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SUMMARY 
 

Ovarian cancer metastasis is characterized by the shedding of malignant cells from the 

surface of the ovary and their implantation onto the peritoneal surface which lines the 

abdominal cavity. As the factors promoting this process are poorly understood, we 

investigated the ovarian cancer–peritoneal interaction by means of in vitro co-culture 

experiments with ovarian cancer (OVCAR-3, OVCAR-5, and SKOV-3) and peritoneal (LP-

9) cells. In this system, we identified by mass spectrometry that levels of transforming 

growth factor β inducible protein (TGFBIp), periostin, fibronectin, plasminogen activator 

inhibitor-1, cytokeratins 1, 5, 6C, 9, 10, 14, and 16, transketolase, annexin A2, annexin 

A6, and elongation factor-2 were modulated as a result of direct contact between 

peritoneal and ovarian cancer cells or through interactions via shared media.  

We went on to investigate the functional role of the extracellular matrix (ECM) protein, 

TGFBIp in ovarian cancer. Immunohistochemistry showed high TGFBIp levels in normal 

surface ovarian epithelial and peritoneal cells whilst in comparison, TGFBIp levels in 

primary serous ovarian carcinomas and matching metastatic implants were greatly 

reduced. In functional in vitro experiments, rTGFBIp significantly increased the motility 

and invasion of OVCAR-5 and SKOV-3 cells and significantly increased ovarian cancer cell 

(OVCAR-5, OVCAR-3 and SKOV-3) adhesion to peritoneal (LP-9) cells which was reversed 

by addition of a neutralizing TGFBIp antibody. We also demonstrated that the increases 

in OVCAR-5 cell adhesion, motility, and invasion, were independent of the Arg-Gly-Asp 

(RGD) motif in the C-terminal domain of TGFBIp. We conclude that TGFBIp expressed by 

peritoneal cells increases the metastatic potential of ovarian cancer cells. TGFBIp is 

therefore a potential novel therapeutic target against ovarian cancer. 
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Further investigation determined that secreted TGFBIp was processed at both the N- 

and C-terminal domains during ovarian cancer–peritoneal cell co-culture in the same 

amino acid range as that of TGFBIp cleaved by plasmin. Plasmin was found to be 

upregulated within 1 hr of co-culture and TGFBIp processing in the in vitro co-culture 

system could be blocked by a plasmin inhibitor, 6-aminocaproic acid (�-ACA) and a 

broad spectrum protease inhibitor which inhibits plasmin but not matrix 

metalloproteinases (MMPs). Furthermore, the processing was not blocked by an MMP 

inhibitor, GM6001. We therefore conclude that TGFBIp is cleaved by plasmin and not an 

MMP during peritoneal-ovarian cancer co-culture. 

In summary, these studies have shown, that when peritoneal cells are allowed to 

interact with ovarian cancer cells, whether by direct contact or by shared growth media 

which occurs at different steps of ovarian cancer metastasis, a proteolytic response is 

triggered.  

We also investigated the expression of other ECM components in ovarian cancer; the 

proteoglycan versican, the polysaccharide hyaluronan (HA), and one of its receptors, 

CD44, in ovarian cancer tissues and their role in the metastatic behaviour of ovarian 

cancer cells. We found that a higher proportion of serous ovarian carcinoma had high 

stromal versican when compared with normal ovary and high stromal CD44 when 

compared with normal and benign serous tumours. Although high stromal versican was 

positively correlated with high stromal HA, stromal HA was not increased in serous 

ovarian carcinoma when compared with normal ovary or benign serous tumours. 

We determined that the assembly of a HA-versican pericellular sheath around ovarian 

cancer cells could promote the motility of metastatic CD44 expressing OVCAR-5 and 



Page | xii  
 

SKOV-3 cells, but not by low-metastatic OVCAR-3 cells which lack CD44. The motility of 

OVCAR-5 and SKOV-3 cells was significantly increased in scratch wound and chemotaxis 

assays following treatment with recombinant versican. We demonstrated that small HA 

oligosaccharides (6-10) were able to significantly block formation of pericellular sheath, 

motility, and invasion of OVCAR-5 cells following treatment with versican. Treatment 

with exogenous HA increased ovarian cancer cell adhesion to peritoneal cells, and this 

increase was successfully blocked by the addition of HA oligosaccharides or treatment 

of the LP-9 monolayer with hyaluronidase. These novel findings indicate that the 

acquisition of a HA-versican pericellular sheath by ovarian cancer cells may aid their 

peritoneal dissemination and metastasis. Our results suggest that HA oligosaccharides 

may be effective at inhibiting the invasion of CD44 positive ovarian cancers and 

warrants further study as a potential therapy. 

Overall, the studies in this thesis indicate a very strong role for the tumour 

microenvironment, and in particular the proteolysis of proteins in the tumour 

microenvironment. Further investigation will increase our understanding of the 

mechanisms and pathways involved in the proteolytic cascade which is triggered during 

ovarian cancer metastasis. 
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CHAPTER 1 - GENERAL INTRODUCTION  

1.1. BACKGROUND  

1.1.1. Introduction to ovarian cancer 

 

One hundred thousand cancer cases are diagnosed in Australia each year and 

approximately 1,100 of these are ovarian cancer. Ovarian cancer is the ninth most 

common cancer in women and has a frequency of 2.7% and  has an overall lifetime risk 

of 1 in 77 [1]. However, it has the sixth highest mortality rate and accounts for 5.2% of 

all cancer related deaths [1]. This is due to more than 50% of ovarian cancers being 

detected at an advanced stage (III or IV). Ovarian cancer is diagnosed at an advanced 

stage predominantly due to non specific symptoms, and lack of a regular screening test 

available to the public, such as those currently available for other cancers such as breast 

cancer (mammograms), prostate cancer (prostate examination and prostate specific 

antigen blood test), and cervical cancer (pap-smears). Late stage ovarian cancer 

presents with widespread intra-abdominal disease and metastases, and has a much 

lower 5-year survival rate of only 12-30% compared with 50-90% for those diagnosed 

with an earlier stage of the disease [2].  

The International Federation of Gynaecologists and Obstetricians (FIGO) classify ovarian 

tumours based on their level of progression of the primary tumour. Stage I – confined to 

the ovary, Stage II – extended from the ovary into the pelvic tissue, Stage III – extended 

from the ovary to the peritoneal lining, and stage IV – invaded through the peritoneum 
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and metastasised outside of the abdomen. The World Health Organisation (WHO) 

categorizes ovarian tumours based upon their derivation from coelomic surface 

epithelium, germ cells, and mesenchyme [3]. These three subsets of ovarian tumours 

are often known more commonly as epithelial, germ cell (which arise from the oocyte 

and give rise to teratomas) and stromal tumours (which includes granulosa cell 

tumours). Epithelial tumours account for approximately 80% of ovarian tumours (Table 

1) [3-6] and are thought to arise from ovarian surface epithelial cells (OSE, Figure 1.1a). 

Ovarian epithelial tumours only occur in humans, and ageing hens [7]. 

Histopathologically and immunocytochemically, epithelial ovarian cancers are among 

the most complex of all human carcinomas [8]. During carcinogenesis they can acquire 

characteristics of the oviduct, endometrium, fallopian tubes, or the uterine cervix. 

Classification of these epithelial tumours (Table 1.1) is broken down into serous 

(fallopian tube-like), endometrioid (endometrium-like), and mucinous (endocervical-

like) adenocarcinomas and the much rarer types of mixed epithelial carcinomas, 

squamous carcinomas, carcinosarcomas, and transitional (Brenner) tumours. Of these, 

serous tumours are the most common and comprise approximately 50% of all epithelial 

ovarian cancers [9-11]. 

Serous epithelial cancers morphologically exhibit a mixture of cystic, papillary, and solid 

growth patterns (Figure 1.1d). The key feature of malignancy is stromal invasion by the 

epithelial cells [3], whilst benign tumours, representing a third of all epithelial tumours, 

show some proliferation of the epithelial cells, but no invasion (Figure 1.1b). During 

progression, the cancer usually grows through the ovarian capsule and spread directly 

to other pelvic organs or the peritoneum.  
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There also exists a third category of tumours, the low malignant potential (LMP), or 

borderline tumours. These are classified as such by pathologists as they share common 

features with both the benign and malignant tumour types (Figure 1.1c). Serous 

borderline ovarian tumours represent up to 17% of all serous epithelial ovarian 

tumours. Whilst the majority of them are benign, 20% present with extra ovarian 

disease [4]. Affecting a much younger age group than ovarian cancer, borderline 

tumours have a much higher survival rate. Serous borderline tumours are often large 

with cystic and papillary growth areas and are present on the external surface of the 

ovary (Figure 1.1c). Peritoneal implants can occur in borderline ovarian tumours [12] 

although these implants are usually non-invasive [3].  

A new model for the development and classification of epithelial ovarian cancer has 

been suggested [11, 13] (Figure 1.2). In this model all ovarian epithelial tumours are 

divided into 2 groups designated type I and type II. Type I tumours have a tendency to 

present as low-grade neoplasms which develop slowly from well-recognised precursors. 

They include low-grade micropapillary serous carcinoma, mucinous, endometrioid, and 

clear cell carcinoma. In contrast, type II tumours nearly always present as advanced 

stage, high-grade tumours, and are more aggressive. Included in this group are high-

grade serous carcinomas, malignant mixed mesodermal tumours, and undifferentiated 

carcinomas. Apart from the clinical and pathologic differences, there are also genetic 

differences between these two groups summarised in Figure 1.2 and Section 1.1.2 [14]. 
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Table 1.1. Histological Types and subtypes of ovarian cancer and their frequencies.  

Adapted from [9-11]. 

 

 

  

Types Frequency % 

Epithelial Tumours 80 

Serous ~50 

Endometrioid 10-20 

Mucinous 5-20 

Clear Cell 3-10 

Transitional cell/Brenner Rare 

Squamous cell  Rare 

Mixed epithelial  Rare 

Carcinosarcoma Rare 

Germ Cell Tumours 10-15 

Dysgerminoma 50 

Yolk sac tumours 20 

Embryonal carcinoma Low 

Immature teratomas Low 

Choriocarcinoma Rare 

Polyembryomas Rare 

Mixed germ cell tumours Rare 

Stromal Tumours 5-10 

Granulosa cell tumour Low 

Sertoli-Leydig cell tumour Low 
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Figure 1.1. Epithelial ovarian tumours (H & E staining).  

(a) Normal ovarian tissue (b) Benign serous ovarian tumour (c) Serous borderline 

tumour (d) Serous carcinoma. Magnification bar = 100 μm. All images are at the same 

magnification.  

  

c 

b a 
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Figure 1.2. Two-pathway concept of ovarian cancer development and potential genes 

involved. 

Ovarian cells progress through two possible pathways to become ovarian tumours [11]. 
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1.1.2. Ovarian cancer risk factors 

 

With the ever increasing development of technology in the medical and genetic field, 

and a growing appreciation for prospective studies, both the scientific community and 

the public are eager to determine exactly what puts a woman at risk of developing 

ovarian cancer. Is it genetic, environmental, or is it related to diet? Familial history of 

any type of cancer is well documented to increase the risk of developing cancer. It has 

been shown that occurrence of ovarian cancer in a first-degree relative (mother or 

sister) significantly increases the risk of ovarian cancer by greater than 5-fold [15]. 

Ovarian cancer in a first-degree relative also appeared to be a stronger risk factor for 

early-onset (≤ 50 years) ovarian cancer rather than late-onset [16]. 

Many genes have been investigated in relation to ovarian cancer risk. In regards to 

genes, the BRCA1 and 2 genes were investigated as their mutation is very strongly 

associated with breast cancer [17, 18]. In a study of the BRCA gene and ovarian cancer 

association, only 1.7% of controls had a BRCA1 or BRCA2 mutation, whereas 29% of 

patients with ovarian cancer had a BRCA1 or BRCA2 mutation [19]. BRCA1 in particular 

has been shown to play a major role in ovarian cancer susceptibility, but due to the 

large number of possible mutations, screening for this mutations is difficult [20]. 

Alterations in expression or copy number has been seen in the TP53, RB1, OPCML, 

PIK3CA, and EEF1A2 genes in ovarian cancer [21-24]. The high-activity genotype of 

microsomal epoxide hydrolase (EPHX) has been shown to be associated with an 

increased ovarian cancer risk [25]. P53, a tumour suppressor gene, is mutated in 50% of 

late stage ovarian tumours, but rarely in early stage or borderline tumours [26], making 
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it an unlikely candidate for genetic screening. Other genes which are over-expressed or 

amplified in serous epithelial cancers include cMYC [27], EGF-R, and CFMS which are 

associated with poor outcome [28-30].  

Currently, analysis of single nucleotide polymorphisms (SNPs) in genes which causes 

variations in the allelic distribution in the population is an accepted technique to find 

genetic association with diseases. This has also been used to predict cancer occurrence. 

SNPs in some of the metalloproteinases (MMPs) have been analysed and the frequency 

of the C allele and the C/C genotype of the MMP2 C-735T SNP were significantly higher 

in epithelial ovarian cancer patients than those in healthy controls. Compared with the 

T/T and C/T genotypes, the C/C genotype was significantly associated with increased 

risk of ovarian cancer [31]. The A/G genotype and the G allele frequency of the MMP-12 

A-82G SNP was significantly higher in epithelial ovarian cancer patients than in controls. 

The A/A genotype of MMP-13 77A/G was also found to be associated with increased 

risk of mucinous ovarian cancer [32]. The progesterone receptor (PR) SNP known as 

PROGINS showed a higher incidence of the T2/T2 genotype in ovarian cancer and 

women carrying a mutated allele showed approximately 2-fold higher risk of ovarian 

cancer development [33]. There was also a significant correlation between PROGINS 

and patients with a familial history [33]. Androgens have also been linked with cancer 

outcome [34-36], Goodman et al. investigated the A allele of the rs749292 SNP of the 

CYP19A1 gene which encodes the cytochrome P450 aromatase which is involved in 

oestrogen production from testosterone, and showed it is associated with increased 

ovarian cancer risk when compared with the CC genotype [37]. 
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What is certain, is that the risk of developing ovarian cancer increases with age [38]. 

Additionally, two of the most commonly agreed upon risk factors is parity and the use of 

oral contraceptives as protective factors [39-43]. However, some studies showed 

decreased risk with the number of births as well as a younger age at first conception 

[19, 44], whilst others indicate that the age at first birth is not associated independently 

with risk [15, 45]. The protective effect of the oral contraceptive pill was apparent for as 

long as 15–19 years after cessation of use [42]. Additional births were protective in 

carriers and non-carriers of the BRCA1 and BRCA2 mutations, but oral-contraceptive use 

appeared to reduce the risk only in non-carriers [19]. Risk of ovarian cancer has also 

been stated to increase with the duration of unprotected intercourse, especially in 

nulligravidae women [44].  

Obesity has also been associated with increased ovarian cancer incidence [15, 46] 

particularly in post-menopausal women [47] and was positively associated with serous 

borderline tumours and serous peritoneal tumours [48]. Larger endometrial lesions in 

endometriosis patients were also an independent risk factor for ovarian cancer [49]. 

Neither age at menarche nor age at menopause was reported to be significantly 

associated with ovarian cancer risk by Harkinson et al. [45] however, Booth et al. 

documented that ovarian cancer risk increased with later age of natural menopause. 

Hysterectomy, breast feeding, vegetarian diet, and a diet high in fish were associated 

with decreased risk of ovarian cancer [44, 50], whilst hormone replacement therapy 

[51], smoking [52], the use of talcum powder in the genital area [15, 44], and aspirin use 

[53] were associated with increased risk. 
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Despite all of the studies which have been undertaken, the role of many of these risk 

factors is still mostly unknown as many of the studies had small samples sizes, poor 

selection criteria for the control groups, or did not have their results confirmed by 

independent studies. Greater collaborations between groups across the world are 

clearly needed to further validate the relationship between the various risk factors and 

ovarian cancer. 
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1.2. DIAGNOSIS AND TREATMENT OF OVARIAN CANCER  

1.2.1. Diagnostic and prognostic markers for ovarian cancer 

 

Cancer antigen 125 (CA125), the only clinically used ovarian cancer detection marker, is 

only detected in 50% of early stage ovarian cancer [54] but it is also detected in benign 

and non-malignant ovarian tissue [55], ruling it out as a potential early screening test. 

However, CA125 is still the only test used clinically to monitor the progress of ovarian 

cancer patients [56]. There is a lot of interest in combining CA125 with other markers in 

a detection test to increase the percentage of early stage ovarian cancers which can be 

detected by regular blood screening tests. BH-74 is one such potential marker [57, 58] 

and many others have also been studied. Early stage and borderline ovarian tumours 

expressed higher levels of prostate derived Ets transcription factor mRNA and protein 

and lower levels of survivin when compared with late stage ovarian tumours, whilst 

normal ovarian tissue expressed even higher levels Ets transcription factor [59]. High 

preoperative serum vascular endothelial growth factor (VEGF) was positively correlated 

with postoperative recurrence and survival in epithelial ovarian cancer [60] whilst the 

risk of relapse decreased with higher serum follicle stimulating hormone concentrations 

[61]. Topoisomerase IIα was observed in 73% of ovarian cancer tumour tissues. A 

statistically significant direct association between the percentages of positively 

immunostained topoisomerase IIα tumour cells and the relative risk of death was 

observed and was linked to poor prognosis in platinum resistant patients. [62].  
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Thus, there are many potential single biomarkers which have been identified over the 

years, however, few predict survival or diagnose the disease in the majority of cases. 

Thus, approaches combining multiple markers may be more likely to be effective.  

So few proteins identified to have altered expression in ovarian cancer are found to be 

altered in the majority of all ovarian cancers, most likely due to the heterogeneity of the 

ovarian cancers. Thus, it has been difficult to successfully develop any screening tests 

for ovarian cancer, even for those with a strong familial history of the disease.  

 

Many proteins including various enzymes have been assessed as prognostic markers for 

ovarian cancer patient outcome i.e. response to chemotherapy, progression free 

survival, and relapse occurrence. Human epidermal growth factor (EGF) receptors HER-3 

and HER-4 but not HER-2 were significantly increased in ovarian cancer tissues 

compared with benign and normal ovaries [63, 64]. The protein levels of HER-1 was 

significantly lower in ovarian cancer compared with borderline tumours, benign ovarian 

tumours, and normal ovaries [63]. Increased HER-3 levels have been associated with 

decreased survival [64]. Tumours of serous histology express a higher level of HER-4 

than endometrioid tumours, and long term survival for stage III serous tumours was 

associated with moderate to high expression of HER-4 [65]. 

The steroid receptors have been of great interest as potential breast and prostate 

cancer markers and therapeutic drug targets. The oestrogen receptor (ER), and PR were 

found in less than 50% of ovarian tumours, whilst androgen receptor (AR) was detected 

in greater than 80% of ovarian tumours [39-41, 66, 67]. Other reports show that serous 

tumours are frequently ER positive [68] and that ER level is associated with stage, 
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survival, and lymph node status [69]. Likewise, PR status was found to be of significant 

prognostic value in advanced epithelial ovarian cancer [70].  

Predicting the response of a patient to treatment could be just as valuable as detecting 

the disease earlier. Several new studies have revealed proteins which predict response 

to treatment. Kallikrein-related peptidase 8 belongs to a subgroup of the serine 

protease enzyme family and was associated with grade, clinical response to 

chemotherapy, and progression-free survival of ovarian cancer patients [71]. 

Furthermore, kallikreins 4, 5, 6, 7, and 13 were upregulated in ovarian cancers 

compared with normal ovarian tissue and were associated with poor survival [72-75]. 

Trophonin, a homophilic adhesion molecule involved in blastocyst implantation had 

higher expression in cisplatin-sensitive ovarian cancer cell lines [76]. Eukaryotic 

elongation factor 1 alpha 2 had high expression levels in approximately 30% of all 

primary ovarian tumours and was associated with increased 20-year survival [77], 

making it a potential marker for patients who will respond well to treatment. The 

overall survival time in epithelial ovarian cancer patients with overexpression of matrix 

protein YKL-40 was significantly shorter than that in patients with normal expression of 

YKL-40 [78]. Thus there are a range of proteins that could potentially serve as markers 

of response to treatment and prognosis. 

An in vitro assay designed to test for extreme drug resistance to taxanes and platinums, 

which are used in common chemotherapy regimes, was tested on tumours removed 

from surgery and proved successful in predicting poorer outcome and survival in a 

significant portion of patients [79]. This is a step towards developing a way to determine 
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which patients will respond to specific treatments before treatment is begun, allowing 

more patients to start with an effective treatment to improve their chance of survival.  

 

1.2.2. Ovarian cancer metastasis 

 

Most cancer types metastasize by way of the blood stream, and thus via the endothelial 

cells lining the blood vessels. However, metastasis from epithelial ovarian cancer can 

occur by three routes; the transcoelomic, haematogenous, and the lymphatics which 

differs from those of most other epithelial malignant diseases. The transcoelomic 

metastasis mechanism is the most prevalent for the spread of ovarian cancer and occurs 

by the direct extension of the tumour and the shedding of single cells from the primary 

tumour into the peritoneal cavity (Figure 1.3) [80]. Ovarian epithelial cancer cells 

initially spread by direct extension into adjacent organs, especially the uterus, fallopian 

tubes, contralateral adnexa, and occasionally invasion into the bladder, rectum, and 

pelvic sidewall, ultimately leading to the death of the patient. At the time of initial 

laparotomy, 70% of patients already have peritoneal metastases [81]. The three most 

commonly involved sites at the point of laparotomy are the greater omentum, right 

subphrenic region, and the Pouch of Douglas which is an extension of the peritoneal 

cavity behind the uterus [82]. A study which recorded the distribution and volume of 

peritoneal metastases in a group of 129 patients with various tumours, including 

epithelial ovarian cancer, showed that the omentum had a high incidence of implants 

[83]. Within the peritoneal cavity the flow of intraperitoneal fluid is directed by gravity 

to its most dependent sites, and then drawn towards the diaphragm by the generation 
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of negative intra-abdominal pressure in the upper abdomen during respiration [84]. 

Therefore, a natural flow of peritoneal fluid exists within the abdominal cavity providing 

a route for transcoelomic dissemination of detached tumour cells. Another theory to 

explain ovarian cancer metastasis to the peritoneum is that the omentum and ovarian 

epithelium share a common lineage, so omental lesions might not be true metastases 

but instead, an example of synchronous malignant transformation at multiple foci 

throughout the peritoneum [85]. However, despite these theories very little is still 

understood about the mechanism of ovarian cancer metastasis and why there appears 

to be a preference for implantation and invasion of the omentum over other sites 

within the peritoneal cavity. Potential mechanisms for the attachment to peritoneal 

mesothelium include binding to ECM proteins such as collagen type I [86], and IV, 

laminin, and fibronectin via integrins [87], and to polysaccharide hyaluronan (HA) on the 

surface of the peritoneal cells via its receptor, CD44 [88]. 
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Figure 1.3. Model of ovarian cancer metastasis.  

Step 1: Epithelial ovarian cancer cells detach from the ovary. Step 2: Cancer cells move 

towards the peritoneal mesothelium. Step 3: Cancer cells adhere to the peritoneum 

Step 4: Cancer cells invade through the peritoneal layer Step 5: Formation of metastases 
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1.2.3. Treatment strategies 

 

Patients diagnosed with ovarian cancer at any stage undergo debulking surgery and 

treatment with either platinum or taxane containing chemotherapy regimes. Whilst 

most patients respond initially, the majority relapse with drug-resistant disease within 5 

years and only approximately 25% of ovarian cancer patients survive 10 years [89, 90]. 

Drugs such as Tamoxifen which targets ER and Herceptin which targets HER-2, and have 

a high response rate in breast cancer patients, have little or no effect for ovarian cancer 

[91]. Thus finding more effective treatment strategies for ovarian cancer is one of the 

key goals for oncologists.  

A phase II trial using Etoposide and Efosfamide combined therapy on recurrent 

epithelial ovarian cancer patients had a 19% response rate, i.e. complete response, or 

partial response [92, 93] whilst another phase II trial using topotecan combined with 

carbpolatin had a 26% response rate [94, 95]. Topotecan prevents DNA replication in 

cancer cells by inhibiting the enzyme topoisomerase I which is upregulated in ovarian 

cancer. Weekly treatments with topotecan had 40% demonstrated stable disease or 

better in 40% of patients [96], but there is some contradiction in the literature as to 

whether topotecan is more effective than paclitaxel with some studies showing no 

difference between paclitaxel and topotecan [97] whilst others show increased survival 

over paclitaxel [98]. It was found that intravenous topotecan improved survival time 

compared with oral delivery of the drug [99].  

Another drug in clinical trials which has shown significant activity in platinum-resistant 

ovarian cancer is docetaxel [100]. A phase III trial demonstrated that 
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docetaxel/carboplatin had similar efficacy to paclitaxel/carboplatin in advanced ovarian 

cancer [101]. Combined docetaxel with oxaliplatin for treatment of recurrent epithelial 

ovarian cancer reported more than 8% and 47% of patients had complete and partial 

recovery respectively [102]. Treatment with Erlotinib, a highly potent, orally active 

inhibitor of the tyrosine kinase region of the EGF receptor, demonstrated a complete 

response in 21% of patients had a complete response and a partial response 30% of 

patients [103]. 

Sorafenib is an oral multi-kinase inhibitor which inhibits tumour growth by acting on the 

tumour cells and cells of the tumour vasculature in preclinical tumour models. It inhibits 

tumour cell proliferation by targeting the MAPK pathway at the level of Raf kinase 

and/or induces tumour cell apoptosis [104, 105]. Sorafenib’s multiple targets including 

b-raf [104, 106] whose frequency of mutation is associated with ovarian cancer [107], 

enable it to act on the tumour and its vasculature to induce apoptosis and inhibit 

proliferation and angiogenesis in preclinical models [105, 108]. The combination of 

gemcitabine chemotherapy agent with sorafenib in a phase II trial reported few partial 

responses but a 26% stable disease rate [107, 109] and thus is being considered for 

second or third line treatment.  

The humanized, monoclonal anti-VEGF antibody bevacizumab has also been used in 

trials in relapsed ovarian cancer patients and a partial, complete, or stable disease 

response was reported in up to 60% of patients [110-113]. Combination therapy with 

bevacizumab and cisplatin for 3 weeks was associated with the complete disappearance 

of all macroscopic evidence of disease. Additionally, maintenance treatment with 

bevacizumab after 3 weeks of induction combination therapy inhibited recurrence and 
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significantly prolonged survival [114], suggesting that this treatment could be used as a 

complementary treatment with traditional chemotherapy agents. 

Mifepristone, also known as RU486 or the abortion pill, is a synthetic progesterone 

receptor inhibitor and is a relatively new player in the field of ovarian cancer treatment. 

Cisplatin resistant cell lines retain mifepristone sensitivity, making it a potential new 

first or second-line drug for ovarian cancer treatment [115]. Mifepristone, moreover, 

prevented cell growth between cisplatin cycles in ovarian cancer cell lines [116, 117]. 

However, a phase II trial using mifepristone in ovarian cancer treatment in a small group 

of patients saw no significant positive effects from the treatment [118].  

Aromatase inhibitor therapy has been trialled in patients with recurrent ovarian cancer 

and it was shown to elicit clinical response rates of up to 35% and stable disease rates of 

up to 42% [119]. Given the limited treatment options for recurrent ovarian cancer and 

the safety and convenient use, aromatase inhibitor is a rational option for prolonging 

platinum-free interval in recurrent ovarian cancer. 

Intravenous administration of chemotherapy drugs exposes the body to systemic 

toxicity, causing side effects such as nausea and headaches. Combined 

intravenous/intraperitoneal administration of the current drugs is currently being 

investigated as a more efficient method of targeted delivery, and is showing improved 

survival [120-124]. Unfortunately, intraperitoneal administration caused increased side 

effects, which fortunately did not persist beyond the duration of treatment. A new 

technique for delivering intraperitoneal chemotherapy drugs has emerged using 

tumour-penetrating microparticles made of two biocompatible and biodegradable 

polymeric components with different drug release rates. One component releases the 
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drug load rapidly to induce tumour priming, whereas the second component provides 

sustained drug release. This method showed lower toxicity to intestinal crypts and less 

body weight loss, greater therapeutic efficacy, and less frequent dosing. Thus, this 

technology has the potential to overcome the toxicities and compliance related 

problems that have limited the utility of intraperitoneal therapy in the past [125]. 
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1.3.  ROLE OF VERSICAN, HYALURONAN, AND CD44 IN CANCER 

1.3.1. Hyaluronan 

 

Hyaluronan (HA) is a large polymer which extrudes into the extracellular space and is 

made up of repeating disaccharides of n-acetyl glucosamine and glucuronic acid with a 

varying molecular weight and size depending on the tissue in which it is found [126] 

(Figure 1.4). Unlike proteoglycans, it does not have a core protein. HA is synthesised at 

the surface of cells by one of three HA synthases (HAS 1, 2, or 3). HA is involved in cell 

differentiation, proliferation, and migration [127] and thus influences tumour growth 

[128]. Many tumours appear to be selectively or preferentially enriched in HA, including 

human mesotheliomas, nephroblastomas, and breast carcinomas [129]. Yeo et al. 

showed HA levels increased daily in ovarian and breast cancer in correlation with the 

invasion and growth at the metastatic site [130]. 

There are a number of tumour cell surface receptors for HA, including RHAMM, LYVE-1, 

and CD44 [131]. Tumour cells express CD44, on the cell surface, at varying levels and 

exhibit the ability to stimulate their own synthesis of HA. HA often becomes deposited 

in the tissue spaces immediately surrounding invasive tumours [132, 133] and is 

thought to form a protective ECM matrix coat around the cancer cells [129]. In this 

ECM, HA is often bound by other matrix molecules, the most common of which is the 

hyalectin family, which includes the proteoglycans, versican, brevican, and aggrecan. It 

can also bind extracellular matrix protein 1 [134]. This ECM is visible around cancer cells 

as a unique matrix known as a pericellular sheath [135-137].  
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Figure 1.4. The structure of HA disaccharides. 

 [138] 
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1.3.2. HA as a poor prognostic factor for cancer 

 

HA has been investigated and associated with prognosis in many cancer types. The level 

of HA in tumour cells is predictive of malignancy and correlates with cancer 

aggressiveness in patients with breast cancers, ovarian carcinomas, non-small-cell lung 

cancers, and prostate cancer [133, 139-146]. Malignant gliomas have been shown to 

contain higher amounts of HA than normal brain tissue [147]. In these malignant 

tumour tissues, HA transmits signals into the cytoplasm and has been documented to 

increase tumour cell proliferation, motility, and invasion [148, 149]. Toole et al. showed 

that HA levels increased in aggressively invasive and metastatic rabbit carcinomas when 

compared with benign tumours [150]. HA levels can be increased within the tumour 

cells themselves or within the tumoural stroma [147]. Boregowda et al. reported that 

highly differentiated tumours such as lung, breast, colon, kidney, prostate, 

astrocytomas, and non-Hodgkin’s lymphoma expressed increased amounts of HA in 

both the tumour epithelia and the intratumoural areas [133]. It has also been reported 

that a high proportion of HA-positive cancer cells and a high intensity of the HA-signal 

predicts a poor survival rate in colon carcinomas [144]. In addition, Auvinen et al. 

reported that both the stromal HA and tumour cell HA positivity were independent 

prognostic factors for overall survival in breast carcinoma patients [139]. A study by 

Afify et al. also reported increased levels of HA in the breast cancer stroma [145]. 

High HA levels have been strongly associated with the metastatic potential and invasive 

ability in ovarian tumour models [151]. Anttila et al. showed that the level of stromal HA 

staining was higher in intra- and peritumoural stroma than in normal ovarian stromal 
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tissue [140]. Higher levels of stromal HA were also observed in ovarian metastases 

when compared with primary ovarian tumours. A high level of stromal HA was found to 

be associated with poor prognosis, 5 year overall survival, and relapse free survival, 

particularly in the serous subtype of ovarian carcinoma [140].  

HA synthesis has also been linked to tumour metastasis. Overexpression of HA 

synthases HAS2 and HAS3 were associated with enhanced tumourigenic ability of 

fibrosarcomas and melanoma cells [152, 153]. Furthermore, it has been shown that 

induced expression of HAS1 enhances the metastatic potential of mouse mammary 

carcinoma mutants previously shown to have low levels of HA synthesis and metastatic 

ability [154]. In breast cancer, HAS2 suppression inhibited the initiation and progression 

of primary and secondary tumour formation following subcutaneous and intracardiac 

inoculation into nude mice as well as increasing their survival [155]. In contrast, HAS 1 

levels, but not HAS 2 and HAS 3 have been shown to be associated with reduced overall 

survival in ovarian cancer patients [156]. 

Full length HA has been found to have little effect on the metastatic behaviour of cancer 

cells [157, 158]. However, fragments ranging from 4 - 40-mers have been shown to 

increase angiogenesis, motility, adhesion, and invasion in cancer cells [159-162]. HA has 

been assessed as a diagnostic tool for cancer in the bodily fluids. HA degradation 

products of a specific size are known to induce an angiogenic response [163, 164]. Only 

intermediate-sized HA was found in the urine of normal and low-grade bladder tumour 

patients, whilst the urine of high-grade bladder cancer patients contained both high 

molecular mass HA and small HA fragments [165, 166]. Urinary HA measurement by the 
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ELISA-like assay shows a sensitivity of 91.9% and specificity of 92.8% to detect bladder 

cancer.  

The level of urinary hyaluronidase (HAase), an enzyme which degrades HA into small 

fragments has also been reported to be elevated 3 to 8-fold in patients with bladder 

cancer (grade 2 or 3 tumours) compared with normal individuals [167]. The increase in 

urinary HAase levels is due to the secretion of a tumour-associated HAase. HA levels as 

determined by ELISA detected high-grade bladder tumours with a sensitivity of 100% 

and a specificity of 88.8%. A combined test of the levels of HA and HAase in the urine of 

patients had significantly higher sensitivity and specificity than that of the Immunocyt 

urine test which is currently used to detect bladder cancer [168, 169]. In addition, this 

combined test has also been shown to have high specificity and sensitivity in prostate 

cancer [142] and further testing may reveal it to be specific and sensitive for other 

cancer types including ovarian cancer.  

HA levels are often increased in the sera of patients with a variety of different tumours 

[170-172]. In ovarian cancer patients (n = 45) serum HA was increased when compared 

with benign (n = 22) and healthy (n = 50) patient sera [173]. This increase was also 

observed specifically in the serous subtype. However, there was a large range across the 

serous ovarian cancer (357.9 ± 387.9 ng/ml).  
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1.3.3. CD44 – A key receptor for HA 

 

The CD44 glycoprotein is an acidic molecule whose charge is largely determined by sialic 

acid. CD44 is a multi-structural cell surface receptor which binds HA with a particularly 

high affinity [174, 175] but also has a weak affinity for laminin [176], the shigella IpaB 

protein [177], and collagen types I, IV, VI, and XIV [178]. It belongs to a family of 

transmembrane glycoproteins which contain a variable extracellular domain, a 23-

amino acid transmembrane domain, and a 70-amino acid cytoplasmic domain [179] 

(Figure 1.6). A stretch of 92 amino acid residues from position 12 to 103 at the N-

terminus of CD44 has approx 35% homology with hyalectins including versican. The 

differential utilisation of the 10 variant exons shown in Figure 1.5 generates multiple 

CD44 variants (CD44v) using different combinations of exon splicing products (reviewed 

in [180, 181]). Theoretically, over 800 membrane-bound CD44 isoforms could be 

generated, although to date only ten different CD44 isoforms have been documented 

[180, 182]; the most common of which is standard CD44 (CD44s), in which exon 5 is 

spliced directly to exon 16, skipping the entire variant exon sequence (Figure 1.6) 

resulting in an approximately 85 kDa glycoprotein.   
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Figure 1.5. The structure of CD44, the HA cell surface receptor.  

(a) Schematic of the domains of CD44 (b) Domains of CD44 showing the exons [183] 
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Figure 1.6. Structure of CD44 variants.  

Schematic showing the differences between CD44 standard and exon spliced variants 

(Adapted from [181]). 
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1.3.4. The role of CD44 and its interactions with HA in cancer 

 

High CD44 levels have been associated with unfavourable prognosis in a variety of 

cancers including breast [184], gastric [185], head and neck [186], biliary tract [187], 

prostate [188], and ovarian [189, 190] cancer. Human ovarian cancers express variant 

isoforms of CD44 as well as the standard form [191] and can adhere strongly to 

peritoneal mesothelium which is enriched in HA [88, 130]. The binding of HA to CD44 

triggers direct cross-signalling between two different tyrosine kinase-linked signalling 

pathways [190, 192] and it is this function that is thought to be involved in increased 

motility, adhesion, and invasion of cancer cells as well as tumour growth, especially in 

ovarian cancer [174, 193-196]. Furthermore, Afify et al. demonstrated that decreased 

expression of CD44s was accompanied by an increased expression of CD44v6 and 

accompanying increased stromal HA expression in breast cancer [145] whilst 

Bourguignon et al. showed that HA binding to CD44 induced chemoresistance in breast 

cancer cells [197]. 

Recently, Harrell et al. showed that CD44 is sparsely expressed in primary breast tumour 

cells but homogeneously over-expressed in the cancer cells transiting the lymphatics 

and also in those found populating the lymph nodes [198]. This suggests that acquisition 

of CD44 may aid migration through the lymphatics and formation of metastases. In vivo 

studies have suggested that the standard form of CD44 is required for human ovarian 

cancer cell adhesion to mesothelial cell surface HA [88, 199]. CD44 expression in ovarian 

cancer was shown to be higher in malignant tumour cases when compared with benign 

and borderline tumours [200]. However, some studies have shown that high CD44 levels 
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are associated with improved ovarian outcome [192, 201], whilst others found no 

association between CD44 expression and ovarian cancer survival outcome and 

metastasis [191, 202]. These contradictory results could be due to use of monoclonal 

versus polyclonal antibodies which have a variable efficacy in paraffin embedded 

tissues, variation in immunostaining methods and assessment, or the use of 

heterogeneous cohorts. 

 

1.3.5. Versican – An interacting partner of HA 

 

Proteoglycans are ubiquitous components of the ECM [203] and are thought to be a 

determinant of tumour growth as they bind and activate growth factors, chemokines, 

cytokines, and other signalling molecules. Versican is a large HA binding proteoglycan 

detected in increased quantities in tumour lesions. It is a member of the large 

aggregating chondroitin sulphate (CS) hyalectins family which includes aggrecan, 

neurocan, and brevican [204]. Versican consists of an N-terminal HA-binding, G1 

domain, a glycosaminoglycan region, and a C-terminal, G3 domain (Figure 1.7). 

Alternative splicing produces five known isoforms of versican [205, 206] (Figure 1.7). 

The G1 and G3 domains bind specific proteins and have differing domains and motifs 

which bind to a wide range of molecules including fibronectin, and tenascin (Figure 1.8) 

[85].  

An in vivo study in mice showed that versican is essential for matrix assembly involving 

HA and that diminished versican deposition increases free HA fragments which interact 

with CD44 and increase phosphorylation of ERK1/2, leading to cellular senescence 
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[207]. Furthermore, matrigel plug angiogenesis assays have suggested that versican-HA 

aggregates plays a role in HA-mediated angiogenesis by enhancing recruitment of host 

stromal cells [208]. This combined data supports a role for versican in a number of the 

steps needed for metastasis (Figure 1.9).  
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Figure 1.7. Schematic of the structure of the versican isoforms. 

Shows the domains and structure of the four main isoforms that arise from alternative 

splicing [209]. 
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Figure 1.8. Interaction of versican with other molecules.  

Versican interacts with a variety of molecules. Adapted from [210]. 
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Figure 1.9. Role of versican and its domains in cancer.  

Various isoforms of versican have been reported to play varying roles in the metastatic 
process. 
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1.3.6. The differing roles of the isoforms of versican 

 

The five isoforms of versican are expressed by a diverse range of human tissues [211]. 

The V0 isoform is particularly prevalent during early embryonic development [212] but 

is less common in adult tissues [211]. Data is now emerging that the different isoforms 

may have distinct functions. V1 isoform may have a different function from the V2 

isoform. V1 versican has been shown to enhance cell proliferation and protect 

fibroblasts from apoptosis [213]. By contrast, the V2 isoform exhibits opposing 

biological activities by inhibiting cell proliferation and lacking any association with 

apoptotic resistance [213]. Versican V1 and V2 isoforms may also have distinct functions 

in the brain [214, 215]. V0 and V1 are the predominant isoforms present in cancer 

tissues [216-219]. Versican isoforms V0 and V1 inhibited prostate and melanoma cell 

attachment to ECM components [220, 221].  

The smallest splice variant, V3, consisting only of the amino- and carboxy-terminal (C-

terminal domain) G1 and G3 domains and lacking CS chains, might be expected to have 

properties considerably different from the other isoforms. However, there have been 

no studies which have directly compared the biological activity of V3 with the other 

versican isoforms. The V3 isoform was found to be expressed in primary endothelial cell 

cultures only following activation by pro-inflammatory cytokines or growth factors 

[211]. The overexpression of V3 in arterial smooth muscle cells (SMCs) resulted in their 

increased adhesion to culture flasks but reduced proliferation and slower migration in 

scratch wound assays [222]. The overexpression of the V3 isoform in melanoma cancer 

cells which, although markedly reducing cell growth in vitro and in vivo [223], actually 

promoted metastasis to the lung [224]. These findings suggest that the V3 isoform may 
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have a dual role as an inhibitor of tumour growth and a stimulator of metastasis. The 

newly identified V4 isoform is upregulated in breast cancer and may also play a role in 

other cancers [206]. 

 

1.3.7. The role of G1 and G3 versican domains in cancer 

 

Versican is a specific target for a number of proteases, specifically MMPs. MMPs are a 

family of calcium dependent endopeptidases which bind zinc ions at the catalytic site of 

their substrates. MMP-1, -2, −3, −7, and −9, have been shown to degrade versican [225-

227]. Within this family of MMPs are the members of the ADAMTS (adamalysin with 

thrombospondin type 1 motifs) family. The ADAMTSs are a family of secreted proteases 

found in both mammals and invertebrates [228] which have the potential for the 

generation of multiple isoforms via alternative splicing. ADAMTS-1, −4, and −9 have also 

been shown to mediate versican cleavage [229, 230]. This versican cleavage by 

ADAMTS1 was demonstrated by in vivo studies by Russell et al. who have suggested 

that this may result in an alteration of versicans adhesive properties, matrix structure, 

and interactions [231].  

The G1 domain of versican is composed of an immunoglobulin-like motif, followed by 

two proteoglycan tandem repeats which bind HA (Figure 1.8). The association of 

versican with HA is mediated by link protein, and both HA and isolated link protein have 

the ability to bind to the G1 domain of versican [232]. The G3 domain contains two 

epidermal growth factor-like repeats, a carbohydrate recognition domain (a lectin-like 

repeat) and complement binding protein-like subdomains with structural similarity to 
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the selectin family [233]. Several studies have focused on the function of the G1 and G3 

domains of versican. Both the G1 and G3 domains have been shown to promote cell 

proliferation of fibroblasts and tumour cells [234-237]. The G1 domain of versican is 

thought to stimulate proliferation by destabilizing cell adhesion whilst the G3 induced 

proliferation is mediated, at least in part, by the action of EGF-like motifs in the G3 

domain activating EGF receptors. Studies in astrocytoma cancer cell lines have 

demonstrated that the G1 domain, but not the G3 domain, of versican enhanced 

migration [238]. Overexpression of G3 versican in astrocytoma cells enhanced colony 

growth in soft agarose gel as well as tumour growth and blood vessel formation in nude 

mice [236]. Both G1 and G3 overexpressing osteosarcoma cells exhibited enhanced in 

vitro growth when cultured on ECM substrates or in the absence of ECM anchorage 

[237]. G1 overproducing sarcoma cells were more invasive than corresponding G3 

transfectants and, upon inoculation into nude mice, the G1 transfectants formed larger 

tumour masses than vector transfected cells. In addition, G1 overexpressing sarcoma 

cells were resistant to apoptosis. Stable transfection of G1 versican into lung cancer 

cells did not alter tumour growth rate in vivo. Interestingly, clones expressing low or 

high levels of G1 versican had opposing effects on cancer cell motility in vitro and the 

incidence of metastasis in nude mice [239]. Only the cells expressing low levels of G1 

versican demonstrated increased motility and metastasis to the lung [239]. These 

findings suggest that G1 versican can act both as a suppressor or a promoter of 

metastatic spread. Interestingly, in breast cancer cells, overexpression of G3 versican 

resulted in larger tumours and the promotion of metastasis to bones and soft tissues 

[240]. The effects of versican and its domains are summarized in Figure 1.9 and Table 

1.2. 
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The accumulative data suggests that the G1 and G3 domains of versican may 

differentially control tumour growth rate and have interactive roles to promote tumour 

development and metastasis. However the mechanisms that regulate catabolism of 

versican and the levels of G1 and G3 versican are poorly understood.  
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Table 1.2. Summary of versican’s effects on cancer cells. 

Function Effect References 

Cell proliferation 

Knockdown of versican by siRNA in lung cancer cells significantly inhibited tumour 
growth in vivo 

V1 enhanced proliferation of NIH-3T3 cells whilst V2 inhibited proliferation 

Overexpression of G1 in leiomyosarcoma cells lead to larger tumour masses 

Overexpression of G3 versican in breast cancer cells resulted in larger tumours in vivo  

G1 and G3 induced NIH-3T3 cell proliferation in vitro  

G3 versican domain promoted proliferation of astrocytoma cells in vivo 

Overexpression of V3 versican in human melanoma cell lines markedly reduced cell 
growth in vitro and in vivo 

[241]  

[213] 

[237] 

[240] 

[234, 235] 

[236]  

[224] 

Apoptosis V1 induced apoptotic resistance in NIH-3T3 cells [213, 242] 

Adhesion 

V0 & V1 versican inhibited prostate and melanoma cell attachment to ECM 
components 

G1 but not G3 reduced glioma cell adhesion 

[220, 221] 

[238] 

Motility 
G1 versican domain promoted motility of glioma cells and lung cancer cells 

V0 & V1 and recombinant V1 increased motility of prostate cancer cells 

[238, 239] 

[135] 

Invasion G1-overexpressing sarcoma cells were more invasive than overexpressing G3 mutants  [237]  
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Pericellular matrix 
formation 

V0 & V1 and recombinant V1 induced formation of pericellular matrix by prostate 
cancer cells 

[135] 

Angiogenesis 
G3 enhanced endothelial cell adhesion, proliferation, and migration in vitro and blood 
vessel formation in nude mouse tumours in vivo 

[236] 

Metastasis  

G1 versican promoted metastasis of lung cancer cells 

Overexpression of V3 versican in melanoma cells induced lung metastasis in nude mice 

Overexpression of G3 versican in breast cancer cells promoted metastasis to bones and 
soft tissues  

[239] 

[224] 

[240] 
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1.3.8. Versican is associated with poor cancer patient outcome 

 

Immunohistochemistry studies have demonstrated high levels of versican in the stroma 

surrounding malignant breast cancer cells, whilst low levels were present in non-

malignant stroma [146, 243]. Cultured mammary and prostate fibroblasts produced 

significant amounts of versican [216, 217]. Furthermore, it was demonstrated that 

breast and prostate cancer cells could increase versican production by stromal cells by 

up to 3 fold [216, 217]. Suwiwat et al. showed that patients with small tumours and low 

versican expression levels experienced fewer relapses than patients with large tumours 

and low versican, whilst patients with high versican gave rise to a high rate of relapse, 

regardless of the tumour size [146]. This study demonstrated that versican 

concentration and tumour size were independent prognostic factors for relapse rate. It 

was determined that elevated expression of versican was solely a prognostic factor of 

relapse, and not death. Patients with endometrial cancer had higher stromal versican 

levels in the primary tumour and also in the matching ovarian metastases [244]. 

Likewise, epithelial versican expression was significantly higher in cervical cancer 

patients with non-squamous cell carcinoma, lymph-vascular space invasion, and lymph 

node and ovarian metastases, and proved to be a poor prognostic factor for disease-

free survival [245]. 

In ovarian cancer, versican has been shown to be present in both cancer cells and the 

peritumoural stroma [246]. High versican stroma staining was associated with high FIGO 

stage, large residual tumour, serous histologic type, and reduced 5 year survival [246]. 

Increased expression of versican has recently been identified as a key protein involved 
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in ovarian cancer metastasis [247]. Elevated levels of versican have been observed in 

primary ovarian tumours and secondary metastases when compared with normal 

ovaries [248]. Although versican is enriched in the malignant stroma surrounding cancer 

cells and associates with unfavourable prognosis, neither stromal nor cancer cell-

associated versican was an independent indicator of patient survival in multivariate 

analyses when conventional prognostic factors were included [246]. These 

contradictory findings may be due to the heterogeneity of the ovarian cancer cohort 

used. 

 

1.3.9. Involvement of HA, CD44, and versican in the adhesion of ovarian 

cancer cells to peritoneal cells 

 

Ovarian cancer cell adhesion to mesothelial cell monolayers is partially due to the 

interaction between HA and CD44 [249]. It has also been suggested that ovarian cancer 

cell interactions with mesothelial cell HA could mediate secondary tumour growth 

[250]. However, treatment with HA at 1-2 mg/ml inhibited ovarian cancer cell invasion 

[199, 250]. However Gardner et al. reported that HA increased four out of six ovarian 

cancer cell lines’ adhesion to HA-coated wells [251] suggesting differing roles for high 

and low HA levels in adhesion to the peritoneal lining. Addition of anti-CD44 antibodies 

has been reported to significantly decrease adhesion of ovarian cancer cells to HA [251]. 

Surprisingly, HAase pre-treatment, which degrades HA and thus its interactions with 

other ECM proteins, had no effect [251]. Furthermore, HAase pre-treatment also had no 

effect on ovarian cancer cell migration towards ECM proteins [250].  
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1.3.10. Pericellular sheath formation is associated with cell migration 

 

HA often becomes deposited in the tissue spaces immediately surrounding invasive 

tumours and is thought to combine with other ECM components to form a protective 

pericellular coat around the cells [252]. Evanko et al. first reported HA-versican 

pericellular sheath formation as a rapid and dynamic process in mitotic and migrating 

aortic SMCs [136]. Smooth muscle cells with a motile morphology showed a prominent 

sheath, whilst flat non-dividing cells did not produce sheaths. After wounding, 90% of 

cells which had migrated possessed a sheath compared with the 40% of controls [136]. 

HA oligosaccharide (oligos) addition prevented HA binding to the cell surface and thus 

prevented sheath formation and also reduced cell proliferation and migration [136]. By 

binding to proteoglycans such as versican in the pericellular environment, HA can 

stimulate smooth muscle cell migration [136] and modify the ECM [253]. This HA-

versican interaction and alteration of the ECM has been shown to increase prostate 

cancer cell motility and increase formation of a polar pericellular sheath around the 

cells [135]. Prostate cancer cells with polar sheath were more motile than their 

counterparts which had not formed any sheath [135]. This data suggests that HA levels 

are correlated with the motility of cancer cells, via the formation of pericellular sheath 

around the cells. Thus we propose that versican from the stroma binds with HA during 

formation of the extracellular matrix, which in turn binds to CD44 on the peritoneal 

surface, enabling adhesion, and inevitably invasion and metastasis to other abdominal 

organs or beyond.   
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1.4.  THERAPIES TARGETING HA, CD44, AND VERSICAN 

1.4.1. Cancer therapies targeting the actions of HA  

 

Because of the ability to bind cell surface CD44 which is upregulated in many cancer 

types, HA has been conjugated to traditional chemotherapy drugs in the hope of 

increasing the direct targeting of the drug to the cancer cells. When HA was conjugated 

to paclitaxel, the drug exhibited more pronounced cytotoxic effects on CD44 

overexpressing breast cancer cells than for CD44 deficient cells, suggesting that HA 

conjugation can be potentially utilized as tumour-targeted therapies [254]. In ovarian 

cancer cells, paclitaxel-HA conjugate interacted with CD44, entered the cells through a 

receptor-mediated mechanism, and exerted a concentration-dependent inhibitory 

effect on tumour cell growth. Furthermore, after intraperitoneal administration in mice, 

HA bioconjugate distributed uniformly within the peritoneal cavity and was well 

tolerated, and was not associated with local histologic toxicity [255]. Blood levels of the 

paclitaxel-HA were also much higher and persisted longer than those obtained with the 

unconjugated paclitaxel. There was a 2.5-fold increase in therapeutic activity with 

paclitaxel-HA compared with paclitaxel alone [255] and decreased tumour burden in 

ovarian cancer xenograft mice [256]. HA with entrained irinotecan provided increased 

progression free survival over irinotecan alone although it also induced increased mild 

side-effects in a recent phase II trial for colon cancer treatment [257]. Additionally, HA 

coated poly butyl cyanoacrylate (PBCA) nanoparticles encapsulating paclitaxel had a 9.5-

fold higher uptake in sarcoma cells than PBCA nanoparticles without the HA coating and 
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had a more potent tumour growth suppression activity in sarcoma tumour bearing mice 

[258]. 

Conjugated HA-cisplatin targeted breast cancer cells after subcutaneous peritumoural 

injection and showed improved efficacy over intravenous administration. This method 

delivered the drugs to the areas in which tumour burden is greatest, reducing systemic 

toxicity which often causes the patients great discomfort [259]. Prostate cancer patients 

receiving  transperineal injection of HA in the anterior perirectal fat and low dose rate 

brachytherapy experienced decreased rectal toxicity from radiation when compared 

with those patients who did not receive the HA transperineal injection [260]. Breast 

cancer drugs trastuzumab and herceptin also showed increased efficacy against breast 

cancer cells when combined with HA [261]. 

HA has also been investigated as a potential conjugate to other cancer therapies 

besides chemotherapy drugs. Polyethylenimine (PEI) DNA particles used in gene 

treatment conjugated with HA were shown to specifically target malignant breast 

cancer cells with high CD44 levels [262]. A siRNA/PEI-HA complex exhibited higher gene 

silencing efficiency in melanoma cells with CD44 than siRNA/PEI complex alone. 

Intratumoural injection of anti-VEGF siRNA/PEI-HA complex resulted in an effective 

inhibition of tumour growth by receptor mediated endocytosis by tumour cells in mice 

[263]. Similarly, liposomes-protamine-HA nanoparticles used for systemic delivery of 

siRNA into melanoma cells had a broader effective therapeutic dose range than 

nanoparticles without HA [264]. 

Thus, HA presents a novel and likely candidate for increasing efficacy of cancer 

therapeutics, reducing systemic toxicity and discomfort of cancer patients and possibly 
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reducing the efficacious dose of the drugs which was previously thought to be too toxic 

for use. HA conjugates also have a potential role in the development of more effective 

intraperitoneal treatment regimes in ovarian cancer.  

 

1.4.2. Cancer therapies targeting CD44 

 

CD44 has increasingly become of interest in the development of novel cancer therapies. 

It has been showing promise using a number of techniques which target cancer cells, 

particularly as it has been documented that cancer cells expressing higher levels of 

CD44 are more likely to become metastatic. CD44 is therefore an ideal target for 

treatment of early stage tumours to prevent progression, which is the most common 

cause of death in cancer patients. Silibinin, a natural drug extracted from common 

thistles, which inhibits CD44 promoter activity and expression, is known to have anti-

tumour properties in breast cancer [265], non small cell lung cancer [266], and 

colorectal carcinoma [267]. It has also been shown to decrease motility and invasion in 

prostate cancer cells. Furthermore, silibinin decreased adhesion of prostate cancer cells 

to HA and fibronectin [268]. 

Due to successful development of vaccines against cervical cancer, there is a desire to 

create vaccines against other, non viral associated, cancers. CD44 cDNA vaccination was 

shown to decrease tumour mass and metastatic potential in experimental mammary 

tumours in mice [269]. In addition, transfection of CD44 antisense into a highly 

metastatic mammary tumour cell line disrupted expression of CD44 in the tumour cells 

and reduced their ability to establish local tumours as well as metastatic colonies in the 
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lung [269]. Another method to block the action of CD44 is to use siRNA. Gemcitabine-

resistant pancreatic cancer cells are more tumourigenic in vitro and in vivo than 

gemcitabine-sensitive cells [270]. After high-dose gemcitabine treatment, resistant cells 

were noted to be CD44 positive and proliferated and reconstituted the cancer cell 

population with resistant cells. Treatment of these CD44 positive cells with siRNA 

inhibited the proliferative activity of gemcitabine resistant cells [270]. Furthermore, in 

colon cancer and leukaemia xenografts, In vivo targeting of CD44 by siRNA resulted in 

anti-tumour activity [271, 272]. In hepatocellular carcinoma, CD44 antisense 

oligonucleotide significantly down-regulated CD44 expression, induced apoptosis, 

decreased tumourigenesis and invasion, and increased the cancer cells sensitivity to 

chemotherapy drugs [273]. In vitro adhesion, invasion, and resistance to apoptosis of 

ovarian cancer cells were also inhibited by siRNA downregulation of CD44 expression, as 

well as suppressing tumour growth and peritoneal dissemination of human ovarian 

cancer xenografts in nude mice [274]. 

Another very promising therapeutic is the use of anti-CD44 antibodies such as IM7 

which resulted in a greater than 50% decrease of HA production in glioma cells, and was 

associated with changes in cell size and apoptosis [275]. Treatment of chondrosarcoma 

cells with IM7 resulted in a significant decrease in cell viability but did not reduce cell 

viability in normal human chondrocytes [276]. Another antibody against CD44, called 

P245, inhibited growth of breast cancer xenograft in mice [277]. Affify et al. showed 

that anti-CD44s could inhibit breast cancer cell adhesion, motility and invasion, whilst 

anti-CD44v6 inhibited cell motility [278]. Furthermore, Guo et al. showed that 

treatment with an anti-CD44 mAb inhibited the formation of melanoma metastases 
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[279]. Treatment of prostate cancer cells with a neutralising CD44 antibody, decreased 

cancer cell adhesion to human bone endothelial cells, a primary site for prostate cancer 

cell metastasis [280]. The biotech company AIRUS have thus recently taken out a patent 

on an anti-CD44 antibody for treatment of breast, prostate and liver cancer [281] after 

their research showed that their antibody would only induce apoptosis in cancer cells 

expressing CD44, leaving normal cells unharmed. Other groups have done work with 

different anti-CD44 antibodies. These CD44 antibodies disrupted the CD44-HA 

interaction and decreased the invasive ability of breast cancer cells [282]. Casey et al. 

showed that their CD44 mAb did not inhibit ovarian cancer cell invasion but inhibited 

motility [250], whilst Strobel et al. showed a decrease in the number of total peritoneal 

ovarian cancer metastases in mice when treated with their anti-CD44 antibody [194]. 

However, despite promising in vitro studies, clinical trials showed that antibodies 

against CD44v6 caused unacceptable levels of toxicity [283-285]. 

With so many studies finding that disruption of the HA-CD44 interaction decreases the 

proliferative and metastatic behaviour of tumour cells, there are likely to be many more 

CD44-HA targeted therapeutic drugs developed and trialled over the next several years. 

 

1.4.3. Versican as a target for cancer therapies 

 

Inhibiting versican synthesis may be a potential mechanism for reducing versican levels 

in cancer tissues. Treatment with the tyrosine kinase inhibitor, genistein, has been 

shown to inhibit versican synthesis induced by growth factors in malignant 

mesothelioma cell lines and vascular SMCs [286, 287]. Genistein can reversibly inhibit 
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PDGF-stimulated versican expression in vascular SMCs in a dose-dependent manner, 

without affecting the expression of other proteoglycans including decorin and biglycan 

[286]. No studies to date have investigated whether these inhibitors are effective in 

inhibiting versicans effects in cancer cell models. 

More recent studies have demonstrated that asthma drugs including budesonide, a 

glucocorticoid steroid, and formoterol, a long acting β2-adrenergic agonist, could 

decrease protein levels of a number of proteoglycans including decorin, biglycan, 

perlecan, and versican in human lung fibroblasts and airway SMCs [288, 289]. 

Combination treatment with budesonide and formoterol reduced versican levels to a 

significantly greater extent than either drug alone [289]. Versican synthesis could also 

be inhibited by the leukotriene receptor antagonist, montelukast, in both bronchial and 

arterial SMCs [290]. These studies suggest that the changes in versican deposition which 

occur in cancer tissues, as well as the asthmatic airway and atherosclerotic lesions, 

could be inhibited by a number of asthma drugs. The ability of asthma drugs including 

budesonide and formoterol to inhibit versican synthesis need to be evaluated in cancer 

cell models.  

There is increasing evidence that ADAMTS proteases play an important role in the 

cleavage of versican, and the local accumulation of versican fragments generated by 

ADAMTS digestion may also promote cancer cell motility and invasion. The broad 

spectrum MMP inhibitor, GM6001 (Galardin) which inhibits the activity of MMPs and 

ADAMTS proteases has been shown to inhibit cancer cell invasion and metastasis in 

several model systems [219, 250, 291, 292]. One of the more interesting MMP inhibitors 

is present in the increasingly popular beverage, green tea, which is made from the 
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leaves of Camellia sinensis and contains catechin gallate esters. Catechin gallate esters 

have been shown to selectively inhibit ADAMTS-1,-4, and -5 and inhibit aggrecan 

processing in cartilage tissue [293]. The ability of GM6001 and catechin gallate esters to 

inhibit versican cleavage and versican-induced motility and metastasis has not been 

investigated. Manipulation of the versican catabolic pathways may provide novel 

therapeutic targets for cancer invasion and metastasis. 

The formation of a pericellular matrix rich in HA and versican by vascular SMCs and 

tumour cells can be inhibited following treatment with HA oligos [136, 294]. Disruption 

of the HA-CD44 interaction with HA oligos has been shown to markedly inhibit the 

growth of melanoma cells [295]. Additionally, both link-TSG6 and G1 domain of 

aggrecan were shown to bind to polymeric HA and these interactions could be 

competed with HA (8) and HA (10) oligos, respectively [296], making it likely that HA 

oligos will also block the interaction of versican with HA. Treatment with HA (8) oligos 

inhibited the formation of pericellular matrix by osteosarcoma cells and reduced HA 

accumulation in local tumours, tumour growth, and the formation of distant lung 

metastases. Furthermore, in osteosarcoma cell lines, both motility and invasiveness 

were inhibited by the use of HA oligos [297]. Additionally, colorectal carcinoma growth 

was reduced both in vitro and in vivo after treatment with HA oligos [298].  

HA oligos have also been shown to reverse chemotherapy resistance in some cancer cell 

lines. Adriamycin resistance of leukemic cells was effectively reversed by HA (4) oligos 

by increasing the intracellular accumulation of adriamycin [299], whilst in malignant 

peripheral nerve sheath tumours (MPNST), HA oligos disassembly of CD44-transporter 

complexes and induced internalization of CD44. Consequently, the oligos suppressed 
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drug transporter activity and increased chemotherapy sensitivity. Furthermore, in vivo 

systemic administration of HA oligos inhibited the growth of MPNST xenografts [300]. 

These findings suggest that the potent anti-tumour effects of HA oligos are due in part 

to the blocking of the formation of HA-rich cell-associated matrices. The use of HA 

oligos is a potentially attractive reagent to block versican HA interactions as well as local 

tumour invasion in ovarian cancer but needs further investigation. 
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STATEMENT OF AIMS 

 

This study will assess the protein profile produced during interaction between human 

peritoneal cells and ovarian cancer cells in in vitro co-culture systems designed to mimic 

the early and late stages of in vivo cancer progression. The early steps of ovarian cancer 

progression involves no physical contact between peritoneal cells and ovarian cancer 

cells but they are both exposed to peritoneal fluid. Thus we have developed an indirect 

co-culture system where the cells share CM but have no physical contact. The late 

stages of ovarian cancer progression involves adherence of ovarian cancer cells to 

peritoneal cells and invasion through the peritoneal lining. Thus we have developed a 

direct co-culture system where a monolayer of peritoneal cells are exposed to and binds 

to a suspension of ovarian cancer cells allowing direct physical interaction between the 

two cell types. We will assess changes to the protein profiles of the cells during these 

interactions with the use of proteomic screening. 

This study will also investigate the effects of versican and its interacting partners, HA 

and CD44 on ovarian cancer cell motility, invasion, and their adhesion to peritoneal 

cells. One way that cancer cells are thought to become motile is by formation of a 

pericellular matrix sheath [135]. SKOV-3 and OVCAR-5 mimic the progression of ovarian 

cancer when injected into in vivo mouse models [301]. Both have been shown to adhere 

to mesothelial cells in in vitro models [199, 251]. OVCAR-5 cells have also been shown to 

make a HA rich pericellular matrix, which is removable by HAase treatment [195]. 

SKOV-3 and OVCAR-5 as well as LP-9 human peritoneal cells have high expression of 

CD44 [195, 302] and both OVCAR-5 and SKOV-3 cells have high metastatic potential. 
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OVCAR-3 cells, which do not express CD44, and have low metastatic potential [302], will 

be used as a negative control cell line. Various doses of versican have been used on 

both OVCAR-5 and OVCAR-3 cell lines, whilst optimal concentrations of the 

experimental reagents have been used on SKOV-3 cells. Invasiveness of the ovarian 

cancer cell lines will be assessed by modified chemotaxis assays, where cells must 

migrate through the ECM components found in Geltrex, which is composed of ECM 

extracted from mouse Engelbreth-Holm-Swarm (EHS) sarcoma cells [303].  

Hypotheses: 

1. Proteins whose expression are regulated when ovarian cancer cells interact with 

peritoneal cells assist them in their adhesion, motility, and invasion. 

2. BigH3 which is expressed by peritoneal cells is involved in ovarian cancer 

metastasis 

3. HA, CD44, and versican are involved in ovarian cancer metastasis 

 

Aims: 

1. Explore the proteomic profile of peritoneal-ovarian cancer cell interactions and 

identify proteins which show an altered expression during peritoneal-ovarian 

cancer cell interaction. 

2. Determine the functional role of one of the novel proteins identified to be 

regulated during peritoneal-ovarian cancer cell interaction in ovarian cancer. 
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3. Determine whether levels of versican and interacting partners HA and CD44 are 

increased in serous ovarian cancers and matching metastases. 

4. Determine whether versican treatment promotes pericellular matrix formation 

and aids the motility and invasion of serous ovarian cancer cells and their 

adhesion to peritoneal cells. 

5. Evaluate whether HA oligosaccharides can inhibit versican effects on pericellular 

sheath formation, motility, invasion, and adhesion. 

Research Plan: 

Peritoneal-ovarian cancer cell interaction will be studied using in vitro co-culture 

systems where the cells can communicate via soluble factors or by direct contact. 

Proteins modulated by co-cultured ovarian cancer and peritoneal cells will be analysed 

and identified by MS. The functional importance of one of the identified proteins will be 

assessed in cell adhesion, motility, and invasion assays.  

We will determine whether serous ovarian cancer cells (OVCAR-3, OVCAR-5, and SKOV-

3) have the ability to form HA-versican pericellular sheath following treatment with 

recombinant versican and HA using an established particle exclusion assay [8]. Using 

modified chemotaxis assays and wound migration assays, we will determine whether 

the formation of pericellular matrices promotes motility and invasion of ovarian cancer 

cells. Adhesion assays will be used to determine whether the assembly of a pericellular 

matrix aids ovarian cancer cell adhesion to peritoneal cells. HA oligos will be evaluated 

as an inhibitor of versican function.  
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We will identify whether the expression of the ECM protein versican and interacting 

molecules HA and CD44s are increased in serous ovarian carcinoma or matching 

metastases. We will additionally investigate the levels of HA in the serum of ovarian 

cancer patients undergoing chemotherapy to assess whether it can be used as a marker 

for patient response to treatment. 

This study will determine whether versican aids the motility and invasion of serous 

ovarian carcinoma cells and promotes their specific adhesion to peritoneal cells via 

interactions with HA and CD44. We will determine whether HA oligos can interfere with 

HA-versican pericellular sheath formation and thus inhibit motility, invasion, and 

adhesion of ovarian cancer cells to peritoneal cells and whether these compounds 

should be evaluated as a therapeutic agent in in vivo models of ovarian carcinoma. A 

greater understanding of the molecular mechanisms whereby ovarian cancer cells 

interact with ECM components may lead to the identification of novel therapeutic 

approaches to inhibit metastasis of ovarian cancer cells.  
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CHAPTER 2 - IDENTIFICATION OF PROTEINS MODULATED IN 
OVARIAN CANCER – PERITONEAL CELL CO-
CULTURE BY PROTEOMICS  

 

2.1.  INTRODUCTION 

 

One of the most important developments in protein identification has been the 

development of mass spectrometry (MS) technology [304]. In the last decade, the 

sensitivity of analysis and accuracy of results for protein identification by MS has 

increased by several orders of magnitude down to identification of proteins from gels in 

the high fentomolar range [305]. Because of this we can now identify individual protein 

sequences in a mixture of other proteins and since MS has high throughput, it has 

essentially become the protein identification tool of choice.  

Proteomics is defined as the large-scale characterization of the entire protein 

complement of a cell line, tissue, or an organism [306, 307] and its main purpose is to 

obtain a more global and integrated view of biology by studying sets of proteins 

produced together rather than each one individually. There are several types of 

proteomics which can be used in a diverse range of studies (Figure 2.1). These include 

protein-protein interaction studies, protein modifications, protein function, and protein 

localization studies as well as many others, which are constantly evolving as newer 

technologies develop and the scientific research community embrace them. 
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Proteomics and MS are currently being utilised in the development of new cancer 

diagnostics. It has been used to identify potential breast cancer diagnostic markers in 

nipple aspirate [308] as well as potential diagnostic markers in the serum for colorectal 

cancer [309], gastric cancer [310], and liver metastasis [311].  

To date, many proteomic studies have investigated various aspects of ovarian cancer 

proteomics including; analysis of ovarian cancer produced effusions [312, 313], the 

difference between chemotherapy resistant cells and non-resistant ovarian cancers 

[314, 315], effects of potential therapies on ovarian cancer [316], and analysis of the 

serum from ovarian cancer patients [317, 318]. This has been undertaken with the 

purpose of finding novel biomarkers for early detection of ovarian cancer or to predict 

response to treatment. Most studies work with the tumours or cancer cells themselves, 

the serum of the patients, or effusions which are exposed to multiple cell types.  

Proteomics has been successfully used to identify 6 proteins differentially expressed 

between benign and malignant epithelial ovarian tumours [319]. Kuk et al. also used a 

proteomic screen to identify 25 previously reported biomarkers and 52 proteins in 

ovarian cancer ascites fluid which were also identified in 4 ovarian cancer cell lines, 

warranting further validation [320]. Fibrinogen and collagen fragments were found in a 

proteomic screen of the urine of epithelial ovarian cancer patients which were not 

found in benign ovarian tumour patients [321]. Afamin has also been identified in a 

serum proteomic screen and was further validated by western blot and ELISA to be 

complementary to CA125 testing [322]. 

Bengsten et al. identified 217 protein spots on 2D gels which distinguished between 

normal, benign, borderline, and malignant ovarian tissue which require further 
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validation [323]. Three protein peaks identified as upregulated in the serum of ovarian 

cancer patients were able to be used to discriminate 33 out of 35 controls and 29 out of 

30 cancers with 97% sensitivity and 94% specificity but the proteins have not been 

further investigated in independent studies [324]. Apolipoprotein A-I, transthyretin, and 

transferrin were identified in a proteomic screen of serum of ovarian cancer patients 

[325]. When combined with CA125 detection in serum, they distinguished normal 

samples from borderline samples with 91% sensitivity and 92% specificity, and normal 

samples from early stage ovarian cancer with a sensitivity of 89% and a specificity of 

92% [325]. Furthermore, these three proteins were used to distinguish normal samples 

from mucinous borderline tumours with 90% sensitivity, and further distinguished 

normal samples from early stage mucinous ovarian cancer with a sensitivity of 95% 

whilst CA125 alone was only able to distinguish normal samples from borderline 

tumours and early stage ovarian cancer with a sensitivity of only 46% and 47%, 

respectively [325]. As proteomic screening in serum, tissue, and urine of ovarian cancer 

patients is still new to the scientific community, its efficacy is yet to be fully determined, 

and recently identified proteins need to be validated in independent studies. 

Unfortunately, clinicians cannot identify which ovarian cancer patients are more to 

likely respond well to treatment as the clinical outcome varies considerably from 

patient to patient, even though many of their tumours share common clinical and 

histopathologic features. Thus, there is a need to identify new biomarkers to identify 

which patients will respond to chemotherapy and which would benefit from aggressive 

chemotherapy earlier, and which would be suited for enrolment in clinical trials. 

Development of individualised treatment plans are important and may be assisted using 
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proteomics to assess and screen biomarkers for each patient and assist in determining 

the likelihood of relapse and response to current first-line treatments [326]. 

There has been no proteomic study so far which has assessed the direct and indirect 

interactions between the cancer cells and their target cells, the peritoneal cells. This 

interaction could be vital to further understanding the metastatic steps of motility, 

adhesion, and invasion. It is already documented that ovarian cancer and mesothelial 

cells show expression of a number of adhesion molecules [327-329] which may play a 

role in adhesion to the peritoneum. Cancer cells also express proteases which are 

required to invade through the peritoneal layer [330-333]. What is still unknown is how 

the proteomic profile of peritoneal and ovarian cancer cells is modified when the cells 

interact. A greater understanding of this process could hold the key to developing novel 

treatment strategies or biomarker of ovarian cancer or. 

In this study, we focused on functional proteomics using protein expression profiling to 

assess the changes in protein profiles which occur when human peritoneal cells interact 

with human ovarian cancer cells. We utilised an in vitro model designed to mimic 

ovarian cancer metastasis. We utilised 2-D electrophoresis for analysis and Matrix-

assisted laser desorption/ionization time of flight/time of flight (MALDI-TOF/TOF) and 

liquid chromatography-electrospray ionisation (LC-ESI) MS for protein identification. 
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Figure 2.1. Types of proteomics and their applications.  

Proteomics includes a range of techniques to investigate unlimited possible protein 

profiles [334]. 
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2.2.  MATERIALS AND METHODS 

2.2.1. Co-culture of ovarian cancer and peritoneal cells  

 

The human ovarian tumour cell lines OVCAR-3 and SKOV-3 were kindly donated by 

Judith Clements (Queensland University of Technology, Brisbane) and OVCAR-5 cells 

were kindly donated by Dr. Stephen Williams (Fox Chase Cancer Centre Philadelphia, 

USA). All cancer cell lines (available for purchase from American Type Culture Collection, 

ATCC) were maintained in RPMI 1640 medium (Sigma Aldrich) supplemented with 4mM 

L-glutamine, 100 μg/ml penicillin, 100 μg/ml streptomycin, 20 μg/ml fungizone, 2 μg/ml 

amphotericin B. OVCAR-3 and SKOV-3 were additionally supplemented with 10% foetal 

bovine serum (FBS) whilst OVCAR-5 was additionally supplemented with 7.5 μg/ml 

insulin and 5% FBS. LP-9 peritoneal cells isolated from human omentum were 

purchased from Coriell Cell Repository (Camden, USA) and maintained in a 1:1 mixture 

of M199 medium (Sigma Aldrich) and Ham’s F-12 nutrient medium (Sigma Aldrich) 

supplemented with 10% FBS, EGF (10 ng/ml, Sigma Aldrich), hydrocortisone (0.5 μg/ml, 

Sigma Aldrich), and antibiotics.  

LP-9 peritoneal cells were cultured in 6-well plates in growth medium until they reached 

confluency. LP-9 cell monolayers were washed twice with LP-9 growth medium without 

FBS (serum-free LP-9 growth medium) and incubated with serum-free LP-9 growth 

medium for 1 hr at 37°C. LP-9 cell monolayers were then washed twice with serum-free 

LP-9 growth medium to remove remaining serum proteins. Ovarian cancer cells 

(OVCAR-5 and SKOV-3) were washed as per the LP-9 monolayers, trypsinized, 

centrifuged for 5 min at 1800 rpm, washed, and resuspended in serum-free LP-9 media 
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and added to the washed monolayers of LP-9 cells (2 x 105 cells/well). Cells were co-

cultured directly for up to 96 hr at 37°C/5% CO2 before collection of the CM.  

LP-9 and OVCAR-5 were also cultured in an indirect two-way co-culture system using 

the Opticell-system (Nunc, Thermo Fisher Scientific, Roskide, Denmark) which allows 

cells to share the same culture media without being in direct physical contact with each 

other. CM was also collected from one way cultures where LP-9 cells were treated with 

serum-free CM collected from OVCAR-5 or SKOV-3 cells or where ovarian cancer cells 

(OVCAR-5 and SKOV-3) were cultured with serum-free CM collected from LP-9 cells.  

 

2.2.2. 1D and 2D analysis  

 

Collected CM was precipitated with 4 volumes of 100% cold acetone at -20°C overnight. 

The samples were centrifuged at 6000g for 5 min and the protein pellet washed with 

100% cold acetone and dissolved in sodium dodecyl sulphate (SDS) sample buffer 

(NuPAGE, Invitrogen, Carlsbad, USA). For 1D analysis, an equal volume of each CM 

sample (10 μl) was mixed with 2.5 μl 4x LDS buffer (NuPAGE LDS, Invitrogen) and 0.5 M 

dithiothreitol (DTT, 1.6 μl) then heated at 70°C for 10 min before loading onto a 

polyacrylamide gradient gel (NuPAGE 4-12% Bis-Tris, Invitrogen). Molecular weight 

markers were run alongside the samples for reference, either Kaleidoscope prestained 

markers (Bio-Rad) or Novex sharp prestained markers (Invitrogen) were utilized as 

indicated. Otherwise, proteins were quantitated using an EZQ protein quantitation kit 

(Invitrogen) following the manufacturers’ protocols. Protein samples were separated by 

electrophoresis at 200 V for 50 min. Following electrophoresis, gels were fixed and 
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stained with colloidal Coomassie G-250 or proteins were transferred to PVDF 

membranes (GE Healthcare, Little Chalfont, England) for western blotting. 

For 2D gels electrophoresis analysis, immobilized pH gradient (IPG) strips (11cm, GE 

Healthcare) were rehydrated overnight in 200 μl rehydration buffer (1.2% (v/v) 

DeStreak, 0.5% pH 3-11 IPG buffer, 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris and 

a trace amount of bromophenol blue). Protein samples (50 μg) from the precipitated 

CM of LP-9, OVCAR-5, a mix of LP-9 and OVCAR-5 single cultures, and co-cultured LP-9 

and OVCAR-5 were dissolved in lysis buffer containing 7 M urea, 2 M thiourea, 4% 

CHAPS, 0.8% IPG buffer, 65 mM DTT, 1 mM PMSF, and 30 mM Tris were loaded onto 

the rehydrated IPG strips. Isoelectric focusing was carried out and proteins were 

separated at room temperature using a step-wise gradient until 46,000 Vhrs was 

achieved using the Ettan IPGphor II system (GE Healthcare). Following equilibration, the 

IPG strips were applied to the Criterion XT precast gels 4- 12% Bis-Tris (Bio-Rad, 

Hercules, USA). SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed at 

50 V for 0.5 hr and then 150 V until the dye-front reached the bottom. Gels containing 

protein from LP-9, OVCAR-5, a mix of LP-9 and OVCAR-5 (60:40), and LP-9 + OVCAR-5 

co-culture were stained with silver stain (Biorad) scanned, and analysed using PDQuest 

advanced 2-D analysis software (v 7.0, Biorad). Gels were warped using identified 

landmark spots present in every gel as anchor points. Warped gels were overlaid in 

pairs and viewed in darkview in the multichannel viewer to determine which spots were 

differentially expressed in the LP-9 + OVCAR-5 co-culture media when compared with 

LP-9 alone, OVCAR-5 alone, and the mix of LP-9 and OVCAR-5. All experiments were 
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performed in duplicate and only spots identified as differentially expressed in both 

experiments were selected for MS identification. 

 

2.2.3. Mass spectrometry 

 

Selected spots of differentially expressed proteins were excised from the gels, 

destained, and digested with 50 or 100 ng of trypsin per sample. A control gel piece was 

cut from a blank portion of a gel as a negative control. The samples (5 �l from �10 �l) 

were chromatographed using an Agilent Protein ID Chip column assembly (40 nl trap 

column with 0·075 x 43 mm C-18 analytical column) housed in an Agilent HPLC-Chip 

Cube Interface connected to an HCT ultra 3D-Ion-Trap mass spectrometer (Bruker 

Daltonik GmbH, Bremen Germany). The column was equilibrated with 4% acetonitrile 

(ACN) / 0.1% FA at 0.5 �L/min and the samples eluted with an ACN gradient (4%-31% in 

32 min). Ionizable species (300 < m/z < 1,200) were trapped and two of the most 

intense ions eluting at the time were fragmented by collision-induced dissociation. MS 

and MS/MS spectra were subjected to peak detection using DataAnalysis (version 3.4, 

Bruker Daltonik GmbH) then imported into BioTools (version 3.1, Bruker Daltonik 

GmbH). The MS/MS spectra were submitted to the in-house MASCOT database-

searching engine (version 2.2, Matrix Science). Using the following specifications: 

Taxonomy: mammals, Database: Swissprot 56.7, Enzyme: Trypsin, Fixed modifications: 

Carbamidomethyl (C), Variable modifications: Oxidation (M), Mass tol MS: 0.3 Da, 

MS/MS tol: 0.4 Da, Peptide charge: 1+, 2+ and 3+, Missed cleavages: 1. 
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2.3.  RESULTS  

2.3.1. Direct co-culture of peritoneal cells and ovarian cancer cells produces 

an altered protein profile  

 

When peritoneal cells and ovarian cancer cells were grown in direct co-culture, we 

observed a change in the morphology of the LP-9 and OVCAR-5 cells. Cellular aggregates 

were observed protruding from the monolayer after 96 hr (Figure 2.2). There was also 

clear difference in the protein profiles of the CM collected from ovarian cancer cells and 

the peritoneal cells cultured alone when compared with LP-9 and ovarian cancer cells 

directly co-cultured together (Figure 2.3a). We observed a visible loss of a number of 

bands from the LP-9 alone profile when compared with the direct co-culture protein 

profile including; several high molecular weight proteins visible greater than 150 kDa, a 

group of proteins between 66 and 97 kDa, and a very strong band at approximately 45 

kDa (Figure 2.3b). There were also bands which appeared to be upregulated proteins in 

the co-culture at approximately 34 and 64 kDa. These were selected for identification by 

MS.  

In addition to identifying differentially expressed proteins by 1D electrophoresis, we 

also subjected the CM from co-cultured OVCAR-5 cells and LP-9 to 2D electrophoresis. 

We compared the protein profile of CM from co-cultured LP-9 peritoneal cells and 

OVCAR-5 cells with the CM from individually cultured LP-9 and OVCAR-5 cells which 

were mixed together. We observed marked changes in the protein profile, evident by 

additional spots present, spots now absent, and spot trains which appeared to have 

shifted in either molecular weight, pI, or both (Figure 2.4). Spots upregulated in the co-
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culture were visible in red in the multichannel viewer in PDQuest, including a spot train 

at 50 kDa which appeared to have shifted from 55 kDa in the mix gel and also appeared 

to have become more basic. The proteins which were downregulated when the cells 

were in direct co-culture are shown in green. 
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Figure 2.2. Co-culture of LP-9 cells with OVCAR-5 cells induces a morphological change in 

the cells.  

A monolayer of LP-9 cells was directly co-cultured with a suspension of OVCAR-5 cells 

for 48 hr to mimic the in vivo situation of ovarian cancer metastasis. 

  

96 hr 48 hr 

LP-9 

LP-9 + 
OVCAR-5 



Page | 68  
 

 

 

 

 
 

          

Figure 2.3. Co-culture of LP-9 cells with OVCAR-5 cells produces an altered protein 

profile.  

(a) A monolayer of LP-9 cells was exposed to a suspension of OVCAR-5 or SKOV-3 cells 

for 48 hr to mimic the in vivo situation of ovarian cancer metastasis and the CM 

collected, precipitated in acetone, and run on an SDS gel and stained with coomassie. 

(b) Bands were selected for excision and mass spectrometry identification if they were 

apparent in either the single cell culture or the co-culture only. 
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Figure 2.4. PDQuest analysis of the proteomic profile of a mix of CM collected from LP-9 

and OVCAR-5 cells and from LP-9 + OVCAR-5 direct co-culture.  

After the gels were warped and matched using PDQuest, the gel of the mix of LP-9 and 

OVCAR-5 protein was viewed overlaid with the LP-9 + OVCAR-5 co-culture gel in a 

multichannel viewer using the dark view setting. Red spots indicate proteins present in 

the co-culture gel but not in the mix gel suggesting upregulation of the proteins. Green 

spots indicate proteins present in the mix CM but not in co-culture, indicating 

downregulation of the proteins. Yellow spots indicate proteins present in both the mix 

and co-culture CM samples. 
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2.3.2. Identification of proteins altered in direct peritoneal-ovarian cancer cell 

co-culture  

 

Protein bands identified as being either upregulated in direct co-culture or 

downregulated in single cell culture from Figure 2.3 were excised from the coomassie 

stained gel and digested with trypsin. Identification spectra were obtained using the 

MALDI-TOF/TOF mass spectrometer (Table 2.1). The majority of proteins had a MASCOT 

score of approximately two-fold or higher than the probability cut-off score of 55, 

indicating very high probability of success in the identification of the proteins. 

Fibronectin, periostin, transforming growth factor β inducible protein (TGFBIp), and 

plasminogen activator inhibitor-1 (PAI-1) were identified as bands 1-5 respectively in 

the LP-9 culture which were not visible in the protein profile of LP-9 cells directly co-

cultured with OVCAR-5 cells in a coomassie stained gel. Bands 6-8 were identified in the 

direct co-culture CM as keratin type II skeletal I (CK-1), and two forms of cleaved 

fibronectin respectively in the direct co-culture which were not visibly present in the 

single cell culture protein profiles. 

The ten spots in the 2D gel determined to be upregulated in the direct co-culture 

(Figure 2.5a) when compared with the 2D gel of the mix of protein from the single cell 

cultures were excised and digested with trypsin. These samples were then run through 

ion trap mass spectrometry and the spectra identified by peak detection. The majority 

of spots were identified as various forms of cytokeratins, but spots 4, 7, and 8 were 

identified as PAI-1, and two different sizes of annexin A2 respectively (Table 2.2). 

Similarly, spots which were determined to be downregulated in the LP-9 peritoneal cell 

culture or in the OVCAR-5 ovarian cancer cell culture compared with the direct co-
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culture in duplicate experiments, as shown in Figure 2.5b and Figure 2.5c respectively. 

However, the down-regulated spots were not further identified in this study due to time 

restrictions. 
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Figure 2.5. Identification of upregulated and downregulated proteins during ovarian 

cancer direct interaction with peritoneal cells. 

Red and green spots identified in Figure 2.4 were identified in the original silver stained 

gel images in duplicate experiments. (a) Upregulated proteins in the peritoneal-ovarian 

cancer cell co-culture (b) Downregulated proteins in the peritoneal -OVCAR-5 co-cell 

culture (c) Proteins downregulated in the peritoneal-ovarian cancer cell co-culture 

shown on the gel containing a mix of protein from LP-9 and from OVCAR-5 cells cultured 

individually. 
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Table 2.1. Identification of proteins up or down regulated in peritoneal-ovarian cancer cell direct co-culture.  

Bands from Figure 2.3 were excised, destained, and digested with trypsin. The tryptic peptides were extracted and applied to an AnchorChip. 

Spectra were acquired using a MALDI TOF/TOF mass spectrometer, and proteins identified by running the data through the MASCOT database 

with cut off score set to 55. Biotools analysis of the peptide matches can be found in the Appendix. 

Sample Protein identification 
Regulation in  

co-culture 

No. Unique 
Peptides 

Predicted MW 
(kDa) 

Observed MW 
(kDa) 

Match 
Strength 

Peptide 
Sequence. 

A1 Fibronectin  
↓ 29 

266 kDa > 250 Strong Figure A.1a 

A2 Fibronectin  ↓ 18 266 kDa ~220 Strong Figure A.1b 

A3 Periostin  ↓ 8 93.9 kDa ~90 Strong Figure A.2 

A4 
Transforming growth factor-
beta-induced protein ig-h3 

(TGFBIp) 
↓ 22 75.3 kDa ~65 Strong Figure A.3 

A5 Plasminogen activator 
inhibitor- 1 (PAI-1) 

↓ 16 45.1 kDa ~44 Strong Figure A.4a 

A6 Keratin, type II skeletal 1      
(CK-1) 

↑ 8 66.1 kDa ~140 Strong Figure A.5a 

A7 Fibronectin  ↑ 18 266 kDa ~120 Strong Figure A.1c 

A8 Fibronectin precursor ↑ 17 266 kDa ~70 Strong Figure A.1d 
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Table 2.2. Identification of upregulated proteins during peritoneal-ovarian cancer cell direct co-culture by LC-ESI mass spectrometry  

Spots identified in Figure 2.5a were excised, destained, and digested with trypsin. The samples were then chromatographed and ionisable 

species were eluted from an ion trap column and fragmented by collision induced dissociation. MS and MS/MS spectra were subjected to peak 

detection using DataAnalysis and data was imported in the MASCOT search database to identify the proteins. Biotools analysis of the peptide 

matches for moderate and strong matches can be found in the Appendix. 

Sample Protein identification No. Unique 
peptides 

Predicted 
MW (kDa) 

Predicted 
pI 

Observed 
MW (kDa) 

Observed 
pI 

Match 
strength 

Peptide 
Sequence 

B1 CK-1 2 66.1 8.37 80 5.5 Weak  
B2 CK-1 2 66.1 5.14 65 7.0 Weak  

B3 
CK-1 3 66.1 8.37 

50 6.0 Mod 
Figure A.5b 

Keratin, type II 
skeletal 10 (CK-10) 

3 59.7 5.14 Figure A.6a 

B4 PAI-1 21 45.1 6.73 44 7.4 Strong Figure A.4b 
B5 CK-1 1 66.1 8.37 40 7.5 Weak  
B6 CK-10 1 59.7 5.14 36 7.3 Weak  
B7 Annexin A2 (Anx A2) 3 38.8 7.86 34 7.6 Mod Figure A.7a 

B8 

Anx A2 11 38.8 7.86 

34 7.8 

Strong Figure A.7b 
CK-1 10 66.1 8.37 Figure A.5c 

Keratin, type I 
skeletal 9 (CK-9) 

6 62.3 5.19 Mod Figure A.8a 

B9 CK-1 7 66.1 8.37 33 6.2 Mod Figure A.5d 
B10 CK-9 3 62.3 5.19 28 5.3 Mod Figure A.8b 
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2.3.3. One way co-culture of peritoneal cells and ovarian cancer cells  

 

We investigated the protein profile from one way cultures where LP-9 cells were 

treated with serum-free CM collected from OVCAR-5 or SKOV-3 cells over a time 

course or where ovarian cancer cells (OVCAR-5 and SKOV-3) were cultured with 

serum-free CM collected from LP-9 cells over a time course. We observed no 

obvious change in the protein profile from the single cell line culture CM when 

OVCAR-5 or SKOV-3 cells were incubated in LP-9 CM over a 48 hr period in a 1D 

coomassie blue stained gel (Figure 2.6). Likewise, there was no obvious change in 

the protein profile from the single cell line CM when LP-9 cells were incubated in 

OVCAR-3, OVCAR-5, or SKOV-3 CM over a 48 hr period (Figure 2.7). 
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Figure 2.6. Protein profile of OVCAR-5 and SKOV-3 cells following treatment with LP-9 

CM. 

Ovarian cancer cells OVCAR-5 and SKOV-3 were incubated in serum free CM collected 

from LP-9 cells for 48 hr. 
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Figure 2.7. Protein profile of LP-9 peritoneal cells following treatment with OVCAR-5 or SKOV-3 CM. 

LP-9 cells were incubated in serum free CM collected from OVCAR-3, OVCAR-5, and SKOV-3 cells for 48 hr. 
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2.3.4. Indirect co-culture of peritoneal and ovarian cancer cells produces and 

altered protein profile 

 

When peritoneal cells and ovarian cancer cells were grown in Opticell indirect co-

culture, where the ovarian cancer cells were sharing CM with the peritoneal monolayer, 

there was a visible loss of a number of bands when compared with the profiles of LP-9 

and OVCAR-5 culture alone including high molecular weight proteins visible on a 

coomassie blue stained gel at approximately 260 kDa, medium molecular weight 

proteins at 80 kDa, and a band at about 48 kDa (Figure 2.8) which was similar to that 

seen in the direct co-culture coomassie (Figure 2.3). There were also bands which 

appeared to be upregulated proteins in the co-culture at approximately 100, 60, 35, 28, 

and 12 kDa. This was even more evident when the proteins were run on a 2D gel and 

stained with silver with very different protein profiles apparent between peritoneal cells 

and ovarian cancer cells. When a mix of peritoneal Opticell culture protein and ovarian 

cancer Opticell culture protein were mixed and compared with the Opticell indirect co-

culture protein on silver stained gels, there was clearly a change in the proteomic 

profile, evident by additional spots present, spots now absent, and spot trains which 

appeared to have shifted in either molecular weight, pI, or both. By warping and 

aligning the spots using the PD Quest software, the mix and co-culture gels were able to 

be overlaid (Figure 2.9) and spots upregulated in the co-culture were visible in red, 

including a spot train at 50 kDa which appeared to have shifted from 55 kDa in the mix 

gel and also appeared to become more basic. There were also spot trains at 

approximately 80 kDa and at 60 kDa which do not appear to be a shift in size or pI from 
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the mix gel. Proteins which are downregulated when the cells were in direct co-culture 

are shown in green and any upregulated are shown in red. 
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Figure 2.8. Opticell co-culture of LP-9 cells with OVCAR-5 cells produces an altered 

protein profile.  

A monolayer of LP-9 cells were grown on one membrane in the Opticell. The Opticell 

was then flipped over, and OVCAR-5 cells added in suspension to attach to the second 

membrane for 48 hr to mimic the in vivo situation of ovarian cancer metastasis where 

both cell types share their secreted proteins in the peritoneal cavity. The CM was 

collected, precipitated in acetone, and run on an SDS gel and stained with Coomassie. 

Arrows indicate protein bands which are up or downregulated during co-culture. 
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Figure 2.9. PDQuest analysis of the proteomic profile of a mix of CM collected from LP-9 

and OVCAR-5 cells and from LP-9 + OVCAR-5 Opticell indirect co-culture.  

After the gels were warped and matched using PDQuest, the gel of the mix of LP-9 and 

OVCAR-5 protein was viewed overlaid with the LP-9 + OVCAR-5 Opticell co-culture gel in 

a multichannel viewer using the dark view setting. Red spots indicate proteins present 

in the Opticell co-culture gel but not in the mix CM suggesting upregulation of the 

proteins. Green spots indicate proteins present in the mix CM but not in Opticell co-

culture, indicating downregulation of the proteins. Yellow spots indicate proteins 

present in both the mix and co-culture CM samples. 
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2.3.5. Identification of proteins altered in Opticell indirect peritoneal-ovarian 

cancer cell co-culture  

 

The thirteen spots determined to be upregulated in the Opticell indirect co-culture 

(Figure 2.10a) when compared with the mix of protein from the single cell cultures in 

duplicate experiments were excised and digested with trypsin. These samples were 

then passed through ion trap mass spectrometry and the spectra identified by peak 

detection. Many of spots were identified as varying types of cytokeratins, but spots 1, 4, 

6, 7, 8, 9, and 11 were identified as transketolase (TKT), PAI-1, a TKT fragment, annexin 

A6, annexin A2, and elongation factor 2 (EEF-2) respectively (Table 2.3). Spots which 

were determined to be downregulated in the LP-9 peritoneal cell culture or in the 

OVCAR-5 ovarian cancer cell culture compared with the Opticell indirect co-culture in 

duplicate experiments, as shown in Figure 2.10b and Figure 2.10c respectively. 

However, these spots were not further identified in this study. 
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Figure 2.10. Identification of upregulated and downregulated proteins during ovarian 

cancer interaction with peritoneal cells through shared media in the Opticell system.  

Red and green spots identified in Figure 2.9 were identified in the original silver stained 

gel images by eye in duplicate experiments. Spots identified in both experiments are 

shown here (a) Upregulated proteins in the peritoneal-ovarian cancer cell Opticell co-

culture (b) Downregulated proteins in the peritoneal cell culture (c) Proteins 

downregulated in the peritoneal-ovarian cancer cell co-culture shown on the gel 

containing a mix of protein from LP-9 and from OVCAR-5 cells. 
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Table 2.3. Identification of upregulated proteins during peritoneal-ovarian cancer cell Opticell indirect co-culture by LC-ESI mass spectrometry  

Spots identified in Figure 2.10a were excised, destained, and digested with trypsin.  The samples were then chromatographed and ionisable 

species were eluted from an ion trap column and fragmented by collision induced dissociation. MS and MS/MS spectra were subjected to peak 

detection using DataAnalysis and data was imported in the MASCOT search database to identify the proteins. Biotools analysis of the peptide 

matches for moderate and strong matches can be found in the Appendix. 

Sample Protein identification 
No. Unique 

peptides 
Predicted MW 

(kDa) 
Predicted 

pI 
Observed MW 

(kDa) 
Observed 

pI 
Match 

Strength 
Peptide 

Sequence 

C1 Transketolase (TKT) 10 68.5 7.92 80 5.5 Strong Figure A.9a 

C2 
CK-1 8 66.1 8.37 

55 5.4 
Strong Figure A.5e 

CK-10 4 59.7 5.14 Mod Figure A.6b 

C3 CK-9 3 62.3 5.19 50 5.5 Weak  

C4 

PAI-1 21 45.1 6.73 

48 7.2 Strong 

Figure A.4c 

CK-1 11 66.1 8.37 Figure A.5f 

CK-9 10 62.3 5.19 Figure A.8c 

Cytokeratin-6C (CK-6C) 7 60.3 8.39 Figure A. 

Cytokeratin-16 (CK-16) 9 51.6 4.99 Figure A. 

Cytokeratin-14 (CK-14) 9 51.9 5.09 Figure A. 

Cytokeratin-5 (CK-5) 8 62.6 7.89 Figure A. 
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Sample Protein identification 
No. Unique 

peptides 
Predicted MW 

(kDa) 
Predicted 

pI 
Observed MW 

(kDa) 
Observed 

pI 
Match 

Strength 
Peptide 

Sequence 

C5 
CK-1 7 66.1 8.37 

44 5.4 
Strong Figure A.5g 

CK-10 3 59.7 5.14 Mod Figure A.6c 

C6 TKT 7 68.5 7.92 43 7.4 Strong Figure A.9b 

C7 Carboxypeptidase B 1 47.8 5.24 36 6.2 Very Weak  

C8 Annexin A6 (Anx A6) 5 76.2 5.42 36 6.3 Mod Figure A.10 

C9 
Anx A2 14 38.8 8.15 

34 7.6 
Strong Figure A.7b 

CK-1 6 66.1 8.37 Mod Figure A.5h 

C10 

Anx A2 26 38.8 7.86 

34 7.8 

Strong Figure A.7c 

CK-1 6 66.1 8.37 
Mod 

Figure A.5i 

CK-9 5 62.3 5.19 Figure A.8d 

C11 

Elongation factor 2 
(eEF-2) 

6 96.2 6.44 

34 7.0 Mod 

Figure A.11 

CK-1 4 66.1 8.37 Figure A.5j 

CK-10 3 59.7 5.14 Figure A.6d 

C12 CK-1 3 66.1 8.37 33 6.2 Weak  

C13 CK-1 4 66.1 8.37 20 5.2 Weak  
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2.3.6. Annexin A2 and A6 are cleaved during peritoneal-ovarian cancer cell co-

culture 

 

Table 2.4 provides a summary of protein modulation during ovarian cancer-peritoneal 

cell interaction. Further investigation of the annexin A2 fragments identified in Table 2.3 

by Ms Noor Lokman in our laboratory confirmed by 2D western immunoblotting that 

annexin A2 is cleaved during direct co-culture of OVCAR-5 and LP-9 cells (Figure 2.10). 

Annexin A2 was detected at 37 kDa in the CM of both LP-9 and OVCAR-5 alone across a 

range of pI values. In the co-culture, two smaller forms of annexin A2 were observed 

(Figure 2.11). Likewise, we observed that LP-9 cells produced an approximately 42 kDa 

cleaved form of annexin A6, and that annexin A6 is cleaved to a smaller approximately 

37 kDa form in the direct co-culture (Figure 2.12).  
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Figure 2.11. Annexin A2 is cleaved during OVCAR-5/LP-9 direct co-culture.  

2D western blot against annexin A2 monoclonal antibody (amino acid residues 123-328, 

1/2000, #610069, BD Sciences) in CM of OVCAR-5 and LP-9 cells alone and direct co-

culture CM of OVCAR-5 and LP-9 cells. Multiple spots of annexin A2 were identified at 

approximately 36 kDa for OVCAR-5 and LP-9 over a pI range of 6 to 8. In the CM from 

co-cultured of LP-9 and OVCAR-5 cells, annexin A2 spots were observed at 

approximately 36 and 35 kDa.  
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Figure 2.12. Annexin A6 is cleaved during OVCAR-5 and LP-9 direct co-culture. 

CM was collected from direct co-culture after culture for 48 hours and precipitated with 

acetone. An equal volume was run on a Tris-HCl SDS-PAGE gel, transferred to PVDF 

membrane and immunoblotted with anti-annexin A6 (amino acids 497-610, Santa Cruz 

Biotechnology)  
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Table 2.4. Summary of protein expression and processing during peritoneal-ovarian cancer cell co-culture. 

Protein Indirect Co-culture Direct Co-culture 
Full Length Expressed by 

Peritoneal Cells 
Full Length 

Size 
Cleaved Sizes 

CK-1 Cleaved 
Full length 

upregulated/Cleaved 
Unknown 66 kDa 

55, 50, 48, 44, 40, 
34, 33, 28, 20 kDa 

CK-5 Cleaved Unknown Unknown 62 kDa 48 kDa 

CK-6C Cleaved Unknown Unknown 60 kDa 48 kDa 

CK-9 Cleaved Cleaved Unknown 62 kDa 50, 48, 34 kDa 

CK-10 Cleaved Cleaved 
Unknown 

60 kDa 
55, 50, 44, 36, 34 
kDa 

CK-14 Cleaved Unknown Unknown 52 kDa 48 kDa 

CK-16 Cleaved Unknown Unknown 52 kDa 48 kDa 

PAI-1 Cleaved Cleaved Yes 45 kDa 44 kDa 

TKT 
Full length 

upregulated/Cleaved 
Unknown Unknown 69 kDa 43 kDa 

Annexin A2 Cleaved Cleaved Yes 39 kDa 34 kDa 

Annexin A6 Cleaved Cleaved Yes 76 kDa 34 kDa 

EEF-2 Cleaved Unknown Unknown 96 kDa 34 kDa 

TGFßIp Unknown Full length lost Yes 75 kDa N/A 

Periostin Unknown Full length lost Yes 94 kDa N/A 

Fibronectin Unknown Cleaved Yes 266 kDa 120, 70 kDa 
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2.4.  DISCUSSION  

2.4.1. Fibronectin is cleaved in the direct co-culture of peritoneal ovarian 

cancer cells  

 

In our study, the fibronectin band observed at approx 120 kDa in direct co-culture 

contained detectable peptides only between amino acids 831 and 1539 (Figure A.1c) 

whilst the 70 kDa band contained detectable peptides only between amino acids 939 

and 1540 (Figure A.1d) suggesting N terminal domain processing. Fibronectin is a 440 

kDa, 2390 amino acid long prototypic ECM comprised of three different types of 

homologous repeating units or modules arranged into protease-resistant domains 

which are separated by more flexible, protease susceptible regions [335].  

Although fibronectin has many biological activities, its role in cancer is well documented 

to promote cell adhesion and migration, key steps in the metastatic process [336, 337]. 

Fibronectin contains at least two distinct regions which can interact independently with 

distinct cell surface receptors [337-340]. The first fibronectin cell-adhesive site to be 

identified was isolated in the form of protease-resistant fragments of 110-120 kDa, 75 

kDa, and 37 kDa [337-340] derived from the internal section of the protein. The 

fragments detected in our study could be the same observed in these studies which 

were shown to retain similar cell adhesive activities as those of intact fibronectin [339, 

341]. The cell adhesive activity attributed to these fragments is contributed to the RGD 

sequence motif known for binding integrins [342, 343].  
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There are many proteases which are capable of cleaving fibronectin. Plasmin has been 

observed to cleave fibronectin to similar sized fragments as those observed in our study 

[344-346].  

MMP-2 also mediates cleavage of fibronectin into fragments including 120 and 70 kDa 

fragments [336, 347]. Kenny et al. showed that ovarian cancer cells, which express α5β1 

and αVβ3 integrins, demonstrated preferential binding to these fibronectin fragments, 

and also vitronectin fragments, which could be blocked by use of siRNA knock down of 

α5β1 and αVβ3 integrins or an anti-MMP-2 antibody [336]. This indicates that 

fibronectin processing may occur to increase ovarian cancer cell adhesion to the 

peritoneum via integrin receptors. The 120 kDa fibronectin fragment has also been 

demonstrated to increase oral squamous carcinoma cell migration [347]. Whilst MMP-3 

[348], MMP-19 [349], MT1-MMP [350], and MMP-7 [351] also cleave fibronectin, as 

well as kallikrein-7 which is upregulated in ovarian cancer cells [73, 352]. Fibronectin 

cleavage observed in the peritoneal ovarian cancer cell co-culture may be mediated by 

plasmin or MMPs.  

 

2.4.2. The role of periostin in cancer  

 

Our study identified a downregulation of full length periostin produced by LP-9 cells in 

the CM of peritoneal-ovarian cancer cell co-culture due to the cell-cell interactions. 

Periostin is a member of the fasciclin (FAS) family and a unique ECM protein in collagen-

rich connective tissues, such as periodontal ligament, periosteum, fascia of skeletal 

muscles, and cardiac valve [353-357]. Periostins expression is up-regulated by 
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transforming growth factor β (TGFβ) signalling [354] and is in the same family of 

proteins as TGFBIp whose expression was also observed to be modulated in the 

peritoneal-ovarian cancer co-culture (see Chapter 3). 

Periostin has been detected by immunohistochemistry and in situ hybridisation at the 

invasive front of colon and lung cancer in associated fibroblasts [358, 359]. Periostin 

was also found to have decreased expression in bladder cancers with increasing tumour 

grade when compared with the high expression in normal bladder tissues [360]. 

Periostin mRNA was not detected in cell lines involved in cervical, endometrial, colon, 

bladder, gastric, melanoma, pancreatic, non-small cell lung cancer cell lines or in 

fibrosarcoma, neuroblastoma, and Wilms’ tumour cell lines. However, when periostin 

was over-expressed in low or non-expressing cancer cell lines, periostin increased 

tumour growth and angiogenesis in mice xenografts [361]. A conflicting study reported 

that viral transfection of bladder cancer and osteosarcoma cells with periostin inhibited 

their anchorage-dependent growth on soft agar [362] indicating a potential tumour-

suppressing role for periostin.  

However, there are conflicting reports reviewed by Ruan et al, that many of these same 

cancer types had been found to have high expression of periostin, and/or is associated 

with poor outcome [363]. Increased periostin has been documented in papillary thyroid 

cancers [364], breast cancer [365], gastric cancer [366], oral squamous-cell carcinoma 

[367], and metastatic melanoma [368]. Periostin was increased in colorectal cancer and 

liver metastases, and it increased colorectal cancer cell proliferation [369]. Pancreatic 

cancer cells secreted periostin into the surrounding ECM and made the cells resistant to 

hypoxia induced death and increased their motility [370]. Periostin was also found to be 

elevated in the serum of colorectal cancer patients [371], breast cancer patients with 
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bone metastasis but not lung cancer patients with bone metastases [372], and stage IV 

thyoma patients [367].  

Periostin has been detected in epithelial ovarian cancer cells but not in normal ovarian 

epithelial cells and was shown to increase motility of the cancer cells and their adhesion 

to the peritoneum [373]. Furthermore, periostin has been detected in the ascites of 

ovarian cancer patients [373]. As our study showed that periostin was produced by LP-9 

peritoneal cells and no matching band appeared in the OVCAR-5 or SKOV-3 ovarian 

cancer CM, it is more plausible to deduce that the periostin originates from the 

peritoneal cells exposed to the ascites fluid. This combined data indicates that periostin 

may have a pro or anti tumorigenic role depending on the cancer type, and might be an 

effective biomarker or therapeutic target for ovarian cancer. 

 

2.4.3. PAI-1 is inactivated in peritoneal-ovarian cancer cell co-culture  

 

In this study, we found that full length PAI-1 was present in LP-9 culture but was cleaved 

during peritoneal-ovarian cancer cell direct and indirect interactions. 

Plasminogen activators are serine proteases which catalyse the conversion of the 

plasminogen to the active enzyme, plasmin [374]. Two types of plasminogen activators 

have been characterized extensively: the urokinase type (uPA) and the tissue type (tPA) 

activators [375-378] (Figure 2.14). The plasminogen activators play a key role in the 

regulation of extracellular proteolysis during normal and malignant conditions [374-

376]. uPA [379] has been shown to be elevated in primary ovarian tumours [380] and 

omental metastases [381] and can be used as a prognostic marker for patient response 

to chemotherapy and survival [382].. A study by Keski-Oja et al. showed that lung cancer 
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cells responded to TGFβ1 by producing more uPA and tPA than PAI-1, whilst the 

associated lung fibroblasts responded by producing more PAI-1 and less uPA and tPA 

[383]. Likewise, TGFβ1 has been shown to affect both the secretion of plasminogen 

activators and PAI-1 in HRA ovarian cancer cells [384]. Ovarian cancer CM was able to 

stimulate PAI-1 production in peritoneal cells but did not affect uPA levels [384]. 

Analysis of the MS peptide fingerprinting for PAI-1 revealed that LP-9 cells produce 

intact PAI-1 but during co-culture PAI-1 is cleaved. This cleavage occurs between amino 

acids 379-412 at the C-terminal domain, which includes a known cleavage site for 

prostate specific kallikrein 2 (Figure 2.13). We observed that PAI-1 was most likely 

cleaved at the Arg346-Met347 position in both the direct and Opticell indirect ovarian 

cancer-peritoneal cell co-cultures. Cleavage at this site by the prostatic serine protease 

human kallikrein 2 has been shown to inactivate PAI-1 and prevent its inactivation of 

uPA and tPA [385]. Ovarian cancer cells also produce a range of kallikreins which are 

known to stimulate the plasminogen conversion to plasmin [386]. It is possible that a 

kallikrein is responsible for the processing and inactivation of PAI-1. The interactions 

between kallikreins, PAI-1, and uPA needs further elucidation in ovarian cancer to fully 

understand their roles in tumourigenesis.  
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Figure 2.13. PAI-1 is cleaved during OVCAR-5 and LP-9 direct co-culture. 

Yellow amino acids sequences indicate those detected by MS/MS peptide mass fingerprinting. The black box indicates the known kallikrein 2 

cleavage site whilst the red dotted box indicates the most C-terminal peptide detected in the LP-9 produced full length PAI-1 
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Figure 2.14. The plasmin production pathway in healthy humans. 

Plasminogen bound to cells is converted to plasmin in the presence of the plasmin 

activators, uPa or tPA. Plasmin activity results in MMP activation and ECM protein 

processing. Plasmin also activates TGFβ, which acts as a negative feedback loop, 

increasing production of PAI-1 to inactivate uPa and tPa resulting in decreased plasmin 

production. 
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2.4.4. The role of keratins in cancer  

 

Whilst keratin detection in our study could easily be assumed to be due to 

contamination from skin cells, it is unlikely due the large number of unique keratins 

detected by MS. It must also be remembered that keratins are expressed by epithelial 

cells, which are the precursors to epithelial ovarian cancer cells. Full length 66 kDa CK-

1 as well as a range of fragments between 20 and 55 kDa were identified in the CM of 

peritoneal-ovarian cancer co-culture but not in the CM of either cell line alone. CK-1 is 

part of a large family of related cytoskeletal proteins most commonly found in the skin 

above the basal membrane layer in cells that are migrating [387, 388]. Very little is 

known about the specific role of full length CK-1 in cancer. It is known to be present in 

the membranes of adherent neuroblastoma cells and binds to β1 integrins, indicating 

a possible role for CK-1 in tumourigenesis [389]. Full length CK-1 was found in papillary 

thyroid cancer as well as 45 and 49 kDa bands similar to the fragment sizes of CK-1 we 

detected in the peritoneal-ovarian cancer co-culture [390]. An additional study 

identified 37 and 50 kDa CK-1 fragments in bladder cancer but not normal tissue 

adjacent to the tumour or healthy tissue [391]. Apart from these two studies, there is 

no other documentation of cleaved CK-1 in other cancers. Thus, our findings support 

the investigation of CK-1 fragments in ovarian cancer diagnostics in future studies. 

CK-1 is also involved in the plasmin pathway. It is known to bind to high molecular 

weight kininogen (HK), a bradykinin (BK) precursor [392]. Pre-kallikreins also bind to 

HK which form a multi-component receptor which incorporates CK-1 [393] and the 

uPA receptor (uPAR) [394] on endothelial cells. This results in the activation of uPA and 
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kallikreins [395] and liberate BK [396], which can liberate tPA [389]. These findings also 

suggest a role for CK-1 in the changes to the plasmin pathway observed during 

peritoneal-ovarian cancer cell interaction. 

 

A 48 kDa fragment of CK-5 was also identified in the CM of indirect peritoneal-ovarian 

cancer cell co-culture. CK-5 is expressed in squamous, stratified epithelium, which is 

found mainly in the basal cell layers and is associated with cell proliferation [397, 398]. 

CK-5, which is usually detected using a CK-5/6 combination antibody as it is closely 

related to CK-6 and expressed by the same cells [399]. Co-expression has been 

reported in a number of different types of tumours including basal cell carcinoma 

[400], prostate cancer [401, 402], ductal breast carcinoma [403, 404], liver 

mesothelioma [405], peritoneal mesothelioma [406], pleural mesothelioma [407], lung 

carcinomas [408], melanoma, basal cell carcinoma, thyoma, and salivary gland tumour 

[409]. CK-5/6 expression is most frequent in ER/PR/HER-2 negative breast tumours 

[410, 411] and is correlated with breast tumour grade [412], poor outcome [413] and 

brain metastasis [414].  

CK5/6 as a biomarker has superior sensitivity and reliability at differentiating between 

benign and malignant prostate gland when compared with that of the currently used 

marker, K903 (high molecular weight cytokeratins) [401]. CK-5 expression is increased 

after androgen deprivation in prostate cancer cell lines which suggests it may be useful 

as a treatment response or outcome marker [415]. CK-5/6 has been used successfully 

in a five antibody panel (which also targets TRIM29, CEACAM5, SLC7A5, MUC1) to 

better classify the subtypes of lung carcinoma than the currently used two antibody 
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panel [416]. The expression of CK-5/6 together with p63 has been used to differentiate 

between adenosquamous carcinoma and adenocarcinoma in pleural effusion samples 

[417-421]. High CK-5/6 levels in pleural effusions is also associated with longer survival 

in non-small cell lung cancer patients [422].  

Up to 25% of ovarian adenocarcinomas express CK-5 [409], whilst ovarian sex chord 

stromal tumours have been shown to be negative for CK5/6 [423]. There have been 

three studies which document fragments of CK-5 in carcinoma; a 56 kDa CK-5 

fragment in rat liver carcinoma [424], a 54 kDa fragment in bladder cancer [391], and a 

50 kDa CK-5 fragment in bladder cancer [425].  

We identified a 48 kDa fragment of CK-6C produced during indirect co-culture of 

peritoneal cells with ovarian cancer cells. CK-6 is expressed in hair follicle 

keratinocytes undergoing proliferation and in inter-follicular keratinocytes that are 

hyper-proliferative due to wounding, irritation or neoplastic growth [426]. The 

expression of the CK- 6C isoform has yet to be characterised in human tissue besides 

one report of its upregulation in the conjunctival epithelium of patients with Sjögren's 

syndrome [427]. However, a 49 kDa CK-6 fragment was identified in bladder cancer 

[425]. The lack of studies investigating associations between CK-5 and CK-6 and patient 

outcome in cancer highlights the need to investigate their potential as a biomarker or 

therapeutic target, particularly in ovarian cancer.  

 

A range of 28-50 kDa fragments of CK-9 were identified in the CM of peritoneal-

ovarian cancer direct and indirect co-culture, but not in the CM of either cell line 
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cultured alone. CK-9 is found specifically in palmar and plantar epidermis [428, 429]. 

CK-9 is downregulated 4-fold in colorectal cancer cell lines after chemotherapy and is 

part of a hetero-polymer with CK-6 found in invasive breast tumour tissue [430]. CK-9 

has also been found to be increased 2-fold in metastatic hepatocellular carcinoma 

compared with non metastatic disease [431] and was found to be present in a single 

case of bile duct carcinoma [432]. There have been no studies to date which have 

identified the presence of cleaved CK-9 in human tissues. Further studies are required 

to assess the role of CK-9 and its fragment in ovarian cancer and its potential as a 

biomarker or therapeutic target.  

 

In the CM of peritoneal cells co-cultured directly or indirectly with ovarian cancer cells 

analysed in this study, a range of 34-55 kDa fragments of CK-10 were identified by 

mass spectrometry. Little is known about CK-10, which is a marker of normal epithelial 

differentiation [433]. A currently used cervical cancer diagnostic test relies on possible 

cancerous cervical cells turning white after exposure to acetic acid. These white cells 

have far greater levels of CK-10 than their normal counterparts which do not turn 

white. CK-10 has thus been considered as a potential marker for cervical cancer [434]. 

Full length CK-10 has been reported in papillary thyroid cancer [390] and oral 

squamous cell cancers but not lung cancers [435]. There have been no studies to date 

which describe cleaved CK-10 fragments such as those seen in our study. The 

examination of biological fluid samples from ovarian cancer patients for CK-10 

fragments is warranted to determine whether CK-10 can be used as a novel ovarian 

cancer biomarker.  
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We also identified a 48 kDa fragment of CK-14 in the CM of indirect peritoneal-ovarian 

cancer cell co-culture. CK-14 is found on basal cells and is lost upon keratinocyte 

differentiation [436]. CK-14 is greatly increased in suprabasal layers in venous eczema 

and lipodermatosclerosis suggesting prolonged proliferation of the basal cells [437]. 

CK-14 has been well documented as a biomarker for various cancers including 

squamous lung carcinoma [438], epithelial tumours [400], subungual squamous cell 

carcinoma [439], malignant eyelid tumours [440], and squamous carcinoma of the 

cervix [441]. CK-14 is found in squamous cell carcinoma regardless of origin and 

degree of differentiation [442]. It also is used as a marker to distinguish between 

epithelial hyperplasia and DCIS involving papillomas in breast [443]. CK-14 has also 

been associated with stage and lymphatic invasion in squamous cell carcinoma of the 

oesophagus [444, 445]. CK-14 has been associated with growth in salivary gland 

carcinoma [446], hepatocellular carcinoma [447], and metastatic potential of 

squamous cell carcinoma of the lung [448]. RT-PCR for CK-14 has been shown to be 

very sensitive at detecting micrometastasis in lymph nodes that are negative by 

routine pathological examination in head and neck carcinoma [449, 450]. 

CK-14 fragments have been reported in the literature in two studies. A 50 kDa 

fragment has been documented to be produced by HMEC breast cancer cells [451] and 

a 44 kDa fragment of a similar size to that seen in our study was observed in 

differentiated bladder cancer but not in normal bladder tissue [425]. Thus further 

investigation assessing CK-14 levels and fragments as novel biomarkers in ovarian 

cancer is warranted. 
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We also identified a 48 kDa fragment of CK-16 in the CM of peritoneal-ovarian cancer 

cell indirect co-culture. CK-16 is characteristically expressed in hyperproliferative 

epithelium and is associated with fast cell turnover [452, 453]. CK-16 has been found 

to be elevated in prostate cancer [454], head and neck cancer [455], nonfollicular 

epithelial tumours [456], subungual squamous cell carcinoma [439], and pancreatic 

cancer [457]. CK-16 increases with lesion severity in cervical neoplasia [458] and is 

correlated with breast tumour grade [412]. CK-16 is a useful marker for identification 

of the squamous subtype of lung carcinoma [438]. A search of the literature only 

found one reference to a cleaved form of CK-16. Ostergaard et al. ran 2D gels and 

identified CK-16 in differentiated keratinocytes in bladder cancer but not in healthy 

tissue. The CK-16 that they identified by mass spectrometry was a 44 kDa fragment 

[425] which matches the CK-16 fragment seen in our study. It is possible that the 

unknown protease responsible for cleaving CK-16 in bladder cancer is also responsible 

for the cleavage seen in our co-culture system. Thus further investigation into the role 

of CK-16 fragments in ovarian cancer and its potential as a biomarker or therapeutic 

target is also warranted. 

 

The role of keratins in cancer in general is rarely investigated, most likely because they 

are often considered to be contaminants in proteomic screens. Cytokeratins and their 

fragments may yet prove to be important prognostic markers of ovarian cancer or 

detection biomarkers. In fact, a cytokeratin-19 fragment has been used to detect lung 

cancer with 57.3% sensitivity and a specificity of 94.9% [459], giving weight to the idea 

that cytokeratin fragments can be used diagnostically. Further investigations are 
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required to further elucidate the role of cytokeratins and their fragments in ovarian 

cancer. 

 

2.4.5. The role of TKT in cancer  

 

Increased levels of full length TKT and a 43 kDa fragment were identified in the CM of 

indirect peritoneal-ovarian cancer co-culture. TKT is a non-receptor tyrosine kinase 

which connects the pentose phosphate pathway to glycolysis in mammals, feeding 

excess sugar phosphates into the main carbohydrate metabolic pathways [460]. Its 

presence is necessary for tissues actively engaged in biosyntheses, such as fatty acid 

synthesis by the liver and mammary glands, and for steroid synthesis by the liver and 

adrenal glands [461].  

Clinical observations indicate an important role of the non-oxidative TKT reactions in 

cancer cell proliferation in patients with breast and bronchial carcinoma. These 

patients have the tendency to develop a depleted state of TKT co-factor thiamine [462, 

463]. TKT was highly expressed in prostate cancer xenografts [464] and had increased 

TKT activity in colon cancer cells [465] and in the blood of stomach and mammary 

gland cancer patients [466]. TKT was shown to be expressed in lung cancer cells but 

not normal lung cells [467] and TKT levels were additionally found to be upregulated in 

metastatic lung cancer cells when compared with non metastatic cells [468, 469]. TKT 

was also found to be upregulated in hepatocellular carcinoma compared with normal 

liver tissue [470] and was furthermore shown to be upregulated in metastatic 

hepatocarcinoma [471].  
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TKT has been used as anti-tumourigenic agent in some studies. Treatment of tumour 

cells with specific TKT inhibitors led to a reduction in tumour cell proliferation [472]. In 

a pharmacodynamic study where nude mice with xenografted colon cancer tumours 

were dosed with an inactive analog of thiamine, TKT activity was almost completely 

suppressed in blood, spleen, and tumour cells and tumour growth was significantly 

inhibited [473]. 

Little is known about TKT processing. A single study demonstrated that a cysteine 

proteinase was able to cleave TKT in the brains of alzheimer patients to produce a 

similar size fragment to that detected in our study [474]. Further studies are required 

to determine whether cleaved TKT can be used as an ovarian cancer biomarker or 

therapeutic target.  

 

2.4.6. The role of annexin A2 in cancer  

 

Full length annexin A2 was found to be produced by ovarian cancer and peritoneal 

cells. However, two forms of cleaved annexin were observed in direct and indirect 

peritoneal-ovarian cancer cell co-culture. Annexin A2 is a phospholipid calcium-binding 

protein which is found in a range of cells such as endothelial cells, epithelial cells, and 

tumour cells [475]. Annexin A2 is a 36 kDa monomer found in the cytoplasm and 94 

kDa protein heterotetramer which consists of two annexin A2 monomers and two 11 

kDa molecules known as annexin 2 light chains or p11 proteins which are found at the 

membrane surface of various cells [476]. It is a multifunctional protein which is 

involved in actin and cytoskeleton regulation [477] and serves as a receptor for ECM 
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proteins such as collagen I, cathepsin B, tPA, and plasminogen [475]. Since annexin A2 

lacks a signal peptide and it is not secreted via endoplasmic reticulum pathways, the 

mechanism which regulates annexin A2 secretion is unknown.  

The annexin A2 hetero-tetramer plays an important role in the plasminogen activation 

system and annexin A2 acts as a tPA receptor on the surface of endothelial and cancer 

cells which activates the conversion of plasminogen into plasmin [478, 479] (Figure 

2.14) which facilitates ECM degradation leading to enhanced cell migration [480], 

invasion [481], angiogenesis [482] and metastasis [475]. Plasminogen serves as a 

binding site for annexin A2 at lysine 307 in endothelial cells [478] and p11 proteins at 

lysine residues at the carboxyl terminal in epithelial cells [483] which results in plasmin 

production. Annexin A2 dependent plasmin generation has been demonstrated to be 

essential for the invasion and migration of invasive breast cancer cells [484]. 

Over-expression of annexin A2 has been demonstrated in several cancer types such as; 

breast, pancreas, colorectal, and prostate cancer [481, 484-486]. A recent study found 

that annexin A2 mRNA is upregulated 3-fold in metastatic ovarian cancer when 

compared with normal ovarian tissue [487]. A proteomic study reported that annexin 

A2 was upregulated in ovarian cancer cell lines with high invasive capacity compared 

with those with low invasive capacity [488], suggesting it could be used as a biomarker 

or therapeutic target for ovarian cancer.  

Annexin A2 neutralizing antibodies have been shown to regulate prostate cancer cell 

adhesion to osteoblasts and endothelial cells [489] and inhibit cell migration, invasion, 

and block plasminogen conversion in breast cancer cells [484], Lewis lung carcinoma 

[490], and monocytes [491]. Knockdown of annexin A2 expression has been shown to 
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decrease cell migration of human glioma [492] and pancreatic cancer cell lines [493], 

reduce cell invasion through Matrigel for multiple myeloma [494] and pancreatic 

cancer cells [493], as well as decrease adhesion of prostate cancer cells to osteoblasts 

[489]. Diaz et al. showed that annexin A2 interactions with tPA are essential for 

invasiveness of the pancreatic cancer cells [481]. The presence of 6-aminocaproic acid 

(ε-ACA), a lysine analogue, affects the interaction between plasminogen and annexin 

A2 which blocks plasmin generation inhibited cell migration and invasion in breast 

cancer cells [484]. Furthermore, the importance of annexin A2 in tumour development 

has been confirmed in vivo studies where annexin A2 knockout (KO) mice did not 

develop tumours [482]. 

Peptide analysis of the four annexin A2 protein spots identified in the co-culture CM 

samples failed to identify any annexin A2 peptides in the N-terminal domain (amino 

acid residues 1-35, Figure A.7). These findings suggest that there is cleavage of annexin 

A2 in the N-terminal domain as a result of the co-culture interactions. The N-terminal 

domain of annexin A2 consists of multiple phosphorylation sites including a tyrosine at 

position 23 by pp60c-src [495] and Ser25 by protein kinase C [496]. Cleavage of annexin 

A2 at the N-terminal domain by plasmin has been reported in monocytes [497] and 

endothelial cells [483] resulting in loss of the first 27 amino acid residues and a band at 

approximately 33-34 kDa similar to that seen in this study. Matrilysin (MMP-7) cleaves 

annexin A2 at the N-terminal domain which results in a truncated form of annexin A2 

which may assist tumour invasion and metastasis of colorectal and breast cancer cell 

lines [498]. MMP-7 cleaves annexin A2 at Lys10 in the N-terminal to produce a 35 kDa 

form. Annexin A2 was observed in a proteomic study investigating Morris hepatoma 
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[499] at a similar size but different pI value to that identified in our study. They also 

did not detect any peptides in the first 35 amino acids, indicating cleavage in the N 

terminal domain, similar to the annexin A2 identified in our study. However, they also 

did not detect peptides at the end of the C terminal domain, which all 4 of our annexin 

A2 fragments retained. This is likely due to the annexin A2 found in the Morris’ 

hepatoma being further processed at the C terminal domain which would result in a 

different pI value to ours. The first 12 amino acids of annexin A2 have also recently 

been shown to block stem cell adhesion to osteoblasts [500]. Binding sites to the p11 

proteins and tPA have been identified in the N-terminal domain of annexin A2 at the 

amino acids residues 1-14 and 8-13 respectively [478, 501]. Tsunezumi et al. reported 

that the first 9 amino acids of annexin A2 bound to the tPA molecule more efficiently 

than intact annexin A2 [498]. Thus it is likely that cleaved annexin A2 acts to promote 

increased activation of the plasmin pathway to produce increased levels of plasmin. 

The research to date provides solid support for further examination of the role of 

annexin A2 in ovarian cancer as a biomarker or a therapeutic target. 

 

2.4.7. The role of annexin A6 in cancer  

 

A 36 kDa annexin A6 fragment was identified in the indirect co-culture of peritoneal 

cells and ovarian cancer cells. Annexin A6 (previously annexin VI) is a 67 kDa member 

of the annexin family of calcium and phospholipid binding proteins [502]. Early studies 

identified annexin A6 as a major calcium-dependent component of lymphocyte plasma 

membranes [503-505] and intestinal epithelial cell cytoskeletons [506]. It is found 
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abundantly in the heart [507, 508] and is involved in lipid formation [509, 510] as well 

as affecting the renin angiotensin aldosterone system (RAAS) [421, 511]. 

Little is known about the role of annexin A6 in cancer, besides its effects on the RAAS. 

Annexin A6 has been identified in breast cancer cells predominantly in membranous 

structures [512] and was found to be downregulated during metastatic development 

in mouse melanoma [513]. Similarly, annexin A6 was significantly reduced in 20 cancer 

microarrays [511]. In a prostate cancer model, annexin A6 is downregulated during 

progression from a benign to a malignant state [511]. Ectopic expression of annexin A6 

in epithelial carcinoma cells which do not express annexin A6 [511] reduces cell 

proliferation and tumour growth in nude mice [514]. Furthermore, annexin A6 was 

upregulated in Morris hepatoma when compared with normal liver in rats [499]. 

Despite this, annexin A6 KO-mice appear normal and do not develop spontaneous 

tumours and furthermore have increased annexin A2 levels [515], indicating a 

potential redundancy for annexin A6 in cancer development. 

A single study identified a 15 kDa annexin A6 fragment in a proteomic screen of 

injured hepatocytes [516], but there is no literature describing cleaved annexin A6 in 

cancer. Thus, further studies are justified to evaluate the role of cleaved annexin A6 as 

a diagnostic marker for ovarian cancer. 
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2.4.8. The role of eEF-2 in cancer  

 

A 34 kDa fragment of eEF-2 was upregulated and identified in the indirect co-culture of 

peritoneal cells and ovarian cancer cells but not in the single cell cultures. eEF-2 is a 

100 kDa protein that catalyses the ribosomal translocation reaction, resulting in the 

movement of ribosomes along mRNA, activation of GTPase, and protein synthesis. 

Phosphorylation of eEF-2 makes it inactive in translation [517]. eEF-2 has proved to be 

surprisingly sensitive to inhibition via phosphorylation or ADP-ribosylation, both of 

which lead to an immediate translational arrest [517, 518]. Phosphorylation of eEF-2 is 

accompanied by a decrease in short half-life of anti-apoptotic proteins [519]. 

eEF-2 is expressed in over 90% of colorectal and gastric cancers. Knockdown with 

short-hairpin RNA arrested G2/M growth in colon and gastric cancer cell lines whilst 

overexpression increased cell proliferation [520]. It is also a marker for the TC2 class of 

multiple myeloma [521]. eEF-2 was upregulated in cervical cancer causing human 

papilloma virus 16 oncogene E6 transfected lung cancer cells when compared with 

wild type cells suggesting a role for eEF-2 in cervical cancer [522]. 

eEF-2 was found to be upregulated in metastatic breast cancer compared with non 

metastatic breast cancer [523]. Similarly, eEF-2 auto-antibodies were found in the 

serum of patients with DCIS breast cancer but not in the serum of healthy or benign 

patients [524]. Likewise, eEF-2 was detected in 11/15 breast cancers by serological 

proteome analysis when compared with normal tissue [525]. In other proteomic 

studies, eEF-2 was identified in melanoma tumours probed with cancer patient serum 

but not in tissue probed with healthy serum by 2D electrophoresis analysis [526]. 
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Likewise, full length eEF-2 was identified as an auto-antigen in 93/118 hepatocellular 

carcinomas by serological proteome analysis when compared with normal tissue but 

not lung cancer, oesophageal cancer, and gastric cancer [525]. Only one very recent 

study documents a role for eEF-2 in ovarian cancer. It was found that eEF-2 was 

upregulated 4-fold in cisplatin resistant ovarian cancer cells when compared with the 

non resistant parent cell line [527]. 

Furthermore, there is little evidence of cleaved forms of eEF-2 in the literature apart 

from a single study that showed that trypsin cleaves eEF-2 at Arg66 and Lys571/Lys572. 

eEF-2 cleaved at Arg66 was unable to form a high-affinity complex with ribosomes 

whilst retaining its ability to form a low-affinity complex and to hydrolyse GTP. The 

second cleavage at Lys571/Lys572 was accompanied by a loss of both this low-affinity 

binding and also the GTPase activity [528]. The limited literature regarding the role of 

eEF-2 in cancer, and more importantly documentation of eEF-2 fragments gives strong 

support for further studies into the role of eEF-2 in ovarian cancer as a biomarker or 

therapeutic target. 

 

2.4.9. The role of TGFBIp in cancer  

 

In this study, peritoneal cell expressed full length TGFBIp was observed to be 

downregulated during peritoneal ovarian cancer co-culture. TGFBIp was originally 

named Βig-h3 derived from its initial identification and cloning as a major TGFβ-

responsive gene in the A549 lung adenocarcinoma cell line: TGFβ-induced gene human 

clone 3, abbreviated to Big-h3 [529]. TGFBIp has also been referred to other names 
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over the years including; MP78/70 [530], collagen fibre associated protein (RGD-CAP) 

[531], and keratoepithelin [532] but TGFBI is now the accepted terminology for the 

gene name and TGFBIp for the protein. Human TGFBIp consists of 683 amino acids 

with a molecular weight of 68 kDa in its secreted form. To date, only two isoforms of 

TGFBIp at 78 and 68 kDa have been reported [533], both of which are encoded by a 

single gene [534]. It includes a signal peptide in the first 24 amino acid residues at the 

N-terminus, a cysteine rich EMI domain, four highly conserved FAS domains, and a C-

terminal Arg-Gly-Asp (RGD) motif which serves as a ligand recognition site for several 

integrins including α1β1 [535], α3β1 [536, 537], αvβ3 [538-540], αvβ5 [541, 542], α6β4 

[543], and α7β1 [544] integrins, indicating a role in cell adhesion. 

TGFBIp is regulated not only by TGFβ signalling, but also by retinoid [545], IL-4 [546], 

IL-1, and TNF-α [539] in various cell types. However, a number of cells, both cancerous 

and non-cancerous, produce TGFBIp in response to TGFβ stimuli, including; prostate 

cancer cells [529], lung carcinomas cells [529], melanoma cells [547], astrocytoma cells 

[548], and pancreatic cells [549]. 

There have been few studies which have investigated the effects of TGFBIp on tumour 

cell function and the knowledge about the role of TGFBIp in ovarian cancer is limited. 

Recent studies have shown that the level of TGFBIp in ovarian cancer tissue is 

predictive of the disease response to the treatment with the aromatase inhibitor 

letrozole [550] or the chemotherapeutic drug paclitaxel [551]. We have further 

examined the role of TGFBIp in ovarian cancer in chapter 3. 
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2.4.10. Protein regulation in peritoneal-ovarian cancer co-culture 

 

When we cultured peritoneal cells with ovarian cancer cells, whether in direct contact, 

or indirect co-culture where both cell types shared the same media, we observed that 

a number of proteins were degraded or processed. Some of these proteins such as 

fibronectin have been discussed in the literature as being beneficial to various cancer 

types when cleaved [336]. Others, such as the various cleaved cytokeratins we 

identified in peritoneal-ovarian cancer cell co-culture, have not been documented in 

the literature, making these findings very novel. Those proteins which have been 

reported to be cleaved have very little literature regarding the subject, and no 

documentation in relation to the role of the cleaved proteins in ovarian cancer. 

Cleaved CK-1 PAI-1, and annexin A2 were present in both the direct co-culture and 

Opticell indirect co-culture, indicating that these cleavage events occur early in the 

metastatic process, and are either involved in the earliest interactions between 

peritoneal and ovarian cancer cells as the proteins were also detected in the direct co-

culture, or the processing can occur through paracrine effects and can also be 

triggered by direct contact.  

Full length CK-1, annexin A2, and TKT were also identified to be upregulated in 

peritoneal-ovarian cancer cell co-culture. These proteins and their fragments need to 

be evaluated as potential biomarkers or therapeutic targets for ovarian cancer. 

Ultimately, we can conclude from these experiments, that when peritoneal cells are 

exposed to ovarian cancer cells, whether by direct contact, or by shared peritoneal 

fluid, that a proteolytic response is triggered. This results in numerous proteins being 
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processed or degraded by proteases. This proteolytic pathway needs further 

investigation, as inhibiting the proteolytic response triggered by peritoneal-ovarian 

cancer cell interaction could be a potential therapy target. Further investigation of the 

various cleaved proteins produced as a result of this proteolytic response may lead to 

development of novel ovarian cancer biomarkers for diagnosis, prognosis, or response 

to therapy.  
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CHAPTER 3 – TGFBIp INCREASES OVARIAN CANCER CELL 
MOTILITY, INVASIVENESS, AND ADHESION TO 
PERITONEAL CELLS 

 

3.1.  INTRODUCTION 

 

A greater understanding of the interaction which occurs between ovarian cancer cells 

and the peritoneum would potentially lead to the identification of novel molecular 

targets to block this critical step during ovarian cancer metastasis. Our study has 

therefore analyzed the protein expression of ovarian cancer cells (OVCAR-3, OVCAR-5, 

and SKOV-3) and peritoneal (LP-9) cells in co-culture in chapter 2. One of the proteins 

identified by MS to be differentially expressed in the co-culture secretome was the 

ECM protein TGFBIp. 

TGFBIp comprises 683 amino acids with a predicted molecular mass of 68 kDa. 

Expression of TGFBIp is induced by TGFβ in several cancer cell types [528, 531, 537, 

539, 547, 552-559], including lung carcinoma [529], prostate cancer [529], melanoma 

[547] astrocytoma [548], and pancreatic cancer [549] cells. In many cell types TGFBIp 

functions as a linker protein that connects various matrix molecules to each other as 

well as to cells [530, 554, 560, 561]. TGFBIp contains four internal FAS1 domains and a 

carboxy terminal RGD motif which serves as a ligand recognition site for several 

integrins (Figure 3.1) [535-544] in several cell types [536, 562-565]. TGFBIp can bind to 

types I, II and IV collagens. Proteoglycans such as small leucine-rich biglycan and 

decorin are another group of ECM proteins which can bind directly to TGFBIp [561]. 
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Immunohistochemical studies show TGFBIp to be a protein distributed in the ECM of a 

wide range of developing and mature tissues including endothelial cells of human 

vascular tissues [566], papillary dermis [559], primary spongiosa, periosteum, and 

perichondrium [567]. It has also been linked with bone formation [540, 568]. TGFBIp 

expression is induced in endothelium and stroma-derived cells in healing cornea [569] 

and reactive astrocytes in rat cerebral cortex at stab wound sites [548].  

TGFBIp has also been associated with a range of other diseases including; cyclosporine 

nephropathy [570], atherosclerosis [566], and rheumatoid arthritis [539, 546]. It also 

has a role in reproduction [571, 572] and wound healing [546, 548]. Mutations in the 

TGFBI gene are well characterised in a number of corneal dystrophies [573-576]. In 

addition to playing a role in corneal dystrophies, TGFBIp has been found to be 

increased in the urine of diabetics [553, 577] and it has been suggested that combined 

monitoring of albumin excretion rate and urinary TGFBIp can predict the severity of 

diabetic nephropathy [562]. 

There is conflicting data in the literature reporting that TGFBIp can have either a 

tumour suppressive or tumour promoting role. High TGFBIp expression has been 

reported for various tumour tissues [549, 578-586] but low expression has also been 

observed in other tumour types [587-589]. TGFBIp overexpression has been shown to 

markedly reduce tumourigenicity of CHO cells and lung cancer cells in vivo [547, 590]. 

Likewise, a recent observation by Becker et al. suggested that increased expression of 

TGFBIp suppresses neuroblastoma cell adhesion to various extracellular matrix 

proteins, thus inhibiting their proliferation and invasiveness [591].  
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TGFBIp plays a role in the adhesion and migration of keratinocytes/fibroblasts 

mediated through α3β1 integrin at wound sites where they are synthesizing new ECM 

[592]. This is supported by in vitro studies demonstrating adhesion and migration of 

dermal fibroblasts, monocytes, keratinocytes, chondrocytes, peritoneal fibroblasts, 

and lung fibroblasts to TGFBIp [535, 557, 559, 565].  

There has been some interest in the integrin binding peptides in the C terminus of 

TGFBIp. RGD peptide released from the C-terminal of TGFBIp was shown to mediate 

TGFβ induced apoptosis in lung carcinoma cells [593] and osteosarcoma cells [594]. 

The structural analysis of the NKDIL and EPDIM sequence motifs showed that they can 

adopt a β-turn structure similar to the RGD peptide and could interact with integrins 

during adhesion [595]. Another adhesion motif identified is the highly conserved 

tyrosine and histidine residues (YH motif) flanked by several leucine/isoleucine 

residues in the FAS1 domain which supports αvβ5 integrin mediated adhesion of lung 

fibroblast MRC-5 cells [542] providing multiple mechanisms by which TGFBIp may 

mediate adhesion in normal, and malignant physiology. 

Many reports suggest TGFBIp is a negative player in tumourigenesis. However, TGFBIp 

was able to support adhesion of osteoblasts in vitro by recruiting αvβ3/αvβ5 integrins 

[540] as well as adhering to dermal fibroblasts, chondrocytes, peritoneal fibroblasts 

and human MRC-5 fibroblasts [535, 559]. Additionally, TGFBIp has also been shown to 

mediate invasion and metastasis [543, 592, 596-598].  

Knowledge about the role of TGFBIp in ovarian cancer is limited. It has been shown 

that the level of TGFBIp in ovarian cancer tissue is predictive of the disease response 

to the treatment with the aromatase inhibitor letrazole [550] or the chemotherapeutic 
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drug paclitaxel [551]. Thus the role of TGFBIp in ovarian cancer needs to be further 

elucidated. In this study, we have therefore investigated TGFBIp expression in tissue 

and ascites of ovarian cancer patients and have performed functional in vitro studies 

with ovarian cancer and peritoneal cells to study its potential effects on ovarian cancer 

metastasis. 
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Figure 3.1. The structure of TGFBIp. 

TGFBIp consists of a signal peptide and a cysteine rich domain in the N terminus, four 
fasciclin domains, and several motifs in the C terminal domain, including the Arg-Gly-
Asp motif. 
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3.2.  MATERIALS AND METHODS 

3.2.1. Co-culture of peritoneal and ovarian cancer cells 

 

Cells were maintained as described in section 2.2.1. LP-9 peritoneal cells and OVCAR-5, 

OVCAR-3, and SKOV-3 cells were co-cultured and the CM was collected and prepared 

as described in section 2.2.1. Additional co-cultures were incubated in the presence of 

broad spectrum MMP inhibitor GM6001 (20 μM, #M5939, Sigma Aldrich, St. Louis, USA) 

[599], broad spectrum protease inhibitor for serine, cysteine, and aspartic 

aminopeptidases which has been reported to be non toxic to mammalian cells (PI, 

1/800, #P1860, Sigma Aldrich), or plasminogen conversion inhibitor, ε-ACA (150 mM, 

#A2504, Sigma Aldrich).  

 

3.2.2. MALDI-TOF/TOF and LC-ESI-IT mass spectrometry  

 

Designated bands were excised from Coomassie-G-250 stained gels for mass 

spectrometry as described in section 2.2.3. The MOWSE and probability scores 

calculated by MASCOT were used as the criterion for protein identification. Data was 

also matched to the predicted sequence of TGFBIp. 
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3.2.3. Western immunoblotting  

 

CM samples were precipitated with acetone as described in section 2.2.2 above, and 

re-dissolved in 4X LDS sample buffer (Invitrogen). Equal volumes of each CM sample 

were diluted in 5X loading buffer containing 0.05% v/v β-mercaptoethanol were 

heated at 96°C for 5 min before loading onto a SDS-PAGE gel (10% bis-Tris, Biorad). 

Protein samples were electrophoresed at 100 V and transferred to PVDF membranes 

(GE Healthcare). Recombinant TGFBIp (rTGFBIp, 0.5 μg, R&D Systems, Minneapolis, 

USA) was loaded as a positive control for the western blot. For plasmin digestion of 

TGFBIp, TGFBIp was incubated with 0.3 U/mL plasmin from human serum (#P1867, 

Sigma Aldrich) in 1 mM CaCl2 for 3 hr at 37°C in the presence or absence of broad 

spectrum protease inhibitor cocktail at 1/200. Non specific binding to PDVF 

membranes was blocked with 3% skim milk in Tris-buffered saline containing 0.1% 

Tween 20 for 1 hr before incubation with rabbit polyclonal TGFBIp antibody (1/200, sc-

28660, Santa Cruz Biotechnology, CA) for 2 hr at room temperature (RT). TGFBIp 

protein was visualized with anti-rabbit IgG peroxidase-conjugated secondary 

antibodies (Millipore Australia, Sydney, Australia), followed by enhanced 

chemiluminescence and autoradiography (ECL Hyperfilm, GE Healthcare) for 1-10 min. 

Ascites samples (n = 3) from ovarian cancer patients were collected prospectively 

during surgery at the Department of Gynaecological Oncology, Royal Adelaide Hospital 

(RAH) from January 2007 to January 2010 with approval from the RAH Human Ethics 

Committee. Ascites samples were centrifuged at 3000 rpm for 10 min to remove 

debris and stored at -70°C. Ascites fluid (200 μl) was passed through an 8cm Sephacryl 



 

123 
 

S400 column (GE Healthcare) in PBS and 150 μl fractions collected. Fractions 

containing TGFBIp, as determined by a dot blot with rabbit polyclonal TGFBIp antibody 

(1/200, sc-28660, Santa Cruz), were pooled and total protein estimated using a 

Bradford’s protein assay as per the manufacturer’s instructions (Biorad) and 

immunoblotted for TGFBIp as above. 2D gels were ran as described in section 2.2.2 

then transferred to PVDF membrane and immunoblotted using the same protocol as 

for 1D westerns. 

 

3.2.4. Immunohistochemistry  

 

Archived formalin fixed paraffin tissue blocks of normal ovaries (n = 7), benign serous 

tumours (n = 8), serous ovarian carcinomas (n = 20), matching omental metastatic 

implants (n = 20), and serous borderline tumours (n = 10) were obtained from the 

Institute of Medical & Veterinary Science (IMVS), Adelaide, Australia with approval 

from the Royal Adelaide Hospital (RAH) and University of Adelaide human ethics 

committees. Borderline tumours, serous ovarian carcinomas and matching omental 

metastatic implants were assembled into tissue microarrays. Three representative 

cores (1.0 mm) identified by a pathologist were mounted on multi-tissue block 

microarrays using a tissue arrayer (Millipore). Immunostaining was measured by image 

analysis using a high throughput image analysis system. Normal and benign tissue 

sections (4 �m) were likewise mounted onto positively charged slides 

(SuperFrost®Plus, Menzel-Glaser, Braunschweig, Germany) and all were heated at 

60°C for 1.5 hr. Sections were dewaxed in xylene, washed in ethanol and PBS, and 
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endogenous peroxidase activity quenched with 0.3% H2O2, followed by microwave 

antigen retrieval using 0.1 M citrate buffer, pH 6.0, as described previously [600]. To 

eliminate non-specific binding, tissues were blocked in 5% goat or rabbit serum (Sigma 

Aldrich) for 20 min and then incubated overnight at 4°C with rabbit polyclonal TGFBIp 

antibody (1/200, sc-28660, Santa Cruz Biotechnology). The tissues were subsequently 

incubated with biotinylated goat anti-rabbit (1/400, Dako Australia, Sydney, Australia) 

for 1 hr at room temperature (RT) followed by streptavidin-horseradish peroxidase 

conjugate (1/500, Dako Australia). Immunoreactivity was detected using 

diaminobenzidine/H2O2 substrate. Sections were counterstained with 10% 

haematoxylin, dehydrated, and mounted in pertex (HD Scientific, Sydney, NSW, 

Australia). Each tissue sample had a matching negative control without the primary 

antibody incubation step. The immunostaining intensity of TGFBIp in the ovarian and 

omental tissues was assessed using a manual scoring method: strong (3+), moderate 

(2+), weak (1+), or negative (0). We defined a score of 0 or 1+ as low immunostaining 

and a score or 2+ or 3+ as high immunostaining.  

 

3.2.5. Motility and invasion assays 

 

Ovarian cancer cell lines (OVCAR-5, OVCAR-3, and SKOV-3) were trypsinized, washed, 

resuspended at a concentration of 1 x 106 cells/ml in RPMI media containing 0.1% BSA 

and antibiotics and labelled with calcein-AM (1 μg/ml) for 30 min at RT by mixing on an 

oscillating platform (Nutator, Clay Adams, Becton Dickinson, Sparks, MD). Cells were 

pelleted and washed three times with 0.1% BSA RPMI and subsequently mixed at a 
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concentration of 1 x 106 cells/ml with control (PBS) or rTGFBIp (0.5-10 μg/ml, R&D 

systems) for 2-3 hr at RT on the Nutator in the dark. To assess the role of the RGD 

peptide motif in promoting motility and invasion, ovarian cancer cells were also pre-

treated with TGFBIp peptide ERGDEL (50 μg/ml, Mimotopes, Clayton, Victoria, 

Australia) or ERGEEL control peptide (50 μg/ml). The cell suspension (40,000 cells/well 

in 50 μl) was added to the top of uncoated 12 μm filter 96 well chemotaxis assay 

plates (Neuroprobe Inc, Gaithersburg, USA) or 12 μm filter chemotaxis plates coated 

with Geltrex (0.6ul/well of 9mg/ml, Invitrogen) containing 30 μl of 10% FBS RPMI as a 

chemoattractant in the lower chamber. Cells were allowed to migrate for 6 hr at 37°C 

in an environment of 5% CO2. Non-migratory cells on the top side of the filter were 

gently removed with a moistened cloth and the fluorescence was measured at 485-

520 nm using a Fluostar Galaxy fluorescent plate reader (BMG Labtech, Offenburg, 

Germany).  

 

3.2.6. Adhesion assays  

 

LP-9 mesothelial cells were plated at 16,000 cells/well in 96-well plates for 48 hr. 

Confluent monolayers were washed with RPMI media containing 0.1% BSA and 

antibiotics for 30 min prior to the adhesion assay at 37°C. Ovarian cancer cell lines 

(OVCAR-5) were trypsinized, washed, and resuspended in RPMI media containing 0.1% 

BSA and antibiotics and were labelled with calcein-AM as per motility and invasion 

assays. Ovarian cancer cells were mixed at a concentration of 100,000 cells/ml with 

PBS or rTGFBIp (0.5-10 μg/ml) for 3 hr at RT on a Nutator. Additional experiments 
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were performed in the presence or absence of neutralizing TGFBIp mouse monoclonal 

antibody (5 μg/ml, 60007-1-Ig, Proteintech Group Inc [601]), mouse IgG 

immunoglobulins (5 μg/ml, Sigma Aldrich), or PI (1/800). To assess the role of the RGD 

peptide motif in promoting adhesion, ovarian cancer cells were pre-treated with 

TGFBIp peptide ERGDEL (50 μg/ml) or ERGEEL control peptide (50 μg/ml). The cell 

suspension (80 μl) was added to each well of LP-9 cell monolayers, and cells allowed to 

adhere for 8 min. LP-9 cell monolayers were subsequently washed three times with 

100 μl/well of RPMI media containing 0.1% BSA and antibiotics. The cells were 

solubilised with 0.2 M NaOH containing 1% SDS (100 μl/well) in the dark for 10 min. An 

aliquot of 85 μl for each well was transferred to a white 96-well plate, and the 

fluorescence was measured at 485-520 nm on a Fluostar Galaxy fluorescent plate 

reader. 

 

3.2.7. Plasmin activity assay  

 

Plasmin activity levels in CM were measured using the chromozym PL substrate (Roche 

Diagnostics Inc, Mannhein, Germany) according to the manufacturer’s instructions. 

CM was collected from OVCAR-5 and LP-9 cells either cultured alone or directly co-

cultured in a time course experiment over 72 hr using culture conditions described in 

section 2.2.1. Plasmin activity levels were assayed in duplicate in a total reaction 

volume of 100 μl in 96-well plates containing 15 μl Tris buffer (50 mM, pH 8.2), 10 μl 

0.9% NaCl, 15 μl chromozyme PL substrate (3 mM in 100 mM glycine) and 60 μl of CM. 

The 96-well plates were incubated for 1 hr at 37°C and absorbance was measured at 
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405 nm using an automated 96-well plate reader (Bio-Rad). The colorimetric change 

resulting in the formation of yellow p-nitroaniline is a direct measure of the plasmin 

activity level present in the CM samples. Negative controls included parallel wells 

containing no chromozym PL substrate and growth media alone which served as the 

reagent blank. Increasing concentrations of human plasmin (0.1 - 0.8 U/ml, Sigma-

Aldrich) were incubated with chromozym PL in order to generate a standard curve to 

calculate plasmin levels in the CM samples (data not shown). 

 

3.2.8. Statistical analysis 

 

All analyses were performed using SPSS 15.0 for Windows Software (SPSS Inc., 

Chicago, IL). The Student’s t-test, one way ANOVA with Dunnett C or Dunnett T post-

hoc tests, Chi squared test with Fisher’s Exact test, and Pearson’s correlation test were 

used to determine statistical significance between control and treatment groups. 

Statistical significance was accepted at p < 0.05. 
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3.3. RESULTS 

3.3.1. Expression of TGFBIp in ovarian cancer and peritoneal cells 

 

The level of TGFBIp identified by 1D-gel electrophoresis and mass spectrometry was 

reduced in the CM of co-cultured ovarian cancer cells (OVCAR-5 and SKOV3) and LP-9 

peritoneal cells when compared with CM from LP-9 cells alone (Figure 3.2a). Western 

blotting was employed to further investigate TGFBIp expression in ovarian cancer cell 

lines and LP-9 peritoneal cells. We found that TGFBIp was abundantly secreted by LP-9 

cells (Figure 3.2b). Low levels of TGFBIp were present in the CM of OVCAR-5, whilst 

TGFBIp was undetectable in the CM of OVCAR-3 and SKOV-3 cells (Figure 3.2b).  

Immunohistochemistry showed that normal surface ovarian epithelial cells (OSE) 

(Figure 3.3a, Table 3.1) and peritoneal cells of normal omentum (Figure 3.3b, Table 

3.2) had high levels of TGFBIp (2+ or 3+). TGFBIp was also abundant in the epithelium 

of 6/8 benign serous ovarian tumours (Figure 3.3c, Table 3.1). In contrast, all serous 

borderline tumours (Figure 3.3d, Table 3.1), primary serous carcinomas (Figure 3.3e, 

Table 3.1, Table 3.2), and matching metastatic tumours (Figure 3.3f, Table 3.2) 

exhibited low TGFBIp immunoreactivity (defined as 0 or 1+) (p < 0.0001, Pearson Chi-

Square test). No difference in the level of TGFBIp immunostaining was observed 

between primary and metastatic serous ovarian cancer cells (p = 0.150, Pearson Chi-

Square test). High TGFBIp levels were also observed in omental peritoneal cells 

adjacent to metastatic cancer cells in implants whilst the metastatic cells in the 

implant had low levels of TGFBIp (Figure 3.3g, Table 3.2).  
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Figure 3.2. Expression of TGFBIp in ovarian cancer cells and LP-9 peritoneal cells.  

(a) CM from OVCAR-5, LP-9, and OVCAR-5 co-cultured with LP-9 cells was collected 

and precipitated with acetone. Protein band in boxed area was identified to be TGFBIp 

by MALDI-TOF/TOF mass spectrometry. (b) Western blot of TGFBIp in CM from 

OVCAR-3, OVCAR-5, SKOV3 and LP-9 cells cultured for 48 hr in serum free LP-9 

medium. Proteins were transferred to PVDF membrane and immunoblotted with 

polyclonal rabbit TGFBIp antibody (amino acids 626-683, Santa Cruz Biotechnology). 
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Figure 3.3. TGFBIp immunostaining of ovarian and omental tissues.  

High (2+) TGFBIp immunoreactivity is present in (a) normal surface ovarian epithelial 

cells, (b) peritoneal cells from normal omentum, and (c) epithelial cells from benign 

serous cystadenomas and peritoneal cells adjacent to metastatic serous ovarian 

carcinomas. TGFBIp levels are low (0 or 1+) in (d) serous borderline tumours, (e) 

primary serous carcinomas, (f) matching metastatic lesions, and (g) serous ovarian 

cancer cells adjacent to omental peritoneal cells. (h) Is a section from a benign ovarian 

tumour of the no primary antibody negative control, included for reference. Arrows in 

d) and e) illustrate blood vessels with high TGFBIp immunostaining in the stroma which 

was used as an internal positive control. Magnification bar = 50 μm. All images are at 

the same magnification. 
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Table 3.1. Summary of TGFBIp immunostaining of ovarian tissues.  

Levels of TGFBIp in ovarian tissues were assessed using a manual scoring method. The 

immunostaining intensity in the ovarian cancer was scored as strong (3+), moderate 

(2+), weak (1+), or negative.  

 
Median age 

(Range) 

Epithelial Intensity 

Low (0/1+) High (2+/3+) 

Normal 
50 

(48-58) 
0/7 
(0%) 

7/7 
(100%) 

Benign 
51 

(35-62) 
2/8 

(25%) 
6/8 

(75%) 

Borderline 
52 

(32-81) 
10/10 
(100%) 

0/10 
(0%) 

Carcinoma  
 

69 
(49-87) 

26/27 
(96.3%) 

1/27 
(3.7%) 

Chi Squared Test  p < 0.0001 
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Table 3.2. Summary of TGFBIp immunostaining of ovarian and omental tissues. 

Levels of TGFBIp in ovarian tissues were assessed using a manual scoring method. The 

immunostaining intensity was scored as strong (3+), moderate (2+), weak (1+), or 

negative.  

 
Median age 

(Range) 

Epithelial Intensity 

Low (0/1+) High (2+/3+) 

 
Carcinoma (Stage III) 
 
 
Primary tumour 
 
 
Matching metastasis 

68 
(49-87) 

 

 
 
 
 

20/20 
(100%) 

 
17/20 
(85%) 

 

 
 
 
 

0/20 
(0%) 

 
3/20 
(15%) 

Chi Squared Test 
 

p = 0.150 

 
Omentum 
 
Normal peritoneal cells 
 
 
Peritoneal cells adjacent to 
implants 
 
Carcinoma cells adjacent to 
peritoneal cells 
 

 
57 

(40-80) 
 

 
 
 

2/8 
(25%) 

 
1/5 

(20%) 
 

5/5 
(100%) 

 

 
 
 

6/8 
(75%) 

 
4/5 

(80%) 
 

0/5 
(0%) 
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3.3.2. TGFBIp promotes ovarian cancer cell motility and invasion  

 

We investigated the effects of TGFBIp on ovarian cancer motility and invasion. rTGFBIp 

significantly increased the motility of OVCAR-5 ovarian cancer cells (Figure 3.4a, p < 

0.0001). Maximal effects on OVCAR-5 motility (150% of PBS control) were observed at 

a concentration of 5 μg/ml rTGFBIp whilst higher concentrations of rTGFBIp were less 

effective. Treatment with 5 μg/ml rTGFBIp also increased the motility of OVCAR-5 and 

SKOV-3 cells (Figure 3.4b) and significantly increased invasion of OVCAR-5 and SKOV-3 

cells through basement membrane proteins (Geltrex) by up to 20% (Figure 3.4c, p < 

0.0001). rTGFBIp did not affect either the motility or invasion of OVCAR-3 cells. 

To further explore the decrease in cancer cell motility at higher rTGFBIp 

concentrations, we investigated the effects of rTGFBIp on OVCAR-5 cell viability using 

a trypan blue exclusion cell viability assay. We found that when cells were exposed to 

concentrations ≥ 5 μg/ml rTGFBIp for the same duration as both the mixing time (2 hr 

exposure) and additional time in the chemotaxis plate (8 hr exposure) in the motility 

assays, the proportion of non-viable OVCAR-5 cells increased significantly (Figure 3.5).  
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Figure 3.4. TGFBIp promotes motility and invasion of ovarian cancer cells.  

(a) Ovarian cancer cells (OVCAR-5) were treated with a range of rTGFBIp 

concentrations (2.5-10 μg/ml) or PBS for 3 hr in control RPMI media containing 0.1% 

BSA. Cells were placed on top of uncoated 12 μm pore filter inserts using 10% FBS as a 

chemoattractant and allowed to migrate through the filter for 6 hr. Numbers of 

migrating cells were counted and expressed as percentage of PBS control, mean ± SD 

from at least three independent experiments performed in triplicate. * denotes 

significant difference from PBS control, p < 0.0001, one-way ANOVA. Calcein labelled 

OVCAR-3, OVCAR-5, and SKOV-3 cells were incubated with 5 μg/ml rTGFBIp for 3 hr 

and then allowed to (b) migrate through uncoated filters or (c) invade through a layer 

of Geltrex matrix for 6 hr. Fluorescence was assessed and data is expressed as 

percentage of control media, mean ± SD from at least four independent experiments 

performed in triplicate. * denotes significant difference from PBS, p < 0.05, Student’s t 

test.  
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Figure 3.5. TGFBIp decreases ovarian cancer cell viability. 

An aliquot of OVCAR-5 cells mixed with rTGFBIp for 2 hr at RT or for an additional 6 hr 

at 37°C to mimic motility assays. An aliquot of cells were mixed with trypan blue to 

assess cell viability. Data is expressed as mean ± SD from at least three independent 

experiments performed in triplicate. * denotes significant difference from control 

media, p < 0.05 one-way ANOVA. 

  

rTGFBIp concentration 

N
on

 v
ia

bl
e 

ce
lls

 (%
) 



 

137 
 

3.3.3. TGFBIp promotes ovarian cancer adhesion to peritoneal cells  

 

Cell adhesion experiments were conducted to determine whether TGFBIp could 

modulate ovarian cancer cell adhesion to LP-9 cells. rTGFBIp significantly increased 

adhesion of OVCAR-5 cells to LP-9 cells at concentrations ≥ 1 μg/ml (Figure 3.6a). 

Maximum effect on peritoneal cell adhesion was observed following treatment with 

7.5 μg/ml rTGFBIp (Figure 3.6a, p < 0.0001). rTGFBIp at 5 μg/ml also significantly 

increased adhesion of OVCAR-3 and SKOV-3 cells to LP-9 cells (Figure 3.6b). Treatment 

with neutralizing TGFBIp antibody (5 μg/ml) was able to significantly reduce OVCAR-5 

cell adhesion to LP-9 cells to 79% of the control (Figure 3.6c, p < 0.0001). However, a 

higher concentration of TGFBIp neutralizing antibody (20 μg/ml), was required to block 

the effect of 2 μg/ml exogenous rTGFBIp on OVCAR-5 cell adhesion to LP-9 cells 

(Figure 3.6c). 
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Figure 3.6. TGFBIp promotes adhesion of ovarian cancer cells to LP-9 peritoneal cells.  

(a) Ovarian cancer cells (OVCAR-5) were incubated with rTGFΒI (0.5-10 μg/ml) or PBS 

in control media (0.1% BSA RPMI) for 3 hr and then allowed to adhere to a monolayer 

of peritoneal cells (LP-9) for 8 min. Data are expressed as a percentage of fluorescence 

compared with PBS control, mean ± SD from at least three independent experiments 

performed in triplicate. * indicates significant difference from PBS control, p<0.005, 

one-way ANOVA. Images demonstrate fluorescently labelled OVCAR-5 cells bound to 

LP-9 cells in the absence or presence of 5 μg/ml TGFBIp (b) Ovarian cancer cells 

(OVCAR-3, OVCAR-5, or SKOV-3) were treated with TGFBIp (5 μg/ml) or PBS for 3 hr. 

Data is expressed as percentage of fluorescence compared with PBS control, mean ± 

SD from at least three independent experiments performed in triplicate. * p < 0.0001 

denotes significant difference from control media, Student’s t test. (c) OVCAR-5 cells 

were treated with mouse IgG (5 μg/ml) or neutralizing TGFBIp antibody (5 μg/ml) or in 

the absence of TGFBIp. Additional experiments included treatment with mouse IgG (20 

μg/ml) or neutralizing TGFBIp antibody in the presence of 2 μg/ml TGFBIp. 

Fluorescence was assessed and data is expressed as percentage of control media, 

mean ± SD from at least three independent experiments performed in triplicate. * 

denotes significant difference from PBS control, p < 0.05, one-way ANOVA.  
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3.3.4. TGFBIp is processed in the ovarian cancer and peritoneal cell co-

culture and in ascites of ovarian cancer patients  

 

Western blotting of CM revealed that TGFBIp produced by LP-9 cells was processed 

into smaller forms when LP-9 cells were direct co-cultured with ovarian cancer cells 

(Figure 3.7a). The TGFBIp processing also occurred when LP-9 cells were co-cultured in 

Opticell chambers in which LP-9 cells and ovarian cancer cells share the same growth 

media but don’t physically touch (Figure 3.7b). TGFBIp was not processed when CM 

from ovarian cancer cells (SKOV-3 and OVCAR-5) was added to LP-9 cells (Figure 3.7d) 

or when CM from LP-9 cells was added to ovarian cancer cell lines (SKOV-3 and 

OVCAR-5) (Figure 3.7c).  

The TGFBIp bands from the western blot in Figure 3.8a were excised from a 

corresponding gel stained with Coomassie blue and analyzed by LC-ESI-IT mass 

spectrometry. The sequencing data revealed two TGFBIp forms: A 65 kDa TGFBIp form 

(band 3) with a truncated C-terminal domain and a 60 kDa TGFBIp form (band 4) with 

both truncated C-terminal and N-terminal domains (Table 3.3). C-terminal peptide 

processing was confirmed using an antibody to the C-terminal TGFBIp peptide residues 

671-683, which was only able to detect the full length TGFBIp in LP-9 cells but not the 

truncated forms of TGFBIp in the co-culture CM (Figure 3.8b). The MS data indicates 

that C-terminal cleavage of TGFBIp must therefore occur between amino acid residue 

626 and amino acid residue 657 since the rabbit polyclonal TGFBIp antibody used in 

the western blot in Figure 3.7 (amino acid residues 626-683) detected the processed 

forms of TGFBIp (Figure 3.8c). 2D western blotting also confirmed that TGFBIp was 

processed to smaller, more acidic forms in the secretome of co-cultured ovarian 
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cancer and LP-9 cells (Figure 3.9a). Furthermore, abundant cleaved TGFBIp was also 

demonstrated in the ascites fluid of patients with ovarian cancer (Figure 3.9b). 
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Table 3.3. LC-ESI-IT mass spectrometry analysis of TGFBIp protein processing in direct co-culture system. 

TGFBIp band No. Unique 
peptides 

% seq 
MS/MS 

Combined Mascot 
score (threshold 

score/cut) 

Predicted 
MW 

Observed 
MW 

N terminal peptide C terminal peptide 

Recombinant 
protein band 
(1) 

27 39 1444/34 72.4 72 SPYQLVLQHSR 

(AA27-37) 

GDELADSALEIFK 

(AA 643-655) 

LP-9 band (2) 21 33 1236/34 72.4 72 

 

SPYQLVLQHSR 

(AA27-37) 

GDELADSALEIFK 

(AA 643-655) 

Co-culture 
band (3) 

15 24 773/34 72.4 65 SPYQLVLQHSR 

(AA27-37) 

SLQGDKLEEVSLK 

(AA591-602) 

Co-culture 
band (4) 

12 19 431/34 72.4 60 STVISYECCPGYEK 

(AA 77-90) 

YHIGDEILVSGGIGALVR 

(AA 571-588) 
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Figure 3.7. Regulation of TGFBIp secretion by LP-9 peritoneal and ovarian cancer cells.  

CM was collected from co-culture after 48 hr and precipitated with acetone. An equal 

volume was loaded onto a Tris-HCl SDS-PAGE gel, transferred to PVDF membrane and 

immunoblotted with rabbit polyclonal TGFBIp antibody (amino acids 626-683, Santa 

Cruz Biotechnology). (a) Two-way direct co-culture where the ovarian cancer cells 

(OVCAR-3, OVCAR-5 and SKOV-3) and LP-9 cell lines interact whilst in direct contact 

with each other (equal volume). (b) Two-way indirect co-culture using the Opticell 

system where cell lines (OVCAR-5 and LP-9) interact by shared media (equal protein). 

(c) One-way co-culture where LP-9 cells are treated with ovarian cancer cell (SKOV-3 

and OVCAR-5) CM (equal volume). (d) One-way co-culture where ovarian cancer cells 

(SKOV-3 and OVCAR-5) are treated with LP-9 cell CM (equal volume).   
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Figure 3.8. TGFBIp amino acid cleavage sites in the ovarian cancer co-culture and 
following plasmin treatment.  

Equal protein from CM samples were run on a SDS-PAGE gel  and immunoblotted with 

(a) polyclonal rabbit TGFBIp antibody (Santa Cruz Biotechnology) or (b) TGFBIp 

polyclonal rabbit antibody raised to amino acids 671-683 (obtained from by Dr. J.J. 

Enghild, Aarhus University, Denmark). (c) Bands 1-4 from (a) were excised from a 

corresponding coomassie blue stained gel, digested and analyzed by mass 

spectrometry. The boxed areas in the N-terminus and C-terminus indicate the TGFBIp 

amino acid cleavage sites identifed by LC-ESI-IT mass spectrometry from ovarian 

cancer-peritoneal co-culture and following plasmin digestion. The black line and 

dotted lines indicate the amino acid sequences that the rabbit polyclonal TGFBIp 

antibody (Santa Cruz Biotechnology) and TGFBIp C-terminal antibody obtained from by 

Dr. J.J. Enghild were raised to, respectively.  
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Figure 3.9. Expression of TGFBIp in peritoneal cells, co-culture, and ovarian cancer 

patient ascites  

(a) 2D TGFBIp western. CMs from LP-9 cells alone and co-culture of OVCAR-5 and LP-9 

cells (50 μg protein) was applied to an IPG strip. Isoelectric focussing was carried out 

and the IPG strip applied to SDS-PAGE gradient gels and electrophoresed followed by 

transfer to PVDF membrane. Western blotting was performed with rabbit polyclonal 

TGFBIp antibody (amino acids 626-683, Santa Cruz Biotechnology). (b) TGFBIp protein 

immunoblotting of ascites of ovarian cancer patients. Pooled fractions of ascites (5 μg 

protein) were run on a gel, transferred to PVDF membrane, and immunoblotted with 

polyclonal rabbit TGFBIp antibody (amino acids 626-683, Santa Cruz Biotechnology). 
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3.3.5. TGFBIp processing is mediated by plasmin  

 

To evaluate whether TGFBIp processing was mediated by proteases, co-cultured 

OVCAR-5 cells and LP-9 cells were treated with the broad spectrum PI cocktail or the 

MMP inhibitor GM6001. Western blotting revealed that TGFBIp processing to smaller 

forms was inhibited by PI but not by GM6001 (Figure 3.10a). Furthermore, PI was able 

to significantly reduce OVCAR-5 cell adhesion to LP-9 cells (Figure 3.10b, p = 0.002), 

but had no effect on OVCAR-5 cell viability (data not shown).  

The protease plasmin cleaved TGFBIp and this effect could be inhibited by the PI 

cocktail (Figure 3.10c). LC-ESI-IT mass spectrometry analysis confirmed that the TGFBIp 

cleavage by plasmin occured in the same region as observed in the peritoneal-ovarian 

cancer cell co-culture (Figure 3.8c). Furthermore, cleavage of TGFBIp could be partially 

blocked when OVCAR-5 and LP-9 were co-cultured in the presence of 150 mM of the 

plasmin inhibitor �-ACA (Figure 3.10d). Additionally, plasmin levels were found to be 

almost immediately increased in the CM of co-cultured OVCAR-5 and LP-9 cells (Figure 

3.10e). The plasmin levels were highest after 1 hr of co-culture which was equivalent 

to 0.4 U/ml of human plasmin. The level of plasmin progressively decreased following 

8 to 72 hr of co-culture. No plasmin activity was detected in the CM collected from 

OVCAR-5 or LP-9 cells alone after 1 hr (Figure 3.10e) or after 48 hr culture (not shown). 

Parallel western blot analysis of the CM samples demonstrated that cleaved TGFBIp 

could be detected as early as 12 hr after OVCAR-5 and LP-9 co-culture (Figure 3.10f).  
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Figure 3.10. TGFBIp processing during ovarian cancer and peritoneal cell co-culture is 

mediated by plasmin.  

Equal volumes of protein samples were immunoblotted with TGFBIp antibody (Santa 

Cruz Biotechnology) (a, c, d, f) (a) LP-9 peritoneal cells were directly co-cultured with 

OVCAR-5 ovarian cancer cells in the presence or absence of a broad spectrum PI 

(1/800) or the MMP inhibitor GM6001 (20 μM). (b) OVCAR-5 cells were incubated with 

PI (1/800) and allowed to attach to a monolayer of LP-9 cells. Data is expressed as 

percentage of fluorescence compared with control media, mean ± SD from at least 

three independent experiments performed in triplicate. * denotes significant 

difference from DMSO vehicle control, p = 0.002, Student’s t test. (c) rTGFBIp (0.5 

μg/ml) was treated with 0.3 U/ml human plasmin in the absence or presence of PI. (d) 

LP-9 peritoneal cells were directly co-cultured with OVCAR-5 ovarian cancer cells in the 

presence or absence of 150 mM �-ACA. (e) Plasmin levels in co-cultured OVCAR-5 and 

LP-9 cells over 72 hr. (f) CM samples collected from co-cultured cells in (e) were 

assessed for TGFBIp cleavage.   
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3.3.6. TGFBIp RGD peptide motif is not required to promote OVCAR-5 

invasive properties 

 

Previous studies have demonstrated that C-terminal processing of TGFBIp at Ala647 

after the RGD domain (amino acids 642-644) occurs in vivo in human cornea [602]. To 

assess the role of the RGD peptide motif in promoting adhesion, motility, or invasion, 

ovarian cancer cells were pre-treated with TGFBIp and peptide ERGDEL or control 

peptide ERGEEL. Treatment with either the ERGDEL peptide or control ERGEEL peptide 

did not affect OVCAR-5 motility and the ability of TGFBIp to promote ovarian cancer 

cell motility (Figure 3.11a), invasion (Figure 3.11b), or adhesion to LP-9 cells (Figure 

3.11c). This suggests that the effects of TGFBIp on OVCAR-5 cell motility, invasion, and 

adhesion to peritoneal cells are independent of the RGD peptide motif.  
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Figure 3.11. The effects of TGFBIp on ovarian cancer cell motility, invasion, and 

adhesion is independent of the integrin binding RGD motif.  

Calcein labelled OVCAR-5 cells were treated with PBS or rTGFBIp (5 μg/ml) in the 

presence of TGFBIp peptide ERGDEL (50 μg/ml) or ERGEEL control peptide (50 μg/ml) 

in motility (a), invasion (b) and adhesion assays (c) as described in the methods 

section. Data is expressed as percentage of fluorescence compared with PBS control, 

mean ± SD from at least three independent experiments performed in triplicate. * 

indicates significant difference from control treatment group, p < 0.05, one-way 

ANOVA.   
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3.4. DISCUSSION  

 

One of the crucial steps in ovarian cancer metastasis involves the implantation of 

ovarian cancer cells onto the peritoneal lining. As the underlying molecular 

mechanisms have not been well characterized we have studied the interaction 

between ovarian cancer and peritoneal cells in vitro. The ECM protein TGFBIp was 

found to be differentially regulated in the secretome of peritoneal-ovarian cancer cell 

co-culture. In this study we have demonstrated that TGFBIp is abundantly expressed 

by peritoneal mesothelial cells and can promote ovarian cancer cell motility, invasion 

and adhesion to LP-9 peritoneal cells. Furthermore, we found that TGFBIp undergoes 

processing in the ovarian cancer–peritoneal cell co-culture via the protease plasmin. 

The low level of TGFBIp observed in ovarian cancer cell lines and ovarian cancer tissue 

in this study is consistent with previous studies which have shown TGFBIp expression 

to be down-regulated in many cancer cell lines and human cancers [578, 587-589]. Our 

data shows high levels of TGFBIp in normal ovarian surface epithelial cells and benign 

serous ovarian tumours but low TGFBIp expression in human serous ovarian cancer 

cells also suggests that TGFBIp may be down-regulated during the process of ovarian 

cancer tumourigenesis. Furthermore, the presence of low levels of TGFBIp in 

borderline serous ovarian tumours suggests that the down-regulation of TGFBIp may 

be any early event in the neoplastic process. Interestingly, TGFBIp over-expression has 

been shown to markedly reduce tumourigenicity of lung cancer cells in nude mouse 

xenograft models [547, 590] and mediate apoptosis through the RGD motif in CHO 

cells [593]. More recent studies demonstrating that the loss of TGFBIp predisposes 
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mice to spontaneous tumour development [603] has provided strong evidence that 

TGFBIp functions as a tumour suppressor. Our finding that high concentrations of 

TGFBIp (≥ 5μg/ml) induce OVCAR-5 cell death also supports an anti-tumourigenic role 

for TGFBIp.  

Although these studies indicate that TGFBIp has an anti-tumourigenic role, a large 

number of studies have also found that TGFBIp is over-expressed in other cancer cell 

lines and human tumours including colorectal, renal, lung, oesophageal, and 

pancreatic cancers [549, 579-582, 586]. Furthermore, several reports indicate that 

TGFBIp can mediate cancer cell invasion and metastasis as well as enhance cancer cell 

extravasation [543, 596-598]. In our study, we have demonstrated that rTGFBIp 

induces both motility and invasion of OVCAR-5 and SKOV-3 cells but did not affect 

motility or invasion of OVCAR-3 ovarian cancer cells which are known to be less 

metastatic. We have also shown that rTGFBIp promotes attachment of OVCAR-5, 

SKOV-3, and OVCAR-3 to LP-9 peritoneal cells. These findings suggest that TGFBIp may 

function in multiple ways to promote ovarian cancer metastasis and that the effects 

on motility may be independent of those on adhesion. A related protein, periostin has 

also been shown to increase motility of ovarian cancer cells and promote their 

adhesion to the peritoneum [373].  

Recently, TGFBIp has been shown to mediate lymphatic endothelial migration and 

adhesion to ECM under low oxygen conditions [601]. These observations suggest that 

during hypoxia, which commonly occurs in tumours, TGFBIp may aid the metastatic 

process by promoting the adhesion to lymphatic endothelial cells. These findings 

indicate that TGFBIp expression and function may be cell type specific and dependent 
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on the tumour microenvironment. Our study has presented evidence that TGFBIp can 

act as both a tumour suppressor and tumour promoter. Whilst our findings 

demonstrating that rTGFBIp can enhance ovarian cancer adhesion, motility and 

invasion support a pro-metastatic role, we have also demonstrated that TGFBIp is 

down-regulated in the tumorigenic process and that high levels of TGFBIp can induce 

ovarian cancer cell death. Consequently, TGFBIp is likely to act as a “double edged 

sword” where the loss of TGFBIp has a pro-tumourigenic role and the high expression 

of TGFBIp by peritoneal cells aids the metastatic process.  

TGFBIp has been reported to support adhesion of many cell types by recruiting 

different integrins, the only cell surface receptors that have been identified for TGFBIp 

to date (reviewed in [564]). In our study, the effects of TGFBIp on OVCAR-5 cells were 

independent of the TGFBIp RGD integrin binding motif (amino acids 642-644) since 

treatment with ERGDEL peptide did not block the ability of TGFBIp to promote ovarian 

cancer cell motility, invasion, or adhesion to peritoneal cells. Our findings are 

inconsistent with the observation that a TGFBIp peptide encompassing the 4th FAS1 

domain, also known as fastatin, could inhibit endothelial cell adhesion and migration 

in an RGD dependent manner [604]. However, it is in agreement with the study by 

Cannistra et al. which demonstrated ovarian cancer binding to peritoneal cells was 

independent of the RGD motif [191]. TGFBIp mediated adhesion has also been shown 

to be independent of the RGD motif in cultured epithelial cells of the cornea [536]. 

However, peptides to the NKDIL motif (amino acids 354-358) in the second FAS-1 

domain, EPDIM motif (amino acids 617-621) and YH18 motif (amino acids 563-580) in 

the fourth FAS-1 domain of TGFBIp have been shown to inhibit TGFBIp mediated 
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adhesion and migration of fibroblasts, keratinocytes, endothelial cells, synoviocytes, 

and vascular smooth muscle cells [536, 557, 563, 604, 605]. Our data suggests that 

TGFBIp activity on OVCAR-5 cells is mediated by other sites in the TGFBIp molecule 

other than the RGD motif which may include the EPDIM and NKDIL motifs as well as 

the sequence spanning the YH18 motif.  

We have shown that TGFBIp cleavage in the ovarian cancer-peritoneal cell co-culture 

occurs between amino acid residues 27-76 in the N-terminus and amino acid residues 

626-657 in the C-terminal domain. Although the functional role of the N-terminal 

TGFBIp domain has not been well studied, the C-terminus has several integrin binding 

motifs including the RGD and EPDIM sequences. TGFBIp fragments containing the final 

69 amino acids of TGFBIp, including the RGD and EPDIM domains have recently been 

shown to promote apoptosis of osteosarcoma cancer cells [594]. In contrast, a 

truncated TGFBIp lacking these integrin-binding sequences failed to induce apoptosis 

in osteosarcoma cells [594].  

Whilst it is not known whether the C-terminal processed TGFBIp in the secretome of 

the ovarian cancer-peritoneal co-culture retains its RGD sequence at amino acid 642-

644, the EPDIM motif at amino acid 617-621 is maintained in the C-terminal processed 

TGFBIp. Crystal structure of fascilin 1 (Drosphilia TGFBIp homologue) has identified a 

novel fold domain consisting of a seven-stranded beta wedge and a number of alpha 

helices in the 3rd and 4th FAS1 domains [606]. The EPDIM motif maps to a conserved 

kink in the β6 strand of the fourth TGFBIp FAS1 domain and is predicted to be buried 

within the domain protein core [606]. TGFBIp processing by proteases, including 

plasmin, in this region may liberate this site for integrin interactions and promote the 



 

156 
 

integrin binding activity on the surface of the peritoneum [328, 607, 608] with ovarian 

cancer cells [87, 191] and enhance ovarian cancer metastatic behavior. TGFBIp has 

been shown to trigger phosphorylation and to activate several intracellular pathways 

including AKT, extracellular signal-regulated kinase, FAK, and paxillin, thus mediating 

adhesion and migration of vascular smooth muscle cells through interactions with 

αvβ5 integrins [563]. It is possible that cleaved TGFBIp may augment these signaling 

pathways in ovarian cancer cells via enhanced integrin binding.  

Interestingly, TGFBIp processing was only observed when ovarian cancer cells and 

peritoneal cells were in direct physical contact in culture or when the cells shared the 

same growth media in the Opticell system. TGFBIp processing did not occur when CM 

from LP-9 cells was added to cultured ovarian cancer cell lines or when CM from 

ovarian cancer cells was added to the cultured LP-9 cells. This indicates that TGFBIp 

processing is not mediated by a simple up-regulation of ovarian cancer cell derived 

proteases but requires multiple levels of cross-talk between both ovarian cancer and 

peritoneal cells. A similar paracrine effect was previously reported for endometrial 

cancer epithelium–stroma cell co-cultures, where hepatic growth factor secreted by 

the stromal cells acted on the endometrial cancer cells by inducing the cleavage of 

MMPs pro-forms to mature active forms [609]. Our findings suggest, however, that 

cleavage of TGFBIp in the ovarian cancer and peritoneal cell co-culture is not MMP 

mediated as the broad spectrum MMP inhibitor, GM6001, failed to inhibit TGFBIp 

processing. Instead we found that the protease plasmin cleaved TGFBIp in the same 

region as observed in the ovarian cancer-peritoneal cell co-culture and that this could 

be inhibited by the PI cocktail.  
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It is likely that increased production or activation of proteases like u-PA [610], as a 

result of the ovarian cancer-peritoneal cell interaction, catalyzes the conversion of the 

proenzyme plasminogen to the active enzyme plasmin leading to C-terminal TGFBIp 

processing. This hypothesis is further strengthened by our experiments demonstrating 

that the plasmin inhibitor �-ACA, which inhibits plasminogen conversion into plasmin, 

could at least partially inhibit TGFBIp processing. Furthermore, we demonstrated that 

plasmin activity was increased in the CM of co-cultured OVCAR-5 + LP-9 whilst no 

plasmin activity could be detected in the CM collected from OVCAR-5 or LP-9 cells 

alone.  Our study demonstrated that plasmin activity was maximal after 1 hr of co-

culture and decreased progressively over 72 hr when cleaved TGFBIp was detected. 

Although plasmin activity was markedly reduced after 48 hr of co-culture, plasmin 

activity was still 2-3 fold higher than the basal level present in CM collected from LP-9 

or OVCAR-5 cells cultured alone. Our data suggest that low plasmin activity is sufficient 

to maintain TGFBIp in the cleaved form. These findings add to our understanding of 

the interaction between ovarian cancer and peritoneal cells and suggest that increased 

plasmin production and TGFBIp cleavage may be early events in the process of ovarian 

cancer metastasis.  

We detected abundant cleaved TGFBIp in ascites fluid collected from ovarian cancer 

patients at the time of surgery. Ascites has also been shown to induce an up-

regulation of uPA by ovarian cancer cells [610]. It is likely that increased production or 

activation of proteases like uPA as a result of the ovarian cancer-peritoneal cell 

interaction catalyze the conversion of the pro-enzyme plasminogen to the active 

enzyme, plasmin, and leads to C-terminal TGFBIp processing. From the western blots 

using rTGFBIp for comparison, we estimated levels of TGFBIp in the ascites to range 
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between 5-25 μg/ml TGFBIp whilst LP-9 cells produced approximately 3-5 μg/106 cells 

(data not shown). These concentrations are effective at promoting ovarian cancer cell 

adhesion to peritoneal cells. However as we have shown that concentration ≥ 5μg/ml 

can also have apoptotic effects on OVCAR-5 cells, further studies are required to 

determine whether cleaved TGFBI present in ascites can play a tumour promoting or a 

pro-apoptotic role.  

A recent study by Kenny and colleagues using 3D co-culture of ovarian cancer and 

peritoneal cells demonstrated that MMP-2 mediated cleavage of ECM proteins 

fibronectin and vitronectin into small fragments increased binding of ovarian cancer 

cells to the fibronectin (α5β1 integrin) and vitronectin (αVβ3 integrin) receptors on 

peritoneal cells [336]. Ovarian cancer cells adhere more efficiently to the smaller 

fibronectin and vitronectin cleavage products than their full-length forms, and the 

increased adhesion was abrogated when α5β1 and αVβ3 integrins were knocked down 

by siRNA or blocked by treatment with an MMP-2 inhibitor. Consistent with these 

findings, we also observed increased levels of cleaved fibronectin in the secretome of 

co-culture ovarian cancer cells and peritoneal cells.  

Our study has shown that TGFBIp is expressed by peritoneal mesothelial cells and 

increases motility, invasion, and adhesion of ovarian cancer cells to peritoneal cells. 

We therefore conclude that TGFBIp promotes ovarian cancer metastasis to the 

peritoneum as part of a tumour-host signal pathway or cascade and is therefore a 

potential novel therapeutic target against ovarian cancer. 
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CHAPTER 4 - THE ROLE OF VERSICAN, HA, AND CD44, IN 
OVARIAN CANCER  

 

4.1.  INTRODUCTION 

 

There is increasing evidence to suggest that ECM components play an active role in 

tumour progression and are an important determinant for the growth and progression 

of solid tumours [611, 612]. Tumour cells interfere with the normal programming of 

ECM biosynthesis and can extensively modify the structure and composition of the 

matrix [613]. Alterations in the extracellular environment may be critical for tumour 

initiation and progression and intra-peritoneal dissemination.  

HA is a large polymer which is a component of the ECM and is capable of binding 

several proteoglycans including versican. [126]. Many tumours appear to be selectively 

or preferentially enriched in HA [129]. HA has been investigated and associated with 

prognosis in many cancer types including breast, lung, colon, and prostate [133, 139, 

144, 145, 147, 150] and also associated with metastasis [130, 146, 150]. It has also 

been correlated with cancer aggressiveness in patients with breast cancers, prostate 

cancer, gliomas, and ovarian carcinomas [139-143, 147]. HA levels have been strongly 

associated with the metastatic potential and invasive ability in ovarian tumour models 

[151] as well as prognosis and survival [140]. Furthermore, HA has been shown to 

increase tumour cell proliferation, motility, and invasion of tumour cells [148, 149].  

There are a number of cell surface receptors for HA, which includes CD44 [131]. CD44 

has been associated with unfavourable prognosis in a variety of cancers [184-186, 188] 
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including ovarian cancers [189, 190]. Human ovarian cancers have higher levels of 

CD44 in malignant tumours compared with benign and borderline tumours [200]. 

CD44 expression on ovarian cancer cells causes a strong adhesion to HA-enriched 

peritoneal mesothelium [88, 130, 199]. It is this interaction between CD44 and HA 

which is thought to be involved in increased motility, adhesion, and invasion of cancer 

cells as well as tumour growth in many tumours, especially in ovarian cancer [174, 

193-195]. Blocking the CD44-HA interaction using various methods has been shown to 

inhibit tumour growth, motility, invasion, and cell adhesion in breast cancer [277, 278] 

and cell adhesion in prostate cancer [280]. Anti-CD44 antibodies inhibited peritoneal 

ovarian cancer metastases [194] whilst siRNA down-regulation of CD44 expression 

reduced adhesion, invasion, and resistance to apoptosis as well as suppressing tumour 

growth and peritoneal dissemination of human ovarian cancer xenografts in nude mice 

[274].  

HA levels are often increased in the serum of patients with a variety of different 

tumours [170-172]. It has also been shown that HA is significantly elevated in the 

serum of patients with metastatic disease compared with the sera of patients without 

metastatic disease [170]. Combined ELISA tests for urinary HA and HAase levels to 

detect high-grade bladder tumours had significantly higher sensitivity and specificity 

than that of the currently used Immunocyt test [168, 169], and is now used as a non-

invasive bladder cancer detection test. In addition, this test has high specificity and 

sensitivity in prostate cancer [142] and may yet be found to detect other cancer types, 

including ovarian cancer. Serum and urine HA levels were found to be elevated in 
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small cohorts of ovarian cancer patients in comparison with controls [614] and serum 

HA levels were shown to increase with stage [173].  

Elevated levels of the HA binding proteoglycan, versican, are associated with cancer 

relapse and poor patient outcome in breast, prostate, and many other cancer types 

including ovarian cancer [146, 217, 244-246, 615-619]. Elevated levels of versican have 

been observed in primary ovarian tumours and secondary metastases when compared 

with normal ovaries [248, 249] and increased by 3-fold in ovarian cancer tissues when 

compared with normal ovarian surface epithelial cells [620]. In ovarian cancer, high 

versican stromal staining was associated with high FIGO stage, large residual tumour, 

serous histologic type, and reduced survival [246]. Increased expression of versican, 

has been identified as a candidate marker for the early detection of ovarian cancer 

[621] and increased gene expression has been associated with ovarian cancer 

metastases [247, 622].  

HA often becomes deposited in the tissue spaces immediately surrounding invasive 

tumours [132, 133] and is thought to form a protective matrix coat around the cancer 

cells themselves [129] by binding other matrix molecules including versican, brevican, 

and aggrecan [134]. This ECM is visible around cancer cells as a unique matrix known 

as a pericellular sheath. By providing a pericellular environment, HA can stimulate cell 

migration indirectly, partly dependent on this ability to bind versican [136], and 

modifying the properties of the ECM [253]. This HA-versican interaction and alteration 

of the ECM to form a polar sheath has been shown to increase prostate cancer cell 

motility [135]. These studies give strong evidence linking complexes formed between 

versican, HA, and CD44, aid the motility of cancer cells.  
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Treatment with HA oligos blocked sheath formation in both vascular SMCs and tumour 

cells [136, 294, 297]. Furthermore, disruption of the HA CD44 interaction using HA 

oligos has been shown to markedly inhibit the growth of melanoma cells [295], 

colorectal carcinoma [298], and lung metastases formation, as well as motility and 

invasiveness [297]. These findings suggest that the potent anti-tumour effects of HA 

oligos are mediated in part by the blocking of the formation of HA-rich cell-associated 

matrix. The use of HA oligos is a potentially effective reagent to block versican HA 

interactions as well as local tumour invasion.  

In this study, we will assess whether HA, versican, and CD44 in ovarian tumours are 

associated with ovarian cancer stage or metastasis. Additionally, we will also 

investigate whether the levels of HA in the serum of ovarian cancer patients is 

increased and/or associated with chemotherapy treatment. We will assess whether 

treatment with recombinant versican can induce the formation of a pericellular sheath 

around ovarian cancer cells (OVCAR-3, OVCAR-5, and SKOV-3 cell lines) and promote 

their motility and invasion. Furthermore, we will investigate whether small HA oligos, 

previously shown to inhibit pericellular matrix formation by smooth muscle cells, can 

be used to inhibit ovarian cancer sheath formation and thus their motility and 

invasion.  
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4.2.  MATERIALS AND METHODS 

4.2.1. Cell lines 

 

OVCAR-5, OVCAR-3, SKOV-3, and LP-9 cell lines were maintained as described in 

section 2.2.1. Chinese hamster ovary (CHO) cells overexpressing versican isoform V1 

were obtained from Dr Richard Le Baron (University of Texas at San Antonio, Texas, 

USA) and parental CHO K1 cells were purchased from the ATCC and maintained in α-

MEM medium (Sigma Aldrich) supplemented with 4 mM L-glutamine, 100 μg/ml 

penicillin, 100 μg/ml streptomycin, 20 μg/ml fungizone, 2 μg/ml amphotericin B, and 

10 % FBS. Cell CM was collected from the flasks and centrifuged at 2000 rpms for 5 

min to remove any cell debris.  

 

4.2.2. Immunohistochemistry 

 

Archived formalin-fixed paraffin tissue blocks of normal ovaries (n = 11), benign serous 

tumours (n = 8), serous ovarian carcinomas (n = 26), matching omental metastatic 

implants (n = 26), borderline tumours (n = 10), stage I (n = 11), stage II (n = 11), stage 

III (n = 12), and stage IV (n = 10) serous ovarian carcinomas were obtained and 

mounted as described in section 3.2.4 and then incubated overnight at 4°C with rabbit 

antibody to recombinant human versican (Vc) (1/500, kindly provided by Professor 

Richard LeBaron), mouse anti-CD44 (1/800 Clone 156-3C11, Neomarkers, Fremont, 

USA), biotinylated HA-Binding protein (HABP, 1/500, Seigaku Corporation, Tokyo, 

Japan). The tissues were subsequently incubated with biotinylated goat anti-
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rabbit/mouse (1/400, Dako Australia) for 1 hr at RT followed by streptavidin-

horseradish peroxidise conjugate (1/500, Dako Australia). Immunoreactivity was 

detected using diaminobenzidine/H2O2 substrate. Sections were counterstained with 

10% haematoxylin, dehydrated, and mounted in Pertex. Each tissue had a matching 

negative control which lacked the primary antibody incubation step. 

 

4.2.3. Purification of versican 

 

Versican was isolated from freshly collected CHO V1 CM using a combination of anion 

exchange and gel filtration chromatography. Initially CM was batch-adsorbed to Q-

Sepharose (10 ml, GE Healthcare) at 4°C for 48 hr in the presence of protease 

inhibitors (1 tablet/25 ml, Roche Australia), batch eluted with 2 M NaCl and separated 

by gel chromatography on a sephacryl S400 column (15 x 650mm, GE Healthcare) as 

described previously [221]. Versican-containing fractions determined by dot blot using 

the 12C5 mouse monoclonal versican antibody (Developmental Studies Hybridoma 

Bank, University of Iowa, USA) were then pooled and concentrated 10-30 fold to 100-

200 U/mL using Centriprep centrifugal filters (Amicon Bioseparations, Bedford, USA) 

and Nanosep micro-concentrators (Pall Gelman Laboratory, Ann Arbor, USA) with Mr 

50 and 300 kDa cut-offs respectively. The molecular integrity of the purified versican 

samples was determined by immunoblotting with 12C5 antibody at 1/250 (Figure 

4.1a). Visualization was achieved by anti-mouse IgG peroxidase-conjugated secondary 

antibodies (Dako Australia) with enhanced chemiluminescence. A matching gel was 

stained with silver to detect any contaminating proteins in the pooled samples (Figure 

4.1b).   
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Figure 4.1 Purification of versican isoform V1.  

(a) Fractions separated with Sephacryl 400 immunoblotted with 12C5 mouse antibody 

to human versican. Unconcentrated CM from CHO V1 cells cultured in MEM + 10% FBS 

(20μl), CM after Q-sepharose absorption (20μl), 2M NaCl elute (5μl) which was then 

loaded onto the Sephacryl column and pooled fractions (10μl of 25x concentrate). (b) 

Corresponding silver stained gel. No contaminating proteins were detected in fraction 

pools 1 or 2.  
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4.2.4. Versican quantitation 

 

Tissue culture (Nunc) 96 well plates were coated overnight with 100 μl 25 μg/ml HA 

(#H1504, Sigma Aldrich) in PBS at RT and then washed three times with PBS + 0.1% 

BSA (dilution buffer, DB). Wells were blocked for 90 min with 100 μl PBS + 1% BSA at 

37°C and washed three times with PBS + 0.05% Tween (PBS-T). Wells were then 

treated with 50 μl of control or versican sample (in DB) for 2 hr at RT, washed three 

times with PBS-T, and coated with 100 μl primary 12C5 monoclonal antibody (1/250 in 

DB) overnight at 4°C. Wells were washed three times with PBS-T and then coated with 

100 μl biotinylated anti mouse antibody (Dako Australia) (1/2000 in DB) for 90 min at 

RT. Wells were subsequently washed three times with PBS-T before coating with 100 

μl of streptavidin (Dako Australia) per well for 90 min. 100 μl Sigmafast OPD solution 

(Sigma Aldrich) was added to each well. After incubation at RT for 15 min, the reaction 

was stopped by addition of 25 μl 2.5 M H2SO4
 to each well, and absorbance was read 

at 450 nm using a spectrophotometer (BioRad). Purified and concentrated rV1 samples 

typically ranged between 100-200 U/ml in comparison with CHO V1 CM which ranged 

between 4-6 U/ml. (Coefficient of variability = 10.1%, R2 = 0.98).  

Furthermore we assessed the levels of serum versican by ELISA, but found that the 

commercial kit (#CSB-E11884H, Cusabio, China) was unable to detect versican in either 

CHO V1 CM or purified V1. Serum levels of versican were below the current sensitivity 

range of our in house ELISA. 
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4.2.5. Quantitation of HA  

 

Serum was collected from control (ovaries inspected and found to be normal at time 

of surgery n = 14 and asymptomatic women n = 6), serous benign (n = 14), and serous 

malignant ovarian tumour (n = 24) patients at the time of surgery, 2 weeks after 

surgery, or after a chemotherapy cycle (6 patients, 6 cycles, approx 2 weeks between 

each) at the Department of Gynaecological Oncology, RAH with approval from the RAH 

Human Ethics Committee. Venous blood samples were collected into vacutainer plain 

tubes from the patients. The blood was allowed to clot, centrifuged at 3000 rpms for 

10 min at RT and serum was stored at -80°C until assayed. An HA ELISA kit (DY3614, R 

& D Systems) was used to determine the concentration of HA in serum samples and 

CM from cells treated with carboplatin at their IC50 (OVCAR-5 = 80uM , SKOV-3 = 

198uM, OVCAR-3 = 145uM) as per the manufacturer’s instructions (detection limit 100 

pg/ml, coefficient of variability = 9.21%, R2 = 0.985). 

 

4.2.6. Motility and invasion assays 

 

Ovarian cancer cell lines were prepared as described in section 3.2.5 and treated with 

control (PBS) or rV1 versican (0.1 U/ml – 10 U/ml) with HA (20 μg/ml). Sheath forming 

OVCAR-5 cells were also prepared in the presence or absence of HA oligos (HYA-OLIGO 

6-10, 250 μg/ml, North Star Bioproducts, Associates of Cape Cod, Inc, East Falmouth, 

USA) for 2 hr at RT on the Nutator in the dark. The assay was subsequently carried out 

as described in section 3.2.5. 
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4.2.7. Red blood cell exclusion assay 

 

A 10 μl aliquot of OVCAR-3, OVCAR-5, or SKOV-3 cells taken after treatment described 

in section 4.2.6 were plated into 48 well plates for an hour in a red blood cell solution 

(107/ml). Pericellular sheath formation was visualised using an inverted microscope 

with Hoffman interference optics. The proportion of cells with a surrounding zone 

excluded by red blood cells were counted in 10 random fields. To demonstrate the 

dependence on HA for the formation of the pericellular sheath, cells were additionally 

treated with HAase (from Streptomyces hyalurolyticus, 10 U/ml, Sigma-Aldrich) for 20 

min at RT. 

 

4.2.8. Wound migration assays and time lapse photography 

 

Wound migration assays were performed using OVCAR-5 and SKOV-3 cells (2 � 104 

cells/well) cultured in 8 well chamber slides (Nuclon Lab-Tek II Chamber slide, RS Glass 

Slide) in 500 �l of 5% FBS RPMI for 3-4 days. The resulting confluent cell monolayers 

were scratch-wounded and washed to remove floating cells then treated with CHO K1 

CM or CHO V1 CM (5 U/ml versican) for 18 hr. Cell migration was monitored using an 

IX 81 microscope (Olympus) equipped with a 37°C incubator and aerated with 5% CO2 

in oxygen. Directional movement and pericellular sheath formation were assessed by 

time-lapse and particle exclusion assays. Cells migrating into the wounded area were 

imaged over a 3 hr period in the presence of red blood cells (107/ml) using Analysis 

software (Soft Imaging System, Johann-Krane-Weg Munster, Germany). The 
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percentage of CD44 positive OVCAR-5 and SKOV-3 cells was assessed as described 

previously [135]. 

 

4.2.9. Adhesion assays 

 

Adhesion assays were set up and performed as described in section 3.2.6. Ovarian 

cancer cells were mixed at a concentration of 100,000 cells/ml with PBS, HA (20 

μg/ml), CHO K1 CM, or CHO V1 CM (5 U/ml) in the presence or absence of HA oligos 

(10-250 μg/ml) for 2 hr at room temperature on the Nutator. Additional experiments 

involved exposure of the cancer cells to HAase (10 U/ml) during the 2 hr mixing period, 

or exposure of the peritoneal monolayer to HAase (10 U/ml) for 8 minutes prior to 

adhesion of the ovarian cancer cells. 

 

4.2.10. Statistical analysis 

 

All analyses were performed as described in section 3.2.8. Statistical significance was 

accepted at p < 0.05.  
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4.3. RESULTS 

4.3.1. Expression of HA, CD44, and versican in ovarian tissue 

 

Tissue microarrays of borderline and malignant ovarian tumours from stage I to IV as 

well as primary ovarian tumours and matching metastases and tissue from normal 

ovaries and benign ovarian tumours were immunostained with antibodies against 

versican, CD44, and HA. We observed that versican, HA, and CD44 were present in the 

stroma of ovarian carcinoma, predominantly adjacent to epithelial cells, and CD44 was 

additionally present in the epithelial cells. The immunostaining levels of versican, HA, 

and CD44 in normal, benign, borderline, and malignant ovarian tissue is summarised in 

Table 4.1.  

We observed a significantly higher proportion of ovarian cancers with high stromal 

versican (56.8%) compared with normal ovaries (0%) and benign tumours (37.5%, p < 

0.0001 Table 4.1, Figure 4.2 ). There was also a significantly higher proportion of 

ovarian cancers with high stromal CD44 (54.5%, Figure 4.2) compared with normal 

ovaries (10%,), benign (11.2%,), or borderline ovarian tumours (0%, p = 0.001 Table 

4.1, Figure 4.2). However, there was no significant difference in the levels of CD44 

immuno-positive epithelial cells. There was also no association between stromal HA, 

stromal versican, stromal CD44, or epithelial CD44 and tumour stage (Table 4.2). We 

observed a significant positive correlation between high stromal versican and high 

stromal HA between the tissue cores (Pearson’s correlation test, R = 0.422 p < 0.002). 

However, we didn’t observe any significant difference in the HA levels between the 

different ovarian tissues examined (p = 0.364). There was a significant positive 
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correlation between high stromal and high epithelial CD44 staining between the 

different stages and primary tumours and matching metastases (R = 0.483 p < 0.0001, 

Table 4.3).  
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Table 4.1. Intensity of CD44, HA, and versican staining in ovarian tumours. 

Levels of versican, HA, and CD44 in ovarian tissues were assessed using a manual scoring method (0, 1+, 2+, 3+). The immunostaining intensity 

was classified as low = 0/1+ (a) or high = 2+/3+ (b) 

 

  

 
Median age 

(Range) 

Versican HA CD44 CD44 

Stroma Intensity Stroma Intensity Stroma Intensity Epithelial Intensity 

Lowa Highb Lowa Highb Lowa Highb Lowa Highb 

Normal  
 

57 
(48-83) 

 

11/11 
(100%) 

0/11 
0% 

7/10 
(70%) 

3/10 
(30%) 

9/10 
(90%) 

1/10 
(10%) 

7/9 
(77.8%) 

2/9 
(22.2%) 

Benign  
 

54 
(35-62) 

5/8 
(62.5%) 

3/8 
(37.5%) 

5/9 
(55.6%) 

4/9 
(44.4%) 

8/9 
(88.9%) 

1/9 
(11.1%) 

7/9 
(77.8%) 

2/9 
(22.2%) 

Borderline 
 

50 
(32-82 

1/10  
(10%) 

9/10 
(90%) 

2/7  
(28.6%) 

5/7  
(71.4%) 

8/8  
(100%) 

0/8  
(0%) 

6/8  
(75%) 

2/8  
(25%) 

Cancer 
 

69 
(48-87) 

19/44 
(43.2%) 

25/44  
(56.8%) 

21/46  
(45.7%) 

25/46  
(54.3%) 

20/44  
(45.5%) 

24/44  
(54.5%) 

31/44  
(70.5%) 

13/44 
(29.5%) 

Chi-Squared 
Test 

 p < 0.0001 p = 0.364 p = 0.001 p = 0.959 
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Table 4.2. Intensity of CD44, HA, and versican staining in ovarian tumours by stage. 

Levels of versican, HA, and CD44 in ovarian tissues were assessed using a manual scoring method (0, 1+, 2+, 3+). The immunostaining intensity 

was classified as low = 0/1+ (a) or high = 2+/3+ (b) 

 

  

 
Median age 

(Range) 

Versican HA CD44 CD44 

Stroma Intensity Stroma Intensity Stroma Intensity Epithelial Intensity 

Lowa Highb Lowa Highb Lowa Highb Lowa Highb 

Stage I 
 

59 
(44-80) 

3/11  
(27.3%) 

8/11  
(82.7%) 

7/11  
(63.6%) 

4/11  
(35.4%) 

4/11  
(36.4%) 

7/11  
(63.6%) 

7/11  
(63.6%) 

4/11  
(36.4%) 

Stage II 
 

62 
(45-83) 

5/11  
(45.5%) 

6/11  
(44.5%) 

4/12  
(33.3%) 

8/12  
(66.6%) 

3/10  
(30%) 

7/10  
(70%) 

8/10  
(80%) 

2/10  
(20%) 

Stage III 
 

66 
(40-86) 

7/12  
(58.3%) 

5/12  
(41.7%) 

3/12  
(25%) 

9/12 
(75%) 

6/13  
(46.1%) 

7/13  
(43.9%) 

8/13  
(61.5%) 

5/13  
(38.5%) 

Stage IV 
 

64 
(27-78) 

4/10  
(40%) 

6/10  
(60%) 

7/11  
(63.6%) 

4/11  
(35.4%) 

7/10  
(70%) 

3/10  
(30%) 

8/10  
(80%) 

2/10  
(20%) 

Chi-squared 
Test 

 
p = 0.508 p =0.153 p =0.372 p =0.592 
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Table 4.3. Intensity of CD44, HA, and versican staining in ovarian primary tumours and matching metastases. 

Levels of versican, HA, and CD44 in ovarian tissues were assessed using a manual scoring method (0, 1+, 2+, 3+). The immunostaining intensity 

was classified as low = 0/1+ (a) or high = 2+/3+ (b) 

 

Median age 
(Range) 

Versican HA CD44 CD44 CD44 

Stroma Intensity Stroma Intensity Stroma Intensity Epithelial Intensity High Stromal and 
High Epithelial 

Intensity Lowa Highb Lowa Highb Lowa Highb Highb Lowa 

Primary 
tumour 

 

68 
(49-87) 9/26 

(34.6%) 
17/26 

(85.4%) 
1/27  
(37%) 

26/27 
(63%) 

19/24 
(79.1%) 

5/24 
(28.9%) 

19/24 
(79.15) 

5/24 
(28.9%) 

3/24 (12.5%) 

Omental 
metastasis 

 

8/27 
(29.6%) 

19/27 
(79.4%) 

2/26  
(7.7%) 

24/26 
(92.3%) 

15/26 
(57.7%) 

11/26 
(42.3%) 

22/26 
(84.6%) 

4/26 
(15.4%) 

2/26 (7.7%) 

Chi Squared 
Test 

 
p =1.0 p =0.351 p =0.128 p =1.00 p = 0.42 
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Figure 4.2. Immunostaining of normal, serous benign, serous borderline, and serous malignant ovarian tissue. 

(a) Weak (1+) versican staining in the stroma adjacent to normal surface epithelial cells (b) Strong (3+) versican staining in the stroma adjacent 

to benign ovarian epithelial cells (c) Strong (3+) versican staining in the stroma adjacent to ovarian epithelial cells (d) Moderate (2+) versican 

staining in the stroma adjacent to malignant ovarian epithelial cells (e) Weak (1+) HA staining in the stroma adjacent to normal surface 

epithelial cells (f) Moderate (2+) HA staining in the stroma adjacent to benign ovarian epithelial cells (g) Strong (3+) HA staining in the stroma 

adjacent to ovarian epithelial cells (h) Moderate (2+) HA staining in the stroma adjacent to malignant ovarian epithelial cells (i) Weak (0) CD44 

staining in the stroma adjacent to normal surface epithelial cells and weak (1+) CD44 staining in the normal surface epithelial cells (j) Weak (1+) 

CD44 staining in the stroma adjacent to benign ovarian epithelial cells and strong (3+) CD44 staining in the benign epithelial cells (k) Moderate 

(2+) CD44 staining in the stroma adjacent to ovarian epithelial cells and weak (1+) CD44 staining in the epithelial cells (l) Strong (3+) CD44 

staining in the stroma adjacent to malignant ovarian epithelial cells and weak (1+) CD44 staining in the malignant epithelial cells. Magnification 

bar = 20 μm. All images are at the same magnification.  
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Figure 4.3. Immunostaining of primary ovarian tumour and matching metastases.  

(a) H&E staining of a primary ovarian tumour (b) H&E staining of a matching 

metastasis (c) Strong (3+) versican staining in the stroma of a primary ovarian tumour 

(d) Weak (1+) versican staining in the stroma of a matching metastasis (e) Moderate 

(2+) HA staining in the stroma of a primary ovarian tumour (f) Moderate (2+) HA 

staining in the stroma of a matching metastasis (g) Weak (0) CD44 staining in the 

stroma and strong (3+) CD44 staining in the epithelial cells of a primary ovarian 

tumour (h) Moderate (2+) CD44 staining in the stroma and weak (1+) CD44 staining in 

the epithelial cells of a matching metastasis. Magnification bar = 20 μm. All images are 

at the same magnification.  
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4.3.2. Serum HA levels in patients undergoing chemotherapy 

 

We investigated the levels of HA in the serum of patients with benign serous ovarian 

disease and serous malignant ovarian disease when compared with controls. We 

observed no significant difference in the median serum level of HA between normal 

control (6.94 ng/ml), benign (19.11 ng/ml), and serous ovarian cancer (21.94 ng/ml, 

Table 4.4, Figure 4.4a). However, when we tracked HA serum levels in 6 patients during 

the course of their chemotherapy regime, we observed 4 out of 4 patients with data 

collected after their first cycle of chemotherapy showed an average 224% increase in 

HA serum levels compared with their pre surgical levels (Figure 4.4b, c). Interestingly, 

all 6 patients showed an increase in HA serum levels from pre-surgical levels after at 

least one of the chemotherapy cycles (112.4-2669.3%, Figure 4.4c). In addition, when 

OVCAR-5, OVCAR-3, and SKOV-3 cells were treated with carboplatin for 72 hr, it was 

found that they produced increased levels of HA (1.4 - 5.2 fold) when compared with 

non treated cells.  
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Table 4.4. Characteristics of patients and serum HA levels. 

 
 Number Median age 

(Range) 
Median HA (ng/ml)  

(range) 
 

Controls 

Surgical 

Asymptomatic 

 

14 

6 

45 
(36 - 76) 

6.94 
(1.42 - 58.91) 

 

Benign 14 56 
(41 - 77) 

19.11 
(11.42 -111.63) 

Malignant 

Stage 

I 

II 

III 

IV 

 

 

5 

1 

16 

1 

62.5 
(42 - 84) 

21.94 
(0.26 – 82.36) 
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Figure 4.4. Serum HA levels decrease in response to chemotherapy treatment. 

(a) Serum HA levels were established using an ELISA kit (R&D Systems) for patients 

undergoing surgery with normal ovaries, benign ovarian conditions, serous ovarian 

cancer, or patients who had undergone 3 or more chemotherapy cycles (b) Serum HA 

levels were established for serous ovarian cancer patients undergoing multiple 

chemotherapy cycle regimes. (c) Serum HA levels shown as a percentage of serum HA 

levels at time of diagnosis 
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4.3.4. Versican induces pericellular matrix formation by ovarian cancer cells 

 

Treatment with either conditioned medium containing versican (Figure 4.5a, b) or 

purified recombinant versican (Figure 4.6a) in the presence of exogenous HA resulted 

in increased pericellular sheath formation by OVCAR-5 and SKOV-3 cells, but not 

OVCAR-3 cells. Negligible pericellular sheath formation was detected around ovarian 

cancer cells (OVCAR-3, OVCAR-5, and SKOV-3) following treatment with control CHO 

K1 CM lacking versican, in the presence of HA (Figure 4.5a, b). Treatment with 

increasing concentrations of purified rV1 versican in the presence of exogenous HA 

resulted in pericellular sheath formation by OVCAR-5 in a dose-dependent manner 

(Figure 4.6a). Maximal pericellular sheath formation was observed (18% of OVCAR-5 

cells) following treatment with 5 U/ml rV1 versican. Likewise, treatment with 5 U/ml 

rV1 versican resulted in maximal pericellular sheath formation in 17% of SKOV-3 

ovarian cancer cells (Figure 4.6a). We demonstrated that pericellular sheath formation 

was dependent on the presence of HA, as treatment with HAase (10 U/ml) almost 

completely destroyed the pericellular sheath around OVCAR-5 and SKOV-3 cells (Figure 

4.5b, c). The capacity of ovarian cancer cells to form a pericellular sheath correlated 

with the level of the HA receptor, CD44. CD44 was detected in the membrane of 1.3 % 

of OVCAR-3, 27 % of OVCAR-5, and 13.4 % of SKOV-3 cells respectively. All LP-9 cells 

were immuno-positive for CD44 (Figure 4.6b).  
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Figure 4.5. Versican promotes the formation of a pericellular matrix by ovarian cancer 

cells. 

(a) Pericellular sheath formation by ovarian cancer cells following 24 hr treatment with 

versican was assessed using a red blood cell exclusion assay. Ovarian cancer cells (3 x 

103) were plated in 48-well tissue culture plates and treated with versican containing 

CHO V1 conditioned medium (�5 U/ml) or CHO K1 from parental cells expressing no 

versican. Red blood cell diameter = 7 μm. The white arrows illustrate OVCAR-5 cells 

and SKOV-3 cells with a prominent polar pericellular sheath. (b) Pericellular sheath 

formation by ovarian cancer cells following treatment with CHO V1 and CHO K1 CM is 

dependent on HA. Structural necessity for HA within the pericellular sheath was 

confirmed by treatment with hyaluronidase (30 min at room temperature, 10 U/ml). 

Data represents percentage (mean � SD) of cells (n ≈ 100) with pericellular sheath 

from at least 6 determinations in 3 separate experiments. * denotes significant 

difference from control p < 0.05 one-way ANOVA. (c) Visualisation of the destruction 

of versican-HA pericellular sheath in OVCAR-5 cells by exposure to hyaluronidase (10 

U/ml) over 30 min. 
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Figure 4.6. Pericellular sheath formation by ovarian cancer cells is associated with 

CD44 expression.  

(a) Effect of purified rV1 versican on pericellular sheath formation by ovarian cancer 

cells. Ovarian cancer cells (5 x 105 cells/ml) were treated with purified versican 

(OVCAR-5 and OVCAR-3 - 0.1-10.0 U/ml, SKOV-3 5 U/ml) + HA (20 μg/ml) or PBS + HA 

(20 μg/ml) in 0.1% BSA RPMI on a rotating platform for 2 hr at RT and plated in 48-well 

plates (3 x 103 cells) for 2 hr prior to assessing pericellular sheath formation using red 

blood cell exclusion. Data represents percentage (mean � SD) of cells (n ≈ 100) with 

pericellular sheath from at least 6 determinations in 3 separate experiments. *denotes 

significant difference from control p < 0.01, one-way ANOVA. (b) Ovarian cancer cells 

(OVCAR-3, OVCAR-5, and SKOV-3) and peritoneal LP-9 cells were plated at a low 

density in 8-well chamber slides. Cells were fixed with paraformaldehyde and 

incubated with CD44 monoclonal antibody. CD44 immunostaining was detected by 

immunofluoresence (green for OVCAR-5, OVCAR-3 and Lp-9 cells, red for SKOV-3 cells) 

and nuclei are counterstained with Hoescht dye. Magnification bar = 20μm. All images 

are at the same magnification. 
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4.3.5. Versican promotes ovarian cancer cell motility and invasion 

 

We investigated the effects of rV1 versican on ovarian cancer motility and invasion 

using modified 96-well chemotaxis plates. rV1 versican treatment for 6 hr significantly 

increased the motility of ovarian cancer OVCAR-5 and SKOV-3 ovarian cancer cell lines 

but not of OVCAR-3 cells (Figure 4.7a, p < 0.0001). A maximal effect on OVCAR-5 and 

SKOV-3 cell motility (125% of PBS control) were observed following treatment with 1 

U/ml rV1 versican. rV1 versican also significantly increased invasion of OVCAR-5 and 

SKOV-3 cells through Geltrex by up to 20% (Figure 4.7b, p < 0.0001). Maximal effects 

on OVCAR-5 and SKOV-3 cell invasion were observed with 5 U/ml rV1 versican. rV1 

versican treatment did not, however, affect OVCAR-3 cell motility (Figure 4.7a) or 

invasion (Figure 4.7b). 
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Figure 4.7. Versican promotes ovarian cancer motility and invasion.  

Ovarian cancer cells (OVCAR-5, OVCAR-3 and SKOV-3) were treated as in Figure 4.10b. 

A calcein labelled cell suspension (50,000 cells/well in 50 μl) was added to the top of 

uncoated 12 μm filters inserts for motility assays (a) or to 12 μm filters coated with 

Geltrex for invasion assays (b) Cells were allowed to migrate for 6 hr at 37°C in an 

environment of 5% CO2 using 10% FBS RPMI as a chemoattractant in the lower 

chamber. The fluorescence of migratory cells was measured at 485-520 nm. Data is 

expressed as mean percentage of control � SD of 6 determinations from 3 separate 

experiments. * denotes significant difference from control, p < 0.05, one-way ANOVA.  
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4.3.6. Pericellular sheath formation in migrating ovarian cancer cells   

 

A wound migration assay was used to examine effects on directional ovarian cancer 

cell motility following versican treatment. Treatment with CHO V1 CM (5 U/ml 

versican) significantly increased the number of SKOV-3 (Figure 4.8a) and OVCAR-5 

(Figure 4.8b) cells entering the wounded area after 24 hr by 2-fold when compared 

with treatment with CHO K1 CM containing no versican. Time lapse photography 

combined with a particle exclusion assay enabled us to simultaneously observe 

directional cell movement and pericellular sheath formation. A polar pericellular 

sheath was consistently observed by motile SKOV-3 cells migrating into the scratch 

wound over a 2 hr treatment period (red arrow, Figure 4.9a and supplementary video). 

No pericellular sheath was observed in non-motile cells (Figure 4.9a, supplementary 

video). Interestingly, immunohistochemical localization of CD44 and HA demonstrated 

polar expression of both CD44 and HA in OVCAR-5 cell following treatment with 

versican containing media (Figure 4.9b). Polarized CD44/HA was not observed in non-

motile cells (data not shown).   
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Figure 4.8. Versican promotes ovarian cancer cell motility in a wound migration assay.  

Confluent monolayers of SKOV-3 cells (a) and OVCAR-5 (b) were wounded and treated 

with CHO K1 CM or CHO V1 CM for 24 hr. Data represent number of cells that 

migrated into the wounded area (mean � SD, 8 determinations from 2 experiments). * 

denotes significant difference from CHO K1, p < 0.05, student t-test.  
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Figure 4.9. Versican promotes formation of a polarized pericellular sheath by OVCAR-5 

and SKOV-3 cells.  

(a) The confluent SKOV-3 monolayer was wounded and treated with CHO V1 CM (5 

U/ml) for 8 hr. The white arrows indicate motile SKOV-3 cell with a polar pericellular 

sheath observed over a 2 hr time period. The red arrows indicate the direction of cell 

movement. Red blood cells diameter = 7 μm. (b) CD44 expression and HA staining in 

migratory OVCAR-5 cells following 24 hr treatment with CHO V1 CM. White arrows 

indicate polar CD44 expression and polar HA staining.  
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4.3.7. HA-oligos can block pericellular sheath formation and versican 

induced motility and invasion  

 

It was investigated whether small HA oligos (6-10) previously shown to block 

pericellular matrix formation around chondrocytes [294, 623] could block pericellular 

sheath formation by OVCAR-5 cells and versican induced increase in motility and 

invasion. Treatment with HA oligos (250 μg/ml) significantly inhibited HA-versican 

pericellular sheath formation by OVCAR-5 cells (Figure 4.10a, p < 0.0001) and 

significantly reversed OVCAR-5 versican induced motility (Figure 4.10b, p = 0.007) and 

invasion (Figure 4.10c, p = 0.013). These effects on motility and invasion were not due 

to decreased cancer cell viability following HA oligo treatment as even the the highest 

HA oligo concentration, 250 μg/ml had no affect on OVCAR-5 cell viability using a 

trypan blue exclusion assay (data not shown). 
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Figure 4.10. HA oligosaccharides block ovarian cancer metastatic behaviour. 

OVCAR-5 cells were treated in the presence or absence of HA oligos (250 μg/ml) (a) 

Pericellular sheath formation was assessed as described in Figure 4.6. Data represents 

percentage (mean � SD) of cells (n ≈ 100) with pericellular sheath from at least 6 

determinations in 3 separate experiments. * denotes significant difference from 

control, p < 0.05, one-way ANOVA. Motility (b) and invasion (c) of OVCAR-5 were 

performed as described for Figure 4.7. The fluorescence of migratory/invasive cells 

was measured at 485-520 nm. Data is expressed as percentage of control � SD of 6 

determinations from 3 separate experiments. * denotes significant difference from 

control, p < 0.05, one-way ANOVA.  
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4.3.8. The role of versican and HA in ovarian cancer cell adhesion to 

peritoneal cells 

 

We observed that metastatic ovarian cancer OVCAR-5 and SKOV-3 cells bound 

increasingly to LP-9 peritoneal cells over a 20 min time course. Maximal adhesion was 

observed after 10 minutes of adhesion to LP-9 cells (Figure 4.11a). Non-metastatic 

OVCAR-3 cells were observed to have minimal ability to adhere to peritoneal cells. 

Adding CHO V1 CM in the presence of HA to the cancer cell suspension didn’t increase 

their adhesion to peritoneal cells when compared with either CHO K1 parent cell line 

CM or HA alone (Figure 4.11b). However, the addition of HA to the ovarian cancer cell 

suspension increased the number of ovarian cancer cells binding to peritoneal cells. 

Adding HAase to the HA treated cell suspension successfully blocked the effects of 

exogenous HA on adhesion, but also reduced the number of adhered cells below that 

of the PBS control. Additionally, treating the PBS control cancer cell suspension with 

HAase, decreased OVCAR-5 and SKOV-3 adhesion to LP-9 peritoneal cells by 28% and 

25% respectively (Figure 4.11c). To determine whether this effect was observed due to 

the HAase digestion of HA produced by peritoneal cells during exposure of the 

monolayer to the HAase containing cell suspension, we treated the monolayer with 

HAase for 8 min prior to adhesion of PBS control treated cancer cells. We observed a 

30% and 31% decrease in adhesion of OVCAR-5 and SKOV-3 cells to the monolayer 

respectively (Figure 4.11c). Furthermore, treatment with HA oligos successfully 

blocked the effects of exogenous HA on OVCAR-5 cell adhesion to peritoneal cells, and 

also at least partially blocked the adhesive properties of endogenous HA produced by 

either the OVCAR-5 or LP-9 cells (Figure 4.12).  
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Figure 4.11. Adhesion of ovarian cancer cells to LP-9 peritoneal cells.  

(a) The ability of metastatic and non metastatic human ovarian cancer cells to bind to 

human peritoneal cells was demonstrated by allowing a suspension of calcein labelled 

cancer cells to bind to a monolayer of peritoneal cells over 20 min. (b) Calcein labelled 

ovarian cancer cells were mixed with CM from CHO V1 cells or parent CHO K1 cells and 

HA for 2 hr to allow formation of pericellular sheath to occur, then allowed to adhere 

to the peritoneal monolayer for 8 min. Different letters denote significant difference p 

< 0.01, one-way ANOVA (c) In addition to PBS control, ovarian cancer cells were mixed 

with 10 U/ml HAase. As an additional experiment, peritoneal cell monolayers were 

pre-treated with 10 U/ml HAase for 8 min prior to 8 min exposure to PBS control 

ovarian cancer cells. * denotes significant difference from control, p < 0.05, one-way 

ANOVA. 
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Figure 4.12. HA oligos can block HA induced adhesion to LP-9 peritoneal cells.  

OVCAR-5 cells were incubated with (a) HA (20 μg/ml) or (b) PBS in control media in the 

presence or absence of HA oligomers 6-10 (10-250 μg/ml) for 3 hr and adhesion to LP-

9 cells was assessed as described in Figure 4.8. Data is expressed as percentage of 

fluorescence compared with PBS, mean ± SD from at least three independent 

experiments performed in triplicate. * denotes significant difference from PBS control 

and different letters denote significant difference between groups, p < 0.05, one-way 

ANOVA. 
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4.3. DISCUSSION 

 

This study found that versican levels were low in normal ovarian stroma and stroma 

surrounding OSE cells but elevated in borderline and malignant tumours. We also 

observed that there was no difference in versican stromal levels between primary 

tumours and matching metastases which supports the findings by Lu et al. and Casey 

et al. which found that both primary ovarian tumours and omental metastases showed 

increased levels of versican when compared with normal OSE cells [249, 620]. We saw 

no association of versican levels and ovarian cancer stage which is contradictory to the 

finding by Voutelainen et al. which reported low levels of stromal versican to be 

correlated with early stage ovarian cancer. They also reported higher levels were 

associated with the serous subtype which is the only subtype included in this study 

[246]. 

Our finding that there was no significant difference in stromal HA expression between 

normal, benign, and malignant tissue is in conflict with the findings by Jojovic et al. 

that high levels of HA in the stroma is associated with malignant tissue [140, 151]. The 

study by Anttila et al. also demonstrated that high stromal HA was more frequent in 

metastases than in primary tumours [140] which was not observed in this study. We 

did however, observe a significant positive correlation between high stromal versican 

and high stromal HA, suggesting an interaction between these molecules in ovarian 

cancer. 

Interestingly, we also observed an increase in the stromal levels of CD44 in malignant 

tissue when compared with normal and benign ovarian tissue as well as an association 
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between stage and high stromal CD44, but no difference between primary tumours 

and matching metastases. Furthermore, we observed a significant positive correlation 

between high stromal CD44 and high epithelial CD44, indicating that CD44 on both the 

tumour cells and the surrounding stromal cells may play a role in ovarian cancer, 

particularly in its interaction with HA.  

Our findings support the observations by Zagorianakou et al. that CD44 expression in 

ovarian cancer was shown to be higher in malignant tumour cases when compared 

with benign and borderline tumours [200]. However, epithelial CD44 expression was 

found to be unaltered in primary ovarian cancers when compared with normal tissue 

in our study. We observed no correlation between versican or HA and CD44 which is 

supported by the finding by Sillanpaa et al. [202]. 

We assessed whether HA is a useful biomarker in the serum of ovarian cancer 

patients. However, we observed that serum HA was not elevated in the serum of 

serous benign and serous malignant ovarian tumour patients when compared with 

controls. This was in contradiction with findings reported in the literature that a range 

of cancers were associated with increased HA in the serum [170-173, 624]. However, 

our serum data agrees with our tissue date that there is no significant difference in the 

stromal HA expression between normal, serous benign, and serous malignant ovarian 

tissues.  

We observed that all of the patients with serum collected after the first cycle of first 

line chemotherapy showed an increase of serum HA levels compared with the levels at 

surgery, up to 320%. We also noted that all six patients with serum collected showed 

an increase in serum HA levels at some point during their chemotherapy regime. Four 
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patients undergoing chemotherapy subsequently showed a decrease in HA levels at a 

later chemotherapy cycle, with two of these patients having serum HA levels below 

that of samples collected at the time of surgery. In addition, we showed that all four 

cell lines had increased production of HA when exposed to carboplatin. Interestingly, 

the SKOV-3 cells which were most resistant to carboplatin treatment had the smallest 

increase of HA production in response to carboplatin. The work done by Delpech et al. 

showed similar decreases after chemotherapy but these did not correlate with patient 

outcome [624]. Likewise, the study by Obayashi et al. found that elevated HA in the 

serum was not linked with response, however the study analysed serum HA in a 

heterogeneous patient cohort. They assessed HA levels after the completion of a full 

chemotherapy regime (6 cycles) [173]. Thus, it seems possible that our finding that 

serum HA levels were not elevated in the cancer patients could be specific to the 

serous subtype of ovarian cancer.  

Although our study into the serum HA levels during chemotherapy only had a small 

patient number, it is possible that that serum levels of HA may function as an indicator 

of patient response to chemotherapy when assessed after the first cycle of a 

chemotherapy regime, or tracked over several cycles. Serum HA measurement may 

provide a method for determining whether a patient should be moved onto more 

aggressive therapies earlier in their treatment and potentially lead to greater survival 

rates. This study should be expanded to include more patients in order to assess the 

relationship between serum HA levels during chemotherapy and outcome. Further 

investigation into the role of HA in chemoresistance is also warranted. 
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In this study, we show that ovarian cancer cells are able to bind strongly with human 

peritoneal cells within mere minutes, indicating the importance of this step in the 

metastatic process, and making it a potential key target for therapies for ovarian 

cancer patients. Furthermore, we have demonstrated that ovarian cancer cells in vitro 

can utilize the ECM components HA and versican to assemble a pericellular matrix. 

Activation of the host stromal microenvironment is a critical step in tumour 

metastasis. Stromal cell activation or desmoplasia has been described for many 

adenocarcinomas including prostate, lung, colon and breast [625] and is characterized 

by extensive synthesis of ECM components such as collagen, fibronectin, versican, HA, 

tenascin C, periostin, and MMPs [146, 615, 626-628]. A reactive stroma is believed to 

play an important role in ovarian cancer progression and invasion [629, 630]. Thus it 

seems most likely that versican and HA located in the supporting tumour stroma, 

provides the necessary components for cancer cells to form a pericellular sheath. Our 

study also demonstrates that there is a relationship between versican concentration 

and the percentage of ovarian cancer cells able to form a pericellular sheath and 

increases in ovarian cancer cell motility and invasion. Our findings support the findings 

in the literature that lower levels of stromal versican or HA in ovarian cancer patients 

is associated with a better prognosis for recurrence free 5-year survival than those 

with higher levels. An in vitro study using embryonic fibroblasts from mice with 

versican lacking the G1 HA binding domain showed that versican is essential for matrix 

assembly involving HA. It also demonstrated that diminished versican deposition due 

to lack of HA binding in the ECM increased the level of free HA fragments which 

interact with CD44 and increase cellular senescence [207]. 
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In this study, we have shown that increased pericellular sheath formation due to 

increased versican and HA is associated with increased motility. This HA-versican 

interaction and alteration of the ECM has been shown to form a polar pericellular 

sheath around the cells and increase their motility [135]. We have also demonstrated 

this polar sheath in motile ovarian cancer cells. Furthermore we have demonstrated in 

this study that increased versican and HA levels can induce ovarian cancer cell invasion 

through an ECM barrier, similar to that found coating human peritoneal cells. Previous 

studies demonstrating a strong association between the development of ovarian 

cancer metastasis and increased versican or HA in the peritumoural stroma in ovarian 

cancer tissues [140, 246] have implicated these molecules in ovarian cancer invasion 

and metastasis. The present study supports the role of both versican and HA in 

promoting ovarian cancer cell invasion.  

We have also demonstrated that formation of a HA-versican pericellular sheath has no 

visible effect on ovarian cancer cell adhesion to peritoneal cells in the presence of 

exogenous HA. It is possible that the other factors present in the CM used may have 

prevented any effect from being observed, or that any effect versican had on adhesion 

was masked by the large effect of HA, as exogenous HA induced a significant increase 

in adhesion of OVCAR-5 and SKOV-3 cancer cells to LP-9 peritoneal cells, which has 

been documented previously [251, 631]. Addition of HAase or HA oligos successfully 

blocked the effect of exogenous HA on adhesion. Furthermore, pre-treatment of the 

LP-9 peritoneal layer with HAase for 45 min prior to addition of ovarian cancer cells 

resulted in decreased adhesion providing strong evidence that ovarian cancer cell 
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adhesion to peritoneal cell monolayers is due, at least partially, to the interactions 

between HA and CD44 [249].  

To further understand the role of the versican-HA sheath in ovarian cancer cell 

adhesion to peritoneal cells, a study should be conducted using purified recombinant 

versican in the presence or absence of HA. We have shown that peritoneal cells 

express both CD44 and HA, and that metastatic, adherent ovarian cancer cells also 

express CD44. Thus we suggest that the adhesion of ovarian cancer cells to peritoneal 

cells is mediated by HA binding to CD44 found on both cell types which allows a strong 

anchoring and interaction between the two cell types. The binding of HA to CD44 is 

known to trigger direct cross-signalling between two different tyrosine kinase-linked 

signalling pathways [190, 192] and it is this function which is thought to be involved in 

increased motility, adhesion, and invasion of cancer cells as well as tumour growth, 

especially in ovarian cancer [174, 193-195]. Thus we propose that versican from the 

stroma binds with HA during formation of the extracellular matrix, which in turn binds 

to CD44 on the peritoneal surface, enabling adhesion, and inevitably metastasis to 

other abdominal organs. 

 

It is known that small HA oligos can compete with larger HA polymers for receptors 

such as CD44 [632, 633]. HA oligos have also been shown to reverse chemotherapy 

resistance [299] and increase chemotherapy sensitivity in some cancer cell lines, by 

disassembling CD44-transporter complexes and induced internalization of CD44, acting 

as an effective adjuvant to chemotherapy treatment [300]. Highly invasive bladder 

cancers produce HA fragments in the 30-50 saccharide range which have been shown 
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to be angiogenic for endothelial cells [165]. By contrast, the HA fragments ranging 

from 6 to 24 saccharides inhibit melanoma cell proliferation as well as the formation 

of tumours in nude mice [295]. Small HA oligos in the 6-10 range appear to have 

unique biological properties and can also inhibit a variety of tumours in vivo and in 

vitro [295, 297, 298, 300, 633]. HA oligos have been shown to inhibit the formation of 

pericellular sheath around chondrocytes [294, 623]. HA oligos are thus a potential 

therapy to inhibit tumour growth and to counteract the effects of degradation 

fragments (< 50-mers) which can stimulate tumour cell motility, angiogenesis, and 

cancer progression.  

In this study, we have demonstrated that small HA oligos (6-10) can block the HA-CD44 

interaction which forms when ovarian cancer cells bind to peritoneal cells. The HA 

oligos inhibited the formation of HA-versican pericellular sheath around CD44 

expressing ovarian cancer cells and the motility and invasion induced by versican 

treatment. Our results support further investigations of utilizing that HA oligos either 

alone or in conjunction with chemotherapeutic agents to block invasion and 

metastasis of CD44 positive ovarian cancers. The HA-versican pericellular sheath 

formation has been shown to be inhibited following treatment with HA oligos in 

bladder, fibrosarcoma, osteosarcoma, and melanoma tumour cells [136, 294, 297]. 

Treatment with the HA oligos inhibited the formation of pericellular matrix by 

osteosarcoma cells and reduced HA accumulation in local tumours, tumour growth, 

motility, invasion, and the formation of distant lung metastases [297]. These findings 

suggest that the potent anti-tumour effects of HA oligos are mediated in part by the 

blocking of the formation of HA-rich cell-associated matrices as well as blocking the 
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interaction between HA and CD44. The use of HA oligomers is a potentially attractive 

reagent to block versican-HA interactions as well as local tumour invasion and needs 

further investigation. 
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CHAPTER 5 - GENERAL DISCUSSION 

 

Ovarian cancer is the 9th most common cancer in women, but has the 6th highest death 

rate [1]. This poor prognosis is due to more than 50% of ovarian tumours being 

detected at an advanced stage (III or IV) due to non specific symptoms, and lack of a 

regular early detection screening tests available to the public. Late stage ovarian 

cancer has a much lower 5-year survival rate of 12-30% compared with 50-90% for 

those with an earlier diagnosis [2]. Patients diagnosed with ovarian cancer at any stage 

undergo debulking surgery and treatment with either platinum or taxane containing 

chemotherapy regimes, however most patients relapse with drug-resistant disease 

within 5 years and only approximately 25% of ovarian cancer patients survive 10 years 

[89, 90]. Unfortunately, there are no effective treatment options currently available 

for drug resistant ovarian cancer.  

Metastasis from epithelial ovarian cancer can occur by ovarian epithelial cancer cells 

shedding from the primary tumour on the ovary into the peritoneal cavity attaching to 

the omentum, and then by direct extension into adjacent organs [80]. Little is still 

understood about ovarian cancer metastasis and why there appears to be a 

preference for implantation and invasion of the omentum over other sites within the 

peritoneal cavity. Potential mechanisms for the attachment to peritoneal mesothelium 

include binding to ECM proteins such as collagen type I [86], and IV, laminin, and 

fibronectin via integrins [87], and to polysaccharide HA on the surface of the 

peritoneal cells via its receptor, CD44 [88]. 
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Many proteins, enzymes, and genes have been assessed for potential as markers for 

ovarian cancer diagnosis and patient outcome. CA125, the only marker currently 

available for detection and prognosis in ovarian cancer [56], is only detected in the 

abnormal range in 50% of early stage ovarian cancers [54] but it is also detected in 

benign and non-malignant ovarian tissue [55]. There is a lot of interest in combining a 

CA125 test with other serum biomarkers to increase the percentage of early stage 

ovarian cancers which can be detected.  

Utilising a proteomic screening approach to assess the changes in the protein profile 

when peritoneal cells interact with ovarian cancer cells, we identified a number of 

proteins which were modulated in peritoneal-ovarian cancer cell co-culture. We 

identified that TGFBIp, fibronectin, PAI-1, cytokeratins 1, 5, 6C, 9, 10, 14, and 16, TKT, 

annexin A2, annexin A6, and eEF-2 were processed as a result of the interaction 

between peritoneal cells in direct contact with ovarian cancer cells, or when both cells 

shared the same media. Very few of these proteins have been investigated in other 

ovarian cancer studies. Processed forms have only been detected in human tissue for a 

handful of these proteins.  

We conclude from these experiments, that when peritoneal cells are exposed to 

ovarian cancer cells, whether by shared CM which represents the early stages of 

ovarian cancer or by direct contact which represents late stage ovarian cancer, a 

proteolytic response is triggered. This results in numerous proteins being cleaved or 

degraded by proteases. This will be an important response to investigate further, as 

inhibiting this proteolytic response could prove to be an effective novel ovarian cancer 

therapy. Our studies implicate a role for a disrupted PAI-1-regulation of the plasmin 
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pathway during the interaction between peritoneal and ovarian cancer cells ultimately 

leading to increased plasmin secretion and most likely also increased MMP activation, 

ultimately leading to the processing of a range of proteins, including those detected in 

this study (Figure 5.1).  

We further investigated the role of the ECM protein TGFBIp in ovarian cancer. Further 

characterisation of this protein found that TGFBIp is abundantly expressed by 

peritoneal mesothelial cells and weakly expressed by ovarian cancer cells. In 

peritoneal-ovarian cancer cell co-culture only cleaved forms of TGFBIp were observed. 

The low level of TGFBIp observed in ovarian cancer cell lines and ovarian cancer tissue 

and the high levels of TGFBIp observed in normal ovarian tissue is consistent with 

previous studies which have shown TGFBIp expression to be downregulated in many 

cancer cell lines and human cancers [578, 587-589]. Recent studies have shown that a 

low level of TGFBIp in ovarian cancer tissue is predictive of disease progression 

following treatment [550, 551] whilst TGFBIp over-expression could markedly reduce 

tumourigenicity [547, 590].  

More recent studies demonstrating that the loss of TGFBIp predisposes mice to 

spontaneous tumour development has provided strong in vivo evidence that TGFBIp 

functions as a tumour suppressor [603]. Although these studies indicate that TGFBIp 

has an anti-tumourigenic role, a large number of studies have also found that TGFBIp 

is over-expressed in other cancer cell lines and human tumours including colorectal, 

renal, lung, oesophageal, and pancreatic cancers [549, 579-582, 586]. Furthermore, 

several reports indicate that TGFBIp can mediate cancer cell invasion and metastasis 

as well as enhance cancer cell extravasation [543, 596-598]. Recently TGFBIp has been 
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shown to mediate lymphatic endothelial migration and adhesion to ECM under low 

oxygen conditions [601]. These observations suggest that during hypoxia, which 

commonly occurs in tumours, TGFBIp may aid the metastatic process by promoting 

the adhesion to lymphatic endothelial cells.  

We investigated the cleavage of TGFBIp in the peritoneal-ovarian cancer cell co-culture 

and further demonstrated that it occurs between amino acid residue 27 and amino 

acid residue 76 in the N-terminal domain and between amino acid residue 626 and 

amino acid residue 657 in the C-terminal domain. Although the functional role of the 

N-terminal TGFBIp domain has not been well studied, the C terminus has several 

integrin binding motifs including the RGD and EPDIM sequences and the YH18 motif in 

the FAS IV domain. Whilst it is not known whether processed TGFBIp in the secretome 

of the peritoneal-ovarian cancer cell co-culture retains its RGD sequence, the EPDIM 

motif is maintained in the C-terminal processed TGFBIp. Surprisingly, TGFBIp 

processing was only observed when ovarian cancer cells and peritoneal cells were 

both present. These findings suggest that a two-way paracrine interaction involving 

multiple levels of cross-talk between the ovarian cancer cells and peritoneal cells is 

required for the TGFBIp processing to occur.  

Our investigation into the protease responsible for cleaving TGFBIp indicate that 

cleavage of TGFBIp in the ovarian cancer and peritoneal cell co-culture is not MMP 

mediated as the broad spectrum MMP inhibitor, GM6001, failed to inhibit TGFBIp 

processing. We have shown that the protease plasmin, which was found to be almost 

immediately upregulated in peritoneal-ovarian cancer cell co-culture, cleaves TGFBIp 
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in the same region as that observed in the co-culture. Furthermore, this processing 

could be at least partially blocked by the addition of plasmin inhibitors.  

Further investigation into the functional role of TGFBIp in ovarian cancer metastasis 

showed that rTGFBIp can promote ovarian cancer cell motility, invasion, and adhesion 

to peritoneal cells, the latter of which could be reversed by the addition of a 

neutralising TGFBIp antibody. Surprisingly, high levels of TGFBIp were also found to 

cause increases in ovarian cancer cell death. 

In our study, the effects of TGFBIp on ovarian cancer cells were independent of the 

TGFBIp RGD integrin binding motif since treatment with an RGD peptide did not block 

the ability of TGFBIp to promote ovarian cancer cell motility, invasion, or adhesion to 

peritoneal cells. It is likely that TGFBIp activity on ovarian cancer cells is mediated by 

other sites in the TGFBIp molecule other than the RGD motif, which includes the 

EPDIM or NKDIL motifs and the sequence spanning the YH18 motif. A limitation of our 

study was to identify the exact position of the C terminal cleavage and thus which 

motif is most likely responsible for the effects we observed. We were also thus unable 

to determine the function of the cleaved form of TGFBIp in ovarian cancer. 

Our findings indicate that in ovarian cancer, TGFBIp is likely to act as a “double edged 

sword” where the loss of TGFBIp has a pro-tumourigenic role and the expression of 

TGFBIp by peritoneal cells aids the metastatic process (Figure 5.2). TGFBIp is therefore 

a potential novel therapeutic target against ovarian cancer. 

In addition to the ECM protein TGFBIp, we investigated the expression of ECM 

components versican, HA, and CD44 in ovarian cancer tissues. In this study, we found 
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that versican was significantly elevated in serous ovarian carcinoma when compared 

with normal and serous benign ovarian tissue. We also observed that CD44 in the 

stroma was also significantly elevated in serous ovarian carcinoma when compared 

with normal ovaries or benign serous tumours. These findings are in agreement with 

previous studies in ovarian cancer which showed that versican is up-regulated in 

primary tumours and omental metastases when compared with normal surface 

epithelial cells [244, 249, 620]. Versican has also been found to be associated with 

serous histological type [140].  

Furthermore, we investigated the levels of HA in the serum of serous ovarian cancer 

patients, and found that the serum levels of HA were not elevated in either serous 

benign or serous carcinoma patients when compared with controls. This was 

consistent with our findings that there was no significant difference in the level of HA 

expression between normal, benign and malignant ovarian tissue, but contradicted the 

findings by Obayashi et al., that serum HA levels were elevated in a heterogeneous 

cohort of ovarian cancer patients [173]. It is likely that that the results that we 

observed in this study could be specific to the serous subtype of ovarian cancer. 

As predicting the response of a patient to treatment could be just as valuable as 

detecting the disease earlier, we tracked HA serum levels in patients at various stages 

during the course of their chemotherapy regime, and observed that all patients with 

data collected after their first cycle of chemotherapy showed an increase in HA serum 

levels when compared with their pre-surgical levels. Additionally, all patients showed 

an increase in HA serum levels from pre-surgical levels during the course of the 

chemotherapy regime. One third of the patients completed their chemotherapy 
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regime with lower levels of serum HA than at diagnosis, which is supported by, the 

work done by Delpech et al., and Obayashi et al., which showed serum HA levels 

decreased after chemotherapy [173, 624]. Further investigation in a larger cohort of 

patients is required to determine whether the measurement of serum HA levels during 

chemotherapy can be used as an indicator of chemotherapy response or an earlier 

indication of chemoresistance. 

In an additional study into the functional role of ECM components HA and versican, we 

demonstrated that ovarian cancer cells in vitro can utilize HA and versican to assemble 

a pericellular matrix. In this study, we have shown that pericellular sheath formation 

was observed in motile OVCAR-5 and SKOV-3 cells. Furthermore, we also 

demonstrated that versican and HA levels can enhance the motility of ovarian cancer 

cells and their invasion through an ECM barrier (Figure 5.3). This HA-versican 

interaction and alteration of the ECM has been shown to increase prostate cancer cell 

motility and increase formation of a polar pericellular sheath around the motile 

prostate cells [135]. Previous studies demonstrating a strong association between the 

development of ovarian cancer metastasis and increased versican or HA in the 

peritumoural stroma in ovarian cancer tissues [140, 246], have implicated these 

molecules in ovarian cancer invasion and metastasis. The present study supports the 

role of both versican and HA in promoting ovarian cancer cell motility and invasion. 

We propose that versican from the peritumoural stroma binds to HA to form 

pericellular sheaths around the cancer cells. This enhances the motility of the cancer 

cells and their ability to invade through the peritoneal lining, ultimately leading to 

distant metastases (Figure 5.4). Thus, it seems most likely that versican and HA located 
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in the supporting tumour stroma, provides the necessary components for cancer cells 

to form a pericellular sheath and become metastatic. 

In agreement with previous studies, we have also demonstrated that exogenous HA 

alone could increase ovarian cancer adhesion to peritoneal cells. Our findings suggest 

that the adhesion of ovarian cancer cells to peritoneal cells is mediated by HA binding 

to CD44 found on both ovarian cancer cells and peritoneal cells by allowing a strong 

anchorage and interaction between the two cell types. In this study, we have 

demonstrated that small HA oligos (6-10) can block the HA-CD44 interaction which 

occurs when ovarian cancer cells bind to peritoneal cells.  

Addition of HA oligos also inhibited the formation of HA-versican pericellular sheath 

around CD44 expressing ovarian cancer cells and the increases in motility and invasion 

following versican treatment (Figure 5.3). The HA-versican pericellular sheath 

formation has been shown to be inhibited following treatment with HA oligos in other 

cancer types including; urinary, fibrosarcoma, osteosarcoma, and melanoma tumour 

cells [136, 294, 297]. Treatment with the HA oligos inhibited the formation of 

pericellular matrix by the cells and reduced HA accumulation in local tumours, tumour 

growth, motility, invasion, and the formation of distant lung metastases by blocking 

the HA CD44 interaction [136]. Our results support further investigations of utilising 

HA oligos either alone or in conjunction with chemotherapeutic agents to block 

invasion and metastasis of CD44 positive ovarian cancer cells. The use of HA oligos is a 

potentially effective therapy to block HA-versican interactions as well as local tumour 

invasion and needs further investigation. 
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Overall the studies in this thesis indicate a very strong role for the tumour 

microenvironment and in particular highlights the proteolytic mechanisms 

triggered to create a modified tumour microenvironment. Further investigation of 

the proteolytic response will increase our understanding involved in the ovarian 

cancer metastatic process as well as the interactions between ECM components 

HA, versican, and CD44. 

Many of the novel proteins and their cleaved products identified in this study hold 

the potential to be novel diagnostic biomarkers of ovarian cancer. Similarly, these 

proteins may prove to be novel therapeutic targets for ovarian cancer and further 

investigation is warranted. 
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Figure 5.1. The proposed role of the plasmin pathway in ovarian cancer metastasis 
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Figure 5.2. The effects of TGFBIp on the metastatic steps involved in ovarian cancer 

and the inhibitory effects of a neutralising TGFBIp antibody. 

In this study, rTGFBIp increased ovarian cancer motility and invasion as well as their 

adhesion to peritoneal cells. A TGFBIp neutralising antibody was able to successfully 

block the effects of rTGFBIp on ovarian cancer cell adhesion to peritoneal cells.
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Figure 5.3. The effects of versican on CD44 positive ovarian cancer cells and the 

inhibitory effect of HA oligos. 

Purified human versican V1 stimulated pericellular sheath formation around CD44 

positive ovarian cancer cells which led to increased motility and invasiveness. Addition 

of HA oligos successfully blocked sheath formation and the increases in motility and 

invasion observed in the presence of versican. 
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Figure 5.4. Proposed model of HA, CD44, and versican interactions in ovarian cancer. 

Proposed model of HA, CD44 and versican interactions between ovarian cancer and 

peritoneal cells. The formation of a stabilized HA/versican pericellular matrix 

surrounding ovarian cancer cells increases motility and protects the ovarian cancer 

cells against the mechanical forces in the peritoneal cavity and enable ovarian cancer 

cells to strongly adhere to CD44 expressed on peritoneal cells. This allows subsequent 

ovarian cancer invasion and peritoneal dissemination. 
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Figure A.1. Peptide fingerprinting for Fibronectin produced during peritoneal-ovarian 

cancer cell co-culture. 

Letters in red indicate peptides that were detected during MS (a) Protein identified in 

Table 2.1 (sample A1) as intact 440 kDa fibronectin produced by LP-9 cells alone (b) 

Protein identified in Table 2.1 (sample A2) as cleaved 220 kDa fibronectin produced by 

LP-9 cells alone (c) Protein identified in Table 2.1 (sample A7) as cleaved 120 kDa 

fibronectin (d) Protein identified in Table 2.1 (sample A8) as cleaved 70 kDa 

fibronectin. 
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Figure A.2. Peptide fingerprinting for Periostin produced during peritoneal-ovarian 

cancer cell co-culture. 

Protein identified in Table 2.1Table 2.1 (sample A3) as intact 90 kDa periostin 

produced by LP-9 cells alone. 
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Figure A.3. Peptide fingerprinting for TGFBIp produced during peritoneal-ovarian 

cancer cell co-culture. 

(a) Protein identified in Table 2.1 (sample A4) as intact 68 kDa TGFBIp produced by LP-

9 cells alone. (b) Protein identified in Figure 3.8a (band 3) as cleaved 68 kDa TGFBIp (c) 

Protein identified in Figure 3.8a (band 4) as cleaved 68 kDa TGFBIp. 
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Figure A.4. Peptide fingerprinting for PAI-1 produced during peritoneal-ovarian cancer 

cell co-culture. 

(a) Protein identified in Table 2.1 (sample A5) as intact 45 kDa PAI-1 produced by Lp-9 

cells alone (b) Protein identified in Table 2.2 (sample B4) as cleaved 44 kDa PAI-1 (c) 

Protein identified in Table 2.3 (Sample C4) as cleaved 44 kDa PAI-1 
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Figure A.5. Peptide fingerprinting for CK-1 produced during peritoneal-ovarian cancer 

cell co-culture. 

(a) Protein identified in Table 2.1 (sample A6) as a likely 120 kDa CK-1 dimer (b) Protein 

identified in Table 2.2 (sample B3) as cleaved 50 kDa CK-1 (c) Protein identified in 

Table 2.2 (Sample B8) as cleaved 34 kDa CK-1 (d) Protein identified in Table 2.2. 

(Sample B9) as cleaved 33 kDa CK-1 (e) Protein identified in Table 2.3 (Sample C2) as 

cleaved 55 kDa CK-1 (f) Protein identified in Table 2.3 (Sample C4) as cleaved 48 kDa 

CK-1 (g) Protein identified in Table 2.3 (Sample C5) as cleaved 44 kDa CK-1 (hr) Protein 

identified in Table 2.3 (Sample C9) as cleaved 35 kDa CK-1 (i) Protein identified in Table 

2.3 (Sample C10) as cleaved 35 kDa CK-1 (j) Protein identified in Table 2.3 (Sample C11) 

as cleaved 34 kDa CK-1. 
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Figure A.6. Peptide fingerprinting for CK-10 produced during peritoneal-ovarian cancer 

cell co-culture. 

(a) Protein identified in Table 2.2 (sample B3) as cleaved 50 kDa CK-10 (b) Protein 

identified in Table 2.3 (sample C2) as cleaved 55 kDa CK-10 (c) Protein identified in 

Table 2.3 (Sample C5) as cleaved 44 kDa CK-10 (d) Protein identified in Table 2.3 

(Sample C11) as cleaved 34 kDa CK-10. 
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Figure A.7. Peptide fingerprinting for annexin A2 produced during peritoneal-ovarian 

cancer cell co-culture. 

(a) Protein identified in Table 2.1 (sample B7) as cleaved 34 kDa Anx A2 (b) Protein 

identified in Table 2.2 (sample B8) as cleaved 34 kDa Anx A2 (c) Protein identified in 

Table 2.3 (Sample C9) as cleaved 34 kDa Anx A2 (d) Protein identified in Table 2.3 

(Sample C10) as cleaved 34 kDa Anx A2.  
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Figure A.8. Peptide fingerprinting for CK-9 produced during peritoneal-ovarian cancer 

cell co-culture. 

(a) Protein identified in Table 2.2 (sample B8) as cleaved 34 kDa CK-9 (b) Protein 

identified in Table 2.2 (sample B10) as cleaved 28 kDa CK-9 (c) Protein identified in 

Table 2.3 (Sample C4) as cleaved 48 kDa CK-9 (d) Protein identified in Table 2.3 

(Sample C10) as cleaved 35 kDa CK-9.  

  

d 



 

240 
 

 

 

 

 

Figure A.9. Peptide fingerprinting for Transketolase produced during peritoneal-

ovarian cancer cell co-culture. 

(a) Protein identified in Table 2.3 (sample C1) as larger than expected 80 kDa TKT (b) 

Protein identified in Table 2.3 (sample C6) as cleaved 43 kDa TKT.  
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Figure A. 10. Peptide fingerprinting for CK-6C produced during peritoneal-ovarian 

cancer cell co-culture. 

Protein identified in Table 2.3 (sample C4) as cleaved 48 kDa CK-6C. 

  



 

242 
 

 

 

Figure A. 11. Peptide fingerprinting for CK-16 produced during peritoneal-ovarian 

cancer cell co-culture. 

Protein identified in Table 2.3 (sample C4) as cleaved 48 kDa CK-16. 
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Figure A. 12. Peptide fingerprinting for CK-14 produced during peritoneal-ovarian 

cancer cell co-culture. 

Protein identified in Table 2.3 (sample C4) as cleaved 48 kDa CK-14. 
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Figure A. 13. Peptide fingerprinting for CK-5 produced during peritoneal-ovarian cancer 

cell co-culture. 

Protein identified in Table 2.3 (sample C4) as cleaved 48 kDa CK-5. 
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Figure A.14. Peptide fingerprinting for annexin A6 produced during peritoneal-ovarian 

cancer cell co-culture. 

Protein identified in Table 2.3 (sample C8) as cleaved 36 kDa Anx A6.  
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Figure A.15. Peptide fingerprinting for Elongation Factor-2 produced during peritoneal-

ovarian cancer cell co-culture. 

Protein identified in Table 2.3 (sample C11) as cleaved 34 kDa EEF-2. 

  



 

247 
 

Table A. 1. The one letter codes used in amino acid sequencing. 

1 LETTER CODE AMINO ACID 
A Alanine 
C Cysteine 
 D Aspartic Acid/Asparagine 
E Glutamic Acid 
F Phenylalanine 
G Glycine 
H Histidine 
I Isoleucine 
L Leucine 
K Lysine 
M Methionine 
N Asparagine 
O Pyrrolysine 
P Proline 
Q Glutamine 
R Arginine 
S Serine 
T Threonine 
U Selenocysteine 
V Valine 
W Tryptophan 
Y Tyrosine 
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