIB2) or a control 

antibody (IgG1) did not prevent Rab25-induced ADAMTS5 over-expression in cells seeded 

on FN (figure 3.8-B). Overall, our data suggests that binding to α5ß1 integrin is not needed to 

upregulate ADAMTS5 expression in the presence of FN. 

Figure 3.8. FN biding to #5ß1 is not needed for the upregulation of ADAMTS5 induced by Rab25. A2780-

DNA3 and A2780-Rab25 cells were seeded on FN (25µg/ml) for 6hr and kept overnight in the presence of either 

the !5 inhibitor ATN-161 (50mM) or DMSO (A) or anti-ß1 blocking antibody (AIIB2) (2ug/ml) or an IgG1 

control (B). RNA was extracted, samples were then loaded directly on a plate with LUNA one-step qPCR reagents 

to measure ADAMTS5 and GAPDH levels. Data represents normalised mean and individual data points, ± SEM 

from N=3, **p=0.0038 and ****p<0.0001, Šídák's multiple comparisons test (A) and N=5 independent 

experiments, **p=0.0014 Cntr DNA3 vs Rab25, **p=0.0075 IgG Cntr DNA3 vs Rab25 and ****p<0.0001, 

Šídák's multiple comparisons test (B). 

 

3.2.4 Syndecan-4 drives ADAMTS5 upregulation: 

Since integrin α5ß1 was not involved in the upregulation of ADAMTS5, we wanted to 

investigate the role of SDC4 binding to FN, as SDC4 is a coreceptor of integrin α5ß1 during 

focal adhesion formation. Interestingly, it was found that SDC4 regulated ADAMTS5 

activation via upregulation of MMPs in a mouse model of osteoarthritis (Echtermeyer et al., 

2009). We firstly used mouse embryonic fibroblasts (MEFs) from either wild type or SDC4-

KO mice (Bass et al., 2007), seeded either in Pl or FN (25µg/ml) for 24h, to see if any detectable 

differences in ADAMTS5 expression were observed when SDC4 was not expressed before 
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moving to our ovarian cancer cell lines.  We found that in wild type MEFs there was an increase 

in ADAMTS5 expression when cells were seeded on FN, and this increase was completely 

blocked in the SDC4-KO MEFs (figure 3.9). As a decreased in ADAMTS5 expression was 

observed in MEFs, we then tested ADATMS5 mRNA levels in A2780-DNA3 and A2780-

Rab25 cells transfected with an siRNA targeting SDC4 or a non-targeting control and seeded 

on 25µg/ml FN. Consistently, ADAMTS5 expression levels were higher in A2780-Rab25 cells 

compared to DNA3 in the presence of a non-targeting siRNA, but this increase was strongly 

reduced when SDC4 was knocked down (KD) (figure 3.10-A). Similarly, SDC4 KD resulted 

in a small but statistically significant reduction in ADAMTS5 expression in Ovcar3 cells 

(figure 3.10-B). qPCR analysis confirmed a 64% reduction in SDC4 expression upon KD in 

both cell lines (figure 3.10-C,D). Interestingly, Rab25-overexpression resulted in a small but 

statistically significant increase in SDC4 levels in A2780 cells seeded on FN (figure 3.10-C). 

Similarly, in Ovcar3 cells, SDC4 expression was higher when cells were seeded on FN 

compared to plastic (figure 3.11). These data suggest that SDC4 regulates ADAMTS5 

expression in Rab25 overexpressing cells seeded on FN, while SDC4 expression is increased 

in Rab25 overexpressing cells seeded on FN. 

Figure 3.9. SDC4 regulates ADAMTS5 expression in MEF. WT 

and SDC4 KO MEF were seeded on plastic (Pl) or FN (25µg/ml) for 

24h. RNA was extracted, samples were loaded directly on a plate 

with LUNA one-step qPCR reagents. ADAMTS5 and GAPDH 

mRNA levels were measured, data represents normalised mean and 

individual data points, ± SEM from N=2 independent experiments, 

***p=0.0002 and ****p<0.0001, 2way ANOVA-Uncorrected 

Fisher’s LSD.  
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Figure 3.10. SDC4 regulates ADAMTS5 expression in ovarian cancer cells. A2780-DNA3 and A2780-Rab25 

cells were transfected with an siRNA against SDC4 (SDC4 KD) or non-targeting siRNA (Nt) and seeded on FN 

for 24h, mRNA was extracted and ADAMTS5 and GAPDH levels were measured by qPCR, data represents 

normalised mean and individual data points, ± SEM from N=4 independent experiments, ***p=0.0002 Rab25 Nt 

vs SDC4-KD and ***p=0.0005 Nt DNA3 vs Rab25,  Šídák's multiple comparisons test (A); Ovcar3 cells were 

transfected with siRNA against SDC4 (SDC4 KD) or non-targeting siRNA (Nt) and seeded on FN for 24h, mRNA 

was extracted and ADAMTS5 and GAPDH levels were measured by qPCR, data represents normalised mean and 

individual data points, ± SEM from N=3 independent experiments, *p=0.0207, Mann Whitney test (B); efficiency 

of SDC4 KD in A2780-DNA3 and A2780-Rab25 cells were measured by qPCR, data represents normalised mean 

and individual data points, ± SEM from N=4 independent experiments, *p=0.0110 and ****p<0.0001, 2way 

ANOVA-Uncorrected Fisher’s LSD (C); efficiency of SDC4 KD in Ovcar3 cells were measured by qPCR, data 

represents normalised mean and individual data points, ± SEM from N=3 independent experiments  

****p<0.0001, Mann Whitney test (D). 

 

Figure 3.11. SDC4 expression increases on FN in Ovcar3 cells. Ovcar3 

cells were seeded on plastic (Pl) or FN (25µg/ml) for 24h, mRNA was 

extracted and SDC4 levels were measured by qPCR, data represents 

normalised mean and individual data points, ± SEM from N=3 

independent experiments, *p=0.0200, Mann Whitney test. 
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SDC4 signalling is primarily mediated by the activation of protein kinase C (PKC) (Murakami 

et al., 2002). To determine whether PKC was required for SDC4-mediated ADAMTS5 

upregulation in Rab25 expressing cells, we used a reversable PKC inhibitor, BIM. A2780-

DNA3 and A2780-Rab25 cells were seeded on FN and BIM or DMSO were added after 6h, 

samples were collected for qPCR after 24h. As shown in figure 3.12, the presence of BIM did 

not affect the expression of ADAMTS5 in Rab25-overexpressing cells, as we detected a similar 

increase in ADAMTS5 expression in A2780-Rab25 compared to DNA3 cells in the presence 

of both DMSO and BIM. Overall, these results suggest that the binding of FN to SDC4 is 

needed for upregulation of ADAMTS5, but this process does not seem to be mediated by PKC 

activation.  

Figure 3.12. PKC inhibition does not alter 
ADAMTS5 expression. A2780-DNA3 and 

A2780-Rab25 cells were seeded on FN (25µg/ml) 

for 6h, BIM (100nM) or DMSO were added and 

incubated for 24h. RNA was extracted, samples 

were loaded directly on a plate with LUNA one-

step qPCR reagents and ADAMTS5 and GAPDH 

levels were measured. Data represents normalised 

mean and individual data points, ± SEM from at 

least N=2 independent experiments, ** p=0.0048, 

*p=0.0113, Fisher’s LSD. 
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on FN coated plates or plastic in 10% FBS-containing media, no significant differences in 

ADAMTS5 mRNA levels were observed. FBS contains plasma FN that, even if it differs 

structurally and functionally from cellular FN, can be used by cancer cells and rearranged, 

affecting both cell motility and metastatic capacities (Humphries et al., 1986). The presence of 

plasma FN could be the reason why no significant differences in ADAMTS5 mRNA levels are 

observed between plastic and FN in A2780-Rab25. We then reduced FBS to 1%, which did not 

affect cell morphology and viability (not shown). A significant difference between plastic and 

FN was now observed, indicating that FN regulates the expression of ADAMTS5 in Rab25 

overexpressing cells. However, in Ovcar3 cells we detected a significant increase in 

ADAMTS5 expression in the presence of 10% FBS. Ovcar3 cells have been previously 

reported to not discriminate between cellular or plasma FN, adhering at similar rates to both 

FN types when compared to plastic (Zand et al., 2003). We were not able to grow Ovcar3 cells 

with 1% FBS as we observed reduced viability in low FBS conditions which led to insufficient 

cells to obtain RNA for qPCR. This could mean that we might potentially underestimate the 

FN-dependent increase in ADAMTS5 expression in Ovcar3 cells. Despite this, the effect 

observed from the ECM presence, in this case FN, was smaller in Ovcar3 cells compared to 

A2780-Rab25 cells, consistent with our previous findings in the presence of CDM (Yuan et 

al., 2024). Ovcar3 cells express Rab25 at relatively high levels which are comparable to those 

found in A2780 cells when Rab25 is exogenously overexpress, cell expression differences 

could be also due to the different origin of the cells. Further controls could have been carried 

out like using Ovcar4 cancer cells which have similar cell origin as Ovcar3, as they were 

established from ascitic fluid of patients, but do not express Rab25, as seen in figure 3.4. This 

could have given further confirmation of the need of Rab25 expression for ADAMTS5 

upregulation. Furthermore, Ovcar3 Rab25-KD were carried out by our lab which led to no 
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changes in ADAMTS5 expression when cells were seeded on CDM (Yuan et al., 2024), but a 

repeat of the experiment can be done of FN as further control. 

ADAMTS5 protein levels were also found to be increased in Rab25 overexpressing cells when 

comparing to DNA3 cells. In agreement with our previous results, FN led to an increase in 

ADAMTS5 compared to plastic, but the difference was not statistically significant. The 

relatively high ADAMTS5 protein levels observed on plastic could be due to the fact that 

A2780 cells might secrete their own ECM, containing FN, as cells were cultured for 72 hours. 

In this instance there was no FBS in the media as after adhesion (6h) the media was changed 

to serum free. Media was changed to serum free as ADAMTS5 is mainly found in the 

conditioned media (CM), due to the protein being secreted. Proteins from the FBS can increase 

background in the western blots, so it is common practice to remove or reduce FBS in the 

media when detecting low abundance proteins (Rashid and Coombs, 2019). Multiple studies 

have shown a differential impact on signalling pathway response by cancer cells when in 

serum-free conditions. Among these, a proteomic study has shown divergent responses on 

various signalling pathways, including Akt and EGFR/MAPK, when high grade glioma and 

seven different adenocarcinoma cell lines where serum starved (0.5% FBS added to culture 

media) (Levin et al., 2010). The secretome has also been shown to be affected by serum 

availability. Interestingly, increase secretion of MMPs was found in the presence of serum 

compared to the absence of serum, in a glioblastoma cell line, potentially due to cells 

responding to serum availability (Shin et al., 2019). No other ECM enzymes have been 

identified to be differentially expressed in this research, and our results show similar trends 

independently of serum presence. We were not able to investigate ADAMTS5 protein 

expression in Ovcar3 cells, because new batches of the antibody previously used for A2780 

cells failed to detect the protein, and currently available antibodies are not reliable or 

unspecific.  
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As Rab25 is known to recycle a5b1 integrin to the plasma membrane, we hypothesised that a 

crosstalk between a5b1 integrin and its ligand FN was needed to promote ADAMTS5 

expression. We started by investigating integrin expression in A2780s and Ovcar3 cells. 

Interestingly, A2780-Rab25 cells had higher levels of α5 and of ß1integrin compared to Ovcar3 

cells. Lower expression of α5ß1integrin (Cannistra et al., 1995) and high α3, α6 and αv integrin 

expression (Ahmed et al., 2005) has been previously reported by others in Ovcar3 cells, 

suggesting that Ovcar3 cells are less associated with FN binding compared to other ovarian 

cancer cell lines, such as CAOV-3 or SKOV-3 (Cannistra et al., 1995). Contrarily to the 

literature (Bao et al., 2021), we found lower FN protein expression in Ovcar3 cells compered 

to A2780 cells. This could potentially be due to increased a5b1 and FN lysosomal degradation. 

According to the protein atlas, CLIC3 is undetectable at the protein level and very low at the 

mRNA level in Ovcar3 cells. This suggests that the expression of Rab25 might drive FN-bound 

integrin lysosomal delivery, followed by degradation due to the lack of CLIC3-dependent 

recycling. Therefore, further investigation of ligand-dependent a5b1 integrin ubiquitination 

and degradation is still needed (Rainero and Norman, 2013). Alternatively, Ovcar3 cells could 

secrete and organise FN as an insoluble matrix, that will not be extracted by the cell lysis buffer 

used in these experiments.  

We used two different approaches to determine if a5b1 integrin was required for FN-dependent 

ADAMTS5 expression: 1) FN fragments which specifically bind to either integrins (50K) or 

syndecans (H0) and 2) α5 integrin inhibitor (ATN-161) or anti- ß1 blocking antibody (AIIB2). 

Overall, our data suggest that α5ß1 integrin is not the major regulator of ADAMTS5 expression 

downstream of Rab25, although we cannot rule out the fact that a5b1 might still partially 

contribute to ADAMTS5 expression. When cells were seeded on FN fragments in the presence 

of 1% FBS, we detected a small but statistically significant reduction in ADAMTS5 expression 

when cells were seeded on the 50K fragment when compared to full length FN. Interestingly, 
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there was no difference between the full length and the H0 fragment, suggesting that this FN 

portion was sufficient to promote ADAMTS5 expression. Furthermore, the HO fragment was 

able to increase ADAMTS5 expression in DNA3 cells, potentially to allow cancer cells to 

remodel the ECM after increased adhesion to the matrix. The H0 fragment binds to SDC4 via 

the heparan binding domain, suggesting that SDC4 might control ADAMTS5 levels 

downstream of Rab25. SDC4 is a coreceptor of α5ß1integrin that has been found to reduce cell 

avidity to FN, regulate cell surface availability of α5ß1integrin and trigger caveolin-dependent 

endocytosis of integrin complexes (Bass et al., 2011). Consistently, we found that knocking 

down SDC4 reduced completely abrogated the increase in ADAMTS5 mRNA levels induced 

by Rab25 overexpression in A2780 cells. Similarly, a smaller but statistically significant 

decrease of ADAMTS5 expression was also observed in Ovcar3 cells upon SDC4 knock down. 

In osteoarthritis, SDC4 was also found to promote the aggrecanase activity of ADAMTS5 by 

regulating the expression of MMP3, in an ERK1/2-dependent manner (Echtermeyer et al., 

2009). However, it is not clear how SDC4 could modulate ADAMTS5 mRNA levels. Finally, 

we also observed an increase in SDC4 expression levels in Rab25 overexpressing cells 

compared to DNA3. A 10-fold increase in SDC4 RNA expression (nTPM) was reported in 

Ovcar3 cells compared to wild type A2780 cells, data available in the human protein atlas 

(proteinatlas.org). Two new NF-κB biding sites have been identified in the SDC4 promoter 

region, that have been reported to be responsible for the effects of TNF-α upregulation of SDC4 

in vascular endothelium (Okuyama et al., 2013). Furthermore, we recently showed that NF-κB 

levels are higher in A2780-Rab25 when compared to DNA3 cells. Moreover, Rab25 

knockdown in Ovcar3 resulted in a similar reduction in NF-κB levels. Furthermore, we found 

that Rab25 overexpression led to a significant increase in the mRNA levels of the NF-κB target 

gene CXCL8; while Rab25 downregulation reduced CXCL8 expression (Yuan et al., 2024). 
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Therefore, this suggests that Rab25 might promote SDC4 expression through NF-κB 

activation. 

To conclude, we found that Rab25 overexpression led to upregulation of ADAMTS5 in ovarian 

cancer cells, in a FN-dependent manner. This appears to not be dependent on α5ß1integrin, but 

to require the expression of SDC4, that is slightly increased in Rab25 overexpressing cells.  
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CHAPTER 4: ADAMTS5 is required for ovarian cancer cells migration  

4.1 Introduction: 

Cancer cells need to become motile to be able to migrate, invade and metastasise. To do this 

cancer cells activate molecular processes where they change their cell surface proteins, they 

activate transcription factors, reorganise their cytoskeleton and produce ECM degrading 

enzymes, among other changes (Kalluri and Weinberg, 2009). This process is called Epithelial-

Mesenchymal Transition (EMT). There are different ways in which cancer cells can migrate: 

collectively, where a group of cells is still connected together via adhesion molecules or 

junctions; or individually, where individual cells invade the surrounding tissue; in addition, 

these cells can adopt two different migratory mechanisms: mesenchymal migration or ameboid 

like migration (Krakhmal et al., 2015). 

In ovarian cancer different types of migration have been observed. As ovarian cancer originates 

from epithelial cells, the most common transition that occurs is EMT, allowing ovarian cancer 

cells to acquire mesenchymal properties and invade into neighbouring tissues. This process is 

mediated by Wnt and Notch signalling pathways and the presence of cytokines, together with 

matrix metalloproteinases and growth factors (Śliwa et al., 2024). In some cases, ameboid like 

migration can occur. This process is integrin independent, and it is promoted by the Rho/ROCK 

signalling pathway. Cells are more contractile, lack cell adhesions and there are weak cell-

ECM contacts (Śliwa et al., 2024).  

Rab25, whose expression is restricted to epithelial cells, was found to contribute to the 

aggressiveness of ovarian cancer and breast cancer (Cheng et al., 2004). We have previously 

demonstrated that Rab25 overexpressing cells significantly increase their pseudopod length 

and directional migration when seeded on fibroblast-generated cell-derived matrix (CDM). 

More importantly, both pharmacological inhibitors, blocking ADAMTS5 protease activity, and 

siRNA mediated ADAMTS5 downregulation reduced pseudopod elongation and directional 
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cell migration on CDM in Rab25 cells without affecting DNA3 cells. Importantly, ADAMT5 

inhibition did not affect cell migration on plastic (Yuan et al., 2024). To further characterise 

the role of secreted ADAMTS5, conditioned media from Rab25 cells was added on DNA3 

cells, leading to increased pseudopodial length and increased directional migration. This was 

not observed when using conditioned media from ADAMTS5 knockdown Rab25 cells, 

indicating that ADAMTS5 secreted in the media by Rab25 overexpressing cells is sufficient to 

drive migration on CDM (Yuan et al., 2024). Furthermore, overexpression of ADAMTS5 in 

DNA3 cells was sufficient to drive pseudopod elongation, directional cell migration and 

velocity, figure 4.1 (Yuan et al., 2025 – in press). 

Figure 4.1. ADAMTS5 overexpression increased A2780-DNA3 pseudopod elongation and directional 
migration on CDM. A2780-DNA3 cells were seeded on plastic and transfected with ADAMTS5-flag 

(ADAMTS5-Flag-pCEP4 vector), empty vector (p3xFLAG-CMV-10) and positive control vector, + Cntr, 

(ZWINT1-FLAG-pCMV3). 24h after cell lysates were collected and analysed by western blotting. Membranes 

were stained for. FLAG tag and GAPDH (A). Cells were transfected as in A, seeded on CDM for 4h and imaged 

live with a Nikon widefield live-cell system (Nikon Ti eclipse with Oko-lab environmental control chamber) with 

a 10X objective for 16h. Black arrowheads point to the elongated pseudopods. Scale bar: 200μm (B). The 

pseudopod length (μm) (C), directionality (D) and average velocity [μm/min], (E) of cell migration were measured 

in ImageJ, N=3 independent experiments. The graph shows a Violin plot with median and quartiles. **p=0.0069, 

**** p<0.0001, Mann-Whitney test. Data from Yuan et al., 2025, in press.   
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While it is well established that Rab25 is required for mesenchymal cell migration and invasion 

(Caswell et al., 2007) and ADAMTS5 plays a key role in this process (Yuan et al., 2024), little 

is known about the role of ADAMTS5 in collective cell migration. In this chapter, we therefore 

aimed to investigate the role of ADAMTS5 in Rab25 overexpressing ovarian cancer cell 

collective migration/invasion in FN rich substrates.  

 

4.2. Results: 

4.2.1. Does ADAMTS5 regulate FN-dependent Rab25 overexpressing ovarian cancer 

cell migration? 

While it was previously shown that Rab25 promoted FN-dependent migration of ovarian 

cancer cells in 3D environments (Caswell et al., 2007), we wanted investigate the role of 

ADAMTS5 in  FN-driven collective cell migration.   

We firstly tested the effect of FN on the migration of Ovcar3 cells, endogenously 

overexpressing Rab25. Ovcar3 cells were seeded in 12 well plates for 24h until a monolayer 

was achieved. The monolayer was then scratched in a cross pattern and cells were overlayed 

with 0.5mg/ml matrigel or 0.5mg/ml matrigel supplemented with 25ug/ml FN. ECM was 

polymerised for 30 minutes, after which each arm of the scratch was imaged every 24 hours. 

As shown in figure 4.2, Ovcar3 cells migrated into the wound area in the presence of matrigel, 

but they were not able to fully close the gap after 48h. On the contrary, the presence of FN in 

the matrigel strongly increased cell migration, as the scratch was almost completely closed 

after 48h. Quantification of the scratch area showed that, after 24h, the presence of FN resulted 

in a small but statistically significant reduction in the scratch area (23.5% decrease), while at 

48h the scratch was 88% smaller in the presence of FN compared to matrigel only.  
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Figure 4.2. FN promoted Ovcar3 cell migration. Ovcar3 cells were seeded in 12 well plates, after 24h cells were 

scratched, 0.5mg/ml matrigel or 0.5mg/ml matrigel containing 25ug/ml FN was added on top and allowed to 

polymerise for 30 min. Scratches were imaged every 24h using an Olympus fluorescent microscope with a 4x 

objective, scale bar 250µm (A). Gap area was quantified with ImageJ and normalised to time 0. Graph shows the 

normalised mean of the relative gap area ± SEM from N=1 independent experiment, 

Tukey’s multiple comparisons test, ***p=0.0004 and ****p<0.0001 (B). 

 

To assess the role of ADATMS5 in FN-driven collective cell migration, Ovcar3 cells were 

scratched, overlayed with matrigel supplemented with FN and allowed to migrate in the 

presence of 10µM ADAMTS5 inhibitor, see material and methods 2.10, or DMSO control. In 

the presence of DMSO, Ovcar3 cells migrated into the scratch area, resulting in ~50% closure 

by 48h. Cell migration was inhibited in the presence of ADAMTS5 inhibitor. The difference 

between the gap in the presence and absence of ADAMTS5 inhibitor was small but statistically 

significant, resulting in 30.6% increase when the inhibitor was added (figure 4.3). To 

summarise, FN promoted collective cell migration while ADMTS5 inhibitor reduced it in 

Ovcar3 cells. 

 

 

 

 

 

 



 112 

Figure 4.3. ADAMTS5 inhibition reduced cell migration in the presence of FN. Ovcar3 cells were seeded in 12 

well plates, after 24h cells were scratched and 0.5mg/ml matrigel with FN 25ug/ml was added on top. Either 

DMSO or ADAMTS5 inhibitor (10µM) was added to the matrigel and the media. Scratches were imaged every 

24h using an Olympus fluorescent microscope with an objective 4x, scale bar 250µm (A). Gap area was quantified 

with ImageJ and normalised to time 0.  Graph shows the normalised mean of the relative gap area, ± SEM from 

N=3 independent experiments, Šídák's multiple comparisons test, *p=0.0412. 

 

4.2.2. Ovarian cancer cell coculture with mesothelial cells; increasing physiological 

relevance.  

Next, we wanted to improve our migration model by making it more physiological relevant to 

the ovarian metastasis microenvironment. When ovarian cancer cells metastasise, they reach 

secondary organs mainly by passive migration. Once they reach the new organ they need to 

‘breach through’ a layer of mesothelial cells and migrate to colonise the new location. Previous 

studies recently summarised in Mogi et al., 2021, reported that mesothelial cells can become 

cancer associated fibroblasts and aid in proliferation, migration and invasion during peritoneal 

metastasis, by secreting ECM components like FN and vitronectin. We firstly confirmed the 

secretion/arrangement of FN by mesothelial cells (MET-5a-GFP) and then cocultured MET-

5a-GFP cells with Ovcar3 cells to assess their organization. After 24h of incubation of MET-

5a-GFP cells on a FN precoated glass-bottom dishes, it was possible to observe rearrangement 

of the FN fibrils. As MET-5a cells formed a confluent monolayer, FN started to accumulate in 

between and on top of the cells, forming a network that extends across multiple cells (figure 

4.4).  
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Figure 4.4. Mesothelial cells FN organisation. Mesothelial cells (MET-5a) were seeded on glass bottom dishes 

coated with 25µg/ml FN, incubated for 24h, fixed, stained for FN (magenta), actin (white) and nuclei (blue). Cells 

were imaged using a Nikon A1 confocal microscope with a 60x magnification objective. Z stacks were acquired 

and presented as a maximum projection, scale bar 22µm. 

 

Afterwards, MET-5a-GFP were cocultured with Ovcar3 cells for 14 days on 25µg/ml FN 

coated glass bottom dishes. FN was added to improve adhesion to the dish and media was 

changed once after 7 days of incubation, to avoid altering any secreted factors. Mesothelial and 

Ovcar3 cells organised in the dish. Mesothelial cells, located closer to the ovarian cancer cells, 

changed shape from a more epithelial shape to a fibroblast-like shape. Furthermore, Ovcar3 

cells formed a monolayer of one cell width thickness that sit in between MET-5a cells looking 

like ‘valleys’, while MET-5a cells grew in hight, forming thicker 3D structures that appear like 

‘mountains’ (figure 4.5). FN is again located mostly on top and around mesothelial cells.  
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Figure 4.5. Mesothelial and Ovcar3 cells 3D reconstruction. Mesothelial cells (MET-5a) (green arrows) and 

Ovcar3 (white arrows) cells, ratio 1:1, were seeded on glass bottom dishes coated with 25µg/ml FN. They were 

incubated for 14 days, fixed, stained for FN (red), actin (white) and nuclei (blue) and imaged using a Zeiss Airy 

Scan microscope. Images are representative of N=3 independent experiments. 3D reconstruction was generated 

by stitching a 3x2 stack images, that were then denoised and reconstructed by Avaris vision 4D software. 

 

We then assess more closely FN and #1 integrin distribution in Ovcar3/Met5a cocultures 

(figure 4.6). Mesothelial cells are delimited with a green line, defined using the GFP signal, 

which was removed from the images to better appreciate the distribution of the stained proteins. 

FN was mostly deposited on top and in between mesothelial cells, nicely aligning with the actin 

cytoskeleton, but almost no FN was observed in the Ovcar3 cell area (figure 4.6-A). In the 

close-up images, Ovcar3 cells appear to have ventral stress fibres, but there is no FN located 

under them.  In figure 4.6-B, integrin #1 was stained in magenta, its location matches with FN 

deposition in mesothelial cells, accumulating at the plasma membrane of mesothelial cells. In 

addition, a weak #1 integrin staining is present at the plasma membrane in Ovcar3 cells, while 

FN was not present at all. Mesothelial cells have higher levels of #1 integrin that appear to be 

along the actin filaments. Actin filaments from one mesothelial cell were almost forming a 

continuous filament with the neighbouring cell, giving rise to a continuous network of actin 

filaments. All considered, our data indicate that MET-5a cells secrete and assemble FN, while 

Ovcar3 cells appear not to do so.   
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Figure 4.6. FN and b1 integrin distribution in mesothelial and Ovcar3 cells coculture. Mesothelial cells (MET-

5a) and Ovcar3 cells, ratio 1:1, were seeded on glass bottom dishes coated with 25µg/ml FN, incubated for 14 

days, fixed, stained for FN or integrin b1 (magenta), actin (yellow) and nuclei (blue) and imaged using a Nikon 

A1 confocal microscope. The green line delimits the mesothelial cell area. Scale bar, 45µm (A, B). Images are 

representative of N=2 independent experiments. 
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Once we established the ratio of MET-5a-GFP and Ovcar3 cell needed for them to survive in 

coculture and the numbers of days needed for the re-organisation to happen, we assessed cell 

migration. Firstly, we wanted to determine if FN increased migration in Ovcar3 cells cocultured 

with MET-5a-GFP cells. Due to the fragility of the monolayers formed, sticky inserts were 

used to create a scratch. MET-5a-GFP were cocultured with Ovcar3 in the insert chambers for 

4 days, inserts were then removed, an overlay of matrigel or matrigel with FN was added on 

top and allowed to polymerise for 30min. Scratches were then imaged every 3h. A mixture of 

the two cell lines can be seen in the monolayers around the scratch, organised in distinct areas 

as in the immunofluorescence experiments described above. As mesothelial cells are GFP 

tagged, cells can be identified in the green channel images. Both cell lines were migrating into 

the scratched area, no differences were observed between matrigel and matrigel with FN at any 

of the timepoints images and at 24h the scratches were almost closed (figure 4.7). Ovcar3 

cocultured with MET-5a moved faster than when migrating alone, as in previous experiments 

(figure 4.2) it took Ovcar3 cells 48h to almost close the gap. This suggests that mesothelial 

cells are promoting ovarian cancer cells migration, in an exogenous FN-independent manner.  

 

Figure 5.7. FN supplementation did not affect MET-5a-GFP/Ovcar3 cell coculture migration. Ovcar3 and 

MET-5a-GFP (1:1 ratio) cells were seeded in inserts chambers in 12 well plates, after 4 days inserts were removed. 

0.5mg/ml matrigel or 0.5mg/ml matrigel with 25µg/ml FN was added on top and allowed to polymerise for 30 

min. Scratches were imaged for 24h using an Olympus fluorescent microscope. Wound margins are marked by 

green line in the GFP images. Scale bar, 250µm (A). Gap area was quantified with ImageJ and normalised to time 

0.  Graph shows the normalised mean of the relative gap area, ± SEM from N=3 independent experiments. Šídák's 

multiple comparisons test (B). 
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We next assessed if ADAMTS5 affected cell migration in the coculture system. Met5a-GFP 

and Ovcar3 cocultures were scratched and overlayed with FN-containing matrigel, then either 

DMSO or ADAMTS5 inhibitor was added to the matrigel plus FN mix and to the media. 

Scratches were then imaged for a total of 48 hours. At 0h the scratches were the same size, as 

inserts were used; at 24h, the cocultured cells migrated into the scratch, covering approximately 

half of the area, both in the presence and absence of ADAMTS5 inhibitor. By 48h the scratches 

were almost closed, with no difference between DMSO and ADAMTS5 inhibitor (figure 4.8). 

Overall MET-5a coculture promoted Ovcar3 cell migration, but this is independent on the 

supplementation of FN or the activity of ADAMTS5. 

 
Figure 4.8. ADAMTS5 inhibitor did not affect the migration of MET-5a-GFP and Ovcar3 coculture in FN 
supplemented matrix. Ovcar3 and MET-5a-GFP cells, 1:1 ratio, were seeded in inserts chambers in 12 well plates, 

after 4 days inserts were removed. 0.5mg/ml matrigel with 25ug/ml FN was added on top with DMSO of 

ADAMTS5 inhibitor (10µM). Scratches were imaged for 48h using an Olympus fluorescence microscope, 4x 

objective. Wound margins are marked by green line in the GFP images. Scale bar, 250µm (A). Gap area was 

quantified with ImageJ and normalised to time 0. Graph shows the normalised mean of the relative gap area, ± 

SEM from N=3 independent experiments. Šídák's multiple comparisons test, (B). 

 

4.2.3. ADAMTS5 was not required for scratch closure in A2780 cells 

To elucidate the role of Rab25 in collective cell migration and confirm the contribution of 

ADAMTS5, A2780-DNA3 and Rab25 cells were seeded in a 12 well plate, scratched after 24h 

and overlayed with FN-supplemented matrigel. ADAMTS5 inhibitor or DMSO were added to 
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the matrigel mix during polymerization and to the media. Our hypothesis was that Rab25-

induced increase cell migration would be prevented by ADAMTS5 inhibition.  However, no 

difference in scratch closure was observed either in the presence or in the absence of 

ADAMTS5 inhibitor between A2780-Rab25 and A2780-DNA3 cells (figure 4.9). A2780 cells 

migrated into the scratch area faster than Ovcar3 cells. At 3h after scratching, both DNA3 and 

Rab25 migrated to a similar extent, regardless of the presence of ADAMTS5 inhibitor. Finally, 

at 6h, more than half of the scratch was covered by both DNA3 and Rab25 cells, with a relative 

gap area mean of 0.45 and 0.44 respectively. On the contrary to what hypothesised, when 

ADAMTS5 inhibitor was added both DNA3 and Rab25 cells closed the scratch slightly more 

than in the presence of DMSO, with a relative gap area 0.36 and 0.39, respectively. Overall, no 

significant differences in migration were observed in A2780s cells, as the variability between 

experiments was quite high. 

Figure 4.9. ADAMTS5 inhibitor did not affect A2780 cell collective migration. A2780-DNA3 and A2780-Rab25 

cells were seeded in 12 well plates, after 24h cells were scratched and 0.5mg/ml matrigel with 25µg/ml FN was 

added on top. Either DMSO or ADAMTS5 inhibitor (10µM) was added to the ECM mix and to the media. 

Scratches were imaged every 3h using an Olympus fluorescence microscope. Scale bar, 250µm (A). Gap area was 

quantified with ImageJ and normalised to time 0. Graph shows the normalised mean of the relative gap area, ± 

SEM from N=3 independent experiments Tukey’s multiple comparisons test (B).  
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4.2.4. FN did not affect the velocity and directionality of collective cell migration in 

A2780 cells 

Since A2780 cells migrated faster than Ovcar3 cells, with full wound closure happening 

overnight, scratch experiments were repeated using live cell microscopy, to be able to track 

individual cell migration. A2780-DNA3 and Rab25 cells were seeded in a 12 well plate, after 

24h the wells were scratched and overlayed with FN-supplemented matrigel or matrigel only 

before imaging. Scratches closed in approximately 12h (figure 4.10). Both cell lines were 

covering more or less the same area of scratch up to 6h, at that point DNA3 cells moved further 

into the wound when FN was present than only matrigel, but both scratches were fully closed 

by 12h. In Rab25 cells, scratches were closing equally at all time points. Overall, there is a 

small but not statistically significant increase in DNA3 cell velocity in the presence of FN-

supplemented matrigel compared to matrigel only. Rab25 cell velocity was significantly higher 

than DNA3 in the absence, but not in the presence, of FN. Moreover, FN did not affect Rab25 

cell migration velocity. As it was previously shown that Rab25 increased directionally of cell 

migration in 3D matrices, we quantified the forward migration index (FMI), which measures 

the efficacy of forward migration of the cells in relation to both axis, hypothesising that Rab25 

cells would migrate more directionally towards the middle of the scratch in matrigel 

supplemented with FN. However, we only detected a small, and not statistically significant, 

difference in the FMI between DNA3 and Rab25 cells, in the presence and absence of FN. 

These data suggest that Rab25 expression and the presence of FN do not affect directional cell 

migration in A2780 cells. 



 120 

 



 121 

Figure 4.10. FN increases FMI in A2780 cells. A2780-DNA3 and Rab25 cells were seeded in 12 well plates, 

after 24h cells were scratched and 0.5mg/ml matrigel or 0.5mg/ml matrigel with 25µg/ml FN was added on top. 

Cells were imaged live as soon as matrigel was polymerised every 10min for 16h, using a Nikon Widefield Live-

Cell System (Nikon Ti eclipse with Oko-lab environmental control chamber) with a 10x objective. Scale bar, 

150µm (A). Cells were manually tracked and velocity (µm/min) and forward migration index (FMI) were 

quantified using ImageJ. Graph shows violin plot with median and quartiles from N=3 independent experiments, 

Kruskal-Wallis test, ** p=0.0037 (B).  

 

4.2.5. ADAMTS5 was required for directional collective cell migration in A2780 cells 

overexpressing Rab25 

We then wanted to assess the role of ADAMTS5 in FN-driven collective cell migration. For 

this, A2780-DNA3 and A2780-Rab25 cells were scratched, overlayed with matrigel 

supplemented with FN and imaged live in the presence of 10µM ADAMTS5 inhibitor or 

DMSO control. As shown in figure 4.11, in the presence of DMSO, both DNA3 cells and 

Rab25 cells covered approximately half of the scratch area by 6h and fully closed the gap in 

12h. Rab25 cells seemed to form a slightly patchier monolayer at 12h compared to DNA3 cells, 

which appeared more compact. On the other hand, when ADAMTS5 inhibitor was added both 

DNA3 and Rab25 cells cover less area of the scratch, images appear similar up to 6h of wound 

closure when ADAMTS5 inhibited cells start to leave bigger gaps. No difference in migration 

velocity was detected between DMSO and ADAMTS5 inhibitor in either DNA3 or Rab25 

cells. However, here we detected a significant increase in directionality of cell migration in 

Rab25 cells compared to DNA3, which was completely abrogated by ADAMTS5 

pharmacological inhibition (figure 4.11-B). 
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Figure 4.11. ADAMTS5 was required for directional cell migration in A2780 cells. A2780-DNA3 and Rab25 

cells were seeded in 12 well plates, after 24h cells were scratched and 0.5mg/ml matrigel with 25µg/ml FN was 

added on top. Either DMSO or ADAMTS5 inhibitor (10µM) was added to the ECM mix and to the media. Cells 

were imaged live as soon as matrigel was polymerised every 10min for 16h, using a Nikon Widefield Live-Cell 

System (Nikon Ti eclipse with Oko-lab environmental control chamber) with a 10X objective. Scale bar, 150µm 

(A). Cells were manually tracked and migration velocity (µm/min) and forward migration index (FMI) were 

quantified using ImageJ. Graph shows violin plot with median and quartiles from N=3 independent experiments, 

Kruskal-Wallis test, * p=0.0473, *** p=0.0001, ****p<0.0001 (B).  

 

To confirm the role of ADAMTS5 in collective cell migration, we used siRNAs to 

downregulate its expression. As we have previously established that SDC4 was required for 

Rab25-dependent ADAMTS5 expression, we also knocked down SDC4. A2780-Rab25 cells 

were transfected with siRNAs targeting SDC4, ADAMTS5 or a non-targeting siRNA control. 

Cells were seeded in a 12 well plate, after 6h the wells were scratched and overlayed with 

0.5mg/ml matrigel with 25µg/ml FN. After matrix polymerization, cells were imaged live. As 

shown in figure 4.12, that scratches were fully closed after approximately 12h. At the beginning 

the scratches were approximately the same size in the three conditions, after 3h a small portion 

of the wounds were covered and by 6h half the wound areas were covered in all conditions. In 

all three conditions there is a consistent coverage of the wound area that is fully closed by 12h. 

Single cell tracking showed no difference in velocity between control and ADAMTS5-KD or 

SDC4-KD. On the other hand, ADAMTS5-KD resulted in a small, but statistically significant, 

reduction in directionally of cell migration, while no differences in FMI were observed between 

upon SDC4 downregulation. qPCR analysis, confirmed the knocked down efficiency for both 

ADAMTS5 and SDC4. Indeed, transfection with ADAMTS5 siRNA resulted in an 83% 

decrease in ADAMTS5 expression, while SDC4 siRNA caused a 68% decrease in SDC4 

expression (figure 4.13). Together, these data indicate that ADAMTS5 is required for 

directional collective cell migration, while SDC4 does not seem to play a role. 
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Figure 4.12. ADAMTS5 knock down decreased directional migration in A2780-Rab225 cells. A2780-Rab25 
cells were transfected with an siRNA targeting ADAMTS5 (siTS5), an siRNA targeting SDC4 (siSDC4) or a non-

targeting siRNA control (siNT) and incubated for 3 days. Cells were seeded in 12 well plates, after 24h cells were 

scratched and 0.5mg/ml matrigel with 25µg/ml FN was added on top. Cells were imaged live as soon as matrigel 

was polymerised every 10min for 16h, using a Nikon Widefield Live-Cell System (Nikon Ti eclipse with Oko-

lab environmental control chamber) with a 10X objective. Scale bar, 250µm (A). Individual cells were manually 

tracked and velocity (µm/min) and forward migration index (FMI) were quantified using ImageJ. Graph shows 

violin plot with median and quartiles from N=1 independent experiments, Mann Whitney test, ** p=0.0047  

 

Figure 4.13. ADAMTS5 and SDC4 knock down efficacy. Cells were transfected with an siRNA targeting 

ADAMTS5 (si-TS5), an siRNA targeting SDC4 (si-SDC4) or a non-targeting siRNA control (NT) and incubated 

for 1 days before samples were collected for qPCR. One-step qPCR was run by extracting RNA from the cell 

lysate following kits instruction and loading a qPCR plate with RNA and Luna kit reagents. Graph shows Graph 

shows the normalised mean, ±SEM from N=3 (ADAMTS5) and N=4 (SDC4) independent experiments, Mann 

Whitney test, **** p<0.0001  

 

4.3 Discussion: 

In this chapter, we showed that FN promotes collective cell migration in ovarian cancer cells 

and ADAMTS5 is required for this. Caswell, et at., 2007 have shown that Rab25 promotes 

α5β1-FN-Dependent invasion of A2780 cells in 3D environments. Moreover, we have 

previously shown that overexpression of Rab25 increased pseudopod elongation and 

directional migration in ovarian cancer cells, in a ADAMTS5 dependent manner when single 

cells were seeded on CDM (Yuan et al., 2024). Here, we wanted to investigate if ADAMTS5 

was also required for collective cell migration in FN-containing matrices. In Ovcar3 cells, that 

endogenously overexpress Rab25, the addition of FN strongly promoted cell migration 

compared to matrigel only, supporting previous literature (Caswell et al., 2007; Yousif, 2014). 

Interestingly. ADMATS5 inhibition resulted in a reduction in migration, in agreement our 
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findings that FN promotes ADAMTS5 upregulation in Rab25 overexpressing cells. An issue 

we encountered was the variability in Ovcar3 migration, apparent from the comparison of 

figure 4.2 and 4.3. In figure 4.2, cells supplemented with FN covered a total area of 95.8% 

since the start of the experiment, but in figure 4.3, cells in the presence of FN only covered 

50.8% of the scratch area since the beginning of the experiment, closer to what Ovcar3 cells 

migrated when on matrigel only in figure 4.2, 65.29%. A key difference between the 2 sets of 

experiments was the presence of DMSO in figure 4.3. DMSO has been found to affect 

migration, at higher concentrations (2.5% DMSO) compared low (0.1%-1%), which was the 

concentration used (0.1%) in our experiments, in prostate cancer cells (Khurana et al., 2022), 

to reduce ovarian cancer cell growth (Grunt et al., 1991), and to increase cytotoxicity of tumour 

cells of antineoplastic agents (Pommler et al., 1988). Alternatively, it is possible that the 

discrepancy in the results was caused by cell-cell variability, cells getting older (even if 

morphological changes where not appreciated and splitting behaviour was not altered between 

experiments) or FN batches variability.   

Ovarian cancer cell metastasis is characterised by cancer cell interactions with mesothelial 

cells, which facilitate metastasis in the omentum and peritoneum (Lengyel, 2010). Mesothelial 

cells were considered a layer of cells with low motility, but it had been demonstrated that they 

can be reprogrammed by the tumour microenvironment and adquire invasive/migratory 

capacities, aiding in peritoneal dissemination (Del Rio et al., 2021; Mogi et al., 2021; Rynne-

Vidal et al., 2015). To produce a more physiologically relevant migration model, we cocoltured 

Ovcar3 cells with MET-5a-GFP, to assess if migration was improved in FN-rich matrices and 

if migration could be slowed down by ADAMTS5 inhibition, as previously observed. We 

firstly examined different cell ratios to ensure that both cell populations were surviving, and 

assess their behaviour. We established that the best ratio was 1:1, and we observed that MET-

5a cell were depositing FN on top and around the cells, forming a FN network, while Ovcar3 
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cells did not have any FN located around them, after 14 days of coculture. We then performed 

scratch assays to assess migration. One of the first issues we had was the fragility of the 

monolayers. After a 3-day coculture, the monolayers peeled away during the scratch or the 

scratches were too big to be imaged. This was probably due to the fact that mesothelial cells 

secreted their own matrix on top of the monolayers, increasing the cell cohesion. To avoid this 

issue, we used two chambered sticky inserts that were added to the centre of the wells, allowing 

to create a gap without damaging the cells. This method also allowed us to increase the 

coculture time to a total of 4 days. At 4-day coculture we could observe the beginning of cell 

reorganisation, as MET-5a cells were rearrainging around the Ovcar3 cells, but there was no 

3D structure formation, due to the limited growth area - leaving them longer could led to 

peeling of the stucture when washing or overlaying with the matrigel. This time incubation 

differences between the immunofluorescence coculture and the scratch coculture could lead to 

cell behaviour differences. MET-5a coculture increased Ovcar3 cell migration, but we did not 

detect differences in cell migration in the presence and absence of FN. This could be due to 

MET-5a cells secreating and arranging their own FN, as shown in figure 4.4 and by others 

(Mutsaers and Wilkosz, 2007). When ADAMTS5 inhibitor was added, no changes in migration 

were observed in the coculture model. Interestingly migration of the coculture cells led to faster 

closure of the scratch than when Ovcar3 cells were cultured alone, as full wound closure was 

observed in 24h instead of 48h. In the migrated area it was possible to observe both mesothelial 

cells and ovarian cancer cells. This suggests that MET-5a cells can drive Ovcar3 cell migration 

in an ADAMTS5 independent manner. Further experiments assessing mesothelial cell 

migration on their own could be performed to determine if the coculture model also leads to an 

increase in MET-5a motility. 

Additionally, we wanted to confirm the results obtained with the Ovcar3 cells in A2780 cells, 

to assess the role of Rab25 in collective cell migration. No difference was observed between 
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A2780 cells migrating on matrigel with FN compared to matrigel only. Furthermore, 

differences in migration between Ovcar3 cells and A2780s were observed, the first migrated 

more slowly and in a more cohesive way in comparison to the latter. A2780-Rab25 cells have 

been previously reported to migrate more randomly than A2780-DNA3 cells on plastic and 

more directionally on CDM (Caswell et al., 2008; Rainero et al., 2015). Due to these 

differences, we decided to assess individual cell migration and repeated the scratches using a 

Nikon widefield live cell system, to track live migration. Interestingly, FN only increased 

directional cell migration in Rab25-overexpressing cells in one set of experiments, but not in 

the other, making it difficult to determine the role Rab25 in FN-dependent collective cell 

migration. Nevertheless, the addition of ADAMTS5 inhibitor led to ~ 30% decrease in 

directional migration only in Rab25 overexpressing cells, while no changes were observed in 

A2780-DNA3. A similar reduction in FMI, ~20%, was observed when A2780-Rab25 cells 

were transfected with ADAMTS5 si-RNA. compared to non-targeting siRNA. Interestingly, 

no significant changes were observed when SDC4 was knocked down. However, this 

experiment was only carried out once, so further experiments are needed to confirm the trend. 

It is important to note that the difference in the way in which cells move upon ADAMTS5 

inhibition does not seem to affect their ability to close the wound. Overall, we can conclude 

that when ADAMTS5 is inhibited or knocked down in A2780-Rab25 cells directionality of cell 

migration is reduced and in Ovcar3 cells ADAMTS5 inhibition reduces migration. On the other 

side, the role of SDC4 in regulating migration needs to be further elucidated. Moreover, the 

addition of mesothelial cells to the culture of Ovcar3 cells promoted Ovcar3 cell migration, in 

an ADAMTS5-independent manner.  
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CHAPTER 5: ADAMTS5 is required for ovarian cancer cell clearance of 

mesothelial monolayers 

5.1 Introduction: 

Ovarian cancer is the fifth cause of cancer related death in women as there is no definitive 

screening tools and symptoms can be confused with other non-malignant problems. This means 

that a high percentage of women (75%) present with metastasis when diagnosed with ovarian 

cancer, dropping the 5-year survival rate to 25% from 90% if diagnosed at stage I (Lengyel, 

2010; Stewart et al., 2019).  Ovarian cancer cells mostly metastasize in a passive way. As the 

ovaries have no physical barriers surrounding them when cancer cells dethatch from the 

primary tumour, either as single cells or clusters, they can be carried around by the movement 

of peritoneal fluid to other parts of the abdomen like the omentum or the peritoneum, a 

membrane that covers the organs in the abdominal cavity (Lengyel, 2010). Clinical 

observations suggest that the mesothelium covering he abdominal organs is the “soil” of 

ovarian cancer metastasis, as patients who had shunts implanted, which implied draining the 

peritoneal cavity into their jugular vein, to alleviate pain from ascitic fluid build-up, did not 

develop distant disseminated hematogenous metastases even if malignant tumour cells were 

directly infused in the circulation (Tarin et al., 1984).  

The current understanding of the metastatic switch in ovarian cancer can be summarised as 

follows (Lengyel, 2010); epithelial cancer cells lose E-cadherin allowing them to undergo EMT 

(Huber et al., 2005). Cells gain a fibroblast like phenotype, becoming more invasive and being 

able to survive better in hypoxic conditions (Imai et al., 2003). Matrix metalloproteinases are 

induced, which mediate the cleavage of ECM and cell-cell adhesions, allowing cells to shed 

from the primary tumour into the ascitic fluid (Symowicz et al., 2007). The physical movement 

of the fluid allows the spread of cancer cells to other organs. As ovarian cancer cells have lost 
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E-cadherin expression, it was shown that in response they upregulate adhesion receptors like 

α5β1 integrin via increased phosphorylation of FAK and ERK (Sawada et al., 2008), 

facilitating adhesion to the ECM. Cancer cells also express FN on their surface, facilitating 

cell-cell adhesion in the ascitic fluid (Burleson et al., 2004; Casey et al., 2001). Moreover, FN 

had been found as one of the most prominent extracellular protein in ascites and the 

mesothelium covering the omentum and peritoneum, together with laminin and type IV 

collagen (Lengyel, 2010; Wilhelm et al., n.d.).  Once at the secondary location, carcinoma cells 

bind to the mesothelial monolayer via integrins and CD44, a major receptor for hyaluronic 

acid. Matrix metalloproteinases are upregulated. For instance, MMP2 was found to cleave FN 

and vitronectin into smaller fragments increasing ovarian cancer cell adhesion to mesothelial 

cells via α5β1 integrin (Kenny et al., 2008). Similarly, cleavage of laminin by MMP2 was 

found to promote migration of breast cancer cells (Giannelli et al., 1997). However, further 

investigation on why ECM proteins fragments improve cancer cell engagement with 

mesothelial cells, when compared to full length proteins, is still needed. Spheroids have also 

been reported to bind vitronectin, laminin and collagen I and IV, in addition to FN in a cell 

specific manner (Buczek-Thomas et al., 1998; Burleson et al., 2004; Cannistra et al., 1995; 

Casey et al., 2001; Fishman et al., 1999). Once adhesion is established, cancer cells start 

invading the mesothelium. 

Different in-vitro 3D ovarian cancer models have been established to recapitulate the ovarian 

cancer metastatic process (Erin et al., 2014). Developing models in 3D allows the study of an 

array of processes in a more physiologically relevant way than utilising 2D cell culture on 

plastic. 3D models allow the incorporation of multiple cell types and ECM, allowing to study 

the interactions among different cells, the contribution of the stroma, adhesion, migration, and 

invasion. In the 1970s one of the first 3D cultures were made using soft agar, where similarities 

between cancer cells growing in tumours and in 3D conditions were observed (Hamburger and 
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Salmon, 1977). The complexity of 3D cell cultures can vary from using scaffolds, gel-like 

substances such as matrigel or growing cells in suspension to more complex models like 

organoids, organ on chip or 3D bio-printed cultures (Barbolina et al., 2007; Kenny et al., 2007; 

King et al., 2011; Levanon et al., 2010; Loessner et al., 2010). In this chapter we utilised a 3D 

culturing method that allows to assess mesothelial cell invasion, called clearance assay, which 

mimics early steps of ovarian cancer metastasis (Davidowitz et al., 2012). A monolayer of 

mesothelial cells is formed in a dish, to which ovarian cancer cell spheroids are added, 

mimicking tumour spheroids shedding from the primary tumour and attaching to the 

mesothelium of the omentum or peritoneum. This model can be made more complex by adding 

ECM to the bottom of the dishes, producing spheroids with cocultures, or adding fibroblasts 

under the mesothelial cells. Ability of different ovarian cancer cell spheroids to clear 

mesothelial cells has been previously assessed. A2780 and Ovcar3 cells were found to be able 

to clear monolayers, together with other 9 cell lines, including ES2, HEYC2 and OV207, while 

6 cell lines were found to not clear, including PE06, CAOV3 and MCAS. Research suggested 

that cells able to clear had enriched EMT signature genes (SNAI1, ZEB1 and TWIST1) 

(Davidowitz et al., 2014). Interestingly, protein atlas data indicates similar ADAMTS5 and 

SNAI1 RNA levels in A2780 and Ovcar3 cells (proteinatlas.org). Here, we assessed the role 

of Rab25, SDC4 and ADAMTS5 in mesothelial cell clearance and invasion by ovarian cancer 

cells. The hypothesis was that Rab25 overexpressing cells clear faster than control, in an 

ADAMTS5- and SDC4-dependent manner. Consistently, we found that Rab25 overexpression 

led to faster clearance of mesothelial cells. In addition, clearance was dependent on SDC4 and 

ADAMTS5 expression, as well as ADAMTS5 proteolytic activity. 

5.2. Results: 

5.2.1 Rab25 overexpression leads to faster mesothelial cell clearance: 
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It has been previously reported that α5β1 integrin and FN are needed for ovarian cancer 

spheroid adhesion to mesothelial cells (Kenny et al., 2014). Moreover FN has also been found 

to contribute to formation, adhesion and disaggregation of ovarian cancer spheroids (Burleson 

et al., 2004; Mitra et al., 2011; Zand et al., 2003). We firstly investigated if Rab25 

overexpressing ovarian cancer spheroids cleared mesothelial cells faster than the control DNA3 

cells, as Rab25-overexpressing cells have increased invasive abilities. Cell-tracker Red labelled 

A2780-DNA3 and Rab25 cells were mixed with soluble collagen and methylcellulose to form 

spheroids using the hanging drop method for 72h. 24 hours before the spheroids were ready, 

mesothelial cells (MET-5a-GFP) were seeded on a FN precoated 35mm glass bottom dishes. 

Spheroids were then added to the monolayer and left in the incubator for 6 hours to allow 

spheroids to adhere and were imaged live using a Nikon spinning disc microscope for 16h. As 

shown in figure 5.1, A2780-Rab25 cells cleared mesothelial cells faster than control A2780-

DNA3 cells. Initially both cell lines were clearing out the mesothelial monolayer at a similar 

rate, from hour 0 to 6, at that point Rab25 overexpressing cells started to clear more area than 

the DNA3 cells progressively increasing over time. By hour 12, the difference in cleared area 

became statistically significant. Images show a single z plane where the spheroid was seen to 

invade into the mesothelial monolayer. As mesothelial cells are in different focal planes, the 

monolayer may appear patchy in some areas. Figure 5.1-B shows the brightfield maximum 

projection of the z stack, which allows to see a continuous monolayer of MET-5a-GFP.  
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Figure 5.1. Rab25 overexpression promoted mesothelial cell monolayer clearance. A2780-DNA3 and A2780-

Rab25 cells were labelled with Cell-Tracker Red, and spheroids were generated using the hanging drop method 

for 3 days. Spheroids were then added to a monolayer of mesothelial cells (MET-5a-GFP) seeded on 25%g/ml FN. 

Cells were imaged every 2h for 16h live on a Nikon spinning disc microscope, 10x objective. Images were 

acquired as a z stack, only the slice containing the brightest MET-5a-GFP signal was used for analysis. Scale bar, 

175 %& (A). Brightfield maximum projection of z stack acquired at 0h (C). Clearance was assessed by quantifying 

the displacement of mesothelial cells by A2780 cells with Fiji/Image J, data are presented as mean ± SEM from 

N=3 independent experiments. Šídák's multiple comparisons test, *p=0.0150 DNA3 vs Rab25 12h, *p=0.0104 

DNA3 vs Rab25 14h and ** p=0.0087 DNA3 vs Rab25 16h (C). 

 

We then assessed the ability of Ovcar3 cells, endogenously overexpressing Rab25, to clear 

mesothelial cell monolayers. Ovcar3 spheroids were generated with the hanging drop method, 

seeded on a monolayer of GFP-tagged mesothelial cells and imaged after 4h, 24h or 48h. In 

agreement with published observations (Trelford et al., 2024; Zhang et al., 2021), Ovcar3 

spheroids progressively invaded into the mesothelial monolayer. Spheroids firstly adhered to 

the monolayer and started to “push away” mesothelial cells from under the area of adhesion.  

From the brightfield images, mesothelial cells appear to be compressed together by the Ovcar3 
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cell migrating out of the spheroid. MET-5a-GFP cells appeared to be more elongated when in 

close proximity to Ovcar3 cells, encapsulating the invading Ovcar3 cells. From the green 

channel it is possible to observe that the fluorescence intensity of the area underneath the 

spheroid was decreasing over time, suggesting there was no MET-5a-GFP cells located in the 

area, while on some occasions individual mesothelial cells left behind in the invasion area that 

appear as a bright green dots, highlighted by the arrowhead (figure 5.2). 

 

Figure 5.2. Ovcar3 cells cleared mesothelial cell monolayers. Ovcar3 spheroids were generated using the hanging 

drop method for 3 days, spheroids were then added to a monolayer of mesothelial cells (MET-5a-GFP) seeded on 

25%g/ml FN. Cells were imaged for 48h every 24h on Olympus fluorescence microscope, 4x objective, scale bar 

is 150%& (A). Clearance was assessed by measuring the displacement of mesothelial cells by Ovcar3 cells with 

Fiji/Image J. Data are presented as mean ± SEM from N=1 independent experiment.  

Tukey’s multiple comparisons test, ***p=0.002 4h vs 24h, ***p=0.0004 4h vs 48h and **** p< 0.0001 (B). 
 

5.2.2 ADAMTS5 is required for ovarian cancer cell mesothelial clearance: 

We have previously shown that ADAMTS5 is required for ovarian cancer cells to invade in 

3D environments. A2780-Rab25 spheroids were embedded in a mix of GelTrex, collagen I and 

FN, treated with ADAMTS5 inhibitor and invasion was assessed over the course of 2 days. We 

found that treatment with ADAMTS5 inhibitor reduced invasion in a dose-dependent manner. 

Similarly, ADAMTS5 knockdown significantly reduced A2780-Rab25 spheroid invasion 

(Yuan et al., 2024). This demonstrated that ADAMTS5 is required for Rab25 overexpressing 
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cell invasion in 3D matrices. As during metastasis spheroids located in the ascitic fluid first 

interact with mesothelial cells, we wanted to investigate if ADAMTS5 was needed for 

mesothelial cell clearance. Ovcar3 spheroids were generated by the hanging drop method and 

seeded on top of a monolayer of MET-5a-GFP cells. Either 10µM of ADAMTS5 inhibitor or 

DMSO control were added to the media and clearance by ovarian cancer cells was assessed by 

imaging the spheroids every 24h using an Olympus fluorescence microscope. The brightfield 

images show that at 0h Ovcar3 spheroids were located on top of the mesothelial cells that are 

forming a confluent monolayer under the spheroid and in the surrounding area independently 

of the ADAMTS5 inhibitor presence. In the presence of DMSO control, as times passes ovarian 

cancer cells moved out from the spheroid into the mesothelial cell monolayer clearing the area 

around the spheroid and growing/invading in a compact manner. Mesothelial cells that have 

been pushed away assumed a more elongated morphology in the area around the spheroid, 

where the cancer cells were invading. The green channel images show a non-fluorescent area 

where mesothelial cells were replaced by Ovcar3 cells. Conversely, spheroids that were treated 

with ADAMTS5 inhibitor only cleared a small portion of mesothelial cells located directly 

underneath the spheroid. Indeed, no clear empty rim of fluorescence was detected in the green 

channel image (figure 5.3-A). Image analysis shows that Ovcar3 cells spheroids cleared 

significantly less area when ADAMTS5 inhibitor was added to the media compared to DMSO 

(figure 5.3-B). 
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 Figure 5.3. ADAMTS5 was required for mesothelial cell clearance by Ovcar3 spheroids. Ovcar3-RFP cell 

spheroids were generated using the hanging drop method for 3 days, spheroids were then added to a monolayer 

of mesothelial cells (MET-5a-GFP) seeded on 25%g/ml FN, ADAMTS5 inhibitor (10µM) or DMSO were added 

to the media at the same time. Cells were imaged for 48h every 24h with an Olympus fluorescence microscope, 

4x objective, scale bar 150%&. * Starred area represents the Ovcar3 spheroids, as cells were RFP ladled, some of 

the fluorescence bled into the green-fluorescence channel, giving the yellow signal (A). Clearance was assessed 

by measuring the displacement of mesothelial cells by Ovcar3 cells with Image J. Data are presented as mean ± 

SEM from N=3 independent experiments. Tukey’s multiple comparisons test **** p> 0.0001 (B). 
 

Similarly, when A2780-Rab25 spheroids were added to the monolayer of mesothelial cells in 

the presence of DMSO, a non-fluorescent area can be seen under the spheroids, with a thick 

invasion rim surrounding the spheroid and invading into the mesothelial cells, clearly visible 

in the brightfield image. This effect was significantly reduced when ADAMTS5 inhibitor was 

added. A smaller invasion edge can be observed around the spheroid and more GFP-

fluorescence is present under the spheroid, suggesting the presence of more mesothelial cells 

compared to DMSO (figure 5.4-A). Consistently, the quantification shows that A2780-Rab25 

cell spheroids invasion area was significantly reduced when ADAMTS5 inhibitor was added 

(figure 5.4-B). 
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 Figure 5.4. ADAMTS5 was required for mesothelial cell clearance by A2780-Rab25 spheroids. A2780-Rab25 

cell spheroids were generated using the hanging drop method for 3 days, spheroids were then added to a monolayer 

of mesothelial cells (MET-5a-GFP) seeded on 25%g/ml FN, ADAMTS5 inhibitor (10µM) or DMSO were added 

to the media at the same time. Cells were imaged for 48h every 24h with an Olympus fluorescence microscope, 

4x objective, scale bar 150%&. (A). Clearance was assessed by measuring the displacement of mesothelial cells 

by Ovcar3 cells with Image J. Data are presented as mean ± SEM from N=2 independent experiments. Mann 

Whitney test ** p=0.0073 (B). 
 

Finally, we wanted to determine if ovarian cancer cells were the source of ADAMTS5 that led 

promoted mesothelial cell clearance. MET-5a were tested by qPCR to elucidate if they also 

expressed ADAMTS5. Figure 5.5 shows that MET-5a expressed ADAMTS5, but its 

expression was not affected by the presence of FN. 

  

Figure 5.5. Mesothelial cell expression of 
ADAMTS5. MET-5a-GFP cells were seeded on 

plastic (Pl) or 25µg/ml FN for 24h. RNA was 

extracted and ADAMTS5 and GAPDH (as 

housekeeping gene) expression was measured. Data 

represents normalised mean and individual data 

points, ± SEM from N=3 independent experiments, 

p=0.2973, Mann Whitney test.  
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As mesothelial cells also expressed ADAMTS5, we wanted to investigate the contribution of 

ADAMTS5 expressed by ovarian cancer cells in clearance. Our hypothesis is that ovarian 

cancer cell spheroid interacts with FN located on the cell surface of MET-5a, driving 

ADAMTS5 expression, that in turns leads to mesothelial cell clearance by ovarian cancer cells. 

To investigate this, ADAMTS5 was knocked down in A2780-Rab25 cells and clearance assays 

were performed. Transfected cells were used to generate spheroids, which were then added on 

top of the monolayer of MET-5a-GFP cells. Consistent with the pharmacological inhibitor 

results, knocking down ADAMTS5 in A2780-Rab25 cells significantly reduced the capacity 

of the cancer cells to clear the mesothelial monolayer. In the presence of the control non-

targeting si-RNA, under the A2780-Rab25 spheroid there was a clear area lacking green 

fluorescence signal, where no mesothelial cells were present. Conversely, in ADAMTS5 

knockdown spheroids, mesothelial cells are still located underneath in an almost intact 

monolayer (figure 5.6). We have previously established that SDC4 is required for FN induced 

ADAMTS5 expression, we therefore wanted to investigate if SDC4 was also required for 

mesothelial cell clearance. A2780-Rab25 cells were transfected with SDC4 si-RNA or a non-

targeting siRNA control. Spheroids were then generated and added on the mesothelial cell 

monolayer. As shown in figure 5.6, that the invasion area cleared by A2780-Rab25 with SDC4 

knocked down was significantly smaller than non-targeted si-RNA and had a similar effect 

than the use of ADAMTS5 si-RNA. Both SDC4 and ADAMTS5 knockdowns led to the 

attachment of the spheroid to the monolayer but almost no displacement of mesothelial cells 

nor invasion of ovarian cancer cells into the monolayer occurred, while it was possible to 

observe a cleared area of mesothelial cells, where no fluorescence was detected, underneath 

the non-targeting si-RNA spheroid.  
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Figure 5.6. ADAMTS5 and SDC4 were required for A2780-Rab25 cell mesothelial clearance. A2780-Rab25 

cells were transfected with an siRNA targeting ADAMTS5 (si-TS5), an siRNA targeting SDC4 (si-SDC4) or a 

non-targeting siRNA control (si-nt). Spheroids were generated using the hanging drop method for 3 days and 

added to a monolayer of mesothelial cells (MET-5a-GFP) seeded on 25%g/ml FN. Cells were imaged for 48h 

every 24h with an Olympus fluorescence microscope, 4x objective, scale 150 %&. White arrows point at the area 

where the spheroid is attached (A). Clearance was assessed by measuring at the displacement of mesothelial cells 

by A2780-Rab25 spheroids with Image J. Data are presented as mean ± SEM from N=2 independent experiments. 

Kruskal-Wallis test, ** p=0.0016 and *** p=0.0001 (B). 
 

α5 integrin has been previously involved in promoting clearance of ovarian cancer spheroids 

by increasing adhesion of spheroids to mesothelial monolayers (Kenny et al., 2014). We then 

wanted to confirm that A2780-Rab25 spheroid clearance of mesothelial cells was mediated by 

α5 integrin.  Treatment of the spheroids with an inhibitor for α5 (ATN161) resulted in a small 

decrease in clearance, which was not statistically significant, when compared to the vehicle 

control (H2O). Both conditions showed a reduction in green fluorescence under the spheroid 

suggesting that the majority of MET-5a-GFP have been pushed aside, while clear dots of 

individual cells can be seen in both conditions. A small, fluorescence free, ring can be observed 

in the control which suggest invasion of cells into the mesothelial monolayer, that is not present 

when the α5 inhibitor was added. This difference is reflected in the statistical analysis, as a 

decrease in relative invasion area is observed in the α5 inhibitor condition when compared to 

water but, it is not statistically significant, probably due to the two spheroids that did not clear 

well in the control condition (figure 5.7). In this chapter, we have shown that both SDC4 and 
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ADAMTS, and to a lesser extent α5 integrin, are required for ovarian cancer cell clearance of 

mesothelial cells. 

 

Figure 5.7. #(	*+,*-*.*/+	,01	0	2/341.	45546.	/+	2esothelial cell clearance in Rab25 overexpressing 
cells. A2780-Rab25-RFP cell spheroids were generated using the hanging drop method for 3 days, spheroids were 

then added to a monolayer of mesothelial cells (MET-5a-GFP) seeded on 25%g/ml FN, α5 inhibitor (50%M) or 

H2O were added to the media at the same time. Cells were imaged for 48h every 24h with an Olympus fluorescence 

microscope, 4x objective, scale bar 150%&. (A). Clearance was assessed by measuring the displacement of 

mesothelial cells by Ovcar3 cells with Image J. Data are presented as mean ± SEM from N=2 independent 

experiments. Mann Whitney test p=0.0557 (B). 

 

5.3. Discussion: 

In this chapter we have shown that Rab25 overexpressing spheroids cleared mesothelial cell 

monolayers faster than cells lacking Rab25 expression. Data presented further suggest that 

ADAMTS5 and SDC4 are required for this process.  

Due to the passive way ovarian cancer metastasises, mesothelium attachment and invasion is 

the first step ovarian cancer cells are required to do to undergo metastasis. Therefore, 

mesothelium clearance assays are commonly used to study this process in vitro in a 

physiologically relevant manner. Experiments carried out using ascitic spheroids form ovarian 

cancer patients demonstrated spheroid binding to ECM components and mesothelial cells 

monolayers (Burleson et al., 2006; Casey et al., 2001; Iwanicki et al., 2011). Inspired by this 

work, we investigated mesothelial cell clearance using GFP labelled mesothelial cells and 
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ovarian cancer cell spheroids produced using the hanging drop method, that allowed us to make 

spheroids with consistent cell number in a reproducible manner. Previous research has 

examined patient ascitic fluid (stage III and IV) and investigated the multicellular aggregates 

located in it. Sized ranged from 50 to 750 (-, patient samples contained a mix a spheroid sizes 

and the range varied in a patient-specific manner (Casey et al., 2001). The authors generated 

physiologically relevant aggregates by liquid overlay technique using between 5,000 and 

50,000 cells per ml of media, while we produced spheroids ranging from 150 to 350 (- via 

the hanging drop method using approximately 2000 cells per spheroid, generating spheroids of 

physiologically relevant size. 

Interestingly differential behaviour on the clearing mechanism was found among the cell lines 

used. On the one hand, A2780 cells, independently of the overexpression of Rab25, cleared 

mesothelial monolayers in two ways; by pushing MET-5a cells apart and intercalating with 

them and by crawling on top of the mesothelial cells before intercalating. On the other hand, 

Ovcar3 cells pushed mesothelial cells from the bottom of the spheroid, with Ovcar3 cells 

remaining compact in the spheroid and slowly expanding the invasion area from underneath 

after breaching the monolayer. Interestingly, a similar behaviour to A2780 cells was seen in 

other ovarian cancer cell lines and multicellular aggregates that expressed N-cadherin (N-cad), 

as these cells migrated laterally before penetrating into 3D collagen gels, adhering to 

mesothelial cells, extending, and intercalating protrusions within the mesothelial monolayer 

without major disruptions. These cells only retained some cell-cell junctions, while cells that 

express E-cadherin (E-cad) only or hybrid E-cad/N-cad were not associated to multicellular 

streaming, migratory behaviour characterised by loosely adherent cells that migrate following 

the same path (Klymenko et al., 2017). E-cad and N-cad levels have been previously tested in 

A2780 and Ovcar3 cells, showing that both cells lines express N-cad, A2780 cells express 

lower levels of E-cad while Ovcar3 cells express 10 times more (Kielbik et al., 2021). This 
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differences in behaviour could also be due to the fact that A2780 cells were established from 

an ovarian endometroid adenocarcinoma, while Ovcar3 were isolated from a malignant ascites 

of a patient with progressive adenocarcinoma (atcc.org).  

Rab25 overexpression in A2780 ovarian cancer cells has been previously found to increase 

migration in 3D matrices characterised by the extension of long pseudopodia, and linked to the 

association of Rab25 with α5β1 integrin promoting its recycling to the pseudopodial tips 

located at the cell front (Caswell et al., 2007; Dozynkiewicz et al., 2012). Our results show that 

Rab25 overexpressing spheroids cleared the mesothelial monolayer faster than control 

spheroids lacking Rab25 expression. This could be due to the increased recycling of integrin 

α5β1 in Rab25 overexpressing cells. This hypothesis is supported by other research that 

suggested that integrin α5β1, talin I and myosin II are required for mesothelial clearance, as 

cancer spheroids use the FN present on the mesothelial cells to exert force via the actomyosin 

contractility machinery to move mesothelial cells (Iwanicki et al., 2011). Moreover, β1 has 

been implicated in the regulation of the adhesion of ovarian cancer cell spheroids to the ECM 

present at sites of secondary tumour growth (Casey et al., 2001).  

Furthermore, our lab has previously found that when Rab25 overexpressing cells were cultured 

as spheroids inhibition of ADAMTS5 reduced invasion capacity in the surrounding ECM both 

in monoculture and when cocultured with cancer associated fibroblasts (Yuan et al., 2024). 

Here we assessed ADAMTS5 requirement to clear mesothelial monolayers. In previous 

chapters we have established that ADAMTS5 expression is increased in Rab25 cells and further 

increased on FN matrices. In our assays, mesothelial cells were seeded on precoated FN dishes. 

We and others (Kenny et al., 2014) have shown that FN is rearranged by mesothelial cells and 

displayed on their surface. We, therefore, hypothesised that binding of Rab25 overexpressing 

ovarian cancer spheroids to FN located on mesothelial cells would upregulate ADAMTS5 

expression that led to mesothelial cell clearance. Our results show that both inhibition and 
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knock down of ADAMTS5 in Ovcar3 and A2780-Rab25 spheroids led to reduction of 

mesothelial cell clearance. A 71% reduction in clearance was observed in Ovcar3 spheroids 

when ADAMTS5 inhibitor was present while A2780-Rab25 cells showed a smaller reduction 

of 54%. This could be a cell specific variation as ADAMTS5 knockdown in A2780-Rab25 

cells led to a similar reduction of clearance, 40.1%. Overall ADAMTS5 expression levels are 

higher in Ovcar3 cell compared to A2780 cells, which could explain why inhibiting 

ADAMTS5 leads to a bigger effect in Ovcar3 cells compared to A2780. This suggests that 

ADAMTS5 might be one of the main drivers of mesothelial cell clearance by Ovcar3, while 

other mechanisms may also be involved in promoting A2780 cell clearance, such as a5b1 

integrin recycling.  

Furthermore, a 40.5% reduction in clearance was observed when SDC4 was knocked down, 

almost exactly the same reduction observed when ADAMTS5 expression was targeted. Further 

experiments knocking down SDC4 in Ovcar3 cells are needed, to confirm its role in mesothelial 

cell clearance. SDC4 has been found to interact with ADAMTS5 via heparan sulphate side 

chains, that led to activation of ADAMTS5 increasing matrix degradation (Wang et al., 2011). 

Activation of ADAMTS5 by SDC4 could be modulating mesothelial cell clearance, in addition 

to controlling its expression. Further testing on ADAMTS5 protein function is needed as 

currently only mRNA upregulation was tested upon SDC4 knockdown. In addition, 

ADAMTS5 inhibitor can affect both MET-5a and Ovcar3 cells in our clearance assays since 

both cell types express ADAMTS5. To determine if cancer cells are the main source of 

ADAMTS5 impacting clearance, we performed knockdown experiments targeting ADAMTS5 

in cancer cells. However, but further studies are required to assess if MET-5a cells can 

compensate for the loss of ADAMTS5 expression, as only a partial reduction in clearance was 

observed upon ADAMTS5 downregulation in cancer cells.  
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To summarise, we have shown that ADAMTS5 and SDC4 are required for mesothelial cell 

clearance by Rab25-overexpressing ovarian cancer cell spheroids.  
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CHAPTER 6: Establishment of an in vivo Zebrafish model for ovarian cancer 

cell metastasis 

6.1 Introduction: 

Danio Rerio (zebrafish), is a small tropical freshwater fish naturally found in southern Asia. 

70% of its genome is shared with humans and 80% of disease causing protein-coding genes 

are conserved, being a great tool to capture disease initiation, progression and resolution 

(Patton et al., 2021). 

Zebrafish have been used for decades in the field of biomedical research. Its use as a biomedical 

animal model was firstly suggested by George Streisinger and colleagues at the University of 

Oregon (Streisinger et al., 1981). Zebrafish have multiple advantages over other animal 

models, including a fully sequenced genome, short generation time, high fecundity leading to 

hundreds of eggs per breading, rapid embryonic development (24h) reaching larval stage in 

72h post-fertilization (hpf), and external fertilization (Teame et al., 2019). In addition, they are  

transparent at early stages of development, can be genetically modified to establish multiple 

zebrafish lines that are optically transparent throughout development and adulthood, enabling 

visualization of fluorescently labelled tissues in transgenic fish, or cells in transplants (Patton 

et al., 2021).  

Zebrafish has also been used in cancer research to model cancer occurrence, progression, and 

drug response. Thanks to the rapid development of the fish, cancer can be studied through the 

animal life. By exposing zebrafish to mutagens, spontaneous cancers develop that are 

histologically similar to human cancer. These models can be used to carry out chemical and 

genetic screens (White et al., 2013). Moreover, allo- or xenotransplants experiments can be 

performed for the in vivo imaging of cancer cells during initiation, progression, and metastasis 

(White et al., 2013). Transplantation or grafting of tumour cells from a donor, either from the 
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same species (allograft) or from another species (xenograft), into zebrafish has become a 

popular resource, due to its greater ease and cost effectiveness when compared to mice, making 

it a more advantageous approach. Some of the advantages are that zebrafish lacks an adaptive 

immune system until 30dpf, which allows the xenotransplantation of human cancer cells 

avoiding immune rejection, without the need of immunosuppressant drugs or variants (Gamble 

et al., 2021). Furthermore, due to their small size, Zebrafish can be easily grown in petri dishes 

at early stages and xenografts only require a few hundred cells, while mouse experiments need 

higher number of cells and larger living spaces, limiting the amount of manageable 

transplantations (Lal et al., 2012). Different cancer cells with various metastatic potential have 

been shown to migrate and metastasise in zebrafish, including breast, colon, prostate, and 

pancreatic cancer cells (Teng et al., 2013), when injected in the perivitelline space. Other cancer 

cells, such as non-small cell lung cancer cells (Fan et al., 2021) and glioblastoma cells (Yang 

et al., 2013), have been shown to metastasise to the zebrafish brain when injected into the 

perivitelline space or to the tail when injected in the yolk sac, respectively. Studies using A2780 

ovarian cancer cells have also been published, showing high invasion to the tail and trunk of 

the fish when cells were injected into the yolk sac (Begum et al., 2024). Furthermore, it was 

shown that increased α5β1 recycling promoted A2780 ovarian cancer cells and H1299 mutant 

p53 non-small cell lung cancer cells invasion into the jaw region of zebrafish (Paul et al., 2015). 

We, therefore, wanted to investigate the role of Rab25 and ADAMTS5 in promoting ovarian 

cancer cell invasion in vivo, eventually to establish if ADAMTS5 can be considered a target to 

prevent metastasis of ovarian cancer cells. To achieve this, we firstly established a zebrafish 

model where we injected ovarian cancer cells in the pericardial cavity of the zebrafish at 2.5dpf 

and assessed cancer cell migration at 10dpf. Multiple injection sites have been used to inject 

cancer cells for xenografts (Bhargava et al., 2022), figure 6.1. After testing different sites, we 

decided to inject cancer cells into the pericardial cavity, as it better mimics ovarian cancer cell 
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microenvironment. Indeed, the pericardial cavity of the zebrafish is a fluid filled area 

containing the heart, similar to the abdominal cavity filled with ascitic fluid in ovarian cancer 

patients (Paatero et al., 2018). For cancer cells to migrate, either entrance in the blood 

circulation, via the heart, or breach through the pericardial cavity wall is needed, similar to 

breach of the mesothelium or entrance in the blood circulation by intravasation observed in 

ovarian cancer (in both mouse models and patients).  

 

Figure 6.1. Xenograft injection sites in zebrafish. Diagram showing the most common injection sites in zebrafish 

for cancer cell xenotransplant models. Zebrafish outline, overlayed with the outline of the vasculature. Image 

made using BioRender. 

 

6.2 Results: 

6.2.1 Xenograft optimisation in zebrafish embryos 

To fully understand the role of Rab25 and ADAMTS5 in ovarian cancer progression and 

metastasis, it was necessary to establish in an in-vivo model. Ovarian cancer zebrafish 

xenografts have been previously carried out to asses cancer cell migration and response to 

chemotherapy (Paul et al., 2015), therefore we decided to establish this cancer model in our 

lab.  

First, we started by assessing cancer cell survival after injection, to optimise the cell number 

needed for the injections. To start with, GFP-MDA-MB-231 cells were used, as this breast 

cancer cell line has been reported in zebrafish xenograft models in the literature (Eguiara et al., 
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2011; Guo et al., 2020; Xiao et al., 2022). Cells were detached using trypsin, spun down and 

resuspended to contain 10 million cells in 500µl of PBS. Cells were maintained on ice to avoid 

lysis and the microinjector was set up as described in the methods 2.13.  About 100 GFP-MDA-

MB-231 cells were injected in the ventricle of the developing brain of 1dpf nacre zebrafish. 

The chorion was removed from the embryos, which were placed on an agarose coated dish 

without E3 medium to avoid fish sliding. Fish were anesthetised with tricane and injected using 

a microneedle, preloaded with the cancer cells in suspension, after which they were placed in 

a new dish with fresh media. Fish were then incubated at 30-32 degrees C until 5dpf. Cells 

were tracked each day to assess survival and migration (figure 6.2). Approximately 1h after 

injection, cancer cells were mostly dispersed as individual cells in the ventricle, without 

forming a tumour mass (figure 6.2-A,B). When the fish reached 3dfp, we observed two 

different phenotypes. On the one hand, no tumour mass was present, and some cells appeared 

to have moved out of the area of injection towards the yolk sack (figure 6.2-C). On the other 

hand, a small tumour mass was present in the ventricle, and some cells appeared to have 

migrated, but cells were only detected in the tissues surrounding the injection site (figure 6.2-

D). However, there seemed to be an overall reduction in the numbers of cancer cells in the 

embryos by 3dpf, suggesting a reduction in cell viability after injection.   
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Figure 6.2. MDA-MB-231 cancer cells injected in zebrafish ventricle. ~100 GFP-MDA-MB-231 cells (green) 

were injected in the brain ventricle of 1dpf zebrafish embryos, which were kept at 32ºC.  Embryos were imaged 

1hr (A,B) after injection or at 3dpf (C,D) using a Leica M205 FCA microscope, scale bar 5mm. White arrowheads 

point at cells out of the injection area, while the red arrowhead points at an empty injection site. N=23 fish from 

3 independent experiments.  
 

To try and prevent the loss of cells, we injected increased cell numbers and changed the 

temperature of the fish incubation from 30-32 degrees C to 34 degrees C, as it is closer to the 

optimal temperature for growing human cancer cells (37 degrees C) and it has been shown not 

to damage the embryos. However, we still did not detect cells invasion in a consistent pattern 

and cell loss was still high (data not shown).  

One of the reasons behind the cell loss could be that not enough cells were injected to sustain 

tumour formation. We realised that during injections cells mostly remained in the microneedle 

and only a small portion of cells were being pushed by the PBS they were suspended with. We 

firstly modified the width of the microneedle to obtain thicker or thinner needles. We then 

broke the needles at different sizes to facilitate cell flow, but the use of thicker needles damaged 

the embryos, resulting in cancer cells being pushed out of the injury wound (not shown). To 

A. B.

C. D.
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facilitate tumour formation in the embryo, we produced MDA-MB-231 cancer cell spheroids 

and injected the cells as aggregates. Multiple attempts were made to produce small aggregates, 

stating from 1000 cells/spheroid, but the spheroids were too big to be delivered via 

microinjections. We then generated smaller aggregates using 50 and 25 cells/spheroids. 

Aggregates were much smaller in size but when passed through a needle they were deformed 

and cells seemed damaged, which could affect the fish after injection (figure 6.3).  

 

Figure 6.3. Cancer cells spheroid production for cell delivery in zebrafish xenograft. MDA-MB-231 spheroids 

were generated using the hanging drop method, 1000 cells (A); 1000 cells (star) or 50 cells (B). 50 cell spheroids 

were imaged before (C) and after (D) passing them though the microloader Eppendorf tip. 25 cell spheroids were 

imaged alone (E) or next to the microloader Eppendorf tip (F). Images were taken using an Olympus fluorescence 

microscope, 20x objective. 

 

A. B.

C. D.

E. F.
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To improve the survival and delivery of the cells, we tested a method defined in Johnson, 2021. 

We mixed 1% polyvinylpyrrolidone (PVP) with PBS increasing the viscosity of the PBS, and 

we changed site of injection to the pericardial cavity (figure 6.4). The pericardial cavity is a 

small fluid filled cavity that contains the heart. By injecting approximately 500 GFP-MDA-

MB-231 cells in the pericardial cavity of 2.5dpf nacre zebrafish embryos (figure 6.4-A), we 

were now able to image more compact tumour masses both at 3dpf (figure 6.4-B) and 4pdf 

(figure 6.4-C). Even if a clear tumour mass was present in the fish, we did not detect any sign 

of cancer cell invasion outside the injection area.  

 

Figure 6.4. Pericardial cavity injection site in zebrafish. Approximately 500 GFP-MDA-MB-231 cells (green) 

were injected in the pericardial cavity of a 2.5dpf zebrafish embryo. Embryos were kept at 34ºC, anesthetised, and 

imaged every 24hr. Fish were imaged at 1h post injection (A), 3dpf (B) and 4dpf (C). Images taken using a Leica 

M205 FCA microscope. N=85 fish from 5 independent experiments. 

 

Having optimised the cell injection, we started to investigate ovarian cancer cell lines, using 

A2780-Rab25 cells. To be able to perform live cell imaging and avoid fish autofluorescence in 

the GFP channel, we generated A2780 cells stably expressing RPF-H2B (referred to as RFP-

A2780 cells). RFP-A2780-Rab25 cells injected using 1%PVP in PBS into the pericardial cavity 

of 2.5dpf nacre zebrafish embryos were found to form tumour masses. Some cells seemed to 

be spread on the surroundings of the main mass (black arrows), but they overall looked close 

to the cardiac wall (figure 6.5), suggesting that more time might be needed to detect cancer cell 

invasion through the embryo. Moreover, lots of autofluorescence from the fish was 

A. B. C.
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encountered during imaging, making harder to differentiate between invading cancer cells 

autofluorecent embryo components.  

Figure 6.5. A2780-Rab25 cancer cell invasion in zebrafish. Approximately 500 RFP-A2780-Rab25 cells injected 

in the pericardial cavity of a 2.5dpf zebrafish embryo and embryos were kept at 34ºC up to 5dpf. Images taken 

with a Leica MZ10 F microscope. 2 representative embryos are shown. Cells that appear to have migrated from 

the primary tumour are marked with black arrows, while green arrows indicate potential fish autofluorescence. 

N=40 fish from 3 independent experiments. 
 

Zebrafish have three different types of pigment cells, known as chromatophores (figure 6.6-

A). Melanophores derive from the neural crest, that during development segregate from the 

neural tube and migrate to the periphery of the zebrafish embryo. They then differentiate into 

different cell types including pigment cells, which appear at approximately 24hpf in the trunk 

and head (Douarin and Kalcheim, 1999; Kimmel et al., 1995). At around 42hpf xanthophores 

develop, containing pigment that gives rise to a pale-yellow coloration to the dorsal aspect of 

the head. Finally, iridophores, another pigmented cell type, develop around 42hpf and contain 

reflective platelets made of purine, located around the eye and dorsal midline of the tail (Lister 

et al., 1999). Nacre zebrafish have a mutation in the gene that encodes for a basic helix-loop-

helix/leucine zipper transcription factor related to microphthalmia. Mutants do not develop 

melanophores, but have an increased number of iridophores (Lister et al., 1999). We firstly 

used nacre for our xenograft model, as zebrafish larvae do not develop melanophores having a 

A. B.
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transparent appearance that allowed us to track the tagged ovarian cancer cells. However, 

xanthophores (Miyadai et al., 2023) and iridophores (Higdon et al., 2013) have been reported 

to show autofluorescence. We, therefore, improved imaging of the xenografts by using casper 

zebrafish (figure 6.6-B,C), which was developed by inbreeding two recessive pigment mutant, 

nacre and roy orbison, resulting in fish lacking reflective iridophores (D’Agati et al., 2017).   

Figure 6.6. Pigmented cells in zebrafish. Schematic diagram with the different pigmented cells found in zebrafish 

and the progenitor cells, neural crest cells. Wildtype is shown on the left and mutants on the right (A). 

Pigmentation pattern seen in wildtype, nacre, roy and casper in zebrafish adults (B) and in 7dpf larvae (C). Image 

adapted from (Antinucci and Hindges, 2016). 

 

We therefore injected RFP-A2780-Rab25 cells in casper 2.5dpf embryos and imaged them at 

end point at 10dpf. The RFP channel in figure 6.7 shows the main tumour mass, which looks 

compacted and located close to the heart, with a few cells on the periphery. The brightfield 

channel shows the fish structures, helping to identify potential autofluorescence. In the merged 

image, it is possible to appreciate that the primary tumour lays in the pericardial cavity and 

cells have migrated out of the mass into surrounding tissues, marked with a black arrow, close 

to the ears and into the jaw area. We did now have a good number of injected cells, good cell 

survival in the fish, and it was possible to better visualize the injected cells. Despite some 

autofluorescence remaining, especially around the yolk sack area and the dorsal midline of the 

tail, we considered this as the final optimized model (figure 6.7).  

A. B. C.
Wildtype Mutant Adult zebrafish 7dpf zebrafish
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Figure 6.7. A2780-Rab25 cell injection in casper zebrafish. Approximately 500 RFP-A2780-Rab25 cells were 

injected in the pericardial cavity of a 2.5dpf casper zebrafish embryo. Fish were maintained at 34ºC and only 

assessed at endpoint, 10dpf. Fish were fed and water was changed every day from when fish reached 5dpf. Larvae 

were imaged with a Axio Zoom.V16 microscope. 2 representative images are presented, white or black arrows 

indicate invading cancer cells. N=75 fish from 5 independent experiments. 
 

6.2.2 Rab25 expression promotes metastasis formation in vivo 

Once the in vivo model was optimized, we investigated the role of Rab25 in promoting ovarian 

cancer cell invasion. Our hypothesis was that Rab25 overexpression would promote ovarian 

cancer cell invasion and metastasis, potentially due to the upregulation of ADAMTS5. RFP-

A2780-DNA3 and RFP-A2780-Rab25 cells were injected in casper zebrafish embryos at 

2.5dpf. Embryos were incubated at 34 degrees C. Once embryos reached 5dpf, they were fed 

once a day and water was changed 1h after feeding. At 10dpf, zebrafish were assessed for cell 

invasion and metastasis (figure 6.8). Cells were considered to have invaded if they migrated 

out of the area of injection, independently of the location found. On the one hand, in fish 

injected with A2780-DNA3 cells, invasion was observed in 10 out of 15 fish. Invading cells 

RFP Brightfield Merge
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tended to be localized in the head trunk area of the fish, in proximity of the primary tumour 

with no metastasis present in the tail portion of the fish. The primary tumours looked less 

compact compared to Rab25 tumours, with cells scattered in the pericardial cavity. On the other 

hand, A2780-Rab25 cells invaded out of the primary tumour in 18 zebrafish out of 19. Invasion 

occurred mainly in the head and trunk of the fish, with 15% of the embryos presenting cells in 

the tail. Moreover, we quantified the primary tumour mass by measuring the fluorescence 

intensity of the area that englobes the tumours (figure 6.8-B). We found that there was no 

significant difference between the primary tumour intensity in the presence and absence of 

Rab25, with a trend towards smaller tumours in zebrafish injected with Rab25-overexpressing 

cells, suggesting that both cells can efficiently form tumours and the differences in metastasis 

formation is not a consequence of faster A2780-Rab25 primary tumour growth. Overall, our 

data suggests that Rab25 promotes metastasis in vivo.  
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Figure 6.8. Rab25 overexpression promoted metastasis formation in vivo. Approximately 500 RFP-A2780-

DNA3 or RFP-A2780-Rab25 cells were injected in the pericardiac cavity of 2.5dpf casper zebrafish embryos 

which were then incubated at 34 degrees C until 10dpf, fish were fed once a day from when they reached 5dpf. 

The circles mark the primary tumour mass, and the arrows point to cells that have invaded into the tissue. Images 

taken with an Axio Zoom.V16 microscope (A). Raw integrated density of the primary tumour was measured with 

Image J, p=0.8573 Mann Whitney test (B). Parts of a whole graph representing the percentage of fish presenting 

or not presenting metastasis. Metastasis was defined as presence of cells that have migrated out of the injected 

area (C). N=34 fish from 2 independent experiments. 
 

6.3. Discussion: 

In this chapter, we developed an ovarian cancer cell metastasis model in zebrafish embryos. 

The cardiac ECM is mainly composed of albumin, collagen, fibronectin, laminin, 
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proteoglycans (like versican), glycosaminoglycans (like hyaluronic acid) and elastin, Moreover 

MMPs, ADAMs, ADAMTSs and hyaluronidases have been reported to be expressed, to ensure 

proper modification and degradation of the ECM throughout heart development (Derrick and 

Noël, 2021). Similarly, in the mammalian peritoneal cavity, collagens, laminin and fibronectin  

are present underneath the mesothelium (Witz et al., 2001), while during ovarian cancer 

progression higher levels of fibronectin, proteoglycans (like versican) and hyaluronic acid are 

present, around the cancer cells and the mesothelium; furthermore, proteases are also 

upregulated (Brown et al., 2023). Overall, the ECM components are similar in both 

compartments. Moreover, the cardiac cavity, a fluid-filled space surrounding the heart, mimics 

the surroundings of the ovarian cancer tumours, as during tumour development there is build-

up of ascitic fluid in the abdominal cavity, in which cells will float allowing them to be 

displaced. This implies that similar to ovarian cancer metastasis in humans, cancer cells in our 

model have to adhere and breach through a layer of cells, the pericardium, to be able to migrate. 

Both the ECM location and the cavity structure explains why in most of the zebrafish 

xenografts we can see a tumour mass forming around the heart, which when observed live 

under the microscope can be seen beating together with the heart, suggesting that it is anchored 

to the heart surface.  

In the literature, different injection sites have been used to investigate tumour growth and 

metastasis in zebrafish. For example, in neuroblastoma, GFP labelled patient-derived cancer 

cells have been injected into the midbrain of a 1dpf zebrafish, after which fish were treated 

with inhibitors and tumour growth was assessed (Almstedt et al., 2020). In prostate cancer 

studies, Qtracker 525-labelled prostate cancer cells were injected into the sinus venosus (caudal 

portion of the heart that collects all ducts of Cuvier) of 2dpf zebrafish, resulting in metastases 

to multiple locations in the tail of the fish and head area (Xu et al., 2018). One of the most used 

injection site is the yolk. This was used to test ovarian cancer cisplatin response, where ovarian 
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cancer cells were injected in the yolk of a 2dpf embryos, which were treated with cisplatin. 

Untreated fish showed metastasis to the tail of the embryo from 24h post injection which was 

increased by 48h post injection (Latifi et al., 2011). Glioma (Yang et al., 2013) and melanoma 

(Hill et al., 2018) cells were also injected in the yolk of a 2dpf zebrafish which developed 

micrometastases in the trunk and tail of the fish 2 and 3 days post injection respectively. We 

also attempted yolk injections, but cells did not appear to migrate outside the yolk in the 2 days 

post injection like others have observed and primary tumour masses were not visible, appearing 

like a RFP-positive blurred area in the yolk (data not shown). Primary tumours similar to the 

ones we obtained were observed when approximately 400 melanoma cells were injected into 

the pericardial cavity of a 2dpf embryo (Paatero et al., 2018), with migration of cancer cells in 

the surrounding area of the cavity achieved 4 days post injection, showing a similar timeline 

as A2780 cells.   

Zebrafish ovarian cancer models have been established to test chemoresistance and tumour 

metastasis. Two different cell lines, one carboplatin resistant (OVCAR8 cells) and one 

sensitive (A2780 cells) were injected into mice to produce tumours, which were then 

disaggregated and injected into 2dpf zebrafish into the perivitelline space. After a 3 days 

treatment with carboplatin A2780 tumour growth and metastatic spread was reduced when 

compared to OVCAR8 cells, which predicted the differential response observed in the human 

cells lines to carboplatin treatment (Song et al., 2025). The authors also injected patients-

derived cells in 2dpf zebrafish, which showed consistent tumour growth among different 

experimental repeats being also able to accurately mimic metastasis. Treatment of the patient 

cells xenografted zebrafish with carboplatin showed similar responses to therapy than the 

respective patient outcome (Song et al., 2025), which suggests that zebrafish can be used as an 

animal model to predict therapeutic efficiency.  
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Interestingly, we found that Rab25 overexpression promoted metastasis formation in vivo, as 

we detected approximately 30% more metastasis in A2780-Rab25 cell injected embryos 

compare to A27800-DNA3 cells, suggesting that Rab25 overexpression promotes cell invasion 

in an in vivo environment. Rab25 overexpression was found to increase cancer cell proliferation 

and block apoptosis. Use of RNA interference against Rab25 in ovarian cancer cells 

significantly inhibited tumour growth in nude mice which developed smaller and lesser tumour 

than non-transfected control, supporting the hypothesis that Rab25 plays a role in tumour 

progression and aggressiveness (Yang et al., 2006). Moreover, Rab25 overexpression was also 

found to increase tumour volume and lung metastasis in injected mice with SKOV-3 cells 

transfected with Rab25 vector when compared to control vector (Jeong et al., 2018). Moreover, 

it was previously shown, that A2780 and H1299 cells are capable to form tumour masses in 

xenograft zebrafish but barley disseminated to surrounding tissues (Paul et al., 2015), 

consistent with our results. The authors further showed that addition of cRGDfV or expression 

of mutant p53 increased invasion into the jaw region, which we also observed in A2780-Rab25 

injected cells. cRGDfV or mutant p53 expression are known to promote Rab coupling protein 

(RCP)- dependent a5b1 trafficking, due to inhibition of αvβ3 in FN rich matrices (Caswell et 

al., 2008; Muller et al., 2009; Rainero et al., 2012). RCP is a Rab11 interacting protein that 

promotes the recycling of a5b1 integrin from the Rab11 positive perinuclear recycling 

compartment to the plasma membrane. Inhibition of Rab4-dependent αvβ3 recycling to the 

plasma membrane leads to increased recycling of a5b1 integrin mediated by RCP, which 

promotes migration and invasion in FN rich matrices.  

We also wanted to determine whether ADAMTS5 was required for the invasion of Rab25-

overexpressing cells in vivo. We, therefore, injected RFP-A2780-Rab25 cells in which 

ADAMTS5 was transiently knockdown and compared with non-targeted siRNA transfected 

cells. However, the knockdown efficiency could not be confirmed at 10dpf and no changes in 



 160 

invasion were detected, as both control and ADAMTS5 knockdown cells were still able to 

invade the surrounding tissues to a similar extent (data not shown). This experiment was only 

carried out once, therefore further repeats are needed to confirm the results. Production of a 

stable knockdown cell line using and shRNA for ADAMTS5 will help clarifying ADAMTS5’s 

role, as the effects of the transient knockdown might not be maintained throughout the 

experiment. Furthermore, ADAMTS5 was shown to have an anti-tumorigenic effect, 

independently of its catalytic activity, by sequestering VEGF, resulting in inhibited tumour 

angiogenesis and progression (Kumar et al., 2012b). This could explain why knocking down 

ADAMTS5 did not lead to reduction of metastasis in our zebrafish xenotransplant model. To 

support this, VEGF was found to drive hypoxia mediated metastasis by increasing tumour cell 

(mice tumour cell line T241) invasion and dissemination under hypoxic conditions in the head 

and trunk of zebrafish (Lee et al., 2009). Moreover, it will be important to test pharmacological 

inhibitors of ADAMTS5 in our zebrafish model, to determine if ADAMTS5 catalytic activity 

is needed for tumour progression.    

Future work to confirm the involvement of Rab25 overexpression in in vivo ovarian cancer 

metastasis is also required, including the repetition of the experiment using different cells lines, 

such as Ovcar3 cells, with and without Rab25 knocked down. Additionally, to better 

understand the in vivo metastatic differences between Rab25 overexpressing ovarian cancer 

cells and non-overexpressing cells, a GFP-vasculature labelled zebrafish (Tg(kdrl):EGFP) can 

be used, allowing us to differentiate between “passive” migration or hematogenous spread.  

In addition, the imaging approach needs to be improved, as difficulties to image some of our 

experiments were encounter. The problems included: 1) positioning of the fish for optimal 

imaging of the grafted cells; 2) thickness of the fish compromising focus on the cells; and 3) 

autofluorescence. Most reports in the literature rely on confocal microscopy to obtain high 

resolution imaging of zebrafish larvae, allowing a more precise identification invasion, 
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migration and micrometastases formation (Marques et al., 2009; Tulotta et al., 2016). 

Moreover, light-sheet fluorescence imaging has also been used to assess tumour proliferation 

in glioblastoma zebrafish xenotransplants (Vargas-Patron et al., 2019). Autofluorescence 

reduction of the zebrafish was already achieved by changing from nacre to casper embryos. In 

the future, imaging can be further improved by using a spinning disc microscope, which would 

allow faster imaging of the fish without compromising the resolution. This would enable us to 

quickly image the fish before reaching the experimental endpoint.  

Quantification of zebrafish xenotransplants is affected by image resolution, as migrating cells 

may be hard to observe. Analyses carried out in this chapter were done manually by drawing 

an area around the primary tumour mass and assessing fluorescence intensity, which correlates 

with cells number, while invasion/metastasis were assessed as any cell that was seen outside 

the injection area. This method does not distinguish between distant or proximal metastasis, 

nor accounts for different number of cells that have migrated. A semi-automatic technique has 

been reported (Köpke et al., 2024), which utilises Cellpose to segment and python scripts to 

quantify human cancer cells in zebrafish xenotransplants, providing a more unbiased and 

reliable method. Currently, several parameters have been quantified in the literature, including 

cell fluorescence changes (Hill et al., 2018), observational/qualitative analysis (Marques et al., 

2009) and disseminating capacity by measuring the cumulative distance travelled by cells from 

the primary tumour to the metastatic site (Ghotra et al., 2012).  

To conclude, Rab25 overexpression increased metastatic potential of A2780 ovarian cancer 

cells, but further experiments are needed to validate the results.  
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CHAPTER 7: Discussion  

7.1 Summary: Key findings and working model. 

Cancer is one of the leading mortality causes worldwide, being the reason why laborious work 

on deciphering signalling pathways and events that take place during cancer initiation and 

progression has been put. The interplay between malignant cancer cells and the tumour stroma, 

that forms the TME, still represents one of the major challenges in cancer research 

(Kessenbrock et al., 2010). Multiple studies, over the last decades, have shown the importance 

of matrix degrading enzymes in altering the TME during cancer progression leading to the 

remodelling of ECM due to proteolytic cleavage (Gialeli et al., 2011; Kessenbrock et al., 2010). 

MMP, zinc-dependent endopeptidases, ADAM and AMDATS, zinc-requiring proteases, have 

been found to degrade the ECM and shed membrane-bond receptor in several pathologies 

(Bacchetti et al., 2024; Egeblad and Werb, 2002; Rowan et al., 2008). In this thesis, we 

investigated the crosstalk between ADAMTS5 and ECM receptors in ovarian cancer cell 

migration and invasion. We have shown that cell-matrix interaction promotes ADAMTS5 

expression, leading to in ovarian cancer migration and invasion. 

We found that Rab25 overexpression led to ADAMTS5 upregulation in a FN-dependent 

manner in ovarian cancer cells (Chapter 3). This process appears to be regulated by SDC4 and 

not by "5#1 integrin. FN fragments were used to determine if "5#1integrin binding to FN was 

needed for ADAMTS5 upregulation. The 50K FN fragment, containing the integrin binding 

motif, failed to upregulate ADAMTS5 to the same extent than full length FN, while the H0 

fragment, that binds to SDC4, upregulated the protease expression to the same extent as the 

full length. Consistent with this, the pharmacological inhibition of "5#1 integrin did not affect 

ADAMTS5 expression in cells seeded on FN. On the contrary, SDC4 knock down in Rab25 

overexpressing cells led to a statistically significant reduction of ADAMTS5 expression. 

Interestingly, we detected a small but statistically significant increase in SDC4 expression in 
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Rab25-overexpressing cells. This suggests that Rab25 overexpression might upregulate SDC4.  

which in turn could lead to ADAMTS5 upregulation. We have recently shown that NF-!B is 

required for Rab25-dependent ADAMTS5 expression when cells are seeded on fibroblast-

generated cell-derived matrices. Moreover, we found that the knock down of Rab25 led to a 

reduction in NF-!B protein levels and a downregulation of the expression of an NF-!B target 

gene (Yuan et al., 2024). Interestingly, SDC4 has been reported to be upregulated by NF-!B 

during intervertebral disc degeneration (Wang et al., 2011), indicating that Rab25 might 

promote SDC4 expression through the activation of the NF-!B pathway. Moreover, SDC4 has 

been shown to promote ADAMTS5 mediated aggrecan degradation in intervertebral disc 

degeneration (Wang et al., 2011). Alternatively, SDC4 could also act upstream of NF-!B, 

through the activation of Rac1-dependent signalling pathways. SDC4 has been found to 

promote Rac1 activation in a PKC" dependent manner (Bass et al., 2007); furthermore SDC4 

has been found to regulate and stabilise availability of "5#1 integrin in the cell membrane 

(Bass et al., 2011). We, therefore, wanted to test if ADAMTS5 upregulation depended on 

PKC" activation, by using bisindolylmaleimide-1 (BIM-1) that has been shown to inhibit 

PKC" downstream of SDC4 (Brooks et al., 2024), and found that inhibition of PKC" did not 

affect ADAMTS5 expression in Rab25 overexpressing cells. This suggested that ADAMTS5 

upregulation via SDC4 was not dependent on PKC". SDC4 has been shown to directly regulate 

Rac1 activity by binding to the Rac GEF Tiam1 (Keller-Pinter et al., 2017). Moreover, the 

Rac1-PAK-p38 axis has been found to activate NF-!B in oncogenic Ras expressing cancer 

cells (Norris and Baldwin, 1999). As we have also found that NF-!B upregulation is not 

dependant on PI3K/AKT and MAPK/ERK activation in Rab25 overexpressing ovarian cancer 

cells (Yuan et al., 2024), our current working model is: 1) SDC4 senses FN in the ECM, 2) 

Rab25 overexpression, potentially by driving a5b1 integrin recycling, promotes SDC4 

expression and downstream Rac1-PAK-p38 signalling axis, resulting in NF-!B activation, 3) 
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NF-!B promotes ADAMTS5 expression, stimulating the migration and invasion in ovarian 

cancer cells (figure 7.1). This signalling pathway can then be stabilised by 4) a positive 

feedback loop whereby NF-!B further promotes SDC4 expression. Further elucidation of the 

mechanism is needed to fully comprehend the complexity behind Rab25-mediated 

upregulation of ADAMTS5.  

We found that ADAMTS5 was required for Rab25-dependent ovarian cancer collective cell 

migration, as both pharmacological inhibition and knock down of ADAMTS5 led to decreased 

migration (Chapter 4). Consistently, ADAMTS5 inhibition and knock down led to decreased 

clearance of mesothelial cells by Rab25-overexpressing ovarian cancer cells. Furthermore, 

SDC4 knock down in A2780-Rab25 cells led to a similar decrease in clearance, while inhibition 

of "5#1 integrin resulted in a small and not statistically significant inhibition (Chapter 5). 

In summary, Rab25 overexpression led to upregulation of ADAMTS5 via SDC4, which 

promoted invasion and migration in FN rich matrices. A deeper understanding of the molecular 

mechanism(s) behind SDC4-dependent upregulation of ADAMTS5 in Rab25 overexpressing 

cells is essential to fully define ADAMTS5 tumour promoting role in ovarian cancer.  
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Figure 7.1: Working model. FN binding to SDC4, and potentially !5"1, activates Rac-PAK-p38 signalling, 

leading to NF8B activation that in turns upregulates ADAMTS5 expression and potentially creates a positive 

feedback loop by also stimulating SDC4 expression. This leads to increased ASDAMTS5 expression and 

activation. ADAMTS5-mediated ECM cleavage allows Rab25-overexpressing ovarian cancer cells to clear 

mesothelial monolayers and migrate, eventually leading to the formation of peritoneal metastasis.  

 

7.2 Mesothelial cells; cell-cell and cell-matrix interactions relevance during ovarian cancer 

trans-mesothelial invasion. 

The role of mesothelial cells in peritoneal dissemination is still unclear, but they are believed 

to play a fundamental role in ovarian cancer tumour progression (Mikuła-Pietrasik et al., 2014). 

Multiple studies have shown that the interaction of ovarian cancer cells with mesothelial cells 

in the peritoneum induces mesothelial to mesenchymal transition. This process is driven by 
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TGF-#, which promotes the conversion of mesothelial cells into cancer-associated mesothelial 

cells (CAM), characterised by morphological changes and "-smooth muscle actin upregulation 

(Fujikake et al., 2018; Rynne-Vidal et al., 2017; Sandoval et al., 2013).  

We have shown that ovarian cancer cells overexpressing Rab25 attach to, clear, and invade 

mesothelial monolayers in an ADAMTS5-dependent manner. The principal components of the 

ECM that play an important role in ovarian cancer adhesion to the mesothelium are FN, 

vitronectin, laminin, collagen I and collagen IV (Casey et al., 2003). FN is highly expressed by 

CAMs and has been reported to promote ovarian cancer spheroids adhesion (Burleson et al., 

2004; Kenny et al., 2014), supporting our data that FN is needed to promote invasion and 

migration of ovarian cancer cells. We propose that ovarian cancer cell spheroids, travelling in 

the ascitic fluid, anchor to the FN displayed on mesothelial cells via "5#1 integrin, that when 

stabilised by SDC4 leads to the upregulation of ADAMTS5, promoting clearance of the 

monolayer. Multiple studies have demonstrated that #1 integrin promotes spheroid binding to 

the mesothelium (Burleson et al., 2004; Casey et al., 2001; Iwanicki et al., 2011). Two main 

theories on how ovarian cancer cells infiltrate the sub-mesothelium are in place. On the one 

hand, it has been reported that mesothelial cell apoptosis by tumour associated immune cells 

can induce ovarian cancer cell peritoneal invasion (Steitz et al., 2023). On the other hand, 

similarly to our results, researchers have shown that mesothelial cells have lateral mobility 

(Nagai et al., 2013). This can be accentuated by the presence of tumour cells, creating gaps in 

between mesothelial cells where tumour cells can infiltrate and invade. It has been suggested 

that filopodia are needed for trans-mesothelial migration (Yoshihara et al., 2020) and that 

ovarian cancer cells exhert myosin-generated force on mesothelial cells via "5#1-talin I 

(Iwanicki et al., 2011). We show mesothelial cells being “pushed away”, changing shape by 

getting more elongated around invading ovarian cancer cells, while this invasion process was 

significantly reduced by ADAMTS5 inhibition. Interestingly, mesothelial cells secrete 
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proteoglycans, glycosaminoglycans and surfactants to repel cell adhesion, allowing abdominal 

organs to glide (Mutsaers, 2004). Furthermore, multiple MMPs have been found to be 

implicated in ovarian cancer cell invasion, specifically the collagenolytic subset (MMP1, 

MMP8 and MMP13) (Sodek et al., 2012). MMP1 mRNA has been found to be cargo of 

extracellular vesicles that led to MET-5a cell apoptosis in mouse models, increasing peritoneal 

metastasis (Yokoi et al., 2017). It was suggested that extracellular vesicles transferred the 

MMP1 mRNA into mesothelial cells, increasing their total mRNA levels leading to apoptosis, 

but further verification of the hypothesis is needed. MMP2 has also been involved in increasing 

adhesion of spheroids to the mesothelium by cleaving fibronectin and vitronectin to improve 

substratum binding for integrins (Kenny et al., 2008). This could suggest that ADAMTS5, also 

a matrix degrading enzyme, could increase clearance of mesothelial cells by cleaving the 

proteoglycans located on the surface. 

Moreover, ADAMTS5 could be only important in early steps of ovarian cancer dissemination, 

to clear the monolayer for invasion to occur. At later stages of invasion activation of 

mesothelial cells may aid further migration and colonization independently of ADAMTS5 

expression.  

7.3 ECM dysregulation: ADAMTS5 could promote migration via versican degradation 

The ECM plays a fundamental role in cancer progression, whereby the increased or decreased 

secretion of its components, and the remodelling by tumour cells forms a pro-tumorigenic 

microenvironment that will ultimately promote tumour cell survival, migration and chemo-

resistance (Cho et al., 2015). Proteoglycans help increase compressive resistance and hydration 

in tissues (Varki et al., 1999). Aggrecan, versican and brevican are substrates of ADAMTS5 

(Santamaria, 2020). Since we have shown that ADAMTS5 catalytic activity is needed for 

Rab25 overexpressing cells to migrate and clear mesothelial cells, we hypothesise that 

ADAMTS5 might promote cancer cell invasion through the cleavage of one of its substrates. 
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Versican is known to regulate different processes of folliculogenesis and it is enriched in the 

remodelling matrix during ovulation (Russell et al., 2003). Not surprisingly, it was found to be 

upregulated in epithelial ovarian cancers, correlated with increased levels of hyaluronan that 

lead to increased tumour cell survival and spread (Voutilainen et al., 2003). Furthermore, 

versican overexpression was identified in ovarian cancer tumour stroma, where the V1 isoform 

was found to be the most expressed one. In addition, versican immunolocalization showed that 

patients with high versican expression in the tumour stroma had lower overall survival and 

lower progression-free survival than patients with low levels (Ghosh et al., 2010). ADAMTS5 

was found to be upregulated in glioblastomas, where it mediated brevican cleavage to promote 

glioma cells invasion (Viapiano et al., 2008). Multiple studies have shown that degradation of 

brevican by ADAMTS4 and ADAMTS5 (Nakada et al., 2005; Nakamura et al., 2000) led to 

the generation of G1-ESE fragments (Matthews et al., 2000) similar to the ones formed when 

ADAMTSs degrade aggrecan (G1-EGE) and versican (G1-DPEAAE) (Kintakas and 

McCulloch, 2011). ADAMTS5 is known to cleave V1 isoform of versican at the Glu441-Ala442 

site forming a G1-DPEAAE fragment, versikine, known to be biologically active (Longpré et 

al., 2009; McCulloch et al., 2009). Due to similarities between the fragments, it would be 

possible to suggest that versican fragment versikine can promote invasive phenotypes like 

brevican fragments do in gliomas (Viapiano et al., 2008). Further investigation on the role of 

ADAMTS5 in versican cleavage and versikine production in ovarian cancer migration and 

invasion is needed.  

At the same time, versican has also been found to interact with FN (Wu et al., 2005). V0 and 

V1 versican was found to be secreted by prostate fibroblasts, being found at high levels in the 

conditioned media, leading to reduced adhesion of prostate cancer cells to fibronectin 

substrates (Sakko et al., 2003). Furthermore, it was suggested that versican can bind to 

fibronectin via the RGD domain, sequestering the protein from cancer cells, which in turn 
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inhibits adhesion (Sakko et al., 2003; Wu et al., 2005). Versican G3, binding to fibronectin and 

integrin #1, has been linked to cancer cell proliferation, resistance to apoptosis and migration 

(Keire et al., 2017). ADAMTS5-mediated versican cleavage could therefore promote FN 

availability, allowing ovarian cancer cell spheroids to adhere to the mesothelium, but further 

investigation is needed to establish whether this is the case.  

7.4 Peritoneal metastasis and other cancer types  

Peritoneal metastasis does not only occur in ovarian cancer. It is also common in colorectal 

and gastric cancers, while other gastrointestinal, reproductive and genitourinary cancers, such 

as pancreatic, small intestine, endometrium, appendix and prostate, show peritoneal metastasis 

with less frequency (Desai and Moustarah, 2025). Moreover, Rab25 overexpression has been 

demonstrated to increase integrin #1 level promoting gastric cancer cell invasiveness (Jeong 

et al., 2018). Multiple MMPs have been found upregulated in gastric cancer. For instance, 

activation of MMP9 downstream of STAT3 via miR-93-5p inhibition of IFNAR1, an interferon 

" and # receptor, promoted migration, invasion and proliferation of gastric cancer cells, both 

in vitro and in vivo, promoting intraperitoneal metastasis formation (Ma et al., 2017). 

Additionally, the overexpression of HIF-2" upregulated both MMP2 and MMP9, promoting 

invasion, migration and metastasis in gastric cancer (Tong et al., 2015). The expression of 

several members of the ADAMTS family was found enhanced in gastric cancer. ADAMTS16 

upregulation was found to promote cancer cell proliferation and invasion (T. Li et al., 2022), 

ADAMTS2 overexpression in gastric tumour cells and stroma led to poor prognosis (Jiang et 

al., 2019), ADAMTS12 was found to promote angiogenesis and chemo-resistance (Jiang et al., 

2023) and ADAMTS7 enhanced gastric cancer growth and metastasis in vivo in nude mice 

(Chen et al., 2025). In addition, data from the protein atlas show that ADAMTS5 mean 

transcripts per million is of 1.3 in gastric cancer and 0.5 in ovarian cancer (“Expression of 

ADAMTS5 in cancer - Summary - The Human Protein Atlas,” n.d.), showing a similar ratio 
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between gastric and ovarian cancer Rab25 transcripts per million mean (96.7 and 55.7 

respectively). As expression levels are similar and both cancers are known to overexpress 

Rab25, it suggests that ADAMTS5 could be mediating peritoneal metastasis in gastric cancer 

as well. Further studies are required to elucidate the importance of ADAMTS5 mediated 

migration and invasion in gastric cancer cells. The experiments performed in this thesis could 

be repeated using NCC-StC-K140 cell line, stomach carcinoma cell line from patient with 

metastatic stomach adenocarcinoma, which overexpresses both Rab25 and ADAMTS5.  

In colorectal cancer, high expression of ADAMTS12 has been linked to poor prognosis and to 

increased cell proliferation and migration via activation of the Wnt signalling pathway (Li et 

al., 2020). In addition, a study investigated ADAMTS expression patterns in colorectal cancer 

tissues compared to normal, as increased levels of versican are observed in cancerous colon 

and rectum (Mukaratirwa et al., 2004; Tsara et al., 2002). In this context, overexpression of 

ADAMTS5 could promote proteoglycans degradation, that can result in the release of active 

fragments, known to boost migration (Longpré et al., 2009). It was found that ADAMTS5 and 

4 are overexpressed in colorectal cancer tissues, mainly in the stroma at early stages and mostly 

in malignant cells at later stages of the disease. Moreover, high levels of ADAMTS5 mRNA 

were related to more aggressive cells lines than ADAMTS4 (Filou et al., 2015). However, 

colorectal cancer has decreased Rab25 expression independently of the cancer stage, contrary 

to other epithelial cancers that overexpress Rab25 in more aggressive states (Goldenring and 

Nam, 2011).  

Rab25 tumour-promoting function has been linked to integrin a5#1 recycling to the cell 

surface, but this is not the only pathway that can lead to promotion of integrin recycling. It was 

shown that the expression of gain-of-function mutant of the tumour suppressor p53 promoted 

the recycling of a5b1 integrin and EGFR in breast and lung cancer cells, promoting cell 

migration and invasion (Muller et al., 2009). My preliminary data indicate that the expression 
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of mutant p53 in the lung cancer cell line H1299 promoted ADAMTS5 expression, when 

compared to p53-null H1299 control cells. This suggests that recycling of the integrin "5#1 to 

the cell membrane may be the key event leading to the upregulation of ADAMTS5, 

independently on the upstream regulator. Further investigation is needed to clarify the cascade 

of events leading to ADAMTS5 upregulation and how it promotes cancer cell invasion.  

7.5 Therapeutic opportunities 

As we showed that ADAMTS5 catalytic activity is required for the migration and invasion of 

ovarian cancer cells, this protease might represent a therapeutical target for small molecule 

inhibitors. Matrix degrading enzymes like MMPs, and ADAM have already been explored as 

drug targets in cancer, due to the significant evidence involving their activity in cancer 

progression. Multiple MMP inhibitors were generated to target the Zn-binding site. 

Tanomastat, a MMP2, MMP3 and MMP9 inhibitor was found to have antiangiogenic and 

antimetastatic properties in vivo and was used in a phase III clinical trial for ovarian cancer. 

Overall the inhibitor was well tolerated, but it did not improve patients survival (Hirte et al., 

2006). SB-3CT, a small molecule inhibitor designed to bind the active site of MMP2 and 

MMP9 was is shown to be antimetastatic and antiangiogenic in in vitro and in vivo studies 

(Bonfil et al., 2006), NCC405020, a novel small molecule inhibitor, blocks PEX activity, which 

in turn modulates MT1-MMP. It was shown to impair tumour growth and collagen I cleavage, 

but further studies are needed to confirm its efficacy in the clinic (Remacle et al., 2012). In 

addition, multiple broad-spectrum MMP inhibitors have failed in clinical trials, due to 

unspecific inhibition and low substrate selectivity (Piperigkou et al., 2021). At the moment, no 

ADAMTS inhibitor is being investigated in clinical trials to as anti-cancer agent, even if 

evidence of ADAMTS involvement in cancer is expanding, as reviewed in Bacchetti et al., 

2024 and Cal and López-Otín, 2015). ADAMTS5 has been extensively studied in osteoarthritis 

where a small molecule inhibitor, GLLPG1972/S201086, has shown promising results in 
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mouse models, where it partially prevented the occurrence of cartilage degradation (Brebion et 

al., 2021). Moreover, this inhibitor has been tested in clinical trials, but it did not meet its 

primary end-points and it was suggested that the patient sample was not adequate (Latourte 

and Richette, 2022; Schnitzer et al., 2023). Another inhibitor for ADAMTS5, M6495, has been 

considered for clinical trials, as phase-I studies showed a good safety profile and inhibited 

release of the ARGS aggrecan fragment (Bihlet et al., 2024). Targeting ADAMTS5 appears to 

be an effective and promising way to reduce cartilage degradation and, based on our findings, 

these drugs could be repurposed to limit ovarian cancer progression and metastasis. Producing 

inhibitors specific for ADAMTS5 is highly challenging as it shares structural and functional 

similarities with ADAMTS4. Current ADAMTS5 inhibitors use a zinc binding group molecule 

to chelate the catalytic zinc domain decreasing selectivity as they could also bind other 

metalloproteases. Compounds that do not bind to the active site are being synthesised and tested 

to improve specificity. For instance, compound 4b was found to effectively inhibit aggrecan 

proteolysis by interacting with K532 and K533 in the Dis domain located next to the active site 

cleft, which is highly variable among family members (Santamaria et al., 2021). Interestingly, 

we found that 4b inhibits ovarian cancer cell invasion to a similar extent to the ADAMTS5 

inhibitor used in this thesis (Yuan et al., 2024). 

Another potential therapeutic target to prevent the upregulation of ADAMATS5 in ovarian 

cancer cells could be SDC4. SDC1 antibodies have been developed to target SCD1 in 

melanoma, triple negative breast cancer and myeloma, showing efficacy both in in vitro and in 

vivo studies in reducing cancer progression (Karamanos et al., 2018). Not many inhibitors have 

been tested against SDC4; recently, bufalin, a small molecule SDC4 inhibitor, was shown to 

decrease cell invasion, proliferation, and angiogenesis in hepatocellular carcinoma, suggesting 

that SDC4 could be a druggable target (Yang et al., 2021).  

7.6 Conclusions and future work   
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In this thesis, we have demonstrated that Rab25 overexpression promotes FN- and SDC4-

dependent ADAMTS5 expression, thus promoting ovarian cancer cell migration and invasion. 

Nevertheless, several questions remain unanswered, and the following points outline that in the 

future it would be important to: 

* Investigate if Rab25 overexpression leads to the co-recycling of SDC4 with "5#1 

integrin. Syntenin was found to interact with SDC2 promoting the recycling of 

endosomes to the plasma membrane in a Arf6-dependent manner. Interestingly, Rab11 

was also found in endosomal compartments which contained SDC2 and syntenin. 

Therefore, we could assess whether syntenin binds to SDC4, co-localises with Rab25 

and whether SDC4 is recycled in a syntenin- and Rab25-dependent manner.   

* Elucidate the role of "5#1 integrin/FN interaction in the upregulation of ADAMTS5. 

We found that inhibitors against "5#1 integrin did partially reduce ADAMST5 

expression, but the difference was not statistically significant. Moreover, we detected a 

small upregulation of ADAMTS5 levels in Rab25-expressing cells seeded on the RGD-

containing FN fragment. Is SDC4-mediated stabilisation of "5#1 integrin needed for 

signalling activation? Knocking down a5b1 integrin in Rab25-overexpressing cells 

could help better elucidate its role in controlling ADAMTS5 expression.  

* Characterise SDC4 downstream signalling pathways, leading to ADAMTS5 

expression. We have hypothesised that the activation of RAC-PAK-p38 axis by SDC4 

could promote the activation of NF!B, which in turn upregulates both ADAMTS5 and 

SDC4. This can be investigated by inhibiting RAC, PAK or p38 in Rab25 expressing 

ovarian cancer cells and assessing NF!B expression and activation, as well as 

ADAMTS5 and SDC4 expression.  

* Define the mechanisms through which ADAMTS5 promotes cancer cell migration and 

invasion. To investigate whether this is mediated by versican cleavage, the levels of 
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intact and cleaved versican could be monitored by western blotting. In addition, we 

could investigate the role of recombinant versikine in Rab25-overexpressing cell 

migration and mesothelial cell clearance. In particular, it would be interesting to assess 

whether recombinant versikine rescues ADAMTS5 inhibition.  

* It would be interesting to elucidate if versican cleavage by ADATMS5 is required for 

ovarian cancer spheroids attachment to mesothelial monolayers. Our preliminary 

observations suggest that ADAMTS5 inhibition might prevent/delay spheroid adhesion 

to mesothelial cells. Therefore, we could block versican cleavage with a cleavage site 

specific antibody (Foulcer et al., 2014) and assess the ability of ovarian cancer cell 

spheroids to adhere and clear mesothelial cell monolayers.  

To summarise, this thesis shows that Rab25 overexpression in ovarian cancer cells leads to the 

upregulation of ADAMTS5 in a FN-dependent manner. We also revealed that SDC4 binding 

to FN, but not "5#1 integrin binding, leads to ADAMTS5 upregulation, downstream of Rab25. 

Moreover, we found that inhibition and knock down of ADAMTS5 in ovarian cancer cells, 

leads to decrease cell migration in FN supplemented matrices, and clearance of mesothelial 

monolayers. Similarly, SDC4 was also required for ovarian cancer cell clearance of mesothelial 

cells. Due to ADAMTS5 and SDC4 role in regulating migration and clearance in ovarian 

cancer cells, they could be considered as potential therapeutic targets to prevent ovarian cancer 

metastasis.  
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