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Abstract 
 

Ovarian cancer (OC) is a lethal malignancy that severely impacts female health within the UK and 

across the world. It is the 6th most common cause of gynaecological cancer affecting women in the 

UK and affects approximately 7,500 per annum. Majority of women receive a confirmed diagnosis 

after they have progressed to an advanced stage (stage III/IV) of the disease, usually due to 

presentation of vague abdominal or gastrointestinal symptoms which is often mistaken for more 

benign conditions, like Irritable Bowel Syndrome (IBS).  Serum CA125 is considered to be the 

current gold standard for diagnosing ovarian cancer in patients, however, it is found to be 

elevated in other malignancies as well as in non-cancerous conditions such as liver cirrhosis and 

pregnancy. CA125 levels are also not elevated in a significant amount of early-stage OC cases, 

which may lead to further delay in referral and treatment. Once diagnosed, patients respond well 

to treatment initially, but soon develop chemoresistance, leaving patients with limited treatment 

options. 

Liquid biopsies have been gaining significant attention within the scientific community as a 

promising alternative to tissue samples, providing non-invasive diagnostic approaches or serial 

monitoring of disease evolution. In this study, we explore novel biomarkers and show that their 

presence in patient blood samples can be detected and utilised for serial monitoring of treatment 

efficacy.  Furthermore, this study  dives beyond cancer detection and looks into the possibility of 

developing novel therapeutic targets for OC. Using high-definition image flow cytometry, we 

demonstrate the ability to detect circulating cancer-related cells (CCs) from blood samples of 

patients with advanced epithelial OC (aEOC). We report that the presence of AE1/AE3+ and WT1+ 

cells is significantly higher in-patient samples compared to controls (mean = 2914 and 547 

CCs/ml, respectively). We also report the presence of CD34+ circulating endothelial cells in 

patients’ peripheral blood.  

We then investigated the mechanistic aspects of certain biomarkers and how informing on their 

functionality and involvement in OC could help discover new therapeutic targets; providing 

evidence for a novel role of surfactant protein D (SP-D) in ovarian cancer, as a biomarker and a  

therapeutic molecule. This thesis, completed with a pilot study investigating the shuttling effect 

of WT1, is important to understand the functional role of WT1 beyond just a biomarker used to 

confirm serous OC. 

On the whole, information obtained from liquid biopsies can cater to a wide array of functions 

from diagnosis/prognosis, minimally invasive serial monitoring to identification of new targets 

for therapeutic purposes. 
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Chapter 1  

Introduction 

1.1 Introduction to Ovarian Cancer  

Ovarian cancer (OC) is the 8th most common cause of cancer in women worldwide, accounting for 

over 295,000 cases annually (WHO, 2018). In the United Kingdom, OC accounts for 7,443 new 

cases annually which translates to roughly 20 cases every day. In comparison to breast and 

uterine cancer, the incidence of ovarian cancer within the UK and around the world is not as high. 

However, national statistics show that more than 50% of women diagnosed with OC every year 

will not be able to survive the disease. At present, the overall survival rate (10 years or more) of 

the disease is 35% and a mere 11% cases are considered preventable (Cancer Research UK, 

2018). These numbers throw light on the severity and lethality of the disease. 

 

        

Figure 1.1 - Latest estimated age-standardised rate (ASR) of incidence (orange)  and mortality (blue) of 

various gynaecological cancers observed in the females  in the United Kingdom. From top to bottom; Breast – 

I=93.6, M=14.4; Uterine – I=15.6 M=2.6; Ovarian – I=9.7, M=4.9; Cervical – I=8.4, M=1 (WHO, 2018).  

 

Over the past 20 years the incidence of OC has remained fairly static, however projections built 

on current statistics suggest a 15% increase in age-standardised mortality rates by 2035 (figure 

2) (Cancer Research UK, 2018). On a positive note, OC mortality rate has seen a 17% drop within 

the last decade. Despite this improvement, not much has changed regarding the prognosis of 
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women diagnosed with the disease as overall survival rates are still below 50% (Doufekas and 

Olaitan, 2014)  

        

 

Figure 1.2 – Observed (solid) and projected (dotted) age-standardised rates (ASR) of mortalities within the 

female population in the United Kingdom (Cancer Research UK, 2018).  

In most cases, women with OC are diagnosed at an advanced stage (FIGO stage III), translating to 

widely metastatic disease and low survival rates (Jayson et al., 2014). If diagnosed  at an earlier 

stage, the overall survival rate increases to over 90% with  significantly better prognostic 

outcomes (Doufekas and Olaitan, 2014). Effective screening programs are shown to be a vital 

strategy in reducing mortality. This has been noted in the case of breast cancer through the UK 

NHS Breast Screening Programme (NHSBSP), the impact of which has resulted in a 20% reduction 

of breast cancer related deaths between 1991 to 2005. Similarly, cervical cancer screening 

programmes across the country have reported to save 4,500 lives per year, highlighting their 

importance  in addressing the burden on our public health system (Marmot et al., 2013; Johns et 

al., 2017). The current landscape of diagnostics needs attention since the tests currently used to 

confirm presence of OC have limited sensitivity and specificity (Sundar et al., 2016). These factors 

altogether have hindered any progress towards declining mortality rates in the UK and need to 

be addressed. Liquid biopsies have gained wide popularity within the last couple of decades as a 

means of providing a simple/quick but comprehensive method of disease detection. Liquid 

biopsies hold an enormous potential as a reliable test within the current clinical setting and is a 

topic that will be discussed extensively in this chapter . 
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1.2 Ovary – Anatomy and Physiology  

The ovaries are primary female reproductive sex organs that are responsible for: 1) the 

development and release of ova (female germ cells) into the fallopian tube during ovulation and 

2) the release of female sex hormones oestrogen and progesterone. A typical ovary is about 3 to 

3.5 cm in length, 1.5 to 2.0 cm in width and weighs about 4 to 7 grams roughly, with a pearly grey 

appearance and a smooth consistency (Blaustein, 1983). The germinal epithelium also known as 

the visceral peritoneum (where “de novo” epithelial ovarian carcinomas generally arise from), 

covers the surface of each ovary, and consists of a layer of columnar epithelial cells that overlies 

a dense connective tissue layer called the tunica albuginea. The interior tissues of the ovary can 

be further sub-divided into the outer cortex and the inner medulla (Tortora and Derrickson, 

2005). 

                                 

Figure 1.3 – Anatomy of the adult human ovary - the free surface of the ovary is covered by a single layer of 

epithelial cells, the ovarian surface epithelium. The ovary has a large cortical and a small medullary region 

that are composed of fibroblast-like cells and smooth-muscle cells. The medullary region contains the larger 

blood vessels (shown in red and blue). The cortical region contains the follicles that each contain an oocyte. 

Primary follicles result from growth of primordial follicles, then develop into secondary follicles and mature 

into Graafian follicles. During ovulation, the ovarian surface is ruptured when the oocyte is released. After 

ovulation, the remnants of the follicle are transformed into the corpus luteum, a glandular structure that 

secretes female sex hormones. Different stages of oocyte maturation that take place during the 28-day 

menstrual cycle within the female ovary are shown in figure 1.3 (Naora and Montell, 2005) .  

Oestrogen and progesterone levels fluctuate throughout the menstrual cycle with oestrogen 

peaking just before ovulation and progesterone steadily increasing after ovulation has occurred 
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(Tortora and Derrickson, 2005). If fertilisation fails to occur, oestrogen and progesterone return 

to basal levels, followed by menstruation, the process which involves the shedding of the mucosa 

or inner layer of the uterus with blood through the vagina. The ovaries cease to produce oestrogen 

and progesterone at menopause, at which time menstruation and fertility terminates (Tortora 

and Derrickson, 2005). 

1.3 Origin and classification of Ovarian Cancer  

OC is well established as a heterogenous disease composed of different types of tumours with 

widely differing clinicopathologic features and behaviours (Kurman and Shih, 2010). A 

substantial amount of effort has been made in the last few decades towards appropriate 

classification and elucidating the origin of these tumours for appropriate detection and care. 

Histologically, OC is classified into two broad categories: non-epithelial (originating from stromal 

and germ cells) and epithelial (originating from epithelial cells) OC. Non-epithelial OC is rare and 

forms a small proportion of cases, whereas over 90% of malignancies relate to the epithelial  type 

(Reid et al, 2017; Kim et al., 2018). Epithelial ovarian cancer is further sub-divided into five types, 

namely high-grade serous (HGSC), endometrioid, clear-cell, mucinous, and low-grade serous 

(LGSC) (Prat, 2012). 

Based on distinct morphological and molecular heterogeneity that exists within epithelial OC, a 

dualistic model was proposed which broadly sub-divided epithelial OC into type I and type II 

tumours. Type I OCs tend to be low-grade, indolent tumours and include low-grade serous, 

endometrioid, mucinous, and malignant Brenner tumours. They are characterised by mutations 

of KRAS, BRAF, ERBB2, PTEN, PIK3CA and ARID1A and are relatively genetically stable (Kurman 

and Shih, 2010). Type II OCs are high-grade, aggressive tumours comprising of  high-grade serous, 

high-grade endometrioid, malignant mixed mesodermal tumours (stromal and epithelial mixed 

tumours) and undifferentiated tumours. They are very frequently associated with TP53 

mutations and approximately 20% also carry a BRCA1/2 mutation due to a combination of 

germline and somatic mutations (Kurman and Shih, 2010, 2016; Rojas et al., 2016). Invasive high-
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grade serous carcinoma is the most common histological type accounting for up to ∼80% of 

advanced ovarian cancers. 

         

Figure 1.4 - A simplified flowchart depicting the classification of OC based on cell of origin, histology, and 

genetic profile. Ovarian cancer sub-types are divided into type I and type II, with type I showing a set of 

common genetic mutations while majority of type II tumours are largely characterised by TP53 mutations. 

Figure adapted from (Rojas et al., 2016).  

The origin and mechanisms involved in the development of OC  have been a subject of debate for 

many years. So far, there has been a lack of a definitive precursor lesion which can be accounted 

for the development of epithelial ovarian cancer (Kuhn et al., 2012). All subtypes of epithelial OC 

were originally believed to arise from dysplastic epithelial cells covering the ovary, or inclusion 

cysts formed from invaginations of the ovarian surface epithelium. However, it was impossible to 

explain how various tumour sub-types, which did not morphologically resemble the ovarian 

surface epithelium, could arise from it (Kurman and Shih, 2010; Blagden, 2015). In addition, pre-

malignant lesions found on the fallopian tube, also known as serous-tubal intraepithelial 

carcinomas (STICs) were shown to have a significant correlation with high-grade serous ovarian 

cancer (Perets et al 2013; Blagden, 2015). Therefore, the involvement of the fallopian tube in the 

development of OC was beginning to become apparent. A study conducted in 2007 analysed 

pathological results of specimen obtained from BRCA-positive women who underwent 

prophylactic surgery to reduce cancer risk, indicating a possibility for the distal fallopian tube to 

be the dominant site of origin for early malignancies (Callahan et al., 2007). STIC lesions have also 

been identified in the fallopian tube of 70% patients with sporadic ovarian and serous peritoneal 

cancer, implying that its association is not limited to BRCA carriers (Kindelberger et al., 2007). To 

corroborate morphological resemblances between the serous sub-type and the fallopian tube, an 
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expression array analysis between different histotypes of ovarian cancer with corresponding 

normal tissues revealed statistically significant correlations between gene expression in serous 

ovarian cancers and normal fallopian tube epithelium (P=0.0013) (Marquez et al 2005). Most 

STICs exhibit robust immunostaining of p53 and  genomic instability, both features of HGSC, 

indicating genetic similarity between the two (Kim et al., 2018). Gene expression profile of HGSC 

exhibits a greater similarity to the fallopian tube epithelium compared to the ovarian surface 

epithelium suggestive of the  fallopian tube as a site of origin (Xiang et al., 2018).  

Although there is compelling evidence to support  the ‘STIC as a precursor’ hypothesis, STICs and 

HGSCs were found to co-exist in a fraction of patients with or without BRCA mutations and does 

not provide an explanation of all HGSC occurrences (Chen et al., 2017). Moreover, STICs are not 

exclusive to HGSC and are found in a proportion of patients with high-grade endometrial 

carcinoma or endometrial hyperplasia. This evidence suggests that STIC could be a risk factor for 

HGSC, but more causal evidence is required to affirm that STIC is a bona-fide precursor lesion for 

hereditary and sporadic HGSCs in women (Kim et al., 2018). 

1.4 Epidemiology  

Based on most recent figures published by the WHO, approximately 295,000 new cases of OC 

were observed worldwide in 2018 (Bray et al., 2018). As a result, OC is the 8th most common cause 

of cancer in women and the lifetime risk of developing OC is roughly 2.7% (Momenimovahed et 

al., 2019). In the UK, OC is the 6th most common cause of gynaecological cancer, and it affects over 

7,400 women per year or 20 cases per day. Within the UK, the highest number of cases was  

recorded in England (over 6,000) followed by Scotland, Wales, and Northern Ireland (Cancer 

Research UK, 2018). Ovarian cancer cases make 2% of the total cancer cases detected within the 

UK (Cancer Research UK, 2018).  
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Figure 1.5 - Pie-chart depicting the number of cases of OC within different parts of the UK recorded per annum 

(Cancer Research UK, 2020). 

The highest age-standardised incidence rates are observed in developed parts of the world, 

including North America, Central and Eastern Europe. It is worth noting that in most developed 

countries, largely North America and Europe, OC incidence and mortality have gradually declined 

since the 1990s (Reid et al, 2017) Despite this drop, the survival rates in the UK are still lower 

than other European countries such as Germany, Portugal, France, Spain as well as other 

countries like Australia and Canada. This is despite the UK having a similar health care system, 

having a similar percentage of women diagnosed at different stages of the disease to other 

developed countries, as well as being the centre for research and clinical trials on OC (Doufekas 

and Olaitan, 2014).  

Based on ethnicity, white/Caucasian women have the highest incidence of OC  within the UK (18.1 

per 100,000), followed by Asian women (varying between 9.2 – 15.5 per 100,000). The rate of 

incidence seen within black women is significantly lower (between 6.6 – 12.1 per 100,000) 

(Cancer Research UK, 2018). This trend also holds true within North America where the incidence 

of OC in non-Hispanic white women  is 5.2 per 100,000; followed by non-Hispanic blacks and 

Asian/Pacific Islanders (both at 3.4 per 100,000) (Torre et al., 2018).  
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1.5 Risk factors  

1.5.1 Age  

Ovarian cancer mostly affects post-menopausal women. The incidence of OC is low in  women 

under the age of 40 but rises steeply after the fifth decade. According to  most recent data, the 

incidence rate peaks during the 75 to 80 age group, showing a strong correlation of OC with 

increasing age (Doufekas and Olaitan, 2014a; Cancer Research UK, 2018).  

 

Figure 1.6 – Graph depicting the correlation between age and OC diagnosis. Incidence rate increases with age, 

rising steeply from around age 35-39. The peak in female rates (represented by a pink solid line) is  observed 

in the 75-79 age group (Cancer Research UK, 2020).  

 

1.5.2 Reproductive Factors  

 Parity and Breastfeeding - Parity is shown to have a protective effect against OC and 

studies have reported that parous women had an estimated 26% lower risk of ovarian 

cancer than nulliparous women. The reduction in risk of OC was greatest for the first birth, 

with almost 20% risk reduction compared to nulliparous women. For every subsequent 

birth, risk reduction continued, however the protective effect was much smaller (<10% 

per birth) (Gaitskell et al., 2018; Sung et al., 2016). For miscarriage and abortion, most 

studies found a slightly reduced risk or no association with OC. Incomplete pregnancies 

seem to confer some protection from ovarian cancer, although the protection is weaker 

compared to  full-term pregnancies. Lactation is also shown to have a protective effect. 

For each month of breast feeding, the relative risk decreased by 2% (Danforth et al., 2007; 

Sueblinvong and Carney, 2009; Doufekas and Olaitan, 2014). 
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 Menarche and Menopause –  There is evidence that suggests a slight but non-significant 

reduction in OC  risk in women who had their menarche after 12. However,  no indicative 

patterns of potential risk have been detected based on age at menarche or at menopause 

(Hankinson et al., 1995). A meta-analysis conducted more recently concluded an inverse 

relationship between age at menarche and associated OC risk, possibly explained by the 

‘’incessant ovulation hypothesis'’, suggesting that the early beginning of damage to the 

ovarian lining to facilitate ovulation followed by the earlier release of associated 

hormones potentially increase OC risk (Gong et al., 2013).    

 

 Oral contraceptives – The contraceptive effect of the combined pill, which contain both 

weak oestrogens and more potent progestins, is mediated by suppression of the mid-cycle 

gonadotrophin surge with a consequent inhibition of ovulation. Many epidemiological 

studies provide evidence for a protective effect of oral contraceptives against OC.  Users 

of the contraceptive pill show a consistently lower risk of OC compared to those who do 

not  in almost all case-control studies. Prolonged use of oral contraceptives is associated 

with a continual reduction in risk. In addition, the protective effect continues for a long 

time after cessation of use. Several studies have shown a 40-70% reduced risk even after 

10 years have elapsed since the last use (Hankinson et al., 1995; Sueblinvong and Carney, 

2009).  

 

 Hormone Replacement Therapy – Hormone replace therapy (HRT) users are shown to 

carry a greater risk of developing OC in comparison to women who do not. A meta-

analysis looking at the effect of oestrogen as HRT raised the risk of ovarian cancer by 

about 22% over 5 years (Hein et al., 2013). Furthermore, HRT use was associated with a 

higher risk of serous ovarian cancer compared to other histological types. Oestradiol-only 

therapy for 5 or more years was associated with an increased risk of both serous and 

endometrioid OC (Shi et al, 2016). Some studies have also shown that the risk related to 

oestrogen-only HRT is higher compared to oestrogen-progesterone therapy. Preliminary 

research suggests that progesterone may have a protective effect against neoplastic 

transformation, but this area needs to be explored further (Shi et al, 2016).  

 

1.5.3 Body Mass Index (BMI) 

A higher BMI is linked to an increased risk in OC. Obese women (BMI = 30+) carry a 30% higher 

risk of epithelial OC and overweight women (BMI = 25 – 29.9) carry a 16% risk when compared 
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to women with normal BMI, highlighting a positive correlation between BMI and OC development 

in adolescent/adult females (Engeland et al,, 2003; Olsen et al., 2007). Furthermore, the link 

between obesity and OC may differ by stage, with decreased survival in case of localised disease 

although further investigation needs to be conducted to replicate and confirm this observation 

(Bandera et al., 2017).  

1.5.4. Family History  

Family history is a strong risk factor for OC. Mutations in BReast CAncer gene 1 and 2 (BRCA1 

and BRCA2) are associated with the highest percentage of familial risk, both of which carry a 59% 

and 16.5% risk respectively, in terms of developing OC by the age of 70 as reported by the 

Epidemiological study of BRCA1/2 mutation carriers (EMBRACE) in the UK (Mavaddat et al., 

2013). In addition, germline alterations within BRCA1/2 were reported to be associated with high 

grade serous histology. Studies also indicate that OC could possibly be a manifestation of  

hereditary nonpolyposis colorectal cancer (HNPCC) syndrome, caused due to mutations in 

mismatch repair genes (MMR) such as MutS Homolog 2 (MSH2) (Geary et al., 2008). Mutations 

in other genes such as BRCA1 Interacting Protein c-terminal helicase 1 (BRIP1), RAD51 paralog 

C (RAD51C) and RAD51 paralog D (RAD51D) also contribute to the development of hereditary 

OC (Norquist et al., 2016; Zheng et al., 2018). According to CRUK , 5 -15% of OC cases are caused 

due to inherited conditions, with majority of these cases linked to  BRCA mutations. Other genetic 

conditions such as Lynch syndrome and Peutz-Jeghers syndrome are also linked to developing 

ovarian cancer with a 7% and 21% chance respectively (Cancer Research UK, 2020).  

 

1.5.5. Underlying Medical Conditions 

Endometriosis is a chronic condition characterised by the growth of endometrial tissue in sites 

other than the uterine cavity, most commonly in the pelvic cavity, including the ovaries, 

uterosacral ligaments, and pouch of Douglas. Common symptoms include dysmenorrhoea, 

dyspareunia, non-cyclic pelvic pain, and subfertility (Farquhar, 2007). As an underlying medical 

condition, endometriosis can increase the chances of developing OC. Multiple meta-analysis 

reports show a correlation of endometriosis with an increased risk of epithelial, endometrioid 

and clear cell OC (Pearce et al., 2012). Tubal ligation is shown to reduce the risk of epithelial OC 

by 34% (Wang et al., 2016). Unilateral oophorectomy, as well as radical resection of visible 

endometriosis aids in reducing the risk of later developing OC (Doufekas and Olaitan, 2014). 

Women with a history of breast cancer carry a twofold risk of developing OC. The risk increases 

to fourfold if  breast cancer is diagnosed before the age of 40 and carry additional risk if they also 

have a family history of breast cancer or OC, as discussed earlier (Bergfeldt et al., 2002). 
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1.6. International Federation of Gynaecologic Oncology (FIGO) Staging   

Based on degree of differentiation/tumour grade, OC can be classified using guidelines provided 

by various grading systems. Grading systems that are commonly used include those discussed 

and approved by  FIGO, the World Health Organisation (WHO) and the Gynaecologic Oncology 

Group (GOG) (Prat, 2015).  

Stage I tumours are confined to the ovaries or fallopian tube(s) (figure below). Stage I OC is 

further subcategorised into: 

 IA; limited to one ovary (capsule intact) or fallopian tube surface, presenting no 

malignant cells in ascites or peritoneal washings.  

 IB; tumour limited to both ovaries (capsules intact) or fallopian tubes. No tumour on 

ovarian or fallopian tube surface and no malignant cells in ascites or peritoneal 

washings. 

 IC: tumour limited to one or both ovaries and fallopian tubes with any of the following: 

      IC1: surgical spill 

      IC2: capsule ruptured before surgery or tumour on ovarian or fallopian tube surface 

      IC3: malignant cells in the ascites or peritoneal washings 

                                      

Figure 1.7 – Sub-categories of stage I OC. Stage IA shows the presence of ovarian cancer confined to one ovary; 

Stage IB indicates the presence of ovarian cancer within both ovaries and stage IC is identified by the presence 

of the disease within both ovaries and in pelvic peritoneum (Cancer Research UK, 2020).  

Stage II tumours involve one or both ovaries or fallopian tubes with pelvic extension (below 

pelvic brim) or primary peritoneal cancer. Stage II tumours can be further sub-categorised into:  

 IIA; extension and/or implants on uterus and/or fallopian tubes and/or ovaries.  
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 IIB; extension to other pelvic intraperitoneal tissues. 

                                    

Figure 1.8 - Sub-classifications of stage II OC. Stage IIA (left) showing the extension of disease from the ovaries 

to the fallopian tube and/or attachment to uterus. Stage IIB (right) showing the metastasis of ovarian cancer 

to other intraperitoneal tissues within the pelvic region (Cancer Research UK, 2020).  

Stage III tumours involve one or both ovaries or fallopian tubes, or primary peritoneal cancer, 

with cytologically or histologically confirmed spread to the peritoneum outside the pelvis and/or 

metastasis to the retroperitoneal lymph nodes. Stage III ovarian cancer is further sub-categorised 

as follows:  

- IIIA; positive retroperitoneal lymph nodes only (cytologically or histologically proven): 

 IIIA1(i) Metastasis up to 10 mm in greatest dimension  

 IIIA1(ii) Metastasis more than 10mm in greatest dimension 

 IIIA2 microscopic extra-pelvic (above the pelvic brim) peritoneal involvement 

with or without positive retroperitoneal lymph nodes.  

- IIIB; macroscopic peritoneal metastasis beyond the pelvis up to 2 cm in greatest 

dimension with or without metastasis to the retroperitoneal lymph nodes.  

- IIIC; macroscopic peritoneal metastasis beyond the pelvis more than 2 cm in greatest 

dimension, with or without metastasis to the retroperitoneal lymph nodes (includes 

extension of tumour to capsule of liver and spleen without parenchymal involvement of 

either organ) 

-  
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-                                          

Figure 1.9- Sub-classifications within stage III OC. Stage IIIA (left) showing that the cancer has now spread 

to the retroperitoneal lymph nodes and that the metastatic disease is equal to or more than 10mm in diameter. 

Stage IIIB (left) showing peritoneal metastasis with tumour size less than or equal to 2 cm and stage IIIC 

(right) showing peritoneal metastasis with tumour size greater than 2cm (Cancer Research UK, 2020).  

Stage IV results in distant metastasis excluding peritoneal metastases and is further sub-

categorised into: 

 IVA; pleural effusion with positive cytology 

 IVB; parenchymal metastases and metastases to extra-abdominal organs (including 

inguinal lymph nodes and lymph nodes outside the abdominal cavity) 

                                                 

Figure 1.10 - Conditions for stage IV OC. Stage IV, the most advanced stage of ovarian cancer, occurs when 

the tumour has moved from the pelvic/abdominal region and has affected the lymph nodes present outside 

the pelvic cavity. It is also characteristic of metastasis to other organs outside the pelvis (Cancer Research UK, 

2020). 
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According to FIGO guidelines, before classification into one of the above categories, the primary 

site should be designated. If impossible, then the primary site should be termed as ‘undesignated’, 

followed by recording the histological sub-type of the tumour. Changes that have been added to 

the most recent FIGO classification guideline include: 

 Addition to sub-section IC, involving guidelines in the case of tumour rupture, surface 

involvement by tumour cells or presence of malignant cells in the ascites or peritoneal 

washings. Also, the possibility of having stage I peritoneal cancer has been eliminated.  

 Deletion of sub-section IIC, about IIA or IIB but with tumour on surface has been 

eliminated due to it being considered redundant.  

 Complete revision of stage III ovarian cancer, resulting in the assignment to stage IIIA1 

based on spread to the retroperitoneal lymph nodes without intraperitoneal 

dissemination. Further sub-division of IIIA into IIIA (i) and IIIA (ii) based on metastasis 

being less than or greater than 10 mm in greatest dimension.  

 Stage 4 includes the addition of IVA covering pleural effusion as part of the subdivision 

(Prat, 2015). 

 

1.7 Procedure of diagnosis within the NHS 

The UK National Health Service (NHS) follows detailed guidance provided by the National 

Institute for Health Care and Excellence to diagnose, treat, and manage patients with ovarian 

cancer. The guidelines were published in 2011 and were reviewed in 2017 (NICE, 2017).  

Primary Care - At the primary care level, women (especially post-menopausal women) with 

gastro-intestinal symptoms or abdominal discomfort go through a physical examination and a 

routine blood test to record serum cancer antigen 125 (CA125) levels. 

 If serum levels are low (≤ 35 U/mL), then the patient is assessed for other underlying clinical 

conditions and asked to return to GP if the symptoms are persistent (for at least 1 month) 

and/or frequent (at least 12 times). In case of high serum CA125 levels, the patient undergoes 

a pelvic and abdominal ultrasound to look for visible mass. Based on those results, the GP 

decides whether the patient needs to be referred to secondary care. CA-125 tests pose 

limitations which will be discussed later.  

 In exceptional circumstances, if a physical examination confirms the presence of ascites or 

abdominal mass, the patient is immediately referred to secondary care, where additional 

tests are performed to confirm the diagnosis.  
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 England meets the standard for their country on the percentage of patients first seen by a 

specialist within two weeks of urgent GP referral for suspected cancer. This scheme supports 

early diagnosis as spotting cancer early is important for improving survival, therefore it is 

vital that patients with potential cancer symptoms are referred properly. Around a third 

(32%) of OC cases in England are diagnosed via the ‘two-week wait’ referral route (Cancer 

Research UK, 2020).  

Secondary Care – At secondary care, results from blood tests and ultrasound examination is 

taken into consideration along with the patient’s clinical status.  

 If this suggests the presence of OC, then a computed tomography (CT) scan of the abdomen 

and pelvis is performed to confirm diagnosis.  

 An accumulation of all these test results is used to calculate a Risk of Malignancy Index (RMI) 

score for each patient. If the RMI score is ≥ 250, the patient is referred to a specialist multi-

disciplinary team within tertiary care (MDT).  

 

Figure 1.11 - Summary of various steps involved in the diagnosis, treatment, and management of OC in the 

UK, according to the most recent NICE (National Institute for Health and Care Excellence) guidelines (NICE, 

2017). 

 

Tertiary Care – The first step within tertiary care is to conduct surgical staging. This is mostly to 

obtain tissue samples from the tumour to confirm stage and grade through 

immunohistochemistry and discuss possible treatment options. Figure 1.11 shows the different 

procedures involved in surgical staging.  
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 For patients with early stage, low-grade cancer (confined to the ovaries), surgery alone is the 

recommended course of treatment. In case of high-risk stage I disease, adjuvant 

chemotherapy with carboplatin is accepted (see below).  

 In case of advanced disease, surgery and chemotherapy is the accepted regimen. Before 

beginning chemotherapeutic treatment, a tissue biopsy is obtained to confirm cell 

type/grade of tumour, in order to assess the right course of treatment.  

1.8. Treatment of OC 

The current standard of care for patients with OC involves maximum surgical cytoreduction 

followed by combination chemotherapy (platinum-taxane) (Lheureux et al, 2019).  

 Surgery - Surgery is pivotal to achieve the goal of improving survival. Not only does 

surgery help establish diagnosis and staging but is needed for maximal surgical 

cytoreduction. Removal of greater amounts of tumour has consistently been associated 

with better outcomes. Post-surgery patients with less than 1.5 cm disease had an 

additional 14 months added to their median overall survival whereas those with disease 

greater than 1.5 cm had only 12 months (Coleman et al., 2013). This shows the importance 

of residual disease as a prognostic factor for survival. Usually, primary debulking is 

performed prior to starting any kind of chemotherapeutic treatment. However, in neo-

adjuvant chemotherapy, treatment is administered prior to surgical cytoreduction and is 

thought to benefit patients with significant medical comorbidities or those with non-

debulkable tumours (Jenkins et al., 2013). Interval debulking surgery (IDS) after a short 

course of neo-adjuvant chemotherapy (NACT), usually three cycles of chemotherapy, has 

become a possible alternative treatment option to standard treatment in patients who are 

unable to undergo complete resection during primary debulking surgery (PDS) (Sato and 

Itamochi, 2014). Although NACT-IDS is considered an alternative, the progression-free 

survival (PFS) and overall survival (OS) rates are similar to those achieved during PDS 

(Gao et al., 2019). 

 Chemotherapy - Platinum-based chemotherapy has helped manage OC to an extent.  The 

most common chemotherapy regimen prescribed to patients with OC  is a combination of 

carboplatin and paclitaxel (Jenkins et al., 2013). Unfortunately, a large proportion of 

patients become candidates for second-line treatments due to recurrent disease or loss of 

platinum sensitivity. Therefore, the second line of treatment is dependent on the level of 

platinum sensitivity (Kim et al., 2012). For platinum-sensitive patients, carboplatin 

monotherapy is  a convenient option to administer as it is well-tolerated and produces 

relatively high response rates. However, the response from carboplatin-only treatment 

usually lasts for a few months until the disease slowly turns ‘platinum resistant’ which 
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each subsequent course of therapy (Luvero, Milani and Ledermann, 2014). The 

international collaborative ovarian neoplasm 4 trial (ICON-4) was the first to show that a 

combination of platinum and paclitaxel was more effective than single-agent platinum 

compounds in patients with relapsing platinum-sensitive ovarian cancer. The 

carboplatin/paclitaxel combination has shown to increase PFS by a median of 3 months 

and OS by 5 months  compared to carboplatin alone, which is why a carboplatin/paclitaxel 

combination is  more suitable   (ICON and AGO Collaborators, 2003; Gabra, 2014). In case 

of platinum-resistant disease, taxanes such as paclitaxel and docetaxel are recommended. 

Topotecan, pegylated liposomal doxorubicin (PLD) and trabectedin are also utilised in 

case of recurrent disease (Monk et al, 2016).      

1.9. Alternative chemotherapy options 

High relapse rate and poor prognosis of advanced stage epithelial OC have led to the 

development of targeted molecular and biological therapies including anti-angiogenic agents, 

poly (ADP-ribose) polymerase (PARP) inhibitors, signalling pathway inhibitors and 

immunotherapies (Katopodis et al., 2019).  

Anti-angiogenic therapy - Angiogenesis is a requirement to enable cancer growth; it is 

known to play a fundamental role in the pathogenesis of ovarian cancer, promoting tumour 

growth and progression through ascites formation and metastatic spread. Vascular 

endothelial growth factor (VEGF) and its  receptor are expressed in OC cells and show a strong 

association with the development of malignant ascites and tumour progression (Monk et al, 

2016). Bevacizumab (Avastin) is a humanised anti-VEGF monoclonal antibody currently 

approved for the treatment of OC (Keating, 2014). Bevacizumab is a human monoclonal 

antibody against the critical pro-angiogenic factor, vascular endothelial growth factor (VEGF) 

that contributes to angiogenesis, tumour growth and metastasis. (Matsuo et al., 2010). It 

works by targeting all isoforms of VEGF-A and preventing it from binding to VEGF receptors 

present on the surface of endothelial cell membranes. This results in a regression in tumour 

vascularisation which inhibits tumour growth (Keating, 2014). It has shown to improve PFS 

as a first-line treatment and in the case of recurrent platinum-sensitive or platinum-resistant 

disease (Keating, 2014). The introduction of anti-angiogenic agents has improved the outlook 

for those with high-risk disease (Hall et al., 2013) 

PARP Inhibitors – In a landscape characterized by limited therapeutic options and a narrow 

range of drugs that improve survival, PARP inhibitors have emerged recently as an exciting 

option. PARP inhibitors promote cell death by trapping PARP1 on the damaged DNA, making 

this a possible therapy for BRCA-positive OC cases or instances where the malignancy shows 
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a BRCA-like phenotype (Konecny and Kristeleit, 2016). Multiple PARP inhibitors, including 

Olaparib, Veliparib, Niraparib, Rucaparib and Talazoparib have been evaluated in clinical 

trials (Mittica et al., 2018). In 2005, two seminal studies demonstrated that tumour cells 

lacking BRCA1 and BRCA2 (involved in double strand DNA break [DSB] repair by homologous 

recombination) are selectively sensitive to small molecular inhibitors of the PARP family of 

DNA repair enzymes. The model proposed was based on the concept of ‘synthetic lethality’ 

where the loss of either of the two genes is not lethal per se, but concomitant inactivation 

leads to cell death (Mateo et al., 2019).  

 Olaparib - Clinical trials conducted on patients with BRCA mutations who  received 

standard chemotherapy in the past showed a significant response to Olaparib. Further 

investigation comparing a higher and lower dose of Olaparib (400 mg and 200 mg 

respectively) and included a third arm of pegylated liposomal doxorubicin (PLD) showed 

a higher median PFS corresponding to a higher dose of Olaparib (median PFS was 6.5 

months at 200mg, 8.8 months at 400mg and 7.1 for PLD cohorts) (Kaye et al., 2012). 

Building on this, a multicentre phase II study enrolled 65 patients with and without BRCA 

mutations. Response to Olaparib was seen in 41% of BRCA mutation carriers and 24% 

non-carriers, suggesting the presence of a target population beyond BRCA mutation 

carriers (Gelmon et al., 2011). Since all these studies were conducted in populations 

previously exposed to platinum chemotherapy, clinical trials in OC shifted towards using 

PARPi as a maintenance therapy. A key trial conducted after was carried out in HGSOC 

patients with platinum-sensitive relapse and indicated an improvement in PFS compared 

to placebo (8.4 months vs 4.8 months, respectively) which led to the approval of Olaparib 

as a maintenance treatment of BRCA1/2 patients. In 2018, the approval was expanded to 

all platinum-sensitive patients regardless of BRCA status (Pujade-Lauraine et al., 2017). 

Following this, Niraparib and Rucaparib have undergone testing in clinical studies, 

yielding promising results (Mateo et al., 2019).  

 Niraparib - A phase III double-blind clinical trial (NOVA) investigating the efficiency of 

Niraparib against placebo in platinum-sensitive recurrent patients showed that patients 

receiving Niraparib (regardless of BRCA status) had a longer median duration of PFS (9.3 

months compared to 3.9 months in placebo cohort). Patients without BRCA status and 

homologous recombination deficiency had a median PFS of 12.9 months (Kerliu et al., 

2020). However, the BRCA cohort showed the highest median PFS of 21 months. As a 

result, Niraparib has gained FDA approval as a maintenance therapy for OC for patients 

who show complete or partial response to platinum-based chemotherapy (Kerliu et al., 

2020). 
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 Rucaparib – Lastly, Rucaparib has also been developed and has shown positive results in 

patients with recurrent HGSOC. The ARIEL phase III trial evaluated Rucaparib as a 

maintenance treatment following platinum-based chemotherapy in recurrent high-grade 

OC in three cohorts: (i) BRCA1/2 germline or somatic mutations, (ii) homologous 

recombination deficiency and (iii) intent to treat population. The median PFS for all three 

cohorts recorded was higher (16.6 months) compared to the placebo cohort (5.4 months) 

(Coleman et al., 2017).  

Tyrosine Kinase Inhibitors (TKIs) – Following the success of Bevacizumab, a VEGF1 

receptor inhibitor, TKIs were seen as a potential alternate to target angiogenic pathways in 

OC (Marchetti et al., 2016). Tyrosine-kinases are classified as a group of enzymes that consist 

of a catalytic subunit, which transfers a phosphate from nucleotide triphosphate to the 

hydroxyl group of one or more tyrosine residues on signal transduction molecules, resulting 

in a conformational change affecting protein function. Upon activation, they function to auto-

phosphorylate as well as phosphorylate other signalling molecules carrying out an important 

role in signal transduction and acting to activate/promote a variety of biological processes 

including cell growth, migration, differentiation, and apoptosis (Katopodis et al., 2019). The 

most important signalling pathways activated include the phosphoinositide 3-kinase/Akt 

pathway/mammalian target of rapamycin (PI3K/AKT/mTOR), the Ras/Raf mitogen-

activated protein kinase (MAPK) pathway, the Raf/MEK/Erk pathway and the protein kinase 

C pathway (Marchetti et al., 2016). TKIs utilize different mechanisms, such as competing for 

the substrate to bind to within the ATP-binding pocket during an active conformation, to  

occupy a site adjacent to the ATP-binding pocket. This allows both the inhibitor and ATP to 

bind to the same protein and/or bind irreversibly to the protein kinase target. In some cases, 

TKIs can also block protein kinase recruitment leading, inhibiting oncogenic kinases to access 

the complex, resulting in the degradation of cancer cells (Figure 1.12)  
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Figure 1.12 – Overview of kinase inhibitors used as potential therapeutic targets against OC (Katopodis 

et al., 2019). 

TKIs have been tested clinically as a single agent as well as in combination with other 

chemotherapy drugs, most of which have undergone phase I or II trials as a monotherapy or in 

combination with Paclitaxel and Olaparib. It is worth noting that due to the heterogenous nature 

of OC, many treatments are rendered ineffective despite being broad-spectrum or targeted. 

Emerging evidence suggests that targeting multiple pathways may prove promising. Building on 

this, some of the most successful TKIs reported include Nintedanib, Cediranib and Pazopanib, are 

all multi-kinase inhibitors (Katopodis et al., 2019).  PI3K/AKT/mTOR pathway is another 

prominent cellular pathway implicated in regulating cell growth, motility, survival, proliferation, 

protein synthesis, autophagy, transcription as well as angiogenesis. It is frequently active in clear-

cell and endometrioid carcinoma; genetic aberrations linked to this signalling pathway are also 

found in epithelial OC (Cheaib et al, 2015). As single agents and combination therapies, the 

efficacy of PI3K/AKT/mTOR inhibitors in the treatment of a variety of cancers has generally not 

been satisfactory. Phase III clinical trials have not been reported yet in patients with OC, showing 

that they are not fully ready to be translated into clinical use and require further investigation  

(Katopodis et al., 2019).  
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1.10. Reliability of diagnostic tests  

Based on the current mortality rate of the disease, it is evident that current diagnostic tests lack 

the necessary sensitivity required to diagnose this lethal disease early. Currently within the UK 

healthcare system, the techniques used for  initial diagnosis of OC  include: 

 Physical examination 

 Transvaginal ultrasound 

 Serum CA125 

 Immunohistochemistry 

1.10.1. Physical Examination 

Out of the three primary tests mentioned, physical examination is the least sensitive as a 

screening/diagnostic tool. Physical examinations are known to have limited accuracy, especially 

in the case of obese patients, where a mass could easily be missed or if detected, could be caused 

by conditions other than ovarian cancer (Doubeni et al, 2016). Furthermore, a prominent pelvic 

mass is not indicative of OC alone and could be a benign condition, which is why NICE guidelines 

recommend urgent referral to secondary care to perform additional tests to  confirm diagnosis. 

This makes it an unreliable tool for early diagnosis or screening (NICE, 2017). Although ovarian 

cancer patients did have symptoms before diagnosis, the symptoms were often vague and not 

necessarily gynaecological in nature; with the most common symptoms experienced by patients 

being abdominal (increased size and abdominal pain), gastrointestinal (bloating, indigestion, 

constipation), pelvic pain, fatigue, and increased urinary frequency (Goff, 2012).  

1.10.2 Transvaginal Ultrasound 

Ultrasounds provide detailed images of the ovaries and the surrounding pelvis and is used to 

detect morphological changes to  potentially detect a developing malignancy (Nash, Menon 

2020). Women with suspected OC based on clinical presentation or a pelvic mass undergo 

transvaginal ultrasonography (Doubeni et al, 2016). Although having a visual element to aid in 

diagnosis is crucial, it does have limitations. Transvaginal ultrasounds can achieve anywhere 

from 86-94% sensitivity and specificity. Even in post-menopausal women, there is a possibility 

of capturing false positive results given that there is a high presence of benign lesions in this 

group (Doubeni et al, 2016). In the case of early-stage OC, a small tumour mass may not be picked 

up on an ultrasound scan, making it less reliable for screening and early detection, if considered 

by itself. Finally, many aggressive cases of OC metastasize before tumours can reach a visually 

detectable size which raises questions on its accuracy (Nash and Menon, 2020).  Most recently, a 

phase II UKFOCSS trial aimed to establish the performance of screening with CA125 and 



44 
 

transvaginal sonography (TVS), using  a risk of ovarian cancer algorithm (ROCA) to identify 

women with a high risk of OC and fallopian tube cancer. In this high-risk female population, ROCA 

screening took place every 4 months, followed by CA125 and TVS to detect disease. Based on this 

model, women enrolled in this study were significantly less likely to be diagnosed with stage IIIb 

to IV OC during UKFOCSS screening. Furthermore, the results suggest that in a high-risk 

population, this model of screening was associated with high sensitivity, significantly lower high-

volume disease and a high zero residual disease rate after surgery. The overall findings also 

suggest a screening-mediated reduction in disease volume. The performance characteristics of 

screening every 4 months were encouraging; overall incident sensitivity was 94.7%, with occult 

cancer detection modelled, and positive predictive value (PPV) was 10.8% (i.e., greater than the 

suggested 10% level for general-population screening) (Rosenthal et al., 2017).  

1.9.3 Serum CA125 

CA125 is a glycoprotein that is highly expressed by epithelial ovarian cancers. It was first 

described by Bast and colleagues in 1981 and has become a well-established tumour marker over 

the years. However, its sensitivity and specificity have been in question for a quite some time 

(Rauh-Hain et al., 2011). To begin with, CA125 alone or in combination with other techniques is 

not enough to provide a robust screening or diagnostic tool for OC. In advanced disease, CA125 is 

elevated in about 85% of patients but it is not specific for OC.  Elevated CA125 levels may also be 

found in non-gynaecological malignancies (e.g., breast, lung, colon, and pancreatic cancer) and in 

benign disease (e.g., endometriosis, pelvic inflammatory disease, and ovarian cysts) (Scholler and 

Urban, 2007; Dochez et al., 2019) leading to occurrences of false-positive results and 

misdiagnosis.  

A randomised controlled trial (PLCO) studying the effect of ovarian cancer screening on mortality, 

including approximately 80,000 participants, showed that those who received OC screening did 

not have a reduced risk of death from the disease as compared to women who received usual 

care. Furthermore, 3000 patients on that trial received a false-positive diagnosis which was 

associated with further complications  (Buys et al., 2011). An audit conducted by Moss et al in 

2004 considered patients who were tested for CA125 levels between 2000 and 2002 and their 

results pointed out that 80% of the abnormal results in the female audit population undergoing 

investigation for suspected malignancy were not caused by OC. The elevated levels of CA125 was 

a result of malignancies present at other sites, inflammatory or benign gynaecological disease 

(Moss et al, 2005). A significant increase in the level of CA125 was found in adenomyosis, uterine 

myoma, endometrial pathology, and endometriosis of the ovary (Muinao, Deka Boruah and Pal, 

2019). Moreover, CA125 is not only increased in about 80 % of ovarian cancer but also 50 % rises 

are observed in stage I epithelial ovarian cancers (Zurawski et al., 1988; Muinao et al, 2019). 
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Therefore, using CA125 as the only biomarker for diagnosis will miss out positive cases that do 

not express the antigen. The UKCTOCS trial conducted across 13 specialist centres in  the UK  the 

largest cohort of women to date, testing the efficiency of CA125 and transvaginal ultrasound 

testing alone and in combination to reduce ovarian cancer mortality. This study concluded that 

the use of serum CA125 levels did not cause a significant reduction in mortality overall (Jacobs et 

al., 2016). However,  data from 15 different studies showed that CA125 levels were increased in 

90-94% patients suffering from stage II, III or IV ovarian cancer, which is why it is still used to 

monitor treatment response and detect recurrent disease in healthcare settings (Medeiros et al., 

2009).  

Patients with early ovarian cancer have few or no symptoms, making  diagnosis at this stage very 

difficult. Currently, there is no established screening test. Clinical details and examination of 

patients with advanced OC is supported by ultrasound and  multiple tumour markers (detected 

through blood test)  including CA125, which established earlier, lacks the sensitivity for early 

stage ΕOC detection. Transvaginal ultrasonography improves visualization of ovarian structures, 

thus improving the differentiation of malignant versus benign conditions (Buys et al., 2011). In 

addition to CA125, HE4 (Human epididymis protein 4) has also been evaluated for diagnosing 

ovarian malignant tumours. HE4 was initially isolated in the epididymis and is weakly expressed 

in the epithelium of respiratory and reproductive organs, but is overexpressed in ovarian 

tumours (Dochez et al., 2019).  HE4 shows a slightly superior performance in prediction of early 

stages, however CA125 is more sensitive generally and is more elevated in advanced staged of OC 

compared to early stages. Therefore, a combination of CA125 and HE4 may potentially be a useful 

screening tool in diagnosing specific histological subtypes and advanced stages (Ghasemi et al., 

2014). 

- 

1.9.4 Immunohistochemistry/Tissue biopsy  

Traditionally, tissue biopsies have been regarded as the gold standard for providing relevant data 

for appropriate cancer diagnosis,  leading to positive health outcomes among patients in  a 

variety of cancers (Arneth, 2018). Immunohistochemistry plays a vital role in the diagnosis and 

staging of OC. Additionally, histopathological samples are  used to identify specific genetic 

signatures (such as the presence of cancer-type specific biomarkers like cytokeratins or TP53 

mutations) that are characteristic of different types of tumours and can be indicative of 

metastatic potential (Lee et al., 2019). OC consists of distinct histological types, all having 

different clinical and biological characteristics, making accurate classification crucial and 

clinically relevant, given the differences in prognosis and potentially in therapy for different sub-
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types (Köbel et al., 2014). Multiple biomarkers are used in clinical settings to identify  various 

histological sub-types of OC, including general epithelial cancer markers such as cytokeratins, to 

those characteristically expressed within OCs (McCluggage, 2000). TP53 mutations are known to 

drive aggressive high-grade serous OCs and are also frequently present in fallopian tube 

precursor lesions (Kobel et al 2016). Immunohistochemical studies testing the efficiency of TP53 

expression to detect HGSOC revealed its ability to detect more than 95% of HGSOC samples, 

highlighting potential to successfully differentiate between high-grade and low-grade serous OC 

(Köbel et al., 2016a). Cytokeratins have also been regarded as useful tumour markers due to their 

ability to indicate the presence of epithelial carcinomas. They constitute a sub-group of 

intermediate filaments, comprising of 20 different isotypes and are useful tumour markers, well-

established for monitoring patients suffering from epithelial cell carcinomas (Barak et al., 2004). 

Epithelia from different sites differ in their cytokeratin expression patterns and can be used to 

distinguish between tumour types (McCluggage, 2000). Primary ovarian adenocarcinomas have 

a distinct cytokeratin expression pattern and show a CK7+/CK20- expression pattern, which has 

been used to detect malignant ovarian cancer cells (Stimpfl et al., 1999; Karantza, 2011). Wilms’ 

Tumour protein 1 (WT1) has also  useful in distinguishing serous tumours (both high- and low-

grade serous OC) from other tumour types (Köbel et al., 2016b). WT1 is a transcription factor, 

initially identified in the genito-urinary system (kidney, ovary, and testes) and plays an 

important role in cell growth and differentiation. WT1 expression is characteristic of serous 

ovarian sub-type and is rarely expressed in other non-serous sub-types, making it specific to 

epithelial OC  (Liliac et al., 2013). The frequency of WT1 expression in high grade serous ovarian 

cancer is approximately 97% (Casey et al., 2017).  

Although tissue biopsies hold substantial diagnostic importance, its limitations need to be 

considered. Firstly, tissue biopsies are invasive as they require patients to undergo surgery in 

order to obtain a sample. This could be risk inducing for patients and some may not qualify as a 

result, posing a disadvantage. Surgical biopsies are expensive and time consuming. In some cases, 

where tumours are widespread and inaccessible, tissue biopsies are not an effective strategy. 

Most importantly, the heterogeneity of solid tumours is a major issue when sampling tissue 

biopsies as results may vary between sites. This is because tumours undergo genetic evolution 

over time and through treatment, making surgical options to obtain biopsies an improper 

method for serial monitoring (Strotman et al., 2016; Arneth, 2018; Lee et al., 2019; Domínguez-

Vigil et al., 2018). In view of these hurdles, liquid biopsies are emerging as a means to provide a 

simple, fast and non-invasive method to detect biomarkers for diagnostic purposes as well for 

monitoring disease status/response to treatment, thereby offering the opportunity to access 

serial monitoring (Palmirotta et al., 2018).  
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1.11 Liquid Biopsies 

Liquid biopsy is based on minimally invasive tests (usually involving blood, but can also include 

urine, cerebrospinal fluid, saliva, and ascites) and has a high potential to significantly change the 

therapeutic strategy in cancer patients, providing a powerful and reliable, minimally invasive 

clinical tool for individual molecular profiling of patients in real time (Lianidou and Pantel, 2018). 

The ‘tumour circulome’, defined as a subset of circulating components derived from cancer tissue 

hone the potential to be used directly or indirectly as a rich source of novel biomarkers (De Rubis 

et al, 2019). Liquid biopsies are based on the analysis of multiple biomarkers such as circulating 

tumour cells (CTCs), circulating tumour DNA (ctDNA), cell-free RNA, exosomes and free-floating 

proteins which have been shed by  tumours and their metastatic sites into the bloodstream 

(Neumann et al., 2018).  

Liquid biopsies offer a wide range of advantages over conventional tissue biopsies. Given their 

invasive nature, tissue biopsies are associated with many limitations including patient risk, 

sensitivity and accuracy, procedural costs, and its incompatibility for clinical longitudinal 

monitoring. Furthermore, they fail to capture intra-tumoral and inter-metastatic genetic 

heterogeneity (De Rubis et al, 2019). Many studies have shown the ever-changing genomic 

landscape of tumours and metastases in response to selective therapeutic effects that can 

suppress or promote the growth of cellular clones, a feature overlooked in the case of tissue 

biopsies (Palmirotta et al., 2018). Figure 1.13 shows an infographic depicting the various 

biomarker sources obtained from liquid biopsies and its applications in the current landscape of 

cancer diagnostics, treatment, and management.  
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Figure 1.13 - Pictographic representation highlighting the potential uses of liquid biopsies in cancer 

management and care. There are multiple biomarker sources identified in blood samples including DNA, RNA, 

free-floating proteins, metabolites, exosomes, and CTCs. Liquid biopsies can be collected from patients as a 

blood sample to either diagnose a patient, predict the success rate of treatment prescribed to a patient through 

serial monitoring or to determine patient prognosis. Blood samples can also be collected post-treatment for 

follow up purposes eliminating the need to undergo multiple invasive biopsies.  (Bratulic et al, 2019). 

 

1.11.1. Circulating tumour cells (CTCs) 

CTCs are living tumour cells that are released into the blood stream from the early onset of cancer 

development to advanced stage disease, both by primary and secondary lesions (Mari et al., 

2019). CTCs contribute towards metastasis through the hematogenous route, using blood as a 

means of spreading and growth, as opposed to the transcoelomic passive dissemination of 

tumour spheroids in the peritoneal fluid and ascites (Giannopoulou et al, 2018). CTCs hone the 

ability to colonize distant sites and metastasize after going through various degrees of epithelial-

to-mesenchymal transition (EMT) to detach from the tumour and mobilise (Mari et al., 2019). 

Thomas Ashworth, an Australian pathologist, first published about the presence of cancer-like 

cells in the blood of a patient with metastatic cancer while examining a sample post-mortem and 

proposed a hypothesis suggesting the role of circulating tumour cells (CTCs) as a fundamental 

prerequisite to metastasis (Palmirotta et al., 2018). Recent technological advances have enabled 

scientists to visualise and detect the presence of these cells which has brought about a substantial 

amount of attention and effort towards studying the potential of CTCs to provide a robust and 

reliable diagnosis/prognosis.  
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Figure 1.14 - Drawings produced by Thomas Ashworth depicting the presence of cancer-like cells present in 

the blood of a patient post-mortem  suggesting the possibility of hematogenous route of metastasis in cancer 

(Ashworth, 1869).  

 CTCs can be detected after enrichment using various methods based on  physical (size, density, 

electric charges, deformability) and/or biological markers (expression of epithelial markers and 

negative selection of haematopoietic markers). After enrichment, CTCs can be detected by 

immuno-cytological assays (i.e., epithelial protein expression), genomic assays (epithelial 

mRNAs) and functional methods. A summary of the methods and technologies currently used to 

detect, extract, and characterise CTCs is shown in figure 1.15.  

          

Figure 1.15 - Technologies for CTC enrichment, detection, and characterization. CTCs in blood can be enriched 

using marker-dependent techniques: CTCs can be positively selected in vitro or in vivo using antibodies to 

epithelial and/or mesenchymal proteins (such as epithelial cell adhesion molecule (EpCAM) and/or 
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cytokeratins and mesenchymal vimentin or N-cadherin) or negatively selected for through depletion of 

leukocytes using anti-CD45 antibodies. Positive enrichment of CTCs can also be performed in vitro using assays 

based on CTC characteristics including size, deformability, density, and electrical charge. Following 

enrichment, the isolated CTCs can be identified using immuno-cytological, molecular, or functional assays. 

With immuno-cytological platforms, CTCs are identified by membrane and/or intra-cytoplasmic staining with 

antibodies to detect expression of epithelial, mesenchymal, tissue-specific, or tumour-associated markers 

(Pantel and Alix-Panabières, 2019). 

Post-enrichment, samples may still contain many white blood cells (WBCs), requiring the use of 

reliable methods to identify individual CTCs. The predominant approach involves direct 

immunological detection using antibodies to membrane and cytoplasmic antigens, including 

epithelial, mesenchymal, tissue-specific and tumour associated markers (Pantel and Alix-

Panabières, 2019). The CellSearch platform developed by Veridex was the first cytometric CTC 

technology to gain FDA approval and is the most widely used platform to enumerate CTCs in 

samples from patients with breast, prostate, and colorectal cancers (Krebs et al., 2010; Lim et al., 

2019). CellSearchTM uses magnetic beads bound to antibodies specifically targeting EpCAM-

expressing cells to target CTCs of epithelial origin, a method referred to as immunomagnetic 

separation. Most current assays use CTC identification steps very similar to the CellSearchTM 

platform; cells positively stained with fluorescent antibodies for epithelial cytokeratins are 

marked as CTCs, whereas CD45 is used to identify and exclude white blood cells. Some markers 

(including cytokeratins) are expressed in a majority of cancers, however tissue-specific markers 

such as prostate-specific antigen (PSA) or breast-specific mammaglobin, can also be used (Pantel 

and Alix-Panabières, 2019). A table summarising other technologies developed for the purpose 

of CTC identification is shown below.  
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Table 1.1 – A brief summary of various of CTC capturing technologies developed based on physical properties 

(label-free techniques) such as size, gradient and electrical charge and biological properties (affinity-based 

methods) including the direct detection of surface-based antibodies or separation of cells using antibodies 

allowing for immunomagnetic separation of cells of interest. Antibodies using immunomagnetic separation 

allow for a select number of cells to be isolated from a mixed population found in blood samples, followed by 

additional staining to detect specific protein expression. 

Label-Free Affinity Based 

Function Platform Function Platform 

Gradient based  Ficoll Paque 

RareCyte 

Immunomagnetic CellSearch 

Adna Test 

MACs 

Size based Circulogix 

ISET 

ScreenCell 

Parsortix 

Microfluidic CTC-chip 

GEDI chip 

OncoCEE 

Clearbridge 

Dielectrophoresis ApoSTream 

DEPArray 

Surface based Herringbone chip 

ImageStream  

 

Imaging flow cytometry is a new technology that carries the potential of accurately identifying 

potential CTCs and other cancer related cells by utilising multiple biomarkers for their 

identification.  The ImageStreamTM system developed by Amnis Corporation is the first 

commercially available imaging flow cytometer with full integration of modern image analysis 

system, combining the features of fluorescence microscopy and flow cytometry (Zuba-Surma et 

al., 2007). The current commercial embodiment simultaneously acquires six images of each cell, 

with fluorescence sensitivity comparable to conventional flow cytometry and the image quality 

of 40X-60X microscopy. The six images of each cell comprise of: a side-scatter image, a 

transmitted light (brightfield) image, and four fluorescence images corresponding to four 

separate spectral bands (Basiji et al., 2007). The ImageStream Mark II possesses unique features 

such as multi-magnifications (20x, 40x and 60x) as well as the extended depth of field (EDF) 

technology, which combines the use of specialised optics and special imaging processing 

algorithms allowing for all information about a captured cell to be grouped onto a single focal 

plane using focus stacking (Parris et al., 2015).  Its data analysis software, known as IDEAS, can 

calculate over 40 quantitative features per image, resulting in approximately 250 features per 

cell. These features can be utilised to create histograms and scatter plots much like a standard 

flow cytometry data analysis program but with added image-based features to identify cell 
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populations based on size, shape, texture, probe distribution heterogeneity, co-localization of 

multiple probes etc. (Basiji et al., 2007).  

CTC identification can discriminate healthy individuals and patients with benign adnexal 

tumours from cases with OC, therefore carrying diagnostic significance. In a recent study, 87 

patients with indeterminate adnexal mass underwent sample collection for CTC enrichment and 

detection using a combination of immunocytochemistry and detection based on physical 

properties. Results indicate that combination of the two methods was able to discriminate benign 

tumours from OC with a 77.4% sensitivity and 100% specificity. Another study comparing CTC 

detection in early and late-stage patients found the frequency of CTCs to be significantly lower in 

stage I compared to stage III and IV. Compared to benign controls, early stage (I and II) and late 

stage (III and IV) were 8.4 and 16.9 times more likely to have CTCs respectively (Pearl et al., 

2014). As a prognostic/predictive tumour biomarker in patients with OC, studies have reported 

that CTC numbers significantly decline after chemotherapy and high CTC numbers post-

chemotherapy is suggestive of platinum-resistance (Asante et al., 2020). In addition, multiple 

studies have reported a significant association between presence of CTCs and negative impact on 

OS and PFS. The first ever study to report a prognostic significance of CTCs in primary ovarian 

cancer linked the presence of CTCs with significant decrease in progression free survival (PFS) 

(Fan et al., 2009). The same group conducted another study in  129 pre-surgery OC patients and 

reported a significant association between the presence of CTCs and worse outcomes of OS and 

PFS (Pearl et al., 2014). Another study sought to investigate the prognostic value of CTCs pre-

surgery and after platinum-based chemotherapy in OC patients. CTCs were detected in 19% 

patients before surgery and 27% after platinum-based therapy. They also show that the presence 

of CTCs significantly correlated with shorter OS before surgery and after chemotherapy (Aktas 

et al., 2011). Overall, it is consistent that patients with persistently high CTCs have worse 

prognosis compared to those with negative CTCs (Giannopoulou et al, 2018; Asante et al., 2020). 

Furthermore, post-operative OC CTC count was significantly associated with advanced stage than 

early stage, possibly indicating that  higher CTC numbers correspond to a higher tumour burden 

(Kim et al., 2019). 

 

1.11.2. Circulating tumour DNA (ctDNA)  

Circulating cell-free DNA (cfDNA)  can be extracted from blood plasma and is highly fragmented 

DNA, mainly derived from apoptotic/necrotic cells, perhaps predominantly from apoptotic 

leukocytes (Pantel and Alix-Panabières, 2019). cfDNA is  normally found in healthy subjects and 

was first detected in 1948 by Mandel and Metais.  
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Figure 1.16- Various sources of cell-free DNA, which can be found within the bloodstream. Cells release cell-

free DNA (cfDNA) through a combination of apoptosis, necrosis, and secretion. cfDNA originates from either 

cancer cells or other cells included in the cancer microenvironment, immune cells, or other body organs. cfDNA 

found in blood could either be free-floating or associated with extracellular vesicles such as exosomes.  (Wan 

et al., 2017). 

cfDNA was first linked to cancer in 1977, when a study demonstrated an increased amount of 

cfDNA detected in patients with pancreatic cancer, which decreased after receiving 

chemotherapy. In 1994, RAS gene mutations were detected in blood samples from cancer 

patients, highlighting a potential clinical utility for cfDNA (Palmirotta et al., 2018; Siravegna et al., 

2019). Although majority  of cfDNA comes from normal cells in the body, a small part of this 

population originates from primary tumours, metastatic sites, or CTCs – this population is called 

ctDNA or circulating tumour DNA. ctDNA carries tumour-specific molecular alterations, such as 

mutations, translocations, loss of heterozygosity, copy number alterations and methylations, 

reflecting an advantage of being able to better inform about tumour heterogeneity in comparison 

to tissue biopsies (Mari et al., 2019). In addition, ctDNA levels are also influenced by disease 

burden, tumour location, vascularity, and cellular turnover. ctDNA has been detected in multiple 

types of cancers including liver, ovarian, stomach, breast, and pancreatic cancer . Notably, in the 

case of brain tumours, ctDNA has been detected in cerebrospinal fluid samples, providing an 

alternative source and potential to gather information on surgically inaccessible tumours  

(Siravegna et al., 2019). Most studies involved in plasma ctDNA analysis capitalises on the 

identification of cancer-specific mutations by technologies such as digital PCR and next 

generation sequencing (NGS). Alternatively, assays based on the detection of DNA methylation 

patterns have also been developed with methylation-specific PCR (MSP) being the main detection 

method employed to detect ctDNA levels in OC patients (Asante et al., 2020). Analysis of 

methylated DNA has several advantages, including  good reproducibility rates at various time 
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points because the methylation pattern of a single gene is conserved throughout disease 

progression (Mari et al., 2019). 

In the case of OC, ctDNA shows the potentially to perform as a better diagnostic tool compared to 

CA125. Meta-analyses conducted on ctDNA as a tool for detection of OC revealed relatively high 

specificity (>88%) but varied in specificity (27-100%) (Cheng et al., 2017; Asante et al., 2020). 

Additionally, a few studies have also evaluated the utility of ctDNA as a prognostic biomarker for 

HGSOC. A study evaluated the correlation between ctDNA dynamics and response to adjuvant 

chemotherapy, concluding that undetectable levels of ctDNA at 6 months following initial primary 

treatment was associated with significantly improved PFS and OS and that ctDNA detection has a 

predictive lead time of 7 months over CT scans (Pereira et al., 2015). ctDNA levels were further 

shown to correlate with the timing of recurrence. In a study of 144 patients with epithelial OC 

treated with bevacizumab, both PFS and OS were found to be significantly shorter in patients with 

high levels of cfDNA in blood (Steffensen et al., 2014). Persistently detectable ctDNA levels post-

surgery was also consistent with disease burden and the risk of recurrence in OC patients, while 

undetectable ctDNA levels were consistent with the absence of detectable disease. Undetectable 

rates of ctDNA six months after treatment completion were associated with  better PFS and OS. 

The median PFS was 32 months for ctDNA-negative patients vs 6 months for patients with 

detectable ctDNA after treatment. In addition, TP53 mutations detected through ctDNA using 

digital PCR have been used to monitor tumour burden and follow treatment response in patients 

with HGSOC. Studies have shown that high mutant TP53 allele counts correspond to quicker 

disease progression. TP53 allele fraction concentration was also associated with tumour volume, 

assessed using CT scans and time-to-progression. TP53 detection in ctDNA was also able to show 

a more reliable response to chemotherapy compared to CA125 (Mari et al., 2019).  

1.11.3. Exosomes  

Exosomes are a subtype of EVs formed by an endosomal route and are typically 30-150 nm in 

diameter (Doyle and Wang, 2019). Exosomes consist of a range of molecules including but not 

limited to proteins (i.e., cytoskeletal proteins, membrane and fusion proteins and heat shock 

proteins), cell surface receptors and miRNA (Tkach and Théry, 2016).  Exosomes were originally 

thought to be a source of cellular waste disposal; however, it has since been found that exosomes 

participate in cell-to-cell communication, cell maintenance and tumour progression (Doyle and 

Wang, 2019). Recent reports suggest that the presence of hypoxia induced cancer-derived 

exosomes are used to deliver signals to both tumour cells and the tumour microenvironment, 

including in OC (Nakamura et al., 2019). Like CTCs, circulating exosomes can be isolated through 

ultracentrifugation, density-based separation and magnetic separation using antibodies for 

surface antigens like EpCAM (Mari et al., 2019). In comparison to ctDNA, exosomes have more 
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stability and a longer circulating half-life which can be advantageous in their potential role as 

biomarkers (Cheng et al., 2017; Doyle and Wang, 2019). To date, over 2000 species of proteins 

have been identified from OC-derived exosomes, majority of which have been linked to tumour 

progression and metastasis (including membrane proteins and enzymes) (Cheng et al., 2017). A 

study conducted by Liang et al found both overexpressed proteins and signal pathways in OC-

derived exosomes that are associated with carcinogenesis. The subset of overexpression proteins 

included EpCAM, proliferation cell nuclear antigen (PCNA), tubulin beta-3 chain (TUBB3), 

epidermal growth factor receptor (EGFR) and ERBB2 (Liang et al., 2013). Exosomal proteins also 

have the potential to serve as markers for tumour staging and prognostic indicators post-

treatment. Studies have shown that plasma collected from OC patients contained a higher level 

of exosomal proteins compared to controls and that exosomal protein content  was significantly 

higher in advanced stages as compared to early-stage disease (Cheng et al., 2017; Mari et al., 

2019). Although this information is promising, this area of research is in its developmental stages 

and larger studies are required  to confirm the results.   

1.12 Surfactant proteins in OC  

Immune surveillance has been  recognised for long as an important element of host anti-cancer 

response. In some circumstances, these inflammatory and immune responses can potentially 

eliminate a tumour. However, oncogenic pathways activated in the tumour appear to organise 

the immunologic component of the microenvironment in a way that not only protects itself from 

the anti-tumour immune response but can also shift it to promote tumour growth (Pardoll, 2015). 

Cancer-immune system interactions have been used to develop successful immunotherapies like 

CAR T and have also been used to determine prognosis through T cell expression (Liu and Guo, 

2018). Surfactant proteins are collagen containing C-type (calcium type) lectins. Of the C-type 

lectins, surfactant protein-D (SP-D) in particular appears to be a potent innate immune molecule 

involved in neutralisation, clearance of pathogens, removal of apoptotic/necrotic cells and 

downregulation of allergic reactions and inflammation (Nayak et al., 2012).  Its primary structure 

is organised into a cysteine-containing N-terminal region, a triple helical collagen region 

composed of repeating Gly-X-Y triplets, an α-helical coiled neck region and a C-terminus 

comprising of a C-type lectin of CRD region (Nayak et al., 2012). SP-D can bind to various self and 

non-self-ligands (via CRD) on the target surface in a carbohydrate or calcium dependent manner, 

while the collagen region can recruit and activate immune cells for the clearance of pathogens or 

necrotic/apoptotic cells (Kishore et al., 2006). SP-D is composed of oligomers of a 130 kDa 

subunit comprising of three identical polypeptide chains of 43 kDa. Human SP-D is assembled 

into a 521 kDa tetrameric structure with four of the homo-trimeric subunits linked via their N-
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terminal regions but multimers, trimers, dimers and monomers are also possible (Nayak et al., 

2012). A visual representation of the multimerization of SP-D is shown in figure 1.17.  

                

Figure 1.17 - Multimerization of surfactant protein D (SP-D). (A) Regions of the trimeric SP-D subunit. The 

subunit structure has been drawn to the approximate dimensions of the protein domains. (B) Multimerization 

of the trimeric SP-D subunit (3 chains) into 4-subunit cruciform (12 chains) or fuzziball >4-subunit (>12 

chains) structures of SP-D. (C) Schematic overview of how multimeric SP-D is implicated in antimicrobial 

defence. Binding of multimeric SP-D to microbe-associated glycans may block interaction of the microbe with 

its receptors, aggregate the microbes, or SP-D may act as an opsonin, enhancing endocytic uptake of the 

microbe in host cells. Only fuzziball SP-D multimers are shown here for simplicity. CTLD, C-type lectin domain 

(Sorensen, 2018). 

Although SP-D expression was known to be limited to the lungs, recent studies have established 

its extrapulmonary existence in a range of tissues and is shown to control inflammatory response 

and helper T-cell polarization. SP-D can also induce apoptosis in activated eosinophilic and T-

cells via the p53 pathway (Kaur et al., 2018a; Thakur et al., 2019). Within the female reproductive 

system, SP-D expression has been localised in the uterus, cervical tissue, vagina, epithelium of 

fallopian tube, theca interna cells of ovarian follicles and the amniotic epithelium (Sorensen, 

2018). Moreover, SP-D has shown to exhibit anti-cancer effects. In lung cancer, studies have 

shown that SP-D downregulated epidermal growth factor (EGF) signalling and supressed the 

progression of lung cancer cells by binding to EGF-receptors via lectin activity (Hasegawa et al., 

2015). In another study, a recombinant fragment of human SP-D (rfhSP-D) was shown to induce 

apoptosis in pancreatic adenocarcinoma cell lines via a Fas-mediated pathway (Kaur et al., 

2018a). Another study looking at the effects of rhfSP-D in prostate cancer established its ability 

to induce apoptosis via the intrinsic pathway in explants, primary tumour cells isolated from 
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tissue biopsies of metastatic prostate cancer patients and in prostate cancer cell lines (Thakur et 

al., 2019). Since SP-D is naturally expressed in various parts of the female reproductive system, it 

would be relevant to investigate the potential role of SP-D and immune response in OC.  

1.13 Hypothesis and aims 

Current diagnosis and staging of epithelial ovarian cancer (EOC) have important limitations and 

better biomarkers are needed. We hypothesise that liquid biopsies (i.e., blood in this study) can 

offer a promising alternative to tissue biopsies, providing novel, non-invasive diagnostic 

approaches and/or serial monitoring of OC evolution. This research aims to address the following 

objectives:  

 Validate liquid biopsy handling 

 Investigate the performance of non-haematopoietic circulating cells (CCs) at the time of 

disease presentation and relapse in OC patients. 

 Assess the role of surfactant protein-D (SP-D) as biomarker in OC. 

 Study the shuttling of WT-1 in response to chemotherapy. 
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Chapter 2  

Materials and methods 

2.1 Tissue culture  

2.1.1 Cell culture  

SKOV3 (moderately well-differentiated serous adenocarcinoma) and PEO1 (poorly differentiated 

serous adenocarcinoma) human adherent epithelial cell lines were used as in-vitro models 

representing human ovarian cancer. The details for each cell line are summarized in table 2.1.  

Table 2.1 – Details of ovarian cancer cell lines cultured in vitro and used for experiments conducted for this 

project; listing origin, subtype, grade, chemotherapeutic resistance, and gene mutations. Both the cell lines 

were characterised  by (Beaufort et al., 2014) and (Hernandez et al., 2016).  

Cell line Background/Origin Subtype Grade Chemotherapeutic 

Resistance 

Key gene 

mutations 

SKOV3 Ascites Serous 1/2 None TP53 

PIK3CA 

PEO1 Ascites High-grade 

serous 

3 None TP53 

BRCA-2 

 

SKOV3 cells were grown in DMEM (Dulbecco’s Modified Eagles Medium, Gibco) supplemented 

with 10% FBS (fetal bovine serum, Gibco), 1% penicillin-streptomycin (Gibco) and 1% L-

Glutamine (Gibco). PEO1 cells were grown in RPMI-1640 (Roswell Park Memorial Institute 1640, 

Gibco) supplemented with 10% FBS (fetal bovine serum, Gibco), 1% penicillin-streptomycin 

(Gibco) and 1% L-Glutamine (Gibco). All cell lines mentioned above were grown at 37°C in the 

presence of 5% CO  to mimic the conditions maintained within the human body. Cells were sub-

cultured appropriately when approaching 80% confluency, roughly three times a week.  

2.1.2 Tissue culture practice  

Cells were carefully maintained in an aseptic environment with the use of a HERAsafe laminar 

flow cabinet (Heraeus). The flow hood was repeatedly sterilized using 2% TriGene Advance 

(Medimark Scientific) and 70% industrial methylated spirit (IMS) diluted in H O. Pre-packaged 

and pre-sterilized items were used wherever possible. All plasticware was sterilized using 

autoclave prior to use within the flow hood.  
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2.1.3 Thawing cryopreserved cells  

Prior to retrieving cryopreserved cells to initiate culture, 10 mL of complete medium 

(supplemented with additives as mentioned above) was added to a T-25 flask and stored in the 

incubator for at least one hour in order to allow media to equilibrize to the temperature and CO2 

conditions. Cells were then removed from liquid nitrogen quickly and kept on ice, while being 

transported to the tissue culture facility. The frozen vial was instantly defrosted in a pre-warmed 

water bath at 37°C and transferred within the pre-prepared flask immediately; after which the 

flask was left undisturbed for 12 hours to allow cells to attach to the surface of the flask. The 

media within the flask was then replaced with pre-warmed fresh media, removing the DMSO 

present from the cell freezing medium and supplementing the cells with nutrients necessary for 

proper growth. 

2.1.4 Sub-culturing cells  

Cells were sub-cultured to continue healthy growth when they reached approximately 80% 

confluency rate. Firstly, the media from the flask was removed and cells were washed with 5mL 

sterile PBS (phosphate buffered saline, Gibco). 3mL of TrypLETM Express (Gibco) was added per 

T-75 flask and incubated at 37°C for 3 to 5 minutes. The flask was gently disturbed to allow 

detachment of cells and resuspended in 17 mL of fresh medium (DMEM or RPMI depending on 

cell line). 15 mL of this stock was aspirated and 5mL was re-suspended into each of three new T-

75 flasks. 15 mL of fresh new media was then added to each flask containing detached cells and 

placed carefully within the incubator to allow re-attachment and growth. All media used to sub-

culture cells was pre-warmed in a water bath at 37°C. All cell lines required a 1 in 4 split 

approximately three times a week.     

2.1.5 Cryopreserving cells  

Cell lines were cryopreserved appropriately to maintain stocks within liquid nitrogen for future 

research. Cells were prepared for cryopreservation when in their exponential growth rate 

(approximately 70-80% confluency). Media from cells was removed and 3 mL of TrypLETM 

Express was added to each T-75 flask. The flask was incubated at 37°C (as mentioned above) and 

gently disturbed to detach cells from the surface of the flask. This cell suspension was added to a 

15 mL Falcon centrifuge tube (Thermo Fisher) and spun down in a centrifuge for 5 minutes at 

1500 RPM (21 x g). The supernatant was aspirated, and the resultant pellet was re-suspended in 

1-2 mL of RecoveryTM cell culture freezing medium supplemented with 10% DMSO (Gibco). The 

cryovials were stored at -80°C for 24 hours before being transferred into liquid nitrogen.  
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2.1.6 Seeding cells  

Cells were seeded in 6-well plates prior to treatments and extractions. Cells were counted using 

a Countess® Automated Cell Counter (Invitrogen) after adding an equal amount of Trypan Blue 

stain (0.4%) to 10µL of cell suspension to observe cell viability. The seeding volume was 

calculated as shown below:  

 

Total number of cells = Viable cells/mL x volume (in mL) of suspension. 

Number of cells/µL = Total number of cells/volume (in µL) of suspension. 

Volume of suspension to add to each well = Seeding density required/number of cells per µL.  

 

2.2. Clinical Samples  

2.2.1 Ethical approval process 

Prior to collecting samples from patients, ethical approval was sought and approved via the 

Human Tissue Act (HTA) and the National Research Ethical Service (NRES). Ethical approval was 

already in place for the collection of blood and plasma samples from ovarian cancer patients 

participating in the CICATRix trial in collaboration with Mount Vernon Cancer Centre (MVCC) 

[IRAS ID 198179]. Ethical approval was also sought after at Brunel University London by 

submitting of an application through BREO (Brunel Research Ethics Online). A Materials Transfer 

Agreement (MTA) was put in place for the transfer of ovarian cancer blood and plasma samples 

from Mount Vernon Cancer Centre to Brunel University London.  

2.2.2 Whole blood samples  

Blood samples were collected from ovarian cancer patients enrolled on the CICATRix trial at 

Mount Vernon Hospital, London (ethical approval was in set in place). All patients participating 

in the trial were diagnosed with  advanced stage (III & IV) ovarian serous adenocarcinoma. 

Patient consent was sought prior to collection of any blood sample for the trial. Patient cohorts 

were divided into three categories depending on the treatment regimen set by the clinician before 

collecting blood samples. Further details on patient cohorts are provided in Table 2.2. 
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Table 2.2 – Details provided for each cohort that patients were divided into after being enrolled on to the 

CICATRix trial.  

Patient Cohort  Details  

NACT (Neo-adjuvant chemotherapy) Patients belonging to this cohort had been diagnosed with 

advanced stage (III and IV) ovarian cancer and had 

received no prior chemotherapeutic treatment or surgical 

debulking. 

PDS (Primary debulking surgery) Patients belonging to this cohort had been diagnosed and 

had undergone surgery to remove majority of the tumour 

mass prior to being given any chemotherapeutic 

treatment. 

Relapse Patients belonging to this cohort has been diagnosed, had 

undergone chemotherapeutic/surgical treatment of the 

disease and did not respond to treatment or developed 

resistance. 

 

Blood samples were collected prior to starting any treatment (during screening) and after 

receiving surgery plus every cycle of chemotherapy. Patients were followed through till the end 

of their treatment and blood samples were collected when they returned to the clinic for their 

follow-up tests. Blood was also collected (with signed consent) from healthy female volunteers  

as controls.  

All blood samples were collected in RocheTM Cell-free DNA collection tubes in order to preserve 

blood for up to 7 days, allowing samples to be collected on days after clinics were run and to 

successfully process blood for CTC enumeration.  For comparison purposes, blood was initially 

collected in RocheTM cell-free DNA collection tubes, EDTA (ethylenediaminetetraacetic acid) tubes 

and PAXgene blood DNA collection tubes (Qiagen) to investigate the efficacy of maintaining blood 

sample integrity  for more than 1-2 days to allow efficient collection and processing.  

2.3 Isolation and imaging of cells  

2.3.1 ImageStreamTM Mark II  

Expression of various biomarkers of interest was visualized using ImageStreamTM Mark II 

(Amnis), a high-resolution imaging flow cytometry machine. This work included studying the 

expression and cellular localization of AE1/AE3 (or pan-cytokeratin – a general marker of cancer, 

used extensively in tissue histopathology), WT1 (highly expressed in OC tumours) and CD45 
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(commonly used to identify the presence of white blood cells; used to differentiate WBCs from 

circulating tumour cells) using imaging flow cytometry.  

2.3.2 Preparation of cultured cells for imaging flow cytometry 

Cells were cultured in T-75 flasks until they reached up to 90% confluency rate. At this point, 

media within the flask was aspirated and cells were washed with pre-warmed 5 mL sterile PBS. 

3 mL of TrypLETM Express was added per T-75 flask and allowed to incubate at 37°C for 3-5 

minutes, followed by gentle agitation to detach cells from the surface of the flask. The cell 

suspension was transferred to a 15 mL Falcon tube (Thermo Fisher) and centrifuged for 5 

minutes at 1500 RPM (21 x g) to form a cell pellet. The supernatant was removed, and cells were 

immediately fixed on ice as described in section 2.3.4.  

2.3.3 Preparation of whole blood samples from patients for imaging flow cytometry  

One mL of whole blood was transferred into a 15 mL falcon tube. 9 mL of red blood cell lysis buffer 

was added to the aliquot of whole blood. The tube was inverted multiple times and incubated at 

room temperature for 10 minutes with gentle agitation. The tubes were centrifuged at 2500 RPM 

for 10 minutes. The supernatant was discarded, and the resultant cell pellet was resuspended in 

3 mL of red blood cell lysis buffer. The samples were incubated for 10 minutes at room 

temperature with gentle agitation before being centrifuged again at 2500 RPM (60 x g) for 10 

minutes. After discarding the supernatant, the cells were immediately fixed as described in 

section 2.3.4.  

2.3.4 Fixing and permeabilization of cells  

Cultured cells as well as pellets derived from patient samples were transferred to a 1.5 mL 

microcentrifuge, suspended in 1 mL of ice-cold 4% paraformaldehyde (diluted in PBS) and kept 

on ice for 5 minutes to allow cross-linking of proteins within the cells. The cell suspension was 

centrifuged and PFA was aspirated, followed by centrifugation at 3600 RPM (94 x g) for 3.5 

minutes. The cell pellet was washed with 1 mL of PBS to wash away any remnants PFA thoroughly 

and the samples were re-centrifuged at 3600 RPM (94 x g) for 3.5 minutes. 

 In order to visualize nuclear proteins, 1 mL of 0.5% Triton-X (Sigma Aldrich) in PBS was mixed 

with the cell pellet and incubated for 10 minutes to allow permeabilization of cell membrane in 

order to access inter-cellular proteins. The samples were then centrifuged for 3.5 minutes at 3600 

RPM (94 x g), washed again with PBS to remove traces for Triton-X and re-centrifuged as before.  
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2.3.5 Staining cells  

After the fixing and permeabilization process, cells were incubated in blocking buffer (10% 

bovine serum albumin, Gibco, in PBS) for 1 hour with gentle agitation at room temperature in 

order to minimize non-specific  binding of proteins. This was followed by centrifugation of cells 

at 3600 RPM (94 x g) for 3.5 minutes. The blocking buffer was removed, and  cells were incubated 

in an appropriate dilution of the primary antibody in blocking buffer after which they were 

incubated overnight at 4°C with gentle agitation. In the case of conjugated antibodies (i.e., primary 

antibodies pre-conjugated with fluorophores), the micro centrifuge tubes were covered in 

aluminium foil and incubated in the dark. All subsequent steps were done under minimal light 

whilst covering the sample tubes to ensure that the fluorescence was not affected.   

In the case of unconjugated antibodies, after the primary incubation, the samples were retrieved 

and centrifuged for 3.5 minutes at 3600 RPM (94 x g). After the supernatant was discarded, the 

cell pellet was washed thoroughly in 1 mL of 0.1% Tween in PBS and centrifuged as before. PBS-

Tween was removed, and the cell pellet was resuspended in an appropriate dilution of secondary 

antibody containing light-sensitive fluorophores and incubated at room temperature for 1 hour. 

From this step onwards, samples were protected from light. The samples were washed once again 

in 0.1% PBS-Tween and centrifuged at 3600 RPM (94 x g) for 3.5 minutes. Finally, after discarding 

the supernatant, the cell pellet was suspended in 99 µL of Accumax (Innovative Cell Technologies) 

to deter cells from forming aggregates. 1 µL of DRAQ5 (Biostatus Ltd.) nuclear stain was added 

prior to visualisation of sample using the ImageStream XTM. Data analysis was carried out on the 

IDEAS software supplied by Amnis.  
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Table 2.3 – Details of antibodies used to identify cell population using imaging flow 

cytometry/immunofluorescence.  

Primary 

Antibody 

Dilution Species Supplier Fluorophore 

Anti- AE1/AE3 

(Conjugated) 

1:100 Mouse Cell Signalling AlexaFluor 488 

Anti- CD45 

(Conjugated) 

1:100 Rat Thermo Fisher Texas-Red 

Anti-Wilms 

Tumour Protein 

1 

(Conjugated) 

1:100 Rabbit Abcam AlexaFluor 488 

Anti-CD34  

(Conjugated) 

1:100 Mouse Thermo Fisher AlexaFluor 488 

Anti-Wilms 

Tumour Protein 

1 (Conjugated) 

1:100 Rabbit Abcam AlexaFluor 647 

Anti-SP-D 

(Unconjugated) 

1:100 Rabbit Supplied by Dr 

Kishore’s lab 

AlexaFluor 488 

 

2.4. ParsortixTM – size-based cell separation  

A proof of principle blood spiking experiment and patient sample were run through the Parsortix 

(ANGLE plc) size-based separation platform. For the proof of principle experiment, 1000 SKOV3 

cells were spiked in  5 ml of blood collected from a healthy volunteer. The  sample tube was then 

attached to the Parsortix system to allow ‘harvesting’, during which the blood sample is taken up 

from the  tube and allowed to pass through a cassette using microfluidics technology. The 

microfluidics cassette that sits within the apparatus contains multiple channels through which 

the cells (within the sample) pass through. A ‘critical gap’ of variable size captures potential 

circulating tumour cells (which are assumed to be much larger than other cell populations found 

in blood), allowing red blood cells and white blood cells to pass thorough and filter. The filtrate 

(containing cell populations of interest) was collected post-harvesting in a suspension with PBS. 

As an additional step, if red blood cells were present within the sample, 500 µL of RBC lysis buffer 

(Gibco) was added to the final filtrate to remove them.  
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The sample was then centrifuged at 3000 RPM (66 x g) for 3 minutes to pellet the cells collected. 

To this, 500 µL of 4% PFA (in PBS) was added and kept on ice for 5-7 minutes to allow the cells 

to fix for membrane staining. The cells were centrifuged again at 3000 RPM (66 x g)  for 3 minutes 

and the supernatant was discarded carefully to retain the majority of the pellet. For nuclear 

staining, the pellet was suspended in 500 µl of 0.5% Triton-X (in PBS) and incubated on ice for 7 

minutes, after which the tube was centrifuged (as before) and the supernatant was discarded. The 

pellet was resuspended in 10% BSA (in PBS) for one hour to allow blocking with gentle agitation 

at room temperature, after which the cells were centrifuged again (as above) and the same 

dilutions of antibodies (AE1/AE3, CD45 and WT1) were used as mentioned in table 2.3. The 

sample was then left to incubate at 4°C overnight. The next day, the sample was centrifuged at 

3000 RPM (66 x g) for 3 minutes, the supernatant was discarded, and the cells were washed once 

in 500 µl of 0.1% Tween (in PBS) to wash any excess fluorescent antibodies. After centrifugation, 

the resultant pellet was resuspended in 50 µl of Accumax and 0.5 µl of DRAQ5 was added as a 

nuclear stain. The cells within the sample were viewed using the ImageStream XTM.  

2.5 Annexin V/PI Staining – flow cytometry   

Fluorescently conjugated Annexin-V/Propidium Iodide (PI) Apoptosis Detection Kit (BioLegend) 

was used to detect and quantify apoptotic cell populations in treated and untreated samples. Prior 

to sample preparation, cells were cultured and treated as per experimental requirements. A list 

of contents provided in the kit are listed in table 2.4. 

Table 2.4 - List of materials and volumes supplied within the apoptotic/necrotic assay kit for flow cytometry.  

Materials provided Amount 

FITC Annexin-V 0.5 mL 

Propidium Iodide solution 1 mL 

Annexin-V Binding Buffer 50 mL 

 

Post-treatment, cells were washed twice with 1mL of cold Cell Staining Buffer (BioLegend), after 

which they were centrifuged and resuspended in 1mL of Annexin-V binding buffer. 100 µL of the 

resultant cell solution was transferred into a 5 mL flow cytometry test tube and 5µL of FITC-

conjugated Annexin-V antibody was added to it, followed by 10 µL of PI solution supplied with 

the kit. The test tubes containing sample solutions were briefly and gently vortexed to allow 

antibodies to mix thoroughly. The tubes were then incubated for 30 minutes at room 

temperature, away from light. Finally, 400µL of fresh Annexin-V binding buffer was added to each 



66 
 

incubated sample and kept covered before analysis. All samples were subjected to flow cytometry 

using the ACEA Novoflow Flow Cytometry unit and subsequent analysis of samples was carried 

out using the ACEA NovoExpress software (version 1.4.1). 

2.6 RNA extraction  

mRNA extraction was carried out from cells cultured in vitro to examine gene expression levels. 

To maintain sterility, all surfaces were cleaned thoroughly with 70% IMS and 2% TriGene 

solution. After extraction, RNA was stored at -80°C and was continuously kept on ice when 

required to avoid sample degradation.  

2.6.1 Extracting RNA from cells cultured in vitro using GenEluteTM (Sigma Aldrich) 

The GenEluteTM mammalian total RNA kit uses a silica-based system with a micro-spin format, 

providing high yields of RNA without the use of hazardous compounds such as phenol and 

chloroform.  

Cells in culture were washed with 1 mL of phosphate buffered saline (PBS). 500uL of RNA lysis 

buffer (with 1% β-mercaptoethanol) was added to each well and a cell scraper was used to gently 

scrape the cells from the surface of the plate and incorporate with the lysis buffer. The resultant 

solution was transferred into a blue filtration column enclosed within a 2 mL collection tube and 

centrifuged for 2 minutes at 14,000 x g to remove cellular debris. The filtration column was 

discarded, and the filtered lysate was mixed with 500 µL of 70% ethanol. This mixture was added 

to a silica-based binding column enclosed within a collection tube and centrifuged for 15 seconds 

at 14,000 x g. The flow through was discarded and the RNA was now bound to the membrane. 

Next, multiple washes were carried out to remove contaminants. The membrane was first washed 

with Wash Solution I followed by two washed with Wash Solution II (both supplied with the kit) 

and centrifuged for 15 seconds at 14,000 x g. After the second wash with Wash Solution II, the 

samples were centrifuged for 2 minutes at 14,000 x g to remove ethanol. Finally, the column was 

transferred to a fresh, new collection tube to which 50 µL of elution solution was added. The tubes 

were spun down for 1 minute at 14,000 x g. The eluted RNA was stored at -80°C and kept on ice 

when used.  

2.6.2 RNA quantification  

RNA samples were quantified using the Nano Drop 2000C (Thermo Fisher Scientific). 1 uL of RNA 

per sample was used to analyse the purity and concentration. Concentration was calculated from 

absorbance at 280 nm and purity was calculated by A260/A280 ratio, for which a range of 1.7-

2.1. was considered acceptable. 
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2.6.3 cDNA synthesis  

Complementary DNA (cDNA) was synthesised from extracted RNA to use as a template to monitor 

gene expression using qPCR. All surfaces were cleaned thoroughly with 70% IMS and 2% TriGene 

and a flow hood was used to prior to conducting cDNA synthesis. A kit containing random primers 

was chosen, ensuring efficient first strand synthesis with any species of RNA molecules present 

(in this case, mRNA). The amount of RNA required for cDNA synthesis was calculated using the 

formula below:  

RNA input = desired cDNA concentration/RNA concentration (ng/µL).  

2.6.4. High throughput cDNA synthesis kit by Applied Biosystems (Thermo Fisher) 

RNA input was calculated as mentioned above and diluted with molecular grade H2O to make up 

to 10 µL mixture in a 0.6 mL polypropylene PCR tube per sample. The reverse transcription 

master mix was made using the reagents provided within the kit in the volumes mentioned in 

table 2.5.  

Table 2.5 – List of reagents and volumes used for reverse transcription used per sample with the high-

throughput cDNA reverse transcriptase kit (Thermo Fisher).  

Reagent Volume 

10x RT Buffer 2.0 µL 

25x dNTP Mix (100 mM) 0.8 µL 

10x Random Primers 2.0 µL 

MultiScribeTM Reverse Transcriptase 1.0 µL 

RNase Inhibitor 1.0 µL 

Nuclease-free H2O 3.2 µL 

Total per reaction 10 µL 

 

10 µL of the master mix was then incorporated with the diluted RNA samples to constitute a final 

volume of 20 µL. Samples were briefly vortexed and kept on ice, after which they were incubated 

within a thermal cycler and incubated at conditions mentioned in table 2.6.  
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Table 2.6 – Thermal protocol followed during cDNA synthesis.  

 Incubation temperature (°C) Time (min) 

Step 1 (Annealing) 25°C 10 

Step 2 (Extension) 37°C 120 

Step 3 (Inactivation) 85°C 5 

Step 4 4°C ∞ 

 

Processed cDNA samples were stored at -20°C until further use.  

2.7 Quantitative PCR (qPCR)  

qPCR (quantitative polymerase chain reaction) was used to assess gene expression relative to 

housekeeping genes i.e., genes that are normally expressed in cells (RQ; relative quantification). 

All qPCR experiments were carried out in a qPCR-dedicated hood, sterilised with 2% Trigene 

(Medimark scientific) and 70% IMS throughout preparation to avoid contamination. Reagents 

and samples used for this experiment were defrosted and kept on ice when needed, to avoid 

degradation. qPCR mix containing SYBR® Green was kept in  light-proof storage when possible.  

Applied Biosystems™ SYBR™ Green Master Mix (Thermo Fisher) was used to carry out qPCR gene 

expression experiments as per manufacturer’s instructions. The master mix is optimized for 

SYBR® Green reactions and contains SYBR® Green I Dye, AmpliTaq Gold® DNA Polymerase, 

dNTPs with dUTP, Passive Reference, and optimized buffer components. Primers (sequences 

listed in table 2.7) used for the qPCR experiments were ordered from Sigma Aldrich and were 

supplied lyophilised. The tube was initially centrifuged to recollect all the dry components to the 

bottom of the tube and were then rehydrated with pure H2O, as per manufacturer’s instructions. 

Samples were loaded in triplicates, so master mixes were made for each primer used. The content 

of  each individual sample loaded onto the qPCR plate are shown in table 2.8.  

Table 2.7 – List of genes and their sequences for forward and reverse primers used for RT-qPCR to quantify 

gene expression.  

Gene  Forward Primer Reverse Primer  

YWHAZ 5’-AGACGGAAGGTGCTGAGAA-3’ 5’GAAGCATTGGGGATCAAGA-3’ 

FAS 5’- ACACTCACCAGCAACACCAA-3’ 5’- TGCCACTGTTTCAGGATTTAA-3’ 

BAX 5’-TGCTTCAGGGTTTCATCCAGG-3’ 5’- GGAAAAAGACCTCTCGGGGG-3’ 

TNFα 5′-GTATCGCCAGGAATTGTTGC-3′ 5′-AGCCCATGTTGTAGCAAACC-3′ 
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Table 2.8 – Contents and volumes of master mix (per one sample) containing cDNA in preparation for RT-

qPCR to analyse gene expression.  

Reagent Volume/sample (µL) 

Primer Mixture (Forward and Reverse) 1 (0.5 each) 

SYBR™ Green Master Mix 10 

Pure H2O 9 

cDNA 1 

Total 20 

 

cDNA samples were diluted to a concentration of 4ng/µL. 19µL of master mix containing primers, 

SYBRTM Green and pure water was added to each well in triplicates of a MicroAmp® Fast Optical 

96-Well Reaction Plate (Life Technologies), followed by addition of 1µL of cDNA. The wells were 

then sealed with a transparent, adhesive film and the plate was centrifuged briefly to ensure the 

solution was collected at the bottom of the well and to avoid air bubbles.  

The contents were then loaded, and the thermal protocol followed is shown in table 2.9.  

Table 2.9 – Thermal protocol used during RT-qPCR on the QuantStudio 7 (Life Technologies) using he SYBR 

Green MasterMix (Applied Biosciences).  

Stage Temperature Time No. of cycles 

Hold stage 50°C 2 minutes 1 

95°C 10 minutes 

PCR stage 95°C 15 seconds 40 

60°C 1 minute 

Melt curve stage 60-95°C - 1 

 

2.8 Western Blotting  

Caspase–3, Phospho-S6 Kinase, RICTOR and RAPTOR expression was analysed in SKOV-3 cells 

using Western Blotting. Protein lysates were separated by mass using SDS-PAGE (Sodium-

Dodecyl-Sulphate Polyacrylamide gel electrophoresis). During this process, heavier proteins stay 

near the top of the gel and smaller proteins shift towards the bottom due to negative charge.  
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Table 2.10 -List and details of primary antibodies used for western blot analysis.  

Primary Antibody Species Supplier 

Caspase 3 Rabbit Cell Signalling Technology 

PS6K Rabbit Cell Signalling Technology 

RICTOR Mouse Abcam 

RAPTOR Rabbit Abcam 

GAPDH Rabbit  Cell Signalling Technology 

 

Protein lysates were extracted from cultured cells in 6-well plates in order to determine 

expression patterns of Caspase -3, PS6K, RICTOR and RAPTOR. Post-treatment with 20µg/mL of 

SP-D, the media was aspirated, and cells were washed with 500-1000 µL of PBS (Gibco). 250 µL 

of 2x Laemmli Buffer (Sigma Aldrich) was added to each well and gently rotated to allow the 

solution to cover the surface. Cells were then scraped using a cell scraper and the lysate was 

transferred into a sterile Eppendorf tube. Lysates were denatured by boiling at 95°C for 10 

minutes using a heat block and transferred for storage at 20°C (or -80°C for long term storage) 

until required for further use.   

A 10% resolving and 5% stacking gels were used and were prepared as follows. The gels were 

poured at a thickness of 1mm between glass plates according to the recipes in table 2.11 and 2.12.  

 

Table 2.11 – List of contents used to prepare the stacking gel for western blotting.  

Stacking Gel – contents 1 GEL (2 ml) 2 GELS (4 ml) 

dH2O 1.4 2.7 

30% Acrylamide Mix 0.33 0.67 

1.0M Tris (pH 6.8) 0.25 0.5 

10% SDS 0.02 0.04 

10% Ammonium Persulfate (APS) 0.02 0.04 

TEMED 0.002 0.004 
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Table 2.12 – List of contents used to prepare the resolving gel for western blotting. 

Resolving Gel – contents  1 GEL (5 ml) 2 GELS (10 ml) 

dH2O 1.9 4.0 

30% Acrylamide Mix 1.7 3.3 

1.5M Tris (pH 8.8) 1.3 2.5 

10% SDS 0.05 0.1 

10% Ammonium Persulfate (APS) 0.05 0.1 

TEMED 0.002 0.004 

 

100% methanol was added on top of the resolving gel (to eliminate any air bubbles) and allowed 

to set for 20-30 minutes at room temperature. Once the resolving gel had set, the methanol was 

poured away, and any excess was discarded using a filter paper. The stacking gel was poured over 

the resolving gel at an approximate height of 2cm, and a comb placed between the glass plates to 

form wells. The stacking gel was left to set for a further 20-30 minutes at room temperature.  

Cell lysates were incubated at 100°C for at least 10 minutes to linearise the protein, break down 

disulphide bonds and remove tertiary structures. The SDS in the protein buffer and gel serves to 

coat the protein in a consistent negative charge to avoid the varying charges on amino acids to 

affect migration of the protein through the gel. 7µl of each sample was loaded into each 

appropriate well. 3µl of PageRulerTM Prestained Protein Ladder (Life Technologies) was used as 

a reference of mass. The gels were run in 1x Running Buffer at 300V and 40mA per gel until the 

visible blue band of LaemmLi buffer was almost at the bottom of the gel and the ladder was fully 

separated. The separated proteins were then electrophoretically transferred onto a nitrocellulose 

membrane (Thermo Scientific) in Wet-Transfer Buffer.  

For transfer, two sponges, four pieces of filter paper and one piece of nitrocellulose membrane 

were required. The membrane and gel were secured between two sponges and filter paper and 

placed in a cassette prior to being placed in a tank filled with transfer buffer. An ice block was 

added to the tank to raise the buffer solution and keep the tank cool. The tank was transferred to 

a tray and surrounded by more ice. The set up was then allowed to run at 300V and 400mA for 

1.5 hours. 

After successful transfer, the membrane was carefully extracted from the cassette and placed into 

a tray containing 1gm of cow’s milk powder (Marvel milk powder) in 20 ml of TBS-Tween 20 to 

allow blocking. This was left on a shaker (20-25 oscillations per minute) for a minimum of one 

hour at room temperature. After blocking, the membrane was rinsed with 1x TBS-Tween20 
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solution. The primary antibody (1:1000 dilution) diluted in 5% bovine serum albumin (BSA)/TBS 

Tween20 was applied to the membrane in a plastic pouch. Before sealing the pouch, visible air 

bubbles were removed. The pouch was sealed securely using heat and placed in the cold room 

overnight on an orbital shaker at 4°C.  

The next day, the membrane was washed in TBS-Tween20 solution by adding it to a tray 

containing the solution and leaving it on a shaker for 15 minutes. This was repeated three times; 

therefore, the washes altogether took 45 minutes to ensure any and all unbound proteins were 

removed. Next, the secondary antibody (1:2000 dilution) was appropriately diluted in 5% 

BSA/TBS Tween20 and added with the membrane into a separate plastic pouch. The membrane 

was incubated for one hour at room temperature. This was followed by washes in TBS-Tween20 

(3 times) for 10 minutes to remove any unbound secondary protein. The membrane was then 

stored in TBS Tween, while reagents are prepared for visualisation of the proteins by enhanced 

chemiluminescence (ECL).  

Development of the membranes was carried out in a dark room so as not to expose the light-

sensitive X-ray films. Solution A and B (recipes shown in table 2.13) were prepared beforehand, 

mixed, and applied to the drained membranes in a dark room immediately prior to developing.  

Table 2.13 – Contents and quantities used to prepare solutions A and B. 

Solution A Solution B 

 Quantity  Quantity 

TRIS (pH 8.0, 100 

mM) 

5 ml TRIS (pH 8.0, 100 

mM) 

5 ml 

Coumaric Acid 22 µl H2O2 3 µl 

Luminol 50 µl   

 

Once the solutions were added, the tray containing the membrane was rocked gently, allowing 

the mixture to completely cover the film. The membranes were incubated for 1-2 minutes, blotted 

on filter paper, and exposed to X-ray film within a light impermeable cassette (AutoRad) for a 

range of times (usually 30 seconds to 1 minute, depending on the strength of the antibody). The 

films were developed on a Curix60 (AGFA) automatic developing machine. 

In case of further analysis/repeats, the membrane was sealed and stored at 4°C, enclosed in a 

pouch containing PBS to be reused at a later date.   
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2.9 Enzyme-linked Immunosorbent assay (ELISA)  

Human surfactant protein-D levels were detected advanced-stage OC patient plasma samples 

using a sandwich ELISA immunoassay (BioVendor). Samples were incubated in a 96-well 

microplate coated with monoclonal anti-human surfactant protein D antibody and visualised 

using the ClarioSTAR® microplate reader. For the purpose of this assay, plasma samples stored 

at -80°C were thawed once and diluted 5.5x with the dilution buffer provided in the kit. Samples 

required to plot the standard curve were prepared through serial dilution of a concentrated stock. 

Two vials of quality control (QC) (upper and lower limit concentration) were provided within the 

kit, and a combination of the values obtained from the standards and QC were used to validate 

the functioning of this assay.  

Table 2.14 – List of contents and quantities provided in the SP-D ELISA-based detection kit supplied by 

BioVendor.  

Kit components Quantity 

Antibody-coated microtiter strips 96 wells 

Biotin-labelled antibody 13 ml 

Streptavidin-HRP conjugate 13 ml 

Master standard 1 vial 

Quality control (HIGH) 2 vials 

Quality control (LOW) 2 vials 

Dilution buffer 50 ml 

Wash solution (concentrate) 100 ml 

Substrate solution 13 ml 

Stop solution 13 ml 

 

100 µl of prepared samples including standards, QC and diluted patient plasma samples were 

added to the microplate in duplicates, followed by the incubation of the plate for two hours at 

25°C, shaking at 300 rpm on an orbital shaker setting. The same temperature and shaker settings 

were used throughout the remainder of the experiment. Microwells were washed with 

350µl/well of wash solution 5 times and the plate was inverted and tapped strongly against a 

paper towel to ensure complete removal of residual liquid from the wells. 100µl of Biotin-labelled 

antibody solution was added to each well. The plate was incubated for 1 hour under the 

aforementioned conditions. The wells were washed again with 350µl of wash solution, inverted 

and tapped strongly against a paper towel. Next, 100µl of Streptavidin-HRP conjugate was added 

to each well and incubated for 1 hour. The wells were washed again with 100µl of wash solution, 
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followed by the addition of 100µl of Substrate solution to each well. After this step, the plate was 

covered in aluminium foil to avoid contact with direct sunlight. At this step, the plate was 

incubated at 25°C for 15 minutes without shaking. Finally, the plate was retrieved and 100µl of 

Stop solution was added on top to restrict further colour development. The absorbance of each 

sample was recorded within 5 minutes of adding the stop solution at 450nm and 630nm.  

2.10 Immunohistochemistry (IHC) 

Immunohistochemistry and DAB (3,3’-Diaminobenzidine) staining was used to visualise SP-D 

expression in paraffin embedded OC tissue samples. A paraffin-embedded tissue microarray (US 

Biomax Inc) was used for this experiment, consisting of 60 cases of ovarian carcinoma with 10 

adjacent normal ovarian tissues as control.  
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Figure 2.1. Microarray panel display of the ovarian carcinoma tissue test slide. Ova – Ovary, Adr – Adrenal 

Gland, used as a negative control,  - Malignant tumour,  - Malignant tumour (stage I),  - Malignant 

tumour (stage IA),  - Malignant tumour (stage IB),  - Malignant tumour (stage IC),  - Malignant 

tumour (stage II),  - Malignant tumour (stage IIA),  - Malignant tumour (stage IIB),  - Malignant 

tumour (stage III),  - Malignant tumour (stage IIIC),  - Malignant tumour (stage IV),  - NAT (US 

Biomax, Inc, 2018). Further information on each tissue sample is provided in table 2.11.  

Firstly, tissue samples were deparaffinised and rehydrated by incubating them in Coplin jars 

containing Histoclear (National Diagnostics), then in decreasing concentrations of ethanol as 

shown in table 2.15.  
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Table 2.15 – Step-by-step rehydration of tissue array slide stating solutions used during the process and the 

duration of each incubation.  

Solution Time 

Histoclear 2 x 5 min 

Histoclear:Ethanol (1:1) 3 min 

100% Ethanol 3 min 

95% Ethanol 3 min 

70% Ethanol 3 min 

50% Ethanol 3 min 

Running Tap Water 1 min 

 

For antigen retrieval, the microarray slide was boiled in sodium citrate-Tween solution (2.94g 

sodium citrate in 1L distilled water, 500 µl Tween, pH6) using a microwave for 20 minutes 

without boil-drying. The slide was allowed to cool and then washed under running tap water for 

10 minutes. Next, the slide was washed in PBS 0.025% Triton-X 2 times for 5 minutes on a shaker. 

It was then incubated in 3% hydrogen peroxide solution for 15 minutes on a shaker. After the 

incubation, the slide was washed 3 times for 5 minutes each time in PBS-Triton X. To block the 

tissue, 5% rabbit serum (in PBS-tween) was prepared and approximately 200 µL was dispensed 

onto the slide. Parafilm was used to evenly distribute the serum onto the slide and the slide was 

incubated for an hour within a humidity chamber. Then, the primary antibody was prepared in a 

1:100 dilution and 200 µl was dispensed onto the slide after which it was incubated overnight at 

4°C. On the following day, the slide was washed with PBS-Triton X solution 3 times for 5 minutes 

each and a secondary antibody was added in a 1:200 dilution, followed by incubation for 1 hour 

under humid conditions. The slide was washed 3 times for 5 minutes and 200 µl of DAB solution 

was dispensed onto the slide. At this step, the slide was to be incubated for approximately 10 

minutes, until the samples started to develop a brown colour atop the tissue samples. After the 

colour development is visible, the slide is washed with distilled water once for 5 minutes. A few 

drops of haematoxylin are dispensed onto the slide (for nuclear staining) and covered with 

parafilm for approximately 1 minute, followed by staining with 0.1% sodium bicarbonate for 

approximately 1 minute followed by a rinse under water. Once the staining is complete, the slide 

is dehydrated using ethanol as shown in table 2.16. 
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Table 2.16 – Solutions involved in step-by-step dehydration (and the duration for each step) of tissue array 

slide in preparation for staining and immunohistochemical analysis.  

 

 

 

 

 

 

 

 

Finally, a few drops of DPX were added to a coverslip and the slide was placed face down onto the 

coverslip. After this, the slide was allowed to dry overnight at 4°C prior to scoring. Images of the 

tissue samples were captured using the Leica DMi1 inverted microscope at 40x magnification. 

For analysis purposes, the tissue was split into three sections and positively stained cells were 

counted within each section and the average score of all three sections was considered to be the 

overall score of the tissue.  

Table 2.17 – Clinical information on paraffin-embedded tissue samples (total =71 samples; 60 ovarian cancer; 

11 controls [10 positive and 1 negative control]) from the OV702a array chip ordered from Biomax U.S. 

Position  No.  Age Sex Pathology 

diagnosis 

Grade Stage Type 

A1 1 26 F Serous papillary 

cystadenocarcinoma 

1 IC Malignant 

A2 2 34 F Serous papillary 

cystadenocarcinoma 

1 IA Malignant 

A3 3 58 F Serous papillary 

cystadenocarcinoma 

2 IA Malignant 

A4 4 65 F Serous papillary 

cystadenocarcinoma 

1 IIA Malignant 

A5 5 65 F Serous papillary 

cystadenocarcinoma 

1 IA Malignant 

Solution Time  

50% Ethanol 3 minutes 
 

70% Ethanol 3 minutes 
 

95% Ethanol 3 minutes 
 

100% Ethanol 3 minutes 
 

Histoclear:Ethanol (1:1) 3 minutes 
 

Histoclear 3 minutes 
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A6 6 50 F Serous papillary 

cystadenocarcinoma 

1 IIA Malignant 

A7 7 40 F Serous papillary 

cystadenocarcinoma 

(sparse) 

1 IIA Malignant 

A8 8 61 F Serous papillary 

cystadenocarcinoma 

3 IIB Malignant 

A9 9 53 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 

A10 10 58 F Serous papillary 

cystadenocarcinoma 

3 IIIC Malignant 

B1 11 52 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 

B2 12 68 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 

B3 13 36 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

B4 14 50 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

B5 15 59 F Serous papillary 

cystadenocarcinoma 

3 IC Malignant 

B6 16 62 F Serous papillary 

cystadenocarcinoma 

2 IIB Malignant 

B7 17 60 F Serous papillary 

cystadenocarcinoma 

2 IB Malignant 

B8 18 65 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 

B9 19 27 F Serous papillary 

cystadenocarcinoma 

2 IIB Malignant 

B10 20 53 F Serous papillary 

cystadenocarcinoma 

2 I Malignant 

C1 21 48 F Serous papillary 

cystadenocarcinoma 

2 IC Malignant 

C2 22 58 F Serous papillary 

cystadenocarcinoma 

2 I Malignant 
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C3 23 64 F Serous papillary 

cystadenocarcinoma 

2 IV Malignant 

C4 24 58 F Serous papillary 

cystadenocarcinoma 

2 IIB Malignant 

C5 25 51 F Serous papillary 

cystadenocarcinoma 

2 IA Malignant 

C6 26 66 F Serous papillary 

cystadenocarcinoma 

3 IC Malignant 

C7 27 47 F Serous papillary 

cystadenocarcinoma 

3 IIA Malignant 

C8 28 57 F Serous papillary 

cystadenocarcinoma 

3 IIA Malignant 

C9 29 69 F Serous papillary 

cystadenocarcinoma 

2 II Malignant 

C10 30 54 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

D1 31 52 F Serous papillary 

cystadenocarcinoma 

2 II Malignant 

D2 32 57 F Serous papillary 

cystadenocarcinoma 

3 IIB Malignant 

D3 33 51 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

D4 34 40 F Serous papillary 

cystadenocarcinoma 

3 I Malignant 

D5 35 60 F Serous papillary 

cystadenocarcinoma 

3 I Malignant 

D6 36 54 F Serous papillary 

cystadenocarcinoma 

3 IC Malignant 

D7 37 63 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

D8 38 52 F Serous papillary 

cystadenocarcinoma 

3 IC Malignant 

D9 39 41 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 
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D10 40 60 F Serous papillary 

cystadenocarcinoma 

3 IA Malignant 

E1 41 70 F Serous papillary 

cystadenocarcinoma 

3 I Malignant 

E2 42 51 F Serous papillary 

cystadenocarcinoma 

3 IC Malignant 

E3 43 53 F Serous papillary 

cystadenocarcinoma 

3 IIA Malignant 

E4 44 37 F Serous papillary 

cystadenocarcinoma 

3 IB Malignant 

E5 45 48 F Serous papillary 

cystadenocarcinoma 

3 IIA Malignant 

E6 46 59 F Serous papillary 

cystadenocarcinoma 

2 IIB Malignant 

E7 47 44 F Serous papillary 

cystadenocarcinoma 

3 IIA Malignant 

E8 48 48 F Mucinous 

adenocarcinoma 

1 IB Malignant 

E9 49 45 F Mucinous 

adenocarcinoma 

1 IA Malignant 

E10 50 34 F Mucinous 

adenocarcinoma 

1 I Malignant 

F1 51 41 F Mucinous 

adenocarcinoma 

3 IB Malignant 

F2 52 29 F Mucinous 

adenocarcinoma 

(sparse) 

3 III Malignant 

F3 53 60 F Mucinous 

adenocarcinoma 

3 IA Malignant 

F4 54 47 F Endometrioid 

adenocarcinoma 

1 IIA Malignant 

F5 55 54 F Endometrioid 

adenocarcinoma 

1 IB Malignant 

F6 56 46 F Endometrioid 

adenocarcinoma 

2 II Malignant 
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F7 57 49 F Endometrioid 

adenocarcinoma 

2 I Malignant 

F8 58 43 F Endometrioid 

adenocarcinoma 

3 IC Malignant 

F9 59 60 F Endometrioid 

adenocarcinoma 

3 IB Malignant 

F10 60 53 F Endometrioid 

adenocarcinoma 

3 IIA Malignant 

G1 61 39 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G2 62 53 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G3 63 48 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G4 64 39 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G5 65 17 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G6 66 45 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G7 67 48 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G8 68 44 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G9 69 41 F Cancer adjacent 

normal ovary tissue 

- - NAT 

G10 70 69 F Cancer adjacent 

normal ovary tissue 

- - NAT 

- 0 42 M Adrenal Gland 

(Pheochromocytoma 

- tissue marker) 

-  Malignant 
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2.11 Immunofluorescence (IF)  

In preparation of treatment of adhered, cultured cells, 1 coverslip was placed in each well of a 12-

well plate. A solution containing approximately 100,000 cells of desired cell line (SKOV-3 or 

PEO1) was dispensed in complete medium and incubated overnight at 37°C and 5% CO2 

overnight. After 24 hours, complete medium containing appropriate concentrations of cytotoxic 

drugs was added to wells as per protocol. The cells were then allowed to incubate under standard 

conditions for 24 hours, exposed to treated media.  

After a 24-hour time point, treated media was aspirated and discarded appropriately, and the 

cells were washed with 500 µL of PBS to remove any remnants of cytotoxic treatments. 500 µL of 

4% PFA solution was added to each well and left at room temperature for 10 minutes to facilitate 

fixing. The PFA was then aspirated and washed well with PBS to remove any remnants of PFA. 

For cells to permeabilise, 500 µL of 0.1% Triton-X (diluted in PBS) was added to each well and 

incubated for 15 minutes at room temperature, followed by aspiration and a wash with PBS. 500 

µL of 5% bovine serum albumin (BSA) (diluted in PBS) was added to each well and incubated at 

room temperature for 1 hour to allow blocking. Post-blocking, BSA solution was aspirated and 

100 µL of fluorescently conjugated antibody solution was carefully dispensed over the coverslip 

to ensure that all cells were submerged. The plate was then carefully covered and placed in the 

dark, overnight and at 4°C.  

The next day, cells were washed with 500 µL of 0.1% PBS-Tween solution, followed by aspiration 

and an additional wash with 500 µL of PBS to ensure that all excess antibody solution has been 

washed off. The PBS was aspirated and the coverslip containing adherent cells were dehydrated 

as shown in table 2.18.  

Table 2.18 -Steps involved in dehydration of adherent cells in preparation for immunofluorescence analysis, 

providing details of dilutions and durations for each step.  

Solution Time 

Step 1 - 70% Ethanol 10 - 15 minutes 

Step 2 – 90% Ethanol 10 minutes 

Step 3 – 100% Ethanol up to 10 minutes 

   

After dehydration, the coverslips were ready to be mounted over a slide prior to viewing. 6-8 µL 

of mounting medium with DAPI nuclear stain (Vectashield) was added to the slide. A pair of 

forceps were used to pick the coverslip from the bottom of the well. The corner of the coverslip 

was first allowed to come in contact with the mounting medium, before gently placing it over the 
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remaining mounting medium. The coverslips were allowed to settle for 15 minutes in the dark to 

allow the mounting medium to dry. The coverslips were finally sealed with clear nail varnish to 

avoid any movement or air bubbles prior to viewing. All slides were viewed under a LEICA 

DM4000 Fluorescent Microscope, and all analysis was carried out using the LAS-X analysis 

software (version 3.7.0) 

2.12 Bioinformatics (In Silico) Analyses 

In silico analyses was carried out using various online tools (details below).  

1. Oncomine was used to access data regarding gene expression levels of existing 

microarray data for specific genes noted in cancer and control tissue samples across 

various cancer types. Oncomine is a cancer microarray database and web-based data 

mining platform aimed at facilitating discovery from genome-wide expression analyses 

(Rhodes et al., 2004).  

2. Kaplan Meier (KM) plotter was used primarily as a meta-analysis tool for the discovery 

and validation of survival biomarkers, capable of assessing the effect of 54,000 genes 

(mRNA, miRNA and protein) on survival in various types of cancer (Nagy et al., 2018).  

3. CBioportal is a web resource for exploring, visualising, and analysing multidimensional 

cancer genomics data, reducing molecular profiling data from cancer tissues and cell lines 

into readily understandable genetic, epigenetic, gene expression and proteomic events 

(Cerami et al., 2012).  

2.13 Statistical Analyses 

All statistical analyses conducted on data was performed using GraphPad Prism® software 

(version 5.00.288). A student’s t-test was used to assess statistical significance of any changes 

observed. One-way ANOVA (analysis of variances) was carried out to compare the means of two 

or more independent groups to identify statistical significance. All p-values were represented 

using an asterisk (see table 2.19).  

Table 2.19 – Denotations associated with various P values used to denote statistically significant data. 

P-value Denotation 

0.01 – 0.05 * 

0.001-0.009 ** 

<0.0009 *** 
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Chapter 3  

Optimisation and development of potential 

biomarkers for OC 

3.1. Introduction  

Although there is a growing interest in the use of CTCs for non-invasive diagnosis, prognosis and 

monitoring of treatment, there are a variety of important factors that could affect the integrity of 

collected samples (Qin et al., 2014). The conditions under which the sample is collected, the 

manner of transportation from the clinic to the laboratory, and pre-analytic sample processing 

procedures are insufficiently characterised which can potentially lead to issues regarding clinical 

interpretation. Thus, assessing and controlling the pre-analytic handling of biospecimens is 

essential for their optimal use (Rodriguez-Lee et al., 2018). CTCs are generally isolated from 

whole blood, and a major problem is the stability of this cell population; highlighting the need for 

blood to be handled with care, as any mechanical trauma can be detrimental to the viability of the 

cells (Apostolou et al.,  2017).   

Similar to any procedure involving live tissues, blood degradation during the handling of samples 

and laboratory manipulations imposes practical constrains. Once removed from its native 

environment, a host of degenerative processes including haemolysis, platelet activation, cytokine 

and oxidative bursts, and neutrophil extracellular trap formation inflict damage to the entire 

blood specimen. Controlled studies using spiked tumour cells have documented a >60% loss in 

CTC yield within 5 hours of blood draw and significant RNA degradation occurring within 2-4 

hours (Wong et al., 2017). During blood draw, whole blood is anticoagulated in order to prevent 

clotting of cellular components, a process for which EDTA (ethylenediaminetetraacetic acid) is 

commonly used (Parpart-Li et al., 2017).  In order to maintain sample purity, it is important to 

consider the type of blood collection device, especially while working with CTC samples. Cell-free 

DNA blood collection tubes have addressed this issue by developing a propriety stabilisation 

buffer, intended for collection, shipping and storage of whole blood for further CTC/ctDNA 

analysis. These tubes have been extensively validated against standard EDTA tubes and can keep 

samples stable at varying temperatures over a span of 1-2 weeks (Parackal et al., 2019). 

 Apart from the fragility, CTC populations in blood are claimed to be present in very low numbers, 

therefore being classified as a ‘rare’ population. A possible explanation is that majority of 

enrichment-based platforms utilise EpCAM expression to identify CTCs (Schneck et al., 2015). 
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However, it is now well established that cancer cells undergo epithelial-to-mesenchymal 

transition (EMT) which results in a loss of a cell’s epithelial markers.  

 

Figure 3.1 – shows the process of epithelial-to-mesenchymal transition in cancer cells (EMT). Conversion of 

epithelial cells into mesenchymal cells results in the active loss of epithelial cell markers (listed in yellow)  and 

gain of  mesenchymal cell markers including N-Cadherin and Vimentin (listed in green). Cells that exhibit both 

epithelial and mesenchymal markers are within an ‘intermediate state’.  (Kalluri and Weinberg, 2009). 

Epithelial cells are normally held together by lateral cell-cell junctions and interact with the 

underlying basement membrane via hemidesmosomes and a6β4 integrins. Epithelial cells also 

express cytokeratins that stabilise desmosomes to ensure the resilience of epithelial cell layers to 

various physical stresses. Activation of the epithelial-mesenchymal process involves the loss of 

polarity, disruption of cell-cell junctions, degradation of the underlying basement membrane and 

reorganisation of the extracellular matrix (ECM). This change results in the loss of expression of 

classic epithelial markers such as cytokeratins and E-cadherin and the expression of 

mesenchymal markers such as N-cadherin, vimentin, fibronectin and β1 and β3 integrins. The 

resultant effect of this process is the reduced intercellular adhesion and increased motility 

exhibited by cells that have undergone the process giving them the ability to break through the 

basal membrane and migrate over long distances. Since EMT results in the loss of key epithelial 

cell-cell adhesion molecules, EpCAM is no longer able to bind to their membrane hence leaving 

them undetected exposing a problematic limitation of technologies that are heavily reliant on 

epithelial markers for CTC detection (Dongre and Weinberg, 2019; Kyung-A Hyun et al., 2016).  

Experiments in this chapter are based on optimising the entire CTC identification process from 

sample collection to cellular identification, all the way to testing different methods used for CTC 

isolation thereby developing key aspects that are crucial for the optimal use of liquid biopsies 

within research-laboratory and clinical settings.  
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3.2. Aims 

 To assess a variety of collection tubes for proper storage and preservation of cancer-related 

cellular material in patient blood sample 

 To test and establish appropriate fluorescent antibodies for successful identification of 

potential CTCs via imaging flow cytometry.  

 To illustrate the technical capability of ImageStream Mark II (Imaging flow cytometry 

technology) in capturing and identification of potential CTCs.   

 To assess the performance of a size-based CTC identification platform (ParsortixTM) 

 

3.3 Results 

3.3.1. Testing the validity of specialised blood collection tubes (BCTs) for optimal 

storage of blood samples  

Blood collection and sample storage are two pre-analytic factors that are important to maintain 

sample integrity. Constant agitation and fluctuating temperatures can affect the purity of the 

blood sample and the condition of the analytes within the sample. Therefore, to ensure proper 

preservation of samples transported from the hospital to the lab, specialised blood collection 

tubes were tested in comparison to EDTA collection tubes that are routinely used in clinics. 

Although the sample storage period within EDTA tubes can be extended by refrigerating samples 

(at 4-6°C), temperature fluctuations and constant agitation can negatively affect the sample 

(Parackal et al., 2019). To address this issue, BCTs manufactured by Roche Diagnostics, Streck 

and PAXgene were tested and compared to EDTA tubes. The blood collection tubes advertised by 

Roche Diagnostics and Streck claim to minimize the degradation of CTCs and provide CTC stability 

for up to 7 days at 15 – 30°C. PAXgene tubes were developed specifically to obtain cell-free 

circulating DNA from whole blood and claim to allow transport and storage of sample for 7 days 

between 2-30°C.  

In order to test the validity of these tubes, blood samples were collected into 2 EDTA tubes, 6 

Roche cell-free DNA BCTs, 6 Streck cell-free DNA BCTs and 6 PAXgene ccf-DNA tubes. Each tube 

was then prepared for analysis every day over the course of 7 days to test their ability to maintain 

sample quality by analysing cell morphology using nuclear staining (DRAQ5) and brightfield 

images of samples using the ImageStream Mark II imaging flow cytometry system. 
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Figure 3.2 - Circulating cell integrity observed over the course of 6 days using brightfield images (Ch01) and 

nuclear staining (Ch05) captured using ImageStream Mark II. The EDTA tubes (A) contained a very high 

amount of cell debris with a low number of intact cells remaining after being stored at 4°C on day 2, after 

which the blood sample was coagulated to continue further analyses. Cells within PAXgene tubes (B) showed 

strong nuclear staining till day 2, after which the sample coagulated. Streck (C) and Roche (D) cell-free DNA 
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tubes did not coagulate blood over the course of 6 days, however, brightfield images from Roche tubes show 

intact cells over the course of 5 days with some cells showing low nuclear staining and irregular cell shape on 

day 6. Streck tubes, in comparison, showed early signs of some cellular material undergoing apoptosis as early 

as day 2 (Kumar et al., 2019). 

From these results, it is evident that EDTA tubes were not able to preserve cell morphology as 

brightfield images from day 2 show cell debris and a lack of DRAQ5 staining compared to day 1. 

Contrary to studies, in this experiment, the blood samples stored in PAXgene tubes showed 

healthy cells until day 2 after which the sample coagulated and was unable to be processed any 

further. While both Roche and Streck tubes are capable of maintaining sample stability, based on 

cell morphology over 6 days, Roche tubes were able to maintain cell morphology over the course 

of 6 days compared to Streck tubes.  

                          

Figure 3.3 – A coagulated cell pellet extracted from blood samples stored in PAXGene tubes during 

preparation for ImageStream testing on day 3. The pellet remained intact despite resuspension in cell 

dissociation buffer and was therefore unfit for further analysis.  

 

3.3.2. Testing antibodies to target both epithelial and mesenchymal cancer cells 

using in vitro models  

A robust method for identifying cancer cells in a given sample would require multiple antibodies 

for the detection of multiple sub-populations of cancer cells. As established in the introduction, 

current methods of CTC identification are heavily reliant on the use of epithelial markers, leaving 

out cells that have undergone the process of EMT. The first step to developing this method was to 

choose the right antibodies that could target both epithelial cancer cells and cells undergoing 

EMT. For this purpose, two cancer-related antibodies were chosen – pan-cytokeratin (AE1/AE3) 
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and Wilms’ tumour protein 1 (WT1).  Pan-cytokeratin (AE1/AE3) combines multiple keratins 

which are expressed by CTCs with an epithelial phenotype whereas WT1 is a nuclear protein, 

specifically expressed in ovarian cancer cells, regardless of phenotype, meaning it would identify 

any cancer-related cells regardless of their EMT transition.  

Firstly, antibody concentrations were tested using ovarian cancer cell lines to determine the 

dilution for optimum staining of cells. Conclusively, a 1:100 dilution of both AE1/AE3 and WT1 

antibodies on SKOV3 cells showed the desired positive staining (shown in figure 2).   

                             

 

Next, a proof of principle experiment was carried out using two ovarian cancer cell lines, 

exhibiting different phenotypes. These cells were stained with AE1/AE3 and WT1 and analysed 

using fluorescent microscopy. PEO1 cells strongly express E-cadherin, cyto-keratins and lack the 

expression of vimentin. SKOV3 cells, however, express vimentin and lack E-cadherin expression. 

They also express cyto-keratins, however PEO1 cells show a stronger expression in comparison 

which is why SKOV3 cells have an intermediate mesenchymal phenotype (Kwon et al.,  2011).  

Figure 3.4 - (top) SKOV3 cell stained with AE1/AE3 and (bottom) SKOV3 cell stained positively for WT1 using 

ImageStream Mark II at 40x magnification. Both antibodies use an Alexa Fluor AF488 conjugated antibody 

with green fluorescence shown in Ch02 and DRAQ5 nuclear stain shown in Ch05. 
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Figure 3.5 – Proof of principle experiment involving testing biomarker efficiency to target epithelial and 

mesenchymal OC cells. SKOV3 (intermediate mesenchymal phenotype) and PEO1 (epithelial phenotype) 

were stained with cytokeratins (AE1/AE3) and WT1 to quantify the number of positive cells using 

fluorescent microscopy. Cytokeratin is expressed in cells with an epithelial phenotype, whereas WT1 would 

appear positive in ovarian cancer cells irrespective of epithelial-to-mesenchymal transitioning. (A) 

Diagrammatic representation of EMT dynamics between SKOV3 and PEO1 ovarian cancer cell lines. (B) 

SKOV3 cells and (C) PEO1 cells stained with WT1 (red; I), AE1/AE3 (green; II) and merged images (III) 

Images taken at 40x magnification using immunofluorescence (Kumar et al., 2019).  
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Figure 3.6 – Graph depicting the percentage of cells stained positively for AE1/AE3 (blue) and WT1 (grey) 

using fluorescent microscopy out of 100 cells counted at random for SKOV3 cells with an intermediate 

mesenchymal phenotype (left) and PEO1 cells with an epithelial phenotype (right).  

100 SKOV3 and PEO1 cells stained with fluorescently conjugated antibodies for AE1/AE3 and 

WT1 were measured and analysed for positive staining. All cells (100/100) stained positive for 

WT1. 88/100 PEO1 cells expressed AE1/AE3 staining whereas 41/100 SKOV3 cells were stained 

positive for cytokeratin at almost a 1:2 ratio (Kumar et al 2019). This datum shows that regardless 

of EMT, WT1 had the ability to detect ovarian cancer cells. However, cytokeratins are currently a 

well-established CTC identification antibody, therefore, using both these biomarkers should 

improve reliability.   

3.3.3. Testing a size-based separation method to detect the presence of ovarian 

cancer cells 

In order to test the efficiency of a size-based cell separation platform, ParsortixTM cell separation 

system was used. ParsortixTM utilises a microfluidic cassette with a ‘critical gap’ of varying widths 

to optimally capture larger cancer cells based on size, while allowing red and white blood cells to 

flow through (Miller et al., 2018). The system is configured to either allow staining of cells 

captured within the cassette or to harvest them from the cassette into a small volume of buffer 

for subsequent evaluation and downstream interrogation (Miller et al., 2018). In order to run 

preliminary experiments, 1000 SKOV3 cells were spiked into 5 ml of healthy volunteer blood, as 

suggested on the protocol provided by the manufacturer. The tube containing spiked blood was 

attached directly to the machine, allowing the fluidics system to run the entire sample through 

the cassette to capture cells of interest.  

The resultant sample collected after a complete run was approximately 200 µL and contained a 

significant amount of red blood cells. The sample needed to be washed with red blood cell lysis 
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buffer to eliminate the contaminants, after which 100uL was stained with WT1 as a separate 

sample and the other was stained with a combination of AE1/AE3 and CD45 (to eliminate any 

WBCs). Both samples were analysed using imaging flow cytometry to record the yield and 

visualise accuracy of staining. Although the cells stained positively, the overall yield was low with 

only a few cells detected in each run (shown in figure 3.7).   

                                          

Figure 3.7 – Cultured OC cells captured using size-based technology. (top) SKOV3 cells positively stained for 

AE1/AE3 (green) shown in Ch02 and negative for CD45 shown in Ch04 after harvesting the sample using 

ParsortixTM size-based cell separation; (bottom) SKOV3 cell positive for WT1 (green) in channel 2. All images 

under Ch05 are positive for DRAQ5 nuclear staining. Ch01 show images in brightfield. 

In the interest of investigating the efficacy of this method in a clinical setting, a blood sample was 

collected from an ovarian cancer patient (enrolled on the CICATRix trial). After running the 

prepared sample on Imagestream post-staining, only one positive cell was detected (as seen in 

figure 3.8).  
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Figure 3.8 - Picture captured using ImageStream IDEAS software showing a positively stained circulating 

tumour cell (CTC) harvested using the ParsortixTM cell separation system. Ch01 shows image of the captured 

cell in brightfield, Ch02 shows AE1/AE3 expression (green), Ch05 shows DRAQ5 nuclear staining and 

Ch02/Ch05 shows an overlay image of the two channels.  

 

3.3.4 Using ImageStreamX Mark II (imaging flow cytometry) to detect and visualise 

cancer cells  

To test the potential of imaging flow cytometry in detecting ovarian cancer cells, various 

concentrations (ranging from 200,000 to 20 cells/mL) of SKOV3 and PEO1 cells were spiked into 

blood collected from a healthy volunteer as a representative model to simulate detection using 

patient samples. Each concentration of cells was spiked in 1ml of blood and the protocol for cell 

detection was followed, as described in the methodology chapter.  

For each sample, 5000 events were recorded using the ImageStreamX Mark II flow cytometry 

machine. The events were represented using a scatterplot to identify the population of interest. 

As shown in figure 3.9, the scatterplot generated shows three distinct populations based on area 

of the cell and the aspect ratio, which depicts the circularity (or morphology) of the cells in the 

marked population.  
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Figure 3.9 - Scatterplot extracted from the IDEAS analysis software representing the various populations 

found within the sample including the single cell of interest (A), doublets which are counted by the system as 

single events (B) and cellular debris (C). Aspect ratio is plotted on the y axis, with dots plotted closer to 1 having 

more circularity, while area of the cell is plotted on the x axis. Ch01 shows images in brightfield and Ch05 

shows cells stained with DRAQ5 nuclear stain.  

 

Once the population of interest is identified, a histogram is created (figure 3.10) to capture cells 

within focus – showing a clear picture of the nuclear staining, depicted using DRAQ5 fluorescent 

dye captured in Ch05, which targets nuclear matter and brightfield images in Ch01. From figure 

8, the population showing cells in clear focus have a gradient measure of 40 and above.  
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Figure 3.10 - Histogram showing gating required to identify the population of cells in focus. (A) shows cells 

identified to be in focus while (B) shows cells that are unfocussed. Ch01 shows images in brightfield and Ch05 

shows cells stained with DRAQ5 nuclear stain. 

Once the cells in focus are gated, this population is further gated based on intensity of the 

fluorescent signal emitted by the antibody of interest. For these experiments, two antibodies 

were used; a green, fluorescent dye conjugated with AE1/AE3 antibody (detected in Ch02) , 

targeting cyto-keratins that are expressed by ovarian cancer cells and an orange, fluorescent dye 

conjugated with CD45 antibody (detected in Ch04) targeting white blood cell (WBC) populations. 

Individual snapshots from each gated population are targeted for specific staining patterns to 

determine a true positive. As seen in figure 3.11, ovarian cancer cells are stained with pan-

cytokeratin (AE1/AE3), an epithelial membrane marker and CD45 to distinguish WBCs from 

cancer cell lines. The characteristic membrane staining of both antibodies helps distinguish 

between the two populations of interest. 
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Figure 3.11 - Graph used to identify various populations of cells based on fluorescence intensity. (left) In this 

graph, cancer cells are identified by gating cells with a high intensity of AF488 (green) identified in Ch02, while 

the population with a fluorescence intensity closer to 0 are usually positive for other antibodies (in this case is 

positive for CD45 shown in Ch04). In either case, cells gated are visualised and evaluated individually to 

identify cells with accurate staining. Panel A depicts a AE1/AE3+ and CD45- cell and panel B shows an 

AE1/AE3- and CD45+ cell. Both cells show a positive DRAQ5 nuclear staining (Ch05). Composite images 

(Ch02/Ch05) show superimposed images of fluorescent images from two channels.  

Based on the number of cells adhering to the staining pattern, each event is counted as a positive 

cell and the total number of cells pertaining to each population are then counted. Tables 3.1  and 

3.2 (respectively) show the varying concentrations of SKOV3 and PEO1 cells spiked in blood, 

followed by the number of cells retrieved using the method explained above. Both these cell lines 

were used to detect AE1/AE3 and WT1 expression after blood spiking. 
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Table 3.1 – Number of spiked cells (per 1mL of volunteer blood) and the number of SKOV3 and PEO1 cells 

positively identified for AE1/AE3 staining using ImageStream analysis with percentage retrieval in 

parentheses next to each value. 

Number of spiked 

cells (per 1mL) 

SKOV3 (AE1/AE3+) PEO1 (AE1/AE3+) 

200,000 10,500 

(5.25%) 

11,000 

(5.5%) 

20,000 7,500 

(37.5%) 

9,000 

(45%) 

2,000 600 

(30%) 

1,250 

(62.5%) 

200 142 

(71%) 

181 

(90.5%) 

20 3 

(15%) 

16 

(80%) 

 

 

Table 3.2 – showing the number of spiked cells (per 1mL of volunteer blood) and the number of SKOV3 and 

PEO1 cells positively identified for WT1 staining using ImageStream analysis with percentage retrieval in 

parentheses next to each value. 

Number of spiked 

cells (per 1mL) 

SKOV3 (WT1+) PEO1 (WT1+) 

200,000 12,000 

(6%) 

9,667 

(4.8%) 

20,000 7,200 

(36%) 

6,000 

(30%) 

2,000 1,300 

(65%) 

667 

(33%) 

200 90 

(45%) 

125 

(62.5%) 

20 0 

(0%) 

8 

(40%) 
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The results shown in table 3.2 show a relatively higher number of AE1/AE3 positive PEO1 cells 

compared to SKOV3 which correlates with the proof of principle experiment conducted earlier 

based on epithelial/mesenchymal phenotypes. In each case, when compared to a size-based 

platform, imaging flow cytometry was able to detect a significant amount of positive cell 

population within blood showing the potential of this being an effective method to identify these 

cell populations in patient samples.  
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3.4 Discussion 

This chapter focuses on the development and validation of various aspects involved in liquid 

biopsy testing in order to for it to be clinically relevant and provide a degree of robustness.  

Pre-analytical variables such as sample collection and storage require special attention, especially 

for protecting the integrity of the sample to carry out reliable further downstream analysis 

(Parackal et al., 2019).  With this in mind, various blood collection tubes were tested for their 

ability to maintain sample integrity, specifically in terms of cellular morphology. In this case, the 

blood samples were collected and stored in tubes and tested every day for 6 days to account for 

the time it would take from blood collection at the clinic, transportation from the clinic to the 

laboratory and further analysis. These blood collection tubes (BCTs) were also compared with 

standard EDTA tubes used routinely within clinical practice to assess performance. Results from 

this experiment show that Roche tubes were better able to preserve cellular morphology over 6 

days as compared to other tubes, showing signs of apoptotic cells on day 6. In comparison, the 

Streck tubes showed presence of cellular debris much earlier, on day 2. Previous experiments 

conducted to compare Roche and Streck tube performance have shown that while both tubes are 

capable of maintaining blood sample integrity for 7 days, Streck tubes were found to do so 

successfully over 14 days (Parackal et al., 2019). Contrary to these findings, the Roche cell-free 

DNA tubes performed better in our experiments and were used to collect blood samples from 

patients and healthy volunteers over the course of the clinical trial.  In this study, PAXgene tubes 

could not be tested past day 3 due to sample coagulation. Blood samples stored past day 3 

continued to show sample coagulation and could not be processed any further. Based on these 

data, Roche BCT were used hereafter to collect and store samples for processing.  

The next step was to validate biomarkers that are reliable and can be used to identify circulating 

tumour cell populations in blood samples. Selection of cells expressing the cell surface epithelial 

cell adhesion molecule (EpCAM) is popularly used in CTC detection as it shows little to no 

expression in leukocytes and is expressed by epithelial-derived cancers (de Wit et al, 2014). To 

date, CellSearch platform is the only FDA approved CTC detection platform which uses 

enrichment by EpCAM-targeted immunomagnetic selection (Li et al., 2020). EpCAM mRNA 

expression in patient tumour samples showed high EpCAM expression in a majority of tumour 

types, however there was a subset of samples with lower EpCAM expression. In particular, lung 

and ovarian cancer samples had a greater percentage of tumour cells with very low EpCAM 

expression, while a similar analysis in breast cancer cell lines showed that 20% of those cells 

showed little of no EpCAM expression and a high expression of mesenchymal markers such as 

Vimentin (Punnoose et al., 2010). The same study also used CellSearch to detect spiked samples 

containing EpCAM high and EpCAM low expressing cancer cells and showed that while high 
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EpCAM expressing cells show a 75% recovery rate, low EpCAM expressing cells showed a 

significantly lower recovery rate of 42%, demonstrating a downward trend towards decreased 

recovery after 48 hours (Punnoose et al., 2010). For this purpose, one epithelial (AE1/AE3) and 

one ovarian-specific (WT1) marker were subsequently used for the study. A majority of advanced 

ovarian cancers are of epithelial phenotype, justifying the use of an antibody targeting a wide 

array of cytokeratins traditionally expressed by epithelial OC cells. And due to EMT, circulating 

tumour cells tend to lose their expression of epithelial markers and express mesenchymal 

markers, for which WT1 was picked, which is a nuclear marker, is overexpressed in OC and would 

help identify circulating tumour cells that have undergone EMT. As seen in the in vitro proof of 

principle experiment on PEO1 and SKOV3, WT1 expression was seen in cells from both epithelial 

(PEO1) and intermediate mesenchymal (SKOV3) phenotypes.  

To compare the efficiency of CTC detection based on methodology i.e., physical properties (in this 

case cell size) and biological properties (detection using fluorescent antibodies), ParsortixTM cell 

separation platform and the ImageStream X  imaging flow cytometer by Amnis Corporation were 

used.  Experiments conducted in this chapter using  OC cell lines showed a minimal retrieval of 

cells using the microfluidics chip compared to the results that were obtained using imaging flow 

cytometry. This could be due to the width of the ‘critical gap’ within the microfluidics chip through 

which the sample is passed allowing for smaller cells such as RBCs and WBCs to pass by and 

entrapping larger cancer cells. The critical gap within these chips is now available in various 

widths ranging from 10µm down to 4.5µm, which could make CTC isolation more efficient based 

on size (Miller et al., 2018) and is something that could be utilised in future size-based 

experiments on CTCs. The width of the critical gap (where CTCs are captured) used for this assay 

ranged from 7 to 10µm, which subsequently may have affected the number of cells that were 

captured. From size-based analysis conducted in patient blood samples (further discussed in 

chapter 4), there seems to be a size overlap between white-blood cells and potential CTCs with 

cell size noted at an average of 7-8µm (Kumar et al., 2019). Therefore, a size-based assay would 

be more successful in capturing cell populations with a smaller critical gap, however, antibody-

based identification would still be needed to differentiate between WBCs and CTCs due to the size 

overlap. Compared to this two-step process, imaging flow cytometry provided a better alternative 

of processing the entire sample in a non-biased way.  

Finally, another proof of principle experiment was conducted to mimic the conditions of a patient 

blood sample wherein varying concentrations of OC cell lines were spiked into 1ml of blood 

collected from a healthy volunteer using serial dilution. This was done to study the frequency of 

cell retrieval for each biomarker used. In corroboration with previous results, AE1/AE3+ cells 

were higher in PEO1 cell compared to SKOV3. The percentage proportion of cells detected was 
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mostly greater as the number of spiked cells decreased, meaning that the smaller the spiked CTC 

population, the more detectable the cells were. However, it is worth noting that 100% of the cells 

were not detected in samples spiked with the lowest dilution of CTCs (20 cells), which shows that 

it may not be a very sensitive assay for diagnostic purposes, possibly because not many cells may 

be disseminating through blood during early stages, so this technique may possibly not pick up 

very minute populations of cells.  
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Chapter 4  

Identification of cancer-related circulating cells (CCs) 

in blood extracted from patients with OC  

4.1 Introduction 

Circulating tumour cells (CTCs) have received enormous attention as a novel biomarker for a 

variety of malignant diseases, including ovarian cancer. They appear as individual cells or clusters 

of cells that enter into the bloodstream through intravasation from primary tumours and reach a 

distant organ, where they can eventually grow into an overt metastasis (Kim et al., 2019). CTCs 

are not the only tumour derivatives in circulation, but they contain a population of metastatic 

precursors that are of paramount importance for the accomplishment of disease progression 

(Castro-Giner et al., 2018). Patients with positively identified CTCs are shown to have worse 

prognoses, a phenomenon confirmed in the case of breast, prostate, and colorectal cancer. 

Particularly in the case of OC, evidence suggests that CTC detection translates to lower 

progression-free and overall survival (Kim et al., 2019). Progress has been hindered until quite 

recently due to  technical challenges posed by CTC detection, analogous to looking for the 

proverbial ‘needle in a haystack’ (Krebs et al., 2010). Furthermore, as discussed before, a vast 

majority of cancers are of epithelial origin, hence the identification of CTCs based on epithelial 

antigen expression became the initial approach, however, this approach does not account for cells 

that undergo EMT leaving a significant population of CTCs undetected (Thiery, 2002; Keller et al, 

2019). As mentioned earlier, the most widely used method for CTC analysis i.e., the CellSearchTM 

CTC test has been used in patients with OC in multiple publications with conclusively very low 

yields (e.g., single CTC in 7.5 mL of whole blood, which may contain 75 million leucocytes and 50 

billion erythrocytes), posing a significant technical challenge, translating to limited clinical utility 

(Kumar et al., 2019). Furthermore, the instrument used for CTC detection is also important, and 

a microscope or flow cytometer is typically selected for this task. However, there are trade-offs 

between speed and specificity. While the microscope can identify CTCs based on images and is 

highly specific, images must be acquired at a low magnification to maintain high throughput. Flow 

cytometers provide high throughput but do not generate cell images to examine molecular 

localization or morphology, reducing accuracy (Takahashi et al., 2020). In addition to CTCs, all 

modes of tumour angiogenesis induce shedding of endothelial cells into the blood stream, 

subsequently known as circulating endothelial cells (CECs) (Rahbari et al., 2017). Tumour 

vascularisation is induced and regulated by hypoxia and facilitates the release of angiogenic 

factors such as VEGF that promotes the proliferation of endothelial cells. Endothelial cells are 
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directly involved in tumour vasculature and are  at the centre of diverse processes involved in the 

pathogenesis of malignant neoplasms; potentially being of importance as a biomarker in cancer 

(Lin, 2020). This chapter utilises the potential of imaging flow cytometry to quantify cancer-

related circulating cells ranging from CTCs to other derivates such as CECs. Together, these 

populations are combined under an umbrella term called cancer-related circulating cells (CCs).  

This term will be used for the remainder of our studies. 

4.2 Aims  

 To quantify and compare the number of AE1/AE3+ and WT1+ CCs in OC patients 

undergoing chemotherapeutic treatments.  

 To compare the cell size of AE1/A3 and WT1+ CCs with white blood cells to determine 

whether CTCs can be detected solely based on size.  

 To quantify the number of CD31+ CECs detected in OC patients as a pilot study. 

4.3 Results  

4.3.1 Analysing OC patient blood samples using imaging flow cytometry  

Advanced stage OC patients from two clinical trials (CICATRix and TRANS-METROBIBF) were 

included in this study; the study was performed in accordance with the Declaration of Helsinki. 

Blood samples were collected from patients attending Mount Vernon Cancer Centre (East and 

North Hertfordshire NHS Trust) for biomarker identification and analysis. Specimen collected 

under the TRANS-METROBIBF trial was conducted by Dimple Chudasama during the course of 

her PhD and the results were published as a combined study. Both these studies aimed to collect 

blood samples to explore the predictive role of circulating tumour cells (CTCs) in OC.  

5–10 mL of whole blood was taken from patients at regular intervals with a tissue diagnosis of 

high-grade serous ovarian cancer (HGSOC); patients were categorised into three groups: 

(1) Relapse—patients whose aEOC had relapsed following prior remission, and who required 

further chemotherapy treatment. 

(2) NACT—patients whose primary treatment at diagnosis was Neo-Adjuvant ChemoTherapy. 

(3) post-PDS—patients who underwent Primary Debulking Surgery as their first treatment for 

aEOC. 

39 healthy female volunteers donated 5–10 mL of whole blood, which was also screened for cells 

that would stain with pan-cytokeratin and WT1 antibodies. Whole blood samples were assayed 

within 6 days of venesection. Patients and volunteers provided a written consent form to 
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participate in this study and for the use of their donated blood specimen. Further details 

regarding patients included in this study is provided in tables 4.1 – 4.3.  

Table 4.1 – Clinical information of patients belonging to Neoadjuvant chemotherapy and interval surgery 

(NACT) cohort (n=13).  

  Total number in cohort = 13 

Age at diagnosis <60y 3 

 >60y 10 

Radiological Staging III 11 

 IV 2 

Neoadjuvant chemo Carboplatin/Paclitaxel 13 

 Bevacizumab 2 

Residual Disease* 0 10 

 <1cm - 

 >1cm - 

 >2cm - 

 No interval surgery 3 

Adjuvant chemo Carboplatin/Paclitaxel 13 

 Bevacizumab 7 

 

Table 4.2 – Clinical information of patients belonging to the Primary debulking surgery (PDS) cohort (n=9).  

  Total number in cohort = 9 

Age at diagnosis <60y 2 

 >60y 7 

Radiological Staging I - 

 II 1 

 III 8 

 IV - 

Residual Disease 0 6 

 <1cm 1 

 >1cm 1 

 >2cm 1 

Adjuvant chemo Carboplatin/Paclitaxel 9 

 Bevacizumab 3 

 

 

 

 

 



104 
 

Table 4.3 – Clinical information for OC patients placed within the Relapse treatment cohort (n=15).  

     Total number in cohort = 15 

First treatment Chemotherapy (NACT) 5 

 Surgery (PDS) 10 

Age <60y 7 

 >60y 8 

Residual Disease R0 10 (NACT x 4) 

 <1cm - 

 >1cm 2 (NACT x 1) 

 >2cm 3 

Adjuvant chemo Carboplatin/Paclitaxel 13 (NACT x 5) 

 Carboplatin alone 1 

 No adjuvant 1 

Line of relapse for CC* First relapse 3 

 Second relapse 5 

 Third relapse 5 

  Fourth relapse 2 

 

Blood samples were collected from patients before beginning treatment (screening), after each 

cycle of chemotherapy and at the end of treatment (EOT). Red blood cells were removed from the 

sample and prepared for ImageStreamTM analysis as described in section 2.3.1 in methodology. 

White blood cells within the sample were identified using CD45 antibody which detects B cells, T 

cells and macrophages among other types of white blood cells (BD Biosciences CD marker 

handbook). In order to identify potential circulating tumour cells (CTCs) or cancer-related 

circulating cells (CCs), a cocktail of cytokeratin markers called AE1/AE3 was used to target 

epithelial CCs. WT1 was in this study as an OC specific marker with the intention of detecting non-

epithelial CCs affected by EMT. DRAQ5 was used to stain the nucleus. 
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Figure 4.1 - Circulating cells from an ovarian cancer patient blood sample based on staining in a scatter image 

generated by the Imagestream Mark II. The micrograph shows images of single cells from ovarian cancer 

patients with: (A): positive staining for CK and nuclear staining (DRAQ5) identifying a potential circulating 

ovarian cell (CC), (B): negative staining for CK but positive for DRAQ5 identifying a potential white blood cell 

(WBC), (C): combination of 2 potential WBCs (CK-) with a circulating ovarian CC (CK+); all three were stained 

positive for DRAQ5, (D): positive staining for CK, negative for CD45 and nuclear staining (DRAQ5) identifying 

a CC, (E): negative staining for CK, positive for CD45 and nuclear staining (DRAQ5) identifying a WBC, (F): a 

combination of 2 cells; one WT1 positive and one negative, both negative for CD45, but positive for nuclear 

staining (DRAQ5) identifying two potentially different CCs, but not WBCs (Kumar et al., 2019). 
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Comparison between aEOC and volunteer blood samples showed a significant increase in CK+ 

and WT1+ CCs in patients (*P <0.05; see figure 4.2). For CK+ cells, the mean number of positively 

identified cells per 1 mL of blood was 547 CCs/mL (n=37) in aEOC, compared to 47 CCs/mL 

(n=39) found in control samples. Similarly, the mean WT1+ cells in aEOC patients were 2914 

CCs/mL (n=27) compared to 667 CCs/ml in healthy female volunteers (n=15). Histopathological 

data collected from patient tissue samples at the time of diagnosis was also compared to 

corresponding blood CC results. In the case of WT1, out of 29 patients, 19 (65% tissue/blood 

overlap) showed WT1+ outcome in both blood and tissue samples, whereas 2 samples showed 

WT1+ CCs in blood only. 15 (38% tissue blood overlap) patients (out of 37) showed CK+ outcome 

in both blood and tissue samples. Overall, there appears to be a correlation between 

histopathological outcomes and immunostaining analysis using imaging flow cytometry (Kumar 

et al., 2019).  

 

   

Figure 4.2 – Comparing positively identified CCs in volunteers and patient blood samples. CK+ CCs (left) and 

WT1+ CCs (right) identified in blood samples collected from healthy volunteers (controls) and aEOC patients 

(OC). Unpaired student t test result shows both AE1/AE3+ and WT1+ identified CCs are significantly higher in 

aEOC patient blood compared to controls (*P < 0.05; ± SEM) (Kumar et al., 2019).  

To measure the validity of this test in a diagnostic/prognostic setting, a ROC (receiver operating 

characteristic) curve was generated. ROC curves compare sensitivity versus specificity across a 

range of values to predict a dichotomous outcome. The area under the ROC curve (AUC) is used 

as a measure of test performance (Florkowski, 2008).  

 Sensitivity (“positivity in disease”) refers to the proportion of subjects who have the 

target condition (reference standard positive) and give positive test results. 



107 
 

 Specificity (“negativity in health”) is the proportion of subjects without the target 

condition and give negative test results. 

Positive predictive value is the proportion of positive results that are true positives (i.e., have 

the target condition) whereas negative predictive value is the proportion of negative results 

that are true negatives (i.e., do not have the target condition).  

ROC curves were generated using GraphPad Prism for both CK and WT1 and the AUC was 

used to measure accuracy for each test to identify presence or absence, in an OC context.  

CK and WT1+

0 20 40 60
0

20

40

60

80

100

100% - Specificity%

S
en

si
ti

vi
ty

 %

Figure 4.3 - ROC curve analysis used to measure percentage of sensitivity and specificity. AUC calculated 

for CK+ was 0.78 (***P < 0.0001), for WT1+ was 0.82 (***P < 0.0006) and for CK+ and WT1+ combined 

was 0.79 (***P <0.0001) (Kumar et al., 2019).  

ROC curve analyses show a strong capability for both CK and WT1 to function as a positive 

predictor of disease, which is useful in a prognostic context. In terms of specificity i.e., to deduce 

true negatives, both tests are similar (specificity % - CK+ = 50; WT1+ = 53.3) and this remains 

similar despite combining both these biomarkers.  

         

Figure 4.4 – Comparing CC levels in volunteers and patient samples based on specified cohorts. CK+ CCs (left) 

and WT1+ CCs (right) was quantified in healthy volunteers and in the three identified aEOC patient cohorts 

(NACT, PDS and Relapse). For CK+ CCs, patients classified as NACT and PDS showed significantly higher 

positively identified CCs compared to controls (**P <0.001). For WT1+ CCs, NACT patients showed significantly 

more CCs compared to controls (**P <0.001). Significance was determined using unpaired student t test 

method (Kumar et al., 2019).    

 
*** 
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From figure 4.4, it is evident that there is a difference in the number of CCs based on patient 

cohorts. For the CK+ patients, the number of CCs was significantly high in NACT and post-PDS 

cohorts when compared to controls. Whereas, for the WT1+ patients, the NACT cohort showed a 

significant increase in CCs compared to controls. It is noteworthy that the number of WT1+ CCs 

in the NACT cohort is higher compared to CK+ CCs. Also, the post-PDS cohort showed more CK+ 

CCs compared to WT1+ CCs. Considering the fact that CK+ targets cells of epithelial origin 

whereas WT1 also targets cells undergoing EMT, it is possible that in the case of NACT patients, 

more EMT-related cancer cells are found in blood post-chemo, whereas a higher proportion of 

epithelial cancer cells are seen after surgery, possibly because the tumour site has been disturbed, 

releasing more epithelial CCs. Although, presence of CTCs in patient samples collected one week 

post-op correlated with poor prognosis and disease recurrence (Zhang et al., 2018; Kim et al., 

2019). It may be worth investigating whether the same trend emerges in a larger patient cohort.  

CA125 is routinely used within the NHS to diagnose OC and its ability to perform as an accurate 

test has been discussed extensively in the main introduction. Four patients were followed during 

their chemotherapy treatment and the number of CCs was compared to their recorded serum 

CA125 level after every treatment cycle.  

Overall, CCs varied in broad alignment with serum CA125 response; for example, patient 14 had 

a similar drop in CCs and CA125 levels following the first 3 treatments. However, when we 

performed correlation analysis (Pearson and Spearman) no apparent significance was reached. 

As it can be seen, patient 13 (post-PDS cohort) had adjuvant chemotherapy after primary surgery 

for stage IIB ovarian cancer and there was a good response that correlated with a drop in CC level, 

although no apparent change was noted for CA125 levels. A similar pattern was evident for 

patient 25 (relapse), who received chemotherapy for first relapse ovarian cancer with a good 

clinical response. Patient 14, was a NACT patient who received 4 cycles of chemotherapy, followed 

by an unexpected 50-day delay prior to interval surgery. It is evident that although CA125 

remained stable, CCs rose in line with disease relapse/progression during this period. Patient 29 

is a post-PDS (post-surgery) patient who showed  early relapse during adjuvant chemotherapy at 

130 days, which was preceded by a rise in CC level at 60–70 days. If this was known earlier,  the 

chemotherapy treatment may well have been withheld  after 2–3 cycles due to it being ineffective. 

CC levels decreased dramatically following treatment with letrozole and subsequent tamoxifen 

(relapse therapy). A one month follow up demonstrated a rapid surge of CCs concomitant with 

the diagnosis of brain metastases and relatively early death of this patient (Kumar et al., 2019). 
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Figure 4.5 – Serial monitoring of CCs in aEOC patients. CCs (CK+ and WT1+) measured in 1 mL of patient 

blood during chemotherapeutic treatment for 4 aEOC patients. Blue lines represent CC levels and orange lines 

represent recorded CA125 levels at each cycle. Chemotherapy treatments are represented with arrows (Kumar 

et al., 2019).  

This study also included a size-based analysis of positively identified CCs to explore the potential 

of using size-based technologies for the detection of CCs in OC. Results (figure 4.6) show that even 

though WT1+ CCs showed a slightly larger diameter compared to CK+ CCs and CD45+ cells, there 

still remains an overlap. A combined analysis comparing the size of CK+/WT+ CCs and CD45+ 

cells did not show any significance. This suggests that size-based platforms, at least in the case of 

OC, may not be as helpful and would require additional immunofluorescence-based assays to 

distinguish between the different population of cells.   
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Figure 4.6 – Size-based analysis of CCs and WBCs. Different sizes of WBCs (A: 8µM; B: 10µM), CK+ CCs (C: 

7µM, D: 8.5 µM), WT1+ CCs (E: 7µM; F: 8µM). (G): No apparent differences in size were detectable when 

combined CK+ and WT1+ CCs were measured and compared to controls. However, WT1+ CCs were larger 

compared to CK+ CCs; but not by a great margin (H; * p < 0.05) (Kumar et al 2019). 

4.3.2 Identifying additional CC populations in blood – cancer-related circulating 

endothelial cells (CECs) – pilot study  

Hematogenous cancer metastasis is significantly impacted by tumour neovascularisation, which 

in turn is regulated by hypoxia. Hypoxia facilitates the release of angiogenic factors such as VEGF, 

TNF-α and IL-8 that promote the proliferation of quiescent endothelial cells. Endothelial cells that 

make up the lining of the tumour vasculature are at the centre of diverse processes involved in 

the pathogenesis of malignant neoplasms. A majority of endothelial cells in the tumour 

vasculature are tumour-derived endothelial cells (TECs) exhibiting cytogenetic abnormalities of 

aneuploid chromosomes (Lin, 2020).  
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Morphologically abnormal tumour vasculature, contributed by TECs, possesses loosened 

junctions between endothelial cells, leading to an increase in vascular permeability and trans-

endothelial intravasation as well as extravasation during tumour metastasis. Following their 

shedding into peripheral blood, TECs turn into circulating tumour-derived endothelial cells 

(CTECs). From previous experiments, it was evident that despite using  WBC and CC biomarkers, 

there remained a population of cells within the sample that was not picked up by these antibodies. 

Therefore, as a pilot study, six patient samples were simultaneously incubated with anti-CD34 

antibody (Sidney et al., 2014; BD Biosciences, 2011); primarily to study the morphological 

features of the CD34+ cell population recorded and to note the number of positively identified 

cells per/ml.  
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Figure 4.7 – Analysing the presence of CD34+ CECs in aEOC patient blood samples. (left) Graph comparing 

the number of CD34+ CCs identified in patients with aEOC (n=6). Patients belonging to NACT cohort (n=4; 

Mean = 11216) and PDS cohort (n=2; Mean =2595) were compared and an unpaired student’s t-test was 

conducted. No statistical significance was observed between the two groups (p value = 0.2). (Right) CD34+ 

circulating endothelial cells (CECs) identified in advanced EOC patient blood samples using ImageStream. 

Ch01 shows image of cells in brightfield, Ch02 shows CD34+ staining and Ch05 shows nuclear image using 

DRAQ5TM. CD34+ CECs were seen in clusters with each other (top), with other cells (middle) and as single cells 

(bottom). Of note,  these cells have a bigger nucleus or are multi-nucleated.  

CD34+ CCs were identified and compared in 6 patients belonging to two patient cohorts (NACT 

[n=4] and PDS [n=2]). Patients with aEOC belonging to the NACT cohort showed higher number 

of CD34+ endothelial cells compared to patients in the PDS cohort, however, no significance was 

noted. A larger study needs to be conducted in order to validate these results and investigate the 

role/significance of additional populations (such as CECs) in peripheral blood.  
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4.4 Discussion 

This chapter aimed to investigate the potential of liquid biopsies, specifically circulating cancer-

related cells (CCs), as a biomarker to determine prognosis in advanced OC patients. CTC 

identification has the potential to discriminate between healthy individuals, patients with benign 

tumours, and patients with advanced OC.  

Our data demonstrates that AE1/AE3+ and WT1+ cell populations are significantly higher in 

blood samples collected from patients with advanced OC compared to healthy volunteers. The 

ROC curves generated were significant, suggesting that these readouts are of potential diagnostic 

value. ROC curves generated for CA125 for OC have low sensitivity (70%) and high specificity 

(90%) (Sánchez Vega et al., 2018); which is quite similar to the results from the analysis done 

here. However, it is worth noting that CC detection, with further improvements, could target the 

issue of CA125 being non-specifically upregulated in the case of benign conditions such as liver 

cirrhosis and pregnancy.  Surprisingly, in two female volunteer samples, >4000 WT1+ CCs/mL 

were detected. On further investigation, it was noted that these volunteers were young and the 

positively identified cells is consistent with the presence of circulating endothelial cells found in 

females during the menstrual phase. Other healthy volunteers included in the study were post-

menopausal women and did not show WT1+ CCs in blood. Future studies should include a larger 

age-matched control cohort, in order to determine the reliability of WT1 as a biomarker in pre-

menopausal women. It is also worth noting that the number of positive CCs found in patients 

during screening is much higher compared to cell numbers reported using enrichment techniques 

like CellSearchTM. There are two possibilities that may explain this; the method utilised here to 

identify CCs does not use EpCAM enrichment, a biomarker we know to be downregulated in CCs 

when they go through epithelial-to-mesenchymal transition.  

There is also a possibility that a fraction of the population may be circulating endothelial cells 

(CECs). The presence of CECs is noted as a potential biomarker for vascular damage in cancer 

including OC (Kumar et al., 2019). Although promising, there are challenges involved in 

identifying an antibody specific enough to target CECs. For the purpose of this pilot study, CD34 

antibody was used to distinguish CECs from other cell populations. CD34 (alternatively known as 

haematopoietic progenitor cell antigen 1 [HPCA1]) was chosen since it specifically targets 

precursor stem cells and endothelial cells (BD Biosciences, 2011). From figure 4.7, we can see 

that the endothelial CCs identified show giant or multiple nuclei; similar to cells identified when 

identifying AE1/AE3 and WT1 positive cells. Tumour blood vessels differ from normal 

counterparts, by changes in their morphology, therefore tumour-related endothelial cells appear 

to be structurally abnormal and can acquire cytogenetic abnormalities while in the tumour 

microenvironment (Hida et al., 2004).  



113 
 

 Furthermore, cells containing multiple nuclei, or a giant nucleus are known to promote cancer 

‘stem cell’ like properties through processes including nuclear budding, in addition to secreting 

growth factors and affecting the cells around them. These giant cells are capable of rapid 

proliferation through a budding process; this mode of cell division is called ‘neosis’ and the 

somatic reduction division of these giant cells have been reported in different cancer cell types 

including OC (Mirzayans et al,  2018).  In addition to quantification of CCs, having technology that 

focuses not just on cell size, but also morphological characteristics such as multi-nuclear 

properties may be helpful in identifying chemoresistance much earlier compared to sole reliance 

on CA125 levels throughout treatment. Techniques to carry out simultaneous expression of 

AE1/AE3 and WT1 were not sufficiently developed during the course of this trial; however, the 

obvious next step would be to optimise multiple biomarker staining of CC populations in blood 

samples to study the different populations (epithelial and mesenchymal) of cells and the 

expression overlap (if any) of cells that co-express both markers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

Chapter 5 

Investigating the role of rfhSP-D as a potential 

biomarker and drug target in ovarian cancer  

5.1 Introduction 

Human surfactant protein-D (SP-D), a soluble collagen containing C-type lectin (Collectin), is 

a potent innate immune molecule, and is mainly considered to possess anti-microbial and 

inflammation modulatory properties (Kishore et al., 2006). SP-D, which is primarily produced 

within the lungs by type II pneumocytes and Clara cells, is involved in viral neutralisation, 

clearance of bacteria, fungi, apoptotic and necrotic cells, down-regulation of allergic reactions, 

and modulation of inflammation (Nayak et al., 2012). Although its homeostatic role within the 

lungs has been widely studied, its specific functions in extra-pulmonary tissues such as 

kidney, trachea, brain, testes, heart, or ovaries are being investigated now.  

                                

Figure 5.1 - SP-D expression in some extra-pulmonary tissues and cells; adapted from (Vieira et al,  2017). 

Other than playing an important role within the innate immune system, SP-D expression is shown 

to affect cancer cell progression. As a primary site of production, the effects of SP-D have largely 
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been studied within lung cancer, where it has shown the ability to downregulate the EGF pathway 

by directly binding to EGFR and affecting cell proliferation, invasion, and metastasis in vitro 

(Hasegawa et al., 2015). A comparison of mRNA levels between neoplastic and healthy lung tissue 

revealed a lower expression of SP-D in lung adenocarcinoma, squamous cell carcinoma, large cell 

carcinoma and tumour carcinoid compared to normal lung tissue. In addition, 

immunohistochemical staining for SP-D confirmed a differential expression, with lower 

expression in neoplastic pulmonary parenchyma compared to healthy samples (Mangogna et al., 

2018). Results from a clinical trial with 71 lung cancer patients showed an increased incidence of 

lung cancer associated with lower levels of SP-D, indicating the potential of SP-D in 

bronchoalveolar fluid as a biomarker (Sin et al., 2008). This suggests that a lower expression of 

SP-D in the lung correlates to an increase in cancer progression, therefore having a plausible 

protective effect. Other than the lung, SP-D expression has also been investigated in pancreatic 

cancer, wherein introducing a recombinant fragment of human SP-D (rfhSP-D) induced apoptosis 

in multiple pancreatic cancer cell lines independent of p53 status. Of note, an upregulation of pro-

apoptotic genes Fas and TNF-α was reported after 24 hours, followed by the cleavage of caspases 

8 and 3 at 48 hours, indicating that SP-D induced apoptosis via the TNF-α/Fas-mediated pathway 

(Kaur et al., 2018a). SP-D also inhibited TGF-β expression in a range of pancreatic cell lines, 

affecting their invasive potential by suppressing epithelial-to-mesenchymal transition (EMT) 

(Kaur, Riaz, Singh, et al., 2018). A similar picture emerged in prostate cancer cell lines, where 

treatment with rfhSP-D reduced cell viability in a time and dose dependent manner and induced 

apoptosis in androgen dependent and independent cancer cells via p53 and pAkt pathways 

(Thakur et al., 2019).   

SP-D is also found to be expressed within the human female reproductive system, including the 

uterus, ovaries, and oviduct. Within the uterus, SP-D expression is confined to the endothelium 

and epithelium. The ciliated epithelium in the fallopian tube and the cuboidal epithelium covering 

the ovarian surface also express SP-D (Leth-Larsen et al., 2004). SP-D mRNA is reported to be 

overexpressed in OC and could function as a potential indicator of prognosis (Mangogna et al., 

2018). However, further research is necessary to elucidate the role of SP-D at an ovarian level in 

health and disease. Given that rfhSP-D expression has shown pro-apoptotic and anti-invasive 

effects in various in vitro cancer models, this chapter focused on the hypothesis that exposure to 

rfhSP-D could produce similar effects in OC, proving to be a potential therapeutic agent. We also 

hypothesised that potential changes in the expression of SP-D might be of additional value as a 

biomarker for diagnosis or prognosis for the disease. 
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5.2 Aims 

 To elucidate the effects of rfhSP-D using SKOV3 and PEO1 cell lines as in vitro OC models 

 To investigate the role of SP-D as a potential biomarker by analysing expression in clinical 

samples from OC patients.  

 To inform on/delineate the role of SP-D in OC using bioinformatics analyses such as gene 

expression profiles and KM plot generators.  

5.3 Results  

5.3.1 Analysing the effects of a recombinant fragment of human SP-D (rfhSP-D) in-

vitro using SKOV3 and PEO1 ovarian cancer cell lines   

The migratory and proliferative capacity of ovarian cancer cells was investigated after exposure 

to rfhSP-D for  24 and 48 hours. For this and other experiments that follow, the concentration of 

rfhSP-D used (20 µg/ml) was kept constant after referring through previously published material. 

While varying concentrations of rfhSP-D were used for similar studies in other cell lines, the 

highest concentration (20 µg/ml) was noted to have measurable effects in cell lines (Kaur et al., 

2018b; a; Mahajan et al., 2013). SKOV3 and PEO1 cells were seeded in 6-well plates (~10cm2 

growth area) to create a confluent monolayer. An artificial ‘wound’ was created in the monolayer 

using a fine pipette tip and images were taken at 0, 24- and 48-hour time points using a LEICA 

DMi1 inverted microscope configured at 40x magnification.  

Untreated SKOV3 cells showed a visible growth into the wound which became more prominent 

after 48 hours. Contrary to this, the gap created within rfhSP-D treated SKOV3 cells grew wider 

at 24- and 48-hours. Therefore, treatment of SKOV3 cells with rfhSP-D affects cell growth and 

motility (see figure 5.2).  
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Figure 5.2 – Wound healing experiments conducted on SKOV3 cells under untreated conditions (control – top 

panel) and cells treated with 20 µg/ml of rfhSP-D (SP-D – bottom panel). An artificial ‘wound’ was created in 

the monolayer and the width of the wound was used as a measure for proliferative capacity of cells (as 

represented by black squares within the figure). Images were taken at 0-, 24- and 48- hour time-points (from 

left to right). SKOV3 cell images from the ‘control’ panel on top show cells growing within the gap at 48 hours, 

in comparison to treated SKOV3 cells with a much wider gap in comparison, indicating lower proliferation 

rate in cells treated with rfhSP-D.  

Conflictingly, PEO1 cells did not follow the same pattern as SKOV3 cells, showing continued 

growth and proliferation into the wound at both time points. However, at 48-hours, PEO1 cells 

within the intact monolayer had spaces with attached cells in the gap of the wound, suggesting a 

displacement of cells. Although cells were also seen in the wound gap for untreated cells at 48-

hours, the monolayer was intact (see figure 5.3). 

 

 

 

 

 

 

 

 

  0 hours                                            24 hours                                          48 hours 

SKOV3  

Control 

SKOV3 

SP-D (20µg/ml) 

  

 

 

 

 

 

 



118 
 

 

              

         

Figure 5.3 –Wound healing experiments conducted on PEO1 cells under untreated conditions (control – top 

panel) and cells treated with 20 µg/ml of rfhSP-D (SP-D – bottom panel). An artificial ‘wound’ created to 

measure proliferative capacity of cells is represented by black squares within the figure. Images were taken at 

0-, 24- and 48- hour time-points (from left to right). In case of PEO1, both control and treated sample images 

look quite similar at recorded time points, with cells growing within the gap at 48 hours.   

To further examine the effects of rfhSP-D on ovarian cancer cells, cell viability experiments were 

performed on both SKOV3 and PEO1 cell lines using trypan blue cell counting and an Annexin/PI 

assay. Conducting cell counts using trypan blue was used to measure cell viability and cell death, 

while an Annexin/PI staining assay was conducted as a more robust method to confirm results.  

Table 5.1 – Table showing the number of live cells, dead cells, and percentage of viable cells of SKOV3 and 

PEO1 cells following treatment with 20 µg/ml of rfhSP-D at a 24-hour time point. Following treatment, cells 

were stained with Trypan Blue dye and analysed using the Countess machine by Thermo Fisher Scientific.  

Cell Line Live Cells Dead Cells Viability % 

SKOV3 – 24hr 3.9 x 105 1.2 x 105 76% 

PEO1 – 24hr 5.3 x 105 3 x 104 96% 

 

Approximately 0.5 x 106 cells of SKOV3 and PEO1 were separately seeded in a 6-well plate in 

triplicates.  Cells were treated with 20µg/ml of SP-D; cells untreated with rfhSP-D were used as 

control . Cells were stored in an incubator at 37°C at 5% CO2 for 24 hours. When compared to 

PEO1, SKOV3 cells showed a lower cell viability and a higher number of dead cells after being 
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treated with SP-D for 24 hours (shown in table 5.1). In order to validate these observations, an 

apoptosis/cell death assay was performed. Control samples (untreated) and treated cells (with 

20µg/ml SP-D for 24 hours) were stained with Annexin V and PI. Annexin V binds to 

phosphatidylserine (PS), a lipid that is usually present on the inner leaflet of the plasma 

membrane. PS is exposed when lipid symmetry is lost during apoptosis, making it a reliable 

marker to detect apoptotic cell populations (Crowley et al., 2016). PI is commonly used to detect 

cells undergoing late apoptosis and necrosis, when the integrity of the plasma membrane is 

severely affected, allowing fluorescently conjugated PI dye to interact with nucleic acids and 

identify these cells (Vermes et al, 2000).   
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Figure 5.4 - Annexin-V/PI fluorescence assay was used to record apoptotic SKOV3 and PEO1 cell populations 

in untreated/control conditions and after treatment with 20µg/ml of rfhSP-D. Percentage of live cells (grey) 

and apoptotic cells (black) were recorded at 0- and 24-hour time points. Apoptotic cell counts were much 

higher in SKOV3 cells after rfhSP-D treatment for 24 hours, compared to PEO1. Error bars indicate ± SEM; 

*p<0.05. 

rfhSP-D treated SKOV3 cells  have a higher apoptotic/dead cell population after 24 hours but 

treated PEO1 cells do not (See figure 5.4). This indicates that exposure to rfhSP-D has cytostatic 

and cytotoxic effects in SKOV3 cells post-treatment .   

To further investigate the mechanism through which SP-D induced apoptosis/necrosis within 

SKOV3 cell lines, qPCR was performed on cDNA extracted from control samples and both cell lines 

treated with SP-D at two time points: 24- and 48-hours. Fas, Bax and TNF-α gene expression levels 

were measured and YWHAZ was used as a housekeeping gene. SP-D has shown to induce cell 

death using a Fas-mediated pathway in pancreatic cancer cells and seemed to  show a similar 

mechanism within SKOV3 cells treated in this study. 
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Figure 5.5 – Gene expression results from RT-qPCR performed on SKOV3 cells; analysing the effects of SP-

D on Bax, Fas and TNF-α gene expression at 24-hours (left) and 48-hours (right) SKOV3 cells treated with 

SP-D show a statistically significant upregulation in Fas and TNF-α expression compared to controls 

(*P<0.05). After 48 hours, although there is a marked upgregulation of FAS and TNF-α, it is not 

statistically signficant. Bax expression is downregulated at both time points (Kumar et al., 2019). Bars in 

black represent values from untreated samples (UT) and grey bars represent values from SP-D treated (T) 

samples.  
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Figure 5.6 – Gene expression results from RT-qPCR performed on PEO1 cells; analysing the effects of SP-

D on Bax, Fas and TNF-α gene expression at 24-hours (left) and 48-hours (right). At both time points, all 

three genes are downregulated, albeit non-significantly. Bars in black represent values from untreated 

(UT) samples and grey bars represent values from SP-D treated (T) samples. No significance was noted in 

comparison to controls.   
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Figure 5.7 – (A) phospho-S6-kinase (PS6K) and (B) cleaved/total caspase-3 levels measured in SKOV3 

untreated and treated cells after treatment with 20µg/ml of rfhSP-D for 24 and 48 hours. There was no 

significant change in PS6K levels in treated samples compared to controls. However, cleaved/total caspase 3 

levels increase in treated SKOV3 cells after 48 hours. (*P <0.005) (Kumar et al., 2019) .  

 

                    

 

Figure 5.8 – RICTOR (A) and RAPTOR (B) levels measured in SKOV3 untreated and treated cells after 

treatment with 20µg/ml of rfhSP-D for 24 and 48 hours. RICTOR expression is downregulated in rfhSP-D 

treated SKOV3 cells after 24 hours, whereas RAPTOR levels lower in treated cells after 48 hours. ±SEM; 

significance calculated using unpaired student’s t test with Welch’s correction (*P <0.005) (Kumar et al., 

2019).  

Finally, mTOR components’ (RICTOR and RAPTOR) protein expression was analysed to examine 

whether or not SP-D expression affected pathways established within OC to promote cell 

proliferation, using SKOV3 cells. Western blot analyses showed that RICTOR expression was 
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significantly lower in rfhSP-D treated cells compared to  untreated cells after 24-hours, whereas 

RAPTOR expression was negatively affected in treated cells after 48-hours. This not only 

highlights the capability of SP-D to induce apoptosis through Fas and caspase 3 expression, but 

also its potential involvement in negatively affecting signalling pathways that promote cancer 

growth. Interestingly, CCs (cancer-related circulating cells) also express RAPTOR  and RICTOR, 

the two key components of mTORC1 and mTORC2 complexes, respectively. 

 

Figure 5.9 – CD45 negative circulating tumour-related cells (CCs) with positive RICTOR and RAPTOR 

expression. Images were taken using ImageStreamTM imaging flow cytometer. Ch01 shows brightfield image, 

Ch05 shows DRAQ5 stained-nuclear image, Ch02 shows Rictor and Raptor staining and Ch05/Ch02 shows a 

composite image of the fluorescent signals captured within the two channels (Rogers-Broadway et al., 2019).  

5.3.2 Exploring the role of SP-D as a biomarker for OC using clinical samples   

As mentioned, although SP-D is an innate molecule known to interact with pathogens and has also 

been implicated in the clearance of apoptotic and necrotic cells, its role in cancer is poorly 

understood. In silico analyses have shown that SP-D expression in OC is indicative of unfavourable 

prognosis (Mangogna et al., 2018). Therefore, there is a potential that SP-D could serve as a 

biomarker for OC. In order to investigate this, SP-D expression was examined in tissue as well as  

liquid biopsies.  

Cellular distribution and protein expression of SP-D was analysed at different stages and grades 

of OC and compared between various sub-types using immunohistochemistry. Three areas of 

each tissue sample were selected, and cells positively stained for SP-D were counted in each area, 

calculating a final average percentage of positively stained cells. All images were taken using a 

Leica DMi1 inverted microscope (40x magnification).  

         Ch01            Ch05              Ch02            Ch05/Ch02 
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Figure 5.10 - Immunohistochemistry for SP-D expression in different pathologies of ovarian tissue array 

clinical samples (40x magnification). The figure shows representative images of serous papillary 

cystadenocarcinoma (A., location on the slide: D7), mucinous adenocarcinoma (B., location on the slide: F1) 

and endometrioid adenocarcinoma (C., location on the slide: F9). ANOVA test was used to assess significance. 

Error bars depict standard error. No significant change was seen between different types of OC (p=0.2235). 
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Figure 5.11 - Immunohistochemistry for SP-D expression in different grades of ovarian tissue array clinical 

samples (40x magnification) depicting representative images of mucinous cystadenocarcinoma grade 1 (A., 

location on the slide: E10), serous papillary cystadenocarcinoma grade 2 (B., location on the slide: A3) and 

serous papillary cystadenocarcinoma grade 3 (C., location on the slide: B3). Significance was measured using 

ANOVA test. Error bars depict standard error. No significant change was seen between different grades of 

disease (p=0.7055). 
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Figure 5.12 - Immunohistochemistry for SP-D expression in different stages of ovarian tissue array clinical 

samples (40x magnification). The figure shows representative images of serous papillary cystadenocarcinoma 

stage I (A., location on the slide: C2), serous papillary cystadenocarcinoma stage II (B., location on the slide: 

C7), serous papillary cystadenocarcinoma stage III (C., location on the slide: A8) and serous papillary 

cystadenocarcinoma stage IV (D., location on the slide: C3). Student’s t-tests were used to assess significance. 

Error bars depict standard error. A nearly significant up-regulation of SP-D was observed in stage II OC 

compared to stage I OC (*p=0.05). 

Immunohistochemical analyses of OC tissue samples showed high SP-D expression when 

considering sub-classifications and/or grading. However, SP-D staining was much stronger in 

serous papillary cystadenocarcinoma and endometroid adenocarcinoma compared to mucinous 
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carcinoma, despite the non-significance in staining intensity between various sub-groups. It is 

worth noting that during the SP-D expression analyses based on stage, the difference in 

expression levels between stage I and stage II was significant (p=0.05). Stage II samples showed 

stronger staining compared to stage I, however, the differences between stages II, III and IV were 

negligible.  

To determine whether SP-D holds any potential as a biomarker within liquid biopsies, an ELISA 

assay was performed to detect SP-D in plasma samples collected from patients undergoing 

treatment for advanced stage OC. Plasma samples collected and stored from patients enrolled on 

the CICATRix trial was used in this ELISA assay. Plasma samples were collected from four patients 

at various stages of their chemotherapy treatment and the ELISA assay was performed to analyse 

if there were any changes in SP-D concentrations in response to treatment.  

Firstly, SP-D was detected in every patient plasma sample collected during their treatment, 

indicating that SP-D is secreted and is found to be circulating in OC patients. Next, SP-D 

concentrations were recorded for three patients, one undergoing neo-adjuvant chemotherapy 

(NACT), one undergoing primary debulking surgery (PDS) prior to chemotherapy and one patient 

receiving a second course of treatment after experiencing relapse. Interestingly, the 

concentration of SP-D in plasma was much lower in the Relapse patient compared to PDS and 

NACT. A one-way ANOVA test conducted gave a highly significant result with a p value of 0.007 

(see figure 5.13).  
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Figure 5.13 - SP-D concentrations recorded across different cycles during chemotherapy treatment of 3 

patients; one undergoing neoadjuvant chemotherapy (NACT) after diagnosis, one underwent primary 

debulking surgery (PDS) prior to chemotherapy and one relapse patient (n = 3). One-way analysis of variance 

(ANOVA) analysis show that SP-D plasma levels is significantly lower in Relapse patient compared to NACT 

and PDS (P value = 0.0072). 

** 
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Due to limitations relating to time and samples available to run per plate, there were only a 

handful of patients whose SP-D levels could be recorded and used for further analysis. Extensive 

studies including more patients are necessary in order to establish a more robust correlation 

between CTCs and SP-D concentration in liquid biopsies. However, the variation observed 

between patients receiving first-line chemotherapy vs relapse patients clearly shows that SP-D 

levels are high initially and there is a possibility that they could be affected by a successful 

treatment. A possibility lies in investigating whether high SP-D levels throughout treatment could 

be an indicator of an unsuccessful treatment or not.  

Furthermore, an additional experiment was conducted to investigate whether cells extracted 

from OC patient blood samples expressed SP-D or not. A small population of CD45 negative CTCs 

showed a positive staining for SP-D with a predominantly cytoplasmic staining, which was also 

seen during the immunohistochemical analyses of ovarian cancer tissue samples discussed 

earlier.  

              

Figure 5.14 – ImageStream analysis showing SP-D expression in CCs from 3 ovarian cancer patients visualised 

at 40x magnification. Channel 1 shows images in brightfield, channel 2 shows cells stained with DRAQ5 (red), 

channel 3 shows SPD expression using an Alexa Fluor AF488 secondary antibody and channel 4 shows a 

merged image taken from channels 5 and 2. SP-D shows a strong cytoplasmic expression (Kumar et al., 2019).  

Collectively, the detection of SP-D in OC tissue samples, patient plasma samples and in potentially 

in CTCs builds a foundation for further research to be conducted in order to test its potential as a 

possible biomarker.   

5.3.3 In silico analyses of SP-D expression in OC 

To compare immunohistochemistry-based SP-D expression data generated within this chapter  

with other studies, datasets were accessed using OncomineTM, to compare SP-D expression 

profiles between (i) controls and OC samples and (ii) across the main sub-types of OC.  

       Ch01                  Ch05               Ch02            Ch05/Ch02        
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Figure 5.15 - SP-D gene expression from the Hendrix et al. dataset plotted by Oncomine™. The figure shows 

the mean SP-D gene expression in control normal ovaries (0, n=4), ovarian clear cell adenocarcinoma (1, n=8), 

ovarian endometrioid adenocarcinoma (2, n=37), ovarian mucinous adenocarcinoma (3, n=13) and ovarian 

serous adenocarcinoma (4, n=41). Boxes represent the 25th-75th percentile (with median line), bars show the 

10th-90th percentile and dots show the complete spread of data. Fold change in SP-D expression was 1: 1.217 

(p=0.123), 2: -1.109 (p=0.782), 3: -1.201 (p=0.897) and 4: 1.086 (p=0.266) when compared to normal 

respectively (ONCOMINE, 2020; Hendrix et al., 2006). 

 

                           

Figure 5.16 - SP-D gene expression from the Lu et al. dataset plotted by Oncomine™. The figure shows the mean 

SP-D gene expression in control normal ovaries (0, n=5), ovarian clear cell adenocarcinoma (1, n=7), ovarian 

endometrioid adenocarcinoma (2, n=9), ovarian mucinous adenocarcinoma (3, n=9) and ovarian serous 

adenocarcinoma (4, n=20). Boxes represent the 25th-75th percentile (with median line), bars show the 10th-

90th percentile and dots show the complete spread of data. Fold change in SP-D expression was 1: -1.179 
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(p=0.855), 2: -1.214 (p=0.893), 3: -1.255 (p=0.922) and 4: -1.257 (p=0.924) when compared to normal 

respectively (ONCOMINE, 2020; Lu et al., 2004). 

The datasets accessed using Oncomine corroborates with the data acquired from the 

immunohistochemistry experiment, showing that there are no significant changes in SP-D gene 

expression based on OC sub-types. SP-D expression levels between normal peritoneum and 

serous OC samples show an elevated expression in cancer samples compared to controls.  

                    

Figure 5.17 - SP-D gene expression from the Yoshihara et al. dataset plotted by Oncomine™. The figure shows 

the mean SP-D gene expression in control normal ovaries (0, n=10) and ovarian serous adenocarcinoma (2, 

n=42). Boxes represent the 25th-75th percentile (with median line), bars show the 10th-90th percentile and 

dots show the complete spread of data. Fold change in SP-D expression was: 3.059 (p=0.003***) when 

compared to normal respectively (ONCOMINE, 2020; Yoshihara et al., 2009).  
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Figure 5.18 – Box plot graph showing SP-D transcript expression in OC samples  (red; n=426) and control 

samples (grey; n=88). This dataset was accessed using CBioPortal (Gao et al., 2013).  

SP-D transcript expression was elevated in tumour samples compared to normal samples. 

Furthermore, SP-D expression was also explored within the TGCA dataset based on cancer stage 

and tumour grade (figure 5.19). Based on cancer staging, there is an upregulation of SP-D 

expression between stage I and stage II OC samples which corroborates with the tissue histology 

discussed earlier. Based on cancer grade, higher grades of OC show higher expression of SP-D 

with the highest seen in grade 4 OC, however the dataset only factors SP-D transcription datum  

from one sample. The histology microarray did not contain grade 4 samples, so further 

experiments should aim to compare SP-D transcription in grade 4 samples compared to lower 

grades.  

 
Figure 5.19 - SP-D transcript expression in OC tissue samples based on individual cancer stages (left) and 

tumour grade (right) from samples recorded in the TGCA dataset Accessed from CBioPortal (Cerami et al., 

2012).   
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Kaplan-Meier plots were used to investigate the effects of SP-D expression on overall survival 

(OS) and progression-free survival (PFS) in OC patients. KM plots for OS show a negative 

relationship between SP-D expression and prognosis in OC patients.  

 

           

Figure 5.20 – KM plot for OS (left) and PFS (right) in OC patients based on SP-D expression. N=1657 and 1463, 

respectively. Plot points in red represent cohort of patients with high SP-D expression and in black show cohort 

with low SP-D expression. Median survival for OS and PFS is lower in the high expression cohort compared to 

the low expression cohort. Median survival (in months) for OS (high exp. vs low exp.) 44.03/52.63. Median 

survival (in months) for PFS is 12.13/17.5. 
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5.4 Discussion 

SP-D is a potent immune molecule and is considered to be a modulator of inflammatory response 

(Kaur et al., 2018b). Recent studies suggest it may play a promising role as an immune 

surveillance molecule in cancer. Although the exact role of SP-D in cancer is still being 

investigated, evidence suggests that mRNA and protein expression levels may hold some 

prognostic value. In the case of OC, SP-D expression was shown to be higher in OC samples 

compared to healthy controls using PCR and immunohistochemistry (IHC) techniques, 

associating high expression with unfavourable prognostic outcomes (Mangogna et al., 2018). 

Based on this information, the current study was aimed at investigating the possibility of SP-D as 

a functional biomarker for OC, focusing on both tissue and liquid biopsies.  

Immunohistochemical analyses included samples ranging from stages, grades, and subtypes of 

OC in order to provide a complete picture. Results concluded that SP-D protein expression is high 

in OC tissue samples irrespective of type and grade, with a significant increase in expression at 

stage II when compared to stage I. These conclusions not only corroborate expression data 

acquired from Oncomine but are also concurrent with another study that used IHC to compare 

expression levels between four control samples and four OC samples (Mangogna et al., 2018). 

Liquid biopsies were exclusively included in this study due to their minimally invasive nature to 

detect cancer without the delay, cost, and risk associated with tissue biopsies (Tanos and Thierry, 

2018). This analysis was purely exploratory and included blood samples (for detection of CCs) 

and plasma samples (for detection of SP-D protein). The ELISA assay was crucial for two main 

reasons; 1. it validated the assumption that OC cells did not secrete any SP-D in vitro and 2. SP-D 

protein is present in detectable amounts in patient plasma samples, which was previously 

unknown. This conclusion opens the doors to further test the validity of SP-D as a biomarker, 

possibly in a diagnostic or a prognostic setting. The scope of  this study was limited (in both time 

and resources), since plasma samples collected throughout multiple treatment cycles belonged 

to a small group of patients (n=3), however, provides the basis to proceed towards larger, more 

conclusive studies in the future. The identification of SP-D+/CD45- cells in patient blood samples 

is further builds a case to explore the potential of SP-D as a biomarker for OC, and its wider role 

in potential metastatic events 

Previous studies have shown that a recombinant fragment of human SP-D (rfhSP-D) can induce 

apoptosis, either through a Fas-mediated pathway (shown in pancreatic cancer cell lines) or in 

activated eosinophilic and T-cells via p53 pathway (Kaur et al., 2018a; Mahajan et al., 2014). The 

in vitro experiments in this study examined the effects of rfhSP-D on ovarian cancer cell lines 

SKOV3 and PEO1 to determine its capability as a therapeutic target. In the case of SKOV3 cells, 
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exposure to rfhSP-D lead to cell death through upregulation of Fas. In the Fas/FasL pathway,  

association of Fas with FasL (Fas Ligand) can activate the Fas-associated death domain (FADD) 

and make mitochondrion release cytochrome C, eventually initiating the key caspase-3 in 

catalysing the specific cleavage of important cellular protein required during apoptosis (Zheng et 

al., 2003).  Results obtained from wound healing assays, Annexin-V staining and trypan blue assay 

show a cytotoxic effect of SP-D on SKOV3 cells. For further confirmation, qPCR and Western blot 

analysis was utilised, the results from which show caspase-3 expression in treated SKOV3 cells, 

with a significant upregulation noted after 48-hours.  

While SKOV3 cells have a response similar to other in vitro models published in current literature, 

PEO1 cells do not mirror this effect. In chapter 3, it has been shown that PEO1 and SKOV3 exhibit 

a slight phenotypic difference, i.e., PEO1 cells are epithelial whereas SKOV3 cells show an 

intermediate mesenchymal phenotype. RfhSP-D has shown to suppress EMT transition in 

pancreatic cell lines by downregulating TGF-β (Kaur et al., 2018b) which raises the possibility 

that rfhSP-D may only be able to induce apoptosis in cells with an active EMT dynamic, thereby 

being ineffective in cells with a strong epithelial phenotype. Another notable difference between 

the two cell lines is that PEO1 cells carry a BRCA2 mutation in addition to a TP53 mutation. BRCA2 

is a mediator of homologous recombination and interacts with proteins (including TP53, BRCA1, 

RAD51) associated with the cell cycle and DNA damage response pathways. The absence of an 

effective repair mechanism allows DNA damage to occur at many sites, including genes required 

for cell cycle checkpoint expression. In humans, the tumours that develop in patients with 

germline heterozygous mutations involving BRCA2 are defective in HR-mediated repair (Roy et 

al, 2012).  DNA damage, especially a double strand break, activates the NF-κB dependent repair 

pathway, which would usually target BRCA2 to induce homologous recombination. (Volcic et al., 

2012). rfhSP-D treatments have shown to increase NF-kB expression causing growth arrest in 

pancreatic cell lines (Kaur et al., 2018a). However, PEO1 cells may evade this because of the BRCA 

mutation, resulting in a downregulation of apoptosis. So, there is a possibility that BRCA-

associated mutations may hinder rfhSP-D induced apoptosis, which affects its therapeutic 

potential. Further experiments to validate these hypotheses would include similar experiments 

on PEO4 cell lines, which carry a silent BRCA2 mutation. 
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Chapter 6  

Investigating the functional role of Wilms’ Tumour 
Protein 1 in OC 
 

6.1 Introduction 

The mammalian Wilms’ tumour protein 1 (WT1) gene is located on the short arm of chromosome 

11 (11p13) and spans ~50 kb (Hastie, 2017). WT1 contains four C-terminal zinc-finger motifs 

and an N-terminal DNA binding domain which allows it to function as a transcription factor (Maki 

et al., 2017). The N-terminal domain comprises of proline-glutamine rich sequences and is 

involved in RNA and protein interactions, critical for  transcriptional regulatory function. 

                            

Figure 6.1 - WT1 gene structure; highlighting the various regions in the N-terminus showing  locations of the 

repression, activation, and suppression domain in the gene. The zinc fingers are located in in the C-terminus 

of the gene. The two common alternative splice variation sites (17AA and KTS) are also highlighted in the 

nucleic-acid binding region of the gene; figure adapted from (Hartkamp et al.,  2010). 

The C-terminal domain contains four Krüpple-like C2H2 zinc fingers, which permit binding to 

target DNA sequences but are also involved in RNA and protein interactions (Yang et al., 2007). 

There are at least 36 potential isoforms, the diversity created through a combination of 

alternative transcription sites, translation start sites, splicing and RNA editing (Hastie, 2017). 

However, there are two predominant alternative splicing events; these include splicing of exon 5 

(17 amino acids or 17AA) and of three amino acids (lysine, threonine and serine or KTS) in the 3’ 

end of exon 9 (shown in figure 6.2) (Yang et al., 2007). 
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Figure 6.2 - WT1 splice variants; based on the presence or absence of 17AA region corresponding to the entire 

sequence of exon 5 and the KTS region corresponding to nine base pairs of the C-terminus in exon 9. WT1(++) 

indicates the wild-type, full length protein; WT1(+ -) indicates WT1 gene without the KTS region on the 3’ end; 

WT1 (- +) shows the gene without the 17AA region and WT1 (- -) corresponds to the WT1 gene with both 17AA 

and KTS deletions (Maki et al., 2017).  

WT1 was first identified in 1990 as a strong candidate predisposition gene for Wilms’ tumour, a 

form of paediatric kidney cancer that affects 1 in 10,000 children (Charlton and Pritchard-Jones, 

2016). Although, subsequent research over the years indicates that WT1 may play a role in other 

cancer-related malignancies. High WT1 expression is found in a variety of tumours including 

breast, ovarian, mesothelioma, renal cell cancer and leukaemia (Yang et al., 2007; Qi et al., 2015). 

Immunohistochemical analysis of ovarian cancer tissue samples report a high frequency of WT1 

expression, specifically in serous OC samples (Hylander et al., 2006). WT1 staining  also proved 

to be valuable in differentiating serous OC from serous uterine cancers, showing a 97% positive 

staining of WT1 in serous OC samples compared to no positive staining in serous uterine cancer 

samples (Al-Hussaini et al., 2004). Therefore, WT1 is additionally utilised as a diagnostic marker 

for serous ovarian cancer detection. Furthermore, high WT1 mRNA expression was found in 

patients diagnosed with advanced stage of OC and was positively correlated with more aggressive 

clinical features such as lymph node and omentum metastasis (Liu et al., 2014). Despite the 

amount of  evidence supporting the involvement of WT1 as an oncogene, there is a gap in the 

current literature regarding its’ exact function. Immunohistochemically, WT1 is generally 

detected within the nucleus and any cytoplasmic staining would be regarded as non-specific 

(Nakatsuka et al., 2006). However, emerging evidence shows that WT1 can shuttle to the 

cytoplasm, and by doing so can be involved in RNA metabolism and translational regulation  

(Nakatsuka et al., 2006; Niksic et al., 2004). This chapter explores this phenomenon of WT1 

protein movemement in vivo and in vitro and utilises expression and mutational analyses using 

bioinformatics to explore beyond the role of WT1 as a diagnostic marker to  a more functional 

role it could play within ovarian cancer.   
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6.2 Aims  

1. Using WT1-positive CCs to study protein distribution and determine whether WT1 

movement occurs in cells under treatment conditions.  

2. Investigate whether chemoterapeutic treatments (i.e., Paclitaxel and Cisplatin) can alter 

WT1 localisation in vitro. 

3. Use in silico analyses to provide a more in-depth picture of the role of WT1 in cancer 

including expression, methylation and mutation data. 

6.3 Results  

6.3.1 WT1 localisation in vivo and in vitro after treatment of OC with common 

chemotherapeutic agents  

Although initial proof of principle experiments (conducted in vitro) confirmed the presence of 

WT1  in the nucleus, a number of cancer-related circulating cells (CCs) detected in blood samples 

collected from patients undergoing chemotherapy showed additional cytoplasmic expression of 

WT1, especially during early cycles of treatment. Blood samples were acquired prior to beginning 

treatment, during treatment (after every treatment cycle) and after completion of chemotherapy, 

from 14 patients undergoing treatment for advanced epithelial ovarian cancer (aEOC) and 

enrolled on the CICATRix trial. Patients enrolled on this trial were prescribed to treatment with 

either a platinum-based drug (Carboplatin) or a combination of Carboplatin with Paclitaxel.   

To analyse protein localisation in CCs (either within the nucleus or cytoplasm), positively stained 

cells were grouped and analysed using the ‘nuclear localisation’ wizard on  IDEAS data analysis 

software developed for ImageStream (Amnis). The wizard uses nuclear staining to create a mask, 

specifically covering the nuclear image. The fluorescent signal from the translocating protein of 

interest is detected and the area covered by that signal is marked by the wizard. If the protein 

expression is detected within the area of the nuclear mask (i.e., if the protein is expressed within 

the nucleus), the images are said to be ‘similar’, and a score > 0 is allocated. If the translocating 

protein is not found within the nucleus, then a  score < 0  is given to the image. 
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Figure 6.3 – The ImageStream translocation wizard used to detect fluorescent signals  from a protein of 

interest within the nucleus. Within the wizard, a mask is created, covering the nuclear image and this mask is 

then compared to signals detected from the protein of interest. If the protein is detected within the nucleus, 

the fluorescent signals would be detected within the boundaries of the mask and a score > 0 will be allocated 

to the image. If the protein is outside the nucleus, the fluorescent signals would be detected outside the 

boundaries of the mask and a score < 0 will be given. Based on this analysis, the number of cells with and/or 

without the protein present in the nucleus can be measured to detect translocation. 

Results from figure 6.4 (A) show that the number of WT1 positive cells with cytoplasmic 

expression is higher at the beginning of  treatment and goes lower with subsequent treatment 

cycles. At EOT, cytoplasmic expression of WT1 in cells is significantly lower compared to cells 

identified after treatment cycle 1.  
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Figure 6.4 – Analysis of aEOC blood samples showing CCs with cytoplasmic WT1 expression. (A) Bar graph 

depicting cytoplasmic positive WT1 CCs recorded in patients (n=14) undergoing treatment for EOC  at cycle 1 

(beginning), cycle 3 (mid-treatment) and EOT (end of treatment). The number of WT1 positive CCs showing 

cytoplasmic expression was significantly higher compared to EOT (p=0.042). Error bars represent standard 
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deviation and asterisks denote significance (*p<0.05). Panels in (B) and (C) show pictures of WT1 positive CCs 

from 3 patients after treatment cycle 1 and at EOT, respectively.  

Results from this experiment indicate that CCs depict potential changes in the localisation of WT1 

throughout treatment. The frequency of cells with cytoplasmic WT1 is high during early stages of 

treatment  in comparison to EOT, which suggests that this movement potentially occurs as a 

response to treatment.  

SKOV3 cells were used as an in vitro model to determine whether the movement of WT1 is 

affected by exposure to chemotherapeutic agents. SKOV3 cells were seeded in 6-well plates at a 

density of 3 x 105 cells per well. Two different concentrations of Paclitaxel and Cisplatin were 

selected to examine WT1 protein localisation within SKOV3 cells. Based on the standard 

treatment concentrations of Paclitaxel and Cisplatin given to OC  patients, the concentrations in 

circulation stay between 50-100 nM  (for Paclitaxel) and 7-10 µM (for Cisplatin) (Telleria, 2013). 

Using these ranges, a higher and lower concentration of each chemotherapeutic agent was diluted 

appropriately in media and used to treat SKOV3 and PEO1 cells over 24 hours. After 24 hours of 

exposure to Paclitaxel and Cisplatin at standard incubation conditions (37°C temperature and 5% 

CO2), the cells were prepared for immunofluorescence analysis. All images were captured using 

the DM-4000 microscope by LEICA microsystems and corresponding LAS X software version 

3.7.0. 100 cells were picked and counted at random based on the localisation of WT1 and nuclear 

staining. Futhermore, SKOV3 cells were quantified to determine the proportion of live and 

apoptotic cell populations under the influence of Paclitaxel, Cisplatin, and their combination.  
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Figure 6.5 – Fluorescence microscopy to analyse WT1 expression/localisation in SKOV3 and PEO1 cells 

untreated and treated with Paclitaxel, Cisplatin, and a combination of the two for 24 hours. WT1 protein is 

depicted in green (AF488) and nuclear image is depicted in blue (DAPI). A, B and C show composite images of 

untreated cells with WT1 present in the nucleus. An arrow (in orange) shows an untreated cell with strong 

WT1 in the cytoplasm during cell division. D, E and F show SKOV3 cells treated with Paclitaxel, Cisplatin, and 

a combination of the two, respectively. Arrows (in white) show cells with a disintegrated nucleus and WT1 

detected around the nucleus, as opposed to untreated cells, where the WT1 is predominantly nuclear. All 

images were captured at 60x magnification.  
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Images from  figure 6.5 (A,B and C) show that most untreated SKOV3 cells show strong nuclear 

expression of WT1, however, in one case during cell division, strong cytoplasmic WT1 expression 

is noted. In figure 6.5 (D,E and F), images are captured after SKOV3 cells are exposed to Paclitaxel 

(D), Cisplatin (E) and a combination of the two (F). In all three images, the nucleus is showing 

signs of disintegration leading to  apoptosis in  response to chemotherapy and WT1 is expressed 

in the cytoplasm. A large population of cells exposed to Paclitaxel and combination treatments 

showed signs of apoptosis, however, Cisplatin-treated cells showed very little nuclear 

disintegration, despite being Cisplatin-sensitive. To confirm the presence of apoptotic cell 

populations, an Annexin-V/PI assay was used. SKOV3 cells were exposed to the same treatment 

concentrations for 24 hours and stained with Annexin V and PI, both well-established markers 

used to detect apoptotic populations in a sample (as explained in chapter 5).  
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Figure 6.6 -  Immunofluorescence  and Annexin-V/PI assay analyses on SKOV3 cells treated with varying 

concentrations of paclitaxel. (A) – SKOV3 cells untreated and treated with varying concentrations of Paclitaxel 

(100nM and 1µM, respectively ; ***P<0.0001). Error bars indicate standard deviation and asterisk represent 

significance, calculated using a two-tailed unpaired Students t-test with Welch’s correction for unequal 

variances. Results show that both concentrations of Paclitaxel showed a similar number of cytoplasmic 

positive WT1 cells and induced apoptosis in a similar sized population (as confirmed visually through DAPI 

staining of the nucleus). (B) shows the percentage population of live and apoptotic cells after treatment with 

100nm and 1µM Paclitaxel for 24 hours. Compared to the immunofluorescence results, the Annexin-V/PI assay 

detected a higher population of apoptotic cells at both concentrations, which is significantly higher compared 

to live cell populations (P= 0.006 and 0.005, respectively). However, the increase in apoptotic cells was not 

significant between the two concentrations. This corroborates with the pattern noted during the 

immunofluorescence-based cell count.  
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Figure 6.7-  IF and Annexin-V/PI assay analysis on SKOV3 cells treated with varying concentrations of 

cisplatin. (A) – SKOV3 cells untreated and treated with varying concentrations of Cisplatin (2µM and 10µM, 

respectively). Error bars indicate standard deviation and asterisk represent significance, calculated using a 

two-tailed unpaired Students t-test with Welch’s correction for unequal variances.  Although SKOV3 cells are 

sensitive to Cisplatin, immunofluorescence-based cell counts revealed that most cells had an intact nucleus 

with strong nuclear WT1 expression, with very few cells undergoing apoptosis. (B) shows the percentage 

population of live and apoptotic cells after treatment with 2µM and 10µM Paclitaxel for 24 hours. Compared 

to the immunofluorescence results, the Annexin-V/PI assay detected a higher population of apoptotic cells at 

both concentrations, which is significantly higher compared to live cell populations (P= 0.122 and 0.0019, 

respectively). More cells undergo apoptosis when treated with a higher concentration of Cisplatin, but the 

increase is not significant.  
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Figure 6.8 - IF and Annexin-V/PI assay analysis on SKOV3 cells treated with a combination of paclitaxel and 

cisplatin.  (A) – SKOV3 cells untreated and treated with a combination of Paclitaxel (100nM) and varying 

concentrations of Cisplatin (2µM and 10µM; ***P<0.0001). Error bars indicate standard deviation and asterisk 

represent significance, calculated using a two-tailed unpaired Students t-test with Welch’s correction for 

unequal variances. Immunofluorescence cell counts showed a large number of cells with cytoplasmic WT1. 

When combined with a higher concentration of Cisplatin, the combination treatment showed mostly apoptotic 

cells with a minute number of cells showing no nuclear disintegration. (B) population (%) of live and apoptotic 

cells after a combination treatment with Paclitaxel and Cisplatin for 24 hours. Compared to the 

immunofluorescence results, the Annexin-V/PI assay detected a higher population of apoptotic cells at both 

concentrations, which is significantly higher compared to live cell populations (**P= 0.001 and ***P<0.0001, 
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respectively). However, the increase in apoptotic cells was not significant between the two concentrations. 

This corroborates with the pattern noted during the immunofluorescence-based cell count.  

The Annexin-V/PI assay was required to validate the immunofluorescence experiment, due to the 

low numbers of apoptotic cells visualised after treatment with Cisplatin in a known Cisplatin-

sensitive cell line.  

6.3.2 Gene expression and mutational analyses of WT1 in OC 

A variety of bioinformatics analysis methods were used to gain further insight into the role of 

WT1, specifically in OC. CBioPortal for cancer genomics is an open-access resource for exploring 

multi-dimensional genomics datasets. This portal supports and stores non-synonymous 

mutations, DNA copy number data, mRNA and microRNA expression data, protein level and 

phosphoprotein level data, DNA methylation data and de-identified clinical data.  It also acts as 

an exploratory tool to access large scale genomic datasets and view genomic alterations across 

various patients and cancer types (Cerami et al., 2012; Gao et al., 2013). 

Firstly, WT1 gene expression data from the TGCA dataset showed elevated levels of WT1 in OC 

samples when compared to other cancer types. 

 

Figure 6.9 – WT1 gene expression shown across various cancers (OC highlighted in yellow) acquired using 

CBioPortal. OC samples, in comparison to other cancer types, show a high expression of WT1, which 

corroborates with lower methylation rates, further explained in figure 6.12 below.(Cerami et al., 2012).  

Genetic alterations in the WT1 gene were recorded in a wide variety of cancers included in the 

PanCancer dataset using multiple methods to detect mutations in the gene, including RNA 

sequencing (figure 6.10) and mutation frequency (figure 6.11). These figures show that WT1 gene 

is more amplified within ovarian cancer when compared to other different types of cancer.  
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Figure 6.10 – WT1 expression data recorded using RNA sequencing of different types of cancers including OC 

(highlighted in yellow). OC samples show higher WT1 amplification in comparison to other cancer samples.  

 

 

Figure 6.11- Mutation frequency data recorded in a variety of cancers (including OC – highlighted in yellow). 

Epithelial OC tumour samples show a high frequency of WT1 amplification compared to other cancer types, 

with an occurrence of multiple alterations (shown in grey). Data acquired from the PanCancer dataset.  
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Figure 6.12 - WT1 gene methylation status displayed across various types of cancers (OC highlighted in 

yellow), comparing normal and cancer samples (normal shown in grey and tumour samples shown in red). OC 

samples show a lower methylation of WT1, indicating that gene expression in tumour cells is not repressed as 

compared to other samples shown in the dataset.  

CBioportal also stored information on the methylation status of WT1 in various types of cancers. 

DNA methylation is an epigenetic mechanism wherein the transfer of a methyl group onto the C5 

position of cytosine to form 5-methylcytosine and the resultant complex inhibits or represses 

gene expression (Moore et al 2013). This indicates that a high methylation status translates to 

increased repression of the gene. Methylation datum accessed from the TGCA dataset (shown in 

figure 6.12) indicate a very low frequency of methylation within OC samples compared to other 

cancer types. The fact that WT1 is overexpressed in OC, indicates that hypomethylation plays a 

role in its transcription at the ovarian level. Furthermore, WT1 expression levels (recorded in the 

TGCA cancer dataset) shows high WT1 expression levels compared to other cancer types, in 

corroboration with the hypomethylation data described above.  



145 
 

 

Figure 6.13 – Effects of WT1 expression on OS and PFS in OC. KM plot (left) showing samples with high WT1 

expression (in red) and low WT1 expression (in black). These data shows that high WT1 expression in patients 

correlates to lower PFS compared to samples showing lower WT1 expression. Furthermore, the boxplot 

indicating patient response to Paclitaxel treatment (right) show that responders have a higher WT1 gene 

expression compared to non-responders (*P<0.05). No data was available for Cisplatin. 

Furthermore, regarding the effect of WT1 (206067_s_at) expression in OC patients, KM-plot 

generated for progression-free survival (PFS) indicate that a higher expression level translates to 

significantly lower PFS in patients suffering OC. In addition, WT1 gene expression is significantly 

higher in patients responding to Paclitaxel compared to patients that do not. It could be possible 

to use WT1 expression data as a means of predicting response to treatment.  
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6.4 Discussion  
 

This study intended to investigate the possibility of WT1 shuttling in ovarian cancer in 

accordance with previously published studies in other cellular models. As mentioned, WT1 was 

initially identified as a tumour suppressor involved in the development of Wilms’ tumour, 

however, it has also exhibited oncogenic properties in haematological malignancies as well as 

solid tumours (Nakatsuka et al., 2006). WT1 expression is characteristic of serous sub-type of OC 

and is rarely found in non-serous subtypes (Liliac et al., 2013). While immunohistochemical 

studies have established the role of WT1 as a reliable diagnostic marker for OC, the mechanism 

behind why WT1 expression is pertinent to OC development and the specific role it plays in cancer 

progression is still unclear. WT1 shows a strong nuclear expression in most cancers, including 

OC, where multiple studies have reported nuclear expression of serous ovarian tumour cells is 

around 90-95% (Salvatorelli et al., 2020). Since WT1 expression is traditionally considered to be 

nuclear-positive, any cytoplasmic staining is often regarded as non-specific (Nakatsuka et al., 

2006). Hence, this chapter aimed to explore the hypothesis that both nuclear and cytoplasmic 

expression of WT1 can be potential diagnostic or prognostic significance in OC. Furthermore, we 

investigated whether therapeutic treatments could affect shuttling in vivo and in vitro. 

6.4.1 WT1 cytoplasmic expression in malignancy  

Most studies currently published have used tumour tissue to detect the presence of WT1 in OC, 

however, in this study, both cytoplasmic and nuclear WT1 expression is seen in circulating 

cancer-related cells (CCs) extracted from liquid biopsies during and at the end of treatment. This 

observation corroborates with previous studies that have reported both nuclear and cytoplasmic 

WT1 staining not just in epithelial OC but also in a variety of other cancers (Nakatsuka et al., 2006; 

Hylander et al., 2006). CCs expressing cytoplasmic WT1 were detected in large numbers at the 

beginning of chemotherapy treatment and began to fall as the patients responded to treatment. 

Cytoplasmic WT1+ CCs were significantly lower at EOT compared to treatment cycle 1. It may be 

helpful to analyse CCs in a larger cohort of patients and analyse whether the localisation of WT1 

is indicative of a positive or negative response to current treatment, making it a potentially 

reliable prognostic factor. Studies looking at a variety of cancers have noted that cytoplasmic 

expression of WT1 is higher in malignant cells compared to normal cells. This is the case in lung, 

breast, and endometrial cancer (Oji et al., 2002; Loeb et al., 2001; Ohno et al., 2009). WT1 

expression in pancreatic ductal adenocarcinoma was detected both in the nucleus and cytoplasm, 

however, weaker cytoplasmic expression translated to prolonged OS and relapse-free survival 

(Kanai et al., 2018). Interestingly, WT1 cytoplasmic expression has been documented in 

reparative neo-angiogenesis and in most benign and malignant vascular tumours (Al Dhaybi et 
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al., 2010; Trindade et al., 2011). These findings are also in line with the proposed WT1 

involvement in tumour vascularization where it may participate in the regulation of endothelial 

cell proliferation and migration (Parenti et al., 2014). Endometrial tumours showing strong 

cytoplasmic WT1 staining were associated with advanced FIGO stage, myometrial invasion, and 

high-grade histological differentiation, suggesting that upregulation of WT1 cytoplasmic 

expression is linked to tumour progression (Ohno et al., 2009).  

6.4.2 WT1 shuttling – potential novel roles 

Heterokaryon assays, which involves the fusion of two cells, is used in publications as an effective 

method used to detect steady-state or dynamic protein localisations and is helpful in studying 

nucleo-cytoplasmic shuttling (Gammal et al.,  2011; Wang et al., 2013)  This technique has been 

used to show that WT1 undergoes nucleo-cytoplasmic shuttling, with studies successfully 

identifying a nuclear export sequence (NES) and interactions with nuclear transport proteins 

(Vajjhala et al., 2003; Depping et al., 2012). WT1 is known to function as a transcriptional 

regulator: as an activator, repressor, or co-activator. It is reported to be rapidly re-imported and 

is mentioned to shuttle in and out of the cell together with heterogenous ribonuclear particles 

(hnRNPs), strengthening the idea of its involvement in RNA metabolism. In addition, using 

Western blot analysis, WT1 was found in polyribosomes, suggesting association with translation 

machinery (Niksic et al., 2004; Vajjhala et al., 2003). These findings propose that WT1 may 

contribute as a multi-functional component within protein complexes that regulate transcription, 

RNA processing and translation. These data also raise the possibility that oncogenic potential of 

WT1 could be regulating translation rather than nuclear processes (Niksic et al., 2004). Nuclear 

translocation of WT1 involves importins α and β and is facilitated through a nuclear localisation 

sequence identified in the third zinc finger of the protein. Besides its role as a tumour suppressor 

gene and putative oncogene, WT1 is necessary for normal embryonic development. A common 

feature of WT1-expressing cells is their capability to switch between mesenchymal and epithelial 

states. A failure of EMT in the absence of WT1 may lead to programmed cell death thereby 

impeding normal development (Martínez-Estrada et al., 2010). Therefore, it may be possible that 

in order for the cell to harness its ‘growth and development’ (or metastatic) potential in an 

oncogenic context, it may exploit EMT.  

Finally, bioinformatics analyses provide a complete picture highlighting the importance of WT1 

in OC. WT1 shows a high level of mutational alteration and gene expression in OC samples 

compared to various other types of cancer, pinpointing its unique relevance, specifically in OC. 

The data discussed in this chapter highlights the potential of WT1 as a prognostic indicator and 

as an active element, potentially beyond transcriptional regulation. The evidence supporting 

nucleo-cytoplasmic shuttling within scientific literature and in this study push the necessity to 
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explore the implications of this molecular mechanism and its link to OC progression; showing that 

supposedly ‘non-specific’ cytoplasmic localization of WT1 may be a more reliable as 

diagnostic/prognostic staining tool. For example, drug effectiveness can be monitored by 

assessing the rate of WT1 shuttling. Future studies with a wider repertoire of therapeutic agents 

used in clinic and with additional cell lines are necessary to gain a better insight into this complex 

regulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



149 
 

Chapter 7  

Discussion and concluding remarks  

What is ovarian cancer (OC) and why is it important?  

Ovarian cancer (OC) is a lethal malignancy caused as a result of uncontrolled growth on the ovary, 

a primary reproductive organ located in the pelvis, in females. According to Cancer Research UK,  

the estimated lifetime risk of being diagnosed with OC in the UK is 1 in 50 for females born after 

1960. In comparison to other malignancies, OC has a low survival rate. Although the improvement 

in OC survival rate has doubled over the last 4 decades, it still remains low at 35%.  

Table 7.1 – A list of various cancer type, current survival rate and survival rate improvement noted in the last 

four decades and their comparisons to OC (in bold) (Cancer Research UK, 2020).  

Cancer Type Survival rate (10-year) Survival rate improvement 

(in the last 40 years) 

Breast 76% 38% 

Cervical 51% 17% 

Uterine 72% 23% 

Prostate 78% 59% 

Testicular 91% 29% 

Ovarian 35% 17% 

 

OC is sometimes referred to as the ‘silent killer’, due to the low predictive value of the symptoms  

associated with this malignancy, which tend to overlap with those of more common abdominal 

and gastrointestinal diseases (Goff et al., 2004; Gajjar et al., 2012). This complicates timely 

diagnosis and referral of the condition, driving patients towards late diagnosis (stage III/IV), 

precisely when survival rates drop. Late diagnosis is also a major driver of NHS cancer treatment 

costs. Treatment for stage III and IV OC costs the NHS nearly two and a half times the amount 

spent on stage I and II services, respectively. Early-stage diagnosis in patients could result in the 

NHS saving up to £16 million annually, benefitting over 1,400 patients (Cancer Research UK, 

2014). Once diagnosed, treatment options  are fairly limited. Although, a combination of surgery 

and chemotherapy result in high incidence of remissions, the recurrence rate of OC is also quite 

high, resulting in patients experiencing a continuum of symptom-free periods and recurrence 

episodes (Cortez et al., 2018). Current therapeutic options are limited, meaning that patients who 

develop resistance to treatment do not have access to many alternatives. On a positive note, 
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recent technological advances have helped identify novel therapeutic targets; PARP inhibitors 

have recently gained FDA approval, providing an alternative approach to the management of 

recurrent OC, and addressing novel strategies focused on exploiting DNA repair deficiencies 

(Loizzi et al., 2020). This therapy will at least benefit OC patients that carry BRCA1/2 mutations.  

Additionally, the introduction of anti-angiogenic drugs such as Bevacizumab to standard 

chemotherapy and as a maintenance therapy have helped improve overall survival (Pignata et al., 

2017). However, it is now apparent that tumour heterogeneity represents a fundamental 

property of many solid tumours, presenting a major obstacle to effective cancer therapy. Tumours 

continue to undergo molecular evolution as a result of host genetics, the tumour micro-

environment and even in response to chemotherapy (El-Deiry et al., 2017). 

The latest statistics available show 5-year survival rate for stage I OC patients at 93%, which is 

much more promising in comparison to stage III and IV patients at 27% and 13% respectively 

(CRUK 2020; ONS 2019).  

                       

Figure 7.1 – Bar graph showing the number of OC patients diagnosed per annum at various stages. Data 

points (denoted in dark pink) denote percentage of female survival at each stage (stage 1 = 93.3%; stage 2 = 

67.7%; stage 3 = 26.9%; stage 4 = 13.4%; unknown = 30.6%) (Cancer Research UK, 2020). 

Can OC be detected earlier? 

Currently, only a small number of cases of OC are detected in its early stages (stage I and II). 

Earlier detection is required since survival rates increase up to 90% when diagnosed earlier. 

Successful ways to detect OC earlier is through effective screening and diagnosis. Screening 

programmes have worked effectively to decrease mortality rates in other cancers including 

cervical and breast cancer. For example, the NHS breast cancer screening programme offered to 

women aged 50-69 has helped save 1,300 lives a year (Marmot et al., 2013).  Similarly, cervical 
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screening (using liquid-based cytology) has helped save 4,500 lives annually (Peto et al., 2004; 

Marmot et al., 2013). Although screening methods have been studied to help detect OC earlier and 

more accurately, no significant progress has been made till date. As a stand-alone test, trans-

vaginal ultrasounds have shown to lack the required sensitivity and specificity needed for 

screening (Loud and Murphy, 2017). CA125 and transvaginal ultrasound (TVS) techniques have 

been tested in combination as a multi-modal screening (MMS) strategy to test efficiency as a long-

term screening tool in an effort to reduce OC-related deaths. As of 2021, this strategy did not 

result in significant reduction of OC-related mortality and therefore, could not be recommended 

as an optimum screening method (Menon et al., 2021). This is in line with the PLCO randomised 

controlled trial which also showed no statistically significant reduction in mortality from OC for 

women screened using a combination of CA125 and TVS (Buys et al., 2011). This highlights the 

need for effective screening, possibly using novel, more robust biomarkers that can help reduce 

mortality and save lives. 

Serum CA-125 tests are carried out initially as a diagnostic test for OC, followed by a transvaginal 

ultrasound if the blood tests show a higher-than-normal level of CA-125 (> 35 U/ml). However, it 

is not necessarily elevated in early-stage disease and is also known to be high in the case of non-

malignant conditions providing limited efficiency (refer to table 7.2) (Dochez et al., 2019).  

Table 7.2 -  Benign and malignant conditions other than OC which may cause elevations in serum CA125 that 

may result in incorrect interpretation (Sturgeon, Duffy and Walker, 2011). 

Benign Conditions Malignancies 

Chronic liver diseases (e.g., Cirrhosis) Breast cancer 

Endometriosis Cervical cancer 

Menstruation Endometrial cancer 

Pancreatitis Liver cancer 

Peritoneal inflammation Lung cancer 

Pleural inflammation Pancreatic Cancer 

Surgical procedures Uterine Cancer 

 

Once again, this shows that while CA125 is currently available as a means of OC diagnosis, it does 

not achieve the required sensitivity and specificity. In published studies to date, more than 35 

different biomarkers have been reported to improve the sensitivity of CA125 for detecting early-

stage disease, particularly the combination of CA125 with HE4, which is slightly less sensitive 

than CA125 but shows better specificity for distinguishing malignant masses from benign ones 

(Bast et al., 2020). Recently, the FDA approved the use of the OVA1 panel that includes testing 
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serum biomarker levels of CA125, Apolipoprotein A1, Transthyretin, Transferrin and β2-

microglobulin. OVA1 provided 96% sensitivity at 28% specificity in post-menopausal women and 

was able to detect 76% of the malignancies that had been missed by CA125 (Kumari, 2018). Going 

forward, the strategy seems to involve the development of robust multi-marker panels that aid in 

the detection of early-stage cases.  

What are tissue and liquid biopsies? How do they compare?  

Tissue biopsies involve the surgical retrieval of a biological sample from a suspicious mass to 

establish a diagnosis and determine possible treatment options. Tissue biopsies currently 

represent the standard procedure for cancer detection, capable of providing reliable results but 

this procedure poses its own limitations (Mannelli, 2019). It are relatively invasive, not always 

feasible and only provide information limited to a single point in space and time, failing to capture 

tumour heterogeneity (Arneth, 2018; Russano et al., 2020). Liquid biopsies rely on the analysis 

of body fluids (e.g., blood, saliva, cerebrospinal fluid, urine), providing a minimally-invasive 

alternative that can be used to assess and serially monitor the genetic status of cancer tumours 

over time (Mannelli, 2019). Compared to tissue biopsies, liquid biopsies help capture 

disseminated cells and DNA released from tumours that may be inaccessible through surgery, 

providing the option for serial monitoring, and can be repeatedly performed to monitor disease 

progression (Mannelli, 2019). Liquid biopsies include circulating tumour cells (CTCs), circulating 

tumour DNA (ctDNA), free-floating proteins and exosomes. CTCs are found primarily in the 

bloodstream as individual cells or a cluster. They detach from the primary tumour and use 

hematogenous routes of transmission to facilitate metastasis and reach distant organs (Kim et al 

2019). Particularly in the case of CTCs, CellSearchTM platform has gained FDA-approval for clinical 

testing for CTCs in cancer patients and it is likely that other instruments will follow in the near 

future. While liquid biopsies harness multiple advantages, there are some challenges that need to 

be considered. Before liquid biopsies can be used routinely within a clinical environment, they 

need to be standardized. Firstly, isolating CTCs from a blood sample poses a challenge since the 

number of CTCs present in a patient sample are much smaller compared to the number of white 

blood cells or red blood cells within the sample, however, enrichment and isolation have helped 

address this limitation (Morgan, 2019), although capturing all circulating cells, namely those 

undergoing EMT continues to pose a challenge (Keller et al, 2019). Additionally, CTCs can  be used 

to gain phenotypic data through single cell genomic, transcriptomic and/or proteomic profiling 

(De Rubis et al, 2019). While this provides in-depth genetic information, single cell analyses  pose 

a similar limitation as tissue biopsies, since genetic information from a single cell may not be able 

to provide a holistic view and address tumour heterogeneity.  
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In addition to CTCs, tumour DNA is also present in peripheral blood, in part due to the high 

apoptotic rate within the tumour microenvironment (TME), which results in the release of DNA 

from apoptotic cells into the bloodstream. Circulating tumour DNA (ctDNA) is the portion of 

circulating cell-free DNA (ccfDNA) specifically derived from cancer cells and has been estimated 

to range from 10 to 90% of the total ccfDNA in cancer patients (Elazezy and Joosse, 2018). ctDNA 

is a fraction of the cell-free DNA found in circulation that originate from tumour cells and contain 

cancer-related genomic variants (Merker et al., 2018). The mechanisms of cfDNA release are 

poorly understood. Although a large fraction has been shown to originate through 

apoptosis/necrosis, early studies indicate that cfDNA is also derived from active cellular 

secretions using in vitro cell culture studies (Bronkhorst et al, 2019).  While currently available 

technologies like next generation sequencing (NGS) and PCR can detect ctDNA in blood, their 

sensitivity is sub-optimal due to low levels of ctDNA in blood (De Rubis et al, 2019).  

Exosomes are a subset of extracellular vesicles (EVs), that are normally released by prokaryotes 

and eukaryotes to regulate intercellular communication in health/disease. We now know that 

they enable transfer of functional proteins, metabolites and nucleic acids to recipient cells and 

are involved in cancer progression through regulation of tumour growth, metastasis, 

angiogenesis, and mediation of drug resistance (Dai et al., 2020; Gurung et al., 2021). Exosomes 

have been isolated using various methods including size, morphology and surface protein content 

using techniques including ultracentrifugation, immunoaffinity, scanning electron microscopy 

and Western blotting (Wang et al., 2021).  

What was the purpose of this study?  

The purpose of this study was to explore the prognostic potential of liquid biopsies in OC through 

identification and testing of biomarkers, in a clinical and molecular perspective.  

Chapters 3 and 4 focused mainly on the utility of circulating cancer-related cells (CCs) as a 

biomarker in advanced stage OC patients. Experiments in chapter 3 involved the validation of 

biomarkers using in vitro models of OC and addressed key aspects involved in successful clinical 

testing of CCs such as sample collection and comparison of technologies based on biological and 

physical properties for identifying CCs. Chapter 4 focused on detection of CCs in aEOC patient 

blood samples based on treatment as well as comparing the efficiency of CCs to inform on 

treatment success through serial monitoring, in comparison with CA-125. This chapter also 

included a pilot study, identifying the presence of circulating endothelial cells (CECs) and 

highlighting the presence of multiple cancer-related cell populations within blood samples, in 

addition to CTCs. Chapter 5 investigated the role of SP-D in OC and its reliability as a biomarker. 

Clinical experiments were conducted to explore the correlation of SP-D expression with OC stage 
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and grade, whereas experiments conducted on two OC cell lines (SKOV3 and PEO1) tested the 

therapeutic potential of rfhSP-D expression in vitro. Finally, chapter 6 included exploratory 

experiments studying the relevance of WT1 protein localisation in OC disease progression, 

highlighting the need of evaluating the mechanistic importance of cytoplasmic expression of WT1 

in OC.    

What are some of the limitations of current research? What are the 

future perspectives?   

CTC identification method (biological vs physical properties) – Results from this study 

showed that imaging flow cytometry provided a higher yield of positive CCs compared to the size-

based platform, ParsortixTM. The reason behind a low yield of CCs from ParsortixTM was the width 

of the ‘critical gap’ within the microfluidics cassette. The size range of CCs identified with 

AE1/AE3 and WT1 was quite similar to CD45+ white blood cells, showing a size overlap between 

the two populations (Kumar et al., 2019). The critical gap (which is used to capture ‘larger’ CTCs 

within) within the microfluidics cassette used was 10 µm, therefore, our population of interest 

would have easily passed through the cassette. Further experiments need to take place using 

smaller size pores in the filtration cassette. It is also worth noting that ParsortixTM has been 

successful in detecting CTCs in other types of cancers. In comparison to EpCAM-based CTC 

enrichment method, size-based CTC isolation using ParsortixTM performed better in isolating 

head and neck squamous cell carcinoma (HNSCC) cells from blood, stating that the system was 

more appropriate to remove leukocytes and allow for molecular analysis in a high purity of 

enriched cells (Zavridou et al., 2020). Furthermore, experiments involving a ParsortixTM cassette 

with a 6.5 µm gap dramatically improved capture efficiency of CTCs, both in volunteer blood 

spiked with breast cancer cell lines and patient blood samples (Koch et al., 2020). This shows that 

perhaps using a cassette with a smaller gap could increase CTC capture efficiency and provide 

much reliable results.  

Biomarker performance - Although CC populations identified using imaging flow cytometry 

yielded a higher population of positive cells compared to size-based methods, there are a few 

limitations that need to be considered. For the purpose of this study, two cancer-related 

biomarkers were used. Patterns that have emerged from the assessment of clinical samples need 

to be validated in larger patient cohorts. Looking deeper, the volunteer vs patient WT1+ cell 

population analysis shows that post-menopausal women in the volunteer cohort had no WT1+ 

cells compared to pre-menopausal volunteers. This could possibly mean that a WT1+ CC 

identification test could be more specific and sensitive in post-menopausal OC patients and could 

potentially be developed for a more age-specific patient population. CA125 and CC correlation 
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throughout treatment was only done on four patients and varied in broad alignment with each 

other. Correlation analysis did not show any significance, however, there were instances where 

CCs were higher compared to CA125 and could have been more helpful in informing clinicians 

over further course of treatment. This shows that CCs could be a potentially helpful indicator, 

however, these need to be corroborated with a larger cohort of patients. CC-based quantification 

also sheds light on the use of multiple biomarkers within the same test to identify true CC 

populations accurately. Additional fluorescent channels can be used to incorporate multiple 

biomarkers in order to provide further confirmation. For example, adding mesenchymal markers 

like Vimentin could potentially help capture circulating tumour cells undergoing EMT.  

Currently CellSearchTM is the only FDA approved platform that uses EpCAM coated ferrofluid 

particles for CTC detection. As mentioned before, solely relying on EpCAM for CTC detection could 

lead to overlooking a significant population of cells that have undergone EMT. AdnaTest®  is 

another commercialised positive selection platform that relies on immunomagnetic beads coated 

with a cocktail of antibodies for enhanced capture and enrichment of CTCs in breast, prostate, 

ovarian and colon cancer. A clinical study to assess the prognostic validity of CTCs in metastatic 

prostate cancer showed better performance from the AdnaTest compared to CellSearch, with a 

higher detection rate of 62% compared to 45% respectively (Habli et al., 2020). However, 

CellSearch system outperforms the AdnaTest by its ability to accurately associate CTC numbers 

with OS and PFS. Other modalities designed to detect CTCs through immunomagnetic beads 

continue to use EpCAM and CK expression to confirm CTC presence.  

In this case, either future platforms could include EMT-related biomarkers or perhaps size-based 

platforms could be optimised further to capture more CTCs. This was seen in the case of Parsortix, 

where chips with various ‘critical gap’ widths resulted in higher yields.   

Immune-based biomarkers in OC – Tumour immune surveillance is the process wherein the 

immune system identifies cancerous and/or precancerous cells and eliminates them before they 

can cause harm (Swann and Smyth, 2007). In vivo and in vitro studies using cancer models have 

demonstrated a compelling involvement of effector immune cells, soluble factors, and signalling 

pathways in anti-tumour immune responses. However, the immune system can also aid in the 

progression of transformed cells by triggering immunosuppression and promoting angiogenesis 

and metastasis of tumour cells (Murugaiah et al., 2020). SP-D is an innate immune molecule that 

was found to be upregulated within OC samples (both in tissue and liquid biopsies). Furthermore, 

expression of rfhSP-D in SKOV3 cells induced cell death through the increase of caspase-3 levels. 

However, the same effect was not fully replicated in PEO1 cells, possibly due to its epithelial 

phenotype or BRCA2 mutation status. Future experiments would include PEO4, an OC cell line 

with a silent BRCA2 mutation, to test whether rfhSP-D related therapeutic effects are BRCA-
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dependent or not. Larger cohort sizes are required to further investigate SP-D levels in patient 

plasma samples and blood and note any correlations based on stage/grade, to check whether the 

results corroborate with tissue biopsy results.  

The role of WT1 in OC - Despite WT1 being a nuclear marker, experiments have shown a 

possibility to reconsider cytoplasmic staining of WT1 in cells and its relevance to OC progression. 

This leads us to rethink what constitutes a ‘positive result’. The atypical cytoplasmic staining of 

WT1 noted in CCs probed us to conduct a pilot study to examine the correlation between WT1 

protein sub-localisation in the cytoplasm and OC progression. WT1 is known to be overexpressed 

in OC, however, the mechanism of how it relates to OC progression is not fully understood. A 

17AA-/KTS- splice variant introduced in mice models showed a significant increase of 

tumorigenic activity through the upregulation of VEGF, with an increase in tumour weight and 

production of ascites as a result (Yamanouchi et al., 2014).  

STRING network analysis on WT1 revealed a strong association with TP53, a well-known 

oncogene. In an oncogenic context, WT1 has an experimentally determined association with 

TP53, a well-established and highly unregulated gene in cancer. Similar to TP53, WT1 is initially 

identified as a tumour suppressor gene in 1990 when it was found to cause a type of paediatric 

kidney cancer called Wilms’ tumour (Hastie, 2017).  

                     

Figure 7.2 – STRING analysis of the WT1 gene; showing a network of possible interactions collated from 

information on known and predicted protein-protein interactions using information sourced from genomic 

context, high throughput lab experiments and co-expression data. 

P53 and WT1 are shown to interact with one another physically and functionally. P53 can alter 

the transcriptional activity of WT1 (seen in the case of Wilms’ tumours) and WT1 in turn, has 

shown to stabilise P53, affect it’s transcriptional activity, and rescue cells from P53-induced 
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apoptosis (Menke et al., 2002). Co-expression of TP53 and WT1 have shown that WT1 interacts 

with p53 through zinc fingers 1 and 2 in order to stabilize TP53 and inhibit TP53-mediated 

apoptosis (Maheswaran et al., 1995). This might indicate a possibility for a synergistic role 

between the two. Immunohistochemical analysis on patient tissue samples have also shown that 

a high co-expression of TP53 and WT1 is correlated with high grade OC and poorer prognosis 

(Carter et al., 2018).  

Interpatient variability – Interpatient variability is described as the difference in patient 

features/traits, pharmacokinetics and genetics that potentially impact the efficacy of treatment 

(Holliday et al., 2014). Our study followed four patients throughout treatment and correlated 

their CCs levels with CA125 levels and showed that CCs varied in broad alignment with CA125 

levels, with no apparent significance between the two. Interpatient variability tends to mask 

general patterns due to individual genetic/physiological factors. Larger cohorts of patients are 

therefore required to study correlations not just generally across all aEOC patients, but also to 

study the effects based on treatment cohorts since CCs numbers may vary depending on 

treatment, biomarker of choice and individual patient (see figure 4.4). Multiple biomarkers can 

also be used for CC detection, since it could help identify multiple populations within the same 

sample and identify them with more precision. Epithelial markers (such as cytokeratins and 

EpCAM) can be paired with mesenchymal markers (such as Vimentin) to account for phenotypical 

variations in CC populations. Identifying and analysing other populations such as circulating 

endothelial cells (CECs), that disseminate from the tumour into the blood stream, may aid in 

providing patient specific prognostic/diagnostic information for a more informed clinical 

decision. This ties well with the need to develop multi-marker biomarker tests, which could also 

capture different cell populations that arise from tumour dissemination/metastasis. Conducting 

further experiments and collecting data on CEC+ cell numbers in liquid biopsies and comparing 

it with CTC+ populations could provide interesting insights into the volume of various cell 

populations that actually disseminate into the blood stream to facilitate metastasis. Future 

studies should also compare CC numbers in patients with other clinicopathological data such as 

CT scans to correlate the quantity of CCs found with visual data identifying tumour mass.  
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Conclusion 

The need for biomarkers in OC is required as it can help account for disease heterogeneity, an 

aspect that is overlooked in the current clinical landscape due to the limited amount of 

information provided by tissue biopsies and the lack of specificity of current tests. In this study, 

we consider biomarkers that are directly related to cancer progression (such as AE1/AE3 and 

WT1) and explore further into immune-system related biomarkers (such as SP-D). Chapters 5 

and 6 specifically look into the mechanistic aspects of biomarkers and how informing on their 

functionality and involvement in OC could help discover new therapeutic targets. Investigating 

the shuttling effect of WT1 is important to understand the functional role of WT1, beyond just a 

biomarker used to confirm serous OC.  
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