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Abstract 

Ovarian cancer is one of the most lethal cancers of the female reproductive system. Most patients 

relapse with chemo-resistant form of the disease after chemotherapy. Preliminary research 

profiled drug resistant (IGROVCDDP) and sensitive (KB-5-5-11) cell line models using whole 

genome Affymetrix expression arrays which identified novel biomarkers; ROR1 and Rab27b. 

These were validated in publicly available microarray datasets and through PCR-based pilot 

study on ovarian cancer tissue blocks. 

The aim of this project was to investigate ROR1 and Rab27b as biomarkers for chemoresistance 

in ovarian cancer. Ovarian cancer cell line panel was assembled comprising of; HEY, SKOV-

3, OVCAR-3 and OAW42. The IC50 doses of four drugs; cisplatin, carboplatin, taxol and 

talazoparib for the cell lines were determined. qPCR was carried out to investigate gene 

expression levels of ROR1, Rab27b and EMT markers in response to drug treatments for each 

cell line. ELISA’s and Immunocytochemistry were carried out to investigate protein expression 

and localization of the ROR1and Rab27b in response to drug treatments. An invasion assay was 

carried out to establish an invasion profile of the cell line panel. Knockdown of ROR1(and 

ROR2) in the resistant and sensitive cell lines was carried out to study the effects on chemo-

resistance. Clinical tissue samples obtained from Westmead Hospital, Sydney, Australia were 

also stained and scored for ROR1(and vimentin). Kaplan-Meir survival analysis was carried out 

to investigate the impact of ROR1 (and vimentin) on patient outcomes. 

HEY cells were found to be the most resistant (p<0.05) and invasive (p<0.001) while OVCAR-

3 was the opposite (p<0.001). Gene expression assays revealed ROR1 was highest in the 

resistant cell line. The protein assays revealed ROR1 expression was correlated with 

chemoresistance (R2 = 0.99) and invasion (R2 = 0.82). Knockdown studies in HEY and OVCAR-

3 cells revealed a significant re-sensitisation to platinum-based drugs when undergoing 

simultaneous ROR1 and ROR2 silencing (p<0.05). Tissues stained for ROR1 and Vimentin 

showed a poor overall survival in ovarian cancer patients with high ROR1 and vimentin scores. 

Rab27b gene and protein assays revealed varying expression patterns with drug treatment 

indicating the need for further studies to better understand its role in chemoresistance. Overall, 

ROR1 is a promising predictive biomarker for chemoresistance which will be invaluable in the 

field of personalized medicine for ovarian cancer. 
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1.1 Background 

 

Ovarian cancer (OC) is the cause of more deaths per year compared to other female reproductive 

system related cancers (Permuth-Wey and Sellers, 2009). Patients presenting with advanced 

stages of the disease have a poor prognosis and a 5-year survival rate of about 10-30% 

(Hennessy et al., 2009). This is mainly due to a majority of cases being detected and diagnosed 

at an advanced stage which is a result of lack of screening and recurrent development of 

chemoresistance (Song et al., 2014). Epithelial ovarian cancer (EOC), which makes up to 80% 

of the neoplasms is one of the most malignant forms of ovarian cancer (Morgan et al., 2011). 

EOC compared to other types of cancer is very sensitive to chemotherapy. However, it is 

associated with a 5-year survival of 50% (Helm and States, 2009).  

  

Ovarian cancer is mostly sporadic but can occur due to hereditary deleterious mutations of the 

BRCA1 and BRCA2 genes. These are tumour suppressor genes that can develop mutations 

leading to increased risk of ovarian (and breast) cancer (King et al., 2003). Up to 10% of the 

women diagnosed with ovarian cancer carry a BRCA1 or BRCA2 germline mutation (Parkin et 

al., 2005). Somatic mutations (42.9% BRCA1 and 28.6% BRCA2) also contribute to the loss of 

BRCA function, increasing the number of ovarian cancer patients with deregulated homologous 

recombination (HR) (Hennessy et al., 2010). These mutations cause a defect in the homologous 

recombination DNA repair mechanism. Since BRCA1 and BRCA2 genes are essential in the 

HR pathway, any disruption can create a predisposition to different human cancers  

(Venkitaraman, 2002).  

 

1.2 Epidemiology and Risk factors 

 

According to 2016 incidence statistics carried out by Cancer research UK, ovarian cancer was 

found to be the sixth most common cancer among females in the UK (CRUK). The World 

Ovarian Cancer Coalition Atlas (2018) reported that ovarian cancer was the seventh most 

common cancer worldwide and the eighth most common cause of death in women. These 

mortalities are due to the fact that patients present with late stages of the disease and as such 

have minimal chances of survival. 
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Ovarian cancer occurrence has extensive geographic variation, with higher incidences in 

developed parts of the world which include North America and Europe (Reid et al., 2017).  

Incidence rates in this part of the world generally exceed 8 per 100,000 , in Africa and Asia it is 

the lowest (≤3 per 100,000) whereas in South America the rates are intermediate (5.8 per 

100,000) (Herrinton et al., 1994; Kliewer and Smith, 1995). It is worth noting that for women 

who migrate from low incidence countries (Asia) to high incidence countries (North America) 

a gradual increase in OC incidence has been observed(Holschneider and Berek, 2000).  

 

According to Mavaddat et al. (2013), the lifetime risk of developing ovarian cancer in the UK 

is 1 in 60 with the median age of patients enrolled in randomised trials being 58 years.  

Interestingly, this is several years younger than the median age of diagnosis in the overall UK 

population which is 63 years. According to the above study, women are diagnosed roughly 10 

years earlier than the median age of diagnosis if they carry a genetic disposition to ovarian 

cancer. Several epidemiological studies reported that a lack of ovulation can contribute to a 

lower risk of ovarian cancer. This includes pregnancy, use of oral contraception and tubal 

ligation-reduced reflux of menstrual products onto the ovary (Tsilidis et al., 2011). 

 

Ovarian cancer is considered to be a disease of mostly perimenopausal and postmenopausal 

women with over 80% of the women being affected over the age of 40 and less than 1% affecting 

women under the age of 20 (Holschneider and Berek, 2000). A three to seven-fold increased 

risk has been observed in first degree relatives of probands ( first genetically affected individual 

in the family)  particularly if multiple relatives are affected and at an early age(Negri et al., 

2003). Most hereditary ovarian cancers occur due to mutations in the BRCA genes and account 

for 10-15% of all cases (Malander et al., 2004; Van Der Looij et al., 2000). Women carrying 

the BRCA1 mutation are 40% more likely to develop epithelial ovarian cancer whereas those 

carrying the BRCA2 mutation are 20% more likely to develop the same. 

 

1.3 Pathogenesis of Epithelial Ovarian Cancer 

 

To date, no widely accepted pathogenesis of ovarian cancer has been described. One of the 

biggest problems in uncovering the pathogenesis is the heterogeneous nature of ovarian cancer, 

comprising various histologic types with varying characteristics (Gross et al., 2010).  According 
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to Prat (2012),  40% of ovarian tumours are of non-epithelial types however only 10% of ovarian 

cancers are non-epithelial.  There have been different theories explaining the origin of ovarian 

cancers outlined in the following sections. 

 

1.3.1 Incessant Ovulation Theory 

 

Traditional theories described the origin of ovarian cancers from the epithelial surface of ovarian 

cells (Budiana et al., 2019).  These surface epithelial cells experience physical trauma through 

ovulation and are then immediately repaired. Ovulation occurs repeatedly throughout the 

individual’s life resulting in repetitive trauma to the epithelium and in turn causing cellular DNA 

damage. Having undergone DNA damage, the epithelial cells become very susceptible to 

change which enables invagination to the cortical stroma (Budiana et al., 2019). Cortical 

inclusion cysts are formed when these invaginations are trapped resulting in formation of a 

sphere of epithelial cells in the stroma. Epithelial cells, while inside the ovary, are exposed to 

hormones stimulating cell proliferation.  These eventually transform them into cancer cells 

(Erickson et al., 2013; Kurman and Shih, 2010). 

 

This theory aligns with the epidemiologic data where an association between the number of 

ovulatory cycles with the risk of ovarian cancer was observed (Peres et al., 2017; Purdie et al., 

2003; H. P. Yang et al., 2016). However, this theory can be considered flawed as it is unable to 

explain the pathogenesis of ovarian cancer with varying histological types and prognostic 

differences (Koshiyama et al., 2014). There are no histological similarities between the ovarian 

surface epithelium (mesothelium) and serous, endometrioid, mucinous, clear cells or transitional 

cells (Kurman and Shih, 2010). Polycystic ovary syndrome patients experience a decreased 

ovulation but are at a higher risk of developing ovarian cancer therefore making this theory 

contradictory (Erickson et al., 2013; Kurman and Shih, 2010)   

 

1.3.2 Fallopian Tube Theory 

 

Since it was initially accepted that ovarian cancer originated from the ovary itself, only few 

studies investigated other sites for ovarian cancer precursor lesions (Kurman and Shih, 2010).  

It was reported that patients with BRCA1/2 gene mutations undergoing prophylactic salpingo-
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oophorectomy had epithelial dysplasia in the fallopian tubes at high incidences (50%). This 

dysplasia resembled high-grade serous ovarian carcinoma and was termed tubal intraepithelial 

carcinoma (TIC).  

 

Histologically similar characteristics of ovarian and high-grade serous peritoneal cancer were 

found in other studies irrespective of BRCA status (Budiana et al., 2019).  In some studies, when 

the contralateral ovary of patients with ovarian cancer were examined, it showed either normal 

histology or changes in morphology not indicative of high-grade serous neoplasm characteristics 

(Kurman and Shih, 2010). It can be concluded from these studies that the fallopian tube is the 

most likely location for ovarian cancer precursor lesions ultimately spreading to adjacent 

ovarian sites. 

 

Mutation of the TP53 gene is also observed in TIC. Immunohistochemical examinations in the 

normal fallopian tubes show expression of TP53 in secretory cells(Budiana et al., 2019; 

Erickson et al., 2013; Gross et al., 2010). These were identical to mutations in TP53 gene in 

serous ovarian cancer. However, all TP53 mutations are not cancerous, and its expression is 

considered to be a response that demonstrates DNA damage in tubal epithelial cells as a result 

of being exposed to oxidants and cytokines. A significant percentage (50%) of TP53 mutations 

eventually become cancerous (Erickson et al., 2013; Gross et al., 2010). 

 

About 70-90% of TICs are found in the distal part of the fallopian tube, the fimbria region. The 

fimbriae being located very close to the ovary are exposed to similar environmental stresses as 

the ovary. Additionally, this region is rich in blood vessels thereby facilitating metastasis to the 

ovary via the bloodstream (Kurman and Shih, 2010). Initially this theory was considered 

controversial but is now widely accepted (Budiana et al., 2019). 

 

1.3.3 Two-Pathway Theory 

 

Originally proposed in 2004 (Kurman and Shih, 2010), the two-pathway theory aimed to 

integrate both clinical histological and genetic findings of ovarian cancer. According to this 

theory, ovarian cancer is divided into type I and type II. Low-grade serous, mucinous, 

endometrioid, clear cell, and transitional histology types made up the type I ovarian cancer. 
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Type II ovarian cancer consists of high-grade serous, undifferentiated and carcinosarcoma 

histology types (Kurman and Shih, 2010). 

 

In type I ovarian cancers, the precursor lesions are thought to originate in the ovary. Here, the 

cancer grows slowly and is considered to be benign and genetically stable (Koshiyama et al., 

2014). Once the intermediate (borderline) phase is surpassed, a series of ongoing morphological 

changes occur in ovarian tumour eventually resulting in ovarian cancer. A traditional pathway 

of type I ovarian cancer pathogenesis involves ovarian surface epithelial inclusion cysts 

receiving proliferation stimulation from the environment. This then transforms them into 

cancerous cells. In type I ovarian cancers, KRAS and BRAF mutations are the most common 

genetic changes and are both involved in the activation of the oncogenic MAPK pathway 

(Erickson et al., 2013; Kurman and Shih, 2010). 

 

Unlike type I ovarian cancer, the precursor lesions of type II ovarian cancers are thought to 

originate from outside the ovary in type II ovarian cancer. One of regions of origin is believed 

to be from the fallopian tube (Labidi-Galy et al., 2017). In this category the cancer is fast 

growing, aggressive, genetically unstable and diagnosed at an advanced stage. Most type II 

ovarian cancers carry a TP53 gene mutation (50-80%), overexpression of HER2/neu (10-20%) 

and AKT (12-18%) genes (Budiana et al., 2019). Interestingly, HER2 + ovarian cancer 

xenografts haver shown satisfactory response to a combination of trastuzumab ( Herceptin) and 

pertuzumab in preclinical experimental studies (Faratian et al., 2011; Sims et al., 2012) 

Type II ovarian cancers are also associated with BRCA gene defects which was reported up to 

20-25% (Hennessy et al., 2010; Jonathan A. Ledermann et al., 2016; Manchana et al., 2019). 

Precursors for this type of cancer originate in the fallopian tube where TP53 mutations are 

prominent.  In addition to this, inflammatory cytokines and reactive oxygen species trigger 

secretory epithelial cells present in the fallopian tubes to undergo neoplastic changes. Studies 

showed that there is no consistency in TP53 mutations and therefore ovulation is still 

categorized as a risk factor (Koshiyama et al., 2014).  Although this theory explains 

pathogenesis of ovarian cancer better than other theories it continues to lack an understanding 

of the development of the cancer in cells of non-ovarian origin (Koshiyama et al., 2014). 
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1.4 Histology  

 

Ovarian cancer is classified into three main types depending on cell of origin: epithelial, germ 

cell and sex-cord stromal. The most common of these is the epithelial ovarian cancer making up 

to 90% of occurrences (Momenimovahed et al., 2019) while the latter two make up 5-10% of 

all ovarian cancer cases (Stewart et al., 2019).  Histologically, there are four primary subtypes 

of epithelial ovarian cancer; serous, endometrioid, mucinous and clear cell (Jayson et al., 2014).  

The serous tumours are further classified into high-grade serous carcinomas (HGSC) or low-

grade serous carcinomas (LGSC) (Jayson et al., 2014). About 70-80% of all subtypes of 

epithelial ovarian cancer fall under HGSCs whereas less than 5% are categorized as LGSCs. 

The endometrioid, mucinous and clear cell subtype make up 10%, 3% and 10% respectively of 

ovarian cancer cases (Stewart et al., 2019).  

 

1.4.1 Epithelial Ovarian Cancer 

 
More recently, Stewart et al (2019) have suggested that epithelial ovarian cancer has three point 

of origin sites; ovarian, tubal or other epithelial sites in the pelvis (Stewart et al., 2019).  

Epithelial ovarian cancer is divided into two categories of tumours: Type I tumours and Type II 

tumours (Chien and Poole, 2017).  The type I tumours are theorized to be caused from 

continuous ovulation cycles, inflammation and endometriosis. The risk of ovarian cancer is 

considered to be increased with the occurrence of endometriosis and is associated with 5 – 15 

% of epithelial ovarian cancer (Jayson et al., 2014; Mallen et al., 2018).  The majority of these 

cancers occur as low-stage disease presenting with a good prognosis that those not associated 

with endometriosis. However, type II tumours are usually linked with high mortality rates 

(Stewart et al., 2019) and often diagnosed at an advanced stage.  Type II tumours are associated 

with mutation is the BRCA and TP53 gene which are known as tumour suppressor genes 

(Stewart et al., 2019).  

1.4.1.1 LGSC and HGSC 

As mentioned earlier, HGSC make up to 90% of the serous tumour types while LGSC make up 

to 10%  (Bergamini et al., 2016).  Both serous subtypes have different clinical presentations, 

molecular profiles and prognosis with LGSC presenting a significantly longer survival rate and 
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overall better prognosis compared to HGSC (Bergamini et al., 2016; Stewart et al., 2019).  

Women with LGSC are diagnosed at a younger age (19 to79 years with a mean of 52 years) 

compared to women diagnosed with HGSC (38 to 90 years with a mean of 62 years) (Okoye et 

al., 2016).  Originally, LGSC was believed to originate in a stepwise fashion from the ovaries 

(Kurman and Shih, 2010), however a more recent study suggests that LGSC may also have tubal 

origin although this is still controversial (Wang et al., 2019). In contrast, it is now widely 

accepted that HGSC originate in the fallopian tubes eventually spreading to the ovaries and 

peritoneum (McCluggage et al., 2017; Paley et al., 2001). 

 

1.4.2 Endometrioid and Clear Cell Carcinomas 

 
Endometrioid carcinomas originate from endometriosis and usually diagnosed in early stages. 

This results in an improved prognostic outcome (Vargas, 2014).  This subtype is considered 

treatable since it possesses a histology that is chemosensitive (Stewart et al., 2019).  Similar to 

endometrioid carcinomas, clear cell carcinomas make up 10% of epithelial ovarian cancers and 

also have a comparable prognosis (Chan et al., 2008). However, if diagnosed at an advanced 

stage the prognosis is far worse than cases diagnosed with HGSC in the equivalent stage 

(Hoskins et al., 2012; Tammela et al., 1998).  This difference in prognosis is primarily due to 

the chemoresistant nature of clear cell carcinoma (Shu et al., 2015). 

 

1.4.3 Mucinous Carcinoma 

 
Ovarian mucinous carcinomas are regarded as rare and make up less than 3% of all ovarian 

carcinomas (Seidman et al., 2004, 2003). They are classified as either benign, borderline or 

malignant as well as invasive or non-invasive (Ricci et al., 2018).  Patients with mucinous 

ovarian carcinoma present with multicystic tumours. These contain large amounts of 

intracellular mucin (more than 50% of the cytoplasm) in about 90% of the tumour cells 

(Kelemen and Köbel, 2011). These tumours grow differently than those originating from the 

gastrointestinal tract and grow as cystic gland-forming neoplasm (Kelemen and Köbel, 2011).  

In contrast to other carcinoma histotypes, invasive mucinous ovarian carcinomas carry benign 

or atypical epithelium with tumour KRAS mutations that are similar to those in colorectal and 

pancreatic cancer (Howe and Conlon, 1997; Shibata et al., 1993).  Although KRAS mutations 
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carry on in these malignant cancers, they are not found in high grade ovarian tumours (Pieretti 

et al., 2002). 

 

Improved histological diagnosis has led to increasing evidence that different histotypes of 

ovarian cancer have different response patterns to platinum-based chemotherapy (Ricci et al., 

2018).  Most patients with mucinous ovarian carcinomas diagnosed at an early stage do not 

require adjuvant chemotherapy and can be treated with surgery. However, in patients with 

advanced mucinous ovarian carcinomas, adjuvant chemotherapy is necessary despite no 

effective therapeutic regimen being yet defined (Ricci et al., 2018). Taking the low incidence 

of mucinous ovarian carcinomas into account, the most challenging aspect of treatment is 

designing trials that involve strategies to identify and streamline effective treatment. 

 

1.4.4 Germ cell and Sex- cord stromal ovarian tumours 

 
 Ovarian malignant germ cell tumours originate from the primitive germ cell of the embryonic 

gonad and histologically are heterogeneous (Shaaban et al., 2014). They make up 20% of 

ovarian neoplasms but only 5% of germ cell tumours are malignant and 95% are benign mature 

cystic teratomas (Shaaban et al., 2014). Ovarian malignant germ cell tumours makes up 2.6% 

of the (malignant) ovarian neoplasm (Quirk and Natarajan, 2005). Classic morphology makes 

diagnosis straightforward. However, variation in morphology leads to diagnostic issues since 

these tumours tend to have similar neoplasms as high-grade epithelial ovarian tumours. In 

addition to this, germ cell tumours tend to mimic their own subtypes (Rabban and Zaloudek, 

2013). Clinically, there are many differences between ovarian malignant germ cell tumours and 

ovarian epithelial carcinomas. The former, at the time of diagnosis tend to be much larger and 

progress rapidly (Shaaban et al., 2014).  Although this tumour can occur in various age groups 

it has the highest incidence among 15-19 year-olds (Smith et al., 2006). Although these tumours 

are rare, there has been some success in treating germ cell ovarian tumours. They are more 

sensitive to conventional chemotherapy developed in the 1960s and 70s. Additionally, most 

information with regards to its clinical management has been extrapolated from testicular 

cancer, which is considered to be very similar (Gershenson, 2012). 
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Similar to germ cell tumours, ovarian sex cord-stromal tumours are rare and make up about 7% 

of primary ovarian tumours (Haroon et al., 2013). They are heterogeneous and formed by cell 

types that are diverse in nature originating from the gonadal sex cords or stromal cells (Haroon 

et al., 2013; Shim et al., 2013).  These tumours are associated with different hormone-mediated 

syndromes and present a range of different clinical features (Horta and Cunha, 2015).  They also 

affect various age groups but commonly present in younger patients as a low-grade disease with 

a non-aggressive clinical progression. This makes them suitable for surgical treatment with a 

generally favourable prognosis (Horta and Cunha, 2015). 

 

1.5 Management and Treatment 

 

According to the International Federation of Gynaecologists and Obstetricians (FIGO) 

guidelines (Table 1.1), ovarian cancers that are diagnosed for the first time are managed 

clinically based on their initial surgical staging (Heintz et al., 2006).  The FIGO stage of the 

tumour is a very important prognostic marker. Cytoreduction, a tumour debulking surgery, is 

part of the standard first line treatment and is an important step in prognosis following the 

determination of the tumour stage (Banerjee et al., 2011). For decades, the general protocol for 

management of ovarian cancers comprised of a combination of cytoreduction and chemotherapy 

(Cristea et al., 2010).  

 

The importance and significance of surgical effort for the patient's survival is irrefutable. After 

debulking surgery, the volume of residual disease is still the best predictor of progression-free 

survival and overall survival (Elattar et al., 2011). Although primary debulking surgery is 

preferred, neoadjuvant chemotherapy followed by interval debulking surgery is an option for 

some patients, including the elderly, women with a significant disease burden, and those with 

multiple comorbidities (Rauh-Hain et al., 2017; Wright et al., 2016). Two trials released in the 

last ten years concluded that there was no distinction between primary and interval tumour 

debulking (Kehoe et al., 2015; Vergote et al., 2010). However, some oncologists express 

reservations about the findings' generalizability (Reuss et al., 2019).  A phase III Japanese study 

published in 2020 failed to demonstrate that neoadjuvant chemotherapy is non-inferior to 

primary debulking surgery (Onda et al., 2020), and a phase III cooperative group trial assessing 

this issue in high-volume centres is being scheduled (Reuss et al., 2019).  Multiple scoring 
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systems have been proposed to help define the most suitable patients for primary debulking 

(Fagotti et al., 2006; Suidan et al., 2017).  As stated earlier, maximal debulking effort remains 

the standard of care, regardless of the procedure's timing, and research shows that patients are 

often willing to accept a slight increase in perioperative complications and mortality in exchange 

for a potential increase in overall survival (Havrilesky et al., 2019) 

 

A significant percentage of women recently diagnosed with ovarian cancer either relapse or 

develop disease progression. A majority of women with epithelial ovarian cancer respond to 

chemotherapy treatment initially but develop resistance to the treatment over time  (Kaye et al., 

2011). 

 

STAGE I: Tumour confined to ovaries 

FIGO 

Stage 

Stage description 

I  Cancer only in the ovary (or ovaries) or fallopian tube(s) 

 Not spread to nearby lymph nodes or to distant sites 

IA  Cancer is in one ovary 

 Tumour is confined to inside of ovary or the cancer is in one fallopian 

tube and is only inside the fallopian tube.  

 No cancer on the outer surfaces of the ovary or fallopian tube.  

 No cancer cells are found in the fluid (ascites) or washings from the 

abdomen and pelvis  

IB  Cancer is in either ovaries (both) or fallopian tubes but not on their outer 

surfaces 

 No cancer cells are found in the fluid (ascites) or washings from the 

abdomen and pelvis  

 Not spread to nearby lymph nodes or to distant sites 
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IC Tumour limited to one or both ovaries 

IC1  Surgical spill 

IC2  Capsule surrounding the tumour ruptured before surgery  

IC3  Cancer cells are found in the fluid (ascites) or washings from the 

abdomen and pelvis 

 

STAGE II and III: Tumour involves 1 or both ovaries with pelvic extension (below the 

pelvic brim) or primary peritoneal cancer 

FIGO 

Stage 

Stage description 

II  Cancer is in one or both ovaries or fallopian tubes and has spread to 

other organs (such as the uterus, bladder, the sigmoid colon, or the 

rectum) within the pelvis or there is primary peritoneal cancer  

IIA  Cancer spread to or has invaded (grown into) the uterus or the fallopian 

tubes, or the ovaries 

IIB  Cancer on the outer surface of or grown into other nearby pelvic organs 

such as the bladder, the sigmoid colon, or the rectum  

IIIA1  Cancer in one or both ovaries or fallopian tubes, or there is primary 

peritoneal cancer, and it may have spread or grown into nearby organs 

in the pelvis  
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IIIA2  Cancer in one or both ovaries or fallopian tubes, or there is primary 

peritoneal cancer, and it has spread or grown into organs outside the 

pelvis. 

 During surgery, no cancer is visible in the abdomen, but tiny deposits 

of cancer are found in the lining of the abdomen when it is examined  

IIIB  Cancer in one or both ovaries or fallopian tubes, or there is primary 

peritoneal cancer, and it has spread or grown into organs outside the 

pelvis. 

 The deposits of cancer are large enough for the surgeon to see, but are 

no bigger than 2 cm (about 3/4 inch) across 

IIIC  Cancer in one or both ovaries or fallopian tubes, or there is primary 

peritoneal cancer, and it has spread or grown into organs outside the 

pelvis.  

 The deposits of cancer are larger than 2 cm (about 3/4 inch) across and 

may be on the outside (the capsule) of the liver or spleen  

IVA  Cancer cells found in the fluid around the lungs (called a malignant 

pleural effusion) with no other areas of cancer spread such as the liver, 

spleen, intestine, or lymph nodes outside the abdomen  

IVB  Cancer spread to the inside of the spleen or liver, to lymph nodes other 

than the retroperitoneal lymph nodes, and/or to other organs or tissues 

outside the peritoneal cavity such as the lungs and bones  

 

Table1. 1 FIGO stages adapted from American Cancer Society last reviewed April 2018 
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1.5.1 Primary disease 

 

Owing to the diverse symptoms of ovarian cancer in the late stages of the disease such as 

bloating, pelvic or abdominal pain, urinary urgency etc, it can present to different medical 

specialists before gynaecologists and general practitioners (Jayson et al., 2014). Typically, when 

ovarian cancer is suspected serum CA 125 concentration is measured and an abdominal and 

transvaginal ultrasound are carried out (Kauff et al., 2002). 

 

CA 125 is a protein that can be found on the surface of ovarian cancer cells as well as in some 

healthy tissues. This protein is often found in high concentrations in the blood of women with 

ovarian cancer (Scholler and Urban, 2007). It was used as a biomarker when Bast et al. (1981) 

isolated the monoclonal antibody OC125 in cancerous ovarian tissue relative to healthy ovarian 

tissue in the early 1980s. Elevated serum CA 125 levels have been confirmed in ovarian 

epithelial carcinoma, and the serum CA 125 level is important for diagnosis, prognosis, disease 

monitoring, and treatment follow-up (van Dalen et al., 2000). CA 125 circulating antigen 

identification has become an important tool in the diagnosis and monitoring of ovarian epithelial 

carcinoma, and it is the most studied tumour biomarker in epithelial ovarian cancer treatment 

(Guo and Peng, 2017). Although some researchers believe that serum CA 125 has no therapeutic 

benefit for monitoring recurrence in post-operative epithelial ovarian cancer patients, Guo and 

Peng (2017) reported follow-up monitoring that were promising (Guo and Peng, 2017). Their 

retrospective analysis found that post-operative epithelial ovarian carcinoma patients with 

CA125 value <35 U/ml had already displayed recurrent lesions in ecological and imaging 

examinations or in laparotomy exploration and biopsy, however when given timely treatment 

the prognosis was improved. 

 

In the UK, CA 125 is used to generate a risk of malignancy index (RMI) to determine the 

probability that a mass (cystic/solid) is malignant and to prioritize its referral to specialists 

(Jacobs et al., 1990). However, the RMI threshold to determine the direction of management 

continues to be explored (Jayson et al., 2014). The non-specific presentation to non-

gynaecological specialists can result in important steps such as a vaginal examination not being 

carried out that could confirm a pelvic mass possibly associated with abdominal swelling and 
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gross ascites (Jayson et al., 2014). A computerized tomography (CT) scan of the 

abdominopelvic region can help evaluate the degree of the tumour involvement. Further 

assessment of the pelvic tumour can also be carried out by a magnetic resonance imaging (MRI) 

scan. In some instances, the tumour originates in the peritoneum leading to the spread of low 

volume cancer and no discrete ovarian tumour. The tumour in this case is then referred to as 

primary peritoneal cancer and is primarily of the serous type (Jayson et al., 2014). 

1.5.1.1 Surgery 

Cytoreductive or debulking surgery plays a vital role in the management of high-grade serous 

ovarian cancer. Not only is this procedure necessary for diagnosing and staging (FIGO) the 

tumour but also an intervention for therapeutic purposes (Jelovac and Armstrong, 2011).  The 

aim of this surgical procedure is to eliminate as much of the disease as possible with the residual 

disease being an independent prognostic factor of survival and absence of it indicating lower 

risk of recurrence  (Gadducci et al., 2019).  The use of neoadjuvant chemotherapy is now widely 

accepted where complete surgical debulking is not achievable (Jayson et al., 2014; May et al., 

2017).  

1.5.1.2 First line chemotherapy for early-stage disease 

According to Trimbos et al. (2003), adjuvant chemotherapy in the early stages of epithelial 

ovarian cancer improves overall survival by 8 % where the hazard ratio (0.67) acquired is in 

favour of treatment. Based on data from two adjuvant trials, it was suggested that patients who 

had undergone complete debulking and staging surgery might not benefit from adjuvant 

chemotherapy (Trimbos et al., 2010). The completeness of surgical staging was found to be 

substantially associated with improved outcomes in patients with early ovarian cancer, and the 

advantage of adjuvant chemotherapy tended to be limited to patients with non-optimal surgical 

staging. However, data from the ICON1 trial which was a long term follow up of patients with 

stage I disease, suggested that patients with grade 3 or clear cell; grade 2/3, stage Ib; and grade 

1–3 stage 1c disease. should be considered for treatment with cytotoxic chemotherapy (Swart, 

2007). 
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1.5.1.3 First line chemotherapy for advanced disease 

For the past 4 decades the standard regimen of care for treating ovarian cancer has been 

platinum-based chemotherapy (Pepa et al., 2015). However, in a 1996 study it was observed 

that survival improved with the addition of a taxane; paclitaxel to cisplatin (McGuire et al., 

1996). In non-randomized trials there were concerns of efficacy of carboplatin and paclitaxel 

efficacy in patients with small volume, resected, stage III disease although this was a less toxic 

and highly active combination. However, Ozols et al (2003) confirmed that chemotherapy 

regimens comprised of carboplatin and paclitaxel is easier to administer and results in less 

toxicity in patients with advanced ovarian cancer. It was also established that this regimen is not 

inferior in comparison to cisplatin and paclitaxel combination. Another randomized phase III 

trial also showed similar effects of Docetaxel–carboplatin to paclitaxel–carboplatin on 

progression-free survival and response (Vasey et al., 2004). Thus, a combination of the less 

toxic carboplatin is now administered with paclitaxel or docetaxel as an alternative first-line 

chemotherapy regimen for patients with newly diagnosed ovarian cancer. (Ozols et al., 2003; 

Vasey et al., 2004). The addition of a third cytotoxic drug was tested for overall and progression 

free survival in patients with advanced-stage disease and primary peritoneal carcinoma. 

However, this addition did not prove to be beneficial and the standard of care has remained 

carboplatin and paclitaxel (Bookman et al., 2009). 

 

Several subsequent trials have been carried out to further expand options for first-line treatment. 

Two such trials have used antiangiogenic anti-vascular endothelial growth factor (VEGF) 

antibody; bevacizumab concurrently with carboplatin and paclitaxel (R. A. Burger et al., 2011; 

Perren et al., 2011) and another trial incorporated a VEGF receptor tyrosine kinase inhibitor; 

pazopanib as a maintenance treatment (Du Bois et al., 2013). A Japanese study had a different 

approach in which paclitaxel fractionated into a dose-dense weekly routine was observed to 

improve progression-free survival and overall survival (Pujade-Lauraine et al., 2012; Rustin et 

al., 1996).    

 

Another randomised trial that investigated efficacy of intraperitoneal chemotherapy raised 

interest and, to a certain extent, some debate (Armstrong et al., 2006). In this trial study, 

intravenous cisplatin with paclitaxel was compared to intraperitoneal and intravenous 
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chemotherapy with cisplatin and paclitaxel. Higher dose of cisplatin and dose-dense paclitaxel 

which was administered in the experimental group which showed significant improvement in 

survival rates. However, this treatment was only deliverable to 42% of patients due to 

neurological and gastrointestinal toxicities. Although this approach seemed promising with the 

potential to deliver greater concentrations of cytotoxic chemotherapy to the tumour compared 

to intravenous methods, the uptake has generally been poor. Currently more tolerable 

intraperitoneal regimens are being trialled (Jayson et al., 2014). 

 

With its success, the Gynaecologic Oncology Group (GOG)/NRG Oncology portfolio has 

shaped the standard of care in ovarian cancer. Some examples of this include the approval of 

bevacizumab in front line therapy and also supporting its use in platinum sensitive recurrent 

disease.  It has also helped manifest the role of intraperitoneal (IP) chemotherapy for advanced 

stage disease. The tables below summarise pertinent details of frontline intravenous (Table 1.2) 

and IP (Table 1.3) trials
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P=Paclitaxel, C=Carboplatin, CP=Cisplatin, G = Gemcitabine, T = Topotecan, PLD = Pegylated Liposomal Doxorubicin, B=Bevacizumab 

DD = Dose Dense, PFS = progression-free survival, OS = overall survival wk. = week, yrs. = years, RR = Relative Risk, 

HR = Hazard Ratio, CI = confidence interval, NR = Not Reported, hr = hour. 

 

Table1. 2 Frontline intravenous trials for advanced stage of ovarian cancer adapted from DiSilvestro (2019) 
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C=Cisplatin, Cyt = Cytoxan, P=Paclitaxel, Ca = Carboplatin, B=Bevacizumab, IV = intravenous, IP = intraperitoneal, DD = dose dense weekly, HR = hazard 

ratio, PFS = progression free survival, OS = overall survival, mo = months, CI = confidence interval, cm = centimetres. 

 

Table1. 3 Frontline intraperitoneal trials for advanced stage of ovarian cancer adapted from DiSilvestro, (2019) 

 

Study Stage Debulking Treatments PFS 

(months) 
HR PFS OS (months) HR OS Conclusion 

GOG104 III/IV Optimal 
(<2cm residual) 

C (IV)//Cyt (IV) 
C (IP)//Cyt (IV 

N/A N/A 41 
49 

Reference 
HR = 0.76 (95% 

CI 0.61–0.96 

IP arm superior Lack of P 

impacts relevance 

GOG 114 III Optimal 
(<1cm residual) 

P (IV)//C (IV) 
Ca (IV) x2 then P 

(IV)//C (IP) 

22.2 
27.9 

Reference 
HR = 0.78 

(95% CI 0.66–

0.940) 

52.2 
63.2 

Reference 
HR = 0.81 (95% 

CI 0.65–1.00) 

Borderline OS 

improvement IP regimen 

not routinely adopted 

GOG 172 III Optimal 
(<1cm residual) 

P (IV)//C (IV) 
P (IV)//C (IP)//P 

(IP) 

18.3 
23.8 

Reference 
HR = 0.80 

(95% CI 0.64–1.00) 

49.7 
65.6 

Reference 
HR = 0.75 (95% 

CI 0.58–0.97) 

Dramatic OS 

improvement tempered by 

toxicity concerns 
GOG 252 III/IV Optimal/ 

Suboptimal 
DD P (IV)//Ca 

(IV)//B (IV) 
DD P (IV)//Ca 

(IP)/B(IV)) 

P (IV)//C (IP)//P 

(IP)//B (IV 

24.9 
27.4 
26.2 

Reference 
HR = 0.925 

(95% CI 0.802–

1.07) 
HR = 0.977 

(95% CI 0.847–

1.13) 

Pending 

Final 

Manuscript 

N/A No benefit to IP therapy 
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While frontline treatment involving debulking followed by platinum and taxane based 

chemotherapy can be effective, less than 50% of the patients with advanced stage ovarian cancer 

survive for 5 years (Hope and Blank, 2010). Although second-line treatments are available, a 

recurrence due to drug resistance results in lower response rates. This has led to the rationale 

that following complete response to conventional treatment extended chemotherapy needs to be 

developed in order to delay and/or evade recurrence. An approach to this extended therapy is 

termed maintenance chemotherapy. This is based on the theory that inadequate exposure of slow 

dividing tumour cells to front-line cycle dependant cytotoxic treatment can potentially be 

removed over time by continual treatment  (Ozols, 2003; Rowinsky and Donehower, 1995).  

 

As mentioned earlier, bevacizumab was used as concurrently with front line therapy and 

approved in Europe and eventually in the United states (R. A. Burger et al., 2011; Perren et al., 

2011). However, a majority of patients who had complete remission had a recurrence of the 

disease (Tsibulak et al., 2019). Several randomized trials were carried out exploring optimal 

front-line therapy however dose-densing, addition of a third chemotherapy agent or 

intraperitoneal administration did not improve overall survival (R. A. Burger et al., 2011; Perren 

et al., 2011). Recently PARP inhibitors showed promising results as a maintenance therapy in 

patients with BRCA 1/2 mutations. Due to its impressive survival benefits in recurrent epithelial 

ovarian cancer (Mirza et al., 2016), PARP inhibitors role in the front-line maintenance therapy 

has garnered interest. This has also led to the development of several trials namely: SOLO-1, 

PAOLA-1, GOG-3005 and PRIMA trials. The first trial; SOLO-1, showed patients who were 

newly diagnosed with advanced disease, carried BRCA1/2 mutation and responded to platinum-

based chemotherapy seemed to benefit from maintenance therapy with olaparib (Moore et al., 

2018). Although this study examined platinum sensitive patients who were BRCA1/2 mutation 

carriers it has raised interest in exploring the activity of PARP inhibitors in the front-line in 

BRCA wildtype patients. 
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1.5.2 Second line chemotherapy 

 

Patients who develop recurrent disease usually receive second line chemotherapy; however only 

a subgroup are eligible for second surgery. The outcome of the DESKTOP I trial recommended 

scores that predicted the option of a complete cytoreduction in recurrent ovarian cancer. 

Assuming factors such as (1) complete resection at first surgery, (2) good performance status, 

and (3) absence of ascites was present, resection was considered (Harter et al., 2011, 2009, 

2006). 

 

In the 2011 (Harter et al.) study, the subgroups of patients harbouring distinct tumour masses 

for which maximal resection was possible, made up 51% of the patient cohort. Of these 76% 

had a complete resection thus validating the scores predicting complete resection. Promising 

results from this study led to prospective randomised trials of surgery in recurrent disease 

(ClinicalTrials.gov Identifier: NCT01166737 and NCT00565851)  

 

In a study carried out by Rustin et al. (2010),  patients who developed recurrent disease were 

randomised and received chemotherapy based on either recurrence or on clinical relapse. 

Recurrence typically ensues 3-4 months before clinical presentation and is detected by CA-125 

concentration. Elevated levels of CA-125 which led to early intervention did not result in 

improved survival. However, this resulted in poor quality of life due to earlier treatment with 

chemotherapy during a period where patients could have otherwise been asymptomatic. For 

patients with recurrent ovarian cancer, the regimen of chemotherapy treatment is decided based 

on the interval between the last cycle of platinum-based chemotherapy to the start of progression 

the disease (Eisenhauer et al., 1997; Markman et al., 1991).  According to these retrospective 

studies, platinum-resistant disease is the progression of the cancer within 6 months of the last 

platinum-based treatment and has a response rate of less than 15%. Patients with a 6-12-month 

platinum free interval are considered to have a partially platinum-sensitive disease and those 

with recurrence occurring after 12 months have increasing sensitivity to platinum-based 

regimens (Eisenhauer et al., 1997; Markman et al., 1991).  
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In ovarian cancer the median overall free survival is about 18 months (Shimokawa et al., 2018).  

Since first-line chemotherapy treatments last up to 5 months, a majority of recurrent disease is 

responsive and as such sensitive. Several trials have demonstrated the effectiveness of using 

combination of platinum containing drugs such as carboplatin with paclitaxel, gemcitabine 

(González-Martín et al., 2005; Parmar et al., 2003; Pfisterer et al., 2006) or pegylated liposomal 

doxorubicin (Pujade-Lauraine et al., 2010), in treating platinum-sensitive recurrent disease. The 

strategy of using platinum-based regimens on platinum-sensitive disease patients has more 

recently led to subsequent resistance to the treatment (Jayson et al., 2014). Patients with disease 

progression continues with platinum-based treatment or those with have developed a platinum 

resistance often have the worst prognosis (Jayson et al., 2014). In the past these patient's disease 

was managed with one drug (pegylated liposomal doxorubicin or topotecan) (Gordon et al., 

2001) which has resulted in poor responses. Some patients, however, have been observed to 

respond to dose-dense regimens which are more potent than just one drug (Meyer et al., 2001; 

Sharma et al., 2009; van der Burg et al., 2002). These patients will benefit most by participating 

in trials of new agents and regimens. Establishing the drug sensitivity through chemo-sensitivity 

assays or genetic screening arrays have been studied and the recommendations so far have been 

within clinical trial settings (Burstein et al., 2011; Cree et al., 2007).  

 

The GOG/NRG Oncology plays an important role in the recommendation of drugs for patients 

with recurrent disease. Previous GOG trials examined the role of cisplatin and paclitaxel as well 

as other chemotherapy agents, in a successive single agent trial (DiSilvestro, 2019). With over 

a hundred trials carried out for the treatment of recurrent ovarian cancer, the more recent 

developments include poly (ADP-ribose) polymerase (PARP) inhibitors, immunotherapy and 

angiogenesis inhibitors which have been studied within GOG/ NRG Oncology. Examples of 

these trials are detailed in the table 1.4 below. 
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P=Paclitaxel, G = Gemcitabine, C=Carboplatin, PFS = progression-free survival, RR = response rate, HR = hazard ratio, CI = confidence 

interval, mo = months 

 

Table1. 4 Recurrent disease treatment trials for ovarian cancer with outcomes reported and other pertinent details. Table adapted from 

DiSilvestro, (2019) and trial details sourced from Markman (2011) and Wp et al. (2018).

Trial Phase Eligibility 

criteria 

Regimens PFS/RR Conclusions 

GOG 213 III Platinum 

sensitive 

P or G/C P or G/C with 

Bevacizumab 

10.4 mo 

13.8 mo 

HR = 0.628 (95% CI 0.534- 

0.739) 

Addition of bevacizumab improves 

outcome. OS benefit 42.2 vs 37.3 

mo. 

(HR = 0.823, 95% CI 0.680–0.996) 

GOG 

170D 

II Platinum 

sensitive/resistant 

Bevacizumab 40.3% progression free at 6 

months, 21.0% RR 

Results support further 

development of bevacizumab in 

ovarian cancer 

GOG 

186G 

II Platinum 

sensitive/resistant 

Bevacizumab 

Bevacizumab/Everolimus 

4.5 mo 

5.9 mo 

HR = 0.95 (95% CI 0.66–1.37) 

Addition of everolimus does not 

improve outcome 

GOG 

186I 

II Platinum 

sensitive/resistant 

Bevacizumab 

Bevacizumab/Fosbretabulin 

4.8 mo 

7.3 mo 

HR = 0.69 (95% CI 0.47–1.00) 

Addition of fosbretabulin improves 

outcome 

GOG 

186F 

II Platinum 

sensitive/resistant 

Docetaxel/Trabectedin 4.5 mo 

30% response rate 

Regimen active 

NRG 

GY001 

II Recurrent Clear 

Cell Carcinoma 

Cabozantinib 0% response rate Cabozantinib not active in this 

unselected cohort 

NRG 

GY003 

II Platinum 

sensitive/resistant 

Nivolumab 

Nivolumab/Ipilimumab 

2.0 mo 

3.9 mo 

HR = 0.599 (95% CI 0.388–

0.925 

Improvement in outcome supports 

continued development of regimen 

GOG 280 II Platinum 

sensitive/resistant 

Veliparib 31.4% RR in combination arm 

8.2 mo 

26% RR 

Demonstrated activity of Veliparib 

in this selected population 
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1.5.3 Targeted therapies 

 

In many studies the addition of bevacizumab in combination with chemotherapy as a first line 

therapy has proved to prolong progression free survival along with a tolerability profile that is 

considered acceptable and preserved quality of life (R. A. Burger et al., 2011; Perren et al., 

2011; Aghajanian et al., 2015, 2012). Another class of targeted therapies that has recently been 

studied are PARP inhibitors. With the loss of function of BRCA genes, PARP proteins are 

recruited to aid in the repair of damaged DNA. Inhibition of the PARP molecule prevents the 

BRCA defective cancer cell from repairing chemotherapy induced DNA damage. This makes 

the cancer cell vulnerable to cytotoxic drugs through concept known as synthetic lethality 

further described in section 1.5.6; Figure 1.4 (Drew, 2015; Kaelin, 2005). An FDA approved 

PARP inhibitor; olaparib has shown to be associated with a significantly longer median 

progression free survival (8.4 months) when used as a monotherapy in patients with platinum-

sensitive, relapsed, high-grade serous ovarian cancer (Ledermann et al., 2014, 2012; Jonathan 

A Ledermann et al., 2016). However, no significant difference was observed in overall survival 

between patients treated with and without olaparib. Analysis of the study data based on BRCA 

mutation status demonstrated that platinum-sensitive relapsed serous ovarian cancer patients 

harbouring a BRCA mutation benefitted most from olaparib treatment (Ledermann et al., 2014). 

 

1.5.4 Platinum based chemotherapy: 

1.5.4.1 Cisplatin 

In 1965, Cisplatin, a platinum compound was first shown to have antibiotic activity  (Rosenberg 

et al., 1965). Its anti-tumour activity was established in animal models and was subsequently 

introduced into clinical trials (Rosenberg et al., 1969). Cisplatin was eventually the 

chemotherapeutic drug of choice for targeting various malignancies(Dasari and Tchounwou, 

2014). For over 15 years the standard of care for ovarian cancer has included the use of platinum-

based drugs. Cisplatin is the prominent chemotherapy drug of choice followed by combinations 

of carboplatin-based treatments (Raja et al., 2012).  This is due to its effective antitumor potency 

which is known to demonstrate clinical responses against a range of tumours (Siddik, 2003).   
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Figure1. 1 Mechanism of Action of Platinum based drugs adapted from Rocha et al., (2018). The 

Platinum drug enters the cell and into the nucleus. It binds to the DNA and forms adducts which results 

damage to the DNA leading to apoptosis/cell death. The drug can also be effluxed out the cell through 

the P-gp/MDR1 pump or as extra cellular vesicles such as exosomes. 

 

Cisplatin’s mode of action involves entering the nucleus (Figure 1.1) and interacting with the 

DNA to form adducts as shown in Figure 1.2. These in turn lead to the formation of intra- and 

inter- strand crosslinks which trigger several pathways to repair the lesions or to induce 

apoptosis (Galluzzi et al., 2012). Cisplatin is the perfect representation of how a minute change 

in its own chemical structure can significantly impact the target cells biological activity. It is 

composed of platinum ion that is doubly charged and surrounded by a total of four ligands. The 

amine ligands are bound on the left which form stronger bonds with the platinum ion. The 

chloride ligands bound on the right allow the platinum ion to bind with DNA bases through 

leaving groups that are formed (Figure1.2 A) (Goodsell, 2006). However, the molecular 

mechanisms of these crosslink formations are not properly understood and therefore could have 

an effect on survival (Dasari and Tchounwou, 2014) 
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Figure1. 2 Activation of cisplatin and induction of DNA damage. A) Cisplatin is activated by 

exchange of one or two of its chloride molecules for water molecules resulting in monoaquated and 

diaquated cisplatin, respectively. B) Cisplatin forms covalent bonds with DNA creating intra-strand 

DNA adducts, which make up a majority if the DNA lesions and inter-strand crosslinks (Browning et 

al., 2017). 

In ovarian cancer patients, cisplatin is the most active chemotherapeutic drug used, with most 

patients initially responding well to the treatment. However, a more aggressive and chemo-

resistant malignancy can develop, even after several treatment doses (Helm and States, 2009, 

Pink et al., 2015) 

1.5.4.2 Carboplatin 

Rosenberg’s pioneering work with cisplatin led to several platinum-based metal complexes 

being studied in the treatment of cancers. Over a thousand platinum compounds have been tested 

since the 1970s, 185 of which were active (Sousa et al., 2014b). This initiated worldwide 

research leading to the synthesis of 3000 plus analogous compounds. Although some of the new 

compounds were considered to be less toxic than cisplatin only few were approved for 

commercialization. One of these was the compound Carboplatin (McWhinney et al., 2009; 

Wheate et al., 2010). A derivative of cisplatin, carboplatin has a similar mechanism of action. 
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What sets it apart from cisplatin is its structure and toxicity (Sousa et al., 2014a). Carboplatin 

(1,1-cyclobutyldicarboxylate) is one of the main anti-tumour drugs used for the treatment of 

ovarian, head, neck, testicular and small cell lung cancer (Fuertes et al., 2003). Like cisplatin its 

mechanism of action involves targeting the DNA and efficiently binding to it forming “adducts”. 

This thereby leads to cell death by inhibiting replication and transcription (Brabec and 

Kasparkova, 2005). Depending on the nature of these adducts several transduction pathways are 

affected therefore inducing necrosis or apoptosis in the tumour cell. The kind of adducts formed 

can range from interchain diadducts to mono or intra adducts as shown in Figure 1.3 below (Hah 

et al., 2006). 

 

Figure1. 3 Carboplatin mechanism of action. Carboplatin activates when it enters cells forming intra- 

and inter-strand cross-linkage of DNA molecules known as adducts. Depending on the kind of adduct it 

can trigger apoptosis of tumour cells or affect several transduction pathways (Sousa et al., 2014a). 

 

1.5.5 Taxol 

 
Taxol, otherwise known as paclitaxel, was first isolated in 1962 from the Pacific yew tree Taxus 

brevifolia Nutt’s bark (Liebmann et al., 1993; Manfredi and Horwitz, 1984; Walsh and 

Goodman, 2002).  It was only entered into clinical trials after a 1981 National Cancer Institute 

screening programme (Renneberg, 2007). Following in vivo screens of tumour implanted mouse 

models, it was reported to possess broad spectrum anti-tumour activity(Renneberg, 2007). 

Further interest grew in the use of Paclitaxel with the discovery of its mechanism of action 

followed by its ability to cause regression of tumours in mammary tumour xenografts (Walsh 

and Goodman, 2002). 
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In cancer cells, paclitaxel targets microtubules by promoting stable microtubule assembly from 

β-tubulin heterodimers and inhibits their depolymerisation which results in cell cycle arrest in 

the G2/M phase (Shu et al., 1997). This prevents cell division and replication and ultimately 

leads to apoptosis (Rowinsky and Donehower, 1995; Schiff et al., 1979; Schiff and Horwitz, 

1980; Zhang et al., 2014). In many solid tumours, paclitaxel has been used in combination with 

cisplatin as a treatment strategy. While cisplatin leads to inhibition of DNA replication by 

binding to the DNA strands, paclitaxel works by stabilising polymerised microtubules as a result 

of which leads to cytotoxicity (Rohena and Mooberry, 2014). Their differing mechanisms of 

action make them a preferred combination therapy in cancer. 

 

1.5.6 PARP Inhibitors  

 
Poly (ADP-ribose) polymerase (PARP) is vital in regulating cellular processes such as DNA 

repair. One of the early DNA damage responses is the activation of PARP among other 

molecules (Herceg and Wang, 2001).  Tumour cells have an increased replication rate and 

therefore achieve genomic instability with high possibilities of DNA mutations.  Single strand 

breaks and double strand breaks undergo repair through several DNA repair mechanisms. In 

single strand breaks, the Base Excision Repair (BER) mechanism eliminates the damaged bases 

using DNA glycosylase.  PARP is essential in the BER pathway (Toss and Cortesi, 2013). 

 

PARP was first described in the early 1960’s and was later suggested to have an influence on 

alkylator chemotherapy  (Chambon et al., 1963, Durkacz et al., 1980). The PARP family is 

made up of seventeen structurally similar proteins and possess enzymatic and scaffolding 

properties. They are also able to recruit the essential proteins for DNA repair (Toss and Cortesi, 

2013). PARP 1 and PARP 2 are best characterized from the PARP family.  They are necessary 

DNA repair proteins that are functional in the BER mechanism without which may lead to cell 

death. This characteristic makes the PARP proteins suitable targets for therapy and therefore 

PARP inhibitors have since been developed and followed upon as a therapeutic alternative to 

classical cytotoxic chemotherapy agents (Anwar et al., 2015).  
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Several PARPis have been approved for use in the treatment of ovarian cancer after years of 

development. Treatment of recurrent disease (the PARP inhibitor is used to shrink the tumour) 

and maintenance after platinum-based chemotherapy are the two approved roles of PARP 

inhibitors in ovarian cancer (Murthy and Muggia, 2019). The clinically relevant PARP inhibitor 

ovarian cancer trials are summarised in Table 1.5 below.
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Trial Phase Eligibility Arms 
No. of 

Pts 
PFS (mo) 

OS 

(mo) 

Study 19 

NCT00753545 

(Ledermann et al., 

2012) 

2 Platinum-sensitive, high-grade serous ovarian 

cancer, received at least 2 platinum-based 

regimens 

Maintenance olaparib 

400 mg BID (capsule) 

136 8.4 NSD 

Placebo 129 4.8 NSD 

SOLO2/ENGOT-Ov21 

NCT01874353 (Pujade-

Lauraine et al., 2017) 

3 Platinum-sensitive, high-grade serous ovarian 

cancer or high-grade endometrioid cancer, 

received at least 2 lines of chemotherapy, with 

pathogenic BRCA mutations 

Maintenance olaparib 

300 mg BID 

196 19.1 NM 

Placebo 99 5.5 NM 

SOLO1 

NCT01844986(Moore 

et al., 2018) 

 

3 Newly diagnosed, high-grade serous or high 

grade endometrioid ovarian cancer with 

pathogenic BRCA mutations 

Maintenance olaparib 

300 mg BID 

260 Not yet reached (hazard ratio 

0.30, P < 0.001) 

NM 

Placebo 131 13.8 NM 

Kaufman et al., (2015) 2 Germline BRCA mutation and platinum-resistant 

ovarian cancer, breast cancer treated with three 

or more previous regimens, pancreatic cancer 

with previously administered gemcitabine, or 

prostate cancer previously treated with hormonal 

therapy and one systemic therapy 

Treatment olaparib 400 

mg BID (capsule) 

298 Primary endpoint ORR: 

26.2%; 

In pts with ovarian cancer, 

response rate 31.1% 

Median 

OS in 

ovarian 

cancer 

pts: 16.6 

ARIEL2, Part 1 

NCT01891344 (Swisher 

et al., 2017)  

2 Recurrent, platinum-sensitive high-grade ovarian 

cancer, received at least 1 platinum-based 

regimen 

Treatment rucaparib 600 

mg BID 

204 BRCA mutated: 12.8 

LOH high: 5.7 

LOH low: 5.2 

NR 

ARIEL3 

NCT01968213 

(Coleman et al., 2017) 

 

3 Platinum-sensitive, high-grade serous or 

endometrioid ovarian cancer, received at least 2 

platinum-based regimens 

Maintenance rucaparib 

600 mg BID 

375 10.8 (BRCA-mutated cohort 

PFS 16.6, HRD cohort PFS 

13.6) 

NM 

Placebo 189 5.4 NM 

ENGOT-OV16/NOVA 

NCT01847274 (Mirza 

et al., 2016) 

 

3 Platinum-sensitive ovarian cancer, either 

germline BRCA mutation or high-grade serous 

histology, received at least 2 platinum-based 

regimens 

Maintenance niraparib 

300 mg daily 

372 Germline BRCA-mutated 

cohort: PFS 21.0 vs. 5.5 

Non-germline BRCA mutated, 

HRD positive cohort: PFS 

12.9 vs. 3.8 

Overall non-germline BRCA 

mutated cohort: PFS 

9.3 vs. 3.9 

NM 

Placebo 181 
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Trial Phase Eligibility Arms 
No. of 

Pts 
PFS (mo) 

OS 

(mo) 

NCT01116648  

(Liu et al., 2014) 

 

 

2 Platinum-sensitive ovarian cancer, either high-

grade serous cancer or germline BRCA mutation 

Olaparib 200 mg BID 

(capsule) + cediranib 30 

mg daily 

44 17.7 NR 

Olaparib 400 mg BID 

(capsule) 

46 9.0 NR 

NCT01081951  

(Oza et al., 2015) 

 

 

2 Platinum-sensitive, high-grade serous ovarian 

cancer, received up to 3 courses of platinum-

based chemotherapy 

Olaparib 200 mg BID 

(capsule) + paclitaxel 

175 mg/(m2) + 

carboplatin AUC 4, then 

maintenance olaparib 

400 mg BID (capsule) 

81 12.2 NR 

Paclitaxel 175 mg/(m2) + 

carboplatin AUC 6 

81 9.6 NR 

TOPACIO (ovarian 

cancer cohort) 

NCT02657889  

( Konstantinopoulos et 

al. 2018) 

 

 

1/2 Recurrent, platinum-resistant/refractory ovarian 

cancer 

Niraparib 200 mg daily + 

pembrolizumab 200 mg 

IV every 21 days 

62 Primary endpoint ORR: 25% NR 

 

Table1. 5 Clinical studies of clinically relevant PARP inhibitors. High-grade serous ovarian cancer as described here includes fallopian tube and 

primary peritoneal cancer. Unless otherwise specified, the olaparib formulation is the tablet formulation. The maintenance designation implies 

maintenance after complete or partial response to platinum-based chemotherapy. The clinicaltrials.gov identifier is included where available. 

Progression-free survival data is statistically significant. AUC: area under the curve; BID: twice a day; HRD: homologous recombination deficient; 

NM: not mature; No.: number; NR: not reported; NSD: no statistically significant difference; ORR: objective response rate; OS: overall survival; 

PFS: progression-free survival; Pts: patients

https://ascopubs.org/author/Konstantinopoulos%2C+Panagiotis+A
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PARP inhibitors function by inhibiting timely repair of single strand breaks that further results 

into double strand breaks when it encounters a replication fork (Arnaudeau et al., 2001). In 

patients with BRCA mutation-related cancers such as high grade serous ovarian cancer, the 

presence of a wild-type BRCA1 or 2 genes is lacking in the tumour cell.  Normal cells maintain 

at least a single wild-type copy of the relevant BRCA gene making it is possible for the PARP 

inhibitors to specifically destroy the tumour cell without harming the normal cells (Kaye et al., 

2011).  The concept of synthetic lethality is thereby exploited by this approach. Synthetic 

lethality (Figure 1.4) is described as a condition in which two singularly individual defective 

pathways permit viability of cells but when combined becomes lethal (Toss and Cortesi, 2013). 

 

 

Figure1. 4 Mechanism of action of PARP inhibitors. PARP proteins are required to repair DNA strand 

breaks particularly in BRCA defective DNA. PARP inhibitors prevent the PARP proteins from binding 

to the damaged DNA thereby resulting in cell death. This phenomenon is known as synthetic lethality in 

which simultaneous loss of both the BRCA and PARP proteins leads to lethality (Helleday, 2011). 

 

The impairment of the BER mechanism through PARP inhibition does not allow for the repair 

of single strand breaks that may be caused by alkylating agents. This leads to a double strand 

break and as such patients with a defective homologous recombination mechanism (BRCA 

mutation carrier) experience cancer cell death due to the PARP inhibitors aberrant activation of 
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Non-homologous end joining (NHEJ). The NHEJ repair pathway results in genomic instability 

of HR-deficient cells induced by PARP inhibitors. This makes the mechanism of NHEJ critical 

in the hypersensitivity of cells with a defective HR mechanism to PARP inhibitors and results 

in the lethality of PARP inhibitors to these cells. 

 

 Therefore, tumour cells that possess a defective HR mechanism are more sensitive to PARP 

inhibitors blocking BER (Kruse et al., 2014).  Studies carried out in 2005 indicated that cells 

with BRCA mutations were more sensitive to PARP inhibitors compared to the wild type and 

heterozygous mutant cells. This further emphasised their promising role in BRCA mutated 

ovarian cancer patient treatment (Helen E Bryant et al., 2005; Farmer et al., 2005a). Up to 50% 

of high-grade ovarian cancers may have defects conferring sensitivity to PARP inhibition 

(Ashworth, 2008; Baldwin et al., 2000; Press et al., 2008) suggesting that PARP inhibition could 

be more widely applicable in the treatment of sporadic rather than BRCA mutated ovarian 

cancer. 

 

1.6 Mechanism of Resistance 

 

1.6.1 Platinum Drugs (Cisplatin and Carboplatin): 

 

Despite cisplatin being considered one of the most effective chemotherapeutic treatments for 

various cancers, it has limitations; the most challenging being acquired resistance to the drug by 

target cells.  When a cancer cell develops cisplatin resistance it essentially is failing to respond 

to the drug at clinically relevant concentrations and undergo apoptosis. Resistance may be 

caused due to chronic drug exposure or the cancer cells may be intrinsically resistant before they 

receive therapy (Siddik, 2003).  Another mechanism that contributes to resistance is drug efflux 

mediated my extracellular vesicles (EV). The secretion of drugs into the cargo of EVs shed by 

cancer cells allows for drug efflux from those cells  (Gong et al., 2013; Muralidharan-Chari et 

al., 2016; Sousa et al., 2015).  

 

Indeed, it has been suggested that (a) cancer cells that secrete more EVs achieve the highest 

levels of resistance  (Dorayappan et al., 2018; Muralidharan-Chari et al., 2016; Shedden et al., 

2003) and (b) drug-resistant cells will export more drugs into their EVs than drug-sensitive cells 
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(Gong et al., 2013; Guerra et al., 2019; Khoo et al., 2019; Safaei et al., 2005). In vitro and in 

vivo, a massive increase in the release of EVs has been identified as one of cancer cells' 

responses to photodynamic treatment and chemotherapeutic drugs (Aubertin et al., 2016). 

 
 
Figure1. 5 Mechanism of Cisplatin Resistance adapted from (Trudu et al., 2015). Cisplatin 

resistance is considered to be multifactorial and involves several mechanisms some of which include 

increased efflux of cisplatin or decreased influx of cisplatin which can lead to reduced intracellular 

accumulation of cisplatin and restoration of DNA through increased repair. 

 

Tumour cell line studies established from clinically aggressive tumours showed that cisplatin 

resistance was markedly higher than previously acknowledged as they require a 50-100 fold 

increased dose of the cytotoxic drugs compared to that needed for tumour cells that were 

sensitive (Kelland et al., 1995)(Hagopian et al., 1999; Hills et al., 1989). This suggests that 

these cell lines may perhaps be intrinsically resistant and having slight or no response to 

treatment from the beginning. However, recent studies established clinically relevant drug-

resistant cell lines by mirroring the patient’s condition during chemotherapy. These cell line 

develop what is known as acquired resistance.  A 2014 study showed that cell lines developed 

from patients before and after therapy demonstrated between two- and eight-fold resistance 

compared to their parental cell line (McDermott et al., 2014). A plethora of complex resistance 
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mechanisms have shown to be involved in platinum resistance (Figure 1.5).  The mechanisms 

on deeper analysis, reveal the activation and involvement of pathways that intrinsically play 

major role during development or as defence against toxins (Shen et al., 2012).  

 

Cisplatin-resistant cells which display numerous phenotypic changes are well documented 

(Brozovic, 2017; Galluzzi et al., 2012; Shen et al., 2012). These changes include cross resistance 

to either structurally related or unrelated chemotherapeutic drugs, decreased platinum 

accumulation and DNA adduct levels in cisplatin resistant cells, changes in the level of gene 

expression with regards to cell survival such as, DNA damage repair, apoptosis, transporters, 

transcription factors and oncogenes to name a few (Kasherman et al., 2009; Reed, 1998). By 

implementing a complex self-defence mechanism to evade extracellular cytotoxic compounds, 

cells develop cisplatin resistance as well as resistance to other chemotherapeutic drugs. In order 

to survive, the cells activate a defective or active/defensive phenotype by either silencing or 

activating gene expression on exposure to platinum compounds (Shen et al., 2012). 

 

A number of anticancer drugs are associated with multidrug resistance, a phenomenon whereby 

there is an increased efflux of the drug through non-selective members of the ATP binding 

cassette (ABC) family of ATPases (Wang et al., 2010). The ATP-binding cassette sub-family C 

2 also known as MRP2 is an export protein found to play a major role in drug efflux; specifically 

cisplatin (Kool et al., 1997; Wang and Lippard, 2005) However, the reduced uptake of cisplatin 

is most often due to limited intracellular accumulation (Baekelandt et al., 2000). Other cisplatin-

resistant cells (for example the 4lMcisR6 cell line and its parental cell lines) have consistently 

shown a decrease in accumulation of cisplatin regardless of the underlying mechanisms of 

cisplatin resistance (Loh et al., 1992). 

 

The transmembrane protein, copper transporter 1 (CTR1) was discovered to play a vital role in 

cisplatin uptake (Ishida et al., 2002; Kilari et al., 2016; More et al., 2010). CTR1 protein is 

localized in the plasma membrane as well as in the intracellular vesicles. Several studies 

reflected that cells do not experience cisplatin cytotoxicity if pre-treated with copper however 

copper chelators lead to higher accumulation of cisplatin resistance and aggravate cytotoxicity 

(Ishida et al., 2010; More et al., 2010). Treatment with clinically relevant concentrations of 
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cisplatin downregulates CTR1 by internalizing and degrading it (proteasome-mediated). 

Multiple instances of acquired cisplatin resistance is therefore in part a result of this mechanism 

(Holzer et al., 2006; Holzer and Howell, 2006).  

 

Another important mechanism responsible for cisplatin resistance is in DNA damage and repair. 

Several DNA repair pathways which operate as a result of DNA damage have been identified 

to recruit specific proteins to form complexes and repair the damage in order for the cells to 

survive. However, some of these repair pathways are defective due to the dysfunction, reduction 

or lack of repair proteins (Weil and Chen, 2011). Cancer cells take advantage of these 

mechanisms and upregulate DNA repair and enhance resistance to chemotherapy (Ghosal and 

Chen, 2013). Cisplatin anti-tumour activity works primarily by interacting and targeting 

chromosomal DNA. The sensitivity of cancer cells to cisplatin is therefore linked to the 

impairment in the DNA-cisplatin interaction mechanism (Basu and Krishnamurthy, 2010). 

 

Cisplatin-induced DNA damage is considered to be a major lesion caused by intra-strand cross 

links which in turn are repaired through the nucleotide excision repair pathway (NER)(Basu and 

Krishnamurthy, 2010). DNA repair proteins such as the ERCC2 and XPA have been shown to 

be overexpressed during NER pathway activation such that it is correlated with the cisplatin 

resistance. Cancer cells therefore seem to adjust their sensitivity to cisplatin in order to tolerate 

cisplatin-mediated damage by increasing DNA repair (Basu and Krishnamurthy, 2010). The 

NER mechanism used in cisplatin-induced DNA repair is multilayered, involving epigenetic, 

transcriptional, and posttranslational regulation (Basu and Krishnamurthy, 2010). Base excision 

repair (BER) however, does not impact cisplatin intrastrand adduct processing but in fact 

modulates cisplatin intrastrand cross-links (ICL) DNA repair (Kothandapani et al., 2011). It has 

been reported that the BER-deficient/inhibited cells' resistance to cisplatin is not due to general 

intrastrand or ICL DNA damage, but rather to cisplatin-specific DNA damage (Kothandapani 

et al., 2011). 

Although carboplatin is considered to have less side effects than cisplatin due to its 

pharmacodynamics, it is less potent in some cases due to the differential adduct formation rates 

with DNA. The difference in the toxicity levels is caused by Carboplatin’s low reactivity rate 

with nucleophiles in the cell it enters (Hah et al., 2006; McWhinney et al., 2009). As mentioned 
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earlier the development of resistance to platinum-based chemotherapy such as cisplatin is a 

major challenge faced in the clinic. Carboplatin is no exception to this problem since the 

response of the tumour cell which confers carboplatin resistance is not very well understood 

(Shahzad et al., 2009; Wernyj and Morin, 2004). Studies show that the intracellular mechanisms 

through which the cells develop resistance to carboplatin are similar to cisplatin resistance. 

These mechanisms include increase in the detoxification of the drug (by thiol groups and 

glutathione), improved tolerance to nuclear damage and DNA repair which in turn leads to 

decrease in intracellular accumulation of carboplatin and resulting in reduced apoptosis 

(Stewart, 2007; Wang and Lippard, 2005). Therefore, triggering greater DNA damage, 

undermining DNA repair mechanism and inducing or preventing apoptosis could result in 

reduced survival rate of tumour cells and perhaps overcome resistance (Burger et al., 2011; 

Shahzad et al., 2009).  

1.6.2 Taxol Resistance 

 

Further research into the mechanisms of microtubule formation revealed that cells have the 

ability to enable cells to evade cytotoxicity. This evasion tactic leads to failed chemotherapy 

and eventually chemoresistance (Ganguly et al., 2010). Signalling pathways have a major role 

to play in the development of paclitaxel resistance. Their effects include the inhibition of 

apoptosis, activation of mitogen-activated protein kinase, intracellular signalling pathway PIK3 

(phosphatidylinositol-4,5-bisphosphate 3-kinase) and others (Ferlini et al., 2009; Gottesman et 

al., 2009; Orr et al., 2003; Wang et al., 2006). The upregulation of the P-glycoprotein (P-gp), 

mutation in the β-tubulin gene are also considered mechanisms by which cancer cells develop 

resistance (Johnatty et al., 2013; Lagas et al., 2012; Mechetner et al., 1998).  

 

P-gp, which is a cell membrane transport protein and encoded by multi-drug resistance gene 

ABCB1, has a pivotal role in exporting taxanes and other cytotoxic molecules outside the cell 

(Pauli-Magnus and Kroetz, 2004). Therefore, its increased expression has been associated with 

poor response to chemotherapeutic drugs (Baekelandt et al., 2000; Ng et al., 2000) whereas 

tissues containing a low presence of functional P-gp were more sensitive to chemotherapeutics 

(Allen et al., 2000). Additionally, elevated expression of P-gp has also been linked to a 

multidrug-resistant phenotype (Glazer and Rohlff, 1994; Jekerle et al., 2006). It is worth 
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mentioning that the over-expression of P-gp in cancer model of acquired cisplatin resistance is 

rare as it does not transport cisplatin and perhaps can be upregulated as a general stress response 

to long term treatment with cisplatin(Stordal et al., 2012a)  

 

Overall, paclitaxel resistance mechanisms are complex and involve multiple genes and steps 

which have not been fully understood yet. In order to improve the chemotherapy response of 

patients with late stages of ovarian cancer, fully understanding these resistance mechanisms will 

aide in developing more targeted therapies (Duan et al., 2005; Kampan et al., 2015). 

 

1.6.3 PARP inhibitor resistance 

 

Like platinum therapies, cancer cells also develop resistance to PARP inhibitors. Several 

mechanisms have been identified to be involved in PARP inhibitor resistance such as increased 

Homologous Recombination (HR) capacity, altered Non-Homologous End Joining (NHEJ) 

capacity, decreased levels or activity of PARP-1 and decreased availability of PARP inhibitor 

intracellularly (Montoni et al., 2013).  HR defects already existing in the cell serve as an initial 

abrasion allowing PARP inhibitor to terminate tumours deficient of HR (Ashworth, 2008). 

However, there are conditions which are able to restore HR functionality leading to PARP 

inhibitor resistance (Ashworth, 2008; Barber et al., 2013). These include the reversion of the 

mutation on the BRCA gene (Ashworth, 2008; Sakai et al., 2008; Swisher et al., 2008; Wang 

and Figg, 2008). The loss of BRCA gene function leads to genomic instability which is 

considered to be a cause of the reversion of the BRCA mutation (Aly and Ganesan, 2011). The 

BRCA reversion mutation, which restores the wild-type BRCA2 reading frame, was first 

identified as a secondary mutation that could be a significant clinical mediator of acquired 

resistance to platinum-based chemotherapy and PARP inhibitors (Edwards et al., 2008; Sakai 

et al., 2008). The following are the definitions of BRCA reversion mutations (Lin et al., 2019): 

(1) a base shift that converts a nonsense mutation to a missense mutation, and (2) an insertion 

or deletion that restores the open reading frame. 

 

The upregulation of the NHEJ pathway is said to be one of the causes of synthetic lethality of 

PARP inhibitor in cells deficient of HR (Montoni et al., 2013). The NHEJ pathway is usually 

inhibited by PARP-1 and therefore a reduction in its activity in these cells potentially leads to 
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an increased resistance to PARP inhibitor (Patel et al., 2011). Alternatively, normal NHEJ 

functioning and genomic instability associated with it has been suggested to be a cause for the 

reversion of the BRCA mutations. This is also accompanied by the partial restoration of HR 

functionality and thus leads to the progression towards PARP inhibitor resistance (Chiarugi, 

2012). Depending on the context, the increase or decrease of NHEJ capacity can result in PARP 

inhibitor resistance. Preceding studies have described the role of PARP1 and HR in the 

maintenance of genomic stability. However, the alternate double strand break repair modality; 

NHEJ directly links the DNA broken ends disregarding the strands sequence homology 

(Weterings and Chen, 2008). Patel et al (2011) demonstrated the role of NHEJ in stimulating 

hypersensitivity of HR deficient cells to PARP inhibitors. The study showed that in HR deficient 

cells, PARP inhibition promotes the error prone NHEJ activity. The genomic instability caused 

by PARP inhibitors can be reversed by disabling NHEJ thus preventing HR deficient cells from 

lethality caused by PARP inhibition or PARP1 silencing. This highlights the critical balance 

between NHEJ and HR but implicates NHEJ as a key player in cytotoxicity of PARP inhibitor 

treated HR deficient cells (Patel et al., 2011). 

 

In order for the PARP inhibitor to be effective in anti-cancer therapy its target PARP-1 must be 

available for inhibition. This is because PARP-1 still binds to strands of broken DNA in PARP 

inhibitor treated cells but does not convert to PAR or enable DNA repair. Hence reduced PARP-

1 levels can lead to PARP inhibitor resistance (Liu et al., 2009; Montoni et al., 2013). The 

catalytic activity of PARP-1 also affects the PARP inhibitor activity. Therefore, any decrease in 

PARP-1 activity can have an effect on PARP inhibitor efficacy (Oplustilova et al., 2012). Also, 

recent studies have shown that breast cancer cells that efficiently flush out PARP inhibitor 

through multidrug efflux pumps; including P-gp, from the cell tend to become resistant to PARP 

inhibitor therapy (Oplustilova et al., 2012).  

 

As mentioned earlier, increased P-gp expression has been implicated in elevated efflux of 

chemotherapeutic substances (Grimm et al., 2010; Sedukhina et al., 2015). Resistance to PARP 

inhibitor; Olaparib, was shown to be correlated with increased expression of P-gp. Several 

studies suggested that these PARP inhibitors were a substrate of P-gp (Borst, 2012; Durmus et 

al., 2015; Lawlor et al., 2014; Rottenberg et al., 2008), however this could be overcome by 
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applying a P-gp inhibitor combined with another PARP inhibitor (AZD2281) . PARP inhibitors 

that were non- Pgp substrates such as Veliparib and CEO-8983 were more promising in 

delivering effective treatment (Lawlor et al., 2014). 

 

Multiple preclinical studies have been carried out to target P-gp in order to overcome resistance. 

However, the clinical impact of inhibitors of P-gp has been hindered with lack of specificity and 

toxicity (Bitler et al., 2017). Seeing as P-gp is upregulated in resistant tumours the focus has 

shifted towards understanding the mechanisms upstream of those regulating P-gp that could be 

better targets and tolerated (Callaghan et al., 2014). Thus, in the context of PARP inhibitor 

resistance, targeting P-gp activity could be a more effective approach however further research 

is required (Bitler et al., 2017). 

 

1.7 Epithelial to Mesenchymal Transition and chemo resistance 

 

Epithelial to mesenchymal transition (EMT) is the process of cell phenotypes changing from an 

epithelial to mesenchymal morphology. This is regarded as an important stage in the invasion 

and metastasis of cancer (Takai et al., 2014). The role EMT plays in pathogenesis of cancer and 

other diseases has been recognized in recent years (Baum et al., 2008; Hugo et al., 2007; Yang 

and Weinberg, 2008).  The gradual redistribution or downregulation of E-cadherin and 

cytokeratin, which are apical and basolateral epithelial cell specific tight and adherens junction 

proteins, have been shown to be associated with EMT. In addition to this, the expression of 

mesenchymal marker proteins vimentin and N-cadherin was also observed (Grünert et al., 2003; 

Huber et al., 2005).  

 

The process of EMT is regulated by transcription factors such as SNAIL, zinc-finger E-box 

binding (ZEB) and basic helix-loop-helix transcription factors. In response to external cues, 

these key transcription factors are controlled by signalling pathways such as the TGFβ and WNT 

pathways (Lamouille et al., 2014; Thiery and Sleeman, 2006; K. Yang et al., 2016).  The role 

of EMT as an important element in cancer metastasis is widely accepted (Wang et al., 2016).  

Several studies have postulated that at the primary site, non-motile epithelial cancer cells 

develop mesenchymal characteristics making them migratory in nature. When seeded at the 

secondary site they undergo mesenchymal-to-epithelial transition (MET) (Kalluri and 
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Weinberg, 2009; Polyak and Weinberg, 2009; Thiery and Sleeman, 2006). At the secondary site 

where the metastatic tumour forms, it displays the same phenotype (epithelial) as the cancer 

cells at the primary site leaving almost no trace of its transient mesenchymal state. Several in 

vitro studies have suggested that the early stage of metastasis is induced by EMT. This is also 

supported by mouse models of metastatic human cancers however there is limited clinical 

evidence supporting the incidence of EMT in tumour cases (Wang et al., 2016).  

 

Recent studies have displayed an unexpected role of EMT in cancer drug resistance (Fischer et 

al., 2015; Zheng et al., 2015).  The link between EMT and chemo resistance, caused by an 

enhancement of cancer cell survival, cell fate transition, and/or up-regulation of drug resistance-

related genes, has been supported by data reported in these studies. However, these findings also 

challenge the vitality of the role of EMT in cancer metastasis. Being a complex cellular process 

regulated by several transcription factors and signalling molecules, the exact mechanism 

fundamental to EMT are still unclear. As such, the tumour models used in the Fischer et al 

(2015) and Zheng et al (2015) studies must be accounted for before dismissing the role of EMT 

in cancer metastasis and tumour invasion. In 2014, et al carried out a study which demonstrated 

that the EMT status functioned as independent predictors in ovarian cancer patients. The EMT 

status observed in this study was represented by decreased E-cadherin expression and appeared 

to stimulate dissemination of cells from the tumour (Thiery et al., 2009). These cells not only 

became invasive but also developed resistance to drug treatment (Iwatsuki et al., 2010; Yang et 

al., 2006). As such EMT has the ability to promote multidrug resistance thereby allowing for 

accelerated tumour progression. 

 

1.8 Biomarkers for chemoresistance in ovarian cancer 

 

Despite the recent advancement in chemotherapeutics and extensive research into mechanisms 

of resistance, ovarian cancer is a complicated disease to treat and manage. Over the years, 

several studies have comprehensively elucidated the role of several tissue-based tumour 

biomarkers. These have been labelled as potential predictors of chemo resistance in subtypes of 

epithelial ovarian cancer (Deo et al., 2020).  Several biomarkers have been explored and their 

prognostic values examined in epithelial ovarian cancer. These include receptor tyrosine kinases 

(EGFR, IGF1R), angiogenic factors (VEGF, EphA2), apoptotic proteins (p53, cell-cycle 
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kinases), immune mediators (Immunoglobulins, B7-H3) (Huang et al., 2010)  Examples of 

promising biomarkers identified for the prediction of chemo resistance include Check Point 

Kinase 2 (Chk2) protein, Prostaglandin D2 (PgD2) and NOTCH3 (Alkema et al., 2016; Alves 

et al., 2019; Bell et al., 2011; Brown et al., 2015; J.-G. Jung et al., 2016). However, other 

biomarkers that have been identified such as MAD2 ( Mitotic Arrest Deficiency Protein 2), 

IGF1R ( Insulin-Like Growth Factor 1 receptor) and ERCC1 require a larger cohort size and 

suitable endpoints to further validate their promise as valid predictors of chemo resistance in 

high grade serous ovarian cancer (Deo et al., 2020). 

 

1.8.1 Novel Biomarkers for chemoresistance 

 

Previous studies have used ovarian cancer cell line IGROVCDDP and cervical cell line KB-8-

5-11 and their respective parental cell lines IGROV-1 and KB-3-1 to examine cisplatin 

resistance and the mechanisms involved (Stordal et al., 2012b)(O’Shannessy et al., 2013). 

IGROVCDDP is cisplatin-resistant compared to its parent cell line while KB-8-5-11 is 

collaterally sensitive to cisplatin due to its developed resistance to colchicine (Figure 1.6 (a)). 

These cell lines were then profiled in order to view genes that would be significantly and 

differentially expressed in the cisplatin resistant and sensitive cell line models. These are shown 

in Figure 1.6 (b) 

 

The IGROVCDDP cisplatin-resistant ovarian cell line is considered an unusual model since it 

is also resistant to paclitaxel, a taxane, which has been shown to be mediated by P-gp (Stordal 

et al., 2012b). This cell line models resistance phenotypes of ovarian cancer patients that are 

typically non-responsive to standard platinum/taxane chemotherapy combinations (Lawlor et 

al., 2014). The KB-8-5-11 cells are paclitaxel resistant models of cervical cancer cell lines which 

also overexpress ABCBI (P-gp).  However, these cells are sensitive to cisplatin that is not an 

ABCB1 substrate making them an ideal model for cisplatin sensitivity biomarker discovery  

(Doherty et al., 2014) . 

 

 

Based on an Affymetrix array experiment (Table 1.6) (unpublished), a large panel of 

differentially expressed genes were identified from these cell lines. It was then hypothesised 
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that genes expressed in opposite directions in these cell lines would be linked to platinum 

response. These were then shortlisted to clinically relevant genes using a web-based platform 

called OvMark which associates the gene of interest with the survival outcome producing 

Kaplan Meier curves for patients with ovarian cancer (Madden et al., 2014). The genes 

identified with significant expression between the resistant and sensitive cell line models were 

ROR1, Rab27b, CCDC68 and RGS16 as shown in Table 1.6. 

 

 
Figure1. 6 Workflow of Biomarker discovery (a) KB-8-5-11 was developed from KB-3-1 cells 

treated with colchicine making them collaterally sensitive to cisplatin. Collateral sensitivity occurs 

when the acquisition of resistance to colchicine produces increased sensitivity to cisplatin . 

IGROVCDDP was developed from IGROV-1 cells and is cisplatin resistant (b) Whole genome 

Affymetrix expression array was used to profile IGROVCDDP and KB-8-5-11. Genes expressed in 

opposite directions were selected as the candidate biomarkers. 
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Table1. 6 Results from Affymetrix Array for four genes identified: IGROVCDDP vs KB-8-5-11. This shows increased expression of the 

biomarkers RGS16 and ROR1 in the resistant model (IGROVCCDP) and its decreased expression in the sensitive model (KB-8-5-11). CCDC68 

and RAB27B showed expression in the opposite direction with decreased expression in IGROVCDDP and increased expression in KB-8-5-11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Full Name Probe ID IGROV-1 vs IGROVCDDP 

Platinum Resistant 

KB-3-1 vs KB-8-5-11 

Platinum Sensitive 

 Fold 

Change 

FDR  Fold 

Change 

FDR 

RGS16  regulator of G-protein signalling 16 7922717 ↑ 4.20 8.38 x 10-5  ↓ -2.49 2.40 x 10-4 

ROR1  receptor tyrosine kinase-like orphan 

receptor 1 

7901969 ↑ 3.75 2.07 x 10-5 ↓ -3.06 6.27 x 10-3 

CCDC68  coiled-coil domain containing 68 8023401 ↓ -4.84 8.42 x 10-5 ↑ 2.89 3.68 x 10-3 

RAB27B  member RAS oncogene family 8021301 ↓ -2.54 1.41 x 10-4 ↑ 2.02 1.65 x 10-3 

↑- Increased Expression ↓- Decreased Expression  
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Table1. 7 Biomarkers identified from OvMark Screen shows association of the biomarkers with survival outcome of ovarian cancer patients. 

This table shows the qPCR data from IGROVCDDP and KB-8-5-11 cell lines aligns with a survival data of biomarkers in publicly available datasets. 

The p values in bold are statistically significant.   

 

Ovmark 

Pt treated 

PFS 

(n=554) 

Ovmark 

Pt treated 

OS 

(n=561) 

Taqman IGROVCDDP 

(n =4) 

Taqman 

KB-8-5-11 

(n =4) 

Affymetrix 

Significant 

Difference in 

Pt Resistant 

IGROVCDDP 

Hazard Ratio p-value 

Change in 

Expression 

Associated with  

Poor Prognosis 
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Change in 

Expression 

Associated 

with  Poor 

Prognosis F
o

ld
 c

h
a

n
g

e 

IG
R

O
V

C
D

D
P

 

p-value 

F
o

ld
 c

h
a

n
g

e 
K

B
-

8
-5

-1
1
 

p-value 

RGS16 
↑

 

1.298 

(1.071 - 1.574) 
p=0.007 ↑ 1.146 (0.9007 - 1.459) p=0.2666 - 23.30 

 

3.58 x 10-3 
-4.47 0.013 

ROR1 ↑ 
1.216 

(1.004 -1.473) 
p=0.045 ↑ 1.155 (0.9064 - 1.472) p=0.2437 - 12.68 1.49 x 10-3 -7.75 4.52 x 10-5 

CCDC68 ↓ 

0.8135 

(0.6699-0.9879) 

 
p=0.036 ↓ 0.8472 (0.663 - 1.083) p=0.1847 ↓ -5.85 8.16 x 10-3 3.92 0.016 

RAB27B ↓ 

0.7236 

(0.5969 -

0.8771) 
p=0.0009 ↓ 0.7772 (0.61 - 0.9902) p=0.04083 ↓ ND  2.53 0.039 
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Table 1.7 shows the expression of biomarkers in agreement with data obtained in the Affymetrix 

assay. These results were further validated through qPCR experiment (Taqman). Based on 

preliminary research (unpublished data) that has been conducted by Dr. Stordal, four novel gene 

expression biomarkers were identified which potentially predict platinum resistance: ROR1 and 

RGS16 or sensitivity RAB27B and CCDC68 in ovarian cancer.  In Figure 1.7 Kaplan Meier 

curves were produced to show the combination of increased and decreased expression of (a) 

RAB27B/ CCDC68 and ROR1; and (b) RAB27B/ CCDC68 and RGS16 respectively. These 

presented to be promising signatures with progression free survival (PFS) and overall survival 

(OS) as significant outcomes. The low hazard ratios (0.47) and p-values (p<0.00007) of this 

study showed considerable separation of the survival curves. It is also worth noting that when 

gene expression was combined, the PFS and OS values presented significantly low hazard ratios 

which showed better survival in that patient group.    
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Figure1. 7 Combination of novel biomarker gene expression in publicly available microarray 

dataset for ovarian cancer. Patients are divided into high and low expressers on the median. 

↑Rab27b/CCDC68↓ROR1 depicts (a) Progression Free Survival or (b) Overall survival and similarly 

↑Rab27b/CCDC68↓RGS16 depicts (c) Progression Free Survival or (d) Overall survival. The black 

specifies the combination of novel gene expression whereas the grey line indicates the remaining patients 

in the data set. 

 
Earlier biomarker studies have generally focused on gene expression and its association with 

survival in ovarian cancer but not to chemoresponse (Bosquet et al., 2014; Spentzos et al., 2004). 

The involvement of the biomarkers of interest in chemoresistance can be established through 

their association with different pathways.  For example, ROR1 acts as a receptor in the Wnt 

signalling pathway and its overexpression in ovarian cancer cells has resulted in poor clinical 

outcome (Claire Henry et al., 2015). Therefore, its higher expression indicates the likelihood of 

resistance to treatments (Ford et al., 2014a; H. Zhang et al., 2014a). Similarly, members of the 

RGS16 family are part of molecular mechanisms leading to resistance by cancer cells. Some 

studies suggest that activation of receptors from the RGS16 family results in the activation of 

survival pathways (mediated by the AKT pathway) (Hooks et al., 2010).  RAB27B plays a vital 
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role in exosome biogenesis and secretion which has a significant role in intercellular 

communication impacting drug resistance. Since CCDC68 is localized on the same chromosome 

as RAB27B (chromosome 18 q21.2), it could potentially have a part to play in resistance 

mechanisms. Although there are no published studies linking it to chemoresistance in ovarian 

cancer its expression has been reported in a number of other malignancies such as pancreatic 

ductal adenocarcinoma and colorectal cancer (N Radulovich et al., 2015; Sheffer et al., 2009). 

 

It is clear from the literature that these four biomarkers are involved in various pathways that 

effectively impact the cells response to chemotherapeutic drugs. Currently, there are no 

clinically relevant biomarkers that aid personalised chemotherapy treatments in ovarian cancer 

patients. As a result, it is impossible to predict the patient’s response to treatment in order to 

deliver an optimal regimen. Therefore, the need for reliable biomarkers is essential in order to 

assess chemoresponse and accordingly tailor chemotherapy to each patient. Using these 

biomarkers in combination has the potential to create an effective predictive model for response 

to chemotherapy in these patients. In short, it may be possible to use these biomarkers to predict 

which patient with ovarian cancer will be responsive or resistant to platinum drugs and PARP 

inhibitors. However, for this project focus will be placed on ROR1 and Rab27b solely due to 

substantial published work in other cancers that can inform the role of these biomarkers in the 

context of ovarian cancer. This constraint to only two biomarkers is also due to limitation on 

resources. 

1.8.1.1. Receptor Tyrosine Kinase Orphan Receptors (ROR) 

RORs are transmembrane proteins that belong to the receptor tyrosine kinase (RTK) family 

(Zheng et al., 2016) and as such are known as receptor tyrosine kinase orphan receptors. As 

shown in figure 1.8, structurally ROR consist of an extracellular Immunoglobulin (Ig)-like 

domain which is followed by cysteine rich domain known as the Frizzled (FZ) domain. This is 

further followed by a Kringle (KR) domain which stretches into the transmembrane 

domain(Borcherding et al., 2014; Hojjat-Farsangi et al., 2014; Yamaguchi et al., 2012). Several 

studies indicate that the FZ domain plays a role in the receptor-ligand interactions(Forrester et 

al., 2004; Roszmusz et al., 2001). 
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ROR consists of two sister receptors; ROR1 and ROR2 that are structurally very similar. Their 

expression was first identified in neuroblastoma cell lines (Reddy et al., 1997). They are located 

on chromosome 1 and 9 respectively (Reddy et al., 1997). Initially they were named orphan 

receptors since their endogenous ligands were unknown.  ROR belongs to the noncanonical 

wingless-related integration site (Wnt) signalling pathway. ROR1 and ROR2 play an integral 

role in this pathway as type I single pass transmembrane glycoproteins(Karvonen et al., 2017). 

They also happen to be closely related to the MuSK (muscle-specific kinase) and Trk 

(tropomyosin) family receptors (Forrester et al., 2004; Karvonen et al., 2017; Masiakowski and 

Carroll, 1992).  

 

As mentioned earlier, RORs are made up of three extracellular domains, a transmembrane 

domain and an intracellular domain. Through comparative genomic studies it was found that the 

three extracellular and one intracellular domain were conserved in drosophila, 

Caenorhabditis elegans, mice and humans (Katoh and Katoh, 2005).  Two splice variants for 

ROR1 have been identified; one known as truncated-ROR1 (t-ROR1) as it lacks all the 

extracellular domain and the other lacking both the transmembrane and intracellular domain 

(Reddy et al., 1996). Almost all studies so far have concentrated on ROR1 in its full-

length form. According to reports by Gentile et al. (2011), it has been suggested that the 

intracellular kinase domain of ROR1 does not exhibit biological activity. However, others have 

claimed its importance in signal transduction to proteins downstream (Mikels et al., 2009).   

 

Interestingly, additional cytosolic domains seem to have been acquired by vertebrate ROR 

proteins. These are known to be vital in downstream signalling. Vertebrate RORs (Figure 

1.8) also contain a serine/threonine-rich domain (S/TRD1), a proline-rich domain (PRD), and 

another serine/threonine-rich domain (S/TRD2) (Minami et al., 2010).  Since the cysteine-rich 

domain (CRD) (in the Frizzle domain) has been shown to bind Wnt ligands for many cell 

receptors it has been the main focus in many studies (Rehn et al., 1988). By comparing levels 

of expression and loss of function phenotypes between homologs of ROR2 and Wnt5a, Wnt5a 

was found to be a ligand for ROR2 in drosophila and mouse studies (Green et al., 2007; Oishi 

et al., 2003). However, ligands that definitively bind to ROR1 are still unclear. In addition to 

this, the Kringle extracellular domain and the immunoglobulin domain have yet to be well 
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characterized resulting in limited understanding of the functions of ROR proteins (Rebagay et 

al., 2012). It should be mentioned that even though in vitro studies showed binding of Wnt5a to 

ROR1 (Fukuda et al., 2008), ROR1 has been associated with numerous non-Wnt responses 

(Sanchez-Solana et al., 2012). It is also generally presumed that ROR1 is a pseudokinase. This 

means that it lacks key properties necessary for kinase activity thereby making it “inactive” 

(Raju and Shaw, 2015). This inactivity occurs either due to its tyrosine phosphorylation being 

undetectable (Bicocca et al., 2012) or due to trans phosphorylation by other kinases (Gentile et 

al., 2011).   

 
Figure1. 8 ROR structure in different species. Ig- Immunoglobulin, CRD- Cysteine rich domain, TK 

domain- Tyrosine Kinase domain, S/TRD-Ser/Thr rich domains, PRD- Proline rich domain (Green et 

al., 2008; Minami et al., 2010).  

 

The mammalian ROR proteins were initially characterized based on their expression patterns in 

neural tissues (Oishi et al., 1999). In mouse models both ROR1 and ROR2 were found to play 

a role in the maintenance of the neural progenitor cell fate in mouse brain that was still 

developing (Endo et al., 2012). The expression patterns of ROR1 and ROR2 during the mouse 

embryonic development were some-what overlapping in a wide range of tissues (Matsuda et al., 

2001). Interestingly, ROR2 expression decreases before birth while RNA levels of ROR1 was 
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detectable in same postnatal tissues although its expression also drops in adult tissues (Oishi et 

al., 1999). In humans ROR2 mutations were found to be associated with syndromes resulting in 

limb malformations such as brachydactyly type B and recessive Robinow syndrome Afzal et 

al., 2000; Afzal and Jeffery, 2003; Oldridge et al., 2000). 

 

1.8.1.1.1 ROR and Cancer 

 

Although ROR1 and ROR2 possess similar expression patterns in face and heart development 

they exhibit different embryonic brain and limb expression patterns(C. E. Henry et al., 2017). 

In normal embryonic and fetal development ROR1 plays a pivotal role, however it is absent in 

mature tissues (Hojjat-Farsangi et al., 2014). ROR1 has been implicated in the oncogenic 

functions of cancerous cells.  ROR1’s importance in cell survival was demonstrated in siRNA 

mediated knockdown experiments that triggered apoptosis in Hela cells (MacKeigan et al., 

2005). Elevated expression levels of ROR1 were observed in several haemato- and non-

haematological malignancies (Barna et al., 2011; Gentile et al., 2011; S. Zhang et al., 2012a).  

Detection of high levels of ROR2 in several cancers were also reported. However, the decrease 

in their expression resulted in reduced cell invasion as well as remodelling of the cell’s 

extracellular matrix (Morioka et al., 2009; O’Connell et al., 2013; Wright et al., 2009). Studies 

have shown ROR2’s role in cell survival and proliferation making it, along with ROR1, a 

potential therapeutic target for different cancers. It should be noted that based on the 

cellular context RORs may either have tumour progression or inhibiting roles (Green et al., 

2014).  

 

1.8.1.1.2 ROR:  Haematological malignancies 

 

Expression of ROR1 was first identified in B-Cell chronic lymphocytic leukaemia (CLL). High 

levels of ROR1 expression, but not ROR2, were observed in primary CLL cells (Baskar et al., 

2008). Another study (Fukuda et al., 2008) identified ROR1 in CLL post ex vivo transduction 

of CD40 ligand (CD154) and infusion of autologous transduced cells into patients with 

advanced stages of CLL. This resulted in the reversal of immunosuppression which is 

characteristic of CLL and in the generation of anti-ROR1 antibodies. These anti-ROR1 

antibodies specifically bound to CLL cells from CLL patients but did not bind peripheral blood 



68 

 

mononuclear cells (PBMCs). As CLL progresses, it was found that ROR1 expression also 

increases making it a prognostic indicator for CLL as well as a biomarker (Daneshmanesh et 

al., 2013). 

 

The increased expression of ROR1 in various haematological malignancies such as non-

Hodgkin lymphomas (NHL), acute lymphocytic leukaemia (ALL) and myeloid malignancies 

has been described since its discovery in CLL (Barna et al., 2011; Daneshmanesh et al., 2013; 

DaneshManesh et al., 2008).  When compared to PBMCs, the ROR1 mRNA and/or protein 

levels are increased in all or subsets of NHLs (Barna et al., 2011; Daneshmanesh et al., 2013). 

Similar elevated expressions were also observed in acute lymphoblastic leukaemia (ALL) 

patients particularly those with translocation at t (1;19) (q23; p13). The importance of ROR1 in 

the survival of ALL cells carrying t (1;19) (q23; p13) translocations was further validated in a 

Bicocca et al. (2012) study. Here, a siRNA library was screened to identify critical tyrosine 

kinases within the tyrosine kinome responsible for pathogenesis of ALL. 

 

1.8.1.1.3 ROR: Solid malignancies 

 

ROR expression, particularly ROR1, has been observed in several solid malignancies. Tissue 

microarray analysis of primary samples in lung, pancreatic and colon cancer showed more than 

30% strong staining for ROR1(Zhang et al., 2012b). In a majority of lymphoma, ovarian, 

prostate, skin, uterine, testicular and adrenal cancers moderate staining for ROR1 was observed 

(S. Zhang et al., 2012b). 

 

ROR1’s pivotal role in regulating apoptosis was identified through an RNAi-based screening in 

cervical cancer (HeLA) cells (MacKeigan et al., 2005). In lung adenocarcinoma, its expression 

is driven by NKX2-1 (TITF1, a proto-oncogene implicated in lung cancer (Boggaram, 2009; 

Yamaguchi et al., 2012a). ROR1 expression was subsequently elevated leading to increase of 

EGF ligand-induced EGFR signalling and c-Src activation and phosphorylation (Yamaguchi et 

al., 2012a). In an earlier mentioned study (Masiakowski and Carroll, 1992; Oishi et al., 1999), 

moderate autophosphorylation of ROR1 was observed. However, this characteristic was not 

prevalent in immunoprecipitated ectopic ROR1 present in COS-7 cells which led to the 
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conclusion that ROR1 is a pseudokinase. Phosphorylated ROR1 was identified in several cell 

lines in the same study which was MET (HGFR) mediated, but not EGFR or ERBB2 mediated. 

 

ROR1 gene silencing mouse models with transplanted non-small lung carcinoma cells 

(NCIH1993), was associated with increased anoikis (anchorage-dependant cell death) and 

decreased tumour growth (Gentile et al., 2011). This indicated that ROR1 may in fact behave 

as a pathway activator. In human neoplastic breast cancer cells, ROR1 is expressed whereas in 

stromal cells it appears to be absent (Zhang et al., 2012a). In addition to this high expression 

levels were noted to be linked to higher grade and more aggressive form of the disease. It was 

also reported that increased levels of ROR1 in both cell lines and patients was associated with 

EMT related genes; vimentin and ZEB-1(Cui et al., 2013). In triple-negative- breast cancer cell 

lines, EMT genes namely, SNAI1, SNAI2, ZEB1, and vimentin were downregulated when 

ROR1 was silenced. Furthermore, the knockdown of ROR1 in a triple negative breast cancer 

cell line; MDA-MB-231reduced the cell migration in xenografts (Cui et al., 2013). 

 

In a study carried out by Rabbani et al. (2010), low to non-detectable protein levels of ROR1 

was observed in the kidneys of healthy individuals. However, ROR1 mRNA was detected in 

81.3% of tissues and 94% of PBMCs of renal cancer patients. These findings suggested that 

ROR1 is an important indicator of renal cancer.  

 

In the context of ovarian cancer, RORs have been found to play a role in driving pathways that 

are thought to be involved in chemoresistance (C E Henry et al., 2016). One such pathway is 

known as the Wnt signalling pathway. These are responsible for epithelial to mesenchymal 

transition (EMT) regulation in cells (Ford et al., 2014b). Through in vivo studies EMT was 

found to be associated with more aggressive and invasive subtypes of ovarian cancer as well 

as chemoresistance (Ford et al., 2014b; Haslehurst et al., 2012; Miow et al., 2015). Patients 

exhibiting the mesenchymal phenotype had shorter disease specific survival and 

increased Wnt signalling (Tothill et al., 2008).  The EMT profile can therefore help predict 

patient responses to chemotherapy based on the fact that if the mesenchymal-type cells are more 

aggressive they are likely to be more resistant to chemotherapy (Miow et al., 2015). Recent 

studies have suggested that ROR1 and ROR2 are both Wnt receptors (Claire Henry et al., 2015). 
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They also correlate with poor patient prognosis and in many tumours drive EMT (Cui et al., 

2013; C E Henry et al., 2016). Therefore, this study investigating the expression of these RORs 

will help understand their role in pathways that are directly or by association implicated 

in chemoresistance.  

 

Although there have been several studies investigating the characteristics and roles of ROR1 

and ROR2, their biochemical activities are still not well defined. As a result, there is a gap in 

the knowledge of our understanding of how RORs control cellular process and mechanisms in 

normal as well as cancer cells. The dysregulation of RTKs show characteristics pivotal to 

maintaining tumours in several cancers (Gschwind et al., 2004; Lemmon and Schlessinger, 

2010). Furthermore, their interaction with certain ligands and kinase activities makes them 

prime targets for therapeutic approaches. 

 

1.8.1.1.4 ROR: EMT and Wnt Signalling  

 
A crucial pathway that has also been identified is the Wnt signalling pathway.  Like EMT, it has 

been linked to development and more recently has garnered interest as a potential target for 

cancer therapy (Chien et al., 2009; Horvath et al., 2007). As mentioned earlier, Wnt signalling 

is involved in developmental pathways which involve the differentiation, polarity, migration, 

invasion, adhesion and survival of cells (Chien et al., 2009). It is these same processes that also 

form the fundamental mechanisms involved in tumorigenesis and metastasis. Aberrant Wnt 

signalling pathway has been associated with several cancers typically with high prevalence 

and/or poor outcomes such as breast, ovarian, colorectal and prostate cancer(Ying and Tao, 

2009). For many years Wnt signalling has shown to affect cancer cell migration and adhesion 

and a study by Ford et al. (2013) presented evidence that this may be guided through EMT 

suggesting a link between the two pathways. 

 

There are several studies that have implicated ROR in EMT (Cui et al., 2013; C E Henry et al., 

2016) as well as in Wnt signalling (Claire Henry et al., 2015). Attempts to target Wnt signalling 

in cancer have largely focused on downstream targets in the pathway and these have proved 

unsuccessful (Clevers and Nusse, 2012). However, new approaches have been leaning towards 

targeting upstream components of the pathway which play a key role in oncogenesis (Kawano 
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and Kypta, 2003; Shi et al., 2007). Since ROR is an upstream component of the Wnt signalling 

pathway, this makes it a relevant target. Additionally, being the common denominator between 

EMT and Wnt signalling, this underlines the importance of ROR being considered as a 

biomarker.  

In terms of ovarian cancer, the Wnt signalling pathways have been studied and found to be 

inherently important (Barbolina et al., 2011). It has shown to promote the progression of the 

cancer through gene mutations and changes in expression of extracellular inhibitors and 

intranuclear transcription cofactors (Yoshioka et al., 2012). Furthermore, ROR1 and ROR2 have 

been investigated in ovarian cancer and have shown to play a role in EMT (C E Henry et al., 

2016; Takai et al., 2014) and also act as receptors in Wnt signalling (Claire Henry et al., 2015). 

This link between ROR, EMT and Wnt signalling discussed above seems to hold for ovarian 

cancer and therefore is of great interest. 

 

1.8.2 Ras-Related Protein (Rab-27B) 

 

Rab27b is a member of the Rat Sarcoma (Ras) -associated Binding (Rab) oncogene family (Bao 

et al., 2014). These secretory small guanosine-5′-triphosphate-binding enzyme (GTPases) are 

known to control endocytosis and exocytosis vesicle-trafficking (Ren et al., 2016) and makes 

up the largest family of small GTPases (Fukuda, 2008). The Rab GTPases act as molecular 

switches that rotate between an active GTP-bound and inactive guanosine diphosphate-bound 

conformational position (Grosshans et al., 2006; S. R. Pfeffer, 2005). The Rab proteins play a 

role transporting cargo and formation of vesicles. This allows the exchange of different 

macromolecules and proteins across different compartments and endomembrane system (Paul 

et al., 2014). These proteins are also involved in docking and fusion of vesicles to their target 

destination (S. Pfeffer, 2005). There have been several studies that demonstrate the role that 

vesicle trafficking and exocytosis have on tumorigenesis. Rab27 consists of two isoforms, 

Rab27a and Rab27b(Barr and Lambright, 2010; Yasuda et al., 2012). Normally, Rab27b is 

expressed largely in secretory cells and regulates common Rab27 effectors which in turn 

regulate secretory pathways(Johnson et al., 2010). A 2010 study revealed that Rab27b controls 

the release of growth regulators and vesicle exocytosis which leads to invasive tumour growth 

and metastasis in breast cancer (Hendrix et al., 2010a; J.-X. Zhang et al., 2012). This suggests 
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that Rab27b has tumorigenic functions and contributes to development of cancer. Since ovarian 

cancer and breast cancer harbour similar genetic mutations it can be hypothesized that the effects 

of Rab27b expression may be similar in ovarian cancer. 

 

Several studies have examined the effect of Rab27b on different cancers, however so far there 

is only one study that associated the overexpression of Rab27b with ovarian cancer (Ren et al., 

2016). This study revealed that Rab27b was upregulated, and its overexpression was associated 

with progression of the tumour and poor clinical outcome. As this study suggested, additional 

investigations need to be undertaken to understand the underlying mechanisms by which 

Rab27b functions in ovarian cancer progression. The aim of this project is to explore this along 

with its possible links to chemoresistance. 

 

1.8.3 Regulator of G protein signalling (RGS16) 

 

RGS16 is a 202 amino acid protein that belongs to the RGS protein signalling family. These 

play a role in the increase of GTPase activity of the Gα subunit to attenuate G-protein coupled 

receptor (GPCR) signalling pathways (X. Li et al., 2013; Wu et al., 2013). This results in the 

RGS proteins binding to the activated Gα protein subunit and enhancing termination of the G 

protein activity through GTP hydrolysis (Miyoshi et al., 2009). The RGS family consists of 22 

protein families that have a role to play in different cell types and signalling pathways in one 

way or another (Hu et al., 2008; Ross and Wilkie, 2000).  

 

While RGS proteins have been recognized to effectively modulate G protein signalling, their 

roles in pathological and physiological conditions have not been fully investigated.  Since RGS 

proteins have been reported to control proliferation and migration by inducing G protein it is 

likely that they may play a role in the progression of cancers. Hurst and Hooks (2009) 

demonstrated that RGS proteins displayed varying levels of expression between normal and 

cancerous tissues. However other studies have shown that RGS proteins have differential 

expression levels within the tumour microenvironment itself (Silini et al., 2012). 
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In the case of RGS16 specifically, it was associated with negatively regulating the MAPK, 

AKT/PI3K, RhoA, and SDF-1/CXCR4 oncogene pathways in both normal and cancer cell lines 

(Carper et al., 2014). These pathways are known to be involved in the progression of cancers 

through proliferation, migration, invasion, survival, chemoresistance and metastasis in several 

cancers(Osaki et al., 2004; Teicher and Fricker, 2010). Studies have also shown evidence of 

RGS16 playing a role in cancer signalling. In a study carried out by Wiechec et al. (2008), about 

50% of the RGS16 locus in primary breast cancers that were analysed were found to be of high 

genomic instability (Liang et al., 2009). The overexpression of RGS16 in breast cancer cells 

inhibited proliferation and EGF-induced Akt phosphorylation. However, the low expression 

induced cell growth and resistance to drug treatment (Liang et al., 2009). Another microarray 

analysis reported decreased expression of RGS16 in lymph node metastasized pancreatic cancer 

compared to the non-metastasized cancer. This decreased expressed was found to be associated 

with low patient survival (Kim et al., 2010).  

 

RGS16 has therefore been considered a prognostic marker in a number of cancers (Kim et al., 

2010; Liang et al., 2009; Miyoshi et al., 2009).  By extension it would be useful to investigate 

its expression pattern in ovarian cancers in relation to chemoresistance as there is still not much 

known about RGS16. 

 

1.8.4 CCDC68 

 

Coiled-coil domain containing 68 (CCDC68) is a putative tumour suppressor gene located on 

the 18q chromosome. Although it is considered a tumour suppressor its role in cancer 

progression is still not clear (Radulovich et al., 2015). In pancreatic ductal adenocarcinoma 

CCDC68 was documented to possess allelic losses. It was also revealed that downregulation of 

CCDC68 occurred in colorectal cancers (Sheffer et al., 2009). Although further validation is 

required, there is preliminary evidence to suggest that the loss of function of CCDC68 is 

associated with several malignancies (N. Radulovich et al., 2015; Sheffer et al., 2009). 

 

Recently, CCDC68 was found to be a novel centriole subdistal appendage (SDA). The SDAs 

are important structures required for the anchorage of microtubules during the interphase stage 
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of cell cycle (Huang et al., 2017). However, the composition and mechanism of assembly of 

SDAs are not fully understood. CCDC68 was found to be essential in the hierarchical SDA 

assembly in human cells along with CCDC120. In addition to being considered a tumour 

suppressor gene it also plays a role in centrosome microtubule anchoring (Huang et al., 2017).  

There is little published work regarding chemoresistance mechanisms of CCDC68 in cancer 

which makes it an interesting choice in the biomarker panel. 

 

1.9 Ovarian cancer cell line models 

  

Cancer cell lines have been used as standard in vitro models to study mechanisms underlying 

resistance (Kreuzinger et al., 2015). The establishment of human cancer lines over the years has 

had an extraordinary impact on cancer research. It has enabled researchers to develop treatments 

that differentially benefit patients. A well-established and long-term approach for studying 

cytotoxicity and resistance mechanisms has been the development of drug resistant cell lines 

(McDermott et al., 2014). In the age of personalized medicine, it is imperative that cell line 

models are properly annotated for the different cancer subtypes and their molecular profile. This 

is especially important in a clinical setting when determining the best therapy option for patients 

or understanding resistance patterns. Once the molecular profile of the patient is determined the 

cell line model with the most similar profile can be selected for further studies (Domcke et al., 

2013). Ovarian cancer has a distinct molecular background (Shih and Kurman, 2004) with high-

grade serous ovarian cancer (HGSOC) subtype making it the most occurring form. Most of what 

is known about ovarian cancer is largely based on cell line models which were not appropriately 

characterized at a molecular level nor were they properly defined (Kreuzinger et al., 2015). 

  

Heterogeneity of solid tumours pose a complication in the analysis of resistance mechanisms in 

addition to being a factor in its development (Gillet et al., 2011). Epithelial Ovarian Cancer is a 

highly complex heterogeneous cancer and as such is difficult to reproduce for in vitro studies. 

This results in the ineffective elucidation of the events involved in the initiation of the tumour, 

metastasis of the disease (Hasan et al., 2015) and subsequently chemoresistance. Previous 

studies have shown that samples obtained from primary tumour and metastatic sites possess 

significant genomic alterations owing to high intra-tumour heterogeneity (Bashashati et al., 

2013; Hoogstraat et al., 2014). The different subtypes present varying sensitivities to platinum-



75 

 

based therapies. Based on the expression profiles, HGSOC are further classified into the 

following expression subtypes; differentiated’, ‘immunoreactive’, ‘mesenchymal’ and 

‘proliferative’ (Bell et al., 2011; Tothill et al., 2008). These subtypes are relevant in examining 

prognostic significance. The mesenchymal signature presented the poorest outcomes in patients. 

It should be noted however that multiple signatures can be identified in a single tumour making 

this classification non-exclusive (Verhaak et al., 2013). In addition to molecular characterisation 

and expression profiles of subtypes, the morphological and growth characteristics are also 

important. Three in vitro morphological subtypes have been identified; epithelial, round and 

spindle (Beaufort et al., 2014). Along with the upregulation of mesenchymal markers the spindle 

morphology is a typical indicator of Epithelial to Mesenchymal transition (EMT) (Hollestelle et 

al., 2013; Zheng et al., 2013). Such morphological phenotypes are detected in multiple tumour 

type derived cell lines and appear to be linked to known traits of clinical relevance. This 

underlines the importance of translating the phenotypes in vitro to a clinical one.  

 

This phase of the study focuses on selecting cell lines to create a panel that encompasses all 

these attributes in order to properly represent the genotype and phenotype profiles 

of chemotherapy resistant (and sensitive) models. Taking into account how the different 

phenotypes play a role in EMT, acquiring cell lines which model such variation will broaden 

the scope of understanding their roles in relation to the novel chemotherapy 

resistance biomarker.  In line with this perspective Barretina et al. (2012) also suggests that 

investigating larger panels of cell lines in fact will aide in the identification of novel biomarkers 

for response to a more targeted approach. For this purpose, four ovarian cancer cell line models 

were selected and are described in chapter 2 section 2.1.1 (Table 2.1). 
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1.10 Aims: 

 
The overall hypothesis of this project is that chemoresistance is directly or indirectly associated 

with ROR1and/or Rab27b expression which in turn impacts survival in ovarian cancer patients. 

The aim of the project is to: 

To understand how the novel biomarkers ROR1 and Rab27b contribute to and mediate platinum 

and PARP inhibitor resistance in ovarian cancer. 

 

1.11 Objectives: 

 
The main objectives are: 

 

1. Establishing a correlation between the transcript/protein expression profile of the 

biomarkers and chemoresistance to platinum based therapeutic drugs and PARP 

inhibitors. 

2. To investigate whether knockdown of the biomarker affects chemoresistance. 

3. To investigate the impact of biomarker expression on patient survival in clinical samples. 
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Chapter 2 

General Methodology 
2.1 Cell Culture 

 

2.1.1 Selection of cell lines 

To assess the suitability of the cell lines chosen to represent a range of resistant profiles, a set 

of fundamental criteria was defined. Although this list is not exhaustive it acts as a practical 

guide for selecting cell line models for this study. 

1) The half-maximal inhibitory concentration (IC50) dose range is varied: This was to 

ensure that the cell lines are of varying resistance profiles to drugs treatments.  

2) BRCA gene mutation status: In order to tailor the cell line models to resemble tumour 

samples the cell lines were chosen should possess a wildtype BRCA status. This is to 

account for High Grade Serous Ovarian Cancer (HGSOC) cases with non BRCA 

mutation related HR deficiency. This aids a broader understanding of the possible 

mechanisms involved in PARPi resistance. 

3) Ability to grow well and reach the desired confluence. 

Cell lines picked for this study are shown in Table 2.1 follows and were a gift from Prof. Bryan 

Hennessey, Royal College of Surgeons in Dublin. 
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Table2. 1 Clinical Properties of Ovarian cancer cell lines selected. Cell lines following the set criteria were selected in order to be clinically 

representative and as a risk reduction strategy to be able to study the selected biomarker

Cell Line BRCA1 

mutation 

status 

Methylation Status Phenotype Tumour Histology Source 

HEY Wild type(a) No(a) Mesenchymal(b) Serous(d) Peritoneal deposit 

and xenograft(d) 

SKOV-3 Wild type(a) No(a) 
Intermediate 

Mesenchymal(c) 
Adenocarcinoma(e) Ascites(e) 

OVCAR-3 Wild type(a) No(a) Epithelial(c) Serous(f) Ascites(f) 

OAW42 Wild type(a) No(a) 
Intermediate 

Epithelial(c) 
Serous(g) Ascites(g) 

(a) Stordal et al., 2013 (b) Prislei et al., 2015 (c) Yi et al., 2015 (d) Buick et al., 1985 (e) Khosravi- Maharlooei et al., 2015 (f) 

Hamilton et al., 1983 (g) Hills et al., 1989 
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2.1.2 Maintenance of ovarian cancer cell lines 

 

The human ovarian cancer cell lines (HEY, SKOV-3, OVCAR-3 and OAW42) were cultured 

under standard culture conditions in RPMI-1640 medium (Sigma Aldrich, UK) with 10 % fetal 

bovine serum (FBS) (Thermofisher Scientific, UK) at 370C and 5% CO2 in T-75 flasks (Sarstedt 

AG & Co). Once cells reached 80-90% confluency they were washed with phosphate buffer 

saline (PBS) (Oxoid, UK) and then trypsinised with 0.25% Trypsin (Gibco), 0.02% EDTA in 

PBS for five minutes. The trypsin was then deactivated with equal volume of complete media 

(described above) forming a cell suspension. All cell lines were routinely tested for mycoplasma 

as described in section 2.1.4 and were found to be mycoplasma free. 

 

2.1.3 Cell Counting 

 

Cell counts for all cell lines were consistently carried out using a haemocytometer (Superior 

Marienfeld, Germany) after the deactivation of trypsin and formation of the cell suspension. 

Flasks were gently swirled so that cells were evenly distributed before pipetting out 1mL of cell 

suspension into a 1.5 mL Eppendorf tube.  In a new Eppendorf tube 50 µL of the cell suspension 

was transferred, to which 50 µL of 0.4% trypan blue (Gibco) was added and gently mixed 

making up a total volume of 100 µL. 

 

Using a pipette, the above cell suspension treated with Trypan blue was applied to the 

haemocytometer gently filling both the chambers under the coverslip. The haemocytometer was 

then observed under the microscope with a 10X objective lens. Live unstained cells were 

counted in the central grid of both chambers of the haemocytometer. The average cell counts 

from each chamber were taken and multiplied by 10,000 (104). This was then further multiplied 

by 2 to correct for the 1 in 2 dilution from the addition of trypan blue resulting in the number of 

viable cells/mL in the original cell suspension.  
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2.1.4 Maintenance of sterility of cell culture 

 

Media from cell lines being cultured (HEY, SKOV-3, OAW42 and OVCAR-3) were collected 

from their respective confluent flasks and tested routinely for mycoplasma contamination. This 

was imperative as cells were being cultured in antibiotic-free media and as such were at higher 

risk of contamination. The protocol for this was adapted from Young L et al (2010) and 

described below. A PCR master mix of 24µl was prepared for each sample (Table2.2) to which 

1µl of the respective conditioned media was added. For the positive control a confirmed positive 

mycoplasma sample was used whereas DNAase free water was used as the negative control. 

These were run in the PCR machine (Thermocycler Techne TC-3000G) under the conditions 

described in Table 2.3. 

 

Mycoplasma PCR MasterMix Volume 

Green 2x Sigma Ready Mix 12.5µl 

Forward primer 10µM 

5’-GGGAGCAAACAGGATTAGATACCCT-3’ 
0.5µl 

Reverse primer 10µM 

5’-TGCACCATCTGTCACTCTGTTAACCTC-3’ 
0.5µl 

DNAase free water 10.5µl 

Total volume 24 µl 

Table2. 2 Mycoplasma PCR Reagents 

 

No. Cycles Temperature (°C) 
Time 

(minutes) 

1 95 5 

40 

94 0.5 

55 0.5 

72 1 

1 72 10 

1 4 Hold 

Table2. 3 Mycoplasma PCR Program 

 

An agarose gel (2%) was prepared (Table 2.4) by adding 1X Tris-acetate-EDTA (TAE)(Sigma) 

to the agarose (ThermoFisher) and then heating it in the microwave. This was dissolved before 

1.5µl of SYBR green nucleic gel stain (Sigma) was added to the solution. Once the agarose was 
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fully dissolved the gel was poured into an agarose gel mould and a comb was positioned into 

the gel to set.  After casting and setting of the gel it was submerged in 1x TAE and 12µl of each 

sample and ladder (Sigma) was pipetted into the gel wells.  The loaded samples were made up 

of 10µl of PCR product and 2µl of DNA loading buffer (Sigma). The PCR ladder was made up 

by mixing 5µl of PCR ladder (Sigma), 5µl sterile water and 2µl loading buffer. Samples were 

run at 100 Volts for one hour.  An image of the gel was taken using a Licor Odyssey Infrared 

Imaging System at 600 nm for 30 seconds and analysed using the installed instrument software. 

The expected PCR product size was 270 bp and was best viewed with green background setting 

in the instrument software. 

 

2% Agarose Gel mL/g 

Agarose 3g 

1X TAE solution 150µl 

SYBR Green nucleic gel stain 1.5µl 

Table2. 4 Preparation of Agarose gel 

 

The cell lines selected for this project were routinely tested using the protocol described. The 

image below in Figure 2.1 is a gel sample of one of several routine tests of the selected cell 

lines; HEY, SKOV-3, OVCAR-3 and OAW42 (found to be mycoplasma free). The mycoplasma 

positive cell line used as a positive control was JEG-3. 

 

 

Figure2. 1 Gel image of cell lines tested for mycoplasma. Mycoplasma PCR gel image taken on the 

Licor Odyssey Infrared Imaging System at 600 nm for 30 seconds. 
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2.1.5 Growth assays of cell lines 

 

The growth rate of each cell line was determined by plating 1 × 104 cells in 2mL of media in 6 

well plates. The cells were plated in duplicate wells and trypsinised as described in section 2.1.2 

after which they were counted (refer section 2.1.3) every 24 hours for four days. Biological 

replicates (n=3) were set up and the time cells reached double its amount (2 × 104 cells) was 

determined using Graphpad Prism. A line was drawn across the graph and the values in days 

was interpolated to determine the doubling time. 

 

2.1.6 Cytotoxicity Assay 

 

Cells from each cell line suspension were counted using a haematocytometer (as described in 

section 2.1.3) and 2 × 104 cells in 100µL were seeded in a 96-well plate (Sarstedt AG & Co) in 

triplicate as indicated in the Figure 2.2 below. The outer well of the plate were plated with 

200µL of sterile deionised water to prevent dehydration of the plate (indicated in blue in the 

Figure 2.2 below). The plate was then incubated overnight at 370C and 5% CO2 to allow 

attachment of the cells before adding drug doses. Different drugs were used on each cell line 

and a minimum of three biological replicates (n=3) were set up for each drug. The platinum-

based drugs; Cisplatin and Carboplatin (Sigma), taxane drug; Taxol (Sigma) and PARP 

inhibitor; Talazoparib (SelleckChem, UK) were used in this assay. 
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Cell Line Drug Starting dose 

(Highest) 

Dilution 

 

HEY 

Cisplatin 6.8 µg/mL  

1:2 Carboplatin 36.2µg/mL 

Taxol 14.85ng/mL 

Talazoparib 0.745µg/mL 

 

SKOV-3 

Cisplatin 1.88µg/mL  

1:2 Carboplatin 15.6µg/mL 

Taxol 2.16ng/mL 

Talazoparib 0.1µg/mL 

OVCAR-3 Cisplatin 1µg/mL  

1:2 Carboplatin 2.2µg/mL 

Taxol 1.44ng/mL 

Talazoparib 2x 10-3 µg/mL 

OAW42 Cisplatin 1µg/mL  

1:2 Carboplatin 7.68µg/mL 

Taxol 3.27ng/mL 

Talazoparib 0.235µg/mL 

Table2. 5 Drug doses and dilution for toxicity assay of cell lines 

 

The IC50 doses for the selected cell lines were determined using IC50 doses established in 

previous research (Stordal et al, 2013), the highest dose of each drug was set a few doses higher 

than these pre-determined IC50 values (Table 2.5). A 2-fold serial dilution of the drug was then 

carried out in RPMI-1640 media. 100 µL of each dose was added across the plate starting with 

the lowest and finishing with the highest drug concentration. This was done in triplicate. Drug-

free media was also plated (100µL) as a control. The plate was then incubated for a further five 

days at 370C and 5% CO2. 
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Figure2. 2 Cytotoxicity Assay in 96 well plate; drug doses serially diluted with concentration 

increasing from left to right of the plate. The blue wells contained deionised water to reduce 

dehydration. 

 

On the day five of the treatment the drug waste from the plate was discarded and the plate was 

washed with PBS twice. Prior to this, 2.63g of fresh Phosphatase Substrate (Sigma Aldrich, UK) 

per 1mL of Sodium Acetate Buffer (0.1M Sodium Acetate pH 5.5, 0.1% Triton X-100) was 

prepared. Once the plate was washed, 100µL of the above acid phosphatase substrate solution 

was added to each well. The plate was once again incubated at 37°C but for about 1 hour. 

Incubation time was adjusted depending on the metabolism rate of the cells.  The reaction in the 

wells was then stopped by adding 50 µL of 1 M Sodium Hydroxide (NaOH). The absorbance 

was then measured at 405nm on the plate reader (Omega FLUOStar, BMG Labtech) (Stordal et 

al., 2012b). Using the complimentary Omega data analysis software (BMG Labtech) data was 

collected and exported onto Microsoft Excel. This was followed by calculating the mean and 

standard deviation of the absorbance for each drug dose.  Using GraphPad Prism the data was 

normalised to absorbance values of control wells containing no cells as 0% and wells with no 

drug treatment as 100 % cell viability. Further analysis using a nonlinear regression fit (four 

parameter) was then carried out to determine the IC50 doses for each drug treatment. 
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2.1.7 Optimisation of Drug doses for Cell pellet preparation of the four cell lines 

 

Doses for each drug determined from the cytotoxicity assay were optimised for each cell line to 

produce cell pellets for further experimental methods. Control (untreated) and drug treated cell 

pellets (minimum n=4) were produced for each cell line. Cells were grown in RPMI-1640 plus 

10% FBS and subsequently seeded into T-75 flasks at a density of 6.25 x105 cells in 10mls of 

media. These were allowed to attach overnight before drugging the cells with IC50 doses of 

drugs determined from the cytotoxicity assays. On day four of drug treatment the cells were 

trypsinised and counted. This was followed by spinning the cells down and re-suspending the 

cell pellet in PBS two times. The cells are transferred and spun down a final time in an Eppendorf 

tube where the supernatant was discarded leaving a dry pellet. 

 

The above steps were repeated for flasks seeded with a cell density of 2.58 x 105 cells. This was 

to replicate the conditions set up in the cytotoxicity assay into a T-75 flask. The harvested cell 

pellets were optimised to consist of cell counts within a range of 40-60% of the cell counts 

relative to their respective control cell pellets. This ensured that each sample was treated within 

the appropriately established IC50 dose for each drug. 

 

In cases where the IC50 doses determined from the cytotoxicity assay did not have the desired 

effect, the doses were optimised by setting up five T-75 flasks seeded with the same cell density 

as above in each flask. The flasks were dosed with the IC50 dose as well as doses 2 and 4 times 

lower and higher than the determined IC50 dose. Cell pellet preparation was the same as 

described above. Cell counts for each dose were plotted and the final optimised dose was 

determined using Graph Pad Prism. Cell pellets were stored at -20 °C prior use in further 

experiments. 
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2.1.8 Invasion Assay 

 
Cell lines growing in T-75 flasks were primed by removing serum containing media (Sigma) 

from cultures followed by thorough and gentle rinsing with serum-free media (SFM) 

(RPMI1640, Gibco).  The cell lines were serum starved in the incubator for 5 hours by replacing 

culture medium with 10mL of SFM.  Once the cells were starved, they were labelled by adding 

10µL of DilC12 dye (10mg/mL in DMSO) and then incubated further for 2 hours. DilC12 dye 

is a weakly fluorescent dye until incorporated into cells whereupon it becomes strongly 

fluorescent. 

 

A 96-well insert with an 8.0 µm pore size polyester membrane (Sigma) was coated with an 

extracellular matrix (ECM). This was prepared by mixing a solution A consisting of Collagen 

IV (Sigma), Fibronectin (Sigma), Laminin (Sigma), SFM with a solution B consisting of 

Collagen I (ThermoFisher), NaOH (Sigma), PBS (Fisher), Sterile water, Collagen IV, 

Fibronectin and Laminin detailed in table 2.6. All components of solution B were mixed by 

vortexing except Collagen I. This was added and mixed by pipetting up and down. 150µL of 

solution B was then added and mixed in solution A by pipetting once again. The inserts were 

then coated with 25µL of the above ECM mixture (solution A + solution B) and incubated at 

37°C for 6 hours. After gelation 100µL of SFM media was added followed by removal of 80µL 

of the same SFM. A number of inserts were setup without coating with ECM so as to 

differentiate cell invasion from chemotaxis and as such act as a control to calculate total 

invasion. The set was as shown in figure 2.3 below 

 

Figure2. 3 Representation of transwell chambers setup for invasion assay. 
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Component Volume Concentration 

Solution A 

Fibronectin 11.97µl (11.4µg/ml) 

Laminin 11.97µl (11.4µg/ml) 

Collagen IV 105µl (100µg/ml) 

Serum free media 921.06µl  

Total 1050µl  

Solution B 

Collagen I 106.7µl (0.8µg/ml) 

1m NaOH 2.67µl  

PBS 35µl  

Sterile water 206.51µl  

Collagen IV 105µl (100µg/ml) 

Fibronectin 4.56µl (11.4µg/ml) 

Laminin 4.56µl (11.4µg/ml) 

Total 465µl  

Table2. 6 Components of collagen based extracellular matrix used to coat transwell inserts for 

invasion assay. 

 

The pre-labelled cells were then harvested using dissociation solution TrypLE (Gibco) followed 

by addition of SFM. The cells were spun to remove cell dissociation solution and resuspended 

in SFM. A cell suspension was diluted to a seeding concentration of 400,000 cells/mL with 

SFM. To each insert well 50µL of diluted cell suspension was added (20,000 cells/well). At 

least one well was not seeded with any cells and was used as a blank.  170µL of complete media 

which functioned as the chemoattractant was then added to the receiver wells which were at the 

bottom of the transwell 96 well support (Sigma). The plate was incubated in 5% CO2 at 37°C 

for 48 hours. The plate inserts were then removed followed by carefully swabbing the ECM 

with a cotton swab. The inserts were then placed back into the receiver plate and the 

fluorescence of invaded cell was measured at 549/565 nm in the plate reader (Omega FLUOStar, 

BMG Labtech). 
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2.2 Molecular Biology Techniques 

 

2.2.1 Purification of RNA 

 
The cell pellets harvested for each cell line from previous optimisation experiments (control and 

drug treated) underwent RNA extraction using the PureLink RNA Mini Kit (Ambion) as per 

manufacturer’s protocol described in this section.  

 

The frozen cell pellets prepared in section 2.1.7 were homogenised by re-suspending the cell 

pellets in 300µL of Lysis Buffer containing 1% 2-mercaptoethanol and then a 21-gauge syringe 

needle was used to break up the cell pellet followed by an additional step of vortexing at high 

speed until the cell pellet was completely dispersed and appeared to be fully lysed. Equal volume 

of 70% ethanol (molecular grade) was added to the cell homogenate and vortexed to ensure 

thorough mixing. The sample was then transferred to the spin cartridge with its collection tube 

and centrifuged at 12,000 x g for 15 seconds at room temperature. The flow through was 

discarded and the sample underwent on column DNase treatment. This involved adding 350 µL 

Wash Buffer I to the spin cartridge followed by spinning it at 12,000 x g for 15 seconds at room 

temperature. The spin cartridge was then inserted into a new collection tube and 80 µL of the 

PureLink DNase mixture (prepared as described in table 2.7) was added directly onto the Spin 

cartridge membrane and incubated for 15 minutes at room temperature.  350 µL of Wash Buffer 

I was again added to the Spin Cartridge followed by the same centrifugation step mentioned 

above.  The spin cartridge was again inserted into new collection tube before adding 500 µL of 

Wash Buffer II.  This was again centrifuged twice as described above and then centrifuged for 

the third time but for 1 minute in order to allow the membrane to dry with bound RNA. The spin 

cartridge was transferred into a recovery tube to which 100 µL of RNase free water was added 

to the centre of the spin cartridge and incubated for 1 minute at room temperature.  The spin 

cartridge and recovery tube were centrifuged at 12,000 x g for 1 minute at room temperature. 

The purified RNA eluted into the recovery tube. The total RNA in each sample was quantified 

using the Nanodrop 2000 UV-Vis Spectrophotometer (Thermo Scientific). Prior to use for 

further experiments the extracted RNA was stored at -80 °C. 
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Component Volume 

10X DNase I Reaction Buffer 
8µL 

 

Resuspended DNase (~3U/µL) 10 µL 

RNAase free water 0.5µL 

Total volume 80 µl 

Table2. 7 PureLink DNase Treatment Mixture 

 

2.2.2 Quantitative Polymerase Chain Reaction 

 

Quantitative polymerase chain reaction (qPCR) was carried out to assess the expression levels 

of the genes (Table 2.8) in samples that underwent cDNA conversion.  The cDNA samples were 

made up with nuclease free water and 9 µL of which was added to each well of an opaque 96 

well plate. A reaction mixture containing the Taqman master mix and Taqman assay primers 

(Life Technologies) were added to each well in the same plate. This is described in detail in 

table 2.9.  Non-template controls of nuclease free water were also added to the plate. All samples 

were plated in triplicate. The plate was sealed and then loaded into the Roche LightCycler 96 

PCR machine and run-on program conditions tabulated in table 2.10. 

 

Primer Assay ID 

ROR1 Hs00938677_m1 

ROR2 Hs00896176_m1 

Rab27b Hs01072206_m1 

Vimentin Hs00185584_m1 

E-cadherin Hs01023894_m1 

N-cadherin Hs00362037_m1 

GAPDH Hs02786624_g1 

Table2. 8 Taqman Primers used in qPCR 
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Primer mix For one reaction 

20X Taqman Primer Assay 1 µL 

2X Taqman Master Mix 10 µL 

Total volume 11 µL 

cDNA mix For one reaction 

cDNA sample 1 µL 

Nuclease free water 8 µL 

Total volume 9 µL 

Table2. 9 qPCR Taqman Reaction Mix 

 
 

Experiment parameters 

Cycle conditions 

Stage Temperature (°C) Time (min) 

Reaction volume:20 µL 

Ramp rate: 4.4 

Hold 50 02:00 

Hold 95 10:00 

Cycle 
95 00:15 

60 01:00 

Table2. 10 qPCR Program 

 

The comparative cycle threshold (Ct) method was used to analyse relative gene expression of 

the biomarker genes to their respective controls (Livak and Schmittgen, 2001). The Ct values 

were corrected using Ct of the housekeeping gene GAPDH. Fold change in expression levels of 

genes and statistical significance was determined using GraphPad Prism. 

 

2.3 Immunocytochemistry (ICC) 

 
Cells (4 x 104 cells/mL) were plated at a volume of 400µL in each well of an 8-well chamber 

slide. The cells were allowed to grow till they reached about 60-80% confluency. Confluency 

was reached in 48 hours for all cell lines except OVCAR-3 which was reached at 120 hours.  

The media was then discarded and fresh media containing IC50 doses (Table 3.5) of the drugs 
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was added into each well. On day four of drug treatment the cells were washed three times with 

PBS and then fixed with 4 % paraformaldehyde in PBS for 8 minutes at room temperature. All 

washes were carried out with PBS and all incubations were at room temperature. The cells were 

then permeabilised with 0.1% Triton (Sigma) in PBS for 7 minutes. This was followed by a 

wash step after which the cells were blocked with 50% horse serum in PBS for 8 minutes. 

Optimal dilutions for primary antibodies (diluted in PBS) (Table 2.11) were added to each 

well(100µL) for 2 hours. The cells were then washed three times and a Goat anti rabbit IgG 

FITC labelled secondary antibody (Abcam) was added (50 µL) at a 1:100 dilution to each well. 

Where the primary antibody was raised in mouse, the secondary antibody (Table 2.12) used was 

a Goat anti Mouse IgG FITC labelled antibody (Abcam). The slide was incubated for 90 minutes 

and then washed three times before removing the gasket separating each chamber well. A 

coverslip was then placed on the slide covering each well spot using mounting media containing 

DAPI (Vectorshield) which is a fluorescent stain binding to DNA in the fixed cells. The slides 

were covered and allowed to dry in the dark for at least 1 hour before examining under the 

confocal microscope (Leica Microsystems, Wetzlar, Germany). Four fields per sample chamber 

well were chosen at random and photographed. The emission maximum of DAPI is 461 nm 

which falls within the blue colour spectrum. The DAPI and FITC stained portions of the fixed 

cells were viewed separately, and also as merged images shown in chapter 3 section 3.3.4.3. 

This was done using confocal microscopy on the Leica Microsystems microscope’s imaging 

software. 

 

Antibody Source/Clonality Dilution 

ROR1(Proteintech) Rabbit Polyclonal 1:100 

ROR2(QED Bioscience) Mouse Monoclonal 1:50 

RAB27B (Proteintech) Rabbit Polyclonal 1:100 

VIMENTIN(Dako) Mouse Monoclonal 1:100 

Table2. 11 Primary Antibodies used in ICC 
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Antibody Dilution 

Goat Anti-Mouse IgG 

H&L(FITC) 
1:100 

Goat Anti-Rabbit IgG H&L(FITC) 1:100 

Table2. 12 Secondary Antibodies used in ICC 

 

The cells in the captured images were counted using the ImageJ software and then averaged. 

These images were first converted from RGB to 16-bit grayscale images. To distinguish the 

cells from the background the threshold feature was used. This suppressed certain pixels in the 

background by removing intensities within a certain threshold. A binary image is created which 

shows only the cell pixels. Using the ‘analyse particles’ feature in ImageJ the number of cells is 

automatically counted.  

 

To count the cells and quantify intensity levels of biomarker expression for each cell, the images 

were first converted from RGB to 16-bit grayscale images.  To distinguish the cells from the 

background the threshold feature was used. This suppressed certain pixels in the background by 

removing intensities within a certain threshold. A binary image is created which shows only the 

cell pixels.  For cells that seem to have merged the ‘watershed’ feature in ImageJ is used to 

accurately cut them apart using a 1pixel thick line. This then followed by ‘analyse particles’ 

feature in ImageJ where the number of cells is automatically counted along with the intensity 

measurement of the biomarker expression. The intensity (expression) is normalized to the cell 

number for each drug treated cell to the untreated control for in each cell line. 

 

2.4 Statistical analysis  

 
Statistical analysis was carried out using Minitab17, GraphPad Prism and R statistical packages. 

The software’s and tests used to carry out for each analysis are detailed in each chapter. For all 

tests, p < 0.05 was considered as statistically significant. 
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Chapter 3 

Investigation of ROR1 as a novel biomarker 
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3.1 Introduction 

 

As mentioned in chapter 1 Section 1.8.1.1.1 ROR1 has been previously implicated in several 

other malignancies and therefore makes it a reliable candidate gene to investigate for this study. 

A recent study by Fultang et al. (2020) discussed the role of ROR1 in regulation of 

chemoresistance in breast cancer.  The ABC family of ATP-dependent drug transporters, 

specifically ABCB1/MDR-1 were identified to have a major underlying role in chemoresistance 

in breast cancer (Ji et al., 2019; Sui et al., 2012). Inhibitors of these transporters did not show 

much promise clinically to overcome multidrug resistance. The Fultang et al. (2020) study 

attempted to identify upstream regulators of the ABCB.1 and chemoresistance in breast cancer. 

ROR1 which has been described as an onco-foetal receptor (Fultang et al., 2019; S. Zhang et 

al., 2012a, 2012b) was identified as a key upstream regulator of ABCB1 (Fultang et al., 2020). 

 

The results from this study (Fultang et al., 2020) showed an increased effect of platinum based 

and anthracycline chemotherapy drugs when ROR1 knockdown or inhibition (by small 

molecule inhibitors) were carried out. Other studies have also shown ROR1 functioning as a 

prognostic marker for tumour relapse and poor survival outcomes (Chien et al., 2016; C. Henry 

et al., 2017; E.-H. Jung et al., 2016; Wu et al., 2019; S. Zhang et al., 2012a). Gene expression 

data of breast cancer patients from NCBI’s Gene Expression Omnibus (GEO) suggested that 

patients with poor chemotherapy response had an increased level of ROR1. Similar associations 

between ROR1 and response in ovarian cancer patients was observed (H. Zhang et al., 2014b). 

Since high grade serous ovarian cancer shares molecular and genomic similarities with certain 

types of breast cancer (Begg et al., 2017) it seems relevant to investigate ROR1 as a biomarker.   

 

Mechanisms underlying chemoresistance in ovarian cancer is complex and therefore emphasises 

the need for effective biomarkers. Several studies have documented individual biomarkers for 

platinum-based chemotherapy resistance (Guo et al., 2020; Pokhriyal et al., 2019). Interestingly, 

ROR1 was not included in these biomarker lists. However, there are limited studies that have 

investigated ROR1 in ovarian cancers (Henry et al., 2015; Yin et al., 2017; Zhang et al., 2014). 

These studies have described a link between ROR1, EMT and the Wnt signalling pathway which 

has been described in chapter 1 section 1.8.1.1.4. 
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3.2 Methods 

 

3.2.1 Knock-down of gene expression using small interfering RNA (siRNA) 

3.2.1.1 Optimisation of siRNA reverse transfection using GAPDH 

 

In order to assess the effectiveness of reverse transfection, certain optimisation steps were 

carried out.  The cell density used was the same as in the cytotoxicity assay (section 2.1.6).  

Cells cultured in T-75 flasks were trypsinised and counted of which 2 x 104 cells/mL were 

seeded into a 96 well plate at 100 µL and T-25 flask at 5mL. Lipofectamine mix was then 

prepared with lipofectamine (ThermoFisher Scientific) and OptiMEM Reduced Serum Media 

(Life Technologies) and incubated for 5 minutes at room temperature. The Scramble (Ambion) 

and GAPDH siRNA (Ambion) were diluted to a final concentration of 30nM in OptiMEM 

media. 25µl of the diluted siRNAs were plated in triplicates in a 96-well plate and 500µl in a T-

25 flask. This was followed by adding 25µl/500 µl of the lipofectamine mix into each well and 

flask respectively containing the diluted siRNA mix. The plate and flasks were shaken gently 

and incubated at room temperature for 15 minutes. Once the complexes were formed after 

incubation, 100 µl and 5mLs of cell suspensions obtained from the T-75 flasks were added to 

each well and flask respectively.  The remaining empty wells in the 96 well plates were filled 

with 200 µl of sterile deionized water so as to prevent the contents of the plate from evaporating. 

The plate and flasks were incubated overnight at 37°C with 5% CO2 to allow cells to attach.  

The cells were observed under the microscope up to 72 and 120 hours in order to assess cell 

viability following reverse transfection. 
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The house keeping gene GAPDH (Ambion) was used in the optimisation experiment to trial 

different siRNA conditions. The scramble (Ambion) was chosen as the negative control and 

non-transfected cells were used as the positive control. Details of these are shown in table 3.1 

below 

 

siRNA (Ambion) Catalog No. 

Scramble Select Negative Control no.1 siRNA 

 
4390843 

Silencer GAPDH siRNA 

 
AM4605 

Table3. 1 siRNA used in optimisation of GAPDH knockdown 

 

3.2.1.1.1 Reverse Transfection of siRNA in 96 well plate andT-25 flask 

 
The siRNA GAPDH knockdown was carried out on HEY and OVCAR-3 cell lines. The 

rationale was to select cell lines on either side of the resistance profile: most resistant and most 

sensitive. On day 1 of the knockdown experiment, these cells were trypsinised, counted and then 

re-suspended in fresh media to make up the required cell density (2 x 104). The optimisation 

process was carried out over two time points; 72 hours and 120 hours for each cell line in order 

to establish most effective duration of the knockdown. As described in section 3.2.1.1 the 

Scramble siRNA (Silencer® Select Negative Control No. 1 siRNA (Ambion) and GAPDH 

siRNA were diluted in OptiMEM to a final well/flask concentration of 30nM followed by 

addition of the lipofectamine mix. The plates and flasks were incubated at room temperature to 

form complexes for 15 minutes before adding 100 µl of cell suspensions to each well and 500 

µl to each flask. The cells were incubated at 37°C and 5% CO2 and allowed to attach overnight. 

The following day, each well and flask was replaced with fresh 10% FCS and RPMI media. 

 

3.2.1.1.2 Take down of siRNA plates and flask 

 

At 72 and 120 hours the plates for HEY and OVCAR-3 cells were washed with PBS following 

removal of the media and trypsinised. Media was added to wells to deactivate the trypsin. The 

contents of the triplicate wells were pooled into one tube and spun down for 5 minutes at 1000 

rpm. The supernatant was discarded, and the cells were washed with 1 mL cold PBS and then 
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transferred to 1.5 ml Eppendorf tubes. There were once again spun down at maximum speed for 

one minute after which the supernatant was discarded.  

 

Cells in the T-25 flask were harvested according to the protocol described in chapter 2 section 

2.1.7. Cells harvested from the 96 well plates and T-25 flasks at 72 and 120 hours were counted 

and then underwent RNA extraction followed by a cDNA conversion step (as described in later 

section; 3.2.1.2.5). A qPCR experiment was then set up as described in chapter 2 section 2.2.2 

to determine the optimal time point and siRNA concentration for most effective knockdown. 

3.2.1.2 Optimisation of ROR1 and ROR2 knockdown 

 

On day 1 of the ROR1/2 siRNA knockdown, HEY and OVCAR-3 cells were trypsinised and 

counted to establish cell suspension volumes of 2 x 104 cell/ml for both 96 well plates and T-25 

flasks to be set up for take down at 72 and 120 hours. Lipofectamine mix and siRNA of varying 

concentrations was prepared as described in section 3.2.1.1.  Scramble (Ambion) as well as 

ROR1 and ROR2 siRNAs (Table 3.2) were diluted in Optimem reduced serum media 

(ThermoFisher Scientific) to varying concentrations (10nM, 30nM and 50nM) appropriate for 

a 96 and T-25 flask volume. Reverse Transfection was carried out as described in section 

3.2.1.1.1.  Plates were rocked gently and incubated for 15 minutes at room temperature to allow 

complexes to form. Cell suspensions of 2 x 104 cells/mL were then added to each well and flask; 

100µl was added to wells in 96-well plate and 5mLs of cell suspension was added to each T-25 

flask.  200µl of distilled water was pipetted into the empty wells of the 96-well plates to avoid 

dehydration of the plate.  Plates and flasks were incubated at 37°c with 5% CO2 to allow cells 

to attach overnight. Similar to the above optimisation experiment, each well and flask was 

replaced with fresh 10% FCS and RPMI media. 

 

siRNA 
Catalog 

No. 
ID Sense (5’-3’) Antisense (5’-3’) 

ROR1 AM51331 613 
GGCUCUCCUUUCGGUC

CACTT 

GUGGACCGAAAGGAG

AGCCTC 

ROR2 AM51331 541 
GGUGAAGUGGAGGUU

CUGGTT 

CCAGAACCUCCACUU

CACCTG 

Table3. 2 siRNA used in Knockdown experiment 
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3.2.1.2.1 Take down of plates and flasks 

 

The plates were taken town at 72 and 120 hours as described in section 3.2.1.1.2. The absorbance 

was then measured at 405nm on the plate reader as described above in section to determine 

effects of varying siRNA concentrations on cell viability. Cells harvested (as described in 

chapter 2 section 2.1.7) from the flasks at 72 and 120 hours underwent RNA extraction and 

cDNA conversion (as in chapter 2 section 2.2.1 and chapter 3 section 3.2.1.2.5). Optimal 

knockdown conditions were then determined through data obtained from subsequent qPCR 

experiment. 

 

3.2.1.2.2 Knockdown of ROR1 and ROR2 with optimised RNA concentration 

 

Following on the above knock down optimisation experiments, the optimal siRNA dose 

concentration of ROR1 and ROR2 and time points were selected for HEY and OVCAR-3 cells.  

Knockdown experiments were set up similar to the above in a 96 well plate and T-25 flask for 

both cell lines. In addition to setting up ROR1 and ROR2 knockdown, a double knockdown of 

both ROR1 and ROR 2 in the same well/flask was also added. This consisted of the optimal 

siRNA concentration for ROR1 and ROR2 determined from the optimisation experiments 

above. Day 1 of the knockdown protocol was same as described above (as in section 3.2.1.1).  

 

3.2.1.2.3 Drug treatment of knockdown cells 

 

Media in the 96 wells plates was changed and replaced with fresh media containing different 

doses of cisplatin. Three doses of the drug were used for treatment in the knockdown 

experiment. The doses used were the IC50 dose determined as described in later section 3.3.2 

(Table 3.5) and variations of the IC50 dose; double the dose and half the dose. Each dose was 

added in triplicate to ROR1, ROR2 and ROR1/2 knock down cells as well as the Scramble. 

However, additional siRNA transfected cells were also included in the plates and were not 

treated with cisplatin in order to act as a comparative control. The 96-well plates were then 

incubated at 37°C with 5% CO2.The media in the T-25 flasks was replaced with fresh 10% FCS 

and RPMI media with the appropriate drug dose and were incubated till take down. 
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3.2.1.2.4 Take down of plate and flask  

 

The 96-well plates were taken down as described in earlier section 3.2.1.1.2 and absorbance’s 

read in the plate reader (Omega FLUOStar, BMG Labtech). Cells were harvested from the T-

25 also as described earlier following cell counts. 

 

3.2.1.2.5 cDNA conversion and qPCR 

 

Total RNA was extracted using the PureLink RNA Mini Kit (Ambion) as described in chapter 

2 section 2.2.1 and cDNA conversion was completed as described in chapter 2 section 2.2.2. 

The 96-well plate was analysed by acid phosphatase assay (section 2.1.6).  The qPCR 

experiment was carried out using the TaqMan Gene Expression Assay (Applied Biosystems) 

protocol in which the expression of ROR1 and ROR2 was investigated. GAPDH gene was used 

as the housekeeping gene (Table 3.3). Samples were loaded and sealed into the Roche Light 

Cycler 96 RT-PCR machine and run on the program shown in chapter 2 section 2.2.2 Table 

2.10.  Results were analysed using Roche LightCycler 96 software. 

Primer Assay ID 

ROR1 Hs00938677_m1 

ROR2 Hs00896176_m1 

GAPDH Hs02786624_g1 

Table3. 3 Taqman Primers used in qPCR of knocked down cells 

 

3.2.2 Protein Chemistry Techniques 
 

3.2.2.1 Harvesting Ovarian Cancer Cells 
 

Cells were harvested by trypsinization as described in chapter 2 section 2.1.2 and 2.1.7. The 

cells were spun down twice and washed ice-cold PBS each time. The cell pellet was resuspended 

in RIPA buffer (Sigma) and 1 x Protease inhibitor (ThermoFisher). The cells were lysed by 

mechanical shearing using a syringe tip (21-gauge needle). The cells were kept on ice during 

the homogenisation process and then centrifuged at 13,000 rpm for 15 minutes. The supernatant 

was retained, and protein concentration was determined as described in section 3.2.2.2 below. 

Cell lysates were stored at -80°C until required. 
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3.2.2.2 Determining Protein Concentration of Cell lysates 
 

A Bradford assay was carried out to determine the protein concentration of the cell lysates. A 

seven-point standard curve was produced using known concentrations of protein standards made 

up of Bovine Serum Albumin (BSA) (Sigma) in of Bio-Rad Protein Reagent (Bio-Rad 

Laboratories) which was diluted (1:4) with a starting concentration of 1 µg/µL.  4µL of the cell 

lysates were added to 16µL of deionized water to make a 1:5 dilution. This diluted standards 

and lysates were then added to wells in a 96-well plate containing 250µL of Bradford reagent. 

This was done in triplicates.  The plate was read using the microplate reader (Omega FLUOStar, 

BMG Labtech) at 595nm. The absorbances of the standards were used to plot the standard curve 

from which the protein concentration of the lysates was interpolated. 

3.2.2.3 Protein Electrophoresis 
 

Proteins were separated based on their molecular size using a pre-cast 10-12% polyacrylamide 

gel (Biorad Laboratories). The cell lysate samples were prepared by mixing 2X Laemmli buffer 

(25% v/v glycerol, 2% w/v SDS, 0.01% w/v bromophenol blue and 65mM Tris (pH 6.8)) 

(Biorad Laboratories) along with 5% ß-mercaptoethanol. The samples were heated on a heat 

block at 90°C for 5 minutes. The samples were then loaded onto the gels (20µL per lane) along 

with the protein weight marker (5µL) and run at 150 Volts for 45 minutes. 

 

3.2.2.4 Visualization of Proteins on Nitrocellulose membrane 
 

The gel was detached from the cast slides and sandwiched between a pre-soaked transfer pack 

(Biorad Laboratories) consisting of nitrocellulose membrane and filter paper. The semi-wet 

transfer was then carried out using the Trans-Blot Turbo Transfer system (Biorad Laboratories). 

The setting was set to transfer for 7 min rapid transfer at 25 Volts and 2.5 Amp of current. The 

protein transfer was visualised using a Ponceau S stain (Sigma) by pouring it over the blot for 

about 20 seconds and then discarding the stain solution. The blot was then washed with 

deionised water to remove the stain in order to visualise the total protein transferred.  

 

 

 



101 

 

3.2.3 Immunological Techniques 

 

3.2.3.1 Western blotting 
 

Following the transfer, proteins on the nitrocellulose membrane was incubated with the antibody 

in order to detect and visualise the target protein (details of antibodies detailed in table 3.4). 

Before this, the membrane was blocked in 10 mL of 5% Skimmed Milk (Biorad Labortories) in 

0.1% PBS-Tween (Sigma) for 1 hour. This was done to prevent non-specific binding of 

antibodies. The membrane was then incubated with the primary antibody solution specific to 

the protein of interest. This was a 1:1000 dilution of antibody made up in 3% Skimmed Milk in 

0.1% PBS-Tween. The membrane was allowed to incubate with primary antibody overnight on 

a plate rocker at 4°C. The membrane was then washed with a wash buffer (0.3% PBS-Tween) 

three times for 10 minutes each. This was followed by a second incubation with a secondary 

antibody conjugated with Horse-radish Peroxidase (HRP) diluted to 1:1000 in 3% Skimmed 

Milk in 0.1% PBS-Tween for 1 hour. The membrane was then washed 3 times with wash buffer 

as above. An enhanced chemiluminescence (ECL) detection reagent (GE Healthcare) was added 

onto to membrane, enough to cover it, for 1 minute.  The ECL reagent was then poured out and 

the membrane was visualized using the Licor Odyssey Infrared Imaging System at different 

wavelengths.  

 

1° Antibody Source/Clonality Dilution 

ROR1(Proteintech) Rabbit Polyclonal 1:1000 

ROR2 (QED Bioscience) Mouse Monoclonal 1:1000 

ß-Actin (Sigma) Mouse Monoclonal 1:10,000 

ß-Actin (Sigma) Goat Polyclonal 1:10,000 

2° Antibody Source/Clonality Dilution 

Goat Anti-Rabbit IgG-HRP 

(Biorad) 
Rabbit Polyclonal 1:1000 

Goat Anti-Mouse IgG-AP 

(Biorad) 
Mouse Monoclonal 1:1000 

Table3. 4 Primary and secondary antibodies used for incubation of nitrocellulose membrane 
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The membrane was then washed with the wash buffer before incubating it with β-Actin primary 

antibody (1:10,000) (Sigma) in 3% Skimmed Milk (Biorad) in 0.3% PBS-Tween for 1 hour. 

This was followed by washing the membrane as described previously and then once again 

incubating the membrane with a secondary antibody (1:1000) conjugated with Alkaline 

Phosphatase in 3% Skimmed Milk in 0.3% PBS-Tween for another hour. The membrane was 

washed one final time as above before adding a solution of Sigma fast BCIP NBT tablets to the 

membrane. This reacted with the Alkaline phosphatase tagged to the secondary antibody to 

develop the β-Actin protein on the membrane, which served as the loading control. 

The bands on the membranes were analysed using Image J software and the knockdown 

percentages were quantified. The relative amounts of each protein of interest were quantified as 

ratios relative to loading control. Each bands intensity was measured along with the background. 

These intensities were inverted, and the net intensities was measured by subtracting inverted 

intensities of the protein of interest and the background. The same was done for the loading 

control. The ratio of net protein and loading control was calculated and graphed into 

percentages. This method was adapted from Davarinejad H (2017). 

 

3.2.3.2 Enzyme-linked immunosorbent assay: ROR1 
 

The cell pellets as prepared in section 2.1.7 were also used to measure the levels of the biomarker 

protein (ROR1) in both control and drug treated cells for each cell line using a sandwich ELISA 

kit (DuoSet IC R&D systems). A 96-well plate was coated with 100 µL of the Total ROR1 

capture antibody (rat anti-human ROR1 antibody, DuoSet IC R&D systems)) at a working 

concentration of 10ug/mL and incubated overnight at room temperature. This was followed by 

three washes using wash buffer (0.05% Tween20 in PBS, pH 7.2-7.4) and then a blocking step 

using Block buffer (1% BSA, 0.05% NaN3 in PBS, pH 7.2-7.4) for 2 hours. The plate was again 

washed as earlier and then plated with 100 µL of the Total ROR1 standards (recombinant human 

ROR1) as well as the sample. A six-point standard curve was set up using 2-fold dilutions of 

the standard starting with the highest concentration of 2ng/mL. The plate was again incubated 

for 2 hours at room temperature followed by the wash step. The Total ROR1 detection antibody 

(biotinylated goat anti-human ROR1 antibody, DuoSet IC R&D systems)) was pipetted (100uL) 

in to each well at a working concentration of 2ug/mL and incubated for 2 hours at room 
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temperature. The plate was washed and 100µL of Streptavidin conjugated to Horseradish 

peroxidase (1:200) (DuoSet IC R&D systems) was added to each well. Following a 20-minute 

incubation at room temperature the plate was washed and 100 µL of a substrate solution (1:1 

mixture of Color Reagent A (H2O2) and Color Reagent B (Tetramethylbenzidine)) was added. 

The plate was incubated for the final time at room temperature for 20 minutes before adding 50 

µL of stop solution (2N H2SO4). Using the Omega FLUOStar (BMG Labtech) plate reader, the 

optical density of each well was determined. The wavelength was set to 450nm with a correction 

set to 570nm. 

 

3.2.4 Statistical Analysis 

 

In Minitab, a one-way ANOVA was used to test for significance in a) the growth rate of the cell 

lines, b) to compare the dose responses for each drug between the cell lines., c) compare the 

invasiveness of cell lines in the panel. Tukeys test was used for post-hoc analysis. A one sample 

t-test was used to a) check for percentage of cell viability of drug treated cells for cell pellet 

preparation, b) to account for statistical significance of mRNA expression from qPCR.  

 

GraphPad Prism was used to interpolate values of ROR1 in drug treated and untreated cells in 

ELISA. One-way ANOVA test was used to account for statistical significance in the expression 

levels of the biomarkers in the cell lines (with each drug treatment. The correlation between 

resistance and ROR1 expression was determined by the Pearson’s correlation coefficient. Data 

produced from qPCR of knockdown experiments was analysed using the one-sample t-test, two-

sample t-test and one-way ANOVA. 
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3.3 Results 

 

3.3.1 Growth Curves of Cell Lines 

 

The doubling time for each of the cell lines (n=3) was determined using the exponential growth 

equation in GraphPad Prism (Figure 3.1). These curves define the growth characteristics for 

each cell line; they allow determination of the appropriate time range for assessing the cytotoxic 

effects of the drug treatments used. The doubling times estimated here validate the effectiveness 

of carrying out a 5-day combination cytotoxicity-proliferation assay as it allows the cells to be 

exposed to the drug for sufficient time for it to have an effect on the cells. 

 

Figure3. 1 Growth curves of the four selected cell line HEY, SKOV-3, OAW42 and OVCAR-3. The 

cells were grown in 6 well plates for 96 hours and counted every 24 hours as described in section 2.1.5. 

Experiment repeats of n=3 was carried out and the mean cell counts for each cell line is represented by 

each coloured curve line. The doubling time for each cell line is depicted in hours and indicated next to 

each line in the graph. The HEY cell line has the shortest doubling time of 13 hours and OVCAR-3 cell 

line has the longest doubling time of 58 hours. 

 

Figure 3.2 below demonstrates the cell numbers of all four cell lines over the 96-hour period. 

The growth rate of HEY was significantly higher than other OC cell lines and OVCAR-3 

showed the lowest rate of growth. These differences were statistically significant from 24h 

onwards. At the 48 hours mark, these cell numbers were statistically significant (p<0.001) 

compared to the rest of the cell line panel. 
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Figure3. 2 Cell number (x 104) of each cell line from the growth assay experiment. The number of 

cells per cell line counted every 24 hours over a 96-hour period. Experiment repeats of n=3 was carried 

out. A one-way ANOVA was carried out with ‘***’ denoting significance of p<0.001. A post hoc 

analysis using Tukey’s test was carried out. 

 

3.3.2 Cytotoxicity assay and IC50 dose range 

 

The results show that HEY cell line required the highest dose for each drug treatment making it 

the most resistant model in the cell line panel. The absorbance for each dose from the 96-well 

plate was averaged and normalized to the control. These values were then plotted as the 

concentration of the drug versus the percentage of cell viability. The IC50 was determined at 

the 50% mark on the y-axis versus the drug concentration on the x-axis. All steps were carried 

out using Graph pad Prism Version 5. The cytotoxicity assays revealed that the cell lines 

exhibited different resistance profiles to the four drugs. Figure3.3 shows the resistance profiles 

of all the cell lines to each drug.  A significant difference (p<0.05) between cisplatin IC50 in 

HEY versus OVCAR-3 and OAWA42 cells was observed. The same applies to SKOV-3 cell 

versus OVCAR-3 and OAW42 cell lines. 
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However, there was no significant difference in the IC50 cisplatin dosage between HEY and 

SKOV-3 cells. The same trend follows with carboplatin treatment. The HEY cells also required 

a higher dose of the PARP inhibitor Talazoparib to reach IC50 dosage and showed a significant 

difference in the dosage requirements compared to SKOV-3 (p<0.05), OVCAR-3 (p<0.01) and 

OAW42 (p<0.01) cell lines. OVCAR-3 required the lowest dosage concentration whereas there 

was no significant difference between the dosages required for SKOV-3 and OAW42.  The HEY 

cells once again required the highest dose of Taxol compared to the other three cell lines( 

p<0.001). SKOV-3, however, showed higher sensitivity to taxol compared to OVCAR-3 and 

OAW42 (p<0.05).   
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Figure3. 3 Bar graph of resistance profile of four cell lines to drug treatments (A)Cisplatin, 

(B)Carboplatin, (C) Taxol and (D) Talazoparib. The cell lines were treated with varying doses of drugs 

to determine IC50 doses as described in chapter 2 section 2.1.6. Experimental repeats of n=5 was carried 

out and the error bars represent standard deviation.  The IC50 dose of each drug was compared across 

the cell line panel and analysed using a one-way ANOVA test. ‘*’, ‘**’ and ‘***’ denotes the statistical 

significance of p<0.05, p<0.001 and p<0.0001 respectively. A post hoc analysis using Tukey’s test was 

carried out
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Although some drug doses required further optimisation in HEY, SKOV-3 and OVCAR-3 cell lines when upscaling to T-75 flasks, table 

3.5 below shows the finalised IC50 doses of the four drugs for the cell lines which were determined through the cytotoxicity assay in 

96-well plates.  

 

 

Table3. 5 Optimised IC50 doses from cytotoxicity assay and T-75 flasks (n=5). IC50 doses from cytotoxicity assay (as described in chapter 2 

section 2.1.6) and optimised doses from five T-75 flask experiment of cisplatin, carboplatin, taxol and talazoparib treatment for the four cell lines as 

described in chapter 2 section 2.1.7. (Doses underlined were optimised in T-75 flasks) 

 

 

Cell lines 

 

Cisplatin(ug/mL) 

 

Carboplatin (ug/mL) 

 

 

Taxol(ng/mL) 

 

Talazoparib (ug/mL) 

 IC50 dose IC50 dose IC50 dose IC50 dose 

HEY 1.38±0.05 8.41±0.20 2.97±0.04 0.149±0.5 

SKOV-3 0.47±0.09 3.90±0.46 0.72±0.005 0.02±0.03 

OVCAR-3 0.07±0.01 0.55±0.06 1.28±0.20 4.2x10-4±0.006 

OAW42 0.11±0.04 1.28±0.30 0.8175±0.02 0.047±0.02 
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3.3.3 Preparation of Cell Pellet 

 

The control and drug-treated cell pellets for each cell line were harvested for downstream 

experiments to investigate biomarker expression. The cell counts for each drug-treated sample 

ranged from 40 to 60% relative to their respective control samples, and all were statistically 

significant (Figure 3.4).  

 

Figure3. 4 Cell viability percentage of the four cell lines when treated with IC50 doses of drug 

treatment. Cell pellets were harvested as described in chapter 2 section 2.1.7 with experimental repeats 

of n = 5. Cell viability of A) cisplatin, B) carboplatin, C) taxol and D) talazoparib were normalized to 

the respective untreated controls. Percentage of cell viability ranged between 40-60% upon drug 

treatment. A one-sample t-test was carried out comparing the viability of drug-treated cells back to 

untreated control cells (100% viability) with ‘**’ and ‘***’ denoting the significance of p<0.001 and 

p<0.0001 respectively. 
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3.3.4 Expression of ROR in cell line panel 

3.3.4.1 mRNA expression levels of ROR1 and ROR2 in the cell line panel 

The expression of ROR1 and ROR2 was examined at mRNA level in the qPCR assay for each 

cell line. There were significant changes in ROR1 and ROR2 expression between the different 

cell lines and following drug treatment. Due to inaccessibility to ROR1/2 positive control cells, 

the expression of ROR1 and ROR2 in the cell line panel were compared to HEY cells. The bar 

graphs below (Figure 3.5) show varying levels of expression relative to the HEY cell line as it 

was determined to be the most resistant in the cytotoxicity assays described above in section 

3.3.Relative to the HEY cells, ROR1 levels were significantly decreased with a -3 (± 0.1 SD) 

fold change in OVCAR-3 cells (p<0.001). A significant decrease (p<0.05) in ROR1 expression 

was also observed in OAW42 cells showing a downregulation of -2 (± 0.3 SD) fold change 

compared to the HEY cells. 

However, ROR2 levels were significantly higher (p<0.0001) with a 2.7(± 0.29 SD) fold increase 

in OAW42 cells and lower (p<0.0001) with a -22 (± 0.612 SD) and -9 (± 0.19 SD) fold decrease 

in SKOV-3 and OVCAR-3 cells respectively. 

                          A)                                                              B) 

 

Figure3. 5 qPCR of all four cells demonstrating ROR1 and ROR2 expression. Relative mRNA 

expression of A) ROR1and B) ROR2. All cells are untreated and reflect the expression profile relative 

to the most resistant. cell line; HEY. Experiment repeats of n=3 was carried out. Significant fold change 

is observed in both directions. HEY cell line set to a constant of 1.0 on the Y-axis. A one sample t-test 

was carried out with ‘*’, ‘**’ and ‘***’ denoting significance of p<0.05, p<0.001 and p<0.0001 

respectively. 
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The ROR1 and ROR2 mRNA levels were also compared in drug treated and control (untreated) 

cells for each cell line. The expression levels were normalized to that from their respective 

controls. Figure 3.6 below shows the significant downregulation of ROR1 (p<0.05) expression 

in HEY cells treated with drugs; cisplatin (-1.25-fold), carboplatin (-2.5-fold), taxol (-10-fold) 

and talazoparib (-5-fold), relative to the control. ROR2 expression also exhibited a -2 to 10-fold 

decrease with drug treatment when compared to the control, however taxol treated cells 

presented the opposite effect. Here, there was a significant increase (p<0.001) of almost 2-fold 

in ROR2 expression compared to the control (Figure 3.6 (B)) 

            A)                                                                        B) 

 
 

Figure3. 6 qPCR of HEY cells. Relative mRNA expression of A) ROR1and B) ROR2 in HEY cell line 

treated with IC50 doses of four drugs: cisplatin, carboplatin, taxol and talazoparib. Experiment repeats 

of n=3 was carried out. Cells treated with drugs are compared to their respective control (non-drug 

treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-axis. A one sample 

t-test was carried out with ‘*’ and ‘**’ denoting significance of p<0.05 and p<0.001 respectively. 
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ROR1 expression was substantially increased by almost 11 -fold in SKOV-3 cells treated with 

cisplatin but not with other drug treatments (Figure 3.7 (A)). ROR-2 expression was 

significantly increased in SKOV-3 cells treated with cisplatin (p<0.001), carboplatin (p<0.05) 

and taxol (p<0.05) by 2 to 3.5 -fold, but not with talazoparib (Figure 3.7(B)) when compared to 

the control. 

                  A)                                                                                             B) 

 
Figure3. 7 qPCR of SKOV-3 cells. Relative mRNA expression of A) ROR1and B) ROR2 in SKOV-3 

cell line treated with with IC50 doses of four drugs; cisplatin, carboplatin, taxol and talazoparib. 

Experiment repeats of n =3 was carried out. Cells treated with drugs are compared to their respective 

control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-

axis. A one sample t-test was carried out with ‘*’ and ‘**’ denoting significance of p<0.05 and p<0.001 

respectively. 
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In contrast, drug treated OVCAR-3 cells showed a significant -2.5 to 4-fold downregulation of 

ROR1 (p<0.001) and -10 to 12-fold downregulation of ROR2 (p<0.001) expression when 

compared to their respective non-drug treated control as shown in the figure 3.8 below. 

            A)                                                                                      B) 
 

 
Figure3. 8 qPCR of OVCAR-3 cells. Relative mRNA expression of A) ROR1and B) ROR2 in 

OVCAR-3 cell line treated with IC50 doses of four drugs: cisplatin, carboplatin, taxol and talazoparib. 

Experiment repeats of n=3 was carried out. Cells treated with drugs are compared to their respective 

control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-

axis. A one sample t-test was carried out with ‘*’ and ‘**’ denoting significance of p<0.05 and p<0.001 

respectively. 

 

In cisplatin and carboplatin treated OAW42 cells a significant 2.5 and 2-fold upregulation of at 

least a fold change (p<0.05) of ROR1 was observed respectively. Taxol and talazoparib treated 

cells did not demonstrate any significant change in ROR1 expression relative to the control cells. 

ROR2 expression was significantly upregulated (p<0.05) by 1.5 to 2-fold in cisplatin, 

carboplatin and talazoparib treated cells compared to its respective control. Taxol treated cells 

showed no significant change in ROR2 expression (Figure 3.9). 
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              A)                                                                                        B) 
    

 
Figure3. 9 qPCR of OAW42 cells. Relative mRNA expression of A) ROR1and B) ROR2 in OAW42 

cell line treated with IC50 doses of four drugs; cisplatin, carboplatin, taxol and talazoparib. Experiment 

repeats of n=3 was carried out. Cells treated with drugs are compared to their respective control (non-

drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-axis relative to 

the control. A one sample t-test was carried out with ‘*’ and ‘**’ denoting significance of p<0.05 and 

p<0.001 respectively. 
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3.3.4.2 Analysis of Enzyme Linked Immunosorbent Assay (ELISA): ROR1 

A six-point standard curve was plotted shown in the figure 3.10 following the protocol described 

in section 3.2.3.2.  

 
Figure3. 10 Standard curve plotted of ROR1 standards in sandwich ELISA. A six-point standard 

curve plotted to interpolate ROR1 protein concentration in the four cell lines (n=3) as described in section 

3.2.3.2. The error bars represent the standard deviation of the means of each data point. 

 

ROR1 protein expression in control and drug treated samples of the four cell lines (HEY, 

SKOV-3, OVCAR-3 and OAW42) was quantified by sandwich ELISA (Figure 3.11). The 

protein concentrations were interpolated from the standard curve. The protein expression was 

highest in HEY cells, followed by SKOV-3, OAW42 and OVCAR-3 respectively. This 

expression pattern was consistent with mRNA results in section 3.3.4.1 above. In HEY cells, 

the expression of ROR1 reduced with the different drug treatments however only a significant 

reduction by -1.5 (±0.0065) fold change was observed between the control and talazoparib 

treated HEY cells (p<0.05). There was also a decrease in ROR1 protein expression across the 

SKOV-3 cells. The drug treated cells appeared to show lower levels of ROR1 compared to the 

control however only the taxol treated cells had a significant decrease with a -1.5 (±0.00210) 
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fold change (p<0.05). In OVCAR-3 cells the levels of ROR1 protein expression also decreased 

with drug treatment. However only cisplatin treated cells showed a significant -1.5-fold decrease 

of ROR1 protein levels compared to the control (p<0.05). The OAW42 cells showed no 

significant difference in the levels of ROR1 protein expression in drug treated cells compared 

to the control cells. Talazoparib treated cells exhibited a significant 1.5 (±0.00120) fold change 

increase compared to the cisplatin treated cells (p<0.05). 

 

Figure3. 11 Protein levels of ROR1 in each cell line with different drug treatments was determined 

using a sandwich ELISA (n=3). Each cell line showed varying levels of ROR1 protein level upon drug 

treatment. A one-way ANOVA comparing ROR1 levels in drug treated and untreated cells for each cell 

line was carried out. ‘*’ denotes statistical significance of p<0.05. 

 

Overall, the ROR1 protein concentration levels were elevated in the HEY cell line compared to 

the other cell lines. As the HEY cell line is the most resistant in the cell line panel and 

demonstrates highest expression of ROR1 protein, this suggests a possible link between 

chemoresistance and ROR-1 expression. To confirm if ROR1 is associated with resistance to 

chemotherapy a correlation graph was plotted.  
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Figure3. 12 Correlation between the expression of ROR1 and the IC50 doses of all drug treatments 

in the cell line panel. There is a strong correlation between ROR1 and chemoresistance in A) cisplatin, 

B) carboplatin, C) taxol and D) talazoparib treated cells. The x-axis represents the ROR1 protein levels 

interpolated from the ELISA described in section 3.2.3.2. The y axis represents the IC50 doses of each 

drug determined through cytotoxicity assay as described in chapter 2 section 2.1.6. The Pearson 

coefficient is displayed on top right corner of each correlation graph. 

 

The above figure 3.12 shows a positive strong direct correlation between ROR1 expression and 

chemoresistance in cisplatin (R2 = 0.99) and carboplatin (R2 = 0.979) treated cells. A positive 

correlation was also observed between ROR1 expression and chemoresistance in taxol (R2 = 

0.7691) and talazoparib (R2 = 0.8505) treated cells. The HEY cells being the most resistant to 

all drug treatments in the cell line panel expressed the highest levels of ROR1 protein whereas 

OVCAR-3 cells being the most sensitive in the cell line panel expressed the lowest levels of 

ROR1. This was carried out using ROR1 expression from ELISA since this method was more 

quantitative than qPCR.



118 

 

 

3.3.4.3 Confocal microscopy of cells after Immunocytochemistry (ROR1) 

Confocal images captured at a magnification of 10X below (Figure 3.13) show the ROR1 expression in HEY control and drug treated 

cell line. The FITC label (green) indicates the ROR1 expression decreases upon drug treatment compared to the control. 
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Figure3. 13 Confocal microscopic images of ROR1 expression stained with FITC (green) in HEY cell lines with drug treatments. Cells were 

counterstained with DAPI to show the localization of the nucleus. Images were captured at 10X magnification.
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ROR1 expression was normalized to cell number in drug treated cells and all showed a decrease 

in expression relative to control untreated cells. Except for taxol treated cells, other drug 

treatments revealed a significant -2 to 5-fold decrease in ROR1 expression (Figure 3.14).  

 
Figure3. 14 Measurement of ROR1 expression of drug treated HEY cells from confocal microscopy 

images. Intensity of ROR1 in drug treated cells measured relative to control untreated cells and 

normalized to cell number. A one sample t-test was carried out with ‘*’ and ‘**’ denotes statistical 

significance of p<0.05 and p<0.01 respectively. 
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Confocal images captured at a magnification of 10X below (Figure 3.15) show the ROR1 expression in SKOV-3 control and drug treated 

cell line. The FITC label (green) indicates the ROR1 expression decreases upon drug treatment compared to the control. 
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Figure3. 15 Confocal microscopic images of ROR1 expression stained with FITC (green) in SKOV-3 cell lines with drug treatments. Cells 

were counterstained with DAPI (blue) to show the localization of the nucleus. Images were captured at 10X magnification. 
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ROR1 expression was normalized to cell number in drug treated cells and all but cisplatin treated 

cells showed an increase in expression relative to control (untreated) cells. However, this was 

not a significant increase. Carboplatin treated cells showed a significant -2-fold decrease in ROR 

expression (p<0.05) whereas taxol and talazoparib treated cells showed a significant (p<0.01) -

4 and -5-fold decrease respectively (Figure 3.16).  

 

 

Figure3. 16 Measurement of ROR1 expression of drug treated SKOV-3 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated cells 

and normalized to cell number. A one sample t-test was carried out with ‘*’ and ‘**’ denotes statistical 

significance of p<0.05 and p<0.01 respectively. 
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Confocal images captured at a magnification of 10X below (Figure 3.17) show the ROR1 expression in OVCAR-3 control and drug 

treated cell line. The FITC label (green) indicates the ROR1 expression decreases upon drug treatment compared to the control. 
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Figure3. 17 Confocal microscopic images of ROR1 expression stained with FITC (green) in OVCAR-3 cell lines with drug treatments. Cells 

were counterstained with DAPI (blue) to show the localization of the nucleus. Images were captured at 10X magnification. 
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ROR1 expression was normalized to cell number in drug treated cells. Cisplatin treated cells did 

not show any significant fold change in ROR1 expression compared to the control cells. All 

other drug treated cells showed a visible decrease however carboplatin and taxol treated cells 

showed a significant (p<0.01) -3-fold decrease in ROR1 expression. (Figure 3.18).  

 

 

 

Figure3. 18 Measurement of ROR1 expression of drug treated OVCAR-3 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated cells 

and normalized to cell number. A one-sample t-test was carried out with ‘**’ denotes statistical 

significance of p<0.01. 
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Confocal images captured at a magnification of 10X below (Figure 3.19) show the ROR1 expression in OAW42 control and drug treated 

cell line. The FITC label (green) indicates the ROR1 expression decreases upon drug treatment compared to the control. 
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Figure3. 19 Confocal microscopic images of ROR1 expression stained with FITC (green) in OAW42 cell lines with drug treatments. Cells 

were counterstained with DAPI (blue) to show the localization of the nucleus. Images were captured at 10X magnification
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ROR1 expression was normalized to cell number in drug treated cells. All drug treated cells 

expressed lower levels of ROR1 relative to the control untreated cells. Cells treated with 

cisplatin, taxol and talazoparib demonstrated a significant -3-fold decrease in ROR1 expression 

compered to control untreated cells (p<0.01). Although carboplatin treated cells showed a 

decrease (two-fold) in ROR1 expression it was not significant (Figure 3.20).  

 

 

Figure3. 20 Measurement of ROR1 expression of drug treated OAW42 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated cells 

and normalized to cell number. A one sample t-test was carried out with ‘**’ denotes statistical 

significance of p<0.01.
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Confocal microscopy images of cells stained for ROR2 were not included as no fluorescence 

signal was detected. There are several factors that may have contributed to this however, further 

optimisations required to address this were not carried out due to constraints on time and 

resources (ROR2 antibody). 

 

3.3.5 mRNA expression levels of EMT markers in the cell line panel 

 

Results from the qPCR were as expected, cells lines with mesenchymal phenotype expressed 

higher levels of vimentin and N-cadherin while cell lines with epithelial phenotype expressed 

higher levels of E-cadherin. In figure 3.21 below the expression levels of the EMT markers 

Vimentin and N-Cadherin are represented relative to HEY cells which are of the mesenchymal 

phenotype (Prislei et al., 2015). The mRNA levels of EMT marker E-Cadherin is represented in 

the cell lines relative to OVCAR-3 which is of the epithelial phenotype (Yi et al., 2015). The 

results in the figure below demonstrate that expression of mesenchymal markers vimentin and 

N-cadherin is higher in SKOV-3 cells whereas there is a significant decrease in OVCAR-3 

(p<0.001) and OAW42 (p<0.05) cells exhibiting a -3 and -2-fold decrease respectively. The 

epithelial marker E-cadherin was represented in the cell lines relative to OVCAR-3 as it 

possesses the epithelial phenotype as described in chapter 2 table 2.1 ( Yi et al., 2015). Both 

HEY and SKOV-3 showed a significant decrease (p<0.05) in E-cadherin levels compared to 

OVCAR-3 cells with fold changes of -2 and -1.92 respectively. 
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Figure3. 21 qPCR of EMT markers relative to resistant and sensitive cell line models. mRNA expression of (A) Vimentin, (B) N-Cadherin 

and (C) E-Cadherin in all the cell lines are represented relative to the mesenchymal model cells HEY (A and B) and epithelial model OVCAR-3 

(C). Experiment repeats of n=3 was carried out and a one sample t-test was used with ‘*’ and ‘**’ denoting significance of p<0.05 and p<0.001 

respectively. 
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 The expression of each marker in drug treated cells is shown relative to the control (non-drug treated) cells in the figures below. The 

fold change through the drug treated cells vary across each marker gene. In the HEY cell line (figure 3.22) expression of the 

mesenchymal marker vimentin had a two-fold increase (p<0.05) with cisplatin treatment relative to the control. However, carboplatin, 

taxol and talazoparib treated cells showed no significant change in Vimentin expression. The mesenchymal marker N-Cadherin 

showed significantly (p<0.05) downregulated levels of -2 to 12-fold while the epithelial marker E-Cadherin showed significant 

downregulation (p<0.001) from -10 to 12-fold with drug treatment when compared to non-drug treated control. 

 
Figure3. 22 qPCR of EMT markers in HEY cells. Relative mRNA expression of A) Vimentin, B) N-Cadherin and C) E-Cadherin in HEY cell 

line treated with four drugs: cisplatin, carboplatin, taxol and talazoparib. Experiment repeats of n=3 was carried out. Cells treated with drugs are 

compared to their respective control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-axis relative 

to the control. A one sample t-test was used with ‘*’ and ‘**’ denoting significance of p<0.05 and p<0.001 respectively. 



137 

 

In the SKOV-3 cell line (figure 3.23) expression of the mesenchymal marker vimentin, although not significant had a -1 to -2-fold 

decrease with taxol and talazoparib treatment relative to the control. The cisplatin treated SKOV-3 cells however, had a significant 

increase (nearly two-fold) of Vimentin expression (p<0.05) in comparison to its control whereas the carboplatin treated cells were 

consistent with the control cells. The mesenchymal marker N-Cadherin as well as epithelial marker E-Cadherin showed a significant 

decrease (p<0.05) with drug treatment with fold changes ranging from -2 to -5-fold. 

 
 

Figure3. 23 qPCR of EMT markers in SKOV-3 cells. Relative mRNA expression of A) Vimentin, B) N-Cadherin and C) E-Cadherin in SKOV-

3 cell line treated with four drugs: cisplatin, carboplatin, taxol and talazoparib. Experiment repeats of n=3 was carried out. Cells treated with drugs 

are compared to their respective control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-axis relative 

to the control. A one sample t-test was used with ‘*’ denoting significance of p<0.05. 



138 

 

In the OVCAR-3 cell line (figure 3.24) expression of the mesenchymal marker vimentin significantly decreased (p<0.05) by -2 to -

3-fold with drug treatment relative to the control. The mesenchymal marker N-Cadherin similarly decreased significantly (p<0.05) 

with drug treatment by -2 to -5-fold except in cisplatin treated cells. Interestingly, the epithelial marker E-Cadherin did not exhibit 

significant fold change in the drug treated cells compared to the control. 

 
 

Figure3. 24 qPCR of EMT markers in OVCAR-3 cells. Relative mRNA expression of A) Vimentin, B) N-Cadherin and C) E-Cadherin in 

OVCAR-3 cell line treated with four drugs; cisplatin, carboplatin, taxol and talazoparib . Experiment repeats of n=3 was carried out. Cells treated 

with drugs are compared to their respective control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the 

Y-axis relative to the control. A one sample t-test was used with ‘*’ denoting significance of p<0.05. 
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In the OAW42 cell line (figure 3.25) expression of the mesenchymal markers; Vimentin and N-Cadherin as well as the epithelial 

marker E-cadherin was significantly decreased (p<0.05, p<0.001) with drug treatment relative to the respective control.  The decrease 

ranged from -2 to -10-fold change in expression relative to the control. 

 

 
Figure3. 25 qPCR of EMT markers in OAW42 cells. Relative mRNA expression of A) Vimentin, B) N-Cadherin and C) E-Cadherin in OAW42 

cell line treated with four drugs: cisplatin, carboplatin, taxol and talazoparib. Experiment repeats of n=3 was carried out. Cells treated with drugs 

are compared to their respective control (non-drug treated) to determine the fold change. Control cells set to a constant of 1.0 on the Y-axis relative 

to the control. A one sample t-test was used with ‘*’ denoting significance of p<0.05. 

.
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3.3.6 Cell invasion using collagen invasion assay 

 

Invasion assays were carried out on the four cell lines to determine their invasiveness 

through an extracellular matrix (ECM). The bar graph below in figure 3.26 shows the 

percentage of invasion of each cells line. These percentages were determined by subtracting 

the reading of the blank wells (containing no cells) from each sample and then normalizing 

it to the control wells (containing no extracellular matrix).  
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Figure3. 26 Invasion Assay of the four cell lines (n=3) show the varying degrees of invasiveness. 

The invasiveness of each cell line through an extracellular matrix was determined as described in 

chapter 2 section 2.1.8. The HEY cell line exhibits the highest percentage (89%) of invasion while 

OVCAR-3 shows the lowest (23%). A one-way ANOVA test comparing each cell line was carried 

out where ‘*’ and ‘***’ denotes statistical significance of p<0.05 and p<0.001 respectively. A post 

hoc analysis using Tukey’s test was carried out. 
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The HEY cells demonstrated the highest percentage of invasion (89% ± 6.47 SD) in 

comparison to the other cell lines. SKOV-3 cells were a close second with a 79 % invasion. 

This was followed by the OAW42 cells and finally the OVCAR-3 cells with 40 and 24 

percent invasion respectively.  These results demonstrate that resistant cell lines are more 

invasive. 

 

Interestingly, cell lines with increasing invasiveness also demonstrated a strong correlation 

with ROR1 expression. As shown in the figure 3.27 below, the resistant cell line HEY which 

has the highest concentration of ROR1 protein was the most invasive followed by SKOV-3 

and OAW42, making OVCAR3 cell line which is the least resistant and with the lowest 

ROR1 protein concentration, the least invasive. 

 

Figure3. 27 Correlation between cell invasiveness and ROR1 expression in the cell lines.  A 

strong postitive association (R2 = 0.8268) was observed between the invasion profile and ROR1 

protein expression of the four cells lines. The x axis is in a log 10 scale and represents the protein 

concentration of ROR1 obtained from an ELISA ( described in section 3.3.4.2). The y axis represents 

the percentage of invasion obtained from the invasion assay (described in section 3.3.6) The resistant 

cell line HEY with the highest ROR1 expression was the most invasive while the sensitive cell line 

OVCAR-3 with the lowest ROR1 expression was the least invasive. 
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3.3.7 siRNA Knockdown 

 

Prior to investigating the effect of ROR1 knockdown on chemotherapy drug induced 

viability, the knockdown method was first optimised using the housekeeping gene GAPDH. 

3.3.7.1 Optimisation of siRNA reverse transfection using GAPDH 

 

The siRNA reverse transfection protocol was optimised using siRNA of the housekeeping 

gene GPADH. Based on a previously optimised experiment (unpublished) a concentration 

of 30nM siRNA was used to knockdown the GAPDH gene. Two time points were also 

observed for the most efficient knockdown: 72 hours and 120 hours. 

Figure 3.28 below shows significant knockdown of GAPDH at the mRNA level using qPCR 

in the drug resistant cell line HEY (A) and in drug sensitive cell line OVCAR-3 (B). In the 

qPCR assay the Scramble and GAPDH knockdown cells were normalised to the non-

transfected (NT) control. GAPDH is significantly (p<0.001) knocked down (97 % and 90% 

respectively) at both time points for both cell lines. However, in the OVCAR-3 cell line at 

120 hours there was a significant increase (p<0.05) in GAPDH in the scramble compared to 

the non-transfected control. 
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Figure3. 28 qPCR assay showing siRNA knockdown of GAPDH. The graph above shows siRNA 

dose of 30nM transfected into HEY cells (A) and OVCAR-3 (B) at two different time points as 

detailed in section 3.2.1.1. Experiment replicates of n=3 was carried out for reproducibility.  A qPCR 

experiment was then carried out to assess mRNA expression at 72- and 120-hours. A two-sample t-

test comparing the GAPDH expression to its non-transfected and scramble control at the respective 

time points was carried out where ‘*’ and ‘***’denotes statistical significance of p<0.001.  

 

The figure 3.29 below shows western blots carried out to validate knockdown of GAPDH at 

the protein level. In the HEY cells (A), knockdown (75%) appeared to be effective at 72 

hours. In the OVCAR-3 cell line (B) a similar knockdown (82%) effect was observed at 72 

hours compared to knockdown at 120 hours.
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Figure3. 29 Western blots showing siRNA knockdown of GAPDH (n =1). The blots are representative of three individual experiments. The blots above 

show knockdown of GAPDH in (A) HEY cells and (B) OVCAR-3 at two different time points as detailed in section 3.2.1.1. Western blot was carried out to 

assess protein expression at 72 and 120-hours. The western blot experiments show effective knockdown at 72 hours.  The housekeeping gene beta-Actin was 

used as a loading control. Percentage knockdown represented as graph on right side of each blot. A one sample t-test comparing the GAPDH knockdown to 

the respective no transfection control was carried out where ‘*’ and ‘**’denotes statistical significance of p<0.05 and p<0.01 respectively. 

 

 

.
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3.3.7.1.1 Effect of GAPDH knock down on cell growth  

 

3.3.7.1.1.1 HEY cell line 

 
Cell counts were carried out at 72 and 120 hours to determine if transfection affected 

viability of the cells. This is to ensure that the knockdown effects observed was not due to 

loss of cells upon siRNA transfection but in fact a successful knockdown. Replicate counts 

were recorded, averaged and plotted in the graph shown in the figure 3.30. At 72 hours no 

significant difference in cell number was found between the non-transfected control, 

scramble and GAPDH knockdown cells. However, at 120 hours, a significant decrease of 

almost 20% in cell number was observed in the GAPDH knockdown cells when compared 

to its respective scramble (p<0.05) and non-transfected control cells (p<0.01). 

 
Figure3. 30 HEY cell counts post transfection at different time points. The graphs show cell 

counts of HEY cell line post siRNA at (A) 72 hours and (B) 120 hours. Cells were counted as 

described in chapter 2 section 2.1.3. Experiment replicates of n=3 was carried out for reproducibility. 

A two-sample t-test-test comparing cell counts between each group was carried out where ‘*’ and 

‘**’denotes statistical significance of p<0.05 and p<0.01 respectively.  

KD: Knockdown 
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3.3.7.1.1.2 OVCAR-3 cell line 

 
The cell number in OVCAR-3 cells (Figure 3.30) at 72 hours did not show any significant 

change.  At 120 hours there was a significant 45% decrease (p<0.05) in GAPDH knockdown 

cells when compared to the non-transfected control.  

 

Figure3. 31 OVCAR-3 cell counts post transfection at different time points. The graphs show 

cell counts of OVCAR-3 cell line post siRNA at (A) 72 hours and (B) 120 hours.  Cells were counted 

as described in chapter 2 section 2.1.3. Experiment replicates of n=3 was carried out for 

reproducibility. A two-sample t-test-test comparing cell counts between each group was carried out 

where ‘*’denotes statistical significance of p<0.05. 

KD: Knockdown 

 

 The optimisation experiments reveal that knockdown of GAPDH using 30nM is effective 

at both time points when observed at the mRNA level. However, western blot experiments 

suggest knockdown is most effective at 72 hours in both the HEY and OVCR-3 cell lines. It 

is also worth noting that at 120 hours the change in cell number suggests that transfection 

may affect cell viability which has been taken into account while optimising knockdown in 

the following section for ROR1 and ROR2 where varying siRNA concentrations are used.   
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3.3.7.2 ROR1 and ROR2 knockdown using siRNA reverse transfection 

3.3.7.2.1 Optimisation of knock down time points: HEY cell line 

 
In the cisplatin-resistant cell line, HEY, knockdown experiments were carried out by 

transfecting varying siRNA concentrations (10nM, 30nM and 50nM) and Lipofectamine 

complex into the cells grown in T-25 flasks. Since GAPDH knockdown was optimised using 

30nM of siRNA, a lower (10nM) and higher (50nM) concentration limit was selected to 

establish a more optimised siRNA concentration. Knockdown effects were then detected 

using qPCR to measure the relative expression levels of ROR1 and ROR2 to their respective 

scramble controls. Knockdown of ROR1 was observed to be most effective with a -17-fold 

decrease (p<0.001) when transfected with 50nM of siRNA at 72 hours. The knockdown of 

ROR2 was best observed at 72 hours with an siRNA concentration of 10nM for a maximal 

knockdown effect resulting in a -5-fold decrease (Figure.3.32).  

The effect of knockdown at 72 hours was marginally higher than 120 hours for all siRNA 

concentrations.  Although effects were statistically significant at 120 hours, the desired effect 

was achieved at shortest time point of 72 hours. Therefore 72 hours was considered the 

optimal time point. 

A)                                                                                 
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B) 

 

 
Figure3. 32 siRNA knockdown of ROR1 and ROR2 at different concentrations in HEY cells. 

The graph above shows siRNA dose ranges transfected into HEY cells at two different time points 

as detailed in section 3.2.1.2. Experiment replicates of n=3 was carried out for reproducibility.  A 

qPCR experiment (Section 3.2.1.2.5) was then carried out to assess mRNA expression in single A) 

Knockdown of ROR1 at varying (10nM, 30nM and 50nM) siRNA concentration at 72- and 120-

hours B) Knockdown of ROR2 at varying (10nM, 30nM and 50nM) siRNA concentration at 72- and 

120-hours. A two-sample t-test comparing the siRNA doses to their respective scramble control was 

carried out where ‘*’, ‘**’ and ‘***’denotes statistical significance of p<0.05, p<0.01 and p<0.001 

respectively. KD: Knockdown 

 

The knockdowns were further confirmed by protein expression from western blots shown in 

the below figure 3.33.  Knockdown effects at protein level were consistent with mRNA 

expression levels. ROR1 and ROR2 knockdown in HEY cell lines were observed using 

Western blots. Optimal knockdown effect was detected at 72 hours with 50nM (80%) and 

10nM (70%) siRNA concentration respectively 
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Figure3. 33 siRNA knockdown of ROR1 and ROR2 at different concentrations in HEY cells (n=1). The blots are representative of three individual 

experiments Blots reflect protein expression of ROR1 and ROR2 knockdown in siRNA transfected HEY cells. Left panel:  A) ROR1 and ROR2 knockdown 

at 72 hours. Right panel: B) ROR1 and ROR2 knockdown at 120 hours. In each panel, top row ROR1 knockdown, middle row ROR2 knockdown, bottom 

row beta-actin (loading control). At the right of each blot is the graph showing percentage knockdown of each siRNA concentration relative to the scramble. 

A one sample t-test comparing the siRNA doses to their respective scramble control was carried out where ‘*’ and ‘**’denotes statistical significance of 

p<0.05 and p<0.01 respectively. 
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Upon determining the optimal siRNA concentration for ROR1 and ROR2 knockdown, a 

double knockdown with these siRNA concentrations was also carried out as shown figure 

3.34 below. A -12-fold and -5-fold decrease in ROR1 and ROR2 respectively was observed 

showing double knockdown was most effective compared to singular knockdown of ROR1 

and ROR2. 

 

 
Figure3. 34 Double siRNA knockdown of ROR1 and ROR2 in HEY cells.  Knockdown was 

carried out at optimal siRNA concentrations of ROR1 and ROR2 at optimal time point 

simultaneously as determined above. Optimal siRNA concentration of 50nM for ROR1 and 10nM 

for ROR2 was used to carry out the double knockdown experiment at 72 hours. Experiment replicates 

of n=3 was carried out for reproducibility. A one sample t-test comparing ROR1 and ROR2 

knockdown to their respective scramble control was carried out where ‘**’ and ‘***’denotes 

statistical significance of p<0.01 and p<0.001 respectively.  

KD: Knockdown 
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Using western blots, double knockdown effect of ROR1 and ROR2 was observed as 

shown in the figure 3.35 below. Percentage knockdown of ROR1 and ROR2 compared to 

the control was 97% and 90% respectively. 

 

 

 

Figure3. 35 Double siRNA knockdown of ROR1 and ROR2 in HEY cells (n=1). The blots are 

representative of three individual experiments. Simultaneous knockdown was carried out using 

optimal siRNA concentration of 50nM for ROR1 and 10nM for ROR2 at 72 hours as described in 

section 3.2.1.2.2. The percentage of knockdown efficiency was graphed as shown at the bottom of 

both blots. A one sample t-test comparing ROR1 and ROR2 knockdown to their respective scramble 

control was carried out where ‘**’ and ‘***’denotes statistical significance of p<0.01 and p<0.001 

respectively.  

KD: Knockdown 
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3.3.7.2.2 Optimisation of knock down time points: OVCAR- 3 cell line 

 
Knockdown experiments were also carried out in the cisplatin sensitive cell line OVCAR-3 

in T-25 flasks. Similar to the transfection protocol carried out with the HEY cell line, varying 

concentrations of siRNA (10nM, 30nM and 50nM) in a Lipofectamine complex were 

transfected to determine the dose producing significant ROR1 and ROR2 knockdown. Using 

qPCR, the relative expression of ROR1 and ROR2 to their respective scramble siRNA was 

analysed (Figure 3.36). Interestingly, the optimal dose for ROR1 knockdown in OVCAR-3 

cells was the same as that observed in the HEY cell line (50nM of siRNA, p<0.001). 

However, effective ROR2 knockdown (-10-fold decrease compared to the scramble) 

required a lower concentration of siRNA; 10nM (p<0.001). The time point with the maximal 

knockdown effect was at 72 hours for both cases. 

 

A) 
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B) 

 

Figure3. 36 siRNA knockdown of ROR1 and ROR2 at different concentrations in OVCAR-3 

cells. The graph below shows siRNA dose ranges transfected into OVCAR-3 cells at two different 

time points as described in section 3.2.1.2.2. Experiment replicates of n=3 was carried out for 

reproducibility. A qPCR experiment was carried out to assess mRNA expression in single and double 

knockdown of ROR1 and ROR2 A) Knockdown of ROR1 is most effective when transfected with 

50nM of siRNA at 72h B) ROR2 knockdown is most effective at 72h when transfected with 10nM 

of siRNA. A two-sample t-test comparing the siRNA doses to their respective scramble control was 

carried out where ‘*’, ‘**’ and ‘***’denotes statistical significance of p<0.05, p<0.01 and p<0.001 

respectively.  

KD: Knockdown 

 

The knockdowns were further confirmed on western blots shown in the figure 3.37 below. 

Knockdown effects at protein level were consistent with mRNA expression levels. ROR1 

and ROR2 knockdown in OVCAR-3 cell lines were observed using Western blots. Similar 

to the HEY cells, optimal knockdown effect in the OVCAR-3 cell line was detected at 72 

hours with 50nM (70% knockdown) and 10nM (80% knockdown) siRNA concentration 

respectively. 
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Figure3. 37 siRNA knockdown of ROR1 and ROR2 at different concentrations in OVCAR-3 cells (n=1). The blots are representative of three individual experiments. 

Representative Western blots reflect protein expression of ROR1 and ROR2 knockdown in siRNA transfected HEY cells. Left panel:  A) ROR1 and ROR2 knockdown at 

72 hours. Right panel: B) ROR1 and ROR2 knockdown at 120 hours. In each panel, top row ROR1 knockdown, middle row ROR2 knockdown, bottom row beta-actin 

(loading control). At the right of each blot is the graph showing percentage knockdown of each siRNA concentration relative to the scramble. A one sample t-test comparing 

the siRNA doses to their respective scramble control was carried out where ‘*’ and ‘**’denotes statistical significance of p<0.05 and p<0.01 respectively.
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Following on the singular knock down of ROR1 and ROR2, a double knockdown with the 

above optimised doses was also carried out as shown in Figure 3.38 below. ROR1 decreased 

significantly decreased by -5-fold (p<0.001) while ROR2 decreased by ten-fold. 

 
Figure3. 38 Double siRNA knockdown of ROR1 and ROR2 in OVCAR-3 cells.  Knockdown 

was carried out at optimal siRNA concentrations of ROR1 and ROR2 siRNA at optimal time point 

simultaneously as determined above. Optimal siRNA concentration of 50nM for ROR1 and 10nM 

for ROR2 was used to carry out the double knockdown experiment at 72 hours. Double knockdown 

was most effective compared to singular knockdown of ROR1 and ROR2. Experiment replicates of 

n=3 was carried out for reproducibility. A one-sample t-test comparing the siRNA doses to their 

respective scramble control was carried out where ‘***’denotes statistical significance of p<0.001. 

KD: Knockdown 
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Similar to the HEY cells double knockdown effect of ROR1 and ROR2 was observed by 

western blots as shown in the figure 3.39 below. A 70% knockdown of ROR1 and 80% 

knockdown of ROR2was observed both of which had a significance of p<0.001. 

 

 

 

 
Figure3. 39 Double siRNA knockdown of ROR1 and ROR2 in OVCAR-3 cells (n=1). The blots 

are representative of three individual experiments. Simultaneous knockdown was carried out using 

optimal siRNA concentration of 50nM for ROR1 and 10nM for ROR2 at 72 hours as described in 

section 3.2.1.2.2. The percentage of knockdown efficiency was graphed as shown at the bottom of 

both blots. A one sample t-test comparing ROR1 and ROR2 knockdown to their respective scramble 

control was carried out where ‘***’denotes statistical significance of p<0.001.  

KD: Knockdown 
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3.3.7.2.3 Effect of knockdown on cell growth: HEY cell line 

 

The HEY cells grown in the T-25 flasks were incubated at 72 hours and 120 hours post 

transfection. Each flask was transfected with an siRNA concentration of 10nM, 30nM and 

50nM individually along with a Scramble transfected flask and non-transfection control 

flask.  

 

Cell counts of each flask were recorded. At 72 hours (Figure 3.40) cells transfected with 

10nM and 30nM of siRNA showed significant differences in their cell number relative to 

their scramble flasks. Cells that were transfected with 50nM of siRNA for ROR1 showed a 

significant 20% decrease in their cell count when compared to the non-transfected control. 

It is important to note that there is a significant difference in cell number between the non-

transfected control and the Scramble for cell transfected with 10nM and 30nM of siRNA. 

This indicates that transfection may have an effect on cell growth and therefore must be 

taken into account. 

 
Figure3. 40 HEY cell counts post transfection at 72 hours. The graphs show cell counts of HEY 

cell line post siRNA transfection (10nM, 30nM and 50nM) at 72 hours. Cells were counted as 

described in chapter 2 section 2.1.3. A) Cells were transfected with 10nM of ROR1 and ROR2 

siRNA. B) Cells were transfected with 30nM of ROR1 and ROR2 siRNA. C) Cells were transfected 

with 50nM of ROR1 and ROR2 siRNA. Experiment replicates of n=3 was carried out for 

reproducibility. A one-way ANOVA test comparing cell counts between each group was carried out 

where ‘*’ and ‘**’denotes statistical significance of p<0.05 and p<0.01 respectively. A post hoc 

analysis using Tukey’s test was carried out. 
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At 120 hours (Figure 3.41) there was a more modest effect of knockdown in cell counts 

across the panel of the transfected cells. It is also worth mentioning that the cell number far 

exceeds those at 72 hours. However, based on the mRNA expression data, it suggests that 

this increased cell number (compared to cells at 72 hours) and minimal differences in cell 

counts (between control, scramble and ROR1/2 knockdowns at different siRNA 

concentrations) could be attributed to the reversal of the knockdowns. 

 

 
Figure3. 41 HEY cell counts post transfection at 120 hours.  The graphs show cell counts of HEY 

cell line post siRNA transfection (10nM, 30nM and 50nM) at 120 hours.  Cells were counted as 

described in chapter 2 section 2.1.3.  A) Cells were transfected with 10nM of ROR1 and ROR2 

siRNA. B) Cells were transfected with 30nM of ROR1 and ROR2 siRNA. C) Cells were transfected 

with 50nM of ROR1 and ROR2 siRNA. Experiment replicates of n=3 was carried out for 

reproducibility. A one-way ANOVA test comparing cell counts between each group was carried out 

where ‘*’ and ‘**’denotes statistical significance of p<0.05 and p<0.01 respectively. A post hoc 

analysis using Tukey’s test was carried out. 

 

The graphs in figures above further confirm selecting a concentration of 50nM and 10nM 

for knocking down ROR1 and ROR2 respectively and the optimal time point of 72 hours for 

observing said effect.  
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3.3.7.2.4 Effect of knockdown on cell growth: OVCAR-3 cell line 

 
Similar to HEY cells, the OVCAR-3 cells displayed significantly different cell counts when 

transfected with the varying concentrations of siRNA. Transfection with 10nM, 30nM and 

50nM of ROR1 siRNA showed no significant difference at 72 hours when compared to the 

respective scrambles (figure 3.42 below). However, in all cases there was significant 

difference between the non-transfected control and scramble. Cells transfected with 10nM 

of ROR2 siRNA did not show a significant change in cell counts when compared to it 

respective scramble. There was however a significant 20% and 10% increase respectively in 

cell counts following transfection with 30nM and 50nM of ROR2 siRNA compared to the 

scramble (p<0.05). 

 
Figure3. 42 OVCAR-3 cell counts post transfection at 72 hours.  The graphs show cell counts of 

OVCAR-3 cell line post siRNA transfection (10nM, 30nM and 50nM) at 72 hours. Cells were 

counted as described in chapter 2 section 2.1.3. A) Cells were transfected with 10nM of ROR1 and 

ROR2 siRNA. B) Cells were transfected with 30nM of ROR1 and ROR2 siRNA. C) Cells were 

transfected with 50nM of ROR1 and ROR2 siRNA. Experiment replicates of n=3 was carried out for 

reproducibility. A one-way ANOVA test comparing cell counts between each group was carried out 

where ‘*’denotes statistical significance of p<0.05. A post hoc analysis using Tukey’s test was 

carried out. 
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At 120 hours post transfection (Figure 3.43), the cell counts in flasks transfected with 10nM 

and 30nM had significantly varying counts when compared back to the respective non-

transfected controls and scramble. However, there was no significant difference between 

each other at siRNA concentration of 10nM but not the case at 30nM. There was no 

significant change in cell counts observed in cells that were transfected with 50nM of siRNA. 

 

 
Figure3. 43 OVCAR-3 cell counts post transfection at 120 hours. The graphs show cell counts of 

OVCAR-3 cell line post siRNA transfection (10nM, 30nM and 50nM) at 120 hours.  Cells were 

counted as described in chapter 2 section 2.1.3. A) Cells were transfected with 10nM of ROR1 and 

ROR2 siRNA. B) Cells were transfected with 30nM of ROR1 and ROR2 siRNA. C) Cells were 

transfected with 50nM of ROR1 and ROR2 siRNA. Experiment replicates of n=3 was carried out for 

reproducibility. A one-way ANOVA test comparing cell counts between each group was carried out 

where ‘*’, ‘**’ and ‘***’ denotes statistical significance of p<0.05, p<0.01 and p<0.001 respectively. 

A post hoc analysis using Tukey’s test was carried out. 

 

Based on the mRNA expression profile and the cell counts in above figures, the optimal dose 

of siRNA for ROR1 and ROR2 knockdown are 50nM and 10nM respectively at 72 hours. 
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3.3.7.2.5 Effect of ROR knockdown on chemotherapy drug sensitivity: HEY cell line 

 
Cells seeded in 96 well plate were treated with varying doses of cisplatin, carboplatin, taxol 

and talazoparib where cell viability was compared to their ROR1, ROR 2 as well as ROR1 

and 2 knock down counter parts. Cells that were not drug treated were also seeded but also 

underwent transfection and as a result had their singular ROR1, ROR2 and double ROR1 

and 2 expression knocked down. This acted as a control to compare whether knockdown 

affected drug sensitivity of the cells. Transfected cells that were non-drug treated showed no 

significant difference in their cell viability when normalized to the scramble (100% cell 

viability). However, upon drug treatment the cell viability of transfected cells significantly 

reduced to 50% or below when compared to the non-drug treated control cells. This indicates 

that the overall cell viability of transfected cells decreased with increase in drug dosage. 

 

Figure3.44, shows the effect of treatment with half the IC50 dose of cisplatin (0.69ug/mL), 

the IC50 dose of cisplatin(1.38ug/mL) and double the IC50 dose of cisplatin (2.76ug/mL).  

 

Figure3. 44 Drug treatment of knocked down HEY cell with varying doses of cisplatin (n=3). 

Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with three 

varying doses of cisplatin (section 3.2.1.2.3). Non-drug treated transfected cells were also seeded in 

96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell viability 

was normalized to the respective Scramble for each drug dose where a t-test was carried out to 

compare effect of knockdown on sensitivity with ‘*’ indicating a significance of p<0.05.  

KD: Knockdown 
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In the figure above cell viability was reduced to less than fifty percent in the scramble and 

ROR1 knocked down cells that were treated with all three doses of cisplatin with the 

exception of ROR1 knocked down cells treated with half the IC50 dose.  The ROR2 knocked 

down cells also exhibited a decrease in cell viability with increased drug doses. A similar 

pattern was observed with cells that underwent double knockdown (ROR1/2) however those 

treated with IC50 and double the IC50 doses exhibited a significant decrease (p<0.05) of 

70% in viability compared to their respective singular knocked down and scramble 

counterparts. This suggests the knockdown had an effect on the sensitivity of the cells to 

cisplatin at these doses. 

 

 

 
 
Figure3. 45 Drug treatment of knocked down HEY cell with varying doses of carboplatin (n=3). 

Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with three 

varying doses of carboplatin (section 3.2.1.2.3).  Non-drug treated transfected cells were also seeded 

in 96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell viability 

was normalized to the respective Scramble for each drug dose where a t-test was carried out to 

compare effect of knockdown on sensitivity with ‘*’ indicating a significance of p<0.05.  

KD: Knockdown 
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Figure 3.45 shows knocked down cells treated with varying doses of carboplatin; half the 

IC50 dose (4.2 ug/mL), the IC50 dose (8.41ug/mL) and double the IC50 dose (16.82ug/mL).  

The cell viability once again decreases with increased carboplatin doses. Interestingly, 

double knocked down cells treated with half the IC50 dose showed decreased cell viability 

compared to respective singular knockdown and scramble cells but was not statistically 

significant. However, in the double knocked down cells treated with IC50 dose of 

carboplatin, a significant decrease of 80% in cell viability compared to respective singular 

knockdown and scramble cells was observed. 

 

 

 
 
 Figure3. 46 Drug treatment of knocked down HEY cell with varying doses of taxol (n=3). 

Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with three 

varying doses of taxol (section 3.2.1.2.3). Non-drug treated transfected cells were also seeded in 96 

well plates acted as a control. Cell viability decreased with increased drug doses. Cell viability was 

normalized to the respective Scramble for each drug dose where a t-test was carried out to compare 

effect of knockdown on sensitivity. No significant difference was observed.  

KD: Knockdown 
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The HEY cells treated with varying IC50 doses of taxol; half the IC50 dose (1.485 ng/mL), 

the IC50 dose (2.97 ng/mL) and double the IC50 dose (5.94 ng/mL) are shown in figure 3.46 

above. This demonstrated a decrease in cell viability; however, no significant differences 

were observed between ROR1 and ROR2 singular and double knocked down cells therefore 

suggesting no impact of knockdown on cell response to taxol treatment. 

 

 
 
Figure3. 47 Drug treatment of knocked down HEY cell with varying doses of talazoparib (n=3). 

Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with three 

varying doses of talazoparib (section 3.2.1.2.3). Non-drug treated transfected cells were also seeded 

in 96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell viability 

was normalized to the respective Scramble for each drug dose where a t-test was carried out to 

compare effect of knockdown on sensitivity. No significant difference was observed.  

KD: Knockdown 

 

Transfected cells treated with varying doses of talazoparib is shown in figure 3.47 above.  

Cells were treated with half the IC50 dose (0.0745 ug/mL), the IC50 dose (0.149ug/mL) and 

double the IC50 dose (0.298ug/mL). As with cisplatin and carboplatin treated transfected 

cells, the cell viability in talazoparib treated transfected cells decreased with increased drug 

dose. However, no significant difference was observed between the scramble and respective 

knockdown cells for each drug dose. This suggests that knockdown of ROR1 and 2 has no 

impact on sensitivity of the cells to the non-platinum-based drug, talazoparib. 
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3.3.7.2.6 Effect of ROR knockdown on chemotherapy drug sensitivity OVCAR-3 cell 

line 

 

Similar to the HEY cell line, OVCAR-3 cells were also seeded in a 96 well plate and treated 

with varying doses of cisplatin, carboplatin and talazoparib where cell viability was 

compared to their ROR1, ROR 2 as well as ROR1 and 2 knocked down counter parts. 

Transfected cells that were non-drug treated were also seeded and acted as the control. The 

cells were normalized to the non-drug treated scramble which represented 100% cell 

viability. 

 

The ROR1 knocked down OVCAR-3 cells showed varying responses to cisplatin drug 

treatment.  As shown in figure 3.48, cell viability of cells treated with the IC50 dose (0.07 

ug/mL) of cisplatin was reduced (less than 50%) when ROR1 and ROR2 was knocked down 

in these cells compared to the ROR1 and ROR2 knocked down non-drug treated control 

cells. There was no significant difference observed between the singular and double 

knockdown of ROR1 and ROR2 in the IC50 dose treated cells. However, cells treated with 

half IC50 dose (0.035 ug/mL) had a significant 70% decrease in viability (p<0.005) in cells 

that underwent double knockdown compared to the respective scramble. It was also worth 

noting that Scramble and ROR1 knocked down cells treated with double the IC50 dose (0.14 

ug/mL) were 50% higher (p<0.05) than ROR2 and double knocked down cells treated with 

the same cisplatin dose. 
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Figure3. 48 Drug treatment of knocked down OVCAR-3 cell with varying doses of cisplatin 

(n=3). Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with 

three varying doses of cisplatin (section 3.2.1.2.3). Non-drug treated transfected cells were also 

seeded in 96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell 

viability was normalized to the respective Scramble for each drug dose where a t-test was carried out 

to compare effect of knockdown on sensitivity with ‘*’ indicating a significance of p<0.05.  

KD: Knockdown 
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In carboplatin treated cells (Figure 3.49) a decrease in cell viability was observed in knocked 

down cells treated with all three doses of the drug compared to the non-drug treated 

transfected control cells. No significant difference was observed between the scramble and 

respective knockdown cells for each drug dose. This suggests that knockdown has no 

eminent effect on sensitivity in response to carboplatin treatment in the OVCAR-3 cells. 

 
Figure3. 49 Drug treatment of knocked down OVCAR-3 cell with varying doses of carboplatin 

(n=3). Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with 

three varying doses of carboplatin (section 3.2.1.2.3). Non-drug treated transfected cells were also 

seeded in 96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell 

viability was normalized to the respective Scramble for each drug dose where a t-test was carried out 

to compare effect of knockdown on sensitivity. No significant difference was observed.  

KD: Knockdown 
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The OVCAR-3 cells treated with half the IC50 dose (0.64 ng/mL), the IC50 dose (1.28 

ng/mL) and double the IC50 dose (2.56 ng/mL) of taxol are shown in figure 3.50 below. 

Similar to taxol treated transfected HEY cells, a decrease in cell viability was observed. 

However, there was no significant differences between ROR1 and ROR2 singular and 

double knocked down cells relative to their respective scramble for each drug dose.  

Knockdown of ROR1 and ROR2 demonstrated no altered response to taxol treatment in 

OVCAR-3 cells. 

 
Figure3. 50 Drug treatment of knocked down OVCAR-3 cell with varying doses of taxol (n=3). 

Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with three 

varying doses of taxol (section 3.2.1.2.3). Non-drug treated transfected cells were also seeded in 96 

well plates acted as a control. Cell viability decreased with increased drug doses. Cell viability was 

normalized to the respective Scramble for each drug dose where a t-test was carried out to compare 

effect of knockdown on sensitivity. No significant difference was observed. 

KD: Knockdown 
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Similar to the carboplatin and taxol treated cells, the OVCAR-3 transfected cells decreased 

in cell viability when treated with half the IC50 dose (0.0745ug/mL), IC50 dose 

(0.149ug/mL) and double the IC50 dose (0.298ug/mL) of talazoparib (Figure 3.51).  Within 

each drug dose no significant difference was observed between the knocked down cells and 

the respective scramble, once again suggesting no effect of knock down on sensitivity of 

cells to talazoparib treatment. 

 

 

 
Figure3. 51 Drug treatment of knocked down OVCAR-3 cell with varying doses of talazoparib 

(n=3). Transfected cells seeded in 96 well plates as described in section 3.2.1.2 and were treated with 

three varying doses of talazoparib (section 3.2.1.2.3). Non-drug treated transfected cells were also 

seeded in 96 well plates acted as a control. Cell viability decreased with increased drug doses. Cell 

viability was normalized to the respective Scramble for each drug dose where a t-test was carried out 

to compare effect of knockdown on sensitivity. No significant difference was observed. 

KD: Knockdown 

 

Overall, from the above results it is evident that transfection does not affect the viability of 

any of the cell lines. However, with drug treatment, the cell viability considerably reduces 

and, in some cases, an increased sensitivity to the drugs; cisplatin and carboplatin is 

observed. This re-sensitisation of sorts was mostly observed in cells that underwent a double 

knockdown of both ROR1 and ROR2. 
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3.4 Discussion 

 

3.4.1 Ovarian cancer cell line models with varying resistance profiles  

 

Determining the resistance profile for the ovarian cancer cell lines in the panel represents a 

step closer to understanding the role of the novel biomarkers in chemoresistance mechanisms 

and pathways. The results in section 3.3.2 (table 3.5) show a range of dose responses to the 

platinum based (Cisplatin and Carboplatin), Taxane (Taxol) and PARP inhibitor 

(Talazoparib) drugs.  

 

It is evident that the cell line most resistant to all four forms of chemotherapy or targeted 

therapy is the HEY cell line as shown in section 3.3.2.  OVCAR-3 falls within the sensitive 

spectrum as it is sensitive to cisplatin, carboplatin, taxol and talazoparib compared to the 

other three cell lines. However, OAW42 cell line fluctuates between sensitive to moderately 

sensitive compared to OVACR-3. An interesting observation was that of the SKOV-3 cell 

line in its response to drugs compared to the other three cell lines. It exhibited better response 

to cisplatin than carboplatin but still required a higher dose compared to both OVCAR-3 and 

OAW42. However, in response to the Taxol and PARPi drug it was more sensitive than 

OVCAR-3 and OAW42 respectively. This places SKOV-3 within the moderate chemo 

resistant profile in this panel.   

\ 

According to Sherman-Baust et al.(2011) changes in gene expression are associated with 

drug resistance in ovarian cancer and this depended on which drug is used, cisplatin, 

paclitaxel or doxorubicin. Their study also suggested that a given drug and condition would 

likely lean towards similar pathways even though cell lines assumed different resistance 

mechanisms to different drugs. Another important fact to point out in their study is that the 

different drug resistance phenotypes possessed different patterns of expression. This is 

relevant to this project as it further validates selecting a range of cell lines with varying 

resistance profiles and therefore understanding expression patterns of the selected 

biomarkers and possibly link it to resistance mechanisms. Pathway analysis could eventually 

play a big role in identifying the mechanisms involved in the resistance to drugs used to treat 

ovarian cancer. This would then help better understand the role of the biomarker genes in 

these pathways. 
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3.4.2 Modelling ovarian cancer with cell lines  

 

Ovarian cancer is a complex disease to model using cell lines.  Studies such as those carried 

out by Jacob et al.(2014), question the reliability of the cancer cell line models used in the 

past. This is mainly due to the fact that some have had their histological subtype 

mischaracterised. This, of course, skews the results seen in certain cell line models with 

regards to drug treatment and resistance. Heterogeneity is also an added complication which 

needs to be accounted for. Long-established ovarian cancer cell lines have exhibited many 

drawbacks in terms of their clinical relevance since only a few of them are well defined 

tumour cell lines (Domcke et al., 2013). Frequently used in vitro cell line models such as 

A2780 are often used as HGSOC model while being least likely to be obtained from said 

cancer (Beaufort et al., 2014; Domcke et al., 2013).  This warrants a reworking in in vitro 

ovarian cancer research with a focus on the use of well-defined and characterised cell line 

panels (Anglesio et al., 2013; Beaufort et al., 2014). Researchers have suggested that 

investigating large cell line panels is valuable for identifying novel biomarkers (Barretina et 

al., 2012) and studying key players involved in the resistance mechanisms (Alkema et al., 

2016). Ovarian cancer cell lines generally fail to preserve the phenotype of the original 

tumour. A study by Ince et al (2015) established cell lines from varying subtypes of human 

ovarian cancer which successfully retained features of the original tumour such as the 

histopathology, genomic landscape and molecular features. The molecular profile and drug 

response of these cell lines correlated with distinct types of primary tumours with different 

outcomes representing improved platforms to study response to therapy.  

 

It has been suggested on numerous occasions, in the context of breast and ovarian cancer; 

that primary tumours should be used to identify chemotherapy resistance biomarkers and 

study the mechanisms involved (Gong et al., 2010; Jacob et al., 2014). Several cases have 

been made regarding cell lines being mostly acquired from ascites and thus not being an 

accurate representation of the native tumour. However, most patients that relapse with a 

chemotherapy resistant form of the disease more often than not undergo cytoreduction. This 

makes the accessibility of such tumours challenging and consequently the next best 

alternative is to use cell line models. As mentioned earlier, using said models comes with 

certain drawbacks. However, establishing a larger panel to conduct the study can be 

considered a risk reduction strategy.  
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Chemo-sensitive and resistant cell lines developed in vitro by exposing them repeatedly to 

increasing drug concentrations are largely used to characterize drug-resistant mechanisms 

(Behrens et al., 1987; Jazaeri et al., 2013). Although these are well established and have 

proven to be useful in tumour biology, Cunnea and Stronach (2014) explain that ovarian 

cancer cell lines should not be used as absolute chemotherapy resistant models for clinical 

research. This is owing to the fact that the manner in which resistance was created is non-

physiological and therefore not completely reliable. A gene expression profiling step was 

also carried out comparing clinically acquired resistance and resistance derived in vitro 

showing the consistency between the two models was poor (Stronach et al., 2011). A 2014 

study explored the development of chemotherapy and targeted therapy resistant models in 

vitro (McDermott et al., 2014). Here models were divided into clinically relevant or high-

level laboratory models. The former was developed in an attempt to mimic conditions of 

cancer patients during chemotherapy while the latter were developed in order to understand 

mechanisms of toxicity and resistance to chemotherapy drugs. Both models have their 

limitations however, the high-level laboratory models are stably resistant and easy to 

maintain in culture for further research. Additionally, in these models when the level of 

resistance is higher the molecular changes linked with the resistance mechanisms are larger 

and therefore making them easily detectable. However, this model becomes less relevant to 

the clinic the higher the level of resistance (McDermott et al., 2014). Therefore, this can be 

used as a sliding scale to select relevant models to establish the most appropriate cell line 

panels.   

 

Other comprehensively studied chemotherapy sensitive or resistant ovarian cancer cell lines 

available tend to acquire phenotypic as well as genotypic alterations as a result of repeated 

passaging. They therefore do not model the condition they intend to represent clinically 

(Gillet et al., 2013). Recently, chemo resistant cell line models commonly used such as 

SKOV-3 and A2780 have been considered to be poor HGSOC models (Anglesio et al., 2013; 

Domcke et al., 2013). This is because they do not match high grade serous tumours at a 

molecular level. SKOV-3 cell lines were even shown to possess the hallmarks of the clear 

cell subtype when it was studied in 3D cultures (Lee et al., 2013). Despite SKOV-3 having 

the above-mentioned limitations it was included in the panel for this study as it can still be 

utilised as a general ovarian cancer model. SKOV-3 is considered suitable model of AKT 

driven ovarian cancer since it carries a triggering point mutation in PIK3CA (Domcke et al., 

2013). PIK3CA mutations is an early-stage tumorigenesis event of clear cell carcinoma and 
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accounts for 5% of epithelial ovarian cancer (Chan et al., 2008). This is especially relevant 

in this study as the biomarker ROR1 is found to be highly expressed in clear cell carcinoma 

subtypes and is associated with a poor prognosis (C. E. Henry et al., 2017). Although clear 

cell carcinoma is considered to be rare, it is useful to have a cell-line model representing 

such tumour behaviour in this study as this could potentially extend to patients also 

presenting clear cell carcinomas. 

 

Despite all the reservations regarding the use of in vitro cell line models to investigate 

chemo-resistance, it would be unreasonable to cast aside their use in this study. Acquisition 

of primary tumours in the exact state and stage that is being investigated is challenging. In 

vitro cell line models are the next best thing as they are representative of most if not all 

tumours being studied. This project is one of the first to establish a panel modelling intrinsic 

chemotherapy resistance in ovarian cancer cell lines that is as representative as possible of 

the disease. All the cell lines used are BRCA1/2 wild type that are also BRCA1 un-

methylated (Stordal et al., 2013). This is useful as 75% of women with recurring ovarian 

cancer are BRCA wild type (Hollis et al., 2017). Since BRCA wild type tumours are harder 

to treat and show poorer prognosis (Helen E. Bryant et al., 2005; Farmer et al., 2005b; Hollis 

et al., 2017), selecting cell lines with this genotype was important for this project.  With 

regards to expected sensitivities, the cell line models in this panel had a range of phenotypes; 

epithelial, intermediate epithelial, intermediate mesenchymal and mesenchymal (Yi et al., 

2015). Past studies have indicated a higher chemotherapy resistance in models of a 

mesenchymal phenotype and lower in epithelial phenotype (Haslehurst et al., 2012; Zhang 

et al., 2013). The resistance profiles of the cell lines determined from the cytotoxicity assay 

confirms the above with HEY cell line which is of a mesenchymal phenotype being the most 

resistant (Figure 3.3). This also showed that the drug doses had the expected effect on the 

cell line by phenotype thereby validating their position in the cell-line panel. 

 

Consequentially, establishing a cell line panel to investigate chemotherapy resistant and 

sensitive models in this project proves to be valuable as is evidenced above. It is obvious 

that there is controversy surrounding the use of certain cell lines such as SKOV-3 however 

it would be negligent to not consider it in this panel as it can serve as a comparative model. 

The remaining cell lines in this panel as shown in table 3.5 are well characterised and reliable 

as this help offset any potential misrepresentations by the SKOV-3 cell line model. 
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3.4.3 Chemotherapy resistant and invasive ovarian cancer cell line model HEY has 

highest levels of ROR1 expression 

 

The qPCR data delivered a snapshot of the mRNA levels of ROR1 in the four ovarian cancer 

cell line models. The qPCR and ELISA results showed a decrease in ROR1 upon drug 

treatment in the most resistant (HEY) and sensitive (OVCAR-3) cells. Interestingly the cell 

lines SKOV-3 and OAW42 that demonstrated moderate responses to drug treatment 

showcased an unexpectedly higher level of ROR1 expression when treated with platinum-

based drugs compared to their respective untreated control cells. However, treatment with 

the taxane and PARP inhibitor drugs did nothing to alter the expression of ROR1 compared 

to the untreated control cells. The figure 3.52 shows the pattern of expression for ROR1 that 

are statistically significant across all four cell lines in the qPCR and ELISA results. It is 

worth noting that mRNA levels are relative while protein levels are absolute and as a result 

can impact the interpretation of these expression levels. It is apparent that drug treatment has 

the same effect only on the resistant cell line HEY at both the mRNA and protein level. 

Although the protein levels of ROR1 expression do not completely replicate the mRNA 

expression in the sensitive cells; OVCAR-3, it still matches the direction of expression. Here, 

the cisplatin treated cells have a decreased ROR1 expression. This suggests that when 

undergoing drug treatment, absolute mesenchymal (HEY) and epithelial (OVCAR-3) cells 

are impacted with regards to their ROR1 expression. Cell lines with intermediate phenotypes 

seem to have an elevated ROR1 expression upon drug treatment at the mRNA and protein 

level.  
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Figure3. 52 Significant changes of ROR1 expression. This is a summary of figures from section 

3.3.4. The mRNA level from qPCR results and protein level from ELISA results and 

Immunocytochemistry (ICC) in each cell line when treated with different drugs. The increase/ 

decrease of mRNA is relative to the non-drug treated control of each cell line. The increase/ decrease 

of protein is absolute and depiction in the figure above is in comparison to untreated control cells. 

The grey arrows depict significant decrease whereas the red arrow depicts significant increase. Only 

those drugs treated cells that demonstrated a significant change are represented in this figure. Others 

either did not show any changes with drug treatment or did show change however it was not 

statistically significant when compared to its respective control. 

 

Based on published literature, ROR1 expression is shown to be elevated in chemotherapy 

resistant ovarian cancer cell lines ( Henry et al., 2016). Since HEY cells were the most 

resistant in our cell line panel ROR1 expression was expected to be highest in these cells. 

The untreated SKOV3, OVCAR-3 and OAW42 cell lines were compared to untreated HEY 

cells and demonstrated lower levels of ROR1 validating the rationale of ROR1 expression 

in the cell line panel. Studies have also established that ROR1 is associated with more 

aggressive and invasive phenotypes thereby confirming HEY cells association with high 

ROR1 levels (Cui et al., 2013).  

 

Recently there have been more studies investigating the role of ROR1 in chemotherapy 

resistance. Its prevalence in solid tumours as well as haematological malignancies have been 

documented (Balakrishnan et al., 2017; Cetin et al., 2019; Zhang et al., 2012a).  Previous 

studies have shown that rise of ROR1 occurs in chemotherapy resistant cells and can 
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therefore be used as prognostic marker for relapse as well as poor therapeutic outcomes 

(Chien et al., 2016; C. Henry et al., 2017; Jung et al., 2016; Wu et al., 2019; Zhang et al., 

2012a). Analysis of gene expression data from NCBI’s Gene Expression Omnibus (GEO) 

particularly in breast cancer patients suggested that patients with a poor response to 

chemotherapy drugs had elevated levels of ROR1 (Fultang et al., 2020). This suggests a link 

between ROR1 and chemotherapy resistance. Such an approach was applied to ovarian 

cancer in this study and thereby validated the expression patterns in the chemotherapy 

resistant versus the chemotherapy sensitive cell lines in the established cell line panel.  

 

In this study an invasion profile was established to supplement the resistance profile of the 

cell line models. From the collagen invasion assay (chapter 2 section 2.1.8) it was determined 

that the invasion profile of the cell line panel was identical to the resistance profile. This 

placed the HEY cell line as the most invasive, followed by SKOV-3, OAW42 and finally 

OVCAR-3 as the least invasive. This pattern of invasiveness mirrors ROR1 expression 

which is depicted in the section 3.3.4.2 figure 3.12.  A correlation ( R2 = 0.8268) is observed 

between invasiveness of the cell lines and ROR1 protein expression, with HEY cells having 

the highest ROR1 levels being the most invasive and OVCAR-3 cells with the lowest ROR1 

levels being the least invasive. 

 

As explained in chapter 1 section 1.8.1.1.4, RORs have also been linked to EMT and the 

Wnt signalling pathway; both of which are implicated in oncogenesis in breast and ovarian 

cancers (Cui et al., 2013;  Henry et al., 2015). Studies have shown that high levels of ROR1 

expression in both ovarian and breast cancers contribute to aggressiveness of the tumour by 

regulation of EMT gene expression thereby leading to poor prognosis (Cui et al., 2013; Tan 

et al., 2016; Zhang et al., 2019). Through in vivo studies EMT has also been implicated in 

high-grade serous ovarian cancer invasiveness and chemo-resistance (Ford et al., 2014b; 

Haslehurst et al., 2012; Kurrey et al., 2005; Miow et al., 2015). It was also revealed that 

EMT profile of the 46 ovarian cancer cell lines in the Miow et al. (2015) study were able to 

predict cisplatin response hence signifying that mesenchymal-type cells are more 

chemoresistant. It has been acknowledged that EMT induces invasion and metastasis of 

different cancers (Lamouille et al., 2014).  

 

A major signalling cascade involved in EMT regulation is the Wnt signalling pathway. There 

is increasing data suggesting that the Wnt receptors; RORs ( ROR1 and ROR2) are 
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associated with poor outcome and accelerate EMT in a range of tumour types (Cui et al., 

2013; C. Henry et al., 2015; O’Connell et al., 2013, 2010; Sun et al., 2015).  It was also 

reported that the Wnt signalling pathway contributes to EMT in ovarian cancer by way of 

increased expression of its ligand Wnt5a (Ford et al., 2014b). This study showed the 

imporatnce of Wnt signalling in development of ovarian cancer. The ROR receptors were 

found to bind to the ligand Wnt5a (Badiglian Filho et al., 2009; Ford et al., 2014b; Peng et 

al., 2011). Upregulation of this ligand expression enhanced EMT and in turn correlated with 

a poorer prognosis (Chen et al., 2013; Qi et al., 2014). 

 

Taken together, it is clear that the EMT drives chemoresistance and invasiveness of the 

tumour; Wnt signalling regulates the EMT process;  RORs function as Wnt receptors which 

in turn are responsible for upstream regualtion of this pathway. Applying this configuration 

to our study it is evident that the cell lines with the highest expression of ROR1 possess a 

mesenchymal phenotype thereby being the most invasive and chemoresistant. Hence, 

selecting HEY cell line as the chemoresistant and invasive cell line model is valid. 

 

3.4.4 ROR2 expression does not follow same pattern as ROR1 

 

The gene expression levels of ROR2 were also examined in the cell line models. Although 

ROR2 did not appear in the biomarker discovery for this study, it was considered relevant 

since it is a ROR1 sister receptor. In addition to this, it also plays a vital role in the Wnt 

signalling pathway whose aberrant regulation has been implicated in cancer stem cell self-

renewal, metastasis, and chemo-resistance (Nguyen et al., 2019).  The mRNA expression 

pattern of ROR2 in the cell line models did not completely match that of ROR1 in all the 

cell lines.  

 

The OVCAR-3 cells were the only cell line in the panel whose ROR2 expression followed 

the same pattern as observed in ROR1 expression above (figure 3.52). As shown in the figure 

3.53, levels of ROR2 significantly decreased with drug treatment. In the HEY cells, ROR2 

also decreased with drug treatment with the exception of taxol treated cells. Although the 

SKOV-3 and OAW42 cells demonstrated a significant increase in ROR2 expression in drug 

treated cells this did not follow the same pattern of increase as ROR1.  
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Figure3. 53 Significant changes of ROR2 expression. This is a summary of figures from section 

3.3.4. The mRNA level from qPCR results in each cell line when treated with different drugs. The 

increase/ decrease of mRNA is relative to the non-drug treated control of each cell line. The grey 

arrows depict significant decrease whereas the red arrow depict significant increase. Only those drugs 

treated cells that demonstrated a significant change are represented in this figure. Others did not show 

any changes with drug treatment when compared to its respective control. 

 

It is obvious from these results that the expression of ROR2 after drug treatment does not 

match the expression of ROR1 in the same cells. Although ROR2 along with ROR1 has been 

shown to play a role in tumorigenic behaviour such as cell migration and invasion, their 

expression levels seem to vary from cancer to cancer (Morioka et al., 2009; Rebagay et al., 

2012).  According to Gentile et al (2009), increased expression of ROR1 was detected 

among solid tumours as well as B-cell chronic lymphocytic leukaemia, B-cell acute 

lymphocytic leukaemia and mantle cell leukaemia (Baskar et al., 2008; Hudecek et al., 2010; 

Shabani et al., 2008). However, ROR2 is overexpressed in osteosarcoma and renal cell 

carcinoma as well as on primary tumours (Morioka et al., 2009; Wright et al., 2009).  This 

could explain the varied expression levels between ROR1 and ROR2 among the cell line 

models in the panel.  

 

In a recent study investigating ROR2 in human ovary tissue microarrays, it was observed 

that ‘malignant’ epithelial ovarian cancers had an increased expression however the ROR2 

positive rate was extraordinarily higher in ‘metastatic’ tumour tissues (Xu et al., 2017).  

Similar to ROR1, published data supports the view that as an oncogene, ROR2 stimulates 

processes such as proliferation, migration and invasion of ovarian cancer cells (Xu et al., 

2017). Despite studies demonstrating the correlation between high expression of ROR2 and 

poor prognosis (Huang et al., 2015; Lu et al., 2015; Mei et al., 2014; Sun et al., 2015, Lu et 
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al., 2012) there has been a mass of contradicting results. In study carried out by Lara et al. 

(2010), ROR2 in colon cancer cells and tissues was found to be downregulated due to hyper-

methylation of promoter sites.  This suppression of ROR2 was discovered to have tumour-

promoting influence. This was further validated by another study where epigenetically 

inactivated ROR2 resulted in progression of colorectal cancer (Ma et al., 2016). Other 

studies such as that of O’Connell et al. (2013) also reported that ROR2-positive melanoma 

cells although having more invasive phenotypes were less proliferative. In contrast, the 

ROR2 gene was shown to be usually methylated in common carcinomas thereby functioning 

as a tumour suppressor (Li et al., 2014). An association between loss of ROR2 protein and 

poor prognosis was also established in hepatocellular carcinoma (Geng et al., 2012). A 2017 

study also indicated that in ovarian cancer ROR2 expression was closely related to the cancer 

grade (Xu et al., 2017). This study (Xu et al., 2017) however implied that high grade serous 

ovarian cancer patients with tumours of advanced FIGO stage more likely expressed lower 

levels or ROR2. All these studies suggest that perhaps the role of ROR2 is based on the 

tumour type and context.  

 

3.4.5 Correlation between ROR1 and chemo-resistance 

 

Overall, the HEY cells which is the most chemo-resistant in the cell line panel maintained 

the highest ROR1 expression at the gene and protein level.  This is summarised in figure 

3.52 above. Following the gene expression data of ROR1 in the cell lines, protein levels 

were also determined in drug treated and control untreated cells. The HEY cells maintained 

the highest ROR1 protein levels with decreasing expression with drug treatment. This was 

confirmed in immunocytochemistry using confocal microscopy (section 3.3.4.3, figure 

3.13). This corresponds with what was observed in the qPCR results. ROR1 expression at 

the gene and protein level matched across all techniques and this consistency in the results 

confirm a clear correlation with chemoresistance  

 

Similarly, in the sensitive OVCAR-3 cells ROR1 expression decreased with drug treatment 

at mRNA level (section 3.3.4.1 Figure 3.8). The protein levels vary between ELISA (section 

3.3.4.2, Figure 3.10) and the immunocytochemistry (section 3.3.4.3, Figure 3.17) however, 

any changes observed were only significant in decreased ROR1 levels upon drug treatment.  

Unlike HEY and OVCAR-3, the other two cell lines exhibited differences in expression at 

the mRNA and protein level. The significant changes from qPCR data observed in both 
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SKOV-3 and OAW42 showed increase in ROR1 upon treatment with the platinum-based 

drugs. This was in contrast with the ROR1 expression of these two cell lines at the protein 

level where any significant changes observed were in the decrease of ROR1. 

 

 It is evident that the mRNA expression levels from these experiments do not necessarily 

translate into their corresponding protein levels. This could be due to several reasons one of 

them largely owing to the fact that the ROR1 protein can undergo complex post translational 

modifications (Kaucká et al., 2011). These include the glycosylation and mono-

ubiquitination of ROR1 which in turn regulate their localization and signalling (Kaucká et 

al., 2011).  It has been shown ROR1 that is endogenous or overexpressed are both N-

glycosylated and mono-ubiquitinated. This variability in modifications was observed mainly 

in CLL patients (Kaucká et al., 2011) that otherwise express unfluctuating amounts of ROR1 

at mRNA and protein levels. However, this phenomenon could very well extend to other 

malignancies and explain the inconsistencies in ROR1 expression. According to Karvonen 

et al.(2017),  mutations in the canonical motifs of RORs affects their kinase activities thereby 

rendering RORs into what are known as pseudokinases. This can result in them having low 

to no detectable catalytic activity which could also explain its varying expression in the 

above experiments. 

 

Another factor which could explain the conflicting expression of ROR1 captured in the 

confocal images is that commercially available antibodies lack sensitivity to detect 

endogenous cell surface ROR1 levels. Previous studies investigating ROR1 expression 

focused on tissue sections (H. Zhang et al., 2014a; S. Zhang et al., 2012a) whereas here, 

ROR1 in cell lines were the targets. Balakrishnan et al. (2017) explain that transcriptional 

profiling and immunohistochemistry reveals 50% of ovarian cancers express ROR1 

transcripts. However, immunohistochemistry analysis showed ROR1 localized in the tumour 

cytoplasm and nucleus while in tumour cell lines they were expressed on the cell surface. 

ROR1 has been described to have different splice variants. These variants either lack the 

extracellular domain or the transmembrane and intracellular domain (Rebagay et al., 2012). 

The ROR1 antibody used in our project had an observed molecular weight of 140 KDa. This 

is indicative of the presence of an N-glycosylation site (Kaucka et al., 2011). These post-

translational modifications were observed to regulate ROR1 localization and signalling in 

CLL patients, therefore the same effect in ovarian cancer is not impossible (Kaucka et al., 

2011; Hojjat-Farsangi et al., 2013). Additionally, these glycosylated isoforms were 



181 

 

suggested to be surface bound in CLL which could also explain the difference in ROR1 

localization in our ovarian cancer tissues (Hojjat-Farsangi et al., 2013). 

 

ROR1 is notable for selectively being highly expressed in various blood and solid 

malignancies as compared to low expression in normal tissues (Karvonen et al., 2017) To 

date there has been no functional studies on ROR1 in a cell line panel consisting of more 

than two cell lines. It is evident that ELISA experiments are necessary to further validate 

ROR1 protein expression which has been achieved through our study. Through these ELISA 

results the ROR1 protein levels were found to be strongly correlated (R2 = 0.99) to chemo-

resistance in cisplatin treated cells. Similarly, cells treated with carboplatin, taxol and 

talazoparib also strongly correlated with ROR1 protein expression (section 3.3.4.2, Figure 

3.12).  

 

Several studies have been cited above describing the role ROR1 plays in regulating EMT 

and additionally the role EMT plays in chemo-resistance. Therefore, it is possible to infer a 

link, although indirect, between ROR1, EMT and chemo-resistance. A 2020 study described 

how ROR1 regulates chemo-resistance which indicated a direct relation between the two 

(Kaucká et al., 2011). Although this study was conducted on breast cancer cells it provides 

insight into the mechanism of chemo-resistance, nevertheless. Studies that investigated the 

role of ROR1 in ovarian cancer explored its effects on processes that are involved in the 

regulation of EMT and by extension chemo-resistance (Henry et al., 2015; Henry et al., 

2016; Zhang et al., 2014). Our study is one of the first to directly associate ROR1 expression 

with chemo-resistance in ovarian cancer. 

 

3.4.6 Epithelial to mesenchymal transition markers are prevalent in chemo-resistant 

ovarian cancer cell line models 

 

It has been well documented that EMT influences organized processes such as embryonic 

development and maintenance of adult tissue haemostasis (Nisticò et al., 2012; Wang et al., 

2016). However, it also is responsible for contributing to several pathological conditions by 

responding to alterations in the microenvironment through inappropriate activation and 

abnormal stimuli (Nisticò et al., 2012). These disease conditions include fibrosis and cancer 

progression (Craene and Berx, 2013; Kalluri and Weinberg, 2009; Lamouille et al., 2014; 
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Thiery et al., 2009). Recent studies proving that EMT; which is reactivated during cancer 

progression, is linked to chemo-resistance (van Staalduinen et al., 2018).  

 

As demonstrated in section 3.3.5 (figure 3.21), the inherent expression of mesenchymal 

EMT markers is higher in the cells with the mesenchymal phenotype while the epithelial 

EMT marker was higher in the cells with epithelial phenotype. Figure 3.54 provides an 

overall pattern of expression of EMT markers in the drug treated cells used in this project. 

Here, expression of key EMT molecules such as Vimentin, E-Cadherin and N-Cadherin were 

observed in the established ovarian cancer cell line models.  As mentioned in chapter 1, the 

downregulation of epithelial; E-cadherin and expression of mesenchymal; Vimentin and N-

Cadherin molecules were cited to be associated with EMT. The gene expression data in 

section 3.3.5 revealed the effect of resistance profiles on the expression of the above 

mentioned EMT markers. The HEY and SKOV-3 cells, which represent mesenchymal and 

intermediate mesenchymal phenotypes respectively demonstrated no significant change in 

vimentin expression in drug treated cells relative to its non-drug treated control cells. 

However, in both cell lines cisplatin treatment was associated with an increase in vimentin. 

In contrast, mesenchymal markers were significantly decreased in the chemotherapy 

sensitive OVCAR3 and OAW2 cells following drug treatment. 
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Figure 3.54 Significant changes of EMT markers expression. This is a summary of figures from 

section 3.3.5. A) The top row represents cell lines (untreated) expressing either mesenchymal or 

epithelial markers relative to the control. The circle filled in black represent the cell line selected as 

the control. The circle in red represents increase while yellow signifies decrease in expression.  Two 

circles indicate statistical significance. B) The mRNA level of Vimentin, N-Cadherin and E-Cadherin 

from qPCR results in each cell line when treated with different drugs. The increase/ decrease of 

mRNA is relative to the non-drug treated control of each cell line. The grey arrows depict significant 

decrease whereas the red arrow depict significant increase. Only those drugs treated cells that 

demonstrated a significant change are represented in this figure. Others did not show any changes 

with drug treatment when compared to its respective control. 

 

With HEY cells experiencing a two-fold increase after cisplatin treatment, it exhibited 

highest expression of vimentin across the cell line panel. This result aligns with the 

suggestion that EMT is linked to chemo-resistance which is validated by the case that HEY 

cells being the most resistant had the highest level of expression for the mesenchymal 

marker, vimentin.  N-Cadherin which is considered to also be a mesenchymal marker and a 

hallmark of EMT (Loh et al., 2019) displayed significantly lower expression with drug 

treatment relative to the untreated control in all the cell lines (section 3.3.5, Figures 3.22-

3.25). Interestingly, the expression levels of N-Cadherin in cisplatin treated OVCAR-3 cells 

showed no significant change in expression when compared to the untreated control. This is 

relevant as the expectation was that this mesenchymal marker should match the outcome 

seen with vimentin and more specifically in chemotherapy resistant HEY cells. Since 

OVCAR-3 cells fall within the chemotherapy sensitive category of the cell line panel it was 

expected to have lower expression levels of N-Cadherin. This signifies that tracking the 

phenotype switch during EMT based on the expression of a single gene marker does not 
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completely represent the complicated nature of the process and is not sufficient to validate 

whether cells undergoing EMT are chemo-resistant (Wang et al., 2016). As such the 

approach taken in our study overcomes this limitation by examining the three EMT markers 

considered. 

 

The expression of the epithelial marker E-cadherin has been reported to also be a hallmark 

of EMT. E-Cadherin’s downregulation indicates EMT and as such enhances metastasis, 

chemo-resistance and tumour stem-ness (Loh et al., 2019). In all the cell lines of the panel a 

significant downregulation in E-cadherin was observed except for the chemo-sensitive cell 

line; OVCAR-3. The cell line HEY displayed the lowest expression of the epithelial marker 

once again confirming the suggestion that repression of E-cadherin results in the transition 

to mesenchymal phenotype in EMT and development of chemo-resistance (Russell and 

Pranjol, 2018; Wang et al., 2017).  According to Miow et al. (2015), ovarian cancer cell 

lines with mesenchymal type cells are more chemo-resistant and therefore can help predict 

responses to platinum-based drugs such as cisplatin. 

 

3.4.7 Simultaneous knockdown of ROR1 and ROR2 re-sensitizes ovarian cancer cells 

to platinum  

 

The results from our project demonstrated sensitization of cells to platinum-based drugs 

when undergoing double knockdown of ROR1 and ROR2. Additionally, it demonstrates the 

impact of ROR on more reliable cell line models since HEY and OVCAR-3 cells underwent 

an elaborate process for selecting it as the resistant and sensitive ovarian cancer cell line 

models. However, what sets our study apart is that the individual and simultaneous 

knockdowns of ROR1 and ROR2 were carried out in a chemo-resistant and a chemo-

sensitive cell line model; HEY and OVCAR-3 respectively. These knocked-down cells were 

also drug treated with a range of drugs in addition to cisplatin. This allowed for a more 

clinically appropriate model in order to investigate development of chemo-resistance in 

ovarian cancer patients. The chemo-resistant cell line model HEY showed significant 

sensitivity to cisplatin when subjected to a simultaneous knockdown of ROR1 and ROR2 

when treated with the IC50 dose of cisplatin. Similar sensitivity to double the IC50 dose of 

cisplatin was observed with the identical simultaneous knockdown conditions. In addition 

to cisplatin, the HEY cells were also treated with carboplatin and chemo-sensitization was 
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once again observed. This occurred when treated with the IC50 dose of carboplatin in cells 

that underwent simultaneous knockdown of ROR1 and ROR2. 

  

In the chemo-sensitive cell line model; OVCAR-3, cells appeared to have an improved 

response to the IC50 dose cisplatin when they underwent simultaneous ROR1 and ROR2 

knockdown. This response to cisplatin was also evident when cells were treated with double 

the IC50 dose. Unlike the chemo-resistant cell model, the OVCAR-3 cells were sensitised 

to double the IC50 dose of cisplatin when singular knockdown of ROR2 was carried out. In 

the Henry et al. (2015) study, it was hypothesised that ROR2 expression was upregulated in 

ovarian-cancer patients. The ovarian cancer cell line model used in the study for knockdown 

assays was also OVCAR-3 as it expresses both ROR1 and ROR2. It was shown that ROR1 

and ROR2 both regulated invasion and migration. There was significant reduction in these 

processes when knocked down individually. Additionally, it was shown that ROR1 and 

ROR2 synergistically regulated these processes upon simultaneous knockdown where once 

again there was significant reduction. However, it must be noted that the exact mode of 

signalling of ROR1 and ROR2 are still unclear although  Henry et al.'s (2015) functional 

results propose ROR1 and ROR2 may in fact be operating in separate pathways to deliver 

different invasion and migration results. This same approach can be applied to the drug 

response seen in the results of our study. Having used the cell line model (OVCAR-3) this 

somewhat validates the effect of ROR2 knockdown to different cisplatin doses. 

 

The effects of ROR1 knockdown has been observed in different cancers including ovarian 

cancer (Cetin et al., 2019; Cui et al., 2013; C. E. Henry et al., 2016a; S. Zhang et al., 2012a). 

ROR1 has been implicated in processes such as enhanced tumour cell growth, epithelial to 

mesenchymal transition and metastasis (Hojjat-Farsangi et al., 2013; S. Zhang et al., 2012b, 

2012a). However, limited information is available regarding the role of ROR1 in chemo-

resistance. As mentioned earlier (section 3.3.4.1), in the cell line panel with varying drug 

resistance profiles, resistant cell line model (HEY) presented with highest expression of 

ROR1. This cell line also exhibited highest percentage of invasion among other cell lines in 

the panel. 

 

Studies have been carried out examining the role of ROR1 and its sister receptor ROR2 in 

metastasis by investigating important characteristics, adhesion, invasion and migration 

(Henry et al., 2015; Henry et al., 2016).  It was observed in these studies that upon 
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knockdown of ROR1 and ROR2, cell migration and invasion was significantly inhibited in 

a cisplatin resistant cell line model (A2780-cis). So far there has been only one study that 

explored the association of ROR1 and ROR2 with chemo-resistance (Henry et al., 2016)  It 

reported that the simultaneous knockdown of both ROR1 and ROR2 had a minor but 

significant sensitizing effect on the A2780-cis cells to cisplatin.  However, it was mentioned 

in earlier the lack of appropriateness of using A2780 cells as a standard HGSOC model 

(Beaufort et al., 2014; Domcke et al., 2013). Therefore, knockdown results using a resistant 

model of A2780 cells may present a level of unreliability. Our project overcomes this 

limitation through the development of the cell line panel thereby selecting a more 

appropriate cell line model to study knockdown effects of RORs. 

 

The results from our study aligned with the results demonstrated in the Henry et al. (2016)  

study indicating that ROR1 and ROR2 do affect chemo-resistance. This is further validated 

by the correlation observed between ROR1 and chemo-resistance discussed above and 

shown in section 3.3.4.2 figure 3.12. In another Henry et al. (2015) study it was confirmed 

that singular knockdown of either ROR1 and ROR2 had no significant effect on the 

proliferation and adhesion of cells. The effect of individual and double knockdown of ROR1 

and ROR2 on migration and invasion was significant suggesting that these receptors have 

play a major role in the progression of ovarian cancer. Additionally, EMT markers were also 

evaluated post knockdown. It revealed singular knockdown of ROR1 and ROR2 

significantly decreased the expression of vimentin. Oddly, double knockdown resulted in an 

increased expression of vimentin although this was not significant. Our project exclusively 

reviewed the gene expression levels of EMT markers prior to ROR1 and ROR2 knockdown 

as a means to build the phenotypic profiles of the selected cell line models. We emphasised 

earlier the necessity of including more than one EMT marker as reliable evidence for the 

involvement of EMT regulation. Although we did not profile EMT markers post knockdown 

it is evident that a pre-knockdown profile such as the one created in our study would have 

supplemented the post knockdown EMT data produced in the 2015 study (Henry et al., 

2015).  

 

Kajiyama et al. (2007) described EMT as a characteristic of chemo-resistant cells in vitro. 

Silencing of EMT transcription factors (Snail and Snug) induced chemo-sensitivity in 

cisplatin resistant ovarian cancer cell line models (Henry et al., 2016). These transcription 

factors are believed to strongly repress E-cadherin and induce EMT in ovarian cancer 
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(Kurrey et al., 2005). Taking into account these transcription factors and the effect 

simultaneous knockdown of ROR1 and ROR2 has on chemo-resistant ovarian cancer cells, 

it was hypothesised that these knockdowns result in the reversion of EMT (Henry et al., 

2016). Perhaps a post knockdown EMT profile as presented in the above-mentioned study  

(Henry et al., 2015) would have further assisted in understanding the link between EMT and 

RORs in ovarian cancer cells. 

 

Although both HEY and OVCAR-3 models presented increased sensitivity to cisplatin upon 

knockdown of ROR 1 and 2, no such sensitisation effect was observed when individually 

treated with carboplatin and talazoparib in the OVCAR-3 cells. However, the HEY cells 

showed an increased response to carboplatin with simultaneous ROR1 and ROR2 

knockdown. This may be due to the different mechanism of action of each drug and therefore 

the pathways which ROR knockdown interrupts may not directly impact response of the 

cells to the drug treatment.  

 

ROR1 and ROR2 in vitro modulation emphasised the distinct role each receptor plays as 

well as their synergistic effects. Therefore, in our project it is necessary to recognize that 

neither receptor was completely silenced although they were drastically reduced. Since 

studies have shown that the efficacy of silencing regulates the extent of invasion and 

migration inhibition, further studies would benefit from stable knockdown cell lines through 

short hairpin RNA (shRNA) (Henry et al., 2017) . Therefore, the results of our project can 

function as a vital roadmap for what to expect with these further studies. 
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Chapter 4 

Investigation of Rab27b as a potential second biomarker 
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4.1 Introduction 

 
Rab27b expression has been reported to correlate with cancer development and progression 

(Dong et al., 2012; Hendrix et al., 2010b). It is expressed in different secretory epithelial 

cells and functions as important elements involved in exosome secretion which is essential 

in progression and metastasis of cancer (Li et al., 2017; Rajagopal and Harikumar, 2018; 

Weidle et al., 2016; Zhao et al., 2016).  A 2020 systematic review and meta-analysis (Koh 

et al., 2020) revealed that high expression of both Rab27a and Rab27b were significantly 

associated with metastasis in seven types of cancer ( renal cell carcinoma, lung cancer, 

ovarian cancer, pancreatic cancer, colorectal cancer, breast cancer and hepatocellular 

cancer). Although this was the first meta-analysis conducted to evaluate the association 

between the expression of Rab27b with survival in solid cancers, it presents several 

limitations. These include the small sample population and sizes of the cancer types 

investigated and the cut off values selected to determine expression in the different studies. 

In ovarian cancer, the expression of Rab27b was found to associate with certain clinic-

pathological features (Ren et al., 2016). This study also revealed that Rab27b was expressed 

in malignant ovarian tumours, borderline ovarian tumours and benign ovarian adenoid 

tumours however, level of expression reduced in borderline ovarian tumours. This suggests 

that increase in Rab27b expression occurs with development of tumours in the ovarian 

tissues further increases with the incidence of cancer.  

 

In the biomarker discovery stage Rab27b was identified as one of the genes that was 

differentially expressed as described in chapter 1 section 1.8.1. The validation of Rab27b as 

a potential biomarker for chemoresistance was carried out by examining its expression in 

publically available ovarian cancer gene expression datasets using OvMark (Madden et al., 

2014). The OvMark analysis was initially carried out in combination with ROR1 and 

demonstrated improved survival outcome in patients with increased expression of Rab27b 

as shown in chapter 1 figure 1.7. This was contrary to several of the published studies where 

increased Rab27b expression was associated with poorer survival outcome. 

 

Further Ovmark analysis of Rab27b expression in all ovarian cancer patient datasets revealed 

that the pattern of expression supported the initial hypothesis set out at the biomarker 

discovery stage of this project (chapter 1 section 1.8.1). Lower Rab27b expression was 

associated with poor progression free survival (hazard ratio = 0.86, p = 0.049) as shown in 
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figure 4.1 (A) suggesting a link between Rab27b expression and platinum drug resistance. 

When data was filtered into FIGO stage 3 ovarian cancer the same pattern of (low) 

expression was observed (Figure 4.1 B). However, this analysis was not significant, 

presumably due to the low patient numbers. Patients grouped into FIGO stage 4 (metastatic) 

showed low Rab27b expression when analysed and these patients had an improved prognosis 

(Figure 4.1 C). This matched what was observed in the Ren et al (2016) study cited earlier, 

where increased distant metastasis was associated with increased Rab27b expression. 

 

Figure4. 1 Progression-Free Survival Analysis of RAB27B Gene Expression in Ovarian Cancer 

Patients from Ovmark platform. A) All Patients B) FIGO Stage 3 C) FIGO Stage 4.  Patient 

samples are divided on the median into high and low expressers of each given gene. The black line 

indicates expression above the median and grey indicates expression below the median.  

HR: Hazard ratio, p: P-value, n: number of patients 

 

 

 

The contradiction in Rab27b expression in different studies emphasises the need to 

investigate it as a potential biomarker. This can perhaps provide greater insight into the role 

of Rab27b in ovarian cancer and more importantly chemoresistance. 
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4.2 Methods 

 

4.2.1 cDNA conversion and qPCR 

 

Expression levels of Rab27b in the cell lines were assessed using qPCR as described in 

chapter 2. Both drug treated and untreated samples of each cell line underwent cDNA 

conversion prior to qPCR as described in chapter 2 section 2.2 Results were analysed using 

Roche LightCycler 96 software and statistical analysis was performed as described in 

chapter 2 section 2.4. 

 

4.2.2 Enzyme-linked immunosorbent assay: Rab27b 

 

The cell pellets were prepared as described in chapter 2 section 2.1.7 for a sandwich ELISA 

kit (Abbexa Ltd).  to detect levels of the RAB27B protein in both control and drug treated 

cells for each cell line. A 1mL standard solution of 2.5ng/mL was prepared and serially 

diluted (1:2) seven times so as to form an eight-point standard curve. A 96-well plate pre-

coated with a RAB27B specific antibody was seeded with 100 µL of the diluted standards 

as well as cell lysate samples (drug treated and untreated of four cell lines) in duplicates. 

The standard diluent buffer (provided by the kit) was also added to the wells set up as the 

control (zero). The plate was then sealed with a cover film and incubated at 37°C for one 

hour. The contents of the plate were discarded and 100µL of 1X detection reagent A 

(provided by kit) was added to each well. The plate was sealed and incubated again for an 

hour at 37°C. The solution in the plate was discarded followed by washing three times with 

a wash buffer provided by the kit. Each well was filled with 350µL of wash buffer followed 

by a 1-2-minute soak between each wash. This is followed by adding a 100uL of detection 

reagent B (provided by kit) to each well and the plate was incubated for 30 min at 37°C. The 

plate was washed 5 times each time letting the wash buffer soak for 1-2 minutes. After 

discarding the wash buffer, the plate was thoroughly dried before adding 90 µL of the TMB 

substrate into each well. The plate was sealed and incubated at 37°C for 10-20 minutes while 

avoiding exposure to light.  To each well 50 µL of stop solution provided by the kit was 

added while gently tapping the plate to ensure thorough mixing. Using the Omega FLUOStar 

(BMG Labtech) plate reader, the optical density of each well was determined. The 

wavelength was set to 450nm with a correction set to 570nm. 
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4.2.3 Immunocytochemistry and confocal microscopy (ICC) 

 

Cells were prepared for visualization and examination of Rab27b protein using the protocol 

described in chapter 2 section 2.3  

 

4.2.4 Statistical Analysis 

 

Minitab was used to carry out statistical analysis to investigate mRNA expression of Rab27b 

from qPCR. A one sample t-test was used to account for statistical significance of mRNA 

expression from qPCR. GraphPad Prism was also used to interpolate values of Rab27b in 

drug treated and untreated cells in ELISA. The one-way ANOVA was used to compare 

expression levels. The correlation between resistance and Rab27b expression was 

determined by the Pearson’s correlation coefficient. The one-way ANOVA test was used to 

account for statistical significance in both ELISA in the expression levels of the biomarkers 

in the cell lines (with each drug treatment). A one sample t test was carried out to examine 

the significant expression levels of Rab27b protein visualized in the (drug-treated) cells by 

ICC. 

 

4.3 Results 

 

4.3.1 Expression of Rab27b in cell line panel 

4.3.1.1 mRNA expression levels of Rab27b in cell line panel 

In order to determine whether Rab27b expression was related to chemoresistance, mRNA 

expression studies using a qPCR assay was undertaken for each of the four cell lines: HEY, 

SKOV-3, OVCAR-3 and OAW42. Similar to chapter 3 section 3.3.4.1 the expression profile 

of Rab27b was first normalized and compared against the most resistant cell line HEY 

(Figure 4.2).  The mRNA levels of Rab27b were significantly (-2.5-fold) lower in SKOV-3 

(p<0.05), -2-fold in OVCAR-3 and OAW42 (p<0.001) compared to HEY.  
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Figure4. 2 qPCR of all four cell lines demonstrating Rab27b expression. Relative mRNA 

expression of all cells is untreated and reflect the expression profile relative to the most resistant. cell 

line; HEY. Experiment repeats of n=3 was carried out. HEY cell line set to a constant of 1.0 on the 

Y-axis. A one-sample t-test was carried out with ‘*’ and ‘**’ denoting significance of p<0.05 and 

p<0.01respectively. 

 

The bar graphs below (Figure 4.3) show varying levels of expression in drug treated and 

control (untreated) cells for each cell line. The expression levels were normalized to their 

respective controls. The expression of Rab27b in cisplatin treated HEY cells had an increase 

in expression relative to the control however this was not statistically significant. Other drug 

treated HEY cells also did not show any significant change in expression compared to the 

control. Similar to the cisplatin treated HEY cells, the cisplatin treated SKOV-3 cells showed 

an increase (2.5-fold) in Rab27b expression however it was significant (p<0.001) relative to 

the control. Other drug treated cells were did not exhibit any significant change in 

expression. In the OVCAR-3 cell line, all the drug treated cells showed a significant -3-

downregulation (p<0.01) of Rab27b compared to the control. OAW42 cells displayed a 

similar pattern to the HEY cells. The cisplatin and carboplatin treated cells showed an 

increase in Rab27b expression than the control but was not significant.  
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Figure4. 3 A qPCR assay shows varying levels of Rab27b expression in response to drug 

treatment in cell line panel. Relative mRNA expression of Rab27b in A) HEY, B) SKOV-3, C) 

OVCAR-3 and D) OAW42 cell lines treated with four drugs: cisplatin, carboplatin, taxol and 

talazoparib. Experiment repeats of n=3 was carried out. Cells treated with drugs are compared to 

their respective control (non-drug treated) to determine the change. Control cells set to a constant of 

1.0 on the Y-axis. A one-sample t-test was carried out with ‘**’ denoting significance of p<0.01. 
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OVCAR-3 
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4.3.1.2 Analysis of Enzyme Linked Immunosorbent Assay (ELISA): Rab27b 

 

An eight-point standard curve was plotted shown in the figure 4.4 following the protocol 

described in section 4.2.2. 

 

 

Figure4. 4 Standard curve plotted of Rab27b standards in sandwich ELISA. An eight-point 

standard curve plotted to interpolate Rab27b protein concentration in the four cell lines (n=2). 

 

Rab27b protein expression in the four cell lines (HEY, SKOV-3, OVCAR-3 and OAW42) 

was quantified using a sandwich ELISA.. The protein concentrations in the non-drug treated 

control and drug treated cells were interpolated (figure 4.5) from the seven-point standard 

curve shown above. No significant difference in Rab27b protein concentrations was 

observed between the drug treated and control cells. In the SKOV-3 cells, the taxol treated 

cells expressed higher (p<0.01) levels of Rab27b protein by 2.5-fold than the control cells, 

cisplatin, carboplatin and talazoparib treated cells. Control cells of the OVCAR-3 cell line 

comprised of significantly lower (p<0.01) levels of Rab27b protein by -2-fold in comparison 

to its drug treated cells. However, protein levels were not significantly different between 

cisplatin treated and carboplatin treated cells but were both significantly (p<0.01) higher 

than taxol and talazoparib treated cells by 1.5-fold.  

In control OAW42 cells, Rab27b protein was higher (p<0.05) than all the drug treated cells 

except taxol treated cells. These (taxol-treated) cells exhibited higher (p<0.05) Rab27b 
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protein levels than the cells treated with cisplatin and carboplatin. Although the cells lines 

showed varying levels of Rab27b protein, interestingly Rab27b was higher in the HEY cell 

lines compared to the other cell lines tested. 

 
Figure4. 5 Protein levels of Rab27b in each cell line with different drug treatments was 

determined using a sandwich ELISA (n=2). Each cell line showed varying levels of Rab27b 

protein level with drug treatment. A one-way ANOVA comparing Rab27b levels in drug treated and 

untreated cells for each cell line was carried out. ‘*’ and ‘**’ denotes statistical significance of 

p<0.05 and p<0.01 respectively. A post hoc analysis using Tukey’s test was carried out. 

  

Similar to ROR1, correlation graphs were plotted (Figure 4.6) to determine if Rab27b was 

associated with chemoresistance. A weakly positive correlation was observed between the 

expression of Rab27b, and cisplatin (R2 = 0.3988) and carboplatin (R2 = 0.2430) treated cells. 

The weaker correlation is largely due to the relatively high level of Rab27b protein present 

in OVCAR3 cells. There was a positive strong correlation between Rab27b levels and both 

taxol (R2 = 0.9632) and talazoparib (R2 = 0.9235) treated cells. In all cases, HEY cells 

exhibited the highest levels of Rab27b and since it has been established as the most resistant 

cell line (chapter 3 section 3.3.2) there is validity in the strong association between 

chemoresistance and Rab27b. However, it is interesting that this association lies with taxol 

and talazoparib resistance. 
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Figure4. 6 Correlation between the expression of Rab27b and the IC50 doses of all drug 

treatments in the cell line panel. There is a weakly positive correlation between Rab27b and 

chemoresistance in A) cisplatin and B) carboplatin but with p values of 0.3685 and 0.5071 

representing no significance respectively. However, a strong positive correlation was observed in C) 

taxol (p<0.0186) and D) talazoparib (p<0.0390) treated cells. The x-axis represents the Rab27b 

protein levels interpolated from the ELISA described in section 4.3.1.2. The y axis represents the 

IC50 doses of each drug determined through cytotoxicity assay as described in chapter 2 section 

2.1.6. The Pearson coefficient is displayed on top right corner of each correlation graph. 
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4.3.1.3 Confocal microscopy of cells after Immunocytochemistry (Rab27b) 

Confocal images captured below (Figure 4.7) show the Rab27b expression in HEY control and drug treated cell line. The FITC label (green) 

indicates the Rab27b expression increases with drug treatment compared to the control. 
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Figure4. 7 Confocal microscopic images of Rab27b expression (green) in HEY cell lines with drug treatments. Cells were counterstained with DAPI to 

show the localization of the nucleus. Images were captured at 10X magnification.
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Figure4. 8 Measurement of Rab27b expression of drug treated HEY cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated 

cells and normalized to cell number. A one sample t-test was carried out with ‘*’, ‘**’ and ‘***’ 

denotes statistical significance of p<0.5, p<0.01 and p<0.001.  

 

Rab27b expression was normalized to cell number in drug treated cells and all drug treated 

cells showed a significant increase in expression relative to control (untreated) cells 

(cisplatin; p<0.05, carboplatin; p<0.01, taxol and talazoparib; p<0.001). These increases in 

Rab27b expression ranged from two to four-fold. (Figure 4.8). 

C
ontr

ol

C
is

pla
tin

C
ar

bopla
tin

Ta
xo

l

Ta
la

zo
par

ib

0

1

2

3

4

5

Drug Treatment

R
a
b

2
7
b

 e
x
p

re
s
s
io

n
 

n
o

rm
a
li
z
e
d

 t
o

 c
e
ll
 n

u
m

b
e
r

*

**

***
***



202 

 

 

Confocal images captured below (Figure 4.9) show the Rab27b expression in SKOV-3 control and drug treated cell line. The FITC label (green) 

indicates the Rab27b expressed in the cisplatin, carboplatin and taxol treated cells. Talazoparib treated cell visually appear to have negligible 

protein expression. 
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Figure4. 9 Measurement of Rab27b expression of drug treated SKOV-3 cells from confocal microscopy images. Cells were counterstained with DAPI to 

show the localization of the nucleus. Images were captured at 10X magnification.
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Figure4. 10 Measurement of Rab27b expression of drug treated SKOV-3 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated 

cells and normalized to cell number. A one sample t-test was carried out with no statistical 

significance observed. 

 

Rab27b expression was normalized to cell number in drug treated SKOV-3 cells. Although 

protein levels seem to increase with drug treatment in the confocal image (figure 4.10), the 

graph shows there was no significant increase in any of the drug treated cells.
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Confocal images captured below (Figure 4.11) show the Rab27b expression in OVCAR3 control and drug treated cell line. The FITC label (green) 

indicates the Rab27b expression increases with drug treatment compared to the control similar to HEY cells.  
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Figure4. 11 Confocal microscopic images of Rab27b expression (green) in OVCAR-3 cell lines with drug treatments. Cells were counterstained with 

DAPI to show the localization of the nucleus. Images were captured at 10X magnification.
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Figure4. 12 Measurement of Rab27b expression of drug treated OVCAR-3 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated 

cells and normalized to cell number. A one sample t-test was carried out with ‘**’, ‘***’ denotes 

statistical significance of p<0.01 and p<0.001.  

 

Rab27b expression was normalized to cell number in drug treated OVCAR-3 cells (Figure 

4.12). Protein levels significantly increased in all drug treated cells. Cisplatin and carboplatin 

treated cells saw a significant 2.5fold increase (p<0.01) while taxol and talazoparib saw a 

4.5- and 3-fold increase (p<0.001) respectively of protein level compared to the untreated 

control.
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Confocal images captured below (Figure 4.13) show the Rab27b expression in OAW42 control and drug treated cell line. The FITC label (green) 

indicates visible Rab27b expression in all but cisplatin and talazoparib treated cells. 
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Figure4. 13 Confocal microscopic images of Rab27b expression (green) in OAW42 cell lines with drug treatments. Cells were counterstained with DAPI 

to show the localization of the nucleus. Images were captured at 10X magnification.
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Figure4. 14 Measurement of Rab27b expression of drug treated OAW42 cells from confocal 

microscopy images. Intensity of ROR1 in drug treated cells measured relative to control untreated 

cells and normalized to cell number. A one sample t-test was carried out with ‘*’, ‘**’ denotes 

statistical significance of p<0.05 and p<0.01.  

 

Rab27b expression was normalized to cell number in drug treated OAW42 cells (Figure 

4.14). Protein levels significantly increased in carboplatin (p<0.05) and taxol (p<0.01) 

treated cells. Cisplatin and talazoparib treated cells saw a significant decrease (p<0.05) in 

Rab27b protein levels compared to the control.  
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4.4 Discussion 

 

4.4.1 Rab27b: contradiction in expression 

 

There is mounting evidence that suggests genes associated with trafficking of vesicles and 

exocytosis contribute to cancer progression. Much of this evidence implicates the Rab 

family; a subfamily of the Ras superfamily of small G proteins (Palmer et al., 2002; Wright, 

2008). Several members of the Rab family such as Rab4, Rab11, Rab14, Rab23, Rab25, 

Rab35, as well as the Rab27 subfamily have been studied in cancer (Tzeng and Wang, 2016). 

A set of Rab proteins were identified promoting tumour cell migration and invasion by 

controlling intracellular signal transductions (Cheng et al., 2004; Hendrix et al., 2010b; 

Tzeng and Wang, 2016; Wheeler et al., 2015; Yoon et al., 2005). This show cases the role 

they play in tumorigenesis and metastasis.  As described in chapter 1 (section 1.8.2), Rab27 

consists of two isoforms: Rab27a and Rab27b. Although both have 71% of the amino acid 

sequence identical (Pereira-Leal and Seabra, 2001) and employ the same effector proteins 

(Fukuda, 2003), they were shown to possess different functions even within the same cell 

type (Johnson et al., 2010). 

 

The selection of Rab27b from the biomarker discovery stage of this project (Chapter 1, 

section 1.8) hypothesised that lower expression was associated with poor prognosis in all 

ovarian cancer patients (Chapter 1, figure 1.7). However, this seems to be in contradiction 

to most of the literature that has been published so far. A 2010 study by Ostrowski et al., 

described the different roles of Rab27a and Rab27b in HeLa cells with the former regulating 

docking and membrane fusion of multi-vesicular endosomes whereas the latter is involved 

in transferring membranes to the multi-vesicular endosomes from the trans-Golgi network. 

Since the role of Rab27a and Rab27b are crucial for the maintenance of cellular function, 

their aberrant expression may result in the development of cancers (Li et al., 2018). 

  

Several cancers have demonstrated association of oncogenic traits with the overexpression 

of Rab27b. In estrogen receptor (ER)-positive breast cancer cells the upregulation of Rab27b 

stimulates metastasis both in vitro and in vivo (Hendrix et al., 2010a, 2010b;  Zhang et al., 

2012). In hepatocellular cancer (HCC), Rab27b proteins were found to be upregulated in 

drug resistant cells and extracellularly transported drugs by exosome mediated efflux (Li et 

al., 2020). Another study demonstrated that Rab27b expression was correlated with tumour 

progression in HCC patients(Dong et al., 2012). In squamous cell carcinoma of the lung, 
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high Rab27b expression was shown to be an unfavourable prognostic factor. Tumours with 

distant metastasis also showed higher expression levels of both Rab27a and Rab27b (Koh 

and Song, 2019). In pancreatic ductal adenocarcinoma (PDAC), high protein expression of 

Rab27b as well as p53 were found to be associated with invasion and distant metastasis. 

Furthermore, high Rab27b expression showed a strong correlation with poor overall patient 

survival (Zhao et al., 2016). Similar Rab27b results were observed in colorectal cancer 

(CRC) where high elevated level of Rab27b led to tumour metastasis and poor patient 

prognosis (Bao et al., 2014). 

 

So far, there is only one study investigating the role of Rab27b in ovarian cancer (Ren et al., 

2016). The results from this study were consistent with previous findings described in the 

studies above. In the Ren et al (2016) study, poorly differentiated patient tissue specimens 

showed higher levels of Rab27b compared to well differentiated specimens. Other clinical 

features such as histological type, tumour grade and tumour stage were also found to be 

associated with Rab27b expression. Similar to the 2012 study (J.-X. Zhang et al., 2012) 

described earlier, lymph node and distant metastasis were also linked to increased Rab27b 

in ovarian cancer patients. The results from the Ren et al (2016) study also described Rab27b 

as a novel predictor for metastasis in ovarian cancer. When patient samples were grouped 

based on the Rab27b expression, a Kaplan Meier curve revealed that 80% of those with low 

expression had 5-year survival rate. In contrast, only 29% of patients with high Rab27b 

expression had a cumulative 5-year survival rate. This confirms the significant correlation 

Rab27b -positive tumours have with poor overall survival. These results present strong 

clinical value in Rab27b for the assessment of ovarian cancer patient prognosis. 

 

There are limited number of studies that are in agreement with the hypothesis set out in this 

project regarding Rab27b expression. In 2017, Worst et al. validated in silico data that 

showed Rab27b as well as Rab27a, consistently under expressed in metastatic prostate 

cancer. The dataset from Tomlins et al. (2007) also demonstrated both genes being under-

expressed in localized prostate cancer. According to Worst et al. (2017) the contrast in the 

expression of Rab27b may be attributed to assay and readout conditions. In addition to this, 

the cell lines used represent entities of different cancers which differentially regulate the 

expression and function of Rab27a and Rab27b. Because cell lines originate from different 

micro environmental conditions, the role of extracellular vesicles of malignant cells remains 

unclear. This particularly applies in the context of immune evasion (Yanfang Liu et al., 2015; 
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Lundholm et al., 2014) and the activation of the immune system against the tumour cells 

(W. Li et al., 2013). Therefore, this indicates that there is a component of regulation on 

extracellular vesicle biogenesis and secretion. 

 

Montel et al (2005) showed that Rab27a and other genes associated with metastasis play a 

significant role in vesicle trafficking and are differentially expressed in breast cancer murine 

xenograft models (Montel et al., 2005). Additionally, the invasive and metastatic potential 

of human breast cancer cells was associated with overexpression of Rab27a and showed a 

strong correlation to lymph node metastasis and poor patient prognosis. Interestingly, there 

was no detection of Rab27b expression reported in these breast cancer cells (Wang et al., 

2008). However, other studies such as those mentioned earlier (Hendrix et al., 2010a, 2010b;  

Zhang et al., 2012) reported increased expression of Rab27b and described its role in 

invasion, size of the tumour and metastasis of ER positive breast cancer cells. The data from 

this study is inconsistent with Wang et al.’s (2008) study and could be due to several factors 

such as the different research models and varied sample sizes. 

 

4.4.2 Rab27b mRNA and protein expression is varied across the cell lines 

 

The level of Rab27b expression was first compared within the cell line panel in untreated 

cells. Since the HEY cell line was established as the most resistant it was normalized as the 

control. The chemotherapy-sensitive cells OVCAR-3 and OAW42 displayed higher levels 

of Rab27b compared to SKOV-3 cells although all were lower compared to HEY cells. 

Following on from the updated Ovmark analysis described earlier, it can be assumed this is 

in line with what was hypothesized; the lower the expression of Rab27b the greater the link 

to resistance. The figure below represents the expression patterns at the mRNA level and 

protein level. 
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Figure4. 15 Significant changes of Rab27b expression. The mRNA level from qPCR results and 

protein level from ELISA and immunocytochemistry (ICC) results in each cell line when treated 

with different drugs. The increase/ decrease of mRNA is relative to the non-drug treated control of 

each cell line. The increase/ decrease of protein is absolute and depiction in the figure above is in 

comparison to untreated control cells. The grey arrows depict significant decrease whereas the red 

arrow depicts significant increase. Only those drugs treated cells that demonstrated a significant 

change are represented in this figure. Others did not show any changes with drug treatment when 

compared to its respective control. 

 

With drug treatment, most cells at the mRNA level showed no significant change relative to 

their respective untreated controls. Only the cisplatin treated SKOV-3 cells showed a 

significant increase in Rab27b expression compared to its control. Additionally, the sensitive 

cell line OVCAR-3 showed a dramatic decrease in Rab27b expression when subjected to 

drug treatment (Figure 4.15).  Although the changes were not significant the remaining cell 

lines presented slightly elevated levels of Rab27b. This presents as a complication in the 

understanding of Rab27b expression patterns. The drug treatments seem to switch Rab27b 

expression in the same direction as those described in previously mentioned studies (Ren et 

al, 2016). Comparison of Rab27b expression in the untreated control cells normalized to 

HEY (section 4.3.1.1, figure 4.2) showed patterns similar to what was hypothesised when 

Rab27b was identified in chapter 1 section 1.8.1. 
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From the ELISA results, the protein levels of Rab27b in the cell line panel did not match the 

expression pattern at the mRNA level. The resistant cell line HEY; untreated and drug 

treated, showed the highest Rab27b protein expression although there were no significant 

changes with treatment. All other cell lines had at least one drug treatment resulting in the 

increase of Rab27b expression compared to the untreated control cells. However, the 

OVCAR-3 cell line stood out due to the fact that it showed protein levels second to HEY 

cells. Furthermore, the drug treated OVCAR-3 cells showed a significant increase in Rab27b 

with drug treatment. Unlike the qPCR data, these results align more with the hypothesis of 

Rab27b expression. Analysis of confocal microscopy images revealed Rab27b expression 

mostly followed the pattern of expression observed in the ELISAs. Perhaps what is most 

interesting is that almost all drug treated cells of the three cell lines showed a significant 

increase in Rab27b protein expression compared to the control cells (section 4.3.1.2 and 

4.3.1.3). This concurs with the findings from the biomarker discovery stage described 

earlier.  

 

It is worth mentioning that a correlation was observed between resistance and Rab27b 

protein expression (figure 4.6). However, this link was observed in taxol and talazoparib 

treated cells whereas the link between platinum drug treated cells and Rab27b expression 

showed a weak correlation. This again presents a complexity in understanding Rab27b. since 

the earlier Ovmark analysis builds on linking poor prognosis with platinum resistance in 

cells with decreased Rab27b expression. Since Rab27b promotes drug efflux resulting in 

chemotherapy resistance, these mechanisms maybe dependant on the kind of drug treatment 

(Li et al., 2020). It is apparent that there is a clear disconnect between mRNA and protein 

levels of Rab27b which is not an uncommon event occurring between assays (Vogel and 

Marcotte, 2012). However, the inconsistency in expression between resistant and sensitive 

cell lines could be attributed to the fact that the cell lines exhibit properties that mimic certain 

FIGO stages. The HEY cells being the most invasive and possessing mesenchymal 

phenotype suggests that it has undergone EMT and therefore metastatic. This can be further 

validated by the increased level of vimentin in these cells as described in earlier sections. 

Consequentially this showcases HEY cells having similar characteristics as the FIGO stage 

4 ovarian cancer and in agreement with most of the literature. In contrast, the OVCAR-3 

cells being the sensitive cell line and of an epithelial phenotype responds to drug treatment 

with higher Rab27b levels. Perhaps OVCAR-3 can be considered a FIGO stage 3 ovarian 
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cancer model. This could explain why OVCAR-3 cells profile is more in sync with the 

Ovmark analysis than HEY cells. 

 

These discrepancies underline the need to investigate Rab27b in clinical tissue samples as 

were done for ROR1. This would help establish whether in vitro data translates to clinical 

data. Perhaps there is a need to expand on the existing cell line panel in order to understand 

the role of Rab27b in conjunction with ROR1. It is widely recognised that Rab27b is linked 

to EMT and metastasis (Bao et al., 2014; Ren et al., 2016; J.-X. Zhang et al., 2012) which 

have also been linked to ROR1 as established in this project 
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Chapter 5 

Tissue Microarray Analysis – ROR1 and Vimentin 
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5.1 Introduction 

 

Traditionally immuno-histochemical staining was carried out on entire tissue sections from 

paraffin blocks to examine proteins as potential markers. This process is particularly time 

consuming when investigating large number of tumour samples or markers as this requires 

processing and staining of hundreds to thousands of slides. Tissue microarray (TMA) 

technology was introduced in 1998 by Kononen et al. which enabled analysis of large 

number of archival formalin-fixed, paraffin-embedded samples. This technology has 

facilitated simultaneous processing of hundreds of specimens using identical conditions 

(Khouja et al., 2010). Additionally, identification of associations between several markers 

can be aided by analysis of serial TMA sections (Korsching et al., 2002; Tolgay Ocal et al., 

2003). In chapter 3 it was observed that ROR1 expression was correlated with chemo-

resistance and also impacted chemo-response when knocked down in vitro. However, in this 

chapter TMA analysis was carried out in order to investigate expression of ROR1 in clinical 

samples and its association with survival. Although there have been several studies analysing 

ROR1 expression in cancer tissue samples (Balakrishnan et al., 2017; S. Zhang et al., 2012b; 

Zheng et al., 2016), only a few have investigated them in ovarian cancer tissues (Yin et al., 

2019; H. Zhang et al., 2014b; S. Zhang et al., 2014). One particular study investigated the 

expression of ROR1and its sister receptor ROR2 in the same ovarian cancer clinical cohort 

(Henry et al., 2017). The results from this study showed ROR1 and ROR2 were expressed 

in all the histological subtypes specifically in the stroma regions of the tumours. (Henry et 

al., 2017). The TMAs for this project were obtained from the same source as the Henry et 

al., (2017) study. Although ROR1 expression was investigated with its sister receptor ROR2 

in these clinical samples, there were no studies of other markers such EMT. Since EMT 

markers were prevalent in the chemo-resistant ovarian cancer cell line models (chapter 3 

section 3.4.6) it was decided to include Vimentin along with ROR1 in expression and 

survival analysis of the TMAs. 

 

Although in vitro studies can deliver certain insights into the role of selected markers these 

still require validation at the clinical level. TMAs provide the ability to study possible 

associations between molecular changes and clinico-pathological characteristics of tumours 

(Khouja et al., 2007; Sapino et al., 2006; Tolgay Ocal et al., 2003). A 2010 study by Khouja 

et al. showed ovarian cancer TMA cores as small as 0.6mm significantly represented a whole 

section as the score of three cores from the same TMA. These results concur with a previous 
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study where the outcome of up to two breast cancer TMA cores per case were similar (95%) 

to outcomes achieved using conventional tissue sections (Camp et al., 2000). However, other 

TMA validation studies suggested analysis of two to three 0.6mm cores offers reliable 

similarity than analysis of one core (Fernebro et al., 2002; Fons et al., 2007; Griffin et al., 

2003; Kallioniemi et al., 2001). Here, the TMAs analysed consisted of two cores per case 

therefore keeping in line with the optimal conditions for scoring. 

 

5.2 Methods 

 

5.2.1 Immunohistochemistry 

 

Immunohistochemistry (IHC) was performed on tissue microarrays (TMA) fixed on slides 

that were constructed as described in Henry et al. (2017) and provided by Westmead 

Hospital, Sydney.  The TMA cohort consisted of 144 patient samples (two cores each) with 

ovarian cancer. Tumour stage was classified according to the International Federation of 

Gynaecologists and Obstetricians (FIGO) criteria.  

 

The TMAs were deparaffinized in xylene baths twice for 10 minutes each. This was followed 

by rehydration by sequentially dipping them for 5 minutes each in 100%, 95%, 80% and 

60% ethanol.  The sections were then rinsed with tap water three times for 3 minutes each 

before undergoing an antigen retrieval step. For the antigen retrieval, citrate buffer (pH6) 

was the buffer of choice and was prepared by adding 2.9g of 10mM Tris-sodium 

citrate.2H20(Fisher) and 0.4g of 1.9mM Citric acid.2H20 (Fisher Scientific) to 1000mL of 

distilled water. The pH was adjusted accordingly. In order to expose epitopes, the citrate 

buffer was poured into a microwavable container and heated in 20 second bursts at a 100W 

till the buffer temperature raised to 90°C.  The TMAs were then transferred into the citrate 

buffer container and heated in the microwave at 80W for 10 minutes in 30 second bursts. 

The slides were allowed to cool down for 30 minutes before proceeding to the next step. 

(For observing Vimentin expression, antigen retrieval step was not required, and the below 

protocol was carried out as usual). 

 

The slides were washed in PBS (Fisher) three times for 3 minutes each. The slides were then 

incubated in 3% H2O2 for 10 minutes. This was done in order to quench peroxidase activity 

that may occur endogenously. Again, the slides were washed as previously described before 

undergoing a blocking step for one hour. The blocking solution consisted of 5% Bovine 
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Serum Albumin in 1X PBS. This was followed by incubating the slides in the primary 

antibody; ROR1 and Vimentin, at the recommended dilutions shown in Table 5.1 at 4°C 

overnight. Staining for ROR2 was excluded as it was already analysed in TMAs of the same 

source in another study conducted by Henry et al. (2017). Due to limited availability of 

ROR2, N-Cadherin and E-Cadherin antibody it was decided to only stain for ROR1 and 

Vimentin. 

 

Antibody Source/Clonality Dilution 

ROR1(Proteintech) Rabbit Polyclonal 1:50 

RAB27B(Proteintech) Rabbit Polyclonal 1:100 

VIMENTIN(Dako) Mouse Monoclonal 1:100 

Table5. 1 Primary Antibodies used for IHC 

 

Slides were washed as described above followed by the application of diluted biotinylated 

secondary antibody (1: 1000 dilution of Anti-Mouse IgG/Rabbit IgG Vectastain universal 

ABC kit) for 30 minutes at room temperature.  The slides were washed and then incubated 

for 30 minutes with Vectastain Elite ABC reagent which is comprised of Avidin DH and 

Biotinylated Horseradish Peroxidase provided in the same Vectastain Universal ABC kit. 

Following another wash step, liquid 1X DAB substrate (Sigma) was applied onto the slides 

for 20 minutes till the desired brown colour developed. 

 

Prior to and following counterstaining the slides with Haematoxylin for 10 minutes, the 

slides were gently rinsed with distilled water. They were then transferred into an acid-alcohol 

solution (1% HCl and 99% ethanol) for 10 seconds and then immediately into distilled water 

for 20 – 30 seconds.  Following this the slides were dehydrated by immersing them 

sequentially for 5 minutes each in 60%, 80%,90% and 100% ethanol baths and then in xylene 

baths twice for 5 minutes each. Finally, the TMA sections on the slides were mounted with 

a small drop of mounting medium Dibutylphthalate Polystyrene Xylene (DPX)(Fisher) and 

a coverslip and left to air dry in the hood for a few hours before viewing under the 

microscope.  
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5.2.2 IHC scoring and evaluation 

 

Tissue sections stained were scored in a blinded manner by three independent observers with 

no knowledge of the clinical or pathological features of patient cohort. Tissues were scored 

based on a) percentage of overall positive stain and b) intensity of the stain. These were each 

given a score according to an in-house scoring system detailed in Table 5.2 below. The 

overall score was then calculated by multiplying the percentage of overall positive stain 

score and the intensity score. This gave a range of 0-12 which were dichotomized based on 

expression and stratified for subsequent analysis accordingly. The percentage cut off for 

stained tissues were based on an in-house assessment which seemed to represent a fairer 

distribution of the staining. This semi quantitative scoring system was also adapted from Liu 

et al., (2015) and Zheng et al. (2016) for scoring ROR1. 

 

 
Table5. 2 Scoring percentage coverage of positively stained tissues. Scoring intensity of 

positively stained tissues. 

 

Another scoring procedure used to compare to the above was the ImageJ software plugin; 

IHC profiler (Varghese et al., 2014). The percentage of positive stain was represented as the 

sum of the positive contribution produced from the plugin histogram profile. The intensity 

was represented by the score output. Similar to the above manual scoring method, the in-

house scoring system was also used to assign a score to images processed through the ImageJ 

software. 

 

 

 

 

 

A. %age of Positively 

stained cells 

Score B. Intensity of Stain Score 

0-20% 0 Negative 0 

21-40% 1 Low Positive 1 

41%-60% 2 Positive 2 

61-80% 3 High Positive 3 

81-100% 4  
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5.2.3 Survival analysis 

 

For survival analysis, ROR1/Vimentin expression in patient tissues were dichotomized 

based on expression score and grouped as high and low scores. Progression free and Overall 

survival by Kaplan Meier curves were performed to assess association between 

ROR1/Vimentin expression and patient outcome. Similar curves were produced to assess 

patient outcome with FIGO stage of the tumour using the Chi square test. These were plotted 

using GraphPad Prism  

Using the R statistical package surv, survminer and dplyr a multivariate analysis was 

performed. This was done through the Cox's proportional hazards regression models using 

the coxph and ggforest function to visualize the forest plot. These functions helped to 

determine factors that were independently associated with progression-free and overall 

survival. 
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5.3 Results 

 

5.3.1 Tissue microarrays 

 

A tissue microarray cohort consisting of 144 tissue samples of patients diagnosed with 

(serous) epithelial ovarian cancer were obtained from Westmead Hospital, Sydney. The 

clinical and histological features are detailed in table 5.3 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table5. 3 Clinical and pathological characteristics of tissue microarray cohort. Tissue sections 

of epithelial ovarian cancer patients obtained from Westmead Hospital; Sydney were fixed on slides 

in the form of tissue microarrays. These microarrays consisted of a total of 144 patients. 

 

 

 

 

 

 

 
Adenocarcinoma, serous 

(n=144) 

Grade  

High 133 92% 

Low 11 8% 

FIGO stage  

I 4 3% 

II 7 5% 

III 119 83% 

IV 14 10% 

Primary site  

Ovary 111 77% 

Fallopian tube 8 5% 

Ovary/fallopian tube can't distinguish 2 1% 

Peritoneum 18 13% 

Ovary/peritoneum can't distinguish 6 4% 

Ovary/fallopian tube/peritoneum can't distinguish 0 0% 

AGE  

≤60 years 69 48% 

>60 years 75 52% 

Residual disease  

Nil 30 21% 

Any 114 79% 

Neoadjuvant therapy  

No 143 99% 

Yes 1 1% 

Primary treatment   

Platinum 17 12% 

Platinum/taxol 94 65% 

Platinum/ cyclophosphamide 14 10% 

Platinum/taxol/other 16 11% 

Other/none 3 2% 
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5.3.2 Survival analysis based on FIGO stage 

 

A Kaplan Meier curve was plotted as described in section 5.2.3 to demonstrate survival 

outcomes in patients with different FIGO stages of the tumours. Figure 5.1 below represents 

progression free and overall survival rate while table 5.4 represents the univariate analysis 

outcome. Patients with later stage of the tumour (Stage 3 and 4) had a significantly poor 

survival outcome compared to patients in earlier stages of the tumour (Stage 1 and 2). 

 

Figure5. 1 Survival analysis by Kaplan-Meier method of ovarian cancer patients (n=144) with 

different FIGO stages. (A) Progression free survival rate in patients with FIGO stage 3 and 4 (red 

line n= 133) tumours were lower than patients with FIGO stage 1 and 2 tumours (green line n=11). 

A significant separation of the curves was observed (p =0.0017) (B) Overall survival rate in patients 

with FIGO stage 3 and 4 (red line = 133) was lower than patients with FIGO stage 1 and 2 (green 

line n=11). The separation of the curves was also significant with a p value of 0.0257. A log rank 

(Mantel-Cox test) was used to determine the p value. 
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Table5. 4 Univariate analysis of FIGO stage for PFS and OS in TMA cohort. 

 

 

5.3.3 Immunohistochemistry -Scoring tissue microarrays for ROR1 and Vimentin. 

 

Tissue microarrays stained for ROR1 and Vimentin were scored manually and 

independently by three individuals as described in section 5.2.2. The same tissues were 

scored using the ImageJ software plugin called IHC profiler (Varghese et al., 2014) and 

compared against the scores obtained manually.  

The images that were manually examined were scored based on coverage of positive ROR1/ 

Vimentin percentage and intensity of the stain in the tissue samples.  The scoring system 

used was an in house developed scoring model as shown in section 5.2.2. The overall score 

was determined as a product of percentage of positive cells and the intensity shown in table 

5.5. A comparative score between the three manual independent scores is represented in 

figure 5.2.  

 Hazard 

ratio 

95% CI Chi-square P value 

Progression 

free survival 

 

FIGO Stage 3.382 2.062 to 5.545 9.851 0.0017 

Overall 

Survival 

 

FIGO Stage 2.459 1.405 to 4.301 4.977 0.0257 



229 

 

 

 

Table5. 5 Overall scores of the tissue sections for (A)ROR1 and (B)Vimentin. The scores indicate the percentage of cells positively stained for 

ROR1 and Vimentin based on an in-house developed scoring system as described in section 5.2.2. The intensity of the DAB stain was also manually 

scored based on another in-house developed scoring system (Table 5.2). The overall score is represented as the product of the score from percentage 

of positively stained cells and the intensity score. 

A. Score 1 Score 2 Score 3 

 +ve ROR 

%age 

Intensity Overall 

score 

+ve ROR 

%age 

Intensity Overall 

Score 

+ve ROR 

%age 

Intensity Overall 

Score 

WMH0814 0 2 0 0 0 0 0 0 0 

WMH0704 1 1 1 1 1 1 1 1 1 

WMH0711 2 1 2 2 2 4 2 1 2 

WMH0788 3 1 3 3 1 3 3 1 3 

WMH0724 4 2 8 4 2 8 4 2 8 

B. +ve Vimentin 

%age 

Intensity Overall 

score 

+ve Vimentin 

%age 

Intensity Overall 

Score 

+ve 

Vimentin 

%age 

Intensity Overall 

Score 

WMH0814 1 1 1 1 1 1 1 1 1 

WMH0704 2 2 4 2 2 4 2 4 8 

WMH0711 3 2 6 2 3 6 2 3 6 

WMH0788 3 3 9 2 2 4 3 2 6 

WMH0724 4 2 8 2 2 4 1 2 2 
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A. 
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Figure5. 2 Representative scores for DAB-stained tissue images with varying levels of ROR1 and Vimentin expression. Images of tissue samples 

independently and manually scored for overall positively stained ROR1 (A) and Vimentin (B). The scores range from 0 to 4 with 0 being the least and 

4 being the highest expression level. The samples selected represent tissues with closest score match between the three scorers in ROR1 stained tissues. 

The corresponding tissues scored for vimentin do not necessarily match the score for ROR1. 

B. 
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The correlation between the three scores is also demonstrated in the form of Pearson’s 

coefficient with the R2 values tabulated below (Table 5.6). The correlation is positive 

confirming reliability within the independent scoring. 

ROR1 Scorer 1 Scorer 2 

 R2 P-value R2 P-value 

Scorer 2 0.959 0.010  

Scorer 3 1 * 0.959 0.010 

 

Vimentin Scorer 1 Scorer 2 

 R2 P-value R2 P-value 

Scorer 2 0.636 0.249  

Scorer 3 0.268 0.663 0.641 0.244 
 

Table5. 6 Correlation between independent scores for ROR1 and Vimentin. Tissue sections of 

the same patient were scored for ROR1 and Vimentin by three independent scorers manually. The 

scores for ROR1 demonstrated a strong positive correlation while those for Vimentin were not as 

high. 

 

For images analysed with the ImageJ plugin, the sum of percentage of the positive 

contribution in images from Figure 5.3 are scored against the in-house developed scoring 

system in table 5.2. The output scores were compared against in-house scoring system for 

stain intensity. Similar to the manual scoring, the overall score was represented as the 

product of sum percentage of positively stained cells and the intensity score (Table 5.7). 
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A. B. 
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Figure5. 3 Representative scores for DAB-stained tissue images with varying levels of ROR1 

and Vimentin expression. Profile of the same tissues as in Figure 5.2 using an ImageJ software 

plugin; IHC Profiler (Varghese et al.,2014)are shown for ROR1 (A) and Vimentin expression (B). 

The DAB-stained cytoplasmic image sample is profiled for each sample through a colour 

deconvolution step. The image is separated into a DAB-stained image (brown) and Haematoxylin 

image (blue). A histogram profile is also produced which corresponds to the pixel intensity value vs. 

corresponding number counts of a pixel intensity. Below the histogram profile the percentage of the 

pixels present in each zone of pixel intensity and the respective computed score is produced. 
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A. ROR1 

 +ve ROR1 %age Intensity Overall score 

WMH0814 2 1 2 

WMH0704 3 2 6 

WMH0711 3 1 3 

WMH0788 2 1 2 

WMH0724 2 1 2 

 

B. Vimentin 

 +ve Vimentin %age Intensity Overall score 

WMH0814 1 1 1 

WMH0704 1 1 1 

WMH0711 1 0 0 

WMH0788 1 0 0 

WMH0724 1 0 0 
 

Table5. 7 Overall scores of the tissue sections for (A)ROR1 and (B)Vimentin analysed using 

the ImageJ plugin. The scores indicate the percentage of cells positively stained for ROR1 and 

Vimentin analysed by the plugin. The intensity of the DAB stain was also scored based on in-house 

developed scoring system (Table 5.2). The overall score is represented as the product of the score 

from percentage of positively stained cells and the intensity score. 

 

A poor correlation between the manual and automated scores was observed as shown in table 

5.8 below. Tissue images scored using the IHC profiler plugin for the ImageJ software 

produced scores that did not match those scored manually. For both ROR1 and Vimentin, 

Pearson coefficient was in the negative range suggesting a very poor similarity. Therefore, 

the manual scores were used for further analysis. 

 

ROR1 Scorer 1 Scorer 2 Scorer 3 

 R2 P-value R2 P-value R2 P-value 

IHC Profiler -0.323 0.596 -0.395 0.511 -0.323 0.596 

 

Vimentin Scorer 1 Scorer 2 Scorer 3 

 R2 P-value R2 P-value R2 P-value 

IHC Profiler -0.882 0.048 -0.663 0.222 -0.031 0.961 

 

Table5. 8 Correlation between manual and ImageJ plugin scores for ROR1 and Vimentin. 

Tissue sections of the same patient scored manually were also scored for ROR1 and Vimentin using 

IHC profiler. There was a negative correlation between IHC profiler scores and all the manual scores.  
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Table5. 9 Correlation between scores for ROR1 and Vimentin. The median of overall scores for 

ROR1 and Vimentin showed a moderate association.  

 

Further analysis also revealed a moderate correlation between ROR1 and vimentin 

expression. The median of the scores from three independent scorers for ROR1 and vimentin 

were analysed against each other and the Pearson’s correlation coefficient showed a 

moderate correlation as detailed in the table 5.9 above. 

 

5.3.4 Survival analysis of ROR1 and Vimentin 

 

A Kaplan Meier curve was plotted to demonstrate survival outcomes in patients with 

low/high ROR1 and Vimentin expression. Figure 5.4 below represents progression free 

survival rate while table 5.10 represents the univariate analysis outcome. 
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Figure5. 4 Survival analysis by Kaplan-Meier method of ovarian cancer patients (n=144) with 

ROR1 and Vimentin expression. Tissues with a score less than 6 was considered low expression 

and greater than 8 was high expression (A) Progression free survival rate in patients with high ROR1 

expression (red line n=25) was lower than patients with low ROR1 expression (green line n= 119). 

However, there was no significant separation of the curves (B) Progression free survival rate in 

patients with high Vimentin expression (red line n=25) was lower than patients with low Vimentin 

expression (green line n=119). The separation of the curves was borderline significant with a p value 

of 0.0512. A log rank (Mantel-Cox test) was used to determine the p value. 

 
 

 

 

Pearson correlation 0.563 

P value 0.0001 
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 Hazard 

ratio 

95% CI Chi-square P value 

ROR1  

High vs Low 1.170 0.7341 to 

1.866 

0.4923 0.4829 

Vimentin  

High vs Low 1.525 0.9303 to 

2.500 

3.801 0.0512 

Table5. 10 Univariate analysis of ROR1/ Vimentin expression and PFS in TMA cohort. 

 

The overall survival rate for patients with ROR1/Vimentin expression is shown in figure 5.5 

along with the outcome of the univariate analysis detailed in table 5.11 below. 
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Figure5. 5 Survival analysis by Kaplan-Meier method of ovarian cancer patients (n = 144) with 

ROR1 and Vimentin expression. Tissues with a score less than 6 was considered low expression 

and greater than 8 was high expression (A) Overall survival rate in patients with high ROR1 

expression (red line n= 26) was lower than patients with low ROR1 expression (green line=119). A 

significant separation (p=0.0006) of the curves observed (B) Overall survival rate in patients with 

high expression of Vimentin (red line= 26) was also lower in patients low Vimentin expression (green 

line=119) however there was no significance in the separation of the curves. A Mantel-Cox test was 

used to determine the p value. 

 

 Hazard 

ratio 

95% CI Chi-square P value 

ROR1  

High vs Low 2.190 1.183 to 4.056 11.92 0.0006 

Vimentin  

High vs Low 1.323 0.8193 to 2.136 1.588 0.2076 

Table5. 11 Univariate analysis of ROR1/ Vimentin expression and OS in TMA cohort. 
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A multivariate analysis was carried out using a cox proportional hazards model. This test 

was carried out using the coxph function and visualized using the ggforest function in R. For 

this the dataset was divided into low and high score extremities. The middle data (scores 

greater 4 and less than 8) was extracted and not included in the analysis. The analysis for 

progression free and overall survival are shown below in figure 5.6 and 5.7 respectively. 

 

 

 
Figure5. 6 Multivariate analysis of prognostic factors for progression free survival.  Forest plot 

produced in R studio represents the hazard ratios and p values of different prognostic factors for 

progression free survival. exp_group_ROR- tissues scored for ROR1, exp_group_VIM- tissues score 

for vimentin, Stage- FIGO stage of the tumour. The p value is represented on the right side of the 

plot for each prognostic factor. The bottom scale represents the hazard ratio range with any outcome 

above 1 being increased risk of death. The patient dataset is separated into low and high scores with 

scores below 4 as low and above 8 as high. These scores are calculated as described in section 5.2.3. 

 

The different covariates such as vimentin expression, stage and age group of the data show 

no significant prognostic value in progression free survival. However, the patient groups that 

express low ROR1, vimentin and patient cohort that possess a lower FIGO stage (S2) tumour 
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have a hazard ratio of 1 or lower. This indicates a reduced risk of dying compared to the 

higher expression, stage patient group. Interestingly, younger patients showed a slightly 

increased hazard ratio of 1.13 indicating an increased risk of death. 

 

 
Figure5. 7 Multivariate analysis of prognostic factors for overall survival. Forest plot produced 

in R studio represents the hazard ratios and p values of different prognostic factors for overall 

survival. exp_group_ROR- tissues scored for ROR1, exp_group_VIM- tissues score for vimentin. 

The p value is represented on the right side of the plot for each prognostic factor. The bottom scale 

represents the hazard ratio range with any outcome above 1 being increased risk of death. The patient 

dataset is separated into low and high scores with scores below 4 as low and above 8 as high. These 

scores are calculated as described in section 5.2.3. 

 

Similar to progression free survival, there was no significant contribution of potential 

prognostic indicators on overall survival. However, the covariates did follow the same 

pattern of reduced hazard ratios in cohorts with low expression of ROR1, vimentin and lower 

FIGO stage tumours. Unlike the previous analysis, patients within the younger age group 

showed a reduced hazard ratio.  
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5.4 Discussion 

 

5.4.1 Scoring of TMA cohort for protein expression is subjective  

 

It is apparent sample scoring that was carried out manually varied from those scored through 

the ImageJ software. Scores produced from the software had an inverse correlation with 

scores produced manually thereby making the automated scores unreliable. There are 

possible contributing factors to this observation. According to Varghese et al. (2014) while 

validating the use of the ImageJ plugin, cases in which the scores differed by 1 or 2 degrees 

on the score scale were due to low tumour to stroma ratio. This variation is common in cancer 

tissue samples where expert pathologists scoring the slides usually ignore the stromal 

staining and only consider intensity staining of the tumour cells. Varghese et al. (2014) 

further explains that in these cases a manual judgment to use higher magnification images 

(40X) for analysis provides a higher accuracy score thereby minimizing the averaging effect. 

Other factors such as staining of non-neoplastic cells, issues with tissue necrosis, uneven 

fixation of the tissue samples, etc., contribute to technical errors beyond the scope of the 

ImageJ plugin. Such cases would also require the opinion of a trained pathologist. Taking 

into account all these factors, manual scoring was the method of choice. 

 

5.4.2 ROR is associated with Vimentin in the TMAs  

 

The pattern of expression of both ROR1 and vimentin varied across the patient cohort. 

However, a significant correlation was observed between ROR1 and vimentin scores 

(section 5.3.2, table 5.9). This suggests that increase in ROR1 is typically accompanied by 

the increase in the mesenchymal marker vimentin. This further validates the link between 

ROR1 and EMT. In the cell line models of this project, it was established that increased 

ROR1 expression is prevalent in the chemotherapy resistance models. Elevated expression 

of mesenchymal EMT markers were also prevalent in the same chemotherapy resistant 

models.  This in effect once again advocates the association of ROR1 and EMT with 

chemotherapy resistance. From the results of the TMA cohort, it is evident that results 

observed in the cell lines models translates to patient samples to a large extent.  

A Cui et al. (2013) study in breast cancer linked ROR1 and EMT, where silencing of ROR1 

showed a suppression in vimentin. This indicated that ROR1 is required to maintain a 

mesenchymal phenotype (Cui et al., 2013). ROR1 and Vimentin have both been associated 

with the p-Akt pathway which promotes tumour proliferation and invasion in several cancers 
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(Chang et al., 2015; Jiang et al., 2014; Yanchun Liu et al., 2015; S. Zhang et al., 2012b). 

Perhaps this could explain the close link observed in our study between ROR1 and vimentin 

expression. 

There have been conflicting results reported in the context of vimentin in ovarian cancer. A 

study of clinical ovarian tissue samples undergoing EMT reported the overexpression of 

EMT-associated transcriptional factors; Snail, Slug, Twist but not vimentin (Yi et al., 2015). 

This study further established that Snail affects the EMT process in ovarian cancer 

development and invasiveness along with the downregulation of E-cadherin. A more recent 

study suggested that higher vimentin levels were associated with an improved overall 

survival in ovarian cancer patients (Szubert et al., 2019). Interestingly, Szubert et al reported 

better survival outcome when vimentin expression was low in the stroma and high in the 

tumour. Although a majority of the published literature is aligned with what was established 

in this project further investigation into vimentin expression is worth considering in future 

clinical ovarian cancer studies (Du et al., 2018; Liu et al., 2017; Ngan et al., 2007; Yin et 

al., 2018).  

 

5.4.3 Impact of inclusion of ROR2 in TMA studies 

 

Studies mentioned in earlier sections of this chapter have confirmed the role of ROR1 in the 

progression of ovarian cancer in cell lines thereby emphasising the invasive nature of the 

disease (Henry et al., 2015). However, the same studies investigated the role of the ROR1 

sister receptor; ROR2 and described its possible role in cancer progression. Another study 

investigating the role of ROR2 in cervical cancer found its upregulation was associated with 

tumour progression and subsequently poor patient prognosis (Sun et al., 2015). Taking into 

account Henry et al (2015) and several other studies it is evident that both ROR1 and ROR2 

may be over expressed in gynaecological cancers and impact disease progression (. Zhang 

et al., 2014; Zhang et al., 2012a).It is therefore imperative that comparative studies be carried 

out on clinical samples to investigate synergistic effects of not only ROR1 and Vimentin but 

also ROR2.  

 

Although this project investigated only ROR1 and vimentin in the clinical cohort, the impact 

ROR2 would have had on the narrative of ROR in chemotherapy resistant tumours is not 

overlooked. Appropriately, the TMAs which were investigated in this project originated 

from the same clinical cohort in which Henry et al (2017) investigated ROR2. 
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The serous adenocarcinomas made up 63% of the cohort which matched the profile of 

samples investigated in this project. Similar to observations in this project, Henry et al 

(2017) indicated that cellular localization of ROR1 was primarily cytoplasmic. However, 

ROR2 exhibited some membranous patterns. Data for ROR2 from this study can be 

evaluated in conjunction with ROR1 data from our project however variation in TMA 

sections need to be considered. Although Henry et al (2017) reported worse overall and 

progression-free survival in patients positively stained for ROR1 and ROR2 in the same 

TMA cohort, difference in staining, scoring and analysis need to be accounted for. One such 

example is the relationship between ovarian tumour and stroma expression of ROR1 and 

ROR2. The Henry et al (2017) study described the range of ROR expression in different 

subtypes of ovarian cancer in which ROR2 was found to be overexpressed in the serous 

subtype. When the serous stroma showed the strongest ROR2 expression, no expression was 

found in the patient tumour cells. This indicates that ROR2 has a significant role in stromal 

signalling which further supports the need to account for its expression in detail when 

studying its role in metastasis and recurrence along with ROR1. 

 

Our project would have benefitted from in house ROR2 staining however other results from 

the Henry et al (2017) study support the other findings in out project so far therefore not 

significantly impacting the overall analysis.  

 

5.4.4 Survival outcome of patients impacted by FIGO stage, ROR1 and Vimentin 

expression 

 

An initial assessment of survival based on FIGO stage was carried out in this project in 

section 5.3.2. A Kaplan Meier curve demonstrated that patients with FIGO stage 3 and 4 

tumours had worse survival outcome (progression free and overall) compared to FIGO 1 and 

2 patients (Figure 5.1). The univariate analysis also produced a hazard ratio above 3 thereby 

implying that patients with FIGO stage 3 and 4 have a higher death rate compared to patients 

with FIGO stage 1 and 2 ( table 5.4). This poses the theory that the later the stage the higher 

the ROR1 expression and thus the worse the prognosis. The results from these analyses align 

with recently published studies that have evaluated the association of high FIGO stage of the 

ovarian tumour with poor survival (Paik et al., 2015; Sartorius et al., 2018). ROR1 

expression has also been associated with FIGO stage along with tumour grade and lymph 
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node metastasis (Henry et al., 2015; Zhang et al., 2014) further reinforcing the survival data 

of our project mentioned above. 

 

ROR1 and survival outcome has already been established in previous studies. Zhang et al. 

(2014) confirmed that patients with high ROR1 levels had a poor prognosis. Similarly, 

another study established poor survival outcomes in patient data from the publicly available 

database Gene Expression Omnibus that had high ROR1expression (Zhang et al., 2014). 

Additionally, it was found that these high ROR1 expressing ovarian cancer cells presented 

stem cell like gene signatures. Keeping in line with these studies, survival analysis of patients 

expressing high ROR1 versus low ROR1 were carried out.  A Kaplan Meier curve 

demonstrated that patients with high ROR1 expression had a poor survival outcome. Both 

progression free and overall survival displayed a separation in the curve between high and 

low ROR patients (section 5.3.4, figure 5.4-5.5). However, only the overall survival showed 

a significant separation (p<0.001).  

 

From the univariate analysis, overall survival hazard ratio was 2.1 which indicates that the 

rate of death in high ROR1 group was twice that of the low ROR1 group. (table 5.11). Similar 

to ROR1, the progression free and overall survival for patients with high vimentin showed a 

poorer outcome. However, in progression free survival the separation of the curves was 

borderline significant. The univariate analysis also showed a hazard ratio slightly greater 

than 1 implying increased death in patients with higher vimentin expression (table 5.11). 

This suggests that patients with high vimentin have possibly undergone or undergoing EMT 

thereby decreasing their survival rate thus qualifying vimentin as a potential combination 

prognostic marker. Multivariate analysis indicated no covariate functioned as significant 

independent prognostic factors for survival in ovarian cancer patients (Figure 5.6-5.7). 

However, patients with low expression of ROR1 had a reduced hazard ratio of 0.88 which 

implies a better survival rate than patients with high ROR1 expression. Additionally, patients 

with FIGO stage 3 and 4 had a higher hazard ratio (1.46 and 1.82 respectively) which 

suggests poorer survival outcome. This supports the survival analysis described earlier. The 

vimentin expression did not seem to have an impact in survival outcome and as such did not 

qualify as an independent prognostic matter. Although no significant impact of variables on 

survival was observed, it is evident from the hazard ratios that our findings concerning the 

effectiveness of ROR1 as predictive signature is compelling. 
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 Along with the novelty of this project, it is necessary to address certain confounding factors 

that may have led to divergences in the expected result. Although the univariate analysis of 

TMA data yielded the expected survival outcome, the multivariate analysis fell short of the 

expected result when accounting for the covariates in the Cox regression model. A major 

contributing factor may have been the variation of the scores that were assigned manually. 

This in turn may have had an impact on stratification of data for analysis. Additionally, the 

sample size of the TMA cohort also can be considered a contributing factor.  However, these 

are circumstantial conditions and do not diminish the results obtained during the course of 

this project. 
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Chapter 6 

General Discussion 
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6.1 Discussion and Limitations  

 

As mentioned in earlier sections, ovarian cancer is a complex disease and even more 

complicated to model in vitro using cell lines. Several studies have indicated origins of 

ovarian cancers from different tissues with distinct histological and epidemiological features 

(Cardenas et al., 2016; Matz et al., 2017; Momenimovahed et al., 2019; Reid et al., 2017). 

Based on gene and microRNA expression, large studies have established multiple molecular 

subtypes of high grade serous cancers (Bell et al., 2011; Tothill et al., 2008). For example, 

a stromal subtype defined by Tothill et al. (2008), indicates associations with specific 

biological processes (such as reactive stroma, mesenchymal, immunoreactive, and 

proliferation) and poor prognosis. Further research into the clinical characteristics of these 

biological subtypes and the best treatment approaches may contribute to the development of 

new therapeutic strategies. In order to test specific treatment methods, it is important that 

experimentally reliable in vitro models, such as cell lines, accurately reflect the different 

histological and molecular subtypes. 

 

A study carried out by Beaufort et al. (2014) provided structured data resource for a panel 

of 39 ovarian cancer cell lines (Beaufort et al., 2014). The group discovered histological and 

morphological subtypes of ovarian carcinomas that were linked to clinical, pathological, and 

molecular characteristics as well as prognosis. As a result, those searching for better defined 

model systems that are compatible with valid clinical phenotypes benefited greatly from this 

analysis, this project being no exception.  The cell lines selected for this study were done so 

based on criteria that would be as clinically representative as possible. This allowed the 

establishment of a cell line panel with varying resistance to a list of drugs (Platinum-based, 

taxol and PARP inhibitor) to carry further expression analysis of biomarkers downstream. 

 

Certain limitations regarding the use of cell lines were acknowledged in chapter 3, section 

3.4.2  along with the importance of cells retaining features of the original tumour (Ince et 

al., 2015). The cell lines selected were done so as to function as high level laboratory models. 

These types of in vitro models were selected on the premise that they would help understand 

resistance mechanisms as described in McDermott et al. (2014). Although the cell line for 

this project proved to be reasonably representative, it needs to be acknowledged that these 

models may be appropriate only for studying certain biomarkers and not others. Another 

limitation regarding the use of cell line models for investigating ROR1 and Rab27b 
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expression is the exclusion of positive controls. Determining a suitable cell line that would 

function as a positive control could contribute to broader understanding to the patterns of 

expression between the biomarkers in the cell line panel. 

 

From the four-cell line panel, the most resistant and invasive cell line (HEY) exhibited 

highest expression of ROR1. As explained in chapter 3, the expression of ROR1 was found 

to be correlated with chemo-resistance. Additionally, knockdown studies have shown that 

both ROR1 and ROR2 play a role in chemoresponse in the resistant (HEY) and sensitive 

(OVCAR-3) cell lines. However, the rationale to include ROR2 in the knockdown 

experiments was based on evidence from other studies (Henry et al., 2015, 2016, 2017) 

implicating ROR2 in mechanisms linked to chemoresistance. Although the results from the 

knockdown studies (chapter 3 section 3.47) were promising, it is worth noting that some 

conditions may have been excluded. One such condition involves not testing additional 

siRNA to rule out off target effects of the knockdown. However, this is somewhat 

compensated through the cell count and viability records for each experimental condition 

tested in order to validate actual knockdown effects observed. Another notable limitation is 

the exclusion of ROR2 at the protein quantification step (ELISA) as this would have 

provided additional backing to the results obtained.  

 

The process of EMT has been linked to several mechanisms associated with cancer (Ahmed 

et al., 2010). In ovarian cancer, EMT has been implicated as a key player in cancer invasion 

and metastasis (Vergara et al., 2010). Several in vitro and in vivo studies have shown that 

cancer cells resistant to carboplatin and/or paclitaxel develop a mesenchymal phenotype, 

pointing to EMT as a driver of therapy resistance (Baribeau et al., 2014; Brozovic et al., 

2015; Chowanadisai et al., 2016; Haslehurst et al., 2012; Zhu et al., 2016). There are 

different EMT driven mechanisms leading to chemoresistance (Loret et al., 2019). Platinum 

resistant mesenchymal ovarian cancer cell lines have been shown to express lower levels of 

CTR1 than platinum-sensitive and more epithelial counterparts suggesting an EMT link to 

lower drug uptake (Sonego et al., 2017). Additionally, the drug efflux pump P-glycoprotein 

was found to be expressed at higher levels in mesenchymal and therapy resistant ovarian 

cancer cells than the epithelial and chemo-sensitive cell lines (Feng et al., 2017). Other 

mechanisms involved linking EMT to chemoresistance include enhanced repair of platinum 

drug induced DNA damage (Abubaker et al., 2013; Bae et al., 2018; Samardzija et al., 2017), 

inhibition of p-53 mediated apoptosis where mesenchymal phenotypes had an increased 
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expression of apoptosis inhibitors (Chowanadisai et al., 2016; Guoyan Liu et al., 2015; Vega 

et al., 2004), changes in different signalling pathways such as EGFR, PI3-K/AKT/NF-κB 

and JAK/STAT (Altomare et al., 2004; Hou et al., 2017; Sakata et al., 2017) and the tumour 

microenvironment (Hansen et al., 2016; B. Zhang et al., 2018). As described ealier, EMT 

has clear links to chemoresistance, and this validates the decision to investigate the gene 

expression of EMT markers in this project. It is evident that the expression of these markers 

in the cell line panel differs due to the difference in the phenotypic state. The mesenchymal 

cell line such as HEY was the most resistant while the epithelial cell line OVCAR-3 was the 

most sensitive in the panel. This indicates that the mechanisms by which these cells respond 

to drug treatment is due to the EMT state of said cells thereby linking EMT to 

chemoresistance. However, there are factors that need to be accounted for such as the types 

of EMT markers that were analysed for this project. A larger panel of EMT signatures would 

have been beneficial to further validate whether certain cell line phenotypes were due to one 

specific signature or a combination. It could also account for the differential expression of 

the EMT markers in the cell line panel to drug treatment. 

 

Segueing into ROR1, its expression in ovarian cancer has been shown to inhibit apoptosis, 

activate EFGR signalling among other pathways and more interestingly induce EMT 

(Borcherding et al., 2014b; Cui et al., 2013; Yamaguchi et al., 2012b). It is evident that 

ROR1 and EMT are involved in several similar pathways and mechanisms which suggests 

they directly or indirectly play a role in chemoresistance. From the gene expression analysis 

(chapter 3 section 3.3.5) mesenchymal markers were more prevalent in the resistant cell line 

HEY which also was shown to have the highest expression of ROR1 among the other cell 

lines in the panel. This confirms that ROR1 and EMT perhaps work synergistically. A study 

by Henry et al (2015) showed that silencing of ROR1 as well as its sister receptor ROR2 

inhibited the expression of the EMT marker vimentin therefore further validating the link 

between ROR1 and EMT.  

 

The investigation of ROR1 in vitro revealed itself as a promising biomarker and therefore 

necessitated exploring its impact on patient outcome in clinical tissue samples. It was evident 

from the TMAs Kaplan Meier curves that higher ROR1 expression resulted in a significantly 

poor overall survival outcome which is validated by other studies that have been published 

(Henry et al., 2017; Zhang et al., 2014) . In chapter 5 section 5.4.3 the impact of including 
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ROR2 in these TMA studies were discussed and although was clear it would provide 

additional perspective; it does not take away from the value of the overall TMA analysis. 

The EMT marker vimentin was also analysed in the TMA’s and the Kaplan Meier curves  

showed a poor overall survival outcome although it was not as significant as ROR1. 

Multivariate analyses showed none of the covariates such as vimentin expression, stage of 

the tumour or age group of the patients functioned as independent prognostic factors for 

survival. However, the hazard ratios for patients with ROR1 and Vimentin expression were 

high suggesting a possible link to poor survival outcome. As with other sections of this 

project there are limitations that need to be addressed. Staining the TMAs with other EMT 

markers such as E-Cadherin would have been useful as there is recent evidence to suggest 

that normal or malignant ovarian cancers strongly expressed vimentin while E-Cadherin was 

barely expressed (Yi et al., 2015). The decreased expression of E-Cadherin has been 

observed in more invasive tumours and associated with high tumour grade and poor overall 

survival (Vergara et al., 2010). The clinical data of the patients in the TMA cores used in 

this project were made of those presenting high tumour grades and therefore it would have 

been useful to include E-Cadherin in the univariate as well as the multivariate analysis. Other 

immunohistochemical staining’s of ovarian cancer  patient samples have demonstrated that 

the serous subtype are typically double positive for E-cadherin and vimentin (Hudson et al., 

2008). This underlines the importance of including E-Cadherin staining in our TMA analysis 

since a majority of the patient sample size are made of the serous subtype. 

 

In addition to ROR1 a second biomarker, Rab27b that was investigated in this project 

showed differential expression patterns in the cell line panel. The gene expression analysis 

also showed a variation in expression upon drug treatment across the four cell lines. 

However, the protein expression from the ELISA and ICC experiments did not translate 

therefore presenting complications in understanding the impact of Rab27b on 

chemoresistance. A factor that may have contributed to this is that cell lines selected may 

not have been ideal and representative enough to investigate the role of Rab27b. Unlike 

ROR1, knockdown experiments to silence Rab27b were not carried out which is one of the 

limitations encountered during this stage of the project. As mentioned in chapter 4 section 

4.4.1, different studies reported contradictory survival outcomes in association with Rab27b 

expression. This is also evident from the biomarker discovery stage when Rab27b was 

identified for this project. The follow up in the investigation of Rab27b should include the 

TMA analysis as this would perhaps provide a better understanding of the direction of 
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expression in the clinical samples. This could possibly validate the results observed in the 

OvMark analysis at the biomarker discovery stage. Although the results of Rab27b in this 

project did not present any significant role in chemoresistance it does not negate our findings 

described in chapter 4. 

 

6.2 Conclusion and Future direction: 

 

Overall, it is evident that ROR1 has an essential role in the resistance mechanism of cancer, 

specifically in the context of ovarian cancer. Studies investigating the role of ROR1 in other 

cancers has greatly informed the studies conducted in evaluating its role in ovarian cancer. 

It is therefore unsurprising that it was selected during the biomarker discovery. As is proven 

through this project, ROR1 has links to several mechanisms contributing to the progression, 

invasion, metastasis of cancer and also more recently chemotherapy resistance. The 

schematic diagram below (Figure 6.1) summarises its role and shows how different 

processes are interlinked and can also work independently.  
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Figure6. 1 Schematic diagram summarizing the overall role of ROR1 and Rab27b in ovarian cancer. The solid lines represent direct link 

between ROR1 and other mechanism.
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Future work in addressing the role of ROR1 in chemoresistance should involve the use of 

commercialized ROR1 antibodies. Several studies have developed and investigated ROR1 

antibodies in different cancers. In 2018, Hojjat-Farsangi et al. developed a small molecule 

inhibitor (KAN0439834) targeting the tyrosine kinase domain of ROR1 which induced 

apoptosis in CLL cells (Hojjat-Farsangi et al., 2018). Another study reported the use of a 

humanized anti-ROR1 monoclonal antibody; cirmtuzumab which reduced the activation of 

Rho-GTPases and Hippo-YAP/TAZ as well as stem-ness in breast cancer (Zhang et al., 

2019). Furthermore, Liu et al. (2019) constructed a ROR1 inhibitor ( AR1-1) which was able 

to suppress non-small cell lung cancer development (Liu et al., 2019). These studies 

mentioned above all demonstrated the potential ROR1 inhibitors have to manage treatment 

in different types of cancer. However, so far one study has constructed and demonstrated the 

use of a fully chimeric anti-ROR1 IgG antibody against tumour activity in ovarian cancer 

(Yin et al., 2019). The results from this study showed the ROR1 Ig-G has the potential to 

specifically bind to ROR1 positive cells with great affinity. Functional studies also 

demonstrated that these antibodies inhibited malignant behaviour in cells that were ROR1 

positive in a time and dose dependant manner. Since ROR1 IgG were validated in vitro, 

using this in conjunction with knockdown studies could prove to be a promising approach 

to improve survival in patients with highly ROR1 positive ovarian cancer. 

 

Another approach would be inhibiting the induction of EMT. As previously described, EMT 

is linked to ROR1. Therefore, targeting EMT in future projects may function as a therapeutic 

strategy. A pathway known to induce EMT is the MAPK/ERK pathway and has also been 

associated with platinum resistance (Brozovic, 2017; Dongre and Weinberg, 2019). Studies 

have shown how certain genes induce platinum drug resistance in ovarian cancer cells by 

activating MAPK and AKT pathway (Rosanò et al., 2011) and promote EMT in cell lines 

OVCAR-3 and HEY by triggering the ERK/MAPK pathway (Y. Zhang et al., 2018). 

Similarly another study demonstrated how MEK inhibitors in SKOV-3 cells inhibited ERK 

phosphorylation , EMT induction and above all decreased platinum resistance (Latifi et al., 

2011).  As these studies were carried out on three of the same cell lines used in this project, 

using inhibitors that target EMT would be an appropriate step in the future direction of this 

project. 
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Keeping in line with the objectives of this project it can be concluded that ROR1 expression 

correlates with drug resistance (platinum based, taxanes and PARP inhibitors). It also plays 

a role in other mechanisms which mediate chemotherapy resistance. This can occur either 

through its role as a receptor for the Wnt signalling pathway or its role in EMT and by 

extension promote invasion and metastasis. Additionally, Rab27b is also linked to some of 

the same mechanisms as ROR1 which brands it as a potential chemoresistance biomarker. 

However, this still requires further validation through in vitro and clinical sample studies. 

Although there are several studies investigating Rab27b in cancer, this is only the second 

study that has been conducted in ovarian cancer. However, this is the first time Rab27b has 

been studied in conjunction with another biomarker. 

 

Finally, the results from this project demonstrate promising potential of ROR1 as a 

predictive biomarker for chemotherapy resistance in ovarian cancer. 
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