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Thesis Abstract 
 

 

Epithelial ovarian cancer (EOC) is the most lethal of the gynaecologic malignancies, with an 

overall 5-year survival rate of only <30%. This poor prognosis is due to the advanced-stage 

disease at initial diagnosis in approximately 70% of women. Despite good initial response to 

chemotherapy treatment, almost 80% of these patients will relapse and ultimately die within 5 

years due to the development of chemoresistant recurrent disease. Emerging evidence suggests 

that a subpopulation of cancer stem cells (CSCs) that possess stem cell-like self-renewal and 

pluripotency properties are responsible for drug resistance and disease recurrence. The results 

from this thesis demonstrated that the expression of JAK2, STAT3, Src and EGFR activation 

was significantly higher in the ascites-derived tumour cells of recurrent serous EOC patients 

previously treated with chemotherapy compared to that of untreated chemo-naïve patients. 

STAT3 is a major regulator in stem cell regulation, and is predominantly activated by upstream 

JAK2 tyrosine kinase. 

Hence, this thesis aimed to explore whether targeting the JAK2/STAT3 pathway is sufficient in 

suppressing the development of ovarian CSCs which consequently would overcome 

chemoresistance-associated recurrence, and improve the disease-free survival period of EOC 

patients.  

To achieve the aim, in the first instance, this thesis investigated the in vitro suppression of 

paclitaxel-induced JAK2/STAT3 pathway activation with Momelotinib (a potent, small 

molecular inhibitor of JAK2) and paclitaxel-induced Src/STAT3 activation with dasatinib (a 

potent, small molecular inhibitor of Src family kinases) on the development of CSC-like 

phenotypes and tumour cell viability in HEY high-grade serous carcinoma and TOV21G clear 

cell carcinoma cell lines. The in vitro results demonstrated that suppression of JAK2/STAT3  
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with Momelotinib and paclitaxel was relatively more effective at reducing CSC-like markers 

and cell viability than suppression of Src/STAT3 with dasatinib and paclitaxel. 

Next, an in vivo mouse xenograft model was included to determine the effect of combination 

treatment with paclitaxel and Momelotinib on the sustained suppression of CSC-like 

emergence, tumour burden and disease-free survival of mice. Intraperitoneally injected HEY 

cells in Balb/c nude mice that received a combination of weekly paclitaxel and daily 

Momelotinib treatment survived the longest and produced the smallest tumour burden that 

exhibited significant reduction in paclitaxel-induced JAK2/STAT3 activation and CSC-like 

(Oct4 and c-Kit) tumour staining, but enhanced Src activation. However, termination of 

combination treatment resulted in the re-activation of JAK2/STAT3 and an increased in CSC-

like tumour staining, but reduced Src activation.  

This thesis is the first to show that maintenance therapy with Momelotinib in a group of mice 

pre-treated with paclitaxel and Momelotinib further reduced the overall tumour burden and 

extended the overall disease-free survival period.  

Collectively, the results presented in this thesis supports the role of JAK2/STAT3 activation, in 

CSC-mediated chemoresistance and recurrence in EOC, while the activation of Src pathway 

compensated for the effects of Momelotinib. As we are now entering an era of personalized 

therapy, the findings in this thesis have increased our understanding of the resistance 

mechanisms and the complexity underlying successful clinical implementation, which have 

profound impact in developing a more effective treatment paradigm for EOC patients. 
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CHAPTER 1 

Introduction 
 

1.1 Epidemiology 

In 2013, about 1394 women in Australia were diagnosed with ovarian cancer, and this 

number is estimated to increase to 1580 women in 2017 (Australian Institute of Health and 

Welfare (AIHW), 2017). In 2014, the mortality rate was 1 in 106 women, making ovarian 

cancer the most lethal gynaecologic malignancy and the sixth most common cause of female 

cancer deaths in Australia (AIHW, 2017). Epithelial ovarian cancer (EOC) accounts for 

approximately 90% of all ovarian cancers and can be further subdivided into five histological 

subtypes (Kusumbe & Bapat, 2008). Of these, high-grade serous ovarian carcinoma is the 

most aggressive and most common, accounting for 60 - 80% of EOC deaths (Gayarre et al., 

2016). Despite advancement in diagnosis, surgery, and chemotherapeutic treatment which 

have significantly improved the quality of life and median survival of EOC patients over the 

last two decades, the overall survival rate remains as low as 30% (Poveda & Romero, 2016). 

Advanced-stage disease at diagnosis and the emergence of resistance to conventional 

chemotherapy are largely accountable for this dire outcome (Konstantinopoulos & Matulonis, 

2013). Early-stage EOC patients who are diagnosed and treated when the disease is still 

confined to the ovary, the 5-year survival rate is 95% (Jemal et al., 2004). However, nearly 

70% of women with EOC are diagnosed at the advanced stage where the cancer has 

disseminated to other vital organs, with a 5-year survival rate of only 5 - 30% (Hensley & 

Hoskins, 2003; Siegel et al., 2011). Although 80% of advanced-stage EOC patients will 

respond to chemotherapy, the majority will have a persistent disease or ultimately relapse 
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(Armstrong, 2002). These patients will undergo a series of treatments, each with a 

progressively shorter treatment-free interval, with a median survival of 12 – 24 months.  

1.2 Biology of Human Ovaries 

Developed from the gonadal ridge adjacent to the mesonephros, the two small almond-shaped 

ovaries, each with a size of 2 x 4 x 1.5 cm, form part of the female reproductive system 

(Heffner & Schust, 2010). The smooth- or puckered-surface ovaries are located in a shallow 

depression on the lateral pelvic wall called the ovarian fossa, and is often suspended in the 

rectouterine pouch of Douglas while being held in place by broad, ovarian and suspensory 

ligaments (Figure 1.1a) (Halim, 2009; Wilkinson, 2014).  The structure of the ovary is 

composed of three major portions: outer cortex, central medulla and rete ovarii (hilum-

mesovarium) (Figures 1.1b) (Speroff & Fritz, 2005), and is composed of five cell types with 

distinct roles (Figure 1.1c):  

1. endoderm-derived germ cells that develops into oocytes (Heffner & Schust, 2010),  

2. endocrine and interstitial cells (stroma, theca-follicular and corpus luteum) that 

produce steroid and protein hormones biosynthesis to promote germ cell development 

and act on other targeted tissues (Peters & McNatty, 1980), and  

3. epithelial cells that line the inclusion cysts immediately beneath the ovarian surface. 

The epithelial cells, also referred to as the ovarian surface epithelium (OSE) or the 

ovarian mesothelium, are a single layer of uncommitted pluripotent cells which vary 

from cuboidal, columnar and squamous cells that function as a barrier to allow the 

exchange of materials to and from the peritoneal cavity (Auersperg et al., 2001). Prior 

to ovulation, OSE cells release large lysosomal bodies containing enzymes that 

breakdown the ovarian fibrous connective tissues (tunica albuginea) for follicular 

rupture (Bjersing & Cajander, 1975). As the process of ovulation results in a “blister” 
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or wound at the ovarian surface, the OSE cells also exhibit motility, contractibility 

and proliferation capabilities to repair the ruptured cell surface (Figure 1.2) 

(Auersperg et al., 2001).  

4. vascular cells (endothelial cells and pericytes) that are involved in angiogenesis, 

transport of large molecules and white blood cells through vessel walls, the formation 

of the basal lamina, and transport of precursor steroid cells and steroid between luteal 

cells and capillaries to the developing corpus luteum (Meyer, 1991). 

5. immune cells (macrophages, neutrophils, eosinophils, and lymphocytes) that facilitate 

localized acute inflammatory response and tissue repair for normal cycling events, 

such as folliculogenesis, follicular atresia, ovulation and corpora luteal formation and 

regression (Picut, Dixon, & de Rijk, 2017).
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Figure 1.1 The female reproductive system 

Schematic representation of the female reproductive system. (a) Posterior view of the female 

reproductive organs. The ovary is located on the lateral pelvic wall, and is held by broad, 

ovarian and suspensory ligaments. (b) Lateral view of the ovary. The ovary is divided into an 

outer cortex, an inner medulla which contains the major blood and lymphatic vessels, and the 

rete-ovarii (hilum-mesovarium). Modified from (Mescher, 2013). (c) Cross-section of the 

ovary. The ovary is composed of germ cells that develop into oocytes, interstitial cells such 

as the corpus luteum, and epithelial cells that line the surface of the ovary. Vascular and 

immune cells are also present in the ovary to facilitate normal functions of follicular growth 

and atresia, ovulation, and luteal growth and regression. Adapted from (Naora & Montell, 

2005). 
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Figure 1.2 Cyclical repair of ovulatory rupture 

Representative Haematoxylin-eosin-stained sections of the normal repair process of the 

ovarian surface. During post-ovulatory repair, the ovarian surface epithelium (OSE) cells 

exhibited motility, contractibility and proliferative activities, leading to the invaginations of 

the OSE-lined clefts (indicated by the arrows in a and b) that eventually become internalized 

to form inclusion cysts (indicated by the arrow in c). Scale bars = 200 µm in a and c, and 40 

µm in b. Adapted from (Naora & Montell, 2005).  

 

1.3 Ovarian cancer 

1.3.1 Risk Factors for Ovarian Cancer 

Epidemiologic studies have found several risk factors for ovarian cancer which includes 

genetic, environmental and hormonal factors. These factors include family and personal 

history of breast, ovarian, colon and endometrial cancer, increasing age, ethnicity, nulliparity, 

exposure to talc or asbestos, obesity, a diet high in fat, early onset of menarche and/or late 

menopause, chronic inflammation and non-steroidal anti-inflammatory drug (NSAID) usage, 

hormone replacement therapy, tobacco and alcohol usage (Goodman & Fuller, 2013; 

McLemore et al., 2009; Pike et al.). Protective factors include the use of oral contraceptive 

pill, multiple pregnancies, hysterectomy, tubal ligation and aspirin intake (Al Bakir & Gabra, 
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2014). About 10% of ovarian cancer developed through the accumulation of germline 

mutation (hereditary cancer), while the vast majority arise as a result of somatically-acquired 

mutations (sporadic cancer) (Angioli et al., 1998; Prat, Ribé, & Gallardo, 2005).  

1.3.1.1 Genetic Risk Factors for Ovarian Cancer 

Family history plays the most important role in ovarian cancer due to the autosomal 

dominant/high penetrance factors that increase the lifetime probability of developing the 

disease by 50%, and the early onset of disease (Lynch et al., 1990). There are three clinical 

manifestations that are known to predispose to hereditary ovarian cancer:  

1. Hereditary breast-ovarian cancer syndrome (HBOC) accounts for ~80% of hereditary 

ovarian cancers (Al Bakir & Gabra, 2014). Mutations in the BRCA1 (located on 

chromosome 17q12-21) and BRCA2 (located on chromosome 13q12-13) tumour 

suppressor genes account for approximately 90% of HBOC, and patients with the 

BRCA mutations have a 54% lifetime risk of developing ovarian cancer (Toss et al., 

2015; Wooster et al., 1994). Carriers of BRCA2 mutations are diagnosed at a slightly 

older age than BRCA1 carriers (55-58 years and 49-53 years respectively), 

contributes to 20-30% of hereditary ovarian cancer in contrast to 45-55% in BRCA1 

mutations (Al Bakir & Gabra, 2014; Toss et al., 2015). Both BRCA proteins have 

roles in genomic stability, cell cycle control, apoptosis and DNA repair (Lalwani et 

al., 2011), and are typically of high-grade serous histology, but can also exist as 

endometrioid and clear cell histology (Zhang et al., 2011).  

2. Lynch syndrome type II, also known as heritable non-polyposis colorectal cancer 

syndrome (HNPCC), accounts for 10-15% of hereditary ovarian cancers and is 

characterised by an autosomal-dominant hereditary of colorectal tumours in younger 

age (mean age 45 years) (Lynch et al., 2009; Lynch & Krush, 1967; Lynch et al., 
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1966). Defective mismatch repair (MMR) genes such as MLH1, MSH2, MSH6, 

MLH3 and PMS2, are found in >95% of Lynch-associated tumours and are associated 

with microsatellite instability that leads to DNA replication errors, DNA instability 

and tumorigenesis (Backes & Cohn, 2011; Malander et al., 2006). Loss of MMR gene 

expression is commonly found in ovarian carcinomas of non-serous histological 

subtype, particularly in endometrioid and clear cell (Cai et al.; Chui et al., 2013; Pal et 

al., 2008). The lifetime risk of ovarian cancer in women with Lynch II syndrome is 

estimated at 12% (Lalwani et al., 2011). 

3. “Site-specific” ovarian cancer syndrome is a genetic entity distinct from the HBOC  

(Liede et al., 1998). Women with the site-specific syndrome are BRCA1/BRCA2 

negative but display the HBOC syndrome and have mutations in genes along the 

BRCA signalling cascade such as RAD51C, RAD51D, BRIP1, PALB2, BARD1, 

NBN and MRE11A (Al Bakir & Gabra, 2014). To date, there are at least 16 genes 

identified to be implicated in hereditary ovarian tumorigenesis (Toss et al., 2015). 

1.3.1.2 Sporadic Risk Factors for Ovarian Cancer 

The majority ovarian cancers are considered to be spontaneous since these women have no 

known family history of breast, ovarian, prostate or colon cancer (McLemore et al., 2009). 

Molecular studies have demonstrated that most sporadic ovarian cancers are a clonal 

population arising from a single epithelial cell (Sharp, 1998). Spontaneous, non-hereditary 

ovarian cancer was initially thought to arise solely from the cysts on the surface of the ovary, 

but newer theory proposes that these tumours may arise from the migration of cells from the 

Mullerian tissues (e.g. Fallopian tube, endometrial tissue) to the surface of the ovary 

(McCance & Huether, 2015), which is further discussed in Section 1.4.2. It is estimated that 

every tumour has about 30-80 mutations that can be found in the driver genes, copy number 
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variations, splice variants and methylations. Approximately 10% are found in the oncogenes 

which can be directly targeted for therapy, while the rest are in the tumour suppressor genes 

that are less easily targeted (Kalamanathan et al., 2011). Sporadic ovarian cancer is divided 

according to type 1 and type 2 tumours, which is further discussed in Section 1.5.2. The most 

common genetic alteration in sporadic ovarian cancer is found in the p53 gene, where 

alterations of this gene are caused by missense mutations in the DNA binding domain and/or 

loss of heterozygosity by nonsense or frameshift mutations (Kalamanathan et al., 2011; Sigal 

& Rotter, 2000). Although p53 mutations are detected in all EOC histological subtypes, a 

higher frequency is found in high-grade serous carcinomas while a much lower incidence is 

found in other ovarian histological subtypes that are usually presented at early stage including 

clear-cell, mucinous, endometrioid, low-grade serous and borderline serous carcinomas 

(Kupryjanczyk et al., 1995; Leitao et al., 2004; Wojnarowicz et al., 2012). 

1.3.2 Types of ovarian cancer 

In theory, all cell types in the ovaries have the potential for either benign or malignant 

transformation depending on their capability to invade distant tissues. Benign tumours are 

found in the majority of ovarian masses and usually regress spontaneously (Kurjak, 1994). 

Ovarian cancer is remarkably heterogenous and there are three main types of ovarian cancer 

depending on the cell of origin. Ovarian germ cell tumours originate from the primitive germ 

cells and account for 3-7% of ovarian malignancies, while those arising from theca, stromal, 

or granulosa cells are called sex-cord stromal tumours, comprising of 7% of ovarian 

malignancies (Baker et al., 2015; Rao, 2008). The most common (90%) are of epithelial 

origin, called epithelial ovarian cancer (EOC) (Bieber et al., 2015). Recently, EOC has also 

been suggested to arise from the fimbriae of Fallopian tubes and deposits of endometriosis 
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following evidence of common molecular, morphologic and clinical features (Javadi et al., 

2016). This thesis will focus on EOCs. 

1.4 Epithelial ovarian cancer 

1.4.1 EOC subtypes 

EOC is ranked fifth among all cancers in women and first in gynaecological malignancy. 

Unlike other epithelial cancers, the ovarian epithelial cells become more differentiated as the 

cells transform and lose their plasticity and responsiveness to external cues (Auersperg, 

Maines-Bandiera, & Dyck, 1997; Feeley & Wells, 2001). Histologically, EOC is subdivided 

into five distinct morphological subtypes based on the resemblance to the phenotypic 

characteristics of the Mullerian duct-derived epithelial cells: serous, endometrioid, clear cell, 

mucinous and transitional/Brenner carcinomas (Table 1.1) (Figure 1.3) (Brockmeyer & 

Dubeau, 2016). Recently, serous carcinoma has been subdivided into low-grade and high-

grade subtypes (Tanaka et al., 2016). Different subtypes show distinct development pathway, 

epidemiologic and genetic risk factors, patterns of spread, precursor lesions, responsiveness 

to various therapeutic strategies and prognosis (Table 1.2). Within a given histotype, the 

biomarker expression profile is consistent across stages. Ovarian serous and clear cell 

carcinoma are further discussed in Sections 1.4.1.3 and 1.4.1.4. 
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Table 1.1 Details of the five distinct subtypes of EOC 

Histological 

subtypes 

aFrequency (%) Morphological features of well-differentiated lesions Segment of the 

reproductive tract with 

similar features. 

Serous 70 (high-grade) 

<5 (low-grade) 

Columnar cells with a prominent ciliated border that often form finger-like 

projections around a fibro-vascular core (papillae) within the inner lining 

of cysts filled with serous fluid.  
bHigh-grade: markedly atypical, large pleomorphic nuclei and frequent 

mitotic figures; Low-grade: small, uniform nuclei with minimal atypia and 

low mitotic activity  

Fallopian tube and 

other extra-uterine 

Müllerian tissues 

Endometrioid 10 Glandular structures lined with low columnar cells that may be filled with 

bloody material 

Endometrium 

Clear cell 10 Low columnar to cuboidal cells with clear cytoplasm and hobnail 

appearance; often forms small glandular structures or solid nests 

dVagina, cervix, and 

corpus 

Mucinous 3 Columnar cells filled with clear mucus pushing cell nucleus toward the 

basal pole; typically forming complex cystic structures 

Endocervix 

Transitional 

(Brenner) 

e2 cOvoid to polygonal cells with pale cytoplasm and oval nuclei that form 

broad papillae and solid sheets  

eUrothelium 

Note: Modified from (Brockmeyer & Dubeau, 2016); a(Prat, 2012); b(Ayhan et al., 2009); c(Borah et al., 2011; Soslow, 2008); d(Prat, 2015); 

e(Ichigo et al., 2012).
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Figure 1.3 Histopathology of epithelial ovarian cancer 

Representative H&E staining of the five main histological types of epithelial ovarian cancer: 

(A) high-grade serous, (B) low-grade serous, (C) mucinous, (D) endometrioid, (E) clear cell, 

and (F) Brenner carcinomas. Modified from (Longacre, Nucci, & Oliva, 2009; Prat, 2012) 
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1.4.1.1 Challenges in treating different EOC histological subtypes 

Intratumour heterogeneity has been proposed to be the major cause of chemotherapy 

treatment failure and drug resistance in ovarian and other cancers (Swanton, 2012). The 

current standard of treatment for all EOC patients with chemotherapy may not be suitable for 

mucinous, clear-cell and low-grade carcinomas which are less responsive as compared to 

high-grade serous carcinoma (Table 1.2) (Pectasides et al., 2006a; Pisano et al., 2005; Vang, 

Shih, & Kurman, 2009). A recent State of the Science meeting sponsored by the National 

Cancer Institute has recently issued a need for specific treatments for mucinous and clear cell 

carcinomas (Trimble, Fountain, & Birrer, 2006). Furthermore, the mutational profiles of 

primary tumours and associated metastatic lesions in each subtype are still unknown (Lee et 

al., 2015). 

1.4.1.2 Ovarian Serous Carcinoma 

The serous histotype is epithelial-stromal tumour that resembles the internal lining of the 

Fallopian tube, and is the most common type, accounting for approximately 80 – 85% of all 

ovarian carcinomas and 95% of advanced stage disease (Chen et al., 2003; Soslow, 2008). In 

contrast to other histotypes where morphologic variation is considerably less, serous 

carcinomas present a very broad spectrum of histologic appearances. However, most tumours 

of the serous subtype demonstrate papillary and micropapillary architecture with high nuclear 

grade, although glandular, cribriform, solid, microcystic and trabecular architecture can also 

exist which can pose a challenge when distinguishing the serous from other EOC subtypes 

(Burks, Sherman, & Kurman, 1996; Che et al., 2001). Ovarian serous carcinoma can be 

divided into low-grade or high-grade. Cytologically, low-grade serous carcinoma exhibit 

minimal nuclear atypia and mitoses are rare, while high-grade serous carcinoma has severe 
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nuclear atypia and frequent mitotic activity (Ahmed et al., 2014b). Furthermore, low-grade 

serous carcinoma displays fewer molecular, genetic and copy number abnormalities than its 

high-grade counterpart. High-grade serous commonly involves p53 mutations, and germline 

BRCA1 and BRCA2 defects, while low-grade serous carcinoma is characterized by frequent 

mutations in the KRAS and BRAF pathway (Gilks, 2004; Hollis & Gourley, 2016).  All low-

grade tumours are thought to evolve from ovarian benign cystic neoplasm to an intermediate 

borderline tumour, and eventually to carcinoma (Kurman & Shih, 2010). Benign serous 

tumours are flat, thin-walled cysts developed from a single chamber filled with a watery, 

straw-coloured fluid, and may exhibit a few coarse papillary projections (Chen et al., 2003). 

On the other hand, borderline serous tumours have more exuberant and finer papillary 

projections within the cyst cavity (del Carmen, Birrer, & Schorge, 2012) 

1.4.1.3 Ovarian Clear Cell Carcinoma 

The clear cell carcinoma subtype accounts for less than 5% of all ovarian malignancies and 

tend to present at earlier stages, accounting for 20 – 50% of low-stage ovarian cancer 

(Soslow, 2008). Clear cell carcinoma is a neoplasm composed of clear cells, growing in a 

solid, tubular or papillary pattern, consisting of hobnail cells lining the tubules and cysts (del 

Carmen et al., 2012), and has been postulated to arise from endometriosis (Ruiz, Wallace, & 

Connell, 2015). The detection of clear cell borderline tumours, also known as 

adenofibromatous is rare (Soslow, 2008). Mutations in K-ras, phosphatase and tensin 

homolog (PTEN), PIK3CA, AT-rich interactive domain-containing protein 1A (ARID1A), 

TGF-β RII, as well as microsatellite instability and MET amplification have been reported in 

ovarian clear cell carcinoma (Francis-Thickpenny et al., 2001; Hollis & Gourley, 2016; 

Jensen et al., 2008; Yamashita, 2015). The reported 5-year survival rates for early stage 

ovarian clear cell carcinoma patients are 55 – 69%, while for advanced-stage patients are 
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only 4 – 14% (Chen et al., 2003). Advanced-stage disease is resistant to platinum-based 

chemotherapy treatment and is associated with a poorer prognosis compared to other 

histology subtypes (Goff et al., 1996; Pectasides et al., 2006b; Sugiyama et al., 2000). 

Furthermore, clear cell tumours have a propensity for recurrence even in early stage tumours 

after chemotherapy treatment (Behbakht et al., 1998; Kennedy et al., 1989). A large 

retrospective study of 254 pure-type clear cell carcinoma patients showed no survival benefit 

between treatment with platinum-based regimen or a combination of paclitaxel and platinum 

in both early- (FIGO stage I or II) and advanced- (FIGO III or IV) stage patients. 

Furthermore, the response rate to second line chemotherapy treatment in platinum-sensitive 

(8%) or -resistant (6%) recurrent patients with a clear cell carcinoma is extremely low 

(Takano et al., 2006; Takano et al., 2008). Although ovarian clear cell carcinoma is classified 

as type I tumours (described in Chapter 1.5.2), this subtype has been considered a separate 

disease in an intermediate category due to frequent high-grade at presentation and exhibit 

relatively high resistance to platinum-based chemotherapy (Farley & Birrer, 2010; Kim et al., 

2012; Koshiyama, Matsumura, & Konishi, 2014)  

1.4.2 Aetiology of EOC 

1.4.2.1 Traditional models: OSE as site of EOC origins 

The laying hen and genetically engineered mouse models offer valuable tools for EOC 

tumorigenesis research but the low incidence rate and extended period for ovarian 

tumorigenesis in these models hampers studies of ovarian neoplasms. Thus, the precise cause 

of spontaneous genetic damage that underlies the development of EOC remains unclear. 

Benign inclusion cysts may arise from the invaginations of the OSE and/or from OSE 

becoming entrapped within the ovarian stroma with or without ovulation (Feeley & Wells, 

2001; Radisavljevic, 1977). However, inclusion cysts have also been shown to arise 
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independently of ovulation in women with polycystic ovaries (Resta et al., 1993). 

Epidemiology data on reproductive risks found that ovarian cancer is more prevalent in 

nulliparous women, hence the theory of “incessant ovulation” was proposed (Fathalla, 1971). 

The cyclic process of damage and remodelling of the OSE from repeated ovulation increased 

the formation of inclusion cysts and consequently accumulation of deleterious mutations. The 

incessant ovulation theory is supported by evidence that oral contraceptive which act by 

suppressing ovulation reduces the risk of EOC, and the fact that EOC is rare in animals given 

the low number of ovulation or frequent pregnancy. In an extension to this theory, the 

“gonadotrophin theory” of ovarian etiopathology was proposed which states that ovarian 

inclusion cysts undergo malignant transformation as a result of excessive exposure to 

gonadotrophin (follicle-stimulating hormone or luteinizing hormone) and estrogen hormones 

(Cramer & Welch, 1983). This theory further explained that pregnancy and oral contraceptive 

use protect against ovarian cancer by reducing the levels of gonadotropin.  

1.4.2.2 Non-ovarian origins of EOC 

Based on the two theories proposed, the various EOC subtypes are all derived from the OSE 

where the inclusion cysts occur. The phenotypic plasticity of the uncommitted cysts in 

response to hormonal stimuli is said to be responsible for the phenotypic change to 

Mullerian-like epithelium (Fallopian tube, endometrium, endocervix and urinary bladder). 

These cysts with their newly acquired Mullerian phenotype may then undergo malignant 

transformation resulting in the different cell types (Fleming et al., 2006). It was also proposed 

that the OSE may retain the potential for Mullerian differentiation given the close proximity 

of the ovarian surface to the coelomic epithelium where the Mullerian ducts are derived 

(Devouassoux-Shisheboran & Genestie, 2015). However, the normal ovaries have no 

constituents that resemble the Mullerian duct. The ovaries are developed from the 
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mesodermal epithelium overlying the urogenital ridge, while the Mullerian ducts arise from 

the coelomic epithelium beside the gonadal ridge. Furthermore, some biomarkers such as 

HOXA and PAX8 are not found in the OSE but are extensively expressed in the EOC cells. 

More importantly, a true precursor of EOC lesion has rarely, if any been found in the ovaries 

(Li et al., 2012). Lastly, a study has found that the gene expression in different EOC subtypes 

are consistently expressed in the normal tissues they resemble histologically (Marquez et al., 

2005). Therefore, EOC was proposed to arise from the secondary Mullerian tissues (remnants 

of the embryonic Mullerian duct such as paraovarian and paratubal cysts, endometriosis, and 

endosalpingiosis) or from the secretory epithelium of the Fallopian tube fimbria based on 

pathological, epidemiology, molecular genetics and mouse model studies (Karst & Drapkin, 

2010).  

1.4.2.3 Secondary Mullerian system theory 

The presence of Mullerian tumours outside the primary Mullerian system is defined as 

“secondary Mullerian system” (Lauchlan, 1972). According to this theory, ovarian tumours 

are developed from the nearby paraovarian and paratubal cysts with Mullerian-type 

epithelium. As the cysts grow, they infringe, compress and subsequently obliterate the 

ovarian tissue, making it appear as though it has risen from the ovary. However, the precursor 

lesions resembling serous, clear cell, and endometrioid carcinomas have rarely been reported 

in the paratubal and paraovarian cysts. Besides that, many mucinous tumours exhibit 

intestinal instead of the endocervical differentiation, while transitional cell (Brenner) tumours 

resemble a non-Mullerian origin, the urothelium (Kurman & Shih, 2010). 
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1.4.2.4 Fallopian tube as site of origin for ovarian serous carcinoma 

Recently, Piek et al. (2001) observed hyperplastic and dysplastic lesions that resembled high-

grade serous ovarian cancer in the fimbrial epithelium of the Fallopian tubes removed from 

women undergoing risk-reducing bilateral salphingo-oophorectomy. These women were 

either carriers of the BRCA mutation or had a family history of ovarian cancer. Subsequent 

studies with a larger cohort of BRCA positive patients found that some patients had an early 

malignancy located in the distal fimbrial end of the Fallopian tube at risk-reducing surgery 

(Callahan et al., 2007; Leeper et al., 2002). The involvement of the Fallopian tube was also 

found in 75% of women with pelvic serous carcinomas. More importantly, 67% of women 

with primary ovarian carcinomas had tubal intraepithelial carcinomas (early serous carcinoma 

that is limited to the Fallopian tube). These tubal intraepithelial carcinomas were presented 

with p53 mutation and γ-H2AX protein (Kindelberger et al., 2007). TP53 mutations are also 

found in over 96 – 100% of high-grade serous ovarian cancer (The Cancer Genome Atlas 

Research Network, 2011; Vang et al., 2016). In light of these observations, a new hypothesis 

proposed the distal Fallopian tube as the site of origin for low- and high-grade serous ovarian 

cancer.  

1.4.2.5 Endometrium as site of origin for ovarian endometrioid and clear cell carcinoma 

It is becoming apparent that EOC subtypes may not only originate from the ovary. Numerous 

evidences have supported the endometriotic cysts origin for ovarian endometrioid (40% of 

cases) and clear cell carcinomas (50-90%) (Veras et al., 2009). Furthermore, there is an 

approximately 3-fold increased risk of developing ovarian endometrioid and clear cell 

carcinoma in patients with endometriosis, and a 2-fold increased risk for low-grade serous 

carcinomas (Pearce et al.), while tubal ligation was shown to reduce the incidence of ovarian 

endometrioid and clear cell carcinoma (Rosenblatt & Thomas, 1996). Hence, it was 
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postulated that endometriosis is a precursor for endometriosis-associated ovarian cancer, in 

particular ovarian clear cell and endometrioid carcinomas. Endometriosis is associated with 

peritoneal inflammation and fibrosis, and the development of endometriomas (benign ovarian 

cysts) (Aris, 2010). Recent genome-wide analyses have identified several genetic alterations 

in endometriosis-associated ovarian cancers such as ARID1A, phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K), wingless-related (Wnt) and protein phosphatase 2A (PP2A). 

Of these, ARID1A tumour suppressor gene are the most common in endometriosis-associated 

ovarian cancers (Maeda & Shih, 2013). Jones et al. (2010) found that 57% of 42 ovarian clear 

cell carcinomas had mutations in the ARID1A gene. Wiegand et al. (2010) observed 

ARID1A mutations in the ovarian carcinomas of endometrioid (30% of 33 cancers), clear cell 

(46% of 119), but none in 76 of high-grade serous. Furthermore, the loss of BRG-associated 

factor 250a (BAF250a) expression, a protein encoded by ARID1A was also reported in 

ARID1A-mutated ovarian clear cell and endometrioid carcinomas, and contiguous atypical 

endometriosis. BAF250a is one of switch-sucrose nonfermentable (SWI-SNF) complex 

subunit that has important roles in cell proliferation and tumour suppression (Reisman, 

Glaros, & Thompson, 2009). Another group of study showed that the loss of BAF250a 

expression was present in benign endometriotic lesions (Samartzis et al., 2012), further 

supporting the theory that endometriomas originating from retrograde menstruation are the 

precursor of ovarian clear cell and endometrioid carcinomas.  

1.5 Classification of ovarian cancer 

1.5.1 Dualistic model 

Shih and Kurman (2004) have proposed a dualistic model of ovarian carcinogenesis, 

designated as Type I and Type II. This model groups different histological subtypes based on 

common underlying clinicopathologic and molecular features as summarised in Table 1.2. 
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Type I tumours are classified as low-grade, clinically indolent, genetically stable, and exhibit 

a shared lineage between benign cysts and the corresponding carcinomas typically through an 

intermediate (borderline tumour) step. They also harbour specific somatic mutations within 

different histological cell types such as mutations in the KRAS, BRAF, ErbB2, PI3K 

catalytic subunit alpha (PIK3CA), PTEN, catenin beta-1 (CTNNB1), ARID1A and beta (β)-

catenin genes (Al Bakir & Gabra, 2014; Shih & Kurman, 2004). Type I tumours include low-

grade serous, mucinous, low-grade endometrioid, clear cell and Brenner tumours, and 

account for only 25% of ovarian cancers and 10% of ovarian cancer-related deaths (Kurman 

& Shih, 2011). The majority of EOC belongs to Type II tumours which are proposed to be 

high-grade, grows rapidly with a tendency for metastasis from their onset, genetically 

unstable with frequent alterations in the DNA copy number and TP53 mutations, but rarely 

mutations that characterize most type I tumours. Type II tumours include high-grade serous 

carcinoma, high-grade endometrioid carcinoma, malignant mixed carcinosarcomas and 

undifferentiated carcinomas. They account for about 75% of ovarian cancer and 90% of 

ovarian cancer-related deaths.  

1.5.2 FIGO’s staging classification for ovarian cancer 

Ovarian cancer is primarily staged using the criteria defined by the International Federation 

of Gynecology and Obstetrics (FIGO). The revised 2014 FIGO staging classification is 

depicted in Table 1.3. In the revised version, there is a consensus agreement by the FIGO 

Committee on Gynecologic Oncology that ovarian histologic type and primary site of the 

tumour should also be designated at staging (Prat & Oncology, 2015). In addition, the 

upstaging of tumour stage I to stage II can be justified by the appearance of intraoperative 

capsule rupture and dense adhesions (Javadi et al., 2016).
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Table 1.2 Tumour type classification and characteristics of EOC subtypes 

Subtypes Tumour 

Type 

Precursors Molecular characteristics Clinical characteristics 

Low-grade serous  I Serous cystadenoma/adenofibroma 

Atypical proliferative serous tumour 
aNon-invasive MPSC 

KRAS, BRAF mutations (~67%) Relatively indolent growth 

Poor response to platinum-based 

chemotherapy 

Low-grade endometrioid I Endometriosis 

Endometrioid adenofibroma 

Atypical proliferative endometrioid 

tumour 

Intra-epithelial carcinoma 

LOH or mutations in PTEN (20%) 

CTNNB1 (16-54%), PIK3CA and KRAS (4-

5%) mutations 

Microsatellite instability (13-50%) 

Relatively indolent growth 

Association with HNPCCb 

Poor response to platinum-based 

chemotherapy 

Clear cell carcinoma I  Endometriosis 

Clear cell adenofibroma 

Atypical proliferative clear cell tumour 

Intra-epithelial carcinoma 

KRAS (5-16%), PIK3CA, ARID1A, TGF-β 

RII (66%) mutations 

MET amplification 

Microsatellite instability (~13%) 

Association with HNPCCb 

Worse prognosis and response to 

platinum-based chemotherapy 

Mucinous I Mucinous cystadenoma 

Atypical proliferative mucinous tumour 

Intra-epithelial carcinoma 

KRAS mutations (>60%) 

HER2 amplification 

aPoor response to chemotherapy in the 

first-line and recurrence settings 

Malignant Brenner 

(transitional tumour) 

I Brenner tumour 

Atypical proliferative Brenner tumour 

Not yet identified Not yet identified 

High-grade serous and 

high-grade endometrioid  

II Fallopian tube 

Intra-epithelial carcinoma 

p53 mutations (50-80%), BRCA1, BRCA2 

mutations 

Genomic instability and very high degree of 

somatic copy number alterations 

Association with HBOCc 

Rapid growth 

Very good response to platinum-based 

chemotherapy 

Undifferentiated 

carcinoma 

II Not yet identified Not yet identified NA 

Malignant mixed 

mesodermal tumour 

(carcinosarcomas) 

II Not yet identified p53 mutations (>90%) NA 

 

Note: Adapted from (Howell et al., 2016; Shih & Kurman, 2004) 

Abbreviation: MPSC, micropapillary serous carcinoma; LOH, loss of heterozygosity; TGF, transforming growth factor; HNPCC, 

hereditary non-polyposis colorectal cancer syndrome due to germline mutations in mismatch repair genes; HBOC, hereditary breast 

ovarian cancer syndrome due to germline BRCA1 or BRCA2 mutations 
a(Pisano et al., 2005) 
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Table 1.3 2014 revised FIGO staging for ovarian cancer 

 STAGE I: Tumor confined to ovaries  

 

OLD    NEW  

IA  Tumor limited to 1 ovary, 

capsule intact, no tumor on 

surface, negative 

washings/ascites.  

IA  Tumor limited to 1 

ovary, capsule intact, no 

tumor on surface, 

negative washings.  

IB  Tumor involves both ovaries 

otherwise like IA.  

IB  Tumor involves both 

ovaries otherwise like 

IA.  

IC  Tumor involves 1 or both 

ovaries with any of the 

following: capsule rupture, 

tumor on surface, positive 

washings/ascites.  

IC  Tumor limited to 1 or both ovaries  

  IC1  Surgical spill  

IC2  Capsule rupture before 

surgery or tumor on 

ovarian surface.  

IC3  Malignant cells in the 

ascites or peritoneal 

washings.  

  

STAGE II: Tumor involves 1 or both ovaries with pelvic extension (below the pelvic 

brim) or primary peritoneal cancer  

OLD    NEW  

IIA  Extension and/or implant on 

uterus and/or Fallopian tubes  

IIA  Extension and/or implant 

on uterus and/or 

Fallopian tubes  

IIB  Extension to other pelvic 

intraperitoneal tissues  

IIB  Extension to other pelvic 

intraperitoneal tissues  

IIC  IIA or IIB with positive 

washings/ascites.  
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STAGE III: Tumor involves 1 or both ovaries with cytologically or histologically 

confirmed spread to the peritoneum outside the pelvis and/or metastasis to the 

retroperitoneal lymph nodes  

OLD    NEW  

IIIA  Microscopic metastasis beyond 

the pelvis.  

IIIA (Positive retroperitoneal lymph nodes 

and /or microscopic metastasis beyond the 

pelvis)  

IIIA1  Positive retroperitoneal lymph nodes 

only  

IIIA1(i)  Metastasis ≤ 10 mm   

IIIA1(ii)  Metastasis > 10 mm  

IIIA2  Microscopic, extrapelvic (above the 

brim) peritoneal involvement ± 

positive retroperitoneal lymph nodes  

IIIB  Macroscopic, extrapelvic, 

peritoneal metastasis ≤ 2 cm 

in greatest dimension.  

IIIB  Macroscopic, extrapelvic, peritoneal 

metastasis ≤ 2 cm ± positive 

retroperitoneal lymph nodes. Includes 

extension to capsule of liver/spleen.  

IIIC  Macroscopic, extrapelvic, 

peritoneal metastasis > 2 cm in 

greatest dimension and/or 

regional lymph node 

metastasis.  

IIIC  Macroscopic, extrapelvic, peritoneal 

metastasis > 2 cm ± positive 

retroperitoneal lymph nodes. Includes 

extension to capsule of liver/spleen.  

  

STAGE IV: Distant metastasis excluding peritoneal metastasis  

OLD    NEW  

IV  Distant metastasis excluding 

peritoneal metastasis. Includes  

hepatic parenchymal 

metastasis.  

IVA  Pleural effusion with positive 

cytology  

IVB  Hepatic and/or splenic parenchymal 

metastasis, metastasis to 

extraabdominal organs (including 

inguinal lymph nodes and lymph 

nodes outside of the abdominal 

cavity)  

 Note: Adapted from (Prat & Oncology, 2015).
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1.6 Progression of Ovarian Cancer 

Ovarian carcinogenesis is a stepwise progression through the accumulation of a series of 

genetic and molecular alterations over its lifetime. Similar to other malignancies, a tumour 

must acquire six crucial hallmark traits for malignant transformation, which are: acquire 

increased proliferative signalling, overcome growth suppressors, avoid cell death, attain 

indefinite replication, induce angiogenesis, undergo invasion and metastasis, re-program 

energy metabolism and evade the immune system (Tewari & Monk, 2015).  

Under the influence of cellular and signalling proteins during the late stage carcinomas, 

cancer cells modify their differentiated epithelial phenotype toward a mesenchymal state with 

extended protrusions for increased migratory capacity. This process is known as Epithelial-

Mesenchymal Transition (EMT) (Vergara et al., 2010). A distinctive feature of EOC 

progression is the ability to spread throughout the peritoneal cavity by intra-abdominal 

dissemination (“seeding”) due to the lack of an anatomical barrier, forming nodules on the 

parietal and visceral peritoneum, including omentum, peritoneum, diaphragm and small 

bowel mesentery (Romero & Bast, 2012; Sehouli et al., 2009). Advanced stage patients are 

often presented with a blockage of diaphragmatic lymphatics, causing the accumulation of 

proteinaceous fluid known as the ascites (further discussed in Section 1.7) (Barh & Gunduz, 

2015)  Once shed, tumour cells often form an aggregate of cells known as “spheroids” where 

they accumulate in the peritoneal ascites, and upon attachment to mesothelial surface, they 

typically disaggregate for invasion (Ahmed & Stenvers, 2013). Ovarian cancer cells can also 

spread through the lymphatic and blood vessels to nodes and parenchyma of distant organs 

like livers, and lung and brains in recurrent patients (Romero & Bast, 2012). 
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1.6.1 Metastasis of ovarian cancer 

Ovarian cancer metastasis and invasion represent the major causes of treatment failure and 

death. Metastasis is a multistep process which involves the detachment of cells from primary 

tumour, intravasation into the vascular or lymphatic system, aggregation with platelets, 

surviving environmental changes, adhesion to distant endothelia, extravasation into new 

tissue, recolonization and expansion (Ferrari & Nicolini, 2015; Thompson & Newgreen, 

2005). Metastasis of EOC can occur through the transcoelomic, haematogenous, or lymphatic 

route. The most common route of ovarian cancer spread is through transcoelomic metastasis, 

which  is the intra-abdominal spread of free-floating cancer cells, and is often associated with 

the formation of ascites (Tan, Agarwal, & Kaye, 2006). Clinical observations and 

retrospective clinical studies found that the metastasis process of ovarian cancer largely differ 

from most hematogenous metastasis. Instead, tumour cells metastasize passively through the 

physiological movement of peritoneal fluid to the mesothelium within the peritoneal cavity, 

including the omentum and diaphragm, but rarely invade deeper into the peritoneum or 

metastasis outside of it (Lengyel, 2010). However, emerging evidence indicates that 

haematogenous spread may play a larger role in ovarian cancer metastasis than initially 

thought (Coffman et al., 2016; Pradeep et al., 2014). Like other tumours, EOC can spread 

into nearby organs such as the Fallopian tubes, uterus, contralateral adnexa, rectum, bladder 

and pelvic sidewall.  

1.6.2 Epithelial mesenchymal plasticity (EMP) in metastatic ovarian cancer 

EMP is defined by two mechanisms: epithelial-mesenchymal and mesenchymal-epithelial 

transitions (EMT and MET). Both processes illustrate the inherent plasticity of the epithelial 

phenotype, either fully or partially, and were originally described in early embryogenesis as 

an important progression for embryonic stem cell differentiation during specific 
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developmental stages such as gastrulation, neural crest formation and heart morphogenesis 

(Lamouille, Xu, & Derynck, 2014; Larue & Bellacosa, 2005; Moreno-Bueno et al., 2009). 

Besides the physiological development, EMP is also involved in tissue remodelling in a non-

malignant context including facilitating wound repair (Arnoux et al., 2005), and inducing 

pluripotency in fibroblast cells (Thiery et al.). The analogous pathological EMP roles behind 

tumorigenesis, tumour metastasis and chemoresistance were also shown (Heerboth et al., 

2015; Morel et al., 2012; Nurwidya et al., 2012; Thiery, 2002; Zheng et al., 2015). Epithelial 

cells are characterized by their cohesive interactions between cells, continuous cell layers, the 

existence of three membrane domains (apical, lateral and basal), the presence of tight 

junctions between apical and lateral domains, apicobasal polarized distribution of organelles 

and cytoskeleton components, and lack of cell mobility. In contrast, mesenchymal cells have 

loose or lack of interactions between cells, no continuous cell layer, no apical and lateral 

membranes, no apicobasal polarized distribution of organelles and cytoskeleton components, 

and cell motility (Larue & Bellacosa, 2005). 

The hallmark of EMT is the loss of E-cadherin expression at junctions between cells in 

favour of mesenchymal markers (N-cadherin, vimentin, thrombospondin, vitronectin) 

(Strauss et al., 2011), extracellular matrix (ECM) compounds such (collagen I,  fibronectin) 

(Chen et al., 2013), α-smooth muscle actin (SMA) (Allan, 2011), which promotes a switch 

from cell-cell adhesion to cell-matrix adhesion (Figure 1.4). In fact, the loss of E-cadherin 

expression or function was suggested to be an EMT-inducer by initiating epithelial 

reorganization and reducing expression of other epithelial markers such as desmosomal 

proteins (plakoglobin, desmogleins, desmoplakins), tight junction proteins (ZO-1) and cell 

polarity components [Crumbs (CRB), partitioning defective (PAR) and Scribble (SCRIB) 

complexes] (Martin-Belmonte & Perez-Moreno, 2011; Moreno-Bueno et al., 2009; Moreno-

Bueno, Portillo, & Cano, 2008). Besides the loss of E-cadherin expression, EMT is also 



 

26 
 

characterized and can be triggered by various factors including the loss of other epithelial 

markers expression (Occludin, Desmoplakin, Mucin1), and activation of several signalling 

pathways [such as hypoxia-inducible factor (HIF) 1, HIF2, focal adhesion kinase (FAK), 

Notch, PI3K/AKT], transcription factors (such as Snail, Twist, Zeb, Slug, β-catenin, and 

nuclear factor-kappa B (NF-κB), secreted factors or cytokines [such as matrix 

metalloproteinases (MMPs), TGF-β, platelet-derived growth factor (PDGF), and fibroblast 

growth factor (FGF)], and non-coding RNAs (such as miR-200 and miR-205) (Gregory et al., 

2008; Heerboth et al., 2015; Kalluri & Weinberg, 2009; Strauss et al., 2011).  
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Figure 1.4  Schematic illustration of epithelial tumour cells undergoing epithelial-

mesenchymal transition 

During EMT (a to b), the epithelial cells disassemble their cell-cell contacts (tight junctions, 

adherens junctions, desmosomes and gap junctions), lose their apical-basal polarity through 

the disruption of the Crumbs, partitioning defective (PAR) and Scribble (SCRIB) complexes, 

and downregulate their epithelial gene expression in exchange for the activation of 

mesenchymal gene expression. In addition, the cells acquire motility and invasive capacities 

by reorganizing their cortical cytoskeleton for dynamic cell elongation, and by expressing 

MMPs that can degrade the ECM proteins. Subsequently, the metastatic cells will undergo 

MET (b to a) to revert to an epithelial state, leading to the formation of secondary tumours 

with similar phenotypes to the primary tumour. Adapted from (Lamouille et al., 2014) .

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=4240281_nihms641027f1.jpg
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During the early stages of cancer metastasis, epithelial ovarian carcinoma cells undergo EMT 

allegedly by losing their junctional-adhesion molecules, apical-basal polarity and undergo a 

change in cell shape from a compact organized feature to a more spindle-shaped phenotype 

(Figure 1.5) (Eder et al., 2005; Leech et al., 2015; Vergara et al., 2010). The subsequent 

increase in EMT-inducing genes promote the expressions of collagen binding integrins (α2β1- 

and α3β1-integrins), which in turns induces cleavage of E-cadherin ectodomain by MMP-9, 

contributing to the shedding of single cells or spheroids from the primary tumour into the 

ascites (Symowicz et al., 2007). Ovarian spheroids express a repertoire of integrins, most 

importantly the β1 form which heterodimerize with different α-integrin subunits (e.g. α5β1, 

α6β1, α4β1 and α2β1) that binds to ligands that are present in the ascites and in the mesothelium 

covering the peritoneum and omentum such as fibronectin, laminin, types I and IV collagen, 

and vascular cell adhesion molecule-1 (VCAM-1) (Lengyel, 2010; Weidle et al., 2016). The 

importance of these integrins in regulating spheroid formation and subsequent attachment for 

intraperitoneal metastases were observed from studies using function-blocking antibodies 

against these integrin subunits (Casey et al., 2001). Recent findings suggest that the process 

of EMP is not switching between purely epithelial and purely mesenchymal phenotypes, but 

instead it involves an intermediate phenotype that has been referred to as ‘intermediate 

EMT’, ‘intermediate mesenchymal’, ‘incomplete EMT’, ‘semi-mesenchymal’, hybrid 

epithelial/mesenchymal’, ‘EMT-like’, ‘metastable’ or ‘partial EMT’ (Grigore et al., 2016). 

The intermediate phenotype (denoted as ‘partial EMT’ in this thesis) exhibits both adhesion 

(epithelial feature), migration (mesenchymal feature) and co-express epithelial and 

mesenchymal markers (Grosse-Wilde et al., 2015; Hong et al., 2015), thereby allowing 

collective tumour cell migration, rather than single cell migration (Grigore et al., 2016). In 

addition, cells in a partial EMT state are resistant to apoptosis, and possess a higher 

metastatic potential than single migrating cells (Aceto et al., 2014). More importantly, partial 
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EMT has been associated with cancer stem cells and drug-resistance in ovarian, breast and 

prostate cancer (Grosse-Wilde et al., 2015; Ruscetti et al., 2015; Strauss et al., 2011). The 

histological similarity of macrometastases in the secondary microenvironment to their 

primary epithelial tumours points to the necessity of a second transition of disseminated 

EMT-mediated cells to MET for colonization in distant tissues and form new tumours. Elloul 

et al. (2010) proposed that ovarian cancer cells undergoing partial EMT may either proceed 

to full EMT to enter a lymph/blood vessel, or undergo MET to regain their epithelial 

phenotype and form secondary tumours at some distant organs (Figure 1.5).  
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Figure 1.5 The process of epithelial-mesenchymal transition during the progression of 

ovarian cancer 

During the early stages of ovarian cancer metastases, the epithelial tumour cells undergo 

partial EMT to become motile and invasive. These cells leave the primary tumour site and are 

shed into the peritoneal cavity where they survive in the ascites as single cells or a cluster of 

cells known as spheroids. In this microenvironment, the cells may either undergo complete 

EMT to enter a lymph/blood vessel, or proceed to MET to colonize distant tissue and form 

new tumours. Modified from (Ahmed, Thompson, & Quinn, 2007). 
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1.7 Ascites 

1.7.1 Overview 

Ascites is the accumulation of excess fluid in the peritoneal cavity. The extended term 

“malignant ascites” is defined as the presence of disseminated tumour cells in the ascitic 

fluid, is typically exudative (75%) and often bloody or serosanguinous, constituting of more 

than 250 white cells/mm3 of white cell count and more than 50% of serum levels of lactate 

dehydrogenase (Malik et al., 1991). Retrospective studies found that approximately 10% of 

ascites are malignant, and most commonly caused by ovarian cancer, followed by an 

unknown tumour of origin. The formation of malignant ascites is also found in several other 

tumours including breast, colorectal, pancreas, stomach and oesophageal cancers (Ayantunde 

& Parsons, 2007; Malik et al., 1991; Parsons, Lang, & Steele, 1996). These studies also found 

that not all patients are presented with symptoms of ascites. The debilitating symptoms 

associated with malignant ascites include abdominal swelling and pain, nausea, anorexia, 

vomiting, fatigue, dyspnoea, early satiety, weight change, ankle swelling and heart burn 

(Ayantunde & Parsons, 2007; Kipps, Tan, & Kaye, 2013). Patients suspected with malignant 

ascites usually have their ascites tested for total protein, albumin concentration, cell count, 

and cytology, along with other clinical investigations involving ultrasound imaging to assess 

the area suitable for drainage and the disease status, and immunohistochemical staining of the 

ascites or laparoscopy to determine the primary site of the tumour (Kipps et al., 2013). 

1.7.2 Prognosis and treatment of malignant ascites 

Malignant ascites is generally a manifestation of advanced disease in a variety of cancers and 

is associated with a poor prognosis (Ahmed & Stenvers, 2013; Ayantunde & Parsons, 2007). 

However, studies have reported that early stage (stage IC) ovarian cancer patients with 
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ruptured capsules and malignant-positive cells in the peritoneal washings or patients with 

intraoperative rupture of the tumour capsule have a worse prognosis than stage 1A patients 

(disease confined to the ovary) or patients without ascites. Abdominal paracentesis is the 

most commonly employed low-risk method of treatment for malignant ascites (Figure 1.6) 

(Joshi, 2010). Following paracentesis, ovarian cancer patients are essentially treated 

according to the underlying disease, which includes surgical debulking and first-line 

chemotherapy consisting of platinum and taxol-based chemotherapy (Kipps et al., 2013). 

Malignant ascites usually regresses when chemotherapy treatment is effective (Bristow, 

Karlan, & Chi, 2015). A complete clearance or significant reduction of ascites was 

demonstrated in 46% of ovarian cancer patients after receiving systemic chemotherapy 

treatment (Malik et al., 1991). However, the majority of patients will recur with 

chemoresistant disease, and chemotherapy treatment for recurred malignant ascites is no 

longer effective (Batt & Smith, 2013). Serial paracentesis is offered to recurring patients with 

chemoresistant disease to temporarily alleviate symptoms and improve their quality of life 

(Kipps et al., 2013). 
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Figure 1.6 The process of ascites drainage by paracentesis 

Under sterile conditions, a needle is inserted into the lower abdominal quadrant under local 

anaesthesia. The ascitic fluid is then drained by gravity into a collecting bag or bottle. 

Adapted from (Cancer Research UK, 2016). 
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1.7.3 Formation of ovarian ascites 

In physiological conditions, intraperitoneal fluid is continuously absorbed into the lymphatics 

via specialized lymphatic openings (stomata) located in the subdiaphragmatic peritoneum and 

omental, with the greatest absorption from the right side overlying the liver (Mactier & 

Khanna, 1989). The accumulation of ascites can be caused by two pathological events: 

impaired lymphatic drainage from the peritoneal cavity due to the obstruction of the 

lymphatic portals by tumour cells (Feldman et al., 1972; Holm-Nielsen, 1953), and increased 

permeability of microvessels lining the peritoneal cavity triggered by a tumour-induced 

vascular permeability factor, vascular endothelial growth factor (VEGF) (Byrne et al., 2003; 

Dvorak et al., 1995; Nagy et al., 1995). The ascites fluid contains a combination of soluble 

factors, cellular components and membrane-bound vesicles that act directly or indirectly to 

influence tumour cell behaviour such as tumour growth, invasion and survival. Furthermore, 

the ascites also exerts a protective environment against drug-induced apoptosis and immune 

surveillance (Ahmed & Stenvers, 2013). The tumour cells in the ascites can exists as single 

cells or multi-cellular aggregates/spheroids. Although both populations may establish 

metastatic lesions, shed cells will spontaneously aggregate as spheroids within the peritoneal 

cavity to maintain cell-cell contact for cell survival in an anchorage-independent 

microenvironment (Ahmed & Stenvers, 2013). The formation of a hypoxic 3D spheroid can 

inhibit the access of chemotherapy agents or radiation to internal cells while retaining their 

growth potential (Sutherland & Durand, 1976).  

1.8 Current management of advanced-stage EOC 

Over the past three decades, the treatment for advanced-stage ovarian cancer patients (stage 

III-IV), which constitutes of optimal cytoreductive surgery followed by the platinum-taxanes 



 

35 
 

regime, has improved dramatically. Numerous retrospective studies have reported that 

residual tumour volume is strongly associated with survival (a 5.5% increase in median 

survival period per 10% increase maximal cytoreduction) (Boente, Chi, & Hoskins, 1998; 

Bristow et al., 1999; Chi et al., 2006; Elattar et al., 2011; Hacker et al., 1983; Hoskins et al., 

1994). Therefore, the GOG has defined optimal cytoreductive surgery as a procedure of 

reducing residual tumours to less than 1cm in diameter, which was thought to improve the 

efficacy of subsequent adjuvant therapy (Fader & Rose, 2007). Typically, 4-6 weeks 

following cytoreductive surgery, six to eight cycles of a platinum-based drug like cisplatin or 

carboplatin, in conjunction with taxanes compound such as paclitaxel, are administered at 3-

week intervals (Levy & Purcell, 2013). This thesis will focus on the use of paclitaxel. Despite 

toxicity concerns, i.p. administration of chemotherapy was shown to reduce the average 

mortality rate by 21.6% and improved the median survival of ovarian cancer patients who are 

optimally or sub-optimally debulked compared to intravenous (i.v.) administration due to the 

local delivery of a higher dosage and frequent administration of the drugs (Morgan, 2008). In 

2006, a combination of IV and IP chemotherapy was recommended by National 

Comprehensive Cancer Network (NCCN) (2015) for advanced-stage ovarian cancer patients 

who had undergone optimal debulking surgery (Lowe & Morgan, 2007). 

1.8.1 Paclitaxel 

Platinum-based agents bind to the DNA to create intra and inter-chain cross-links, which 

trigger cell death if DNA repair is insufficient (Deans & West, 2011). Paclitaxel, introduced 

in the 1990s, induces cell apoptosis by binding to β-tubulin and stabilizing the microtubules 

by promoting tubulin dimerization and inhibiting the depolymerisation of the microtubules, 

leading to mitotic block at the G2-M phase (Choi & Yoo, 2012). Alternatively, paclitaxel can 

also remodel and redistribute the normal structure of microtubules in interphase cells, which 
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disrupt cellular growth and metabolism, and subsequently leads to cell death by apoptosis 

(Hornick et al., 2008). The induction of apoptosis is partly mediated by intracellular genes 

involved in the apoptotic cascade such as p53, B-cell lymphoma-2 (Bcl-2) and Bax. Besides 

the microtubule-disrupting function, paclitaxel can also exert its anti-tumour activity by 

regulating cytokine gene expression in immune cells. For example, paclitaxel has been shown 

to induce lipopolysaccharide-inducible cytokine production such as IL-1α, IL-1β, TNF-α, IL-

1β in murine macrophages (Bogdan & Ding, 1992; Manthey et al., 1992). Studies have also 

found that paclitaxel trigger NF-κB- and activator protein-1 (AP-1)-mediated IL-8 expression 

in human monocytes, and in a subset of breast cancer and ovarian cancer cell lines, thus 

aiding in tumour regression (Lee et al., 1997; White et al., 1998). Paclitaxel was shown to be 

the most effective agent in patients with relapsed platinum-refractory disease (Agarwal & 

Kaye, 2003).  

1.9 Cancer Stem Cells (CSCs) 

1.9.1 History, theory and origin of cancer stem cells 

The basis of CSC research was derived from earlier studies in spontaneous testicular 

teratomas in an inbred strain of mice, where these tumours were found to contain 

undifferentiated embryonal carcinoma (EC) cells (Stevens & Little, 1954). Teratoma of the 

ovary is defined as a benign tumour, derived from all three germ layers, and exhibits a 

diverse variety of tissues such as hair, teeth, fat, sebaceous material and connective tissues 

(Stamp & McConnell, 1983). Ovarian mature cystic teratomas, also known as dermoid cysts, 

are the most common germ cell tumour and can occur from infancy onwards and throughout 

life, with the greatest incidence during the reproductive years (more than 70%) (Sinha & 

Ewies, 2016). Malignant ovarian teratomas usually occur in postmenopausal women and are 

related to poor prognosis, however, the rate of malignant transformation is low (1-2% of 
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patients) (Ingale et al., 2013; Stamp & McConnell, 1983). Following on, Kleinsmith and 

Pierce (1964) showed that a single EC cell was sufficient to induce tumour in a new host that 

could again be re-transplanted to another host, and have been described to be capable of 

differentiating. Thus, the architecture of a tumour tissue is a combination of malignant stem 

cells and cells in various stages of differentiation (Pierce, 1974). The heterogeneity of many 

solid tumours was initially postulated to arise from a variety of malignant cells that continue 

to acquire new mutations, resulting in clonal selection with increased survival or proliferative 

capacity. This process is known as “tumour Darwinism” (Nowell, 1976; Vermeulen et al., 

2008). The development of modern laboratory equipment has allowed the discovery of a 

small population of malignant cells with self-renewal ability in haematological and other 

solid tumours such as breast, brain, colon, prostate, lung and ovarian, thus a new theory - the 

CSC theory was postulated (Hu & Fu, 2012).  

Specifically, the CSC theory states that tumour progression is governed by a subpopulation of 

cancer stem cells (also known as tumour-initiating cells) endowed with the ability to self-

renew and differentiate which drives tumour initiation, progression, invasion, recurrence and 

chemoresistance (Ahmed, Abubaker, & Findlay, 2014a). In addition, the multipotentiality of 

CSCs may explain the histological heterogeneity often found in many tumours (Williams et 

al., 2013). A number of studies have confirmed that a subset of cancer cells has a distinctive 

surface markers profile that can be reproducibly isolated and can repopulate the complete 

tumour when transplanted in immunodeficient mice (Clarke et al., 2006; Klonisch et al., 

2008). Furthermore, the tumours emanating from these cells mimic the full phenotypic 

heterogeneity of the parent tumour and contain mixed populations of tumorigenic and non-

tumorigenic cells (Zeimet et al., 2012). 

Given that normal stem cells and CSC shared many similar properties (such as ability to self-

renew and differentiate, infinite lifespan, resistance to apoptosis, and expressions of ABC 
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transporters), and the fact that several pathways involved in normal stem cell characteristics 

also play a role in carcinogenesis, both normal stem cells and CSC may operate through 

similar pathways and transcription factors, albeit abnormally expressed in CSC. In normal 

stem cells, pathways that regulate self-renewal such as Bmi-1, Notch, Sonic hedgehog (Shh) 

and Wnt are tightly regulated, whereas the same self-renewal pathways are aberrantly 

activated in cancer stem cells through genetic and/or epigenetic changes, leading to 

uncontrolled growth (Al-Hajj et al., 2004; Beachy, Karhadkar, & Berman, 2004; Reya et al., 

2001). In addition, the over-expressions of several pluripotency transcription factors such as 

octamer binding transcription factor 4 (Oct4), Sox2, Kruppel-like factor 4 (Klf4) and c-Myc 

were also expressed in CSC and were shown to be associated with tumour progression or bad 

prognosis (Schoenhals et al., 2009).  

The origins of CSC remain unclear, though four scenarios have been postulated: i) 

breakdown in the regulation of normal stem cells, ii) differentiated transit-amplifying or 

progenitor cells acquire mutations for extensive self-renewal capacity, iii) embryonic stem 

cells that are abnormally left in the tissues, and iv) mutations in well-differentiated cells 

transformed cells into CSCs (Figure 1.7) (Soltanian & Matin, 2011). CSCs can be identified 

and isolated using four methods, which are by fluorescence activated cells sorting (FACS) 

based on distinct staining directed against CSC surface markers, exclusion of cellular stains 

such as Hoechst dye stain sorting of side population of CSC, sphere-formation assay in 

serum-free medium since CSCs are thought to form tumourspheres, and Aldefluor assay to 

sort and separate high aldehyde dehydrogenase (ALDH) 1-expressing CSCs (Greve et al., 

2012; Khan et al., 2015; Pastrana, Silva-Vargas, & Doetsch; Tirino et al., 2012). 
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Figure 1.7 Possible origins of cancer stem cells 

CSCs may originate from 1) mesenchymal stem cells that exists in adult tissues, 2) 

differentiated transit amplifying or progenitor cells, 3) embryonic stem cells abnormally left 

in the tissues during ontogenesis, and 4) terminally differentiated cells that acquired tumour-

initiating mutations. Adapted from (Soltanian & Matin, 2011). 
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1.9.2 Ovarian cancer stem cells 

Ovarian CSC research is fraught with difficulties due to the limited number of cells that can 

be isolated from patients’ tissues and variation in cellular, genetic and epigenetic composition 

among patient tissue samples (Ahmed et al., 2014a). In addition, there are no definitive 

markers for ovarian CSCs which makes their precise identification difficult. A subset of 

stem-like cells in the OSE of postmenopausal women and women with premature ovarian 

failure was shown to express early embryonic developmental markers such as stage-specific 

embryonic antigen (SSEA)-4, Oct4, Nanog, Sox-2 and c-kit (CD117) transcription markers 

and c-kit immunohistochemical staining (Virant-Klun et al., 2008). These cells and cells 

expressing Oct4, Nanog, Sox2, telomerase (TERT) and signal transducer and activator of 

transcription factor 3 (STAT3) isolated later from the OSE of other mammals such as rabbit, 

sheep, monkey and menopausal women were shown to grow in culture into larger parthenote 

oocyte-like cells with neuronal and mesenchymal embryoid-like structures, and expressing 

Oct4, c-kit, VASA (a highly specific germ cell marker) and zona pellucida protein (ZP) 

transcription factors (Parte et al., 2011). Furthermore, a recent finding demonstrated the 

expression of pluripotency and oocyte-specific genes in the OSE cells scraped from women 

with premature ovarian failure and cultured in the presence of follicular fluid (Celik et al., 

2012; Virant-Klun et al., 2013). These observations support the existence of stem cells in 

adult human ovary (Samardzija et al., 2015). However, it is still not known if ovarian 

carcinogenesis and recurrence ensues as a result of uncontrolled proliferation and 

differentiation of malignant cancer stem cells endowed with survival advantage after 

chemotherapy.  

Ovarian CSC have been isolated from established ovarian cancer cell lines, ascitic-derived 

cells and patient-derived tumours based on the expressions of putative CSC surface and 
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intracellular markers, Hoechst dye efflux properties, ability to form anchorage-independent 

spheroid, ability to form CSC-enriched clones from single cells in culture, and tumorigenicity 

potential in xenograft assays (Ffrench et al., 2014). Numerous markers have been identified 

for ovarian CSC isolation, which includes CD44, epithelial cell adhesion molecule (EpCAM), 

CD133, CD117, CD90 (Thy-1), CD24 and ALDH1 (Ahmed et al., 2014a). However, markers 

are not always reliable due to the heterogeneity that exists between patients and within a 

single tumour or similar cell population, and markers detected by one method may not be 

applicable when using a different approach. Furthermore, CSC markers identified from cell 

lines or mouse tumours may not be valid in patient tumours (Medema, 2013; Stewart et al., 

2011).  

1.10 Ovarian cancer resistance to conventional chemotherapy treatment 

It is widely accepted that resistance to chemotherapy-induced apoptosis is a major challenge 

in the treatment of ovarian cancer. The failure of chemotherapy drugs in killing cancer cells 

may be due to heterogeneity in the human population which leads to variation in absorption, 

metabolism and delivery of drugs to target tissues. Besides that, the location of the tumours 

may not be readily accessible for drug penetration, or that the tumours may be protected by 

local environments due to increased tissue hydrostatic pressure or changes in tumour 

vasculature. Cellular resistance attained through adaptation to changing environmental factors 

can also confer resistance to chemotherapy treatment (Szakács et al., 2006), and will be the 

focus of this study. Cellular resistance to chemotherapy drugs is typically classified into 

intrinsic (de novo) and acquired resistance (induced). Intrinsically resistant tumours arise 

from the innate resistance mechanisms of the primary tumour populations prior to treatment 

and do not respond to initial therapy, whereas in acquired resistance, tumours are initially 

responsive to treatment but develops resistance during recurrence (Wang et al., 2010).  
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1.10.1   Cancer stem cells and chemoresistance 

Current studies have suggested that CSCs are the putative mediators of chemotherapy 

resistance and tumour recurrence (Figure 1.8). CSC may have a high basal level of resistance 

to chemotherapy or acquire resistance through a variety of mechanisms. This includes 

increased drug efflux transporters and detoxifying enzymes, quiescence, overexpression of 

antiapoptotic proteins, enhanced DNA repair activity and drug target modification (Rehman 

et al., 2016; Vinogradov & Wei, 2012).  

 

 

 

 

Figure 1.8 Schematic illustrations of cancer stem cell theory in chemoresistance and 

tumour relapse 

According to the CSC theory, a small subset of cells that are endowed with properties of a 

normal stem cell can evade the cytotoxicity effect of chemotherapy. In addition, CSCs have 

the ability to self-renew and differentiate to repopulate disease, causing tumour relapse.  
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1.10.2    EMT, CSC and Chemoresistance 

An EMT-like phenotype has been demonstrated in various chemoresistant tumours such as 

gemcitabine resistant pancreatic cancer cells (Arumugam et al., 2009), oxaliplatin resistant 

colorectal cancer cells (Yang et al., 2006), paclitaxel resistant ovarian cancer cells (Kajiyama 

et al., 2007) and tamoxifen resistant breast cancer cells (Kim et al., 2009). It is also 

noteworthy to add that the acquisition CSC-like phenotype is regulated by similar signalling 

pathways, transcription factors and/or miRNAs which also facilitates the induction of EMT 

(Wang et al., 2015b). Studies in breast cancer showed that circulating tumour cells and 

residual tumour cells post-chemotherapy display EMT and tumour initiating stem cell 

features, suggesting that a relationship exists between EMT and CSC as putative mediators of 

chemoresistance and tumour progression (Dave et al., 2012; Pukazhendhi & Glück, 2014). A 

study has demonstrated that cisplatin-treated surviving residual OVCA433 ovarian cancer 

cells displayed phenotypic changes that are consistent with EMT (upregulation of Snail, Slug, 

Twist and MMP-2 mRNA expressions), and CSC (upregulation of CD44, CD117, CD133, 

EpCAM, Nanog and Oct4 markers) (Latifi et al., 2011). In parallel, the upregulation of EMT-

mediated Snail and Slug in ovarian cancer cells were shown to be associated with 

chemoresistance by overcoming p53-mediated apoptosis along with the induction of specific 

stem cell genes (Kurrey et al., 2009). Other studies have showed that the acquisition of CSC-

like properties and resistance to chemotherapy treatment are driven by EMT induction, and 

EMT-transformed cells have an increased ability to form mammospheres, soft agar colonies 

and tumours (Gupta et al., 2009; Mani et al., 2008; Morel et al., 2008). Notch signalling was 

also shown to be a mediator of EMT, CSC and chemoresistance in various cancers including 

ovarian cancer, and was shown to transactivate ABC transporter (ABCC1) in chemoresistant 

prostate CSC (Capaccione & Pine, 2013; Liu et al., 2014a). On the other hand, inhibition of 
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Notch signalling partially reversed EMT in gemcitabine-resistant pancreatic cancer cells, as 

well as depleted CSC frequency and resensitized ovarian cancer cells to platinum drugs 

(McAuliffe et al., 2012; Wang et al., 2009). Altogether, these observations suggest that 

cancer stemness can be induced by EMT. However, it is still not clear if the tumorigenic CSC 

are similar to EMT-enriched CSC for metastasis and chemoresistance. 

1.10.3   Signalling pathways associated with chemoresistance 

Increasing evidence suggests that the exploitation of multiple signalling pathways may confer 

the development of neoplasia as well as the development of chemoresistance (Bordoloi et al., 

2016; Hanahan & Weinberg, 2011). Pathways that regulate normal cell physiology such as 

Ras/ERK/mitogen-activated protein kinase (MAPK), PI3K/AKT/mammalian target of 

rapamycin (mTOR), and integrin-ECM signalling have been reported to govern pathological 

events like cancer growth, survival, proliferation and chemoresistance (Aoudjit & Vuori, 

2012; Jiang & Liu, 2008; McCubrey et al., 2007). Specifically, the dysregulation of major 

signalling receptors and downstream proteins involved in cell survival have been frequently 

associated with drug resistance, which include the JAK2/STAT3 proteins, epidermal growth 

factor receptor (EGFR), fibroblast growth factor receptor (FGFR), platelet derived growth 

factor receptor (PDGFR), insulin-like growth factor receptor (IGFR), phosphatase and tensin 

homolog on chromosome 10 (PTEN), MAPK proteins, Akt, mTOR, and NF-kB (Wang et al., 

2010). The embryonic signalling pathways, that play key roles in the self-renewal of normal 

adult stem cells and CSC have also been implicated in the development of chemoresistance 

such as Wnt, Notch and Shh (Takebe et al., 2015). While normally tightly regulated, the 

abnormal activation of these pathways, including cellular receptors and downstream proteins 

was found in numerous cancer types. However, how these integrated pathways interact with 

other pathways and with different drugs remains unclear.  
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1.10.3.1   EGFR 

The EGFR family [also known as human epidermal growth factor receptor (HER) or ERBB 

family] consists of 4 family members: EGFR (also known as HER1/ erbB1), HER2 

(neu/erbB2), HER3 (erbB3) and HER4 (erbB4). Structurally, the EGFR family of receptors 

are composed of an extracellular ligand binding domain, a short hydrophobic transmembrane 

region, and a cytoplasmic tyrosine kinase domain (Normanno et al., 2006). The diversity of 

ErbB receptor signalling depends on the biochemical characteristics of each ErbB ligand, 

which include: 1) ligand bivalency to determine which receptor dimers are formed, leading to 

the stimulation of a number of possible signalling pathways stimulated, 2) binding affinities 

that influence signal strength and duration, and 3) pH stability of the ligand-receptor 

interaction which affects receptor trafficking (Olayioye et al., 2000). ErbB receptors are 

expressed in various epithelial, mesenchymal and neuronal tissues, and have been described 

to play central roles in development, proliferation and differentiation. In contrast, the 

dysregulated expression of these receptors has been observed in the oncogenic transformation 

and cellular proliferation associated with tumour progression (Olayioye et al., 2000). In 

addition, the expression of EGFR, erbB2 and erbB3 was found to be significantly higher in 

malignant ovarian tumours than in borderline or benign tumours, and has been frequently 

associated with a more aggressive behaviour in various human malignancies (Simpson et al., 

1995)  

Upon binding of ligands to the extracellular domain, EGFR undergoes a conformational 

change which leads to a homo- or hetero-dimerization with the other three family members 

depending on the proportion of EGFR family members, type of ligand, and cell types (Figure 

1.9) (Siwak et al., 2010). The cognate ligands of EGFR are EGF, TGF-α, amphiregulin (AR), 

betacellulin (BTC), epiregulin (EP), and heparin-binding growth factor (HB-EGF) 
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(Normanno et al., 2006). Receptor activation induces both auto- and transphosphorylation of 

specific tyrosine residues within the cytoplasmic tail, which serve as docking sites for 

proteins that contain Src Homology 2 (SH2) or phosphotyrosine binding (PTB) domains such 

as PI3K (Scaltriti & Baselga, 2006), Src (Kraus et al., 2003), Ras (Roberts & Der, 2007), 

JAKs (Jorissen et al., 2004), STATs (David et al., 1996; Leaman et al., 1996; Park, Schaefer, 

& Nathans, 1996; Shao et al., 2003) and phospholipase C-gamma (PLCɣ) (Wahl et al., 1990). 

Subsequently, these proteins initiate the downstream intracellular signalling via several 

pathways (Brand, Iida, & Wheeler, 2011). The overexpression of EGFR was detected in 

~60% of EOC, found in all histologic subtypes, and correlates with high-grade ovarian 

tumour, high cell proliferative index, aberrant p53 expression and poor prognosis (Siwak et 

al., 2010). Furthermore, activation of EGFR and its downstream signalling pathways are 

implicated in chemoresistance in ovarian cancer (Agarwal & Kaye, 2003; Granados, Hudson, 

& Samudio-Ruiz, 2015). Alper et al. (2000) showed that EGFR regulates the expression of 

cell adhesion proteins involved in cell growth and invasiveness in ovarian carcinoma cells. 
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Figure 1.9 EGFR signalling pathways 

EGFR activation by ligands results in the homo- or heterodimerization with other 

homologues of the ErbB family, which leads to the auto- and transphosphorylation of 

tyrosine residues on the cytoplasmic tail. The phosphorylated tyrosine allows the binding of 

proteins containing the SH2 or PTB domains such as Src, RAS, PI3K, JAK and STAT 

proteins, leading to the activation of downstream signalling cascade including the ERK, 

PI3K/AKT/mTOR and JAK/STAT pathways. Modified from (Harada, Takigawa, & Kiura, 

2014). 
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1.10.3.2   Src family of kinases 

There are 11 members of the Src family of kinases (SFKs) based on a conserved domain 

structure: a myristoylated N-terminal, followed by 4 Src homology (SH) domains with 

distinct roles, and a short C-terminal tail (Figure 1.10) (Brown & Cooper, 1996). The SH1 

kinase domain contains the autophosphorylation site [Tyr(416/419)] within the ‘activation 

loop’ that acts as a positive regulator upon phosphorylation and a negative regulator when 

this site becomes dephosphorylated (Bjorge, Jakymiw, & Fujita, 2000). The C-terminal tail, 

SH2 and SH3 domains are involved in the negative regulation of SFKs. Upon 

phosphorylation of a C-terminal residue [Tyr (527/530)] by negative regulators such as C-

terminal Src kinase (Csk) or CSK-homologous kinase (Chk), it binds to the SH2 domain, 

followed by binding to the SH3 domain which result in a closed molecular conformation, 

thus inactivating SFKs (Chong, Mulhern, & Cheng, 2005; Superti-Furga, 1995). On the other 

hand, the phosphatases that have been identified to activate SFKs include protein tyrosine 

phosphatase (PTP) α, PTPε, PTPλ, CD45, PTP1B, Src homology region 2 domain-containing 

phosphatase (SHP)-1 and SHP-2 (Okada, 2012).  

1.10.3.2.1   Src  

Of all the SFKs (Blk, Fyn, Lyn, Yes, Yrk, Fgr, Hck and Lck), c-Src is most implicated in 

many unrelated cancers, and is the oldest and most investigated proto-oncogenes (Martin, 

2001). Src is a 60kDa non-receptor tyrosine kinase that can be activated by direct or indirect 

interaction with receptor tyrosine kinases, such as EGFR, PDGFR, FGFR, colony stimulating 

factor-1 receptor (CSF-1R), HER2/neu, and HGF receptor (c-Met) (Irby & Yeatman, 2000). 

Abnormal activation of these receptors has been shown in the progression of cancer, 
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including tumours that also over-express Src. Besides binding to upstream activated receptor 

signalling, an increase in Src activation can also occur through post-translational 

modifications (insufficient Csk activity due to decreased or defective Csk protein, and an 

increased in Src phosphatases activity) (Di Stefano et al., 2007; Okada, 2012; Zhao et al., 

2006), activating mutations in the src gene (Irby et al., 1999), and a neuronal form of Src 

which contain an additional tyrosine in the amino-terminal portion (Bolen, Rosen, & Israel, 

1985). High levels of both Src protein and kinase activity are frequently found in human 

neoplastic tissues when compared to their normal counterpart, including ovarian cancers 

where aberrant and constitutive expression of Src was found in a high proportion of ovarian 

cancer cell lines and in late-stage human ovarian cancer (Budde, Ke, & Levin, 1994; Wiener 

et al., 2003). Activated Src has been shown to interact with downstream signalling pathways 

(such as Ras/MAPK), transcription factors (such as Stat3), adhesion proteins (such as FAK, 

paxillin, p120-catenin and cadherins) and VEGF, suggesting a direct or indirect role in 

cellular proliferation, adhesion, invasion, apoptosis and angiogenesis, all of which have 

significant advantage in cancer development (Haas, Askari, & Xie, 2000; Munshi et al., 2000; 

Parsons & Parsons, 2004; Schaller et al., 1994; Wiener et al., 1999; Yu et al., 1995). Studies 

have also showed that Src inhibition enhanced the cytotoxicity of chemotherapeutic drugs in 

mouse model and human ovarian cancer cells (Chen, Pengetnze, & Taylor, 2005; Pengetnze 

et al., 2003; Xiao et al., 2015), Although a few Src inhibitors have entered clinical 

development for the treatment of solid tumours including ovarian cancer, their anti-cancer 

activity is limited. (Aleshin & Finn, 2010; Banerjee & Kaye, 2013; Puls, Eadens, & 

Messersmith, 2011).
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Figure 1.10 Structure and conformation of Src kinase 

(a) Src protein contains a myristoylated N-terminal, four Src homology (SH) domains and a 

C-terminal. The SH1 domain contains a positive regulatory autophosphorylation site 

(Tyr419). The C-terminal domain contains another tyrosine residue (Tyr530) that acts as a 

negative regulator of Src activity (b) Phosphorylated Tyr530 binds to the SH2 domain, which 

in turn binds to the SH3 domain, resulting in a closed conformation and thus inhibiting Src 

activity. Conversely, dephosphorylation of Tyr530 results in an opened Src molecular 

structure. Full activation of Src involves the phosphorylation at Tyr419. Modified from 

(Yeatman, 2004) 

 



 

51 
 

1.10.3.3   JAKs 

One of the ten recognized families of non-receptor tyrosine kinases, the family of Janus 

kinases (JAK) consists of 4 members: JAK1, JAK2, JAK3 and TYK2. The JAK1, JAK2 and 

TYK2 kinases are ubiquitously expressed in a variety of different cell types, while JAK3 is 

predominantly expressed in cells of hematopoietic origin (Yamaoka et al., 2004). However, 

reports have described the expression of JAK3 in cells of other various origins (Lai et al., 

1995; Verbsky et al., 1996). In general, all JAKs have similar molecular weights (~120 – 130 

kDa) and structures (Leonard & O'Shea, 1998). Seven JAK homology (JH) domains have 

been described (Figure 1.11) (Jatiani et al., 2010). The amino-terminus of JAK contains a 

SH2 domain (composed of JH3 and part of JH4), and a four-point-one, ezrin, radixin, moesin 

(FERM) domain (composed of part of JH4 to JH7). The SH2 domain of JAK does not 

function as a traditional SH2 despite of the homology to SH2 sequences, given that this 

region does not bind to the phosphotyrosine residues (Higgins, Thompson, & Gibson, 1996; 

Kampa & Burnside, 2000), and the presence of a mutation that normally disrupt the SH2 

domain function does not affect the cytokine receptor activation (Radtke et al., 2005). While 

the binding partners of the SH2 domain are still unknown, the FERM domain can mediate 

interactions with receptors, and was shown to bind to the kinase domain to positively regulate 

the catalytic activity of JAK (Velazquez et al., 1992; Zhou et al., 2001). Another unique 

feature that distinguishes JAK kinases from other protein tyrosine kinases is the presence of a 

tandem kinase-homologous domains (JH1 and JH2) at the carboxyl-terminus of JAKs. The 

JH1 domain is a functional domain, while the JH2 domain is a catalytically inactive 

pseudokinase domain that lacks certain amino acids required for a functional kinase (Baker, 

Rane, & Reddy, 2007). However, biochemical studies have reported that the JH2 domains in 

JAK2 and JAK3 negatively regulate the kinases’ activities (Saharinen & Silvennoinen, 2002; 
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Saharinen, Vihinen, & Silvennoinen, 2003). The significance of the JH2 domain was 

observed in myeloproliferative neoplasms (MPNs), whereby a single point mutation in the 

JH2 domain (V617F) of the JAK2 kinase (Figure 1.12) disrupt the inhibitory role of JH2 on 

JH1, leading to a constitutive tyrosine activity (Baxter et al., 2005; James et al., 2005; 

Kralovics et al., 2005; Levine et al., 2005).  

 

 

 

 

 

Figure 1.11 Structure of JAK tyrosine kinases 

There are seven JAK homology (JH) domains that are divided into four regions: the FERM 

(part of JH4 to JH7), SH2 (JH3 and part of JH4), pseudotyrosine kinase (JH2), and 

catalytically active tyrosine kinase (JH1) regions. The JAK2V617F mutation is found in the JH2 

domain of JAK2 kinase in myeloproliferative disease. Adapted from (Jatiani et al., 2010).  
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The activation of JAKs begins from the ligand-induced oligomerization or dimerization 

of receptors, which then recruits JAKs in the vicinity (Baker et al., 2007). Receptors 

that homodimerize results in the homo-dimerization of JAK2, while receptors that 

heterodimerize presumably lead to the heterodimerization of different JAKs. (O'Shea et 

al., 2015). The recruited JAKs are activated by either auto- and/or transphosphorylation 

by another JAK, other family of kinases and/or receptor tyrosine kinases. Subsequently, 

the activated JAKs will phosphorylate the receptors on the tyrosine sites, which then 

serve as docking sites for other SH2-domain containing molecules such as STATs, Src, 

protein phosphatases and adaptor proteins such as Shc, growth factor receptor-bound 

protein 2 (Grb2) and Casitas B-lineage lymphoma (Cbl) (Rane & Reddy, 2000). 

Therefore, JAKs are an integral mediator between the receptor tyrosine kinases and 

downstream effectors that are known to have central roles in normal tissue homeostasis, 

as well as in the progression of solid cancers. In mammals, JAKs mediate intracellular 

signalling for a wide array of cytokines and growth factors primarily through STATs 

(Table 1.4) 

1.10.3.3.1   JAK2 

About two thirds of receptors activate JAK2 (Table 1.4) and approximately 20 tyrosine 

residues on JAK2 have been identified to be phosphorylated to regulate JAK2 activity 

either positively (e.g. Y1007/1008, Y637, Y813, Y868, Y966 and Y962), or negatively 

(e.g. Y119, Y221, Y317, Y570, Y913, S523) (Haan et al., 2012; Mazurkiewicz-Munoz 

et al., 2006). Extrinsically, JAK2 signalling is also negatively regulated through 

interactions with phosphatases such as SHP1, SHP2, PTP1B and CD45, as well as other 

negative regulators that contain a SH2 domain such as SOCS1, SOCS3 and LNK 
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(Babon et al., 2014). Recent studies in JAK2 knockout and conditional knockout mice 

reported that JAK2 plays a crucial role in mammalian development, mammary gland 

development, fertility, pancreatic β cell homeostasis, and suppression of fatty liver 

disease in adult animals (Schmidt & Wagner, 2012). 

 

 

Table 1.4 Receptor-specific pairing between four JAKs and eight STATs 

Note: Adapted from (Buchert, Burns, & Ernst, 2016). 
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1.10.3.4   STATs 

There are seven mammalian STAT proteins (STAT 1, 2, 3, 4, 5a, 5b, and 6) that share six 

similar structural domains: N-terminal, coiled-coil, DNA-binding, linker, SH2, and carboxyl 

transactivation domains (Figure 1.12) (Miklossy, Hilliard, & Turkson, 2013). The N-terminus 

of STATs can form stable dimers or tetramers upon activation, as well as facilitating receptor 

recognition and phosphatase recruitment. The binding of STATs on phosphotyrosine sites on 

receptors or non-tyrosine kinases leads to the phosphorylation of a specific tyrosine residue 

(Y705) in the C-terminus and activates STATs, which in turn promotes homo- or hetero-

dimerization of STATs through interactions of the SH2 domain and the Y705 of its partner 

(Johnston & Grandis, 2011). Some studies have also reported the phosphorylation of STAT3 

on another tyrosine residue (Y656) by type I interferons, which provides a docking site for 

PI3K (Decker, Muller, & Kovarik, 2013). Subsequently, phosphorylated STATs will 

translocate into the nucleus where they bind to specific DNA-binding elements to regulate 

gene transcription. Phosphorylation of a conserved serine residue (S727) promotes maximal 

activation of gene transcription. STAT1, STAT3, STAT4, STAT5 and STAT6 can 

homodimerize. Additionally, STAT1 and STAT2, and STAT1 and STAT3 can form 

heterodimers, while all STATs (except STAT2) can even form tetramers or potentially higher 

order complexes (Levy & Darnell, 2002). Similar to JAKs, STATs signalling is triggered 

rapidly, leading to the accumulation of STATs in the nucleus. Dephosphorylation of STATs 

occur in the nucleus, and the exportation of STATs back to the cytoplasm subsequently 

follows (Haspel & Darnell, 1999). Under normal conditions, STATs activation is tightly 

controlled by negative regulators acting at multiple levels, including cytoplasmic 

phosphatases (e.g. SHP1, SHP2, PTP1, PTP-BL), SOCS proteins by binding to receptors 
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and/or JAKs catalytic sites, and nuclear regulators [e.g. TC-PTP, protein inhibitor of 

activated STATs (PIAS)] (Levy & Darnell, 2002; Schindler, Levy, & Decker, 2007). 

 

 

 

Figure 1.12 Structure of STAT proteins 

All STAT proteins share a similar structure that is organized into six functional domains: the 

N-terminus, coiled-coil, DNA binding, linker, SH2 and C-terminus transactivation domains. 

The N-terminus is involved in the formation of STAT dimers and tetramers, which is 

necessary for receptor-mediated activation and nuclear translocation. Interactions with STAT 

cofactors via the N-terminus, coiled-coil, and carboxyl transactivation domains facilitate 

STATs positive or negative regulation. Phosphorylation of a conserved serine residue (p-S) 

promotes transcriptional activation, while phosphorylation of a conserved tyrosine residue (p-

Y) triggers dimerization. Adapted from (Hendry & John, 2004). 
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1.10.3.4.1   STAT3 

STAT1, STAT3, STAT5a and STAT5b were identified to have a role in cancer, and can be 

directly activated by growth factor receptors with intrinsic tyrosine kinases activity (e.g. 

EGFR, PDGF and FGFR), cytokine receptors (e.g. IL-2, IL-7, IL-9 and IL-15), and non-

receptor tyrosine kinase (e.g. JAKs, SFKs) (Lim & Cao, 2006; Schindler et al., 2007). In 

addition, STAT3 can also be activated by a number of oncoproteins (e.g. c-Fes Protein-

tyrosin kinase (v-Fps), v-Sis, v-Ros, v-Eyk, Lck, v-abl, Etk/BMX), and adaptor proteins (e.g. 

MEKK1-C and islet-1) (Lim & Cao, 2006; Turkson & Jove, 2000). Notably, constitutive 

STAT3 activation is also linked to tumour viruses, including HTLV-1, polyoma middle T 

antigen, EBV and herpesvirus saimiri through activation of JAKs or Src family kinases 

(Turkson & Jove, 2000).  

The incidence of abnormal STAT3 activation in human tumours is higher than other 

members of the STAT family, in which STAT3 has pivotal role in the induction and/or 

maintenance of the oncogenic phenotype. In normal cells, STATs activation is rapid, with a 

maximum nuclear accumulation within 20 - 30 mins, followed by nuclear localisation for 2 – 

2.5 hr, and dephosphorylation by 4 hr with a half-life no longer than 15 mins (Haspel, Salditt-

Georgieff, & Darnell, 1996). In contrast, constitutive activation of STAT3 has been detected 

in ovarian (Colomiere et al., 2009), breast (Garcia et al., 1997), head and neck squamous cells 

(Song & Grandis, 2000), haematological (Couronné et al., 2013), prostate (Lou et al., 2000), 

melanoma (Fofaria & Srivastava, 2014), pancreas (Corcoran et al., 2011), and brain 

(Cattaneo et al., 1998), and the list of tumours keeps growing. Additionally, the aberrant 

expression of STAT3 has been correlated with poor prognosis in these cancers. Multiple 

potential upstream inputs have led to the constitutive activation of STAT3 in tumours, 

including the over-expression and/or mutations in EGFR, Src, or JAKs (Figure 1.13), and 
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elevated levels of STAT3 ligands in the serum and/or tumour microenvironment. STAT3 can 

transduce signals for the entire IL-6 and IL-10 families through gp130 and IL-10 receptors 

respectively, as well as other ligands summarised in Table 1.4. (Schindler et al., 2007), with 

the dysregulation of IL-6 signalling being the most common contributor to STAT3-associated 

diseases. In addition, inactivation or reduced expression of endogenous regulators such as 

SOCS, PIAS, and PTP proteins may contribute to a sustained activation of STAT3 signalling 

in cancers (Johnston & Grandis, 2011) (Figure 1.13). STAT3 contribute to a broad scope of 

functions in tumorigenesis and tumour progression through dysregulation of STAT3 target 

genes that are involved in cell cycle regulation (e.g. CyclinD1, CyclinD3, c-Myc, p21wafl and 

p27), angiogenesis (VEGF), migration and invasion (e.g. MMP-2, MMP-9 and FAK) and 

inhibition of apoptosis (e.g. Survivin, Mcl-1 and Bcl-XL) (Figure 1.14). Studies have also 

supported the role of STAT3 as a potent immune checkpoint in tumour-promoting 

inflammation and anti-tumour immune suppression by upregulating VEGF, IL-10, TGF-β, 

CTLA-4, PD-1 and PD-L1, NF-κB, and cancer-associated fibroblasts (Ferguson, Srinivasan, 

& Heimberger, 2015; Yu, Pardoll, & Jove, 2009).  

More importantly, STAT3 signalling plays a pivotal role in normal stem cell function, 

including in the reprogramming of human pluripotent stem cells to naïve-like pluripotent 

cells, and in the maintenance of an undifferentiated state of normal embryonic stem cells 

(Chen et al., 2015b; Matsuda et al., 1999; Raz et al., 1999). In recent years, the role of 

STAT3 in CSC regulation has gained significant attention. Wei et al. (2014) demonstrated 

that STAT3 signalling is preferentially activated in breast tumour-initiating cells endowed 

with mammosphere-forming, differentiation and self-renewal capabilities. STAT3 activation 

through IL-6/gp130/JAK signalling was shown to enhance the proliferation and self-renewal 

of glioblastoma cancer stem cells (Hossain et al., 2015), as well as inducing the CSC marker, 

CD133 in hepatocellular carcinoma (Won et al., 2015). In another study, VEGFR-
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2/JAK2/STAT3 signalling was shown to induce the self-renewal of breast and lung CSCs 

(Zhao et al., 2015). In contrast, blockade of IL-6/JAK/STAT3 signalling in prostate CSCs 

significantly suppresses clonogenic ability in vitro and tumorigenicity in vivo (Kroon et al., 

2013), and inhibition of STAT3, FAK and Src reduced CSC markers, tumorigenicity, growth 

and metastasis of breast cancer cells (Thakur et al., 2015).  
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Figure 1.13 Activation and regulation of the STAT3 signalling pathway 

STAT3 can be phosphorylated by the activation of upstream cell surface EGF receptor, or 

through the activation of JAK and Src tyrosine kinases. Non-receptor tyrosine kinases like 

Src can also directly phosphorylate and activate STAT3. Subsequently, phosphorylated 

STAT3 will form a dimer, translocate into the nucleus, bind to target genes and regulate their 

transcription. STAT3 activation is negatively regulated by PTP which dephosphorylates 

STAT3, and PIAS and SOCS proteins which bind to the activating receptors and/or the 

catalytic sites to prevent STAT3 dimerization. Modified from (Nair, Tolentino, & Hazlehurst, 

2012). 
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Figure 1.14 Schematic model for the central role of STAT3 in various processes in 

cancer 

In cancer, STAT3 is constitutively activated. Following phosphorylation and dimerization of 

STAT3 proteins, STAT3 dimer translocates into the nucleus, binds to specific DNA 

sequences, and induces the transcription of target genes that are involved in tumorigenesis, 

tumour progression and regulation of cancer stem cells. Modified from (Harada et al., 2014). 
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1.11 Rationale of the study 

EOC is the most lethal gynaecological cancer and the overall survival has only 

improved marginally over the last three decades (Konstantinopoulos & Matulonis, 

2013). The new paradigm that classified EOC subtypes into type I and type II tumours 

accurately defined the carcinogenesis and highlights the clinicopathologic and 

molecular genetic diversities in each histologic type, which have a direct impact on 

screening and treatment. However, the clinical management of each subtype remains 

identical with the administration of chemotherapeutic drugs which consists of a 

combination of platinum- and taxane-based agents. Serous carcinoma is predominantly 

stage III and IV at initial diagnosis and has a high recurrence rate with the development 

of chemoresistance. In contrast, clear cell carcinoma tends to be low-grade at diagnosis 

but presents a relatively strong resistance to chemotherapeutic drugs and thus carries the 

worst prognosis among other subtypes. Therefore, there is an urgent need to develop 

subtype-specific treatments to improve the outcome of ovarian cancer patients.  

The discovery of CSCs has advanced our understanding of tumorigenesis and 

chemoresistance, and ultimately recurrent disease. Given that JAK2/STAT3 signalling 

has been implicated in the malignant transformation of many cancers, it raises the 

possibility that CSCs and the JAK2/STAT3 signalling pathway may contribute to the 

early events of type I and type II tumours despite the different origins of precursor 

lesions and distinct mutational profiles. STAT3 signalling is a master regulator of 

various genes that are associated with tumour survival, progression, chemoresistance 

and maintenance of CSC-like phenotypes. Hence, abnormal STAT3 activation 

preferably through the JAK2 kinase may be a common contributor of chemoresistance 
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and tumour progression towards recurrence that is shared by all EOC histologic types. 

More importantly, the efficacy of current chemotherapeutic treatment may be improved 

for all subtypes by adopting a CSC-targeted approach by inhibiting JAK2/STAT3 

activation.  

Momelotinib, previously known as CYT387, is an aminopyrimidine derivative and a 

small-molecular ATP-competitive inhibitor of JAK1/JAK2 that was developed for the 

treatment of myelofibrosis (MF) disease (Pardanani et al., 2009; Tyner et al., 2010). At 

nanomolar or low micromolar concentrations, Momelotinib treatment was reported to 

inhibit the growth of cell lines harbouring the JAK2V617F and MPL mutations, as well 

as inhibiting the phosphorylation of JAK2 downstream signalling intermediates - 

ERK1/2, STAT5 and STAT3 (Pardanani et al., 2009; Tyner et al., 2010). In a 

preclinical investigation, mice treated with 50 mg/kg bodyweight Momelotinib twice 

daily by oral gavage displayed complete resolution of splenomegaly with partially 

restored architecture of the spleen, reduced bone marrow fibrosis, and normalized 

haematocrit and white blood cell count. No significant weight loss and toxicity were 

observed in these mice (Bumm et al., 2008). In parallel, another study in a murine 

model of myeloproliferative neoplasms (MPN) found that Momelotinib normalized the 

white cell counts, haematocrit, spleen size, and restored physiologic levels of 

inflammatory cytokines and chemokines such as IFN-γ, IL-3, VEGF, IL-17, IL-9, LIF, 

and IL-1β (Tyner et al., 2010).  In Phase 1/2 clinical trials which consists of patients 

with high- or intermediate-risk primary or post-polycythemia vera/essential 

thrombocythemia MF, Momelotinib was shown to be safe and well tolerated at a 

maximum dose of 300 mg/day even with prolonged administration for over 2.5 years, 

with significant anaemia, spleen and symptom responses in these patients (Pardanani et 
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al., 2012). In addition, a cluster of genes associated with cytokine regulation of immune 

response, cell proliferation and chemotaxis were significantly reduced in patients treated 

with Momelotinib (Pardanani et al., 2013). Of all the JAK2 inhibitors in clinical 

development, Momelotinib has been described to induce durable transfusion 

independent responses (Atallah & Verstovsek, 2012). In Phase III clinical trials, 

Momelotinib achieved the pre-specified primary endpoint of non-inferiority to 

ruxolitinib (first JAK1/2 inhibitor for the treatment of MF) for splenic response rate 

(≥35% reduction in spleen volume), and greater improvements in anemia-related 

secondary endpoints compared to ruxolitinib (Gilead Sciences, 2016; Ostojic, Vrhovac, 

& Verstovsek, 2011). The most frequent adverse events in patients receiving 

Momelotinib for 24 weeks were thrombocytopenia, diarrhoea, headache, dizziness, 

nausea and peripheral neuropathy in 10% of patients (all < grade 3) (Gilead Sciences, 

2016). 

Undoubtedly, future challenges will revolve around evading resistance to single agent 

targeted drugs like Momelotinib, thus combination therapies with two or more 

inhibitors are being studied to address this issue. Besides JAK2, STAT3 can be 

activated by upstream receptors such as EGFR and non-receptor tyrosine kinases such 

as Src. Due to time constraints, it was not possible to study the suppression of both 

EGFR and Src signalling pathways in a CSC model. Hence, the Src inhibition will be 

the second focus of this thesis to target STAT3 signalling.  
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1.12 Hypotheses 

The hypotheses of this thesis are that:  

1. the suppression of paclitaxel-induced activation of the JAK2/STAT3 pathway 

with Momelotinib will inhibit the development of ovarian CSC-like cells, 

prolong the remission period, and reduce the incidence of recurrence in ovarian 

cancer patients, and  

2. the suppression of paclitaxel-induced activation of the Src pathway with 

dasatinib in combination with paclitaxel and Momelotinib will effectively inhibit 

the generation of recurrent ovarian tumours and further prolong the remission 

period in ovarian cancer patients.  

The aims of this study are two-fold: first and primarily, to define the role of 

Momelotinib in the suppression of paclitaxel-induced JAK2/STAT3 activation, and the 

subsequent effect on the development of CSC-like phenotypes, tumour progression, 

metastasis, and chemoresistance in EOC. Secondly, to investigate the role of paclitaxel-

induced Src/STAT3 pathway activation in the development of CSC-like phenotype, 

chemoresistance, as well as tumour complement survival pathway following 

Momelotinib-induced JAK2 suppression in EOC. Cell lines representative of ovarian 

high-grade serous (HEY cells) and clear-cell (TOV21G cells) carcinomas respectively 

were chosen as representatives of Type I and Type II tumours, based on the fact that 

high-grade serous is the most common and lethal subtype, while clear cell carcinoma is 

intrinsically chemoresistant and carries the worst prognosis compared to all EOC 

subtypes.  
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The specific aims of this study are: 

1. To suppress paclitaxel-induced JAK2/STAT3 pathway activation with 

Momelotinib, and to study the subsequent effect on the CSC-like phenotypes 

and chemoresistance in EOC cell lines (Chapter 3), 

2. To determine the effect of combination treatment with paclitaxel and 

Momelotinib on the tumour burden, disease-free survival and expression of 

CSC-like phenotypes in mouse xenograft models (Balbc nu/nu mice) (Chapter 

4), and 

3. To study the effect of Momelotinib and paclitaxel on the activation of STAT3 

complementary Src pathway, and the inhibitory effect of paclitaxel-induced 

Src/STAT3 activation with dasatinib on the CSC-like phenotypes and 

chemoresistance in EOC cell lines.
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CHAPTER 2 

Materials and Methods 
 

2.1 Cell Culture 

2.1.1 Cell Lines 

Two established human epithelial ovarian cancer cell lines were used in this study: 

ovarian serous carcinoma HEY (representative of Type II tumour) and clear cell 

carcinoma TOV21G (representative of Type I tumour). The HEY cell line was 

originated from a human ovarian cancer xenograft (HX-62) formerly grown in a 

peritoneal deposit of a patient with moderately differentiated papillary 

cystadenocarcinoma of the ovary (Buick, Pullano, & Trent, 1985), and was obtained 

from Dr. Georgia Chenevix-Trench, Queensland Institute for Medical Research, 

Australia. The TOV21G cell line was derived from a spontaneously immortalized 

ovarian malignant tumour from a patient who was never exposed to chemotherapy or 

radiation therapy (Provencher et al., 2000), and was generously provided by Prof. David 

Bowtell, Peter MacCallum Cancer Centre, Melbourne, Australia. All cell lines were 

tested for mycoplasma by the Victorian Infectious Disease Reference Laboratory 

(Parkville, Australia). 

2.1.2 Cell Culture Media and Growth Conditions 

The HEY cell line was maintained and propagated in complete RPMI 1640 (Sigma-

Aldrich, Sydney, Australia) supplemented with 10% (v/v) heat inactivated foetal bovine 
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serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA), 2mM L-glutamine 

(Murdoch Childrens Research Institute (MCRI), Victoria, Australia) and 1% (v/v) 

penicillin and streptomycin (MCRI). The TOV21G cell line was maintained in 1:1 

mixture of MCDB131 (Life Technologies, Carlsbad, CA, USA) and Medium 199 

(Lonza, Basel, Switzerland) supplemented with 15% (v/v) heat inactivated FBS 

(Thermo Fisher Scientific), 2mM L-glutamine (MCRI) and 1% (v/v) penicillin and 

streptomycin (MCRI). All cell culture was performed in a biohazard cabined under 

strict sterile conditions with all equipment cleaned with 70% ethanol prior and after use. 

Cells were grown in a sterile, non-pyrogenic BD Falcon® polystyrene tissue culture 

flasks (BD Biosciences, North Ryde, NSW, Australia) in a humidified atmosphere at 

37˚C in the presence of 5% CO2. 

2.1.3 Passaging of Cells 

Upon reaching 70 - 80% confluency, cells were briefly rinsed twice with 0.25% 

Trypsin-EDTA (MCRI, Melbourne, Australia), followed by a 5 - 10 mins incubation in 

0.25% Trypsin-EDTA at 37°C in the presence of 5% CO2 until cells detached from the 

flask. Trypsinized cells were transferred to centrifuge tubes containing respective 

complete growth media as per section 2.1.2 at a 1:1 ratio, and centrifuged at 1200 rpm 

for 5 mins at room temperature. The supernatant was discarded and cell pellet was 

resuspended in complete growth media and subcultured at a 1:5 split ratio into 25cm2, 

75cm2 or 175cm2 sterile, non-pyrogenic BD Falcon® polystyrene tissue culture flasks 

containing fresh complete growth media. Cells were incubated at 37°C in the presence 

of 5% CO2 and were routinely monitored for growth and possible contamination under a 

Leica DM IL Inverted Microscope (Leica Microsystems, Mt Waverly, Australia) until 
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required to be used in assays or re-passaged. Images of cell morphology were taken 

using an Axiovert 100 phase contrast microscope (Zeiss, Oberkochen, Germany), and 

assessed with the Delta PixView Software (Maalov, Denmark). 

2.2 Cell Treatments 

2.2.1 Drug Preparation 

Paclitaxel (Hospira Australia, Melbourne, Victoria, Australia) was directly dissolved in 

respective complete growth media as per section 2.1.2 to concentrations ranging from 

0.0005 - 1µg/ml. Momelotinib (previously known as GS-0387/CYT-0387) (Gilead 

Sciences, CA, USA) and dasatinib (previously known as BMS-354825/SPRYCEL®) 

(Bristol Myers Squibb, NY, USA) were dissolved in dimethyl sulfoxide (DMSO) 

ReagentPlus®, ≥99.5% (Sigma-Aldrich, St. Louis, MO, USA) and were either stored at 

-80°C for 6 months, or dissolved in complete growth media for cell treatment to 

concentrations ranging from 0.5 - 5µM for Momelotinib, and 1 - 50µM for dasatinib. 

All drugs dissolved in complete growth media were prepared the day before and stored 

at 4°C prior to treating cells.  

2.2.2 Drug Treatments 

Upon reaching 60% confluency, the growth medium was discarded and replaced with 

paclitaxel, Momelotinib, a combination of paclitaxel and Momelotinib, dasatinib, or a 

combination of paclitaxel and dasatinib. Cells subjected to treatment were incubated at 

37°C with 5% CO2 for 6 hr, 24 hr or 72 hr before collection and analysis. 
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2.3 Patient samples 

2.3.1 Human Ethics Approval 

This research project was approved by the Human Research and Ethics Committee 

(HREC approval #09/09) of The Royal Women’s Hospital, Melbourne, Australia. 

Human samples were obtained from patients undergoing treatment at The Royal 

Women’s Hospital after obtaining written consent under protocols approved by the 

HREC approval #09/09. Consent from patients to publish the results was also obtained 

and the anonymity of patients is maintained at all times.  

2.3.2 Human Primary Tissue Collection and Preparation 

Primary ovarian tissues were obtained from patients requiring surgery at the Oncology 

Dysplasia Unit of The Royal Women’s Hospital, Melbourne, Australia. The 

histopathological diagnosis, including tumour grade and stage were determined by 

independent pathologists at The Royal Women’s Hospital, Melbourne, Australia as part 

of the clinical diagnosis. The clinical description of patients involved in this study is 

described in Chapter 5. Normal ovarian tissue samples were obtained from women 

undergoing total abdominal hysterectomy or bilateral salpingo-oophorectomy due to 

pre-diagnosed medical conditions. Benign tissue samples were obtained from patients 

who were presented with benign ovarian cysts and required laparotomy. Patients who 

were treated with chemotherapy, immunotherapy or radiation prior to surgery were 

omitted in this study. At the time of collection, tissue samples were fixed in 4% 

paraformaldehyde, or snap frozen in liquid nitrogen and stored at -80°C until required.  
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2.3.3 Human Ascites Collection 

Human ascites samples were collected from patients diagnosed with advanced-stage 

(FIGO stages III-IV) serous ovarian carcinoma, and adenocarcinoma Not Otherwise 

Specified (NOS). Samples were collected during debulking surgery and before the 

commencement of any chemotherapy treatment (termed Chemo-naive), or at the time of 

disease recurrence by paracentesis where patients were not all treated identically but had 

previously received combinations of chemotherapies (termed Chemo-treated). The 

clinical description of patients used in this study is described in Chapter 3. 

2.3.4 Preparation of Tumour Cells derived from the Ascitic Fluid of Ovarian 

Cancer Patients 

Human ascites samples were processed on the day of collection by the established 

method described previously (Latifi et al., 2012). Ascites fluid was centrifuged at 1200 

rpm for 5 mins at room temperature, and the supernatant was discarded. Contaminating 

red blood cells in the cell pellet of ascites were removed by hypotonic lysis using 5mL 

sterile MilliQ H2O and shaking, followed by centrifugation at 1200 rpm for 5 mins at 

room temperature. After discarding the supernatant, the bulk of the ascites cells were 

resuspended in a 1:1 ratio of MCDB 131 (Life Technologies) and DMEM (Sigma-

Aldrich) supplemented with 10% (v/v) heat inactivated FBS (Thermo Fisher Scientific), 

2mM L-glutamine (MCRI), and 1% (v/v) penicillin and streptomycin (MCRI), then 

seeded onto Costar® 6 well clear flat bottom ultra-low attachment multiwall plates or 

Corning® ultra-low attachment culture 100mm petri dishes (Corning Incorporated, NY, 

USA). The ascites cells were incubated at 37°C with 5% CO2 and grown as either non-

adherent spheroid cells or adherent cells before collection within a week. Images of the 
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collected ascites cells were captured using the Axiovert 100 phase contrast microscope 

(Zeiss) and viewed using the Delta PixView Software (Maalov).  

2.4 Trypan Blue Exclusion Assay 

The trypan blue exclusion assay was performed on cultured cell lines to determine the 

number of viable cells. Cells were grown in monolayer and cell pellet obtained by 

trysinisation as per section 2.1.3. Cells were collected by centrifugation at 1200 rpm for 

5 mins then resuspended in 1mL of appropriate growth media. 10µL of cell suspension 

was added to 90µL of growth media (1:10 dilution), followed by a further 1:1 dilution 

with 0.4% trypan blue solution (Sigma-Aldrich). Cell viability was measured using a 

Neubauer haemocytometer and a Leica DM IL Inverted Microscope at 200x 

magnification. Cells were deemed viable if they appeared unstained, and non-viable if 

cells were stained blue.  

2.5 Immunofluorescence 

For cell lines, 1 x 103 cells were seeded onto 8-well NuncTM Lab-TekTM Chamber 

SlideTM System (Thermo Fisher Scientific), cultured as monolayer in respective 

complete growth media as per section 2.1.2. Cells were allowed to reach 60% 

confluency before the old media was discarded and replaced with fresh complete growth 

media, or media containing paclitaxel, Momelotinib, a combination of paclitaxel and 

Momelotinib, dasatinib or a combination of paclitaxel and dasatinib and incubated for a 

defined period as per section 2.2.2. After incubation, cells were washed 3 times with 1X 

PBS and fixed with 4% paraformaldehyde before being immediately stained or stored in 

1X PBS at 4°C until required. For ascites-derived cells, 100 – 200μL of non-adherent 
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spheroid populations prepared as per section 2.3.4 were transferred to a glass, sterile 

plastic 8 well µ-Slides (ibidi, Martinsried, Germany) containing 150μL of fresh 

complete growth media in each chamber well, and cultured until spheroids adhered to 

the slide. Once adhered to the plastic, the cells were washed with 1X PBS and fixed 

with 4% paraformaldehyde for 10 mins before either proceeding with the staining 

process or stored in 1X PBS at 4°C until required.  

Cells were blocked with CAS-BlockTM Histochemical Reagent (Thermo Fisher 

Scientific) for 10 mins as per manufacturer’s instructions, followed by an overnight 

incubation at 4°C with respective primary antibodies (refer to Table 2.1 for a complete 

list of antibodies used, dilutions and manufacturer’s details) with 1X PBS as diluents. 

After 2 washes with 1X PBS, cells were probed with Alexa Fluor® 488 conjugated 

Goat anti-Mouse antibody or Donkey anti-Goat, or Alexa Fluor® 568 conjugated Goat 

anti-Rabbit secondary antibodies (Table 2.2) at a 1:200 dilution using 1X PBS as a 

diluents for 2 hr at room temperature in the dark. 4’,6-diamidino-2-phenylindole (DAPI) 

(Life Technologies) was used to counter stained cells at a 1:50000 dilution for 5 mins 

before mounting the slides with 80% glycerol and secured with coverslips. Fluorescence 

imaging was visualized and captured using an Olympus CellR fluorescent microscope 

and associated software (Olympus Corporation, Tokyo, Japan). The CellR software has 

inbuilt analysis parameters that was set up at equal intensity all the time to avoid biased 

measurements. Semi-quantitative analysis was performed using the ImageJ software to 

assess the fluorescent intensity of individual staining per cell according Arqués et al. 

(2012)’s published method. The results are expressed as a percentage of fold change of 

the protein of interest for each sample.  
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2.6 Western Blotting 

2.6.1 Cell Pellet Preparation 

Cell cultures were harvested once reaching 80% confluency or after a defined 

incubation period with paclitaxel, Momelotinib, or a combination of paclitaxel and 

Momelotinib. Cells were washed twice with 1X PBS and collected by scraping using a 

cell scrapper, followed by a 5 mins centrifugation at 1200 rpm. The supernatant is 

discarded and cell pellet was either stored at -30°C or retained for protein extraction. 

2.6.2 Protein Extraction 

Cell pellet was resuspended in RIPA buffer (Table 2.4) supplemented with 2mM 

sodium orthovanadate (Na3VO4), 2mM phenylmethylsufonlfluoride (PMSF) and 

1mg/ml aprotonin (Sigma-Aldrich), and vortex briefly before transferring into 

eppendorf tubes. The samples were sonicated at an amplitude of 40 for 15 secs, three 

times each, using a Microson Ultrasonic cell disrupted (Misonic Incorporated, New 

York, USA). The protein was then separated from the cellular debris by centrifugation 

at 13000 x g for 15 mins at 4°C. The supernatant containing the protein was aliquoted 

into a fresh microcentrifuge tube for either storage at -80°C or for protein 

quantification. 

2.6.3 Protein Quantification 

The extracted protein concentration was quantified using the Quick StartTM Bradford 

Protein Assay Reagent Kit (Bio-Rad, Hercules, CA, USA). Bovine Serum Albumin 

(BSA) standards were prepared by using dH2O as diluents to create a comparative 
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concentration curve ranging from a concentration of 0 - 2000μg/ml (stock solution). 

5μL of standards and protein lysates were added in duplicate in a 96 well plate with 

200μL Bradford dye to each loaded well. Protein concentrations were quantified 

according to the standard concentration curve by measuring the absorbance (A) at 

595nm using the SpectraMax190 Absorbance Microplate Reader and SoftMax® Pro 

Computer Software (Molecular Devices, Sunnyvale, CA, USA).  

2.6.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

Protein lysate samples were separated using 10% or 15% SDS-PAGE gels under 

reducing conditions. Samples were diluted to 40 - 50μg in a 95:5 ratio of 2x Laemmli 

sample buffer (Bio-Rad) and β-mercaptoethanol (Sigma-Aldrich). Samples were then 

denatured in a heating block at 95°C for 5 mins, centrifuged briefly, and loaded into 

each well, with the pre-stained SDS-PAGE Precision Plus ProteinTM Kaleidoscope 

Standards (Bio-Rad) as a standard ladder. Electrophoresis was performed using a Mini-

Protean II Electrophoresis Cell (Bio-Rad) at a constant voltage of 200 V for 45 mins in 

1X running buffer (Table 2.4). After electrophoresis, the gel was placed on the 

polyvinylidene fluoride (PVDF) nitrocellulose membranes between a bilayer of filters 

and sponges on either side in 1X transfer buffer (Table 2.4). Resolved proteins were 

transferred to the nitrocellulose membrane at a constant voltage of 100 V for 40 mins.  

2.6.5 Protein Detection and Quantification 

Following protein transfer, the nitrocellulose membranes were washed twice with 1X 

Tris Buffer Saline (1X TBS) (Bio-Rad) (Table 2.4) containing 0.05% Tween®-20 (1X 



 

76 
 

TBS-T) for 5 mins each, before being treated using the SuperSignal® Western Blot 

Enhancer (Thermo Fisher Scientific) to enhance the detection of low abundance protein 

as per manufacturer’s instructions. Briefly, the membrane was incubated with the 

SuperSignal® Western Blot Enhancer Antigen Pretreatment Solution for 10 mins with 

shaking, rinsed five times with 1X TBS-T, and blocked with 5% (w/v) Bovine Serum 

Albumin lyophilized powder (≥96%) (Sigma-Aldrich) with 1X TBS-T as diluent for 1 

hr at room temperature. The membrane was then washed with 1X TBS-T (3 times, 5 

mins each) and probed for 48 hr at 4°C with respective primary antibody diluted in the 

SuperSignal® Western Blot Enhancer Primary Antibody Diluent (Thermo Fisher 

Scientific) (refer to Table 2.1 for a complete list of antibodies used, dilutions and 

manufacturer’s details).  

After primary incubation, the membranes were washed with 1x TBS-T (3 times, 5 mins 

each) and probed with the appropriate secondary antibody (Table 2.2) for 2 hr at room 

temperature. After the final washes (3 times, 5 mins each), antibody binding was 

visualised using SuperSignalTM West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific) and a Fuji Film Las-4000 with associated software (GE Healthcare, 

Buckinghamshire, UK). Protein loading was monitored by stripping the membrane with 

Restore Western blot stripping buffer (Thermo Fisher Scientific) for 10 mins at room 

temperature, and the membrane was re-probed with anti-Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (Imgenex, San Diego, CA, USA) primary antibody (1:1000) 

in 1X TBS-T overnight. Semi-quantitative densitometric analysis was performed on all 

blots relative to GAPDH to determine the band density of each protein using ImageJ 

software and presented as a fraction of its corresponding GAPDH band. 
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2.7 Flow Cytometry 

Cells were grown, treated and collected as per sections 2.1.3 and 2.2.2. Cell pellet 

containing ~105 cells per 200μL was resuspended in 1X PBS and incubated with 

primary antibody with or without phycoerythrin (PE)-conjugated for 1 hr at 4°C (refer 

to Table 2.1 for a complete list of antibodies used, dilutions and manufacturer’s details). 

For non-PE-conjugated primary antibodies, cells were washed with 1X PBS, collected 

by centrifugation at 1200 rpm at 4°C for 5 mins, and followed by two more washing 

process before incubating with PE-conjugated goat anti-mouse IgG monoclonal 

antibody (1:100) (Table 2.2) for 20-30 mins at 4°C. Cells were then washed with 1X 

PBS, centrifuged at 1200 rpm at 4°C for 5 mins, and followed by two more washing 

process before the cell pellet was resuspended in 200μL of 1X PBS. Cells were assayed 

using FACScan analytical flow cytometer (BD Biosciences, NJ, USA) and data was 

analysed using the Cell QuestTM software (BD Biosciences). The protein expression was 

measured using the Geo Mean value of the cell surface marker of interest relative to the 

IgG Geo Mean value used as a negative control. Results were expressed as the mean of 

cell fluorescent intensity shown as a histogram.  

2.8 Chemosensitivity Assay 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used 

to determine the approximate 50% growth inhibition (GI50) value for each cell line in 

response to either paclitaxel, Momelotinib, a combination of paclitaxel and 

Momelotinib, dasatinib or a combination of paclitaxel and dasatinib. 2.5 x 104 cells 

were seeded in triplicate in 96 well plates in appropriate complete growth media and 

incubated overnight under the conditions described previously in section 2.1.2. The 
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following day, the media was discarded and replaced with fresh complete growth media, 

or complete growth media containing increasing concentrations of paclitaxel, 

Momelotinib, a combination of paclitaxel and Momelotinib, dasatinib, or paclitaxel and 

dasatinib. After a 48 hr incubation, the media was replaced with 100μL of thiazolyl blue 

tetrazolium (MTT) solution (Sigma-Aldrich) dissolved in 1X PBS to a final 

concentration 0.5mg/mL, and cells were incubated for 2 hr at 37°C with 5% CO2. The 

MTT reagent was then discarded and replaced with 100μL of DMSO, and the plate was 

read at OD595nm using the SpectraMax190 Absorbance Microplate Reader and 

SoftMax® Pro Computer Software (Molecular Devices). The average of each triplicate 

sample was measured and results were expressed as the percentage of the average viable 

cells relative to untreated control cells.  

2.9 Quantitative Real Time PCR (qRT-PCR) Analysis 

2.9.1 Sample Preparation 

Cell lines were cultured as monolayer in 75cm2 flasks as described previously in section 

2.1.2. Upon reaching 80% confluency or after a 24 hr incubation period with paclitaxel, 

Momelotinib or a combination of paclitaxel and Momelotinib as per section 2.2.2, the 

media was discarded and 2mL of TRIzol® (Life Technologies) was added directly to 

the cells, followed by a 5 mins incubation at room temperature on a rocking platform 

for the complete dissociation of nucleoproteins complexes.  

2.9.2 RNA Isolation 

Total RNA was isolated under sterile conditions by phenol-chloroform extraction using 

TRIzol®. For each 1mL of TRIzol® homogenized sample, 200µL of chloroform was 
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added, vigorously shaken by hands for 15 seconds, and incubated for 3 mins at room 

temperature. The aqueous phase was separated by centrifugation at 12000 x g at 4°C for 

15 mins, and approximately 600µL of the aqueous solution was transferred to a sterile 2 

mL microcentrifuge tube. Equal volume of 100% isopropanol was added to the aqueous 

phase before sample was vigorously vortexed, incubated for 10 mins at room 

temperature, and centrifuged at 12000 x g at 4°C for 10 mins. The supernatant was 

discarded and the pellet was washed with 75% ethanol eluted in sterile RNase free H2O 

(Life Technologies), followed by a 5 mins centrifugation at 8000 x g at 4°C. The 

washing step was repeated with 500µL of the 75% ethanol and centrifugation. The 

resultant pellet was air dried for 10 mins at room temperature and 10 - 20µL of RNase 

free H2O was used to resuspended the pellet. The concentration and purity of RNA were 

analysed by NanodropTM 2000 Spectrophotometer (Thermo Fisher Scientific).  

2.9.3 RNA Gel 

All equipment was sterilized with 0.5mM of Sodium Peroxide (NaOH) for 15 mins then 

rinsed with autoclaved MilliQ H2O. To prepare a 1.2% agarose gel, 0.6g of UltraPureTM 

Agarose (Invitrogen, Carlsbad, CA, USA) was added to sterile 1X Tris-borate-EDTA 

(TBE) (Table 2.4) before heating up in a microwave for 2 mins or until the mixture 

turned clear. 1.8mL of the GelRed Nucleic Acid Stain (Biotium, Fremont, CA, USA) 

was added into the gel mixture, and the mixture was immediately poured into the gel 

tray. After the gel was allowed to set for 30 mins, the samples premixed with 3mL of 

loading mixture 6X DNA Loading Dye Solution (Thermo Fisher Scientific) were loaded 

into the wells and the gel was ran at 80V for 35 mins. The integrity of the 18S bands 

was analysed under the UV light. 
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2.9.4 cDNA synthesis 

cDNA synthesis was performed using a High Capacity cDNA Reverse Transcription 

Kits (Applied Biosystems, Foster City, CA, USA) as per manufacturer’s instructions. 

500ng of the RNA sample was added to 6.8µL of pre-prepared cDNA synthesis Master 

Mix (2mL of 10X RT buffer, 2µL of 10X RT Random Primer, 1µL of MultiscribeTM, 

1µL of RNA inhibitor and 0.8µL of 25X dNTP mix) before being made up to a final 

volume of 20µL with sterile RNase free H2O (Life Technologies). To synthesize single 

strand cDNA, the PCR reaction was incubated at 25°C for 10 mins, followed by 37°C 

for 60 mins, 85°C for 5 mins and stored at 4°C using a Veriti Thermo Cycler (Life 

Technologies). The resultant cDNA was stored at -80°C until required. 

2.9.5 Primer Design 

All primers were specially designed except the housekeeping 18S gene, which was 

obtained from (Schmittgen & Zakrajsek, 2000). The RNA sequence of the gene of 

interest was searched using Gateway (http://genome.ucsc.edu/cgi-bin/hgGateway) to 

identify the locations of the exons and introns. The Primer 3 website 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) was then used to design a 

primer surrounding the introns to avoid genomic contamination. The designed primers 

were assessed using the Basic Local Alignment Search Tool (BLAST) 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) before purchasing from GeneWorks 

(Thebarton, SA, Australia). The forward and reverse primer sequences are described in 

Table 2.3. 

http://genome.ucsc.edu/cgi-bin/hgGateway
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi


 

81 
 

2.9.6 Polymerase Chain Reaction (PCR) 

All primers were ran with a gradient PCR standards using the Veriti Thermo Cycler 

(Life Technologies) to identify the best annealing temperature for the primers of 

interests. For each 1X 25µL of PCR reaction, 24µL of PCR master mix containing 

10.5µL of sterile MilliQ H2O, 12.5µL of GoTaq® Green Master Mix (Promega, 

Madison, WI, USA), 0.5µL of both 50pmole forward and 50pmole reverse primers for 

the gene of interest (refer to Table 2.3 for the forward and reverse primer sequence) was 

added to 1µL of cDNA or water as a negative control. PCR was performed under a set 

conditions: denature at 95°C for 7 mins, followed by 35 cycles of denaturation at 95°C 

for 35 secs, 50-65°C annealing for 35 secs, 72°C extension for 30 secs, and extension 

for 7 mins. 

2.9.7 Standards Preparation for Quantitative Reverse Transcriptase-PCR (qRT-

PCR) 

2% DNA Agarose gel was prepared similar to RNA gel as described per section 2.9.3 

without any pre-sterilization of equipments required. After PCR amplification, 25µL of 

each sample and the prepared DNA ladder (9µL of MilliQ water and 1µL of DNA 

ladder) were loaded into the gel. The gel was ran using a Mini-Protean II 

Electrophoresis Cell (Bio-Rad) at a constant voltage of 110 V for 30 mins, followed by 

a 120 V for 30 mins in 1X TBE. The gel was then analysed under the UV light and right 

sized bands were excised from the gel. DNA extraction was performed using the 

QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany) as per manufacturer’s 

instructions to obtained a total of 30µL per purified sampled. The concentration of the 
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purified DNA was determined using the NanodropTM 2000 Spectrophotometer (Thermo 

Fisher Scientific) before being diluted to 100pg/µL and stored at -20°C. 

2.9.8 qRT-PCR 

The peak fluorescence signals were first determined for each gene of interest based on 

the melting curves. For each 1X 10µL of qRT-PCR reaction, 6µL of PCR master mix 

(5µL SYBR® green master mix premixed with Rox magicmix (Life Technologies), 

0.2µL of both 50µM forward and 50µM reverse primers for the gene of interest (Table 

2.3) and 0.6µL of RNase free H2O) was aliquoted into each well of an optical grade 

384-well plate (Applied Biosystems), before 4µL of the diluted cDNA samples (1:20) 

was added. The plate was then sealed, centrifuged at 1200 rpm for 1 min, and PCR 

amplification was performed in triplicate for each sample using an ABI ViiA7 (Applied 

Biosystems). Amplification conditions were consistent for all runs: denature at 95°C for 

10 mins, followed by 45 cycles of 95°C amplification for 15 secs, 60°C annealing for 20 

secs, 72°C extension for 20 secs and fluorescence captured within 78-88°C for 20 secs. 

Results were then analysed with the ABI ViiA7 associated software (version 1.2) 

(Applied Biosystems) and expressed as the absolute value of the gene of interest 

normalized to the 18S housekeeping gene.  

2.10 In vivo Experiments 

2.10.1 Animal Ethics  

This study was performed in strict accordance with the recommendations in the Guide 

for the Care and Use of the Laboratory Animals of the National Health and Medical 

Research Council of Australia. The experimental protocol was approved by the 
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Department of Surgery, Royal Melbourne Hospital and University of Melbourne’s 

Animal Ethics Committee (Project-006/11), and was endorsed by the Research and 

Ethics Committee of The Royal Women’s Hospital, Melbourne, Australia.  

2.10.2 Intraperitoneal Injection and Treatment of Balb/c Nude mice 

Female Balb/c nu/nu mice (age 6 - 8 weeks) were obtained from the Animal Resources 

Centre, Western Australia and were housed in a standard pathogen-free environment 

with access to food and water. 5 x 106 viable cells per group (as determined by Trypan 

Blue Exclusion Assay in section 2.4) were injected by intraperitoneal (i.p.) injection 

with a 26-gauge needle into each mouse. After 19 days, mice were treated with weekly 

paclitaxel at a concentration of 15mg/kg of mice bodyweight by i.p. injection with or 

without Momelotinib treatment given daily at a concentration of 25mg/kg of mice 

bodyweight by oral gavage using 22ga x 25mm plastic feeding tubes (Instech 

Laboratories, Walker Scientific, WA, Australia). Mice were inspected every 2 - 3 days 

and tumour formation was monitored based on the overall body condition and body 

weight of the mice until the pre-determined endpoint was reached. Endpoint criteria 

included loss of body weight exceeding 20% of initial body weight, anorexia and 

general patterns of diminished wellbeing such as an abnormality in respiration, motility, 

posture, and response to provocation. Mice were euthanized in a CO2 chamber and 

organs (such as liver, kidney, gastrointestinal tract, pancreas and spleen) and solid 

tumours were collected for further examination. Mice tumours were stored in either 4% 

paraformaldehyde or immediately snap frozen in liquid nitrogen and stored at -80°C 

until required.  
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2.10.3 Processing of Mice Tissues 

Formalin-fixed mice organs and resected tumours were paraffin embedded by staff at 

the Anatomical Pathology Laboratory Services, The Royal Children’s Hospital, 

Melbourne, Australia. The tissues samples were dehydrated in 70% ethanol, incubated 

for 2 hr, and a further 1 hr incubation in a 90% ethanol solution. The dehydrating 

process was repeated two more times in fresh solution each time. Samples were then 

immersed in xylene for 2 hr to remove the excess ethanol before the tissues were 

embedded in paraffin wax for 2 hr. 

2.10.4 Haematoxylin and Eosin Stain (H&E Stain) 

H&E staining of mouse organs and tumours was performed by the staff at the 

Anatomical Pathology Laboratory Services located at The Royal Children’s Hospital, 

Melbourne, Australia according to the standard H&E protocol (Puchtler, Meloan, & 

Waldrop, 1986). Paraffin embedded tissues were sectioned at 4µm thickness, 

deparaffinised by submerging the sections in xylene for 3 mins, rehydrated in graded 

ethanol and stained for 3 mins with Haematoxylin (Australian Biostain Pty Ltd, 

Traralgon, VIC, Australia). Slides were then rinsed with water, followed by a rinse with 

0.25% Acid Alcohol (70% alcohol, 25% Hydrochloric Acid) and Scott’s Tapwater 

Substitute (Sodium hydrogen carbonate, Magnesium Sulphate, Tap Water and Thymol). 

Sections were stained with Eosin (Amber Scientific, Midvale, WA, Australia) for 2 

mins before final rinsing with absolute alcohol and xylene. The metastatic development 

of i.p. injected cells was assessed by a qualified pathologist at The Royal Women’s 

Hospital, Melbourne, Australia according to the histological examination of the 

Haematoxylin and Eosin Stain (H&E) of organs (Lillie & Fullmer, 1976). Histological 
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images of stained organs and tumours were taken using an Axioskop 2 microscope 

connected to a Nikon DM1200C digital camera and processed using the NIS-Elements 

F3.0 software (Nikon, Tokyo, Japan). 

2.10.5 Immunohistochemical Analysis of Tumour Xenografts 

Formalin-fixed, paraffin embedded 4µm-sectioned mouse tumour xenografts were 

stained using a Ventana Benchmark Immunostainer (Ventana Medical Systems, Inc. 

Tucson, Az, USA). Tumour sections were de-waxed with Ventana EZ Prep and 

endogenous peroxidise activity blocked using the Ventana Universal DAB inhibitor. 

Primary antibodies against P-JAK2, T-JAK2, P-STAT3, T-STAT3, P-SRC, T-SRC, P-

EGFR, T-EGFR, cytokeratin 7 (ck-7), Ki-67, CA125, Oct4, CD117 (c-kit), and CD31 

(see Table 2.1 for complete list of antibodies details) were diluted as per manufacturer’s 

instructions. The sections were counter-stained with Ventana Haematoxylin and 

Blueing solution, and primary antibody staining was detected using the ultraView 

Universal DAB detection Kit (Roche, Basel, Switzerland). Negative controls were 

prepared by incubating each tumour sections without primary antibodies. Sections of 

human breast tissue, high-grade ovarian tumours and human tonsils were used as 

positive controls to determine the staining efficacy of primary antibodies. 

Immunohistochemistry images were taken using an Aperio ImageScope (Leica 

Microsystems, Mt Waverly, Australia) with the associated digital pathology viewing 

software. DAB staining was measured using the open source image processing package 

Fiji (https://fiji.sc/) with a plug-in developed to recognize DAB staining for 10 

randomly captured images per section. Results were expressed as the DAB staining 

https://fiji.sc/
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intensity of the negative control subtracted from the DAB staining of the antibody of 

interest. 

2.11 Statistical Analysis 

Welch’s t-test was used for the statistical analyses of all biological assays involving 

comparison between two groups. Comparisons between two groups with more than one 

independent variables were analysed using Two-Way ANOVA with Bonferroni’s post 

hoc test. Comparisons between more than two groups to designated control groups were 

analysed using One-Way ANOVA with Dunnett’s post hoc test. Comparisons between 

more than two groups with one independent variable were analysed using One-Way 

ANOVA with Tukey’s post hoc test. Comparisons of survival curves were analysed 

using Kaplan-Meier curves with Log-rank test. Each experiment was performed a 

minimum of three replicates using a minimum of three biological samples. Data was 

analysed using Microsoft Excel 2010 and GraphPad Prism Software (version 6). A 

probability level of p<0.05 was adopted throughout to determine statistical significance. 

Results are presented as the mean ± standard error of the mean (SEM) unless otherwise 

stated.  
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Table 2.1 Information list of primary antibodies 

Antibody Host Isotype Concentration Assay Dilution Supplier Cat # Country 

CA-125 (OC125) Mouse IgG1κ 0.23µg/mL IHC - Ventana, Roche 760-260 AZ, USA 

CD133/1 (AC133) PE, 

human 
Mouse IgG1κ 1mg/mL FC 1/100 Miltenyl Biotec 130098826 

Bergisch 

Gladbach, 

Germany 

CD31 (JC70) Mouse IgG1κ 0.536µg/mL IHC - Ventana, Roche 760-4378 AZ, USA 

c-Kit (Ab81) Mouse mAb Mouse IgG1 1mg/mL IF 1/200 
Cell Signalling 

Technology 
3308 

Danvers, 

MA, USA 

CONFIRM anti-Cytokeratin 

7 (SP52) Rabbit Monoclonal 

Primary Antibody  

Rabbit - Unknown IHC - Ventana, Roche 790-4462 AZ, USA 

CONFIRM anti-Ki-67 (30-

9) Rabbit Monoclonal 

Primary Antibody 

Rabbit - 2µg/mL IHC - Ventana, Roche 790-4286 AZ, USA 

DAPI, FluoroPureTM grade  - - 10mg IF 1/50000 Thermo Fisher Scientific  D21490 
Waltham, 

MA, USA 

E-Cadherin Monoclonal 

Antibody (HECD-1) 
Mouse IgG1  100µg IF 1/200  Thermo Fisher Scientific 13-1700 

Waltham, 

MA, USA 

EGFR (1005) Rabbit - 0.2mg/mL 
IF, 

IHC 

1/200, 

- 
Santa Cruz Biotechnology sc-03 Texas, USA 

EpCAM (VU1D9) Mouse 

mAb 
Mouse IgG1 1mg/mL 

IF, 

FC 

1/200, 

1/100 

Cell Signalling 

Technology 
2929 

Danvers, 

MA, USA 

Human/Mouse Aldehyde 

Dehydrogenase 1-A1/ 

ALDH1A1 Antibody 

Goat -  0.2mg/mL IF 1/200  R&D Systems  AF5869 
Minneapolis, 

MN, USA 

Jak2 (D2E12) XP® Rabbit 

mAb 
Rabbit - 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
3230 

Danvers, 

MA, USA 

Mouse anti-N-Cadherin Mouse IgG1κ 0.5mg/ml IF 1/200 Invitrogen 33-3900 
Carlsbad, 

CA, USA 



 

88 
 

Oct-4 (C30A3) Rabbit mAb Rabbit - 1mg/mL IF 1/200 
Cell Signalling 

Technology 
2840 

Danvers, 

MA, USA 

Oct-4 (MRQ-10) Mouse Unknown Unknown IHC - Ventana, Roche 760-4392 AZ, USA 

PATHWAY anti-c-KIT (9.7) 

Primary Antibody 
Rabbit - Unknown IHC - Ventana 790-2951 AZ, USA 

PE anti-human CD44 Mouse IgG1κ Unknown FC 1/100 BioLegend 338807 
San Diego, 

CA, USA 

PE Mouse IgG1, κ Isotype 

Control 
Mouse IgG1κ 1mg/mL FC 1/100 BD Biosciences 551436 NJ, USA 

Phospho-EGF Receptor 

(TYR1173) (53A5) Rabbit 

mAb 

Rabbit - 1mg/mL 
IF, 

IHC 

1/200, 

- 

Cell Signalling 

Technology 
4407 

Danvers, 

MA, USA 

Phospho-Jak2 

(Tyr1007/1008) (C80C3) 

Rabbit mAb 

Rabbit - 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
3776 

Danvers, 

MA, USA 

Phospho-Src Family 

(Tyr416) (D49G4) Rabbit 

mAb 

Rabbit - 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
6943 

Danvers, 

MA, USA 

Phospho-Stat3 (Tyr705) 

(3E2) Mouse mAb 
Mouse IgG1 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
9138 

Danvers, 

MA, USA 

Polyclonal Antibody to 

GAPDH 
Rabbit - 0.1mg/mL WB 1/1000 Imgenex 

IMG-

5143A 

San Diego, 

CA, USA 

Purified anti-human SSEA-4 Mouse IgG3κ 1mg/mL FC 1/100 BioLegend 330401 
San Diego, 

CA, USA 

Src (36D10) Rabbit mAb Rabbit - 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
2109 

Danvers, 

MA, USA 

Stat3 (124H6) Mouse mAb Mouse IgG2a 1mg/mL 

WB, 

IF, 

IHC 

1/1000, 

1/200, 

- 

Cell Signalling 

Technology 
9139 

Danvers, 

MA, USA 

Note: FC: Flow Cytometry; IF: Immunofluorescence; WB: Western Blot; IHC: Immunohistochemistry
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Table 2.2 Information list of secondary antibodies 

Antibody Host Concentration Assay Dilution Supplier Cat # Country 

Donkey anti-Goat IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 

Donkey 2mg/mL IF 1/200 Thermo Fisher Scientific  A-11055 
Waltham, MA, 

USA 

F(ab')2-Goat anti-Rabbit IgG 

(H+L) Secondary Antibody, Alexa 

Fluor® 568 conjugate 

Goat 2mg/mL IF 1/200 Thermo Fisher Scientific  A-21069 
Waltham, MA, 

USA 

Goat anti-Mouse IgG (H+L) 

Polyclonal Secondary Antibody, 

Alexa Fluor® 488 conjugate 

Goat 2mg/mL IF 1/200 Thermo Fisher Scientific  A-11001 
Waltham, MA, 

USA 

Goat Anti-Rabbit IgG, HRP-

conjugate (Polyclonal Antibody) 
Goat 1mg/mL WB 1/1000 Merck Millipore 12-348 

Billerica, MA, 

USA 

Goat F(ab')2 Anti-Mouse 

IgM+IgG+IgA (H+L) R-

phycoerythrin (R-PE) conjugated 

Goat 0.25mg/mL FC 1/100 Southern Biotech 1012-09 
Birmingham, AL, 

USA 

Mouse IgG Horseradish 

Peroxidase-conjugated Antibody 
Mouse 1mg/mL WB 1/1000 R&D Systems HAF007 

Minneapolis, MN, 

USA 

Note: FC: Flow Cytometry; IF: Immunofluorescence; WB: Western Blot
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Table 2.3 Primer sequences of human oligonucleotides used in quantitative real-time PCR 

Oligonucleotide Name 
Forward (F) 5' - 3' 

Reverse (R) 5' - 3' 
Primer Sequence (5' - 3') Size (bp) 

CD117 
F  GCC CAC AAT AGA TTG GTA TTT 

570 
R AGC ATC TTT ACA GCG ACA GTC 

CD44 
F  CCA ATG CCT TTG ATG GAC CA 

1477 
R TGT GAG TGT CCA TCT GAT TC 

EpCAM 
F  CGT CAA TGC CAG TGT ACT TCA GTT G 

301 
R TCC AGT AGG TTC TCA CTC GCT CAG 

Oct4A 
F  CTC CTG GAG GGC CAG GAA TC 

381 
R CCA CAT CGG CCT GTG TAT AT 

PROM1 
F  ATT GGC ATC TTC TAT GGT TT 

167 
R GCC TTG TCC TTG GTA GTG T 

SOX-2 
F  ATG CAC CGC TAC GAC GTG A 

437 
R CTT TTG CAC CCC TCC CAT TT 

18S 
F  GTA ACC CGT TGA ACC CCA TT 

153 
R CCA TCC AAT CGG TAG TAG CG 
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Table 2.4 Laboratory Buffers 

Buffer Name Preparation 

10X Tris Buffer Saline 

(TBS) 

25nM Tris, 150mM NaCL and 2mM KCl were 

dissolved in 1L Milli-Q H2O. The pH was adjusted to 

7.4 using concentrated hydrochloric acid (HCl) and the 

solution was diluted to a 1X working stock with Milli-

Q H2O. 

SDS PAGE running buffer 

100mL of 10X Tris/Glycine/SDS [0.25M Tris, 192mM 

Glycine, 0.1% SDS (BioRad, Hercules, CA, USA)] 

was diluted in 900mL Milli-Q H2O.  

Western Blot transfer buffer 

100mL of 10X Tris/Glycine [0.25M Tris, 0.192M 

Glycine, pH 8.3 (Biorad)] was added to 600mL Milli-

Q H2O and 300mL 100% Methanol.  

RIPA buffer 

1% Triton X-100, 50mM Tris, 0.5% Sodium 

deoxycholate, 0.1% SDS, 158mM NaCl, 2mM EDTA 

and 50mM NaF were dissolved in 100mL Milli-Q 

H2O. The pH was adjusted to 7.4 using concentrated 

HCL. 

Saline solution 9g of NaCl was dissolved in 1L of Milli-Q H2O. 

1X Tris/Borate/EDTA 

890mM Tris, 890mM boric acid and 0.5M EDTA were 

dissolved in 1L of autoclaved Milli-Q H2O. The pH 

was adjusted to 8.3 using concentrated HCL. 
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CHAPTER 3 

Momelotinib suppresses paclitaxel-induced 

JAK2/STAT3 pathway activation, reduces 

cancer stem cells-like phenotypes, and 

restores chemosensitivity in ovarian cancer 

cells 
 

3.1 Introduction 

Paclitaxel has remained the first-line of therapy of ovarian cancer patients, but the development 

of paclitaxel resistance continues to pose a major obstacle to the successful treatment. Emerging 

studies have elucidated the presence of a rare CSC population that can evade chemotherapy-

induced killing, and subsequently contribute to the development of tumour recurrence and 

chemoresistance. In addition, the plastic nature of CSCs, associated with EMT/MET phenotypes 

is said to be crucial for tumour progression and metastasis (Ahmed et al., 2010). Therefore, 

therapeutic targeting of CSCs has a profound clinical implication for cancer treatment. The 

JAK2/STAT3 signalling has been shown to be important for the growth and self-renewal of 

CSCs (Yu et al., 2014), which led to the consideration of targeting the JAK2/STAT3 pathway 

with the aim to eliminate CSCs and overcome chemoresistance in ovarian cancer. Studies in this 

Chapter investigated the effect of chemotherapy on the activation of the JAK2/STAT3 pathway, 

and expression of CSC-like and EMT markers in tumour cells derived from the ascites of 

advanced-stage serous EOC patients.  

EOC is a heterogenous disease classified into five main subtypes: high-grade serous, 

endometrioid, clear cell, mucinous and low-grade serous carcinomas (Section 1.4.1). 

Traditionally, EOC is thought to arise from the inclusion cysts trapped within the ovarian cortex 

(Theriault et al., 2007). More recently, a new model for ovarian carcinogenesis, constituting of 
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Type I and II tumours, has been proposed according to histopathological, molecular and genetic 

studies (Kurman & Shih, 2010). Type I tumours, such as ovarian clear cell carcinoma, low-

grade serous, mucinous, endometrioid and transitional cell carcinoma are suggested to exhibit 

an indolent behaviour. On the other hand, Type II tumours, such as high-grade serous, 

undifferentiated carcinomas and carcinosarcomas are suggested to be more aggressive. 

Additionally, Type I tumours have been said to be more resistant to chemotherapy than Type II 

tumours (Romero & Bast, 2012). The difference in the underlying molecular and genetic 

profiles in different subtypes may rely on different pro-tumorigenic cell signalling pathways 

which determines the effectiveness of a specific targeted approached. Thus, two EOC cell line 

models, HEY and TOV21G cell lines representative of high-grade serous (Type II tumour) and 

clear cell (Type I tumour) carcinomas respectively were used in this chapter to study the in vitro 

effect of paclitaxel with or without Momelotinib (a potent ATP-competitive inhibitor of 

JAK1/2) on the activation of the JAK2/STAT3 pathway.  

Personalised medicine is closer to reality and drug development has evolved due to a dramatic 

increase in knowledge about the molecular basis of the tumours. A number of monoclonal 

antibodies and small molecular inhibitors are being studied either for the use alone or in 

combination with chemotherapy (Weiner, Surana, & Wang, 2010). This chapter investigated the 

efficacy of combination therapy of paclitaxel and Momelotinib in vitro, with the aim to target 

CSCs in different EOC histological subtypes (specifically high-grade serous and clear cell 

carcinoma) and to overcome chemoresistance. 
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3.2 Results 

3.2.1   Activated JAK2/STAT3 pathway expression is enhanced in tumour cells 

isolated from the ascites of advanced-stage recurrent serous ovarian cancer 

patients compared to chemo-naïve patients 

To investigate the changes in the activation of the JAK2/STAT3 pathway, the expression and 

localization of P-JAK2/STAT3 and T-JAK2/STAT3 were evaluated by immunofluorescence in 

the non-adherent spheroid populations isolated from the ascites of unmatched advanced-stage 

recurrent serous ovarian cancer patients previously treated with chemotherapy (n=6) and 

advanced-stage chemo-naïve serous ovarian cancer patients (n=8). A description of each 

patient’s ascites sample is detailed in Table 3.1. P-JAK2/STAT3 and T-JAK2/STAT3 

expressions were seen in both the cell nucleus and cytoplasm (Figure 3.1A). Varying degrees of 

total protein expression and corresponding phosphorylated protein expression was observed. 

This was due to heterogeneity in the tumours of different patients. The mean fluorescence 

intensity of P-JAK2 and P-STAT3 proteins was normalized to the mean fluorescence intensity 

of the respective T-JAK2 and T-STAT3 proteins in the matching samples. Significant increase 

in P-JAK2 and P-STAT3 mean fluorescent intensity was observed in tumour cells derived from 

the ascites of chemotherapy-treated recurrent patients compared to those derived from chemo-

naive patients (P=0.018 and 0.003 respectively) (Figure 3.1B). 
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Table 3.1 Description of patients recruited in Chapters 3 and 5 

SAMPLE 

CLASSIFICATION 
DIAGNOSIS GRADE 

FIGO 

STAGE 
TREATMENT 

AGE AT 

DIAGNOSIS 
SURVIVAL 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IV None 76 7 mo at death 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IIIc None 64 1 mo at death 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IV None 83 

1 yr 10 mo at 

death 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IIIc None 41 1 yr 7 mo ALC 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IIIc None 52 1 yr 9 mo ALC 

Chemo-naïve Carcinosarcoma NOS 
G3 (poorly 

differentiated) 
IIc None 62 2 yr 2 mo ALC 

Chemo-naïve 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IIIc None 63 9 mo ALC 

Chemo-naïve Adenocarcinoma NOS 
G3 (poorly 

differentiated) 
IV None 52 1 yr ALC 
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Recurrent 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IV 

Carboplatin and Paclitaxel 6 cycles 

Carboplatin 4 cycles 

Cisplatin 2 cycles 

Doxorubicin Pegylated Liposomal 1 cycle 

50 
1 yr 10 mo at 

death 

Recurrent 
Serous surface papillary 

carcinoma 

G3 (poorly 

differentiated) 
IIIc 

ICON6 Trial 8 cycles 

Carboplatin and Paclitaxel 6 cycles 

OVAR16/VEG110655 Trial 4 cycles 

Cisplatin 6 cycles 

Doxorubicin Pegylated Liposomal 6 cycles 

Docetaxel 3 cycles 

REZOLVE Study 3 cycles 

Paclitaxel 1 cycle 

59 4 yr 7 mo at death 

Recurrent 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IV 

REZOLVE Study 5 cycles 

Unspecified Regimen 7 cycles 

Doxorubicin Pegylated Liposomal 6 cycles 

Paclitaxel 5 cycles 

Cisplatin 6 cycles 

57 5 yr 8 mo at death 

Recurrent 
Serous cystadenocarcinoma 

NOS 

G3 (poorly 

differentiated) 
IIIc 

Carboplatin and Paclitaxel 6 cycles 

PrePARE Study 2 cycles 

Cisplatin 5 cycles 

Unspecified Regimen 6 cycles 

Doxorubicin Pegylated Liposomal 5 cycles 

61 2 yr 2 mo at death 

Recurrent 
Papillary serous 

cystadenocarcinoma 

G1 (well 

differentiated) 
IIIc 

Carboplatin and Paclitaxel 3 cycles 

Doxorubicin Pegylated Liposomal 4 cycles 
31 9 mo at death 

Recurrent 
Papillary serous 

cystadenocarcinoma 

G3 (poorly 

differentiated) 
IIc 

Carboplatin and Paclitaxel 6 cycles 

Lilly Trial 3 cycles 

Cisplatin 1 cycle 

Doxorubicin Pegylated Liposomal 3 cycles 

Paclitaxel 2 cycles 

REZOLVE Study 1 cycle 

68 6 yr 1 mo at death 

Note: NOS: Not otherwise specified, yr: years, mo: months, ICON6: a randomised three-arm, three stages, placebo-controlled multi-centre Gynaecologic Cancer InterGroup (GCIG) phase III trial of cediranib in 

platinum-sensitive relapsed ovarian cancer (Ledermann et al., 2017), OVAR16/VEG110655: a phase III study to evaluate the efficacy and safety of pazopanib monotherapy in women with epithelial ovarian, fallopian 

tube, or primary peritoneal cancer who have not progressed after first line chemotherapy (Sapiezynski et al., 2016), REZOLVE: a phase II study to evaluate the palliative benefit of intraperitoneal bevacizumab in 

patients with symptomatic ascites due to advanced, chemotherapy-resistant ovarian and related cancers (Sjoquist et al., 2014), PrePARE: a phase III multicentre study to assess the role of geriatric intervention in the 

treatment of older patients with cancer (Soubeyran et al., 2016), Lilly: a randomised, double-blind, placebo-controlled phase Ib/II study of Ralimetinib (LY2228820), a p38 MAPK Inhibitor, together with Gemcitabine 
and Carboplatin versus Gemcitabine and Carboplatin for women with platinum-sensitive ovarian cancer (Patnaik et al., 2016). 
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Figure 3.1 Activation of the JAK2/STAT3 pathway in ascites-derived tumour cells from chemo-

naïve and chemotherapy-treated recurrent serous ovarian cancer patients 

 (A) Expression and localization of the JAK2/STAT3 pathway activation in non-adherent tumour cells 

derived from the ascites of chemo-naïve and chemotherapy-treated recurrent ovarian cancer patients 

were evaluated by immunofluorescence staining. Tumour cells were isolated from the ascites as 

described in the “Materials and Methods” section and were assessed for the expressions of T-JAK2, T-

STAT3, P-JAK2 and P-STAT3 by immunofluorescence using rabbit polyclonal and mouse monoclonal 

antibodies. Staining was visualized using the secondary Alexa 590 (red) and Alexa 488 (green) 

fluorescent-labelled antibodies, and nuclei were detected by DAPI (blue) staining. Images are 

representative of n=8 chemo-naïve and n=6 recurrent ascites-derived tumour cells. Magnification was 

400X; scale bar = 250µm. (B) Quantification of T-JAK2/STAT3 and P-JAK2/STAT3 fluorescent 

intensity was determined by using ImageJ. Results are expressed as the average fluorescent intensity 

values of P-JAK2 or P-STAT3 relative to T-JAK2 or T-STAT3 respectively ± SEM. Welch’s t-test was 

used to determine the significance as is indicated by *p<0.05, **p<0.01. 
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3.2.2 Expression of CSC-like and EMT markers remained unchanged in ascites-

derived tumour cells of recurrent chemotherapy-treated high-grade serous ovarian 

cancer patients compared to chemo-naïve patients 

To determine whether the expression of CSC-like and EMT markers changes after 

chemotherapy treatment, the expression of cell surface CSC-like markers - Oct4A, c-Kit, 

EpCAM and ALDH1, and EMT markers - E-Cadherin and N-Cadherin were analysed by 

immunofluorescence in the ascites-derived tumour cells of recurrent chemotherapy-treated 

patients and those derived from chemo-naïve serous ovarian cancer patients. Oct4A and c-Kit 

expression were noted in the cell nucleus, while EpCAM, ALDH1, E-Cad and N-Cad were 

detected mainly in the cell cytoplasm (Figures 3.2A and 3.3A). Overall, quantification of the 

fluorescent intensities of CSC-like and EMT markers showed no significant difference between 

the ascites-derived tumour cells of chemotherapy-treated recurrent and chemo-naïve patients 

(Figures 3.2B and 3.3B).
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Figure 3.2 Expression of CSC-like markers in ascites-derived tumour cells from chemo-naïve and chemotherapy-treated recurrent serous ovarian cancer patients 

(A) Expression and localization of ovarian CSC markers in cells derived from the ascites of chemo-naïve and chemotherapy-treated recurrent serous ovarian cancer patients 

were evaluated by immunofluorescence staining. Cells were isolated from the ascites as described in the “Materials and Methods” section and were assessed for the 

expression of Oct4A, c-Kit, EpCAM and ALDH1 by immunofluorescence using rabbit polyclonal and mouse monoclonal antibodies. Staining was visualized using the 

secondary Alexa 590 (red) and Alexa 488 (green) fluorescent-labelled antibodies, and nuclei were detected by DAPI (blue) staining. Images are representative of n=8 chemo-

naïve and n=6 recurrent ascites-derived tumour cells. Magnification was 400X; scale bar = 250µm. (B) Quantification of Oct4A, c-Kit, EpCAM and ALDH1 fluorescent 

intensity was determined by using ImageJ. Results are expressed as the average fluorescent intensity values ± SEM. Welch’s t-test was used to determine the significance.  
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Figure 3.3 Expression of EMT markers in ascites-derived tumour cells from chemo-naïve and 

chemotherapy-treated recurrent serous ovarian cancer patients 

(A) Expression and localization of EMT markers in cells derived from the ascites of chemo-naïve and 

chemotherapy-treated recurrent serous ovarian cancer patients were evaluated by immunofluorescence. 

Cells were isolated from the ascites as described in the “Materials and Methods” section and were 

assessed for the expression of E-Cadherin and N-Cadherin by immunofluorescence using mouse 

monoclonal antibody. Staining was visualized using the secondary Alexa 488 (green) fluorescent-

labelled antibody and nuclei were detected by DAPI (blue) staining. Images are representative of n=8 

chemo-naïve and n=6 recurrent ascites-derived tumour cells. Magnification was 400X; scale bar = 

250µm. (B) Quantification of E-Cadherin and N-Cadherin fluorescent intensity was determined by 

using ImageJ. Results are expressed as the average fluorescent intensity values ± SEM. Welch’s t-test 

was used to determine the significance.  
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3.2.3 Determining paclitaxel concentration in established ovarian cancer cell 

lines 

The cytotoxicity of paclitaxel against ovarian cancer high-grade serous, HEY cells and clear 

cell carcinoma, TOV21G cells was evaluated by MTT assay using a range of paclitaxel 

concentrations for 48 hr. The fraction of surviving HEY cells fell sharply initially and reached 

a plateau after exposure to paclitaxel concentrations ranging from 0.05 - 1µg/mL, while 

TOV21G cells demonstrated a significant reduction in cell viability following treatment with 

paclitaxel concentrations from 0.0025 - 0.05µg/mL in a dose-dependent manner compared to 

untreated cells (TOV21G cells were treated with paclitaxel concentrations ranging from 

0.0005 - 0.05µg/mL) (Figure 3.4). The concentration of paclitaxel that was slightly higher 

than the GI50 value was selected for further in vitro study for both HEY (0.05µg/mL) and 

TOV21G (0.01µg/mL) cell lines. This was to ensure that the chosen concentration of 

paclitaxel is sufficient to induce a cellular response without compromising the adequacy of 

cell number for analysis.
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Figure 3.4 Effect of paclitaxel on the cell viability of HEY and TOV21G ovarian cancer 

Ovarian cancer (A) HEY and (B) TOV21G cell lines were treated with paclitaxel concentration ranging 

from 0.05 - 1µg/mL and 0.0005 - 0.05µg/mL respectively for 48 hr before analysis by MTT assay as 

described in the “Materials and Methods” section. Results are expressed as the percentage of the 

average OD reading relative to untreated cells ± SEM of four independent experiments performed in 

triplicate. Parametric One-way ANOVA with Dunnett’s multiple comparison post-test was used. 

Significance is indicated by **p<0.01, ***p<0.001 compared to untreated. The intersected line in each 

graph represents the drug concentration chosen for HEY and TOV21G cell lines.
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3.2.4 Treatment with paclitaxel induced the activation of the JAK2/STAT3 

pathway in the serous ovarian HEY cell line 

In normal cells, the JAK2/STAT3 signalling pathway is transiently activated in response to 

various cytokines and growth factors such as IL-6, IL-10, IL-17, LIF and VEGF (Priceman et 

al., 2013). Consequently, the regulation and functions of STAT3 are highly dependent on cell 

types and activating stimulus (Rosen et al., 2006). To study the activation pattern of the 

JAK2/STAT3 pathway in EOC high-grade serous cell type in response to paclitaxel 

treatment, the total cell lysates of HEY cells treated with the pre-determined GI50 paclitaxel 

concentration of 0.05µg/mL for 6, 24 and 72 hr were assessed by Western Blot for the protein 

expression of total and phosphorylated JAK2 and STAT3. A maximum increase in P-JAK2 

protein expression in HEY cells was observed following a 6 hr incubation with paclitaxel 

compared to untreated cells (P=0.007) (Figure 3.5Bi), while a maximum increase in P-STAT3 

protein expression was observed following a 24 hr incubation period compared to untreated 

cells (P=0.02) (Figure 3.6Bi). Abubaker et al. (2014b) showed a significant increase in P-

JAK2/STAT3 following a 72 hr incubation period with paclitaxel concentration of 

0.001µg/mL in HEY cells. However, in this study, treatment with 0.05µg/mL paclitaxel for 

72 hr in the same cell line showed a significant reduction in P-JAK2 protein expression when 

compared to control untreated cells and cells treated with 0.05µg/mL paclitaxel for 6 and 24 

hr (P=0.03, <0.0001 and 0.01 respectively). A reduction in P-STAT3 protein expression was 

also observed in cells treated with 0.05µg/mL paclitaxel for 72 hr when compared to control 

untreated cells and cells treated for 6 and 24 hr (P=0.2, 0.01 and 0.0004 respectively), 

however no significant difference was detected when compared to the control untreated cells. 

The expression of T-JAK2 and T-STAT3 showed no significant changes between the 

untreated cells, and cells treated with paclitaxel for 6 and 24 hr, but was significantly reduced 

in cells treated with paclitaxel for 72 hr when compared to control untreated cells and cells 
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treated for 6 and 24 hr with paclitaxel (P=0.004, 0.0008 and 0.0003 respectively for T-JAK2; 

P=0.003, 0.0006 and 0.002 respectively for T-STAT3) (Figures 3.5Bii and 3.6Bii). 

The activation pattern of the JAK2/STAT3 pathway in HEY cells in response to paclitaxel 

treatment was further validated by immunofluorescence analysis. Consistently, a significant 

increase was noted in P-JAK2 expression following a 6 hr treatment, and P-STAT3 

expression following a 24 hr treatment when compared to both control untreated (P=0.01 and 

0.008 respectively) and 72 hr paclitaxel-treated cells (P=0.006 and 0.001 respectively) 

(Figures 3.7Bi and 3.8Bi). P-JAK2, P-STAT3, T-JAK2 and T-STAT3 proteins were localized 

mainly in the cytoplasm of untreated cells, while nuclear and cytoplasmic localization was 

observed following paclitaxel treatment independent of treatment incubation time (Figures 

3.7A and 3.8A). No significant difference in T-JAK2 and T-STAT3 fluorescent intensity was 

observed between the untreated cells and cells treated with paclitaxel for 6, 24 and 72 hr 

(Figures 3.7Bii and 3.8Bii).
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Figure 3.5 JAK2 activation in HEY cells in response to paclitaxel treatment 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel for 6, 24 and 72 

hr of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific 

for P- or T-JAK2. Total protein load was determined by stripping and re-probing the membranes with 

GAPDH. Images are representative of four independent lysate samples. (B) Densitometric analysis of 

(i) P-JAK2 and (ii) T-JAK2 protein expression was determined by using ImageJ. The values represent 

the relative mean of band intensity normalized to GAPDH loading control ± SEM of four independent 

experiments. Parametric one-way ANOVA with Tukey’s post-test was used. Significance is indicated 

by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.6 STAT3 activation in HEY cells in response to paclitaxel treatment 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel for 6, 24 and 72 

hr of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific 

for P- or T-STAT3. Total protein load was determined by stripping and re-probing the membranes with 

GAPDH. Images are representative of four independent lysate samples. (B) Densitometric analysis of 

(i) P-STAT3 and (ii) T-STAT3 protein expression was determined by using ImageJ. The values 

represent the relative mean of band intensity normalized to GAPDH loading control ± SEM of four 

independent experiments. Parametric one-way ANOVA with Tukey’s post-test was used.Significance 

is indicated by *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3.7 JAK2 activation and localization in HEY cells in response to paclitaxel treatment 

(A) Expression and localization of the JAK2 pathway activation in ovarian cancer HEY cells following 

a 6, 24 or 72 hr treatment with paclitaxel were determined by immunofluorescence staining. Untreated 

and treated cells were assessed for the expression of P-JAK2 and T-JAK2 by immunofluorescence 

using rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected 

by DAPI (blue) staining. Images are representative of three independent experiments. Magnification 

was 400X; scale bar = 250µm. (B) Quantification of (i) P-JAK2 and (ii) T-JAK2 fluorescent intensity 

was determined by using ImageJ. Results are expressed as the percentage of the average fluorescent 

intensity value relative to untreated cells ± SEM of three independent experiments. Parametric One-

way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01.
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Figure 3.8 STAT3 activation and localization in HEY cells in response to paclitaxel treatment 

(A) Expression and localization of the STAT3 pathway activation in ovarian cancer HEY cells 

following a 6, 24 or 72 hr treatment with paclitaxel were determined by immunofluorescence staining. 

Untreated and treated cells were assessed for the expression of P-STAT3 and T-STAT3 by 

immunofluorescence using mouse monoclonal antibody as described in the “Materials and Methods” 

section. Staining was visualized using the secondary Alexa 488 (green) fluorescent-labelled antibody 

and nuclei were detected by DAPI (blue) staining. Images are representative of three independent 

experiments. Magnification was 400X; scale bar = 250µm. (B) Quantification of (i) P-STAT3 and (ii) 

T-STAT3 fluorescent intensity was determined by using ImageJ. Results are expressed as the 

percentage of the average fluorescent intensity value relative to untreated cells ± SEM of three 

independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance 

is indicated by *p<0.05, **p<0.01. 
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3.2.5 JAK2/STAT3 activation is transiently increased in response to paclitaxel 

treatment in an ovarian cancer clear-cell carcinoma cell line, TOV21G 

Advanced-stage clear cell carcinomas belong to Type I tumour appear relatively resistant to 

conventional chemotherapy compared to Type II disease. This reflects the molecular 

abnormalities in different EOC histologic subtypes which manifests differences in the 

treatment response to the same treatment regimen (Clamp & Jayson, 2015). To investigate the 

activation pattern of the JAK2/STAT3 signalling pathway in clear cell carcinoma cells in 

response to paclitaxel treatment, TOV21G cells were treated with the predetermined GI50 

paclitaxel concentration of 0.01µg/mL for 6, 24 and 72 hr and the expression of JAK2/STAT3 

activation was analysed by Western Blot and immunofluorescence. Overall, rapid and 

transient activation of the JAK2/STAT3 pathway was observed in TOV21G cells following 

paclitaxel treatment. Western blot analysis revealed a significant increase in P-JAK2 protein 

expression following a 6 hr incubation period which peaked at 24 hr incubation with 

paclitaxel when compared to both control untreated cells (P=0.003 and 0.0003 respectively) 

and cells treated with paclitaxel for 72 hr (P=0.0002 and <0.0001 respectively) (Figure 

3.9Bi). A significant increase in P-STAT3 expression following a 6 and 24 hr treatment 

compared to control untreated cells was also observed (P=0.008 and 0.003 respectively) 

(Figure 3.10Bi). No significant difference was detected in P-JAK2 and P-STAT3 band 

intensity between control untreated and 72 hr paclitaxel-treated cells, and in T-JAK2 and T-

STAT3 band intensity between all groups (Figures 3.9Bii and 3.10Bii). 

Quantification of fluorescence intensity also revealed a significant increase in P-JAK2 

expression in the 6 hr which was sustained at 24 hr of paclitaxel treatment compared to both 

control untreated (P=0.0017 and 0.0006 respectively) and 72 hr paclitaxel-treated cells 

(P=0.002 and 0.0006 respectively) (Figure 3.11Bi). Consistent with this, a significant increase 

in P-STAT3 expression in the 24 hr paclitaxel-treated cells compared to untreated and 72 hr 

paclitaxel-treated cells was also observed (P=0.009 and 0.02 respectively) (Figure 3.12Bi). 
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No significant difference was detected in the fluorescent intensity of P-JAK2 and P-STAT3 

between the control untreated cells and cells treated with paclitaxel for a 72 hr period, and in 

the total proteins between all groups (Figures 3.11Bii and 3.12Bii). No changes in the nuclear 

and cytoplasmic localization of the P-JAK2, P-STAT3, T-JAK2 and T-STAT3 proteins were 

observed following paclitaxel treatment when compared to the untreated cells (Figures 3.11A 

and 3.12A). 
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Figure 3.9 JAK2 activation in TOV21G cells in response to paclitaxel treatment 

(A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel for 6, 24 and 72 

hr of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific 

for P- or T-JAK2. Total protein load was determined by stripping and re-probing the membranes with 

GAPDH. Images are representative of three independent lysate samples. (B) Densitometric analysis of 

(i) P-JAK2 and (ii) T-JAK2 protein expression was determined by using ImageJ. The values represent 

the relative mean of band intensity normalized to GAPDH loading control ± SEM of three independent 

experiments. Parametric one-way ANOVA with Tukey’s post-test was used. Significance is indicated 

by **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.10 STAT3 activation in TOV21G cells in response to paclitaxel treatment 

(A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel for 6, 24 and 72 hr 

of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific for 

P- or T-STAT3. Total protein load was determined by stripping and re-probing the membranes with 

GAPDH. Images are representative of three independent lysate samples. (B) Densitometric analysis of (i) 

P-STAT3 and (ii) T-STAT3 protein expression was determined by using ImageJ. The values represent the 

relative mean of band intensity normalized to GAPDH loading control ± SEM of three independent 

experiments. Parametric one-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

**p<0.01.
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Figure 3.11 JAK2 activation and localization in TOV21G cells in response to paclitaxel treatment 

(A) Expression and localization of the JAK2 activation in ovarian cancer TOV21G cells following a 6, 24 

or 72 hr treatment with paclitaxel were determined by immunofluorescence staining. Untreated and 

treated cells were assessed for the expression of P-JAK2 and T-JAK2 by immunofluorescence using 

rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was visualized 

using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected by DAPI 

(blue) staining. Images are representative of three independent experiments. Magnification was 400X; 

scale bar = 250µm. (B) Quantification of (i) P-JAK2 and (ii) T-JAK2 fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent intensity 

value relative to untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA 

with Tukey’s post-test was used. Significance is indicated by **p<0.01, ***p<0.001. 
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Figure 3.12 STAT3 activation and localization in TOV21G cells in response to paclitaxel treatment  

(A) Expression and localization of the STAT3 activation in ovarian cancer TOV21G cells following a 6, 

24 or 72 hr treatment with paclitaxel were determined by immunofluorescence staining. Untreated and 

treated cells were assessed for the expression of P-STAT3 and T-STAT3 by immunofluorescence using 

mouse monoclonal antibody as described in the “Materials and Methods” section. Staining was visualized 

using the secondary Alexa 488 (green) fluorescent-labelled antibody and nuclei were detected by DAPI 

(blue) staining. Images are representative of three independent experiments. Magnification was 400X; 

scale bar = 250µm. (B) Quantification of (i) P-STAT3 and (ii) T-STAT3 fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent intensity 

value relative to untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA 

with Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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3.2.6 A dose-dependent effect of Momelotinib on JAK2/STAT3 activation in 

epithelial ovarian cancer cell lines 

Paclitaxel treatment resulted in the activation of JAK2 and STAT3 in both HEY and 

TOV21G cells, as previously shown in Sections 3.2.4 and 3.2.5. In order to determine an 

appropriate concentration of Momelotinib that effectively suppresses the activation of the 

JAK2/STAT3 pathway induced by paclitaxel treatment, HEY and TOV21G cells were treated 

with their respective GI50 concentrations of paclitaxel in conjunction with increasing doses of 

Momelotinib concentrations ranging from 0.5 - 5µM for 24 hr, and the expression of the 

JAK2/STAT3 activation was analysed by Western blot and immunofluorescence. Western 

blot analysis revealed a significant reduction in P-JAK2 band intensity by ~2-fold, and P-

STAT3 band intensity by ~3-fold in HEY cells treated with Momelotinib at concentrations 

ranging from 0.5- 2µM and 5µM when compared to paclitaxel-treated cells only (Figures 

3.13Bi and 3.14Bi). Although no significant difference was observed in the band intensity 

between all groups, a similar trend in suppression was observed in TOV21G cells where P-

JAK2 and P-STAT3 expressions were down-regulated in cells treated with Momelotinib 

concentrations ranging from 0.5 - 3µM when compared to paclitaxel-treated cells only 

(Figures 3.15Bi and 3.16Bi). No significant differences were detected in T-JAK2 and T-

STAT3 protein expression between all groups in both HEY and TOV21G cells (Figures 

3.13Bii, 3.14Bii, 3.15Bii and 3.16Bii). 

The localization of P-JAK2 and P-STAT3 proteins was observed in the nuclear and cytoplasm 

in both cell lines independent of treatment types (Figures 3.17A, 3.18A, 3.19A and 3.20A). 

Overall, the percentage of P-JAK2 and P-STAT3 fluorescent intensity in HEY cells was 

significantly reduced following treatment with Momelotinib concentrations of 0.5 - 5µM 

compared to paclitaxel-treated cells (Figures 3.17B and 3.18B). Similarly in TOV21G cells, 

P-JAK2 expression was markedly reduced in cells treated with 0.5 – 5µM of Momelotinib, 

and P-STAT3 in cells treated with 1 – 5µM of Momelotinib when compared to paclitaxel-
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treated cells (Figures 3.19B and 3.20B). In both cell lines, treatment with 1µM of 

Momelotinib resulted in the largest mean difference in P-JAK2 (HEY: 67.21, TOV21G: 

107.40) and P-STAT3 (HEY: 51.24, TOV21G: 80.99) expression when compared to 

paclitaxel treatment alone, thus 1µM of Momelotinib was selected for the treatment of both 

cell lines. 
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Figure 3.13 Dose-dependent effect of Momelotinib on paclitaxel-induced JAK2 activation in HEY 

cells 

Optimal suppression of JAK2 activation in HEY cells treated with paclitaxel and increasing 

concentrations of Momelotinib was evaluated by Western blot. (A) Total cell lysates of untreated and 

cells treated with 0.05µg/mL paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM 

for 24 hr were subjected to immunoblot analysis using antibody specific for P- or T-JAK2. Total 

protein load was determined by stripping and re-probing the membranes with GAPDH. Images are 

representative of three independent lysate samples. (B) Densitometric analysis of (i) P-JAK2 and (ii) T-

JAK2 protein expression was determined by using ImageJ. The values represent the relative mean of 

band intensity normalized to GAPDH loading control ± SEM of three independent experiments. 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05, 

**p<0.01.
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Figure 3.14 Dose-dependent effect of Momelotinib on paclitaxel-induced STAT3 activation in 

HEY cells 

Optimal suppression of STAT3 activation in HEY cells treated with paclitaxel and increasing 

concentrations of Momelotinib was evaluated by Western blot. (A) Total cell lysates of untreated and 

cells treated with 0.05µg/mL paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM 

for 24 hr were subjected to immunoblot analysis using antibody specific for P- or T-STAT3. Total 

protein load was determined by stripping and re-probing the membranes with GAPDH. Images are 

representative of three independent lysate samples. (B) Densitometric analysis of (i) P-STAT3 and (ii) 

T-STAT3 protein expression was determined by using ImageJ. The values represent the relative mean 

of band intensity normalized to GAPDH loading control ± SEM of three independent experiments. 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by **p<0.01, 

***p<0.001. 
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Figure 3.15 Dose-dependent effect of Momelotinib on paclitaxel-induced JAK2 activation in 

TOV21G cells 

Optimal suppression of JAK2 activation in TOV21G cells treated with paclitaxel and increasing 

concentrations of Momelotinib was evaluated by Western blot. (A) Total cell lysates of untreated and 

cells treated with 0.01µg/mL paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM 

for 24 hr were subjected to immunoblot analysis using antibody specific for P-JAK2 or T-JAK2 (top 

band as indicated by the arrow). Total protein load was determined by stripping and re-probing the 

membranes with GAPDH. Images are representative of three independent lysate samples. (B) 

Densitometric analysis of (i) P-JAK2 and (ii) T-JAK2 protein expression was determined by using 

ImageJ. The values represent the relative mean of band intensity normalized to GAPDH loading 

control ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s post-test 

was used.
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Figure 3.16 Dose-dependent effect of Momelotinib on paclitaxel-induced STAT3 activation in 

TOV21G cells 

Optimal suppression of STAT3 activation in TOV21G cells treated with paclitaxel and increasing 

concentrations of Momelotinib was evaluated by Western blot. (A) Total cell lysates of untreated and 

cells treated with 0.01µg/mL paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM 

for 24 hr were subjected to immunoblot analysis using antibody specific for P- or T-STAT3. Total 

protein load was determined by stripping and re-probing the membranes with GAPDH. Images are 

representative of three independent lysate samples. (B) Densitometric analysis of (i) P-STAT3 and (ii) 

T-STAT3 protein expression was determined by using ImageJ. The values represent the relative mean 

of band intensity normalized to GAPDH loading control ± SEM of three independent experiments. 

Parametric One-way ANOVA with Tukey’s post-test was used.
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Figure 3.17 Dose-dependent effect of Momelotinib on paclitaxel-induced JAK2 activation and 

localization in HEY cells 

(A) Expression and localization of P-JAK2 in ovarian cancer HEY cells treated with 0.05µg/mL 

paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM for 24 hr were evaluated by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-JAK2 

using rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected 

by DAPI (blue) staining. Images are representative of three independent experiments. Magnification 

was 200X; scale bar = 300µm. (B) Quantification of P-JAK2 fluorescent intensity was determined by 

using ImageJ. Results are expressed as the percentage of the average fluorescent intensity value relative 

to untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA with 

Dunnett’s post-test was used to compare the mean of each group with the mean of paclitaxel-treated 

group. Significance is indicated by *p<0.05, ****p<0.0001.
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Figure 3.18 Dose-dependent effect of Momelotinib on paclitaxel-induced STAT3 activation and 

localization in HEY cells 

(A) Expression and localization of P-STAT3 in ovarian cancer HEY cells treated with 0.05µg/mL 

paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM for 24 hr were evaluated by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-STAT3 

using mouse monoclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 488 (green) fluorescent-labelled antibody and nuclei were 

detected by DAPI (blue) staining. Images are representative of three independent experiments. 

Magnification was 200X; scale bar = 300µm. (B) Quantification of P-STAT3 fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent 

intensity value relative to untreated cells ± SEM of three independent experiments. Parametric One-

way ANOVA with Dunnett’s post-test was used to compare the mean of each group with the mean of 

paclitaxel-treated group. Significance is indicated by *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 3.19 Dose-dependent effect of Momelotinib on paclitaxel-induced JAK2 activation and 

localization in TOV21G cells 

(A) Expression and localization of P-JAK2 in ovarian cancer TOV21G cells treated with 0.01µg/mL 

paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM for 24 hr were evaluated by 

immunofluorescence. Untreated and treated cells were assessed for the expression of P-JAK2 using 

rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected 

by DAPI (blue) staining. Images are representative of three independent experiments. Magnification 

was 200X; scale bar = 300µm. (B) Quantification of P-JAK2 fluorescent intensity was determined by 

using ImageJ. Results are expressed as the percentage of the average fluorescent intensity value relative 

to untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA with 

Dunnett’s post-test was used to compare the mean of each group with the mean of paclitaxel-treated 

group. Significance is indicated by *p<0.05, ****p<0.0001. 
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Figure 3.20 Dose-dependent effect of Momelotinib on paclitaxel-induced STAT3 activation and 

localization in TOV21G cells 

(A) Expression and localization of P-STAT3 in ovarian cancer TOV21G cells treated with 0.01µg/mL 

paclitaxel and/or Momelotinib at concentrations ranging from 0.5 - 5µM for 24 hr were evaluated by 

immunofluorescence. Untreated and treated cells were assessed for the expression of P-STAT3 using 

mouse monoclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 488 (green) fluorescent-labelled antibody and nuclei were 

detected by DAPI (blue) staining. Images are representative of three independent experiments. 

Magnification was 200X; scale bar = 300µm. (B) Quantification of P-STAT3 fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent 

intensity value relative to untreated cells ± SEM of three independent experiments. Parametric One-

way ANOVA with Dunnett’s post-test was used to compare the mean of each group with the mean of 

paclitaxel-treated group. Significance is indicated by *p<0.05, **p<0.01, ****p<0.0001. 
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3.2.7 Paclitaxel with or without Momelotinib induced morphological changes 

consistent with epithelial- or mesenchymal-like phenotypes 

To study the morphological changes induce by paclitaxel, Momelotinib or a combination of 

paclitaxel and Momelotinib, ovarian cancer HEY and TOV21G cells were incubated with 

their respective paclitaxel GI50 concentrations in conjunction with 1µM Momelotinib for a 

period of 24 hr, and cell morphology was assessed by a phase contrast microscopy. Paclitaxel 

treatment alone or in combination with Momelotinib in HEY cells resulted in the appearance 

of a rounded epithelial phenotype compared to the spindle-shaped mesenchymal phenotype in 

untreated cells, while no morphological change was observed in cells treated with 

Momelotinib alone (Figure 3.21A). In addition to an epithelial change in cell morphology, the 

presence of a few giant multinucleated residual cells was observed following treatment with 

paclitaxel with or without Momelotinib. On the other hand, the pre-existence of giant 

multinucleated cancer cells was observed among the cuboidal-shaped TOV21G cells, which 

was sustained in residual cells treated with paclitaxel and/or Momelotinib (Figure 3.21B). 

Treatment with paclitaxel, Momelotinib or a combination of both in TOV21G cells resulted in 

the appearance of a spindle-like protrusion in some cells.
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Figure 3.21 Morphological changes in HEY and TOV21G cell lines following treatments with paclitaxel and/or Momelotinib by a phase contrast microscope 

Morphological features of ovarian cancer (A) HEY and (B) TOV21G cell lines under normal culture conditions, and cells treated with 0.05µg/mL and 0.01µg/mL of 

paclitaxel respectively with or without 1µM of Momelotinib for 24 hr. Images were captured by phase contrast microscope. Magnification was 100X; scale bar = 250µm. 

Arrows indicate giant multinucleated cancer cells. 
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3.2.8 Momelotinib reduced cell viability and enhanced the cytotoxicity of 

paclitaxel in epithelial ovarian cancer cells 

STAT3 has been shown to regulate genes involved in tumour survival by inducing the 

expression of anti-apoptotic genes (e.g. Mcl-1, Survivin and Bcl-xL), and cell-cycle 

progression genes (e.g. cyclin D1 and c-Myc), as well as inhibiting genes that are pro-

apoptotic (Yu & Jove, 2014). In contrast, inhibition of JAK2/STAT3 signalling was shown to 

induce apoptosis in many human cancers (Darvin et al., 2015; Du et al., 2012; Iwamaru et al., 

2006; Judd et al., 2014; Severin et al., 2016; Tian et al., 2012). Therefore, to determine the in 

vitro cytotoxicity of Momelotinib treatment alone in ovarian cancer, HEY and TOV21G cells 

were treated with increasing Momelotinib concentrations ranging from 0.5 - 5µM for 48 hr 

and cell viability was evaluated by MTT assay. Overall, increasing concentrations of 

Momelotinib treatment alone demonstrated a dose-dependent reduction in cell viability in 

both cell lines, with a GI50 value of ~4µM for HEY cells and ~2µM for TOV21G cells (Figure 

3.22). The concentration of Momelotinib chosen for both cell lines were not based on the GI50 

value but on the optimal suppression of the JAK2 phosphorylation, which was 1µM as shown 

in Section 3.2.6. Treatment with 1µM of Momelotinib significantly reduced the percentage of 

viable cells compared to untreated cells (P=0.0007, mean difference of 21.4% for HEY cells 

and P=0.0001, mean difference of 26.7% for TOV21G cells). Next, the in vitro cytotoxicity of 

Momelotinib in combination with paclitaxel was investigated in HEY and TOV21G cells. The 

addition of 1µM of Momelotinib to 0.05 - 1µg/mL of paclitaxel concentrations in HEY cells 

significantly reduced the cell viability by approximately two-to-three-fold when compared to 

cells treated with paclitaxel alone, with a reduction of paclitaxel GI50 value of ~0.1µg/mL to 

<0.01µg/mL (Figure 3.23A). Ovarian TOV21G cells treated with a combination of paclitaxel 

(ranging from 0.0005 - 0.05µg/mL) and 1µM of Momelotinib demonstrated a dose-dependent 

reduction in cell viability, and a reduction in the paclitaxel GI50 value of ~0.005µg/mL to 

~0.0005µg/mL (Figure 3.23B). 
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Figure 3.22 Effect of Momelotinib on cell viability in HEY and TOV21G ovarian cancer cell lines 

Ovarian cancer (A) HEY and (B) TOV21G cell lines were treated with 0.5 - 5µM of Momelotinib for 

48 hr before analysis by MTT assay as described in the “Materials and Methods” section. Results are 

expressed as the percentage of the average OD reading relative to untreated cells ± SEM of three 

independent experiments performed in triplicate. Parametric One-way ANOVA with Dunnett’s 

multiple comparison post-test was used. Significance is indicated by **p<0.01, ***p<0.001, 

****p<0.0001 compared to untreated. The intersected line in each graph represents the GI50.
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Figure 3.23 Effect of treatment combination with paclitaxel and Momelotinib on cell viability in 

HEY and TOV21G ovarian cancer cell lines 

Ovarian cancer (A) HEY and (B) TOV21G cell lines were treated with paclitaxel (0 - 1µg/mL and 0 - 

0.05µg/mL respectively) and 1µM of Momelotinib for 48 hr before analysis by MTT assay as 

described in the “Materials and Methods” section. Results are expressed as the percentage of the 

average OD reading relative to untreated cells ± SEM of three independent experiments performed in 

triplicate. Two-way ANOVA with Bonferroni’s multiple comparison post-test was used. Significance 

is indicated by *p<0.05, **p<0.01, ***p<0.001 compared to paclitaxel treatment alone. The intersected 

line in each graph represents the GI50. 
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3.2.9 Momelotinib suppressed intrinsic and paclitaxel-induced activation of the 

JAK2/STAT3 pathway in EOC cell lines 

To compare the JAK2/STAT3 activation in response to paclitaxel, Momelotinib, or a 

combination of paclitaxel and Momelotinib in EOC high-grade serous and clear cell 

carcinoma cells, HEY and TOV21G cells were treated with their respective paclitaxel GI50 

concentration with or without 1µM of Momelotinib for 24 hr, and the expression of P-JAK2 

and P-STAT3 was evaluated by Western blot and immunofluorescence. Western blot analysis 

confirmed that paclitaxel treatment in HEY cells increased the expression of P-JAK2 and P-

STAT3 over a 24 hr treatment period compared to untreated cells, however significance was 

only detected for P-STAT3 (P=0.005) (Figures 3.24 and 3.25). Treatment with Momelotinib 

with or without paclitaxel significantly reduced the expression of P-JAK2 and P-STAT3 

when compared to paclitaxel treatment alone (Momelotinib: P=0.007 and 0.0003 respectively; 

paclitaxel and Momelotinib: P=0.007 and 0.001 respectively). Similarly, the expression of P-

JAK2 and P-STAT3 was significantly increased in TOV21G cells treated with paclitaxel 

when compared to that of untreated cells (P=0.0009 and 0.03 respectively) (Figures 3.26 and 

3.27). Treatment with Momelotinib and a combination of paclitaxel and Momelotinib 

significantly reduced the expression of P-JAK2 in TOV21G cells when compared to both 

untreated (P=0.006 and 0.008 respectively) and paclitaxel-treated cells (P=<0.0001 for both), 

and P-STAT3 when compared to paclitaxel-treated cells (P=0.0008 for both). These 

observations were confirmed by quantification of immunofluorescence, which also revealed 

significant reduction in the percentage of P-JAK2 and P-STAT3 expression in cells treated 

with either Momelotinib or combination of paclitaxel and Momelotinib when compared to 

paclitaxel-treated cells in both cell lines (Figures 3.28Bi, 3.29Bi, 3.30Bi and 3.31Bi). No 

significant difference was detected for T-JAK2 and T-STAT3 fluorescent intensity in both 

cell lines (Figures 3.28Bii, 3.29Bii, 3.30Bii and 3.31Bii). The expression of P-JAK2, P-

STAT3, T-JAK2 and T-STAT3 proteins was found localized in the nucleus and cytoplasm of 
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untreated and treated HEY and TOV21G cells, though their expression was more 

concentrated around the nucleus of multinucleated giant HEY cells after paclitaxel treatment 

with or without Momelotinib (Figures 3.28A, 3.29A, 3.30A and 3.31A). 
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Figure 3.24 Effect of paclitaxel and/or Momelotinib treatment on the JAK2 activation in HEY 

cells 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-JAK2. Total protein load was determined by stripping and re-probing the 

membranes with GAPDH. Images are representative of three independent lysate samples. (B) 

Densitometric analysis of (i) P-JAK2 and (ii) T-JAK2 protein expression was determined by using 

ImageJ. The values represent the relative mean of band intensity normalized to GAPDH loading 

control ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s post-test 

was used. Significance is indicated by **p<0.01. 
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Figure 3.25 Effect of paclitaxel and/or Momelotinib treatment on the STAT3 activation in HEY 

cells 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-STAT3. Total protein load was determined by stripping and re-probing the 

membranes with GAPDH. Images are representative of three independent lysate samples. (B) 

Densitometric analysis of (i) P-STAT3 and (ii) T-STAT3 protein expression was determined by using 

ImageJ. The values represent the relative mean of band intensity normalized to GAPDH loading 

control ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s post-test 

was used. Significance is indicated by **p<0.01, ***p<0.001. 
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Figure 3.26 Effect of paclitaxel and/or Momelotinib treatment on the JAK2 activation in 

TOV21G cells 

(A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-JAK2. Total protein load was determined by stripping and re-probing the 

membranes with GAPDH. Images are representative of three independent lysate samples. (B) 

Densitometric analysis of (i) P-JAK2 and (ii) T-JAK2 protein expression was determined by using 

ImageJ. The values represent the relative mean of band intensity normalized to GAPDH loading 

control ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s post-test 

was used. Significance is indicated by **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.27 Effect of paclitaxel and/or Momelotinib treatment on the STAT3 activation in 

TOV21G cells 

 (A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-STAT3. Total protein load was determined by stripping and re-probing the 

membranes with GAPDH. Images are representative of three independent lysate samples. (B) 

Densitometric analysis of (i) P-STAT3 and (ii) T-STAT3 protein expression was determined by using 

ImageJ. The values represent the relative mean of band intensity normalized to GAPDH loading 

control ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s post-test 

was used. Significance is indicated by *p<0.05, ***p<0.001. 
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Figure 3.28 Effect of paclitaxel and/or Momelotinib treatment on JAK2 activation and 

localization in HEY cells 

(A) Expression and localization of the JAK2 activation in ovarian cancer HEY cells in response to 

treatment with 0.05µg/mL of paclitaxel with or without 1µM of Momelotinib for 24 hr were 

determined by immunofluorescence staining. Untreated and treated cells were assessed for the 

expression of P-JAK2 and T-JAK2 using rabbit polyclonal antibody as described in the “Materials and 

Methods” section. Staining was visualized using the secondary Alexa 590 (red) fluorescent-labelled 

antibody and nuclei were detected by DAPI (blue) staining. Images are representative of three 

independent experiments. Magnification was 400X; scale bar = 250µm. (B) Quantification of (i) P-

JAK2 and (ii) T-JAK2 fluorescent intensity was determined using ImageJ. Results are expressed as the 

percentage of the average fluorescent intensity value relative to untreated cells ± SEM of three 

independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance 

is indicated by *p<0.05, **p<0.01, ****p<0.0001. 
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Figure 3.29 Effect of paclitaxel and/or Momelotinib treatment on STAT3 activation and 

localization in HEY cells 

(A) Expression and localization of the STAT3 activation in ovarian cancer HEY cells in response to 

treatment with 0.05µg/mL of paclitaxel with or without 1µM of Momelotinib for 24 hr were 

determined by immunofluorescence staining. Untreated and treated cells were assessed for the 

expression of P-STAT3 and T-STAT3 were assessed by immunofluorescence using mouse monoclonal 

antibody as described in the “Materials and Methods” section. Staining was visualized using the 

secondary Alexa 488 (green) fluorescent-labelled antibody and nuclei were detected by DAPI (blue) 

staining. Images are representative of three independent experiments. Magnification was 400X; scale 

bar = 250µm. (B) Quantification of (i) P-STAT3 and (ii) T-STAT3 fluorescent intensity was 

determined using ImageJ. Results are expressed as the percentage of the average fluorescent intensity 

value relative to untreated cells ± SEM of three independent experiments. Parametric One-way 

ANOVA with Tukey’s post-test was used. Significance is indicated by **p<0.01, ****p<0.0001. 
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Figure 3.30 Effect of paclitaxel and/or Momelotinib treatment on JAK2 activation and 

localization in TOV21G cells 

(A) Expression and localization of the JAK2 activation in ovarian cancer TOV21G cells in response to 

treatment with 0.01µg/mL of paclitaxel with or without 1µM of Momelotinib for 24 hr were 

determined by immunofluorescence staining. Untreated and treated cells were assessed for the 

expression of P-JAK2 and T-JAK2 using rabbit polyclonal antibody as described in the “Materials and 

Methods” section. Staining was visualized using the secondary Alexa 590 (red) fluorescent-labelled 

antibody and nuclei were detected by DAPI (blue) staining. Images are representative of three 

independent experiments. Magnification was 400X; scale bar = 250µm. (B) Quantification of (i) P-

JAK2 and (ii) T-JAK2 fluorescent intensity was determined using ImageJ. Results are expressed as the 

percentage of the average fluorescent intensity value relative to untreated cells ± SEM of three 

independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance 

is indicated by **p<0.01, ****p<0.0001. 
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Figure 3.31 Effect of paclitaxel and/or Momelotinib treatment on STAT3 activation and 

localization in TOV21G cells 

 (A) Expression and localization of the STAT3 activation in ovarian cancer TOV21G cells in response 

to treatment with 0.01µg/mL of paclitaxel with or without 1µM of Momelotinib for 24 hr were 

determined by immunofluorescence staining. Untreated and treated cells were assessed for the 

expression of P-STAT3 and T-STAT3 were assessed by immunofluorescence using mouse monoclonal 

antibody as described in the “Materials and Methods” section. Staining was visualized using the 

secondary Alexa 488 (green) fluorescent-labelled antibody and nuclei were detected by DAPI (blue) 

staining. Images are representative of three independent experiments. Magnification was 400X; scale 

bar = 250µm. (B) Quantification of (i) P-STAT3 and (ii) T-STAT3 fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent 

intensity value relative to untreated cells ± SEM of three independent experiments. Parametric One-

way ANOVA with Tukey’s post-test was used. Significance is indicated by ***p<0.001, 

****p<0.0001. 
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3.2.10 Momelotinib inhibits the development of a CSC-like phenotype associated 

with paclitaxel treatment of ovarian cancer cell lines 

In recent years, CSCs have been identified as the main cause of failure to achieve complete 

remission post-chemotherapy treatment and relapses of ovarian cancer (Abdullah & Chow, 

2013). STAT3 was proposed to be the key transcriptional regulator of CSCs growth and self-

renewal in various human malignancies (Ghoshal, Fuchs, & Tanabe, 2016; Marotta et al., 

2011; Sherry et al., 2009; Wang et al., 2015a; Wei et al., 2014). To compare the expression of 

CSC-like markers in EOC cells following treatment with paclitaxel, Momelotinib and a 

combination of paclitaxel and Momelotinib, the cell surface expression of CD44, EpCAM, 

and CD133 was assessed by flow cytometry, and the gene expression of CD133, CD117, 

EpCAM, CD44, Oct4A and Sox2 was assessed by qRT-PCR in HEY and TOV21G cells. 

Overall, paclitaxel treatment significantly increased the cell surface expression of EpCAM, 

CD44 and CD133 in HEY and TOV21G cells when compared to control untreated cells, 

while treatment with Momelotinib alone or in conjunction with paclitaxel significantly down-

regulated these expressions when compared to paclitaxel-treated cells (Figures 3.32 and 3.33). 

The qRT-PCR analyses showed significant increase in the mRNA expression of CD133, 

CD117, EpCAM, Oct4A and Sox2 in paclitaxel-treated HEY cells when compared to the 

untreated cells (P=0.03, 0.0009, 0.01, 0.02 and 0.008 respectively) and cells treated with 

Momelotinib alone (P=0.01, 0.008, 0.02, 0.03 and 0.003 respectively) or a combination of 

paclitaxel and Momelotinib (P= 0.01, 0.03, 0.002, 0.04 and 0.006 respectively) (Figure 3.34). 

A reduction in CD44 mRNA expression was observed in HEY cells treated with paclitaxel, 

Momelotinib and a combination of paclitaxel and Momelotinib when compared to untreated 

cells, however the differences were not significant. In TOV21G cells, treatment with 

paclitaxel increased the mRNA expression of CD133, CD44, Oct4A and Sox2 when 

compared to untreated cells, but no significant differences were observed (Figure 3.35). A 

moderate reduction in the mRNA expression of CD44, Oct4A and Sox2 was observed 

between cells treated with Momelotinib alone or a combination of paclitaxel and Momelotinib 
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when compared to paclitaxel-treated cells, however no significant difference was detected. 

The mRNA expression of CD133 was significantly reduced in TOV21G cells treated with 

Momelotinib alone or a combination of paclitaxel and Momelotinib when compared to 

paclitaxel-treated cells (P=0.02 and 0.01 respectively). The mRNA expression of EpCAM 

was significantly reduced in TOV21G cells treated with paclitaxel and a combination of 

paclitaxel and Momelotinib when compared to the untreated cells (P=0.02 and 0.02 

respectively), while no significant difference was noted between cells treated with paclitaxel 

alone and a combination of paclitaxel and Momelotinib, and between untreated cells and 

those treated with Momelotinib alone. 
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Figure 3.32 Flow cytometry analyses of the expression of CSC-like surface markers in HEY cells treated with paclitaxel and/or Momelotinib 

(A) Cell surface expression of EpCAM, CD44 and CD133 in ovarian cancer HEY cells in response to a 24 hr treatment with 0.05µg/mL paclitaxel, 1µM Momelotinib or a 

combination of both was determined by flow cytometry. Untreated and treated cells were incubated with primary antibodies specific for EpCAM, CD44-PE, CD133-PE or 

IgG-PE, followed by anti-mouse-PE secondary antibody for EpCAM detection. Histograms are representative of four independent experiments. (B) Semi-quantitative 

analyses of the arbitrary fluorescent expression of CSC-like markers was performed. Results are expressed as the mean arbitrary fluorescent expression of the markers of 

interest relative to negative control IgG ± SEM of four independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.33 Flow cytometry analyses of the expression of CSC-like surface markers in TOV21G cells treated with paclitaxel and/or Momelotinib 

(A) Cell surface expression of EpCAM, CD44 and CD133 in ovarian cancer TOV21G cells in response to a 24 hr treatment with 0.01µg/mL paclitaxel, 1µM Momelotinib or 

a combination of both was determined by flow cytometry. Untreated and treated cells were incubated with primary antibodies specific for EpCAM, CD44-PE, CD133-PE or 

IgG-PE, followed by anti-mouse-PE secondary antibody for EpCAM detection. Histograms are representative of four independent experiments. (B) Semi-quantitative 

analyses of the arbitrary fluorescent expression of CSC-like markers was performed. Results are expressed as the mean arbitrary fluorescent expression of the markers of 

interest relative to negative control IgG ± SEM of four independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

*p<0.05, **p<0.01.
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Figure 3.34 mRNA expression of CSC-like markers in HEY cells treated with paclitaxel and/or Momelotinib 

Absolute quantification of the mRNA expression of CSC-like markers in ovarian cancer HEY cells in response to a 24 hr treatment with 0.05µg/mL paclitaxel,1µM 

Momelotinib or a combination of both was determined by qRT-PCR. RNA was extracted from the untreated and treated cells, and qRT-PCR was performed as described in 

the “Materials and Methods” section. Results are presented as the mean absolute value of the gene of interest normalized to the 18S housekeeping gene ± SEM of four 

independent samples in triplicate. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 3.35 mRNA expression of CSC-like markers in TOV21G cells treated with paclitaxel and/or Momelotinib 

Absolute quantification of the mRNA expression of CSC-like markers in ovarian cancer TOV21G cells in response to a 24 hr treatment with 0.01µg/mL paclitaxel,1µM 

Momelotinib or a combination of both was determined by qRT-PCR. RNA was extracted from the untreated and treated cells, and qRT-PCR was performed as described in 

the “Materials and Methods” section. Results are presented as the mean absolute value of the gene of interest normalized to the 18S housekeeping gene ± SEM of four 

independent samples in triplicate. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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3.3 Discussion 

Recent discoveries have provided compelling evidence that a small population of CSCs within a 

tumour are key contributors of treatment failure and cancer recurrence (Dragu et al., 2015). 

Therefore, it is considered crucial to eradicate the CSC population in order to improve the 

efficacy of current tumour treatments and achieve a long-lasting clinical response. Targeted 

therapy is a major step in the expansion of personalized medicine with the hope of overcoming 

chemoresistance and progression of cancer. This Chapter provides an insight into targeting 

paclitaxel-treated surviving residual CSC-like cells with Momelotinib, an inhibitor of JAK1/2, 

as a new strategy to eliminate CSCs and tumour bulk in ovarian cancer. The JAK2/STAT3 

signalling pathway has been shown to be involved in the pathogenesis of many human diseases, 

by supporting roles in tumour growth, survival, proliferation, migration, etc (Du et al., 2012; 

Judd et al., 2014; Matsui & Meldrum, 2012; Xu et al., 2010). In addition, the aberrant activation 

of the JAK2/STAT3 pathway has been demonstrated in ovarian tumour cells enriched with 

CSC-like phenotypes (Abubaker et al., 2013), and is a requisite for the growth of breast CSCs 

(Marotta et al., 2011). On the other hand, inhibition of JAK2/STAT3 activation reduced CSC-

like phenotypes and tumour growth in an ovarian xenograft model (Abubaker et al., 2014a).  

Prior to investigating the efficacy of Momelotinib, evidence of the abnormal JAK2/STAT3 

activation in the ovarian cancer cell lines used in this study must first be established. It is not 

known if paclitaxel-induced JAK2/STAT3 activation is EOC subtype-specific. In order to 

establish that, two comparative subtype-specific cell lines were chosen for this study: Type II 

high-grade serous (HEY) and a Type I clear cell carcinoma (TOV21G). High grade serous 

carcinoma is of particular interest because it is the most aggressive and most common ovarian 

subtypes (70%), characterized by high degrees of genomic mutations (Bowtell et al., 2015; Cole 

et al., 2016; Prat, 2012). Despite a good initial response to chemotherapy (70 – 80%), the 5-year 

survival rate is only 35 – 40% (Berns & Bowtell, 2012; Mignogna et al., 2016). In contrast, 
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ovarian clear cell carcinomas are relatively resistant to platinum-based chemotherapy with a 

response rate of only 11 – 27% (Takano, Tsuda, & Sugiyama, 2012). Consequently, the clinical 

prognosis of advanced-stage clear cell carcinoma is remarkably inferior relative to serous and 

other histological subtypes. 

Taking into account the heterogenous nature of EOC, this chapter validated the in vitro 

activation of the JAK2/STAT3 pathway in response to paclitaxel in the two chosen 

representative EOC cell lines, and explored the efficacy of Momelotinib in combination with 

paclitaxel in suppressing paclitaxel-induced JAK2/STAT3 pathway activation, and the 

subsequent effect on CSC-like phenotypes and chemosensitivity. 

3.3.1 Chemotherapy-induced changes in the regenerated pool of ascites-derived 

tumour cells in advanced-stage patients with recurrent ovarian serous carcinoma  

In this study, the overall expression of the activated JAK2/STAT3 pathway was almost two-

times higher in the ascites-derived tumour cells of advanced-stage recurrent serous ovarian 

cancer patients compared to that of advanced-stage chemo-naïve patients. All recurrent patients 

recruited in this study had been exposed to first-line chemotherapy treatment of paclitaxel and 

platinum-based drugs. It is unsure whether the aberrant activation of this pathway pre-existed in 

a small population of “resistant” tumour cells or occurred as a result of the cellular stress 

response to anti-cancer therapy. Nevertheless, the results from this study suggest that the 

JAK2/STAT3 pathway activation may be an important component of tumour cell survival under 

the cytotoxic effect of chemotherapy treatment, given that JAK2/STAT3 signalling is well 

known as a pro-survival pathway and has also been implicated in conferring drug resistance (Yu 

et al., 2014). The advantage of using primary cell cultures is the direct isolation of cells from the 

host tumour site which allows close comparison to those of the original tumour. Thus, the 

readily accessible primary tumour cells isolated from the ascites of ovarian cancer patients 
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provides a crucial and clinically-relevant model that contributes to the understanding of ascites-

derived ovarian cancer tumorigenicity and metastatic progression (Ahmed & Stenvers, 2013). 

In contrast to the upregulation of the activated JAK2/STAT3 pathway, the expression of CSC-

like markers in the ascites-derived tumour cells of recurrent serous ovarian cancer patients 

remained the same as that of chemo-naive patients. This may suggest that the emergence of the 

CSC pool reflected as a small population of residual tumour cells surviving chemotherapy 

treatment remained relatively constant in the original tumour; the regeneration of the new 

tumour cell pool in recurrent ascites may be a manifestation of the progenies of original CSC 

population. This finding is consistent with other studies which also showed no change in CSC 

markers in recurrent tumours that drive disease relapse (Hegde et al., 2012). As chemotherapy 

treatment fails to eradicate the rare population of CSC due to their intrinsic chemoresistance 

properties, these surviving tumour-initiating cells are capable of self-renewal and differentiate to 

generate the original and differentiated heterogenous tumour populations that are comprised 

mainly of non-CSC. Many studies have proposed an increase in CSCs following chemotherapy 

treatment, however these studies usually focus on the surviving residual cells immediately post 

chemotherapy treatment instead of the complete regenerated tumours in recurrent patients 

(Abubaker et al., 2013; Lee et al., 2011; Levina et al., 2008; Li et al., 2008; Tajima et al., 2012). 

In this chapter, the changes in CSC-like markers expression in HEY and TOV21G cells were 

observed when ~50% of the cancer population is eliminated by paclitaxel.  

Similar to CSC-like markers, the expression of EMT markers showed no difference between the 

ascites-derived tumour cells obtained from the chemotherapy-treated recurrent and chemo-naïve 

patients. Notably, the ascites-derived tumour cells from chemo-naïve and recurrent patients co-

expressed E-cad and N-cad, which may suggest cells in partial EMT (Ahmed et al., 2007). Cells 

in partial EMT state, rather than a complete EMT, are shown to be more resistant to anoikis and 

chemotherapy-induced apoptosis, have a higher metastatic potential, and permits collective 

tumour cell migration (Aceto et al., 2014; Grigore et al., 2016; Jolly et al., 2015).  



 

149 
 

3.3.2 Paclitaxel induced a biphasic activation of the JAK2/STAT3 pathway in 

both ovarian high-grade serous and clear cell carcinoma cells 

Upon paclitaxel induction, P-JAK2 and P-STAT3 transiently peaked before reverting to initial 

levels in both HEY and TOV21G cells. Phosphorylation of STAT3 has been described as 

biphasic where the first peak is rapid and transient as a result of the transient activation of JAKs 

by G-protein-coupled receptors (GPCRs) (Wang et al., 2013). The second peak is dependent on 

the binding of newly synthesized IL-6 ligands to IL-6R and EGFR, both of which are immune 

to SOCS3 inhibition, thus sustaining the re-phosphorylation of STAT3. In this study, paclitaxel 

treatment may have induced the first peak of STAT3 activation within 24 hr based on the short 

lived and rapid phosphorylation observed in both cell lines. The two major isoforms of STAT3, 

full-length STAT3α (92 kDa) and truncated STAT3β (83 kDa), which are derived from 

alternative mRNA splicing of a single gene, have been suggested to play important, non-

overlapping biological roles (Chakraborty et al., 1996; Maritano et al., 2004; Schaefer et al., 

1997; Shao, Quintero, & Tweardy, 2001). STAT3α was shown to have greater transcriptional 

activity than STAT3β, while translocated STAT3β retained in the nucleus longer, and binds 

target DNA with higher affinity than STAT3α (Schaefer et al., 1997). STAT3β was previously 

described to play a dominant-negative anti-oncogenic role (Caldenhoven et al., 1996; Niu et al., 

1999). However, recent studies have revealed that STAT3β also up-regulated and extended 

STAT3α phosphorylation, as well as positively correlating with the constitutive P-STAT3 levels 

observed in cancer cells (Bharadwaj et al., 2014; Ng et al., 2012). Furthermore, only STAT3β 

showed constitutive activation in the absence of cytokine or growth factor stimulation (Schaefer 

et al., 1997). The immunological reagents used in this thesis do not discriminate the splice 

alternative of the different P-STAT3 isoforms, thus the expression of both P-STAT3 isoforms in 

Figures 3.6, 3.10 and 3.16 was analysed.  In contrast, only one band indicating P-STAT3 protein 

was detected on the Western Blot membrane in Figures 3.14A and 3.25A. This could be due to 

incomplete separation of the two isoforms during electrophoresis. 



 

150 
 

Treatment with 0.05µg/mL of paclitaxel in HEY cells for 72 hr did not increase the activation of 

the JAK2/STAT3 pathway compared to untreated cells, in contrast to that shown by Abubaker 

et al. (2014b) who treated HEY cells with 0.001µg/mL of paclitaxel for 72 hr. This suggests that 

the effect of paclitaxel on JAK2/STAT3 activation is dose-dependent. One study in breast 

cancer showed that low concentrations of 17β-estradiol (E2) induced and suppressed a different 

repertoire of E2-regulated and other genes compared to high concentrations of E2, which 

suggests that different concentrations of E2 may exert different effect on gene expression 

quantitatively and qualitatively (Coser et al., 2003). Reports have suggested that the intrinsic 

mechanisms of a drug effect can be understood by investigating the dynamic changes of gene 

expression at different time points following drug treatment, while the mechanisms of drug 

actions on gene expression can be characterized by observing the dose-dependent effect of drug 

(Che et al., 2013).  

The JAK2/STAT3 pathway activation was demonstrated to be a common response to paclitaxel 

treatment in the surviving residual cells in both high-grade serous and clear cell carcinoma cell 

lines, indicating that targeting JAK2/STAT3 activation is a plausible option in both subtypes. 

Additionally, paclitaxel treatment led to the generation of giant cells in both cell lines, which 

were described as polyploidy giant cancer cells (PGCCs). PCGGs were shown to be more 

resistant to paclitaxel and possess properties of CSCs in a breast cancer cell line (Zhang, 

Mercado-Uribe, & Liu, 2014).  

3.3.3 Nuclear localization of the JAK2 pathway upon paclitaxel-induced 

activation 

The classical view of JAK2 signalling from the cell surface receptors to the nucleus is through 

the activation of the STAT family proteins without leaving the cytoplasm. Surprisingly, the 

cytoplasmic P-JAK2 protein was also found in the nucleus of HEY cells upon activation by 

paclitaxel, indicating a deviant JAK2 pathway. In support, other findings have also reported a 
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non-canonical JAK-STAT pathway in mammalian cells, including a number of cell lines and 

tissues such as in human brain tumours and in rabbit endometrium (Helmer et al., 2010). 

Similarly, JAK2 activation was detected in the nucleus of untreated TOV21G ovarian clear-cell 

carcinoma cells, which was probably due to intrinsic JAK2 activation from the over-production 

of the IL-6 cytokine. The over-expression of IL-6/STAT3 signalling has been reported in 

ovarian clear cell carcinoma, while inhibition of IL-6 expression suppressed STAT3 activation 

and restored sensitivity of tumour cells to cytotoxic agents, suggesting that IL-6/STAT3 

signalling may be involved in the pathogenesis, survival and chemoresistance of this subtype 

(Yanaihara et al., 2012). In addition, the production of IL-6 in ovarian clear cell carcinoma was 

suggested to be enhanced by PIK3CA and ARID1A mutations, which are also commonly found 

in other Type I tumours at varying frequencies (Chandler et al., 2015).  

Nuclear JAK2 was described to directly phosphorylate histone H3Y41, NF1-C2 and RUSH-1α 

in the nucleus of mammary cells independent of STATs protein (Dawson et al., 2009; Nilsson, 

Bjursell, & Kannius-Janson, 2006; Nilsson et al., 2010; Qian, Yao, & Si, 2011). Although JAK2 

protein, in some instances, was shown to lack the STAT binding site, however, this does not 

exclude the binding of STATs to JAK2 in the nucleus (He & Zhang, 2010). In fact, some 

studies have indicated that nuclear JAK2 specifically interacts with STATs (Dudley et al., 2005; 

Ram & Waxman, 1997). Unlike cytoplasmic JAK2, the role of nuclear JAK2 in cancer remains 

poorly understood. Recent work has suggested a role of nuclear JAK2 in tumorigenesis 

(Dawson et al., 2009) while contradictory data has shown a decrease in tumour growth as a 

result of nuclear JAK2 activation (Nilsson et al., 2010). Interestingly, Qian et al. (2011) 

proposed that nuclear JAK2 signalling can crosstalk with NF-ĸB, Notch and Hedgehog 

signalling, which have been described to play key roles in the maintenance of stemness in CSC 

populations (Merchant & Matsui, 2010; Rinkenbaugh & Baldwin, 2016; Wang, Sullenger, & 

Rich, 2012). Collectively, the apparently conflicting roles of nuclear JAK2 as an oncogene or 

tumour suppressor, and the STAT-dependent or STAT-independent functions may depend on 
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the cell type and cellular context (Qian et al., 2011). However, future studies are required to 

understand the roles and dynamics of both cytoplasmic and nuclear JAK2 as a basis for 

targeting JAK2 in ovarian cancer.   

3.3.4 Momelotinib reduced cell viability in ovarian high-grade serous and clear 

cell carcinoma cells 

JAK2 is a non-receptor tyrosine kinase that transduces a multitude of intracellular signals from 

growth factor and cytokine receptors, and mediates downstream STAT3 activation. The 

breakthrough in the treatment of several haematopoietic diseases such as polycythemia vera, 

essential thrombocytosis and primary myelofibrosis, which involves abnormal JAK2 signalling 

(eg. JAK2V617F mutant) triggered searches for JAK2-induced diseases and clinical 

development of JAK2 inhibitors in a variety of human malignancies, including ovarian cancer.  

Momelotinib, previously known as CYT387, is a potent ATP-competitive small molecule that 

selectively inhibits JAK1 and JAK2 kinases (Pardanani et al., 2009). The in vitro efficacy of 

Momelotinib in suppressing paclitaxel-induced JAK2 and STAT3 activation in EOC cells has 

been demonstrated in this Chapter. Tyner et al. (2010) demonstrated that Momelotinib has very 

limited off-target effects while selectively inhibiting the proliferation of a panel of JAK2 and 

JAK2/TYK2-dependent cell lines. The results from this Chapter revealed that Momelotinib 

alone has a dose-dependent suppressive effect on cell proliferation in both HEY and TOV21G 

ovarian cancer cell lines. In addition, the suppression of paclitaxel-induced JAK2/STAT3 

activation resulted in the sensitization of “resistant” residual ovarian cancer cells to paclitaxel 

treatment. However, the suppression of paclitaxel-induced JAK2 and STAT3 activation was not 

inversely proportional to increasing concentrations of Momelotinib, emphasizing the 

importance of finding the right dosage in the treatment of ovarian cancer cells with abnormal 

JAK2 activity. An important observation in this study is the simultaneous suppression of 
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paclitaxel-induced P-JAK2 and P-STAT3 expression in response to Momelotinib, which 

suggests that STAT3 activation is dependent on JAK2 signalling in both EOC cell lines.  

3.3.5 Relationship between CSC and EMT in ovarian cancer 

The CSC model provides a new paradigm for understanding cancer biology. This model states 

that a subpopulation of cells endowed with stem cell-like properties are responsible for tumour 

progression and the development of chemoresistance, which is one of the most important causes 

of treatment failure (Dragu et al., 2015). However, the key signals regulating the development 

and survival of CSCs have remained elusive. 

CSCs are said to be highly tumorigenic and resistant to chemotherapy (Visvader & Lindeman, 

2008), which poses a major challenge to the successful treatment of ovarian cancer. According 

to this paradigm, the eradication of CSCs is crucial to overcome drug resistance and tumour 

recurrence. In line with this theory, paclitaxel treatment failed to eliminate a subpopulation of 

surviving residual HEY and TOV21G cells that are enriched with pluripotency markers such as 

CD133, CD117, Oct4A and Sox2, all of which has been reported to be candidate markers for 

ovarian CSCs (Ahmed et al., 2014a).     

The inclusion of CD44 expression is commonly reported as one of CSC phenotypes of many 

tumours such as breast, head and neck, and ovarian (Yan, Zuo, & Wei, 2015). However, 

multiple splice variants of CD44 have been identified, and more research is required into which 

CD44 can be used as a truly CSC-specific marker (Jijiwa et al., 2011; Snyder et al., 2009). 

EpCAM is a well-established pluripotency marker in normal human embryonic stem cells as 

well as in CSCs (Gires, Klein, & Baeuerle, 2009; Lu et al., 2010; Ng et al., 2010; Visvader & 

Lindeman, 2008). Over-expression of EpCAM has been associated with worse prognoses and 

overall survival, and an increased risk of recurrence in many cancers (Benko et al., 2013; Spizzo 

et al., 2006; Spizzo et al., 2004; Varga et al., 2004). On the other hand, its over-expression also 

correlates with a better prognosis in some cancers such as pancreatic and gastrointestinal 
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cancers (Akita et al., 2011; Chaudry et al., 2007), however the reasons for such a discrepancy 

remains unknown. The acquisition of an EMT phenotype has been associated with CSC-like 

cells, metastasis and chemoresistance in various tumours (Ahmed et al., 2010). In contrast, 

MET is required for colonization at distant sites for secondary tumour formation. Both CD44 

and EpCAM markers are also typically considered as EMT-associated genes, which reflect the 

plasticity of CSCs to adapt to the differing conditions that they encounter (Frederick et al., 

2007; Hyun et al., 2016; Xu et al., 2015). In HEY cells, treatment with paclitaxel with or 

without the addition of Momelotinib resulted in the loss of CD44 and an upregulation of 

EpCAM mRNA expression, as well as a transition from mesenchymal to epithelial morphology, 

consistent with the cells undergoing MET. On the other hand, paclitaxel treatment in TOV21G 

cells, irrespective of the addition of Momelotinib, increased CD44 and diminished EpCAM 

mRNA expression. This may suggest transition to EMT in TOV21G cells, consistent with the 

morphological changes from epithelial to mesenchymal phenotype.  

The difference in the EMT-like phenotypes between HEY and TOV21G cells may reflect the 

inherent heterogeneity of ovarian cancer, which will pose a challenge in the identification and 

therapeutic targeting of ovarian CSCs. Ovarian cancer is comprised of multiple subtypes with 

different molecular and histological phenotypes, as well as different sites of disease origin 

within the reproductive tract. To date, there are limited studies on the differences in CSC-like 

phenotypes in different histological subtypes. Although many studies have supported the role of 

EMT in the regulation of CSC and drug resistance, conflicting results have also been reported. 

For example, Celia-Terrassa et al. (2012) revealed that prostate and bladder cancer cells with an 

epithelial but not a mesenchymal phenotype were enriched with metastatic CSC. Furthermore, 

the tumour initiating properties and tumour metastasis were suppressed when EMT-associated 

Snail1 expression was induced, while the removal of the EMT regulator, Prrx1 endowed breast 

cancer cells expressing Twist1 with a CSC-like phenotype (Ocana et al., 2012). It is also 

noteworthy that there is the ubiquitous expression of both EpCAM and CD44 in many tumour 
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and normal cells (Naor, Sionov, & Ish-Shalom, 1997; Schmelzer & Reid, 2008; Went et al., 

2004), which questions the reliability of these markers for CSC detection.  

CSCs isolated from multiple solid tumours based on the expression of a specific marker has 

been shown to form tumours in mice, and were often resistant in vivo and in vitro to 

chemotherapeutic agents (Visvader & Lindeman, 2008). However, the flexibility of the CSC 

system poses a challenge to identify a single cell surface protein that is crucial for stemness, 

such that the loss of this marker would mean the loss of the stemness. Additionally, different 

methods used to identify CSCs may not give consistent results. This was shown when the 

identification of colon CSCs was based on the detection of CD133 expression by FACS 

whereas these cells were poorly defined by immunohistochemistry- or mRNA-based methods 

(Kemper et al., 2010; Mak et al., 2011). Thus, combinations of several distinct CSC-like 

markers are more likely to improve CSCs identification.  

3.3.6 Relationship between JAK2/STAT3 activation, CSC and drug resistance 

CSCs are envisioned to be key components in chemoresistance. Thus, it is important to uncover 

genes and signalling pathways that are crucial for the pathobiology of ovarian CSC with the aim 

of overcoming drug resistance. The results described in this Chapter revealed that paclitaxel 

treatment increased the activation of the JAK2/STAT3 pathway and CSC-like markers in 

ovarian cancer HEY and TOV21G cell lines. In contrast, suppression of this pathway with the 

addition of Momelotinib downregulated the expression of CSC-like markers and enhanced 

paclitaxel-induced cytotoxicity. Therefore, it is hypothesized that JAK2/STAT3 pathway 

activation is associated with ovarian CSCs and chemotherapy resistance. 

It is well established that STAT3 activation is a crucial node that regulates the expression of 

genes that are associated with multiple tumour promoting processes including tumour survival, 

progression, metastasis, angiogenesis and immunosuppression (Carpenter & Lo, 2014). In 

addition to its effect on tumour cells and tumour-associated immune cells, STAT3 activation via 
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upstream IL-6-JAK2 signalling is also crucial and sufficient for the maintenance of stem cell 

phenotypes (Hsu et al., 2012; Kroon et al., 2013; Marotta et al., 2011; Schroeder et al., 2014; 

Sherry et al., 2009), while suppressing genes that are involved in cell differentiation (Kim et al., 

2013). Given the possible role of STAT3 in regulating ovarian CSCs, targeting STAT3 may 

have the potential to overcome CSC-mediated resistance to therapies. The development of small 

molecule inhibitors that directly targets STAT3 has been challenging due to the lack of intrinsic 

enzymatic activity, and in part, due to the complex biology surrounding STAT3 involving 

numerous activators and biological functions (Johnston & Grandis, 2011; Yue & Turkson, 

2009). Some STAT3 inhibitors that disrupt the SH2 domain of STAT3 dimerization, and 

oligonucleotides such as siRNA decoy have been described (Yu et al., 2009). However, none of 

these compounds are promising because of their toxicity or limited bioavailability (Yue & 

Turkson, 2009). Furthermore, STAT3 is rarely activated due to the presence of site-directed 

mutations involved in its stimulation, but primarily through secondary upstream kinases. 

Therefore, inhibition of the upstream signalling pathways of STAT3 is a plausible clinical 

alternative to attenuating the abnormal activation of STAT3 signalling in malignant cells, 

particularly CSCs. Targeting JAK2 may be a more promising approach since STAT3 can be 

activated by multiple different cytokines (eg. IL-6, IL-2, IL-11, IL-21 and IL-22) and may also 

be effective in disrupting growth factor receptor signalling to STAT3 (O'Shea et al., 2005; 

Waters & Brooks, 2015).  

It is important to note that although combinations of paclitaxel and Momelotinib, at the doses 

and time courses used in these experiments, significantly reduced the overall cell viability by 

more than that achieved by paclitaxel treatment alone; there persists a small number of residual 

cells. This may be due to the short half-life of Momelotinib, which may be adequate for the 

inhibition of proliferation but not for the induction of apoptosis. Another possibility is the 

existence (intrinsic) and/or development (acquired) of JAK2-resistant cells through alterations 

in drug transport and metabolism, modifications in drug target structures and/or the activation of 
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compensatory pathways to maintain the growth and survival of tumour cells (Housman et al., 

2014; Janne, Gray, & Settleman, 2009; Rahman & Hasan, 2015; Workman, Al-Lazikani, & 

Clarke, 2013). The existence of signalling redundancies between the JAK2/STAT3 pathway and 

other pathways, such as Src and EGFR, may allow tumour cells to escape from JAK2/STAT3-

targeted therapy with Momelotinib, and will be further discussed in Chapter 5.  

3.4 Concluding remarks 

The main aim of this chapter was to demonstrate the abnormal activation of the JAK2/STAT3 

pathway induced by chemotherapy treatment in ovarian tumour cells, and the effectiveness of 

Momelotinib in targeting the CSC-like cells in the cell lines of high-grade serous and clear cell 

carcinoma. Overall, the results from this Chapter showed significantly enhanced activation of 

the JAK2/STAT3 pathway in the tumour cells derived from the ascites of advanced-stage 

recurrent serous ovarian cancer patients previously treated with chemotherapy compared to the 

ascites-derived tumour cells of advanced-stage chemo-naïve serous ovarian cancer patients, and 

in the in vitro models of EOC cell lines treated with paclitaxel. Further analysis showed that 

paclitaxel induced an enrichment of CSC-like phenotypes in the surviving residual HEY and 

TOV21G cells. In contrast, combined treatment with Momelotinib and paclitaxel suppressed 

paclitaxel-induced JAK2/STAT3 activation, reduced CSC-like markers expression, and re-

sensitized tumour cells to paclitaxel-induced cell death in both cell lines. These findings suggest 

that CSC-like cells can escape and survive the cytotoxic effect of chemotherapy through 

activation of the JAK2/STAT3 pathway, thus leading to the regeneration of tumour and cancer 

relapse (Figure 3.36A). Therefore, targeting the JAK2/STAT3 pathway with a combination of 

chemotherapy and Momelotinib may effectively eradicate both CSC-like cells and the bulk of 

tumour cells at the same time (Figure 3.36B). Furthermore, the in vitro discoveries in this 

Chapter demonstrated the effectiveness of Momelotinib when given in combination with 
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paclitaxel in terms of targeting CSC-associated signalling pathways, and provide a rational basis 

for embarking on in vivo studies in an animal model. 
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Figure 3.36 Illustration of the therapeutic potential with a combination of chemotherapy and 

Momelotinib in EOC patients 

(A) The cancer stem cell theory proposed that a rare population of CSCs is resistant to 

conventional chemotherapy treatment, and is capable of regenerating tumour growth towards 

recurrence. In support, the results from Chapter 3 in this thesis demonstrated that paclitaxel 

treatment resulted in the enrichment of CSC-like cells in the surviving residual EOC cells. 

These surviving CSC-like cells also exhibited increased JAK2/STAT3 activation when 

compared to untreated tumour cells, suggesting that JAK2/STAT3 activation may play 

important roles in the survival and chemoresistance of CSCs. (B) On the other hand, 

combination therapy of paclitaxel and Momelotinib resulted in the suppression of JAK2/STAT3 

activation, thus leading to the dysregulation of CSC-like cells and an increased in 

chemotherapy-induced cell death. The elimination of CSC-like cells may prevent tumour 

regeneration and relapse. 
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CHAPTER 4 

Sustained suppression of STAT3-mediated 

CSCs progression with ongoing 

Momelotinib prolonged disease-free 

survival of mice 
 

4.1 Introduction 

Despite an improvement in the treatment for ovarian cancer over the last three decades, the 

mortality rate remains largely unchanged. The majority of the ovarian cancer patients who 

achieve clinical response to paclitaxel and platinum-based chemotherapy will experience relapse 

and die within 5 years. Thus, a need to review current standards of care is crucial if the outcome 

in patients with ovarian cancer is to be improved. Current chemotherapy often leads to tumour 

regression but it does not eliminate a subpopulation of CSCs which are believed to be 

responsible for tumour formation in the first place. Henceforth, recurrence prevails following an 

otherwise apparently successful treatment. Although targeting CSCs has gained increased 

popularity as a potential avenue to improve the progression-free survival and overall survival in 

many cancers, the survival mechanisms of CSCs are still not fully understood. In the previous 

Chapter, treatment with paclitaxel confirmed its limited effect on CSCs, and was shown to 

induce aberrant activation of the JAK2/STAT3 signalling pathway in vitro which was 

demonstrated to be a CSC-associated survival pathway. On the other hand, the addition of 

Momelotinib diminished paclitaxel-induced JAK2/STAT3 activation and CSC-like markers 

expression, and enhanced paclitaxel-induced death in ovarian cancer cells. Previous studies 

from our group has also demonstrated that i.p. injection of in vitro chemotherapy-treated 

ovarian cancer cells in nude mice resulted in the generation of a larger tumour burden with 

increased tumour staining of CSC-like expression in the residual cells, while in vitro treatment 
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with a combination of chemotherapy and Momelotinib substantially suppressed CSC-like 

expression and tumour burden of mice (Abubaker et al., 2015; Abubaker et al., 2014b). 

However, in vitro treatment of cells prior to xenotransplantation prevents the study of the 

pharmacological and toxicological parameters of treatment with paclitaxel and/or Momelotinib 

in vivo. This limitation was addressed in the subsequent mouse study where mice with 

subcutaneous inoculation of untreated ovarian cancer cells were treated with paclitaxel at a dose 

of 15mg/kg bodyweight weekly by i.p. injection with or without Momelotinib at a dose of 

5mg/kg bodyweight daily by oral gavages (Abubaker et al., 2014a). Consistently, treatment with 

daily Momelotinib and weekly paclitaxel resulted in a smaller subcutaneous tumour volume, 

and a significant reduction in CSC-like expression in mice xenograft compared to that from 

mice treated with weekly paclitaxel alone (Abubaker et al., 2014a). However, both these in vivo 

studies do not truly reflect the clinical scenario in ovarian cancer. Given that ovarian cancer is a 

highly metastatic disease, a lack of metastasis presentation associated with subcutaneous 

xenograft tumour models renders the comparative effect of different treatments unachievable. 

Nevertheless, both studies were the first to demonstrate the efficacy of Momelotinib as a CSC-

targeted therapy for drug-resistant ovarian cancer, which underpin the experiments in this 

Chapter.  

The aim of this Chapter was to treat mice with paclitaxel weekly by i.p. injection with or 

without Momelotinib daily by oral gavages, and compare the tumour burden produced with 

different treatments. Additionally, the mice were inoculated i.p. with untreated ovarian cancer 

HEY cells to further study the tumour dissemination. Treatment with paclitaxel was given at a 

dose of 15mg/kg bodyweight as that used by Abubaker et al. (2014a), but Momelotinib 

treatment was increased from a dose of 5mg/kg to 25mg/kg bodyweight to assess the safety and 

efficacy of dose escalation in mice inoculated with ovarian cancer cells. The next aim was to 

terminate all treatment in mice at the endpoint of control untreated mice, and to assess the 

length of the “remission period”, the tumour burden and dissemination, and the changes that 
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occurred in the mice tumours, particularly changes in the expression of JAK2/STAT3 activation 

and CSC-like markers. Lastly, this study aimed to evaluate the suppressive effect, if any on 

tumour growth and progression, as well as the disease-free survival and overall survival in mice 

with ongoing Momelotinib treatment. This Chapter is the first to demonstrate the effect of 

treatment termination with paclitaxel and/or Momelotinib on the JAK2/STAT3 signalling and 

CSC-like development in ovarian cancer, which provides meaningful information on how 

residual cells can ultimately develop recurrent disease. To improve survival and overcome 

chemoresistance, this Chapter is devoted to finding more effective treatments for ovarian cancer 

patients, which may be achieved with Momelotinib.  

4.2 Experimental Design  

Inoculation and treatment of mice are described in the “Materials and Methods” Section 2.10.2. 

Briefly, female Balb/c nu/nu mice (age 6 - 8 weeks) were injected i.p. with 5 x 106 viable 

ovarian cancer HEY cells. After 19 days, mice were treated with weekly paclitaxel at a 

concentration of 15mg/kg of mice bodyweight by i.p. injection with or without Momelotinib 

treatment given daily at a concentration of 25mg/kg of mice bodyweight by oral gavage. In 

comparison, in vitro paclitaxel treatment for HEY cells was given at a concentration of 

0.05µg/mL (equivalent of 0.06µM), while in vitro Momelotinib treatment for HEY cells was at 

a concentration of 1µM. Mice were inspected every 2 - 3 days and tumour formation was 

monitored by the overall body condition and body weight until the pre-determined endpoint was 

reached. Three studies were performed, each with a different experimental design summarized 

in Table 4.1 and Sections 4.2.1, 4.2.2 and 4.2.3. Studies 1 and 2 were performed simultaneously, 

with a common control untreated group (n=4). At the endpoint, organs (liver, kidney, 

gastrointestinal tract, pancreas and spleen) and solid tumours were collected, processed and 

subjected to H&E and/or immunohistochemical examination as described in the “Materials and 

Methods” Sections 2.10.3, 2.10.4 and 2.10.5. The tumour burden was calculated as the 
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percentage of the weight of the tumours (g) relative to the weight of the mouse from which the 

tumours were isolated (g). The statistical analysis, described in the “Materials and Methods” 

Section 2.11, was by One-Way ANOVA with Tukey’s post hoc. Comparisons of survival 

curves were analysed using Kaplan-Meier curves with a Log-rank test.  

4.2.1 Study 1  

Nineteen days post-i.p. injection with HEY cells, mice were divided into three groups based on 

the treatment given: paclitaxel, Momelotinib, and a combination of paclitaxel and Momelotinib 

(n=3/group). All treatments were maintained until the endpoint of control untreated mice. At 

this point, all mice in Study 1 were euthanized. Endpoint criteria included loss of body weight 

exceeding 20% of initial body weight, anorexia and general patterns of diminished wellbeing 

such as abnormalities in respiration, motility, posture, and response to provocation. 

4.2.2 Study 2 

Nineteen days post-i.p. injection with HEY cells, mice were divided into three groups based on 

the treatment given: paclitaxel, Momelotinib, and a combination of paclitaxel and Momelotinib 

(n=5 paclitaxel- or Momelotinib-treated mice, n=4 combined paclitaxel and Momelotinib-

treated mice). All treatments were maintained until the endpoint of control untreated mice. At 

this point, the control untreated mice were euthanized, and all treatments were terminated. The 

mice were inspected every 2 – 3 days until their individual endpoint was reached, or until the 

designated endpoint of the experiment at 91 days post-inoculation. Endpoint criteria included 

the factors described in Section 4.2.1. 

4.2.3 Study 3 

Nineteen days post-i.p. injection with HEY cells, all mice were treated with a combination of 

paclitaxel and Momelotinib, except for the control untreated mice (n=9) and were divided into 
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three groups (n=9/group). In Group 1, all treatments were maintained until the endpoint of all 

control untreated mice. At this point, the control untreated and Group 1 mice were euthanized. 

In Group 2, all treatments were maintained until the endpoint of all control untreated mice. At 

this point, all treatments were terminated. In Group 3, all treatments were maintained until the 

endpoint of all control untreated mice. At this point, only paclitaxel treatment was terminated 

while Momelotinib only treatment was maintained by oral gavage. Mice in Groups 2 and 3 were 

inspected every 2 – 3 days until their individual endpoint was reached, or until the designated 

endpoint of the experiment at 91 days post-inoculation. Endpoint criteria included the factors 

described in Section 4.2.1. 
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Table 4.1 Description of mice treatment and endpoint in each study groups  

Note: Control untreated mice were included in all studies 

Paclitaxel: 15mg/kg bodyweight weekly by i.p. injection 

Momelotinib: 25mg/kg bodyweight daily by oral gavage  
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4.3 Results 

4.3.1 Study 1: Daily Momelotinib administration in conjunction with weekly 

paclitaxel reduced in vivo tumorigenicity of HEY cells in Balbc nu/nu mice 

To investigate the in vivo anti-tumorigenic effect following the administration of Momelotinib 

in conjunction with paclitaxel, all mice in Study 1 were culled at the endpoint of the control 

untreated mice, and their tumour volumes and tumour burden were measured. Body weight, 

body condition and tumour formation were monitored every two to three days. Nineteen days 

post-inoculation, mice were treated with weekly paclitaxel by i.p. injection at a dose of 15mg/kg 

bodyweight, daily Momelotinib by oral gavage at a dose of 25mg/kg bodyweight, or a 

combination of both (n=3 per treatment group) (Figure 4.1). Thirty-five days post-inoculation, 

all treated mice were subjected to euthanasia at the humane endpoint of control untreated mice 

(n=4). Mice that received weekly paclitaxel, daily Momelotinib or a combination of both did not 

show signs suggesting a distressed body condition. Subsequently, body weight, tumour 

dissemination, and resected tumour volume and weight were noted. Upon dissection, multiple 

macroscopic tumour deposits (~2 - 32 mm3) were observed primarily in the liver, pancreas and 

bowels, and several smaller tumour nodules (~0.3 - 1.8 mm3) were also found throughout the 

peritoneal cavity of the control untreated mice (Figures 4.2A and 4.2B). Mice treated with 

paclitaxel or Momelotinib alone developed macroscopic tumour (~2.5 - 22 mm3 and ~2.5 - 15 

mm3 respectively) that were found mainly in the liver and bowels, and smaller tumour nodules 

(~0.6 - 1.8 mm3 and ~0.6 - 1.3 mm3 respectively) seen scattered throughout the peritoneal 

cavity. On average, mice treated with a combination of paclitaxel and Momelotinib developed 

mainly smaller tumour nodules (~0.01 - 1.3 mm3) and fewer macroscopic tumours (~2 - 6.4 

mm3) that were discovered primarily in the bowels. Overall, although no significant difference 

was observed in the tumour volume between all groups (Figure 4.2C), less tumours were found 

and isolated in all the treated mice compared to control untreated mice (Figure 4.2B).  
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Next, the tumour burden was compared between all mice in Study 1 by dividing the tumour 

weight relative to the body weight of each mouse from which the tumour was isolated. Control 

untreated mice developed the largest tumour burden compared to all groups, with a mean of 

13.6% ± 1.6 (Figure 4.3A). No significant difference was observed in the average tumour 

burden between mice that were treated with either weekly paclitaxel or daily Momelotinib 

(M=10.1% ± 0.5 and 5.3% ± 1.8 respectively), but the tumour burden in both groups was 

significantly smaller compared to control untreated mice (P=0.009 and 0.002 respectively). 

Although the mice treated with the combination only received a total of 3 paclitaxel and 17 

Momelotinib treatments, the tumour burden produced (M=3.2% ± 1.1) was significantly smaller 

compared to the tumour burden of mice treated with weekly paclitaxel alone (P= 0.03). 

Paclitaxel, Momelotinib or a combination of both treatments were well tolerated in mice 

without any adverse effect on their body condition and weight throughout Study 1. Mild 

fluctuations in body weight were recorded but overall, no significant difference in the average 

body weight was observed between all groups throughout this study, with an average body 

weight ranging from 11.6 - 12.6g (Figure 4.3B).  

Histological examination of tumour xenografts by a qualified pathologist revealed that the 

morphological features resembling high grade serous carcinoma in women was maintained in 

control untreated mice and mice that were treated with paclitaxel and/or Momelotinib (Figure 

4.4). In general, the isolated mouse tumours from all groups displayed extensive cellular 

budding, obvious aneuploidy within very large and rounded nuclei, and branches of stromal and 

papillae structures. Diffuse stromal projections were seen more commonly and larger in size in 

the tumours isolated from paclitaxel-treated mice compared to all other groups, while a lesser 

extent was seen in the tumours of mice treated with a combination of paclitaxel and 

Momelotinib. 
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Figure 4.1 Real time Kaplan-Meier survival curve of the experimental protocol in Study 1 

(i) 5x106 HEY cells were injected i.p. into female Balbc nu/nu mice and their survival 

was measured starting from day 0. (ii) Treatment with weekly paclitaxel at a dose of 

15mg/kg bodyweight i.p. and/or daily Momelotinib at a dose of 25mg/kg bodyweight 

oral gavage was initiated from day 19 (n=3/treated-group) (iii) The control untreated 

mice (n=4 control mice) reached the humane endpoint on day 35. All treated mice were 

culled along with control untreated mice and tumours were collected on day 35. 
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Figure 4.2 Mice dissection and tumour volume of mice intraperitoneally injected with ovarian HEY 

cells and treated with either paclitaxel, Momelotinib or a combination of both in Study 1 

Representative images of (A) mice dissection and (B) resected tumours from control untreated mice and 

mice treated with weekly paclitaxel, daily Momelotinib, or a combination of paclitaxel and Momelotinib. 

All mice treatment was initiated 19 days post-inoculation with HEY cells. At the endpoint of control 

untreated mice at 35 days post-inoculation, all mice were subjected to euthanasia, dissected and their 

tumours were excised. Arrows indicate visible solid tumours in mice. (C) Average volume of resected 

tumours measured with a ruler in each group of mice. Data is presented as mean ± SEM (n=4 control 

untreated mice, n=3 mice/treated-group). Parametric One-way ANOVA with Tukey’s post-test was used 

for statistical analysis. 
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Figure 4.3 Tumour burden and weight of mice intraperitoneally injected with ovarian HEY cells 

and treated with either paclitaxel, Momelotinib or a combination of both in Study 1 

(A) Quantification of tumour burden was represented by the percentage of the tumour weight (g) relative 

to the mouse bodyweight (g) from which the tumour was isolated. All tumours were collected at the 

endpoint of control untreated mice, which was 35 days post-inoculation. (B) Average mice weight 

measured starting from mice i.p. injection with HEY cells on day 0, 1st treatment with paclitaxel, 

Momelotinib or a combination of both on day 19, and every week onwards until the endpoint of control 

untreated mice on day 35. Data is presented as mean ± SEM (n=4 untreated mice, n=3 mice/treated 

group). Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

*p<0.05, **p<0.01.

(%
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Figure 4.4 Histological assessment of tumour architectural pattern derived from mice intraperitoneally injected with ovarian HEY cells in Study 1  

Representative images of H&E stained tumour xenograft derived from control untreated mice and mice treated with either weekly paclitaxel, daily Momelotinib or 

combination of paclitaxel and Momelotinib (n=3/group). Arrows indicate the presence of papillary architecture. Magnification 200x (top panel) and 400x (bottom 

panel), scale bar = 10µm. 
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4.3.2 Paclitaxel and Momelotinib combination treatment suppresses ovarian 

cancer metastasis in vivo 

Metastasis is a hallmark of many cancers, and plays a critical role in the progression of ovarian 

cancer (Hanahan & Weinberg, 2011; Lengyel, 2010). To determine whether the administration 

of Momelotinib and paclitaxel treatment had any in vivo effect on tumour invasion and 

metastasis, mice organs (liver, pancreas, spleen, kidney, small bowel and large bowel) were 

collected and subjected to H&E staining. Tumour invasion was higher in the control untreated 

mice compared to all groups, which involved the pancreas (Figure 4.5A), liver (Figure 4.5B), 

spleen (Figure 4.6A), and small bowel (Figure 4.7A). Tumour invasion was seen in the pancreas 

and small bowel of mice treated with weekly paclitaxel, while tumour invasion was noted in the 

pancreas and large bowel of mice treated with daily Momelotinib. Early invasion of tumour 

cells was observed in the gastrointestinal wall surrounding the large bowel (Figure 4.7B) of 

paclitaxel-treated mice, and small bowel of Momelotinib-treated mice. However, mice that were 

treated with a combination of weekly paclitaxel and daily Momelotinib had tumour invasion 

that involved only the small bowel, and early invasion into the gastrointestinal wall of the large 

bowel. Although tumour was visible on the kidney wall of untreated and paclitaxel-treated mice, 

no visible tumour infiltration was seen (Figure 4.6B). 
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Figure 4.5 Histological assessment of pancreatic and hepatic infiltration by tumours developed in mice inoculated with HEY cells in Study 1  

Representative images of H&E stained (A) pancreas and (B) liver derived from untreated mice and mice treated with either weekly paclitaxel, daily Momelotinib or 

combination of paclitaxel and Momelotinib (n=3/group). Arrows indicate tumour cells invading respective organs. Magnification 200x, scale bar = 10µm. 
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Figure 4.6 Histological assessment of splenic and kidney infiltration by tumours developed in mice inoculated with HEY cells in Study 1  

Representative images of H&E stained (A) spleen and (B) kidney derived from untreated mice and mice treated with either weekly paclitaxel, daily Momelotinib or 

combination of paclitaxel and Momelotinib (n=3/group). Arrow indicate tumour cells invading respective organs. Magnification 200x, scale bar = 10µm. 
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Figure 4.7 Histological assessment of bowel infiltration by tumours developed in mice inoculated with HEY cells in Study 1  

Representative images of H&E stained (A) small bowel and (B) large bowel derived from untreated mice and mice treated with either weekly paclitaxel, daily 

Momelotinib or combination of paclitaxel and Momelotinib (n=3/group). Arrows indicate tumour cells invading respective organs. Magnification 200x, scale bar = 

10µm. 
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4.3.3 The addition of daily Momelotinib suppresses paclitaxel-induced 

JAK2/STAT3 activation in mice tumour xenografts  

In Chapter 3, Momelotinib treatment resulted in the in vitro suppression of JAK2/STAT3 

activation induced by paclitaxel in ovarian cancer HEY and TOV21G cell lines (Section 3.2.9). 

A previous study has shown that oral Momelotinib treatment at a dose of 5mg/kg bodyweight in 

mice significantly reduced the volume of subcutaneous tumour with reduced JAK2/STAT3 

activation and CSC-like expression in the tumour xenograft when compared to mice treated 

with i.p. paclitaxel alone at a dose of 15mg/kg bodyweight (Abubaker et al., 2014a). To study 

the efficacy and toxicity of treatment with a higher dose of Momelotinib in mice i.p. injected 

with ovarian HEY cells, immunohistochemical analysis of P-JAK2/STAT3 and T-JAK2/STAT3 

staining was performed on the formalin-fixed and paraffin embedded tumour xenografts isolated 

from the control untreated mice, and mice that were treated with either weekly paclitaxel at a 

dose of 15mg/kg bodyweight by i.p. injection, daily Momelotinib at a dose of 25mg/kg 

bodyweight by oral gavage, or a combination of paclitaxel and Momelotinib. P-JAK2 and P-

STAT3 staining was observed in the nuclei and cytoplasm of the tumour cells (Figures 4.8A and 

4.10A), while T-JAK2 and T-STAT3 staining was predominantly confined to the cytoplasm 

(Figures 4.9A and 4.11A). Weekly paclitaxel treatment resulted in significantly increase P-

JAK2 and P-STAT3 staining when compared to the staining of untreated mice, and mice that 

received daily Momelotinib treatment and a combination of paclitaxel and Momelotinib 

treatment (P-JAK2: P=0.003, 0.003 and 0.002 respectively, P-STAT3: P=0.006, 0.002 and 

0.001 respectively) (Figures 4.8B and 4.10B). No significant difference was observed for T-

JAK2 and T-STAT3 staining between all groups (Figures 4.9B and 4.11B). 
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Figure 4.8 Immunohistochemical analysis of P-JAK2 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of P-JAK2 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of P-JAK2 DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by **p<0.01. 
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Figure 4.9 Immunohistochemical analysis of T-JAK2 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of T-JAK2 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of T-JAK2 DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used for 

statistical analysis. 
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Figure 4.10 Immunohistochemical analysis of P-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of P-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of P-STAT3 DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.11 Immunohistochemical analysis of T-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of T-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of T-STAT3 DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used for 

statistical analysis. 
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4.3.4 Suppression of paclitaxel-induced JAK2/STAT3 activation with 

Momelotinib reduces ovarian CSC-like marker expression in mice tumour 

xenografts 

Results from Chapter 3 demonstrated that Momelotinib treatment resulted in the suppression of 

paclitaxel-induced JAK2/STAT3 activation and CSC-like markers expression in HEY and 

TOV21G cells (Sections 3.2.9 and 3.2.10). To validate these in vitro results using in vivo 

models, immunohistochemical analysis of c-Kit and Oct4 staining was performed on the tumour 

xenograft resected from mice inoculated with HEY cells in Study 1. Mice treated with either 

weekly paclitaxel, daily Momelotinib or a combination of both were subjected to euthanasia at 

the same humane endpoint of control untreated mice thirty-five days post-inoculation. 

Consistent with the in vitro findings, xenografts derived from paclitaxel-treated mice displayed 

significant increase in c-Kit and Oct4 staining when compared to the xenografts of control 

untreated mice (P=0.0002 and 0.002 respectively) (Figures 4.12B and 4.13B). Tumour staining 

of c-Kit revealed a significant reduction in Momelotinib-treated mice when compared to the 

tumour staining of paclitaxel-treated mice (P=<0.0001), while no significant difference was 

observed when compared to control untreated and combined-treated mice. The addition of 

Momelotinib to paclitaxel treatment resulted in xenografts that displayed a significant reduction 

in c-Kit staining when compared to that of control untreated and paclitaxel-treated mice 

(P=0.001 and <0.0001 respectively), and Oct3/4 staining when compared to all groups 

(P=<0.0001). Diffuse cytoplasmic c-Kit staining was observed in the tumours of all groups, 

while strong Oct4 staining was observed in the nuclei (Figures 4.12A and 4.13A). 
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Figure 4.12 Immunohistochemical analysis of c-Kit expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of c-Kit immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of c-Kit DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.13 Immunohistochemical analysis of Oct4 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of Oct4 immunohistochemical staining in paraffin embedded tumour xenograft 

derived from control untreated mice, and mice treated with either weekly paclitaxel, daily Momelotinib or 

a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. (B) Quantification 

of Oct4 DAB staining using Fiji software recognising DAB intensity as described in the “Materials and 

Methods” section. Results are expressed as the average DAB reading of positively-stained tumour cells 

subtracted by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3-

4/group). Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

**p<0.01, ****p<0.0001. 
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4.3.5 Weekly systemic paclitaxel and daily oral gavages of Momelotinib 

suppressed the expression of tumorigenic, proliferative and angiogenic markers in 

mouse tumour xenografts 

To further analyse the outcome on the tumour phenotype following the addition of Momelotinib 

to paclitaxel treatment in mice, the resected tumours of mice in Study 1 were subjected to 

immunohistochemical analyses for the expression of cancer antigen 125 (CA125), proliferative 

marker, Ki-67, cluster of differentiation 31 (CD31) and cytokeratin 7 (CK7). Consistent with 

the expression of CSC-like markers, significant increase was observed for CA125, Ki-67 and 

CD31 staining in the xenograft derived from paclitaxel-treated mice when compared to the 

xenograft of control untreated mice (P=0.03, 0.006 and 0.001 respectively) (Figures 4.14B, 

4.15B and 4.16B). On the other hand, the addition of Momelotinib to paclitaxel significantly 

reduced CA125 tumour staining by ~2.5-fold when compared to the xenograft of mice treated 

with paclitaxel alone (P=0.002). A moderate increase in CA125 staining was observed in the 

xenograft of Momelotinib-treated mice when compared to that of control untreated and 

combined-treated mice, however no statistical difference was observed. In contrast, mice that 

received daily Momelotinib alone or in conjunction with weekly paclitaxel had tumour that 

exhibited significantly reduced Ki-67 and CD31 staining when compared to that of the control 

untreated mice (Ki-67: P= 0.002 and 0.0004 respectively, CD31: P=0.004 and 0.02 respectively) 

and paclitaxel-treated mice (Ki-67: P=<0.0001 for both, CD31: P=<0.0001 for both). 

Immunohistochemical localization revealed strong nuclear staining for Ki-67 (Figure 4.15A), 

cytoplasmic staining for CA125 (Figure 4.14A), and continuous vessel-like transmembrane 

expression pattern for CD31 (Figure 4.16A). No statistical difference was detected in the strong 

cytoplasmic staining of CK7 between the xenografts isolated from all groups (Figure 4.17). 
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Figure 4.14 Immunohistochemical analysis of CA125 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of CA125 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of CA125 DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by *p<0.05, **p<0.01.
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Figure 4.15 Immunohistochemical analysis of Ki-67 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of Ki-67 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of Ki-67 DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4.16 Immunohistochemical analysis of CD31 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of CD31 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of CD31 DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained cells for each 

xenograft ± SEM (n=3-4/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by *p<0.05, **p<0.01, ****p<0.0001. 



 

188 
 

 

 

Figure 4.17 Immunohistochemical analysis of CK7 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 

(A) Representative images of CK7 immunohistochemical staining in paraffin embedded tumour xenograft 

derived from control untreated mice, and mice treated with either weekly paclitaxel, daily Momelotinib or 

a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. (B) Quantification 

of CK7 DAB staining using Fiji software recognising DAB intensity as described in the “Materials and 

Methods” section. Results are expressed as the average DAB reading of positively-stained tumour cells 

subtracted by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3-

4/group). Parametric One-way ANOVA with Tukey’s post-test was used for statistical analysis.  
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4.3.6 Study 2: Treatment with paclitaxel, Momelotinib or a combination of both 

prolonged the survival of mice inoculated with HEY cells 

The standard chemotherapy regimens commonly given to most advanced-stage ovarian cancer 

patients typically consists of 6-8 cycles of platinum-taxane agents (Berek & Natarajan, 2007). 

Additional administration of single-agent paclitaxel for another 12 cycles in women with 

advanced-stage ovarian cancer who achieved after complete response to first-line chemotherapy 

treatment has been shown to increase the risk of a moderately severe peripheral neuropathy 

(Micha et al., 2005), and showed no improvement in disease-free survival and overall survival 

of EOC patients (Nicoletto et al., 2004). To assess the effect of treatment termination on ovarian 

tumour progression in vivo, the survival period and tumour burden and dissemination in mice 

were noted following termination of paclitaxel, Momelotinib or a combination of paclitaxel and 

Momelotinib in Study 2. Similar to Study 1, 4 - 6 weeks old female Balbc nu/nu mice injected 

i.p. with 5 x 106 ovarian HEY cells were treated after nineteen days post-inoculation with either 

weekly paclitaxel by i.p. injection at a dose of 15mg/kg bodyweight (n=5), daily Momelotinib 

by oral gavage at a dose of 25mg/kg bodyweight (n=5), or a combination of both (n=4). At the 

endpoint of control untreated mice (n=4) at thirty-five days post-inoculation, all treatment 

regimens were terminated, and the mice were observed for signs of abnormalities that requires 

euthanasia as described in Section 4.2.1. Overall, all treated-groups survived longer than the 

control untreated group (Figure 4.18A). While the difference between paclitaxel-treated and 

Momelotinib-treated mice was not significant, both these groups survived ~6 days longer 

compared to the control untreated group (P=0.001 and 0.002 respectively) (Figure 4.18B). Mice 

treated previously with a combination of paclitaxel and Momelotinib survived the longest when 

compared to all groups (P=<0.0001), ~15 days longer compared to control untreated mice.  

We next assessed the tumours recovered at the endpoint of each mouse in each group to 

determine whether termination of treatment affected tumour growth. Termination of paclitaxel, 
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Momelotinib or a combination of both treatments resulted in the development of multiple 

tumours of varying sizes throughout the peritoneal cavity as observed in control untreated mice 

(Figures 4.19A and 4.19B). Termination of paclitaxel treatment resulted in the generation of 

tumour volumes that were slightly larger than the tumour volumes in mice with terminated 

Momelotinib treatment (mean difference of 1.3 mm3), but both groups had tumour volumes that 

were slightly larger compared to the tumour volume in control untreated mice (mean difference 

of 4.1 mm3 and 2.9 mm3 respectively) (Figure 4.19C). Interestingly, termination of paclitaxel 

and Momelotinib-combined in mice resulted in a significantly larger tumour volume when 

compared to the control untreated mice and mice with terminated Momelotinib treatment 

(P=0.002 and 0.02 respectively). In contrast to Study 1, the average tumour burden showed no 

significant difference between all groups in Study 2 (Figure 4.20A). Mild fluctuations in body 

weight were observed in each mouse throughout the experiment in Study 2 (Figure 4.20B).  

To study the histology and morphological appearance of tumours in Study 2, the resected 

tumours were subjected to H&E staining. Similar to Study 1, the morphological features that 

resembles high grade serous carcinoma in women was observed in mice with terminated 

paclitaxel, Momelotinib or a combination of both (Figure 4.21). The presence of larger stromal 

projections was more common in the tumours isolated from mice with terminated paclitaxel and 

terminated Momelotinib treatment, while fewer and smaller stromal structures were seen in the 

tumours of mice with terminated paclitaxel and Momelotinib-combined. 
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Figure 4.18 Survival analysis of mice treated with either paclitaxel, Momelotinib or a combination 

of both 

(A) Kaplan-Meier survival analysis of control untreated mice (yellow line), and mice treated with either 

weekly paclitaxel (red dotted line), daily Momelotinib (green dotted line) or a combination of paclitaxel 

and Momelotinib (blue dotted line). (i) All treatments were terminated at the endpoint of control untreated 

mice, which was 35 days post-inoculation, and the survival of mice was monitored until the experimental 

endpoint described in Section 4.2.1. The graph is presented as the percentage of mice that were still alive 

starting from day 0 until the last mouse reached its endpoint (y-axis = 0%). (B) The length of survival was 

measured starting from the day when mice were inoculated with HEY cells until their individual 

endpoints. Data is presented as the average length of survival in each group ± SEM (n=4-5 mice/group). 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by **p<0.01, 

***p<0.001. 
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Figure 4.19 Mice dissection and tumour volume in mice with terminated paclitaxel, Momelotinib or 

a combination of paclitaxel and Momelotinib in Study 2 

Representative images of (A) mice dissection and (B) resected tumours from control untreated mice and 

mice with terminated weekly paclitaxel, daily Momelotinib or a combination of paclitaxel and 

Momelotinib treatment. All mice treatments were initiated 19 days post-inoculation with HEY cells and 

terminated at the endpoint of control untreated mice, which was 35 days post-inoculation. Mice were 

dissected and their tumours collected at the endpoint of each individual mouse. Arrows indicate visible 

solid tumours in mice. (C) Average volume of resected tumours measured with a ruler in each group of 

mice. Data is presented as mean ± SEM (n=4-5/group). Parametric One-way ANOVA with Tukey’s post-

test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 4.20 Tumour burden and weight of mice with terminated paclitaxel, Momelotinib or a 

combination of paclitaxel and Momelotinib in Study 2 

(A) Quantification of tumour burden was represented by the percentage of the tumour weight (g) relative 

to the mouse bodyweight (g) from which the tumour was isolated. Data is presented as mean ± SEM 

(n=4-5/group). Parametric One-way ANOVA with Tukey’s post-test was used for statistical analysis. (B) 

Average body weight measured starting from mice i.p. injection with HEY cells on day 0, 1st treatment 

with paclitaxel, Momelotinib or a combination of both on day 19 and every week onwards, endpoint of 

control untreated mice and treatment termination on day 35 and every week onwards until the endpoint of 

all mice in Study 2.  

(%
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Figure 4.21 Histological assessment of tumour architectural pattern derived from mice intraperitoneally injected with ovarian HEY cells in Study 2 

Representative images of H&E stained tumour xenograft derived from mice with terminated weekly paclitaxel, daily Momelotinib or combination of paclitaxel and 

Momelotinib (n=3 mice/group). Arrows indicate tumour stromal structures. Magnification 200x (top panel) and 400x (bottom panel), scale bar = 10µm. 
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4.3.7 Termination of Momelotinib and paclitaxel treatment in vivo resulted in 

tumour invasion and metastatic dissemination  

The poor prognosis of EOC is largely due to the metastasis of tumour cells beyond the ovaries 

in the majority of patients (Gubbels et al., 2010). To assess the effect of treatment termination in 

Study 2 on the metastasis and invasion of EOC cells in mice, H&E staining was performed on 

the organs collected at each mouse endpoint. Termination of either paclitaxel or Momelotinib 

alone showed similar invasion profiles in mice, where tumour infiltration was seen in the 

pancreas (Figure 4.22A), liver (Figure 4.22B) and gastrointestinal lining of the small bowel 

(Figure 4.24A). On the other hand, tumour invasion was observed in the pancreas, spleen 

(Figure 4.23A), and gastrointestinal lining of the small and large bowel (Figure 4.24B) in mice 

in which paclitaxel and Momelotinib-combined treatment was terminated. Tumour adherence 

without invasion into the kidney wall was observed in mice with terminated Momelotinib, and a 

combination of paclitaxel and Momelotinib (Figure 4.23B). 
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Figure 4.22 Histological assessment of pancreatic and hepatic infiltration by tumours developed in mice inoculated with HEY cells in Study 2 

Representative images of H&E stained (A) pancreas and (B) liver derived from untreated mice and mice with terminated weekly paclitaxel, daily Momelotinib or a 

combination of paclitaxel and Momelotinib (n=3 mice/group). Arrows indicate tumour cells invading respective organs. Magnification 200x, scale bar = 10µm.
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Figure 4.23 Histological assessment of splenic and kidney infiltration by tumours developed in mice inoculated with HEY cells in Study 2 

Representative images of H&E stained (A) spleen and (B) kidney derived from untreated mice and mice with terminated weekly paclitaxel, daily Momelotinib or a 

combination of paclitaxel and Momelotinib (n=3 mice/group). Arrows indicate tumour cells invading respective organs. Magnification 200x, scale bar = 10µm.



 

198 
 

 

Figure 4.24 Histological assessment of bowel infiltration by tumours developed in mice inoculated with HEY cells in Study 2 

Representative images of H&E stained (A) small bowel and (B) large bowel derived from untreated mice and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib (n=3 mice/group). Arrows indicate tumour cells invading respective organs. Magnification 200x, scale 

bar = 10µm. 
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4.3.8 Termination of Momelotinib no longer suppressed paclitaxel-induced 

JAK2/STAT3 activation and CSC-like markers expression 

To study the effect of treatment termination on JAK2/STAT3 activation and CSC-like 

development, immunohistochemical staining for P-JAK2, P-STAT3, T-JAK2 and T-STAT3 

expression, as well as CSC-like markers, c-Kit and Oct4 expression was performed on the 

resected tumours of mice in Study 2. Overall, a significant increase in P-JAK2 staining was 

observed in the xenografts of mice with terminated paclitaxel, Momelotinib and a combination 

of paclitaxel and Momelotinib when compared to the xenografts of control untreated mice 

(P=0.01, 0.04 and 0.05 respectively) (Figure 4.25B). Termination of paclitaxel also resulted in a 

significantly increased P-STAT3 tumour staining by ~1.7-fold when compared to that of control 

untreated mice (P=0.03) (Figure 4.27B). A similar trend was observed in the P-STAT3 tumour 

staining of mice with terminated Momelotinib and terminated paclitaxel and Momelotinib-

combined when compared to untreated mice (mean difference of 19.4 and 15.8 respectively), 

however no statistical significance was detected. Similarly, no difference was detected in the 

tumour staining of T-JAK2 and T-STAT3 between all groups (Figures 4.26B and 4.28B).  

Consistent with P-JAK2, immunohistochemical analysis on the CSC-like marker, c-Kit was 

found to be significantly enhanced in the xenografts derived from mice with terminated 

paclitaxel, Momelotinib or a combination of both when compared to control untreated mice 

(P=<0.0001, <0.0001 and 0.005 respectively) (Figure 4.29B). On the other hand, mice with 

terminated paclitaxel and Momelotinib-combined developed tumours that displayed a 

significantly reduced c-Kit expression when compared to the tumours of mice with terminated 

paclitaxel (P=0.0004). Tumour staining of Oct4 was significantly increased in the xenografts of 

mice with terminated paclitaxel and terminated Momelotinib when compared to control 

untreated mice (P=<0.0001 and 0.0002 respectively) (Figure 4.30B). No significant difference 

was observed in Oct4 tumour staining between the untreated mice and mice with terminated 



 

200 
 

paclitaxel and Momelotinib-combined, and between the mice with terminated paclitaxel and 

mice with terminated Momelotinib.  

Termination of paclitaxel, Momelotinib or a combination of both treatments in mice was 

previously shown to moderately increase mice tumour burden when compared to that of control 

untreated mice (Section 4.3.6). Furthermore, mice with terminated paclitaxel and Momelotinib-

combined produced the largest tumour volume when compared to all mice groups. To determine 

whether the poor outcome following termination of paclitaxel and Momelotinib treatment was 

associated with the increase in JAK2/STAT3 activation and CSC-like markers expression, 

immunohistochemical staining of P-JAK2, P-STAT3, T-JAK2 and T-STAT3, as well as c-Kit 

and Oct4 was compared between the resected tumour xenografts of Study 1 and Study 2. To 

study the effect of terminating specific treatment(s), comparison was made between the same 

treatment group of Study 1 and Study 2. Staining for P-JAK2 was significantly increased by 

~6.5-fold in the xenografts isolated from mice with terminated Momelotinib when compared to 

Momelotinib-treated mice in study 1 (P=0.05), and significant increase by ~13-fold in the 

xenografts isolated from mice with terminated paclitaxel and Momelotinib-combined when 

compared to mice that received a combination of paclitaxel and Momelotinib treatment in Study 

1 (P=0.03) (Figure 4.31). Consistent with P-JAK2, P-STAT3 tumour staining was significantly 

up-regulated by ~2-fold in the xenografts from mice with terminated Momelotinib or a 

combination of paclitaxel and Momelotinib in Study 2 when compared to their respective 

treated-groups in Study 1 (P=0.04 and 0.05 respectively) (Figure 4.33). Termination of 

paclitaxel treatment showed no significant difference in P-JAK2 and P-STAT3 staining when 

compared to paclitaxel-treated mice in Study 1. No significant difference was also detected in 

T-JAK2 and T-STAT3 tumour staining between the same treatment group of Study 1 and Study 

2 (Figures 4.32B and 4.34B).  

When compared to paclitaxel and Momelotinib-combined treated mice in Study 1, c-Kit and 

Oct4 tumour staining was markedly increased in the xenografts of paclitaxel and Momelotinib-
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combined treated mice in Study 2 (P=<0.0001 for both) (Figures 4.35 and 4.36). In fact, c-Kit 

and Oct4 staining was also markedly increased in mice with terminated paclitaxel and 

terminated Momelotinib in Study 2 when compared to their respective treated-groups in Study 1 

(c-Kit: P=<0.0001 for both, Oct4: P=0.002 and 0.001 respectively).
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Figure 4.25 Immunohistochemical analysis of P-JAK2 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of P-JAK2 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of P-JAK2 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05.
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Figure 4.26 Immunohistochemical analysis of T-JAK2 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of T-JAK2 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of T-JAK2 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used for statistical analysis. 
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Figure 4.27 Immunohistochemical analysis of P-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of P-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of P-STAT3 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05.
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Figure 4.28 Immunohistochemical analysis of T-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of T-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of T-STAT3 DAB staining using Fiji 

software recognising DAB intensity as described in the “Materials and Methods” section. Results are 

expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way 

ANOVA with Tukey’s post-test was used for statistical analysis. 
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Figure 4.29 Immunohistochemical analysis of c-Kit expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of c-Kit immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of c-Kit DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.30 Immunohistochemical analysis of Oct4 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of Oct4 immunohistochemical staining in paraffin embedded tumour xenograft 

derived from control untreated mice, and mice with terminated weekly paclitaxel, daily Momelotinib or a 

combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days post-inoculation 

with HEY cells and terminated at the endpoint of control untreated mice, which was 35 days post-

inoculation. Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, 

scale bar = 200µm. (B) Quantification of Oct4 DAB staining using Fiji software recognising DAB 

intensity as described in the “Materials and Methods” section. Results are expressed as the average DAB 

reading of positively-stained tumour cells subtracted by the average DAB staining of the negatively-

stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with Tukey’s post-

test was used. Significance is indicated by **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.31 Comparison of P-JAK2 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of P-JAK2 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of P-JAK2 DAB staining in mice 

tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2. Significance is indicated by *p<0.05.
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Figure 4.32 Comparison of T-JAK2 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of T-JAK2 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of T-JAK2 DAB staining in mice 

tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2. 
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Figure 4.33 Comparison of P-STAT3 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of P-STAT3 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours 

were collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of P-STAT3 DAB staining in 

mice tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2. Significance is indicated by *p<0.05. 
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Figure 4.34 Comparison of T-STAT3 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of T-STAT3 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours 

were collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of T-STAT3 DAB staining in 

mice tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2.  
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Figure 4.35 Comparison of c-Kit immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of c-Kit immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of c-Kit DAB staining in mice tumour 

xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between the similar 

mice groups of Studies 1 and 2. Significance is indicated by ***p<0.001, ****p<0.0001. 
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Figure 4.36 Comparison of Oct4 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of Oct4 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of Oct4 DAB staining in mice tumour 

xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between the similar 

mice groups of Studies 1 and 2. Significance is indicated by **<0.01, ***p<0.001, ****p<0.0001. 
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4.3.9 Phenotypic changes in mice tumour as a result of treatment termination 

Analyses of xenograft staining for the JAK2/STAT3 activation and CSC-like marker expression 

showed that termination of paclitaxel and Momelotinib-combined treatment in mice markedly 

increased the expression of P-JAK2/STAT3, c-Kit and Oct4. To further study the effect of 

terminating paclitaxel, Momelotinib or a combination of paclitaxel and Momelotinib treatments 

on mice xenografts, immunohistochemical analyses of CA125, Ki-67, CD31 and CK7 staining 

was performed on the resected tumours of mice in Study 2. Control untreated mice had tumours 

that displayed significantly lower CA125, Ki-67 and CD31 staining when compared to the 

tumours of terminated paclitaxel and terminated Momelotinib mice (CA125: P=<0.0001 and 

0.0034 respectively, Ki-67: P=0.0001 and 0.008 respectively, CD31: P=<0.0001 for both), 

while no statistical difference was observed when compared to the tumours of terminated 

paclitaxel and Momelotinib-combined mice (Figures 4.37, 4.38 and 4.39). Tumour staining of 

CA125, Ki-67 and CD31 in mice with terminated paclitaxel and Momelotinib-combined was 

markedly lower when compared to that of mice with terminated paclitaxel (P=<0.0001, 0.02 and 

<0.0001 respectively). Similarly, CA125 and CD31 staining was significantly reduced in mice 

with terminated paclitaxel and Momelotinib-combined when compared to that of mice with 

terminated Momelotinib (P=0.003 and <0.0001 respectively). In addition, mice with terminated 

Momelotinib treatment had tumours that displayed a significantly lower CA125 staining when 

compared to mice with terminated paclitaxel treatment (P=0.01), while no statistical difference 

was observed for Ki-67 and CD31 staining in the tumour xenografts isolated between these two 

groups. Similar to Study 1, CK7 tumour staining remained unchanged between all groups in 

Study 2 (Figure 4.40).  

Next by comparing Study 1 and Study 2 groups of the same treatment, no significant difference 

was again observed in the staining of CK7 between both groups (Figure 4.44). In contrast, 

staining of CA125, Ki-67 and CD31 was significantly increased following the termination of 
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paclitaxel or Momelotinib when compared to respective treated-groups in Study 1 (CA125: 

P=<0.0001 and 0.003 respectively, Ki-67: P=0.01 and <0.0001 respectively, CD31: P=<0.0001 

for both) (Figures 4.41, 4.42 and 4.43), In addition, Ki-67 staining was also significantly 

increased following the termination of paclitaxel and Momelotinib-combined when compared to 

respective group in Study 1 (P=<0.0001), while no significant difference was observed for 

CA125 and CD31 staining.
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Figure 4.37 Immunohistochemical analysis of CA125 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of CA125 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of CA125 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4.38 Immunohistochemical analysis of Ki-67 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of Ki-67 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of Ki-67 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.39 Immunohistochemical analysis of CD31 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of CD31 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of CD31 DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by ****p<0.0001. 
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Figure 4.40 Immunohistochemical analysis of CK7 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 

(A) Representative images of CK7 immunohistochemical staining in paraffin embedded tumour xenograft 

derived from control untreated mice, and mice with terminated weekly paclitaxel, daily Momelotinib or a 

combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days post-inoculation 

with HEY cells and terminated at the endpoint of control untreated mice, which was 35 days post-

inoculation. Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, 

scale bar = 200µm. (B) Quantification of CK7 DAB staining using Fiji software recognising DAB 

intensity as described in the “Materials and Methods” section. Results are expressed as the average DAB 

reading of positively-stained tumour cells subtracted by the average DAB staining of the negatively-

stained cells for each xenograft ± SEM (n=4-5/group). Parametric One-way ANOVA with Tukey’s post-

test was used for statistical analysis.  
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Figure 4.41 Comparison of CA125 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of CA125 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of CA125 DAB staining in mice 

tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2. Significance is indicated by ***p<0.001, ****p<0.0001. 
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Figure 4.42 Comparison of Ki-67 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of Ki-67 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of Ki-67 DAB staining in mice tumour 

xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between the similar 

mice groups of Studies 1 and 2. Significance is indicated by *p<0.05, ****p<0.0001. 
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Figure 4.43 Comparison of CD31 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of CD31 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of CD31 DAB staining in mice 

tumour xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between 

the similar mice groups of Studies 1 and 2. Significance is indicated by ****p<0.0001. 
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Figure 4.44 Comparison of CK7 immunohistochemical analysis in tumour xenografts derived from mice in Studies 1 and 2 

(A) Representative images of CK7 immunohistochemical staining in paraffin embedded tumour xenograft derived from mice in Studies 1 and 2. Mice tumours were 

collected at the endpoint of each mouse in both studies. Magnification 200x, scale bar = 200µm. (B) Comparative quantification of CK7 DAB staining in mice tumour 

xenografts between Studies 1 and 2. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3-5/group). Parametric One-way ANOVA with Tukey’s post-test was used to compare between the similar 

mice groups of Studies 1 and 2.  
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4.3.10 Study 3: Continuous Momelotinib treatment suppressed tumour 

progression in vivo and prolonged the survival period of mice inoculated with 

ovarian HEY cells 

Collectively, termination of a combination of paclitaxel and Momelotinib treatment in mice 

resulted in tumours that exhibited significant increase in JAK2/STAT3 activation and CSC-like 

expression as well as an increased in the proliferative marker, Ki-67 (Sections 4.3.8 and 4.3.9). 

In Study 3, the efficacy and the safety of maintaining therapy with Momelotinib on the tumour 

burden and survival period of mice with ongoing daily Momelotinib treatment was assessed. 4 - 

6 weeks old female Balbc nu/nu mice were injected i.p. with 5 x 106 ovarian cancer HEY cells. 

Nineteen days post-inoculation, mice were randomly divided into control untreated mice (n=9) 

and mice treated with a combination of weekly i.p. paclitaxel at 15mg/kg bodyweight and daily 

oral gavages of Momelotinib at 25mg/kg bodyweight. The treated-mice were further divided 

into three groups (n=9 per groups) (Table 4.1). The first group was subjected to euthanasia at 

the endpoint of the control untreated group. The second group stopped receiving both weekly 

paclitaxel and daily Momelotinib treatment starting from the endpoint of control untreated mice. 

The third group stopped receiving weekly paclitaxel treatment but continued to be administered 

with daily Momelotinib treatment by oral gavage at the same dose starting from the endpoint of 

control untreated mice. All mice were weighed every 2 – 3 days, and their body condition was 

monitored for the presence of abnormalities that required euthanasia. The designated endpoint 

of this study was survival at 91 days (13 weeks) post-tumour inoculation where any surviving 

mice was euthanized. Kaplan Meier analysis of survival revealed that control untreated mice 

survived 23 - 35 days post-inoculation, while Group 2 mice with terminated paclitaxel and 

Momelotinib-combined treatment survived 24 - 50 days post-inoculation (Figure 4.45A). 

Interestingly, Group 3 mice with terminated paclitaxel but ongoing daily Momelotinib treatment 

survived 33 - 91 days post-inoculation, with ~50% of mice surviving until the designated 
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endpoint at 91 days post-inoculation. Therefore, Group 3 mice were further divided into mice 

that survived <91 days (Group 3a) and mice that survived until 91 days (Group 3b). The details 

of each group in Study 3 are summarized in Table 4.2. Group 2 mice survived slightly longer 

when compared to both control untreated and Group 1 mice (mean difference of 9.8 days), 

however no statistical difference was observed (Figure 4.4.5B). Notably, Group 3 mice survived 

significantly longer with an average of ~72 days post-inoculation compared to all other groups 

in Study 3 (untreated and Group 1 mice: P=<0.0001, Group 2 mice: P=0.0001).  

After euthanasia at individual endpoints, mice were dissected and the tumour dissemination, 

volume, and burden were recorded. Similar to Studies 1 and 2, multiple macroscopic tumours, 

and smaller tumour nodules were observed within the peritoneal cavity, primarily in the liver, 

pancreas and bowels of the control untreated mice and Group 2 mice with terminated treatment 

(~0.3 - 56.3 mm3 and ~1.3 - 80 mm3 respectively) (Figure 4.46A and 4.46B). In contrast, Group 

1 mice that were culled at the endpoint of control untreated mice (23 - 35 days post-inoculation) 

developed mainly small tumour nodules (~0.2 - 15 mm3) while a large macroscopic tumour was 

only seen in one of the nine mice in this group (~51.8 mm3). Overall, Group 3 mice with 

ongoing Momelotinib treatment produced fewer solid tumours (1 – 3 visible tumours) compared 

to all groups. All Group 3a mice that survived <91 days developed macroscopic tumours (~2.5 - 

40.5mm3). In comparison, only one small tumour nodule (~2mm3) was found on the bowel in 

one mice of Group 3b, while no tumour was seen in the rest of the mice in this group that 

survived until 91 days post-inoculation. On average, the tumour volume of Group 2 mice was 

larger compared to control untreated mice and ~ two-fold larger when compared to that of 

Group 1 and Group 3 mice (Figure 4.46Cii). Group 3a mice with ongoing Momelotinib 

treatment that survived <91 days developed the largest tumour volume when compared to all 

groups in Study 3 (Figure 4.46Ci). However, no significant difference was detected in the 

tumour volume between all groups.  
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The tumour burden produced in Group 1 mice that were culled at the endpoint of untreated mice 

was significantly smaller by ~2-fold compared to the tumour burden produced in control 

untreated mice and Group 2 mice with terminated paclitaxel and Momelotinib-combined 

treatment (P=0.02 and 0.0009 respectively) (Figure 4.47Aii). Likewise, Group 3 mice that 

received ongoing daily Momelotinib developed an average tumour burden that was also 

significantly smaller compared to the average tumour burden generated in control untreated 

mice and Group 2 mice (P=0.0005 and <0.0001 respectively). No significant difference was 

detected between the average tumour burden of control untreated and Group 2 mice, and 

between the average tumour burden of Groups 1 and 3 mice. When comparing between Groups 

3a and 3b mice, the average tumour burden in Group 3a mice (M=8.8%±1.0) was significantly 

larger compared to that of Group 3b mice (M=0%; P=0.05) (Figure 4.47Ai and Table 4.1). Mild 

fluctuations in body weight were recorded throughout the study, but overall no significant 

difference was observed, with an average mice weight ranging from 10.2 - 16.0g (Figure 

4.47B). Daily oral gavages of Momelotinib at 25mg/kg bodyweight was well tolerated in the 

Balbc nu/nu mice throughout this study. 
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Figure 4.45 Survival analysis of mice with ongoing Momelotinib treatment in Study 3  

(A) Kaplan-Meier survival analysis of control untreated mice (yellow line), Group 1 mice (red dotted 

line), Group 2 mice (green dotted line) and Group 3 mice (blue dotted line). Description of each mice 

groups is summarized in Table 4.2. All mice from Groups 1 – 3 were treated with a combination of 

paclitaxel and Momelotinib. (i) Thirty-five days post-inoculation, where all the control untreated mice has 

reached their endpoint, Group 1 mice were culled, while Groups 2 and 3 mice were followed until they 

reached their individual endpoints or until the designated endpoint of this study at 91 days post-

inoculation. The graph is presented as the percentage of mice that were still alive starting from day 0 until 

the last mouse reached its endpoint (y-axis = 0%). (B) The length of mice survival was measured starting 

from the day when mice were inoculated with HEY cells until their individual endpoints or designated 

endpoint at 91 days post-inoculation. Data is presented as the average length of mice survival in each 

group ± SEM (n=9 mice/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by ***p<0.001. 
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Figure 4.46 Mice dissection at the endpoints of each groups in Study 3 

Female Balb/c nude mice were injected i.p. with HEY cells, treated with a combination of paclitaxel and 

Momelotinib 19 days post-inoculation, and were divided into Groups 1 – 3. Description of mice groups is 

summarized in Table 4.2. Thirty-five days post-inoculation, where all the control untreated mice has 

reached their endpoint, Group 1 mice were culled, while Groups 2 and 3 mice were followed until they 

reached their individual endpoints or until the designated endpoint of this study at 91 days post-

inoculation. Mice in Group 3 were further divided into mice that survived <91 days (Group 3a) and mice 

that survived until 91 days (Group 3b). Representative images of (A) mice dissection and (B) resected 

tumours from control untreated mice and mice from Groups 1,2,3a and 3b. Arrows indicate visible solid 

tumours in mice. (C) Average volume of resected tumours measured with a ruler in control untreated 

mice (n=9) and mice from Groups 1 (n=9), 2 (n=9), and 3, where Group 3 is presented as (i) 3a (n=4) and 

3b (n=5), or as (ii) combined (n=9/group). Data is presented as mean ± SEM. Parametric One-way 

ANOVA with Tukey’s post-test was used for statistical analysis.  
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Figure 4.47 Tumour burden and weight of mice inoculated with HEY cells and treated with a 

combination of paclitaxel and Momelotinib in Study 3 

Female Balb/c nude mice were injected i.p. with HEY cells, treated with a combination of paclitaxel and 

Momelotinib 19 days post-inoculation, and were divided into Groups 1 – 3. Description of mice groups is 

summarized in Table 4.2. Thirty-five days post-inoculation, where all the control untreated mice has 

reached their endpoint, Group 1 mice were culled, while Groups 2 and 3 mice were followed until they 

reached their individual endpoints or until the designated endpoint of this study at 91 days post-

inoculation. Mice in Group 3 were further divided into mice that survived <91 days (Group 3a) and mice 

that survived until 91 days (Group 3b). (A) Quantification of tumour burden was represented by the 

percentage of the tumour weight (g) relative to the mouse bodyweight (g) from which the tumour was 

isolated. Data is presented as mean ± SEM for control untreated mice (n=9) and mice from Groups 1 

(n=9), 2 (n=9), and 3, where Group 3 is presented as (i) 3a (n=4) and 3b (n=5), or as (ii) combined 

(n=9/group). Parametric One-way ANOVA with Tukey’s post-test was used. (B) Average mice weight 

measured starting from mice i.p. injection with HEY cells on day 0, 1st treatment with a combination of 

paclitaxel and Momelotinib on day 19, last endpoint of control untreated mice and treatment termination 

on day 35 and every week onwards until the endpoint of all mice or until the designated endpoint on day 

91 in Study 3.  
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) 
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Table 4.2 Description of mice groups in Study 3 

Note: Paclitaxel: 15mg/kg bodyweight weekly by i.p. injection; Momelotinib: 25mg/kg bodyweight daily by oral gavage. 
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4.3.11 Continuous Momelotinib treatment suppressed STAT3 activation and CSC-

like expression in mice tumour xenografts, but elevates CA125  

Approximately 50% of Group 3 mice that received ongoing Momelotinib treatment developed 

large tumour volumes and subsequently survived 33-47 days post-inoculation with HEY cells 

(Group 3a). To determine whether Momelotinib suppressed the STAT3 activation and CSC-like 

development, immunohistochemical analyses of P-STAT3, T-STAT3, c-Kit and Oct4 were 

performed on the resected tumours of Group 3a mice, and were compared to the tumour staining 

of control untreated mice and mice from Groups 1 and 2. The tumour staining of P-STAT3 in 

Group 3a mice was significantly reduced when compared to the tumour staining in control 

untreated mice and Group 2 mice with terminated paclitaxel and Momelotinib treatment 

(P=0.0001 and <0.0001 respectively) (Figure 4.48A). Similarly, Group 1 mice that were culled 

at the endpoint of control untreated mice produced tumours with significantly reduced P-STAT3 

tumour staining when compared to that of control untreated and Group 2 mice (P=<0.0001 for 

both). No significant difference was observed between the P-STAT3 staining of control 

untreated and Group 2 mice, and between Group 1 and Group 3a mice. No significant difference 

was also detected in T-STAT3 staining between all groups (Figure 4.49A). Nuclear and 

cytoplasmic diffusion of P-STAT3, and strong cytoplasmic staining of T-STAT3 was observed 

between all groups (Figures 4.48B and 4.49B). 

Consistent with P-STAT3 expression, ongoing Momelotinib treatment in Group 3a mice 

resulted in tumours with significantly reduced c-Kit staining when compared to Group 2 mice 

(P=<0.0001) (Figure 4.50B), and Oct4 staining when compared to control untreated and Group 

2 mice (P=<0.0001 for both) (Figure 4.51B). Group 1 mice produced tumours that exhibited 

significantly reduced c-Kit staining when compared to all groups, and Oct4 staining when 

compared to control untreated and Group 2 mice. Nuclear and cytoplasmic staining of c-Kit and 

Oct4 was observed in the tumours of all groups in Study 3 (Figure 4.50A and 4.51A). An 
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increased in CA125 level post-chemotherapy treatment has been shown to correlate with the 

occurrence of recurrence in ovarian cancer (Yang, Zhao, & Li, 2016). Therefore, 

immunohistochemical staining of CA125 was also performed on the tumours of mice in Study 

3. The average DAB staining of CA125 in Group 3a mice was significantly increased when 

compared to all mice groups in Study 3 (untreated: P=0.0006, Group 1: P=0.0001 and Group 2: 

0.0002) (Figure 4.52B). Cytoplasmic staining of CA125 was observed in the tumours of all 

mice group in Study 3 (Figure 4.52A).
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Figure 4.48 Immunohistochemical analysis of P-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 3 

(A) Representative images of P-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated, and groups 1, 2 and 3a mice. Description of mice groups is 

summarized in Table 4.1 Magnification 200x, scale bar = 200µm. (B) Quantification of P-STAT3 DAB 

staining using Fiji software recognising DAB intensity as described in the “Materials and Methods” 

section. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted 

by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3/group). 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by ***p<0.001, 

****p<0.0001. 
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Figure 4.49 Immunohistochemical analysis of T-STAT3 expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 3 

(A) Representative images of T-STAT3 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated, and groups 1, 2 and 3a mice. Description of mice groups is 

summarized in Table 4.1 Magnification 200x, scale bar = 200µm. (B) Quantification of T-STAT3 DAB 

staining using Fiji software recognising DAB intensity as described in the “Materials and Methods” 

section. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted 

by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3/group). 

Parametric One-way ANOVA with Tukey’s post-test was used for statistical analysis.  
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Figure 4.50 Immunohistochemical analysis of c-Kit expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 3 

(A) Representative images of c-Kit immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated, and groups 1, 2 and 3a mice. Description of mice groups is 

summarized in Table 4.1 Magnification 200x, scale bar = 200µm. (B) Quantification of c-Kit DAB 

staining using Fiji software recognising DAB intensity as described in the “Materials and Methods” 

section. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted 

by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3/group). 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by **p<0.01, 

****p<0.0001. 
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Figure 4.51 Immunohistochemical analysis of Oct4 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 3 

(A) Representative images of Oct4 immunohistochemical staining in paraffin embedded tumour xenograft 

derived from control untreated, and groups 1, 2 and 3a mice. Description of mice groups is summarized in 

Table 4.1 Magnification 200x, scale bar = 200µm. (B) Quantification of Oct4 DAB staining using Fiji 

software recognising DAB intensity as described in the “Materials and Methods” section. Results are 

expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB 

staining of the negatively-stained cells for each xenograft ± SEM (n=3/group). Parametric One-way 

ANOVA with Tukey’s post-test was used. Significance is indicated by **p<0.01, ****p<0.0001. 
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Figure 4.52 Immunohistochemical analysis of CA125 expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 3 

(A) Representative images of CA125 immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated, and groups 1, 2 and 3a mice. Description of mice groups is 

summarized in Table 4.1 Magnification 200x, scale bar = 200µm. (B) Quantification of CA125 DAB 

staining using Fiji software recognising DAB intensity as described in the “Materials and Methods” 

section. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted 

by the average DAB staining of the negatively-stained cells for each xenograft ± SEM (n=3/group). 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by ***p<0.001. 
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4.4 Discussion 

Chemotherapy treatment was reported to moderately improve the disease-free survival and 

overall survival of EOC patients, and was considered a more promising strategy to target small 

tumour deposits than monoclonal antibodies, radionuclides and intraperitoneal stripping 

(National Collaborating Centre for Cancer, 2011). Hence, chemotherapy remains the only drug-

based option for advanced-stage ovarian cancer patients. Despite an initial high response rate, 

the majority of advanced-stage EOC patients will relapse and develop drug-resistant disease that 

is rarely curative (Masciullo, Di Cesare, & Paris, 2016). Therefore, the goals of this study are to 

improve the efficacy of the current chemotherapy treatment using a CSC-targeted approach with 

Momelotinib, to overcome chemoresistance and to improve the progression-free survival and 

overall survival of advanced-stage EOC patients.  

4.4.1 Morphological features of human high-grade ovarian serous carcinoma 

developed in vivo following treatment with paclitaxel and/or Momelotinib 

Ovarian high-grade serous carcinomas are characterized by distinct morphological features 

compared to other ovarian histotypes, which reflects the differences in gene expression profiles, 

chromosomal aberration and clinical features (Cho & Shih, 2009). Remarkably, i.p. injection of 

human ovarian HEY cells in nude mice resulted in the development of solid tumour growth that 

closely resembled the morphology of high-grade serous carcinoma in humans, which is 

composed of a mixture of cells with marked nuclear atypia, giant cells, and diffuse stromal 

invasion in solid growth areas (Ince et al., 2015; Rosen et al., 2010). These morphological 

features were found in all mice independent of the drug treatments. The presence of stromal was 

proposed to be a primary source of tumour pericytes, thus playing an important role in 

neovascularization (De Palma et al., 2005). CK7 is used to confirm the epithelial nature of a 

tumour (Rabban & Longacre, 2014), and is a reliable marker to differentiate primary ovarian 
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carcinoma from metastatic colorectal carcinoma of the ovary, as well as to differentiate primary 

serous tumours from primary mucinous tumours (Kriplani & Patel, 2013). In this Chapter, all 

mice that were injected i.p. with the human HEY ovarian serous carcinoma cell line produced 

solid tumours that were positive for CK7.  

In addition, tumour invasion into the kidney never happens, but liberated tumour cells merely 

adhered on the surface of the kidney in all groups. On the other hand, invasion into the pancreas 

was frequent irrespective of the treatment type. Similarly, HEY cells were commonly found in 

mouse colon of all groups, with either complete or partial invasion into the full thickness of the 

gastrointestinal lining of the colon. The successful colonization of the colon begins from the 

initial invasion of the protective bowel wall, which consists of the serosa, mucularis externa, 

submucosa, and intestinal mucosa (Deferme, Annaert, & Augustijns, 2008). Contrary to that, in 

vivo metastasis and invasion of ovarian carcinoma to the spleen rarely occurs. In consistent, 

studies have supported the rare occurrence of spleen involvement during the progression of 

metastatic primary and recurrent tumour in the absence of apparent invasion in other sites, thus 

splenic invasion in EOC was suggested to be an indicator of widespread intra-abdominal tumour 

dissemination (Arif et al., 2013; Farias-Eisner, Braly, & Berek, 1993; Gemignani et al., 1999). 

In this Chapter, spleen invasion was observed in control untreated mice but was absent in the 

treatment groups. The ovaries and gynaecological tract of the mice were not included in this 

study because ovarian tumour cells injected i.p. (or intrabursally) in mice will spread throughout 

the abdominal cavity. This diffuse pattern of spread makes it technically difficult to identify and 

isolate mice ovaries or gynaecological tract unscathed. Furthermore, no invasion into the 

successfully isolated ovaries was observed with the HEY cell line, which merely adhered to the 

surface of the ovary. 

Metastasis is the most insidious feature of ovarian cancer progression and is associated with a 

poor prognosis, which initially involves shedding of primary tumour cells into the ascites, 

followed by tumour migration and the subsequent establishment of secondary lesions at distant 
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sites (Ahmed & Stenvers, 2013). However, the HEY cell line mouse model does not produce 

ascites. In this Chapter, i.p. injections of ovarian tumour cells in nude mice provides a model to 

study the spontaneous invasion and dissemination of tumour cells in response to treatment with 

paclitaxel and/or Momelotinib.  

4.4.2 Anti-neoplastic effect of paclitaxel selects for CSC-like cells 

Paclitaxel, a class of taxane-based drug, has demonstrated a broad spectrum of in vivo anti-

tumour activity against many tumours, such as leukemia and breast cancer (Kubota et al., 1997; 

Rose, 1992). However, successful treatment with paclitaxel in combination with platinum-based 

agents remains hampered by the high rate of chemoresistance, which is said to be mediated by a 

rare population of intrinsically resistant CSCs. The in vivo findings in this Chapter demonstrated 

the weekly paclitaxel treatment in mice did reduce the tumour burden and improve the survival 

of mice when compared to untreated mice. Furthermore, less intraperitoneal tumour invasion 

and metastasis were observed in mice with weekly paclitaxel treatment, particularly invasion 

into the spleen and liver as that seen in untreated mice. On the other hand, early invasion of the 

large bowel wall was observed with paclitaxel treatment that was absent in the untreated mice. 

Despite an in vivo improvement with paclitaxel treatment, the residual tumour cells displayed 

enhanced CSC-like phenotypes. It is still unclear whether CSCs pre-existed as a rare population 

among the bulk of the tumour, or appeared as a result of paclitaxel induction. Nevertheless, this 

finding validates the failure of chemotherapy treatment eliminate CSCs among the bulk of the 

tumour population. These surviving CSCs could subsequently re-enter the cell cycle and 

produce highly proliferative and resistant progenitor cells. The aberrant activation of 

JAK2/STAT3 signalling pathway has been implicated in the regulation of CSCs (Abubaker et 

al., 2014a; Marotta et al., 2011). Similar to the in vitro findings in Chapter 3, JAK2/STAT3 

activation was also significantly increased in xenografts that are enriched in CSC-like 

phenotypes in response to paclitaxel treatment.  
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In addition, the exposure to paclitaxel treatment significantly enhanced the expression of 

ovarian tumour biomarker, CA125, the proliferative marker Ki-67 and the angiogenesis-

associated marker, CD31 in xenografts, which are consistent with a poor prognosis and the 

development of a more aggressive tumour phenotype. Recently, Ki-67 positive cells were found 

to be concentrated in the metastatic sites of primary breast tumours, and were shown to mediate 

and maintain a stem cell niche (Cidado et al., 2016). On the other hand, Ki-67 null cells 

displayed decreased proliferation and CSC markers, and delayed tumour formation in xenograft 

assays. In another study, the regulation of stem cell self-renewal and cancer cell proliferation 

were proposed to be regulated by common networks of proto-oncogenes and tumour 

suppressors (Pardal et al., 2005). In this Chapter, an increase in CSC-like cells and Ki-67 

positive tumour cells further support an association between Ki-67 and CSC-mediated tumour 

progression.  

Increasing studies have shown that the constitutive activation of the JAK2/STAT3 signalling 

pathway is involved in regulating tumour angiogenesis (Burger et al., 2005; Chen & Han, 2008; 

Huang et al., 2009; Zhao et al., 2011). Tumour growth is dependent on angiogenesis for the 

exchange of nutrients, oxygen and waste products in a crowded cell population (Tonini, Rossi, 

& Claudio, 2003). Many studies have reported that an increase in microvessel density, as 

indicated by increased angiogenesis markers - VEGF and CD31, is associated with a more 

aggressive phenotype, which translates into a higher risk of recurrence and a worse prognosis 

for disease-free survival in ovarian cancer patients (Alvarez et al., 1999; Hollingsworth et al., 

1995). In addition to CD31, an increase in serum CA125 level after primary chemotherapy 

treatment has also been correlated with poor progression free survival and overall survival in 

ovarian cancer patients (Juretzka et al., 2007; Kim et al., 2008). Altogether, the findings in this 

Chapter suggest that paclitaxel does exert an anti-tumour effect on ovarian cancer cells, but may 

select for chemoresistant CSC-like cells with an activated JAK2/STAT3 pathway primed for 

tumorigenic and angiogenic properties, thus promoting recurrence.  
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4.4.3 Paclitaxel-induced priming of recurrent ovarian tumours in vivo 

Indeed, the disease-free period of mice was short after the discontinuation of weekly paclitaxel 

treatment in Study 2. In addition, a large tumour growth, along with intraperitoneal 

dissemination were found, similar to that seen in control untreated mice, with the extra 

involvement of liver invasion in the latter. The experimental design in Study 2 was aimed to 

mimic the treatment regimen in the clinical setting, where 6-8 cycles of chemotherapy were 

administered as first-line treatment in EOC patients (Berek & Natarajan, 2007). In Study 2, an 

overall of 3 weekly paclitaxel treatment were injected i.p. with or without 17 daily oral 

Momelotinib treatment. Interestingly, only 1 week post-paclitaxel treatment termination was 

sufficient to increase the average tumour burden of mice to almost twice the average tumour 

burden of mice in Study 1 that also received 3 weekly paclitaxel treatment (Study 2 paclitaxel-

treated group: M=18.5±1.6, Study 1 paclitaxel-treated group: M=10.1±0.5) (Figures 4.3A and 

4.20A). The tumours also displayed a transformed phenotype including enrichment of CSC-like 

and proliferative Ki-67-expressing cells when compared to untreated mice. This suggests, that 

the failure of paclitaxel to eliminate CSCs could account for tumour recurrence as a result of 

increased proliferation to regenerate the tumour population. Meanwhile, JAK2/STAT3 

activation in the paclitaxel-treated group in Study 2 after paclitaxel termination remained 

unchanged as in the paclitaxel-treated group in Study 1, suggesting a threshold level of 

JAK2/STAT3 activation that was sufficient to stimulate tumour growth, survival and 

progression towards recurrence. CA125, a well-established tumour marker for EOC, has been 

adopted as a diagnostic and a prognostic marker by the Gynecologic Cancer InterGroup (GCIG) 

for initial diagnosis, assessment of response during chemotherapy treatment, and as a follow-up 

assessment-marker to detect recurrent disease (Bast et al., 1981; Rustin et al., 2004). Rising 

serum CA125 can predict recurrence of cancer before the presentation of any signs or 

symptoms, with ~90% sensitivity (Pignata et al., 2011; van der Burg, Lammes, & Verweij, 

1990). In this Chapter, a striking increase in CA125 after paclitaxel termination supports the 
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association of CA125 with the recurrence of the tumour. Immunohistochemical evaluation of 

vascularity in tumour xenografts also showed a higher CD31 expression after paclitaxel 

termination. Given that tumour vascularization is important for tumour growth and metastases 

(Nishida et al., 2006), an increased in CD31 may offer a growth advantage and supports the 

widespread of intraperitoneal metastases. In addition, an increase in stroma diffusions was 

observed in tumours, which has been shown to contribute to tumour aggressiveness and limits 

the effects of anti-vascular therapy (Moserle & Casanovas, 2013). Peritoneal dissemination of 

ovarian cancer is usually deemed non-curative and current chemotherapeutic regimens are 

merely palliative. The novel findings in this study demonstrates the importance of the 

“remission period”, which allow the surviving CSCs to “repair the damage” after chemotherapy 

treatment, probably through the aberrantly activated JAK2/STAT3 and other proliferative 

pathways, which have been shown to mediate tumour growth and vascularization (Behera et al., 

2010; Li et al., 2013; Wu et al., 2012). These observations underline the need to maintain a low 

JAK2/STAT3 activation during the “remission period” in order to prolong the disease-free 

survival period in EOC patients.  

4.4.4 Momelotinib alone reduced tumour growth but was insufficient against the 

emergence of CSCs 

Aberrant activation of the JAK2/STAT3 pathway is prevalent in many human cancers, 

including ovarian cancer, and has been described to play a role in tumour growth, survival, 

metastasis, invasion and maintaining pluripotency (Yu et al., 2014). Therefore, it is no surprise 

that several strategies are being developed to target this signalling pathway. Given the efficacy 

and safety profile of Momelotinib in the treatment of myelofibrosis disease in a Phase I/II 

clinical trial, Momelotinib was selected as a JAK2 inhibitor candidate in this thesis with the 

focus on targeting CSCs in ovarian cancer. The ultimate goal is to maintain Momelotinib 
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treatment orally after standard chemotherapy treatment so that a longer disease-free survival 

period can be achieved in mouse models, and in the future, can be tested in EOC patients.  

In this Chapter, treatment with Momelotinib alone in Study 1 did not suppress the basal 

JAK2/STAT3 activation in mouse xenografts injected i.p. with human HEY cells. This suggests 

that Momelotinib may not be efficient in suppressing JAK2/STAT3 activation below a certain 

threshold. Given that active JAK2/STAT3 signalling is important for normal cellular functions, 

it is important to use a dose of Momelotinib which would suppress induced effects rather than 

total inhibition of the activation of the JAK2/STAT3 pathway. In our study, 25mg/kg 

bodyweight of Momelotinib had no adverse effect on body condition and weight of nude mice. 

However, no obvious change was observed in the expression of CSC-like markers, which 

suggests that Momelotinib at the dose used alone does not suppress the basal JAK2/STAT3 

activation and CSC-like markers expression. However, the dose of Momelotinib used in this 

study suppressed tumour cell proliferation and intra-tumour angiogenesis formation, as 

indicated by the reductions in Ki-67 and CD31 expression observed in the xenografts of mice 

treated with Momelotinib alone when compared to untreated mice.  

Despite the anti-proliferative and anti-angiogenic effect of Momelotinib, there was no 

improvement in the prognostic marker, CA125 in xenografts after treatment with Momelotinib 

alone, which may explain the short disease-free survival similar to that observed with paclitaxel 

treatment alone. Furthermore, the tumour invasion pattern of Momelotinib-treated mice was 

similar to that of mice treated with weekly paclitaxel, which involved the pancreas and 

gastrointestinal lining of the small and large bowel. More importantly, termination of 

Momelotinib also led to the enrichment of CSC-like cells and JAK2/STAT3 activation, which 

may be the culprit behind tumour growth and progression. An elevation of Ki-67 expression 

after the termination of Momelotinib is consistent with an acceleration of tumour growth during 

the “remission period”, and thus may account for the short disease-free survival. An increase in 

tumour vascularity, as indicated by an increase in CD31 expression after the completion of 
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Momelotinib treatment would further fostered the complex course of disease relapse by 

supporting the growth and metastasis of rapidly proliferating cells. Altogether, these novel 

findings demonstrated the limitation of treatment with Momelotinib on its own at the dose used 

in this study. Therefore, single treatment with either paclitaxel or Momelotinib may initially 

result in tumour shrinkage, but the presence of CSCs remaining after treatment may account for 

the incomplete regression of tumours.  

4.4.5 Treatment with oral Momelotinib in combination with paclitaxel 

suppressed tumour growth and improved prognosis in vivo 

Treatment with Momelotinib in conjunction with paclitaxel resulted in the smallest tumour 

burden when compared to all mice groups, which suggests that the anti-tumour effect of 

combined treatment was more pronounced in comparison with single drug treatment of 

paclitaxel or Momelotinib alone. No adverse drug interaction was observed from the 

combination of daily Momelotinib treatment and weekly paclitaxel treatment. Although the 

JAK2/STAT3 activation level was similar between untreated mice and mice treated with a 

combination of paclitaxel and Momelotinib, more CSC-like cells in the xenografts were targeted 

and fewer tumour implantations were observed in the combination treated group. In addition, a 

reduction in Ki-67 expression which correlates to a reduction in tumour cell proliferation may 

contribute to the small tumour burden in the combined-treated mice. Given that Ki-67 was also 

postulated to provide metastatic advantage and maintain the CSC niche, a reduction in Ki-67 

may also contribute to the reduction in CSCs and intraperitoneal invasion. The addition of 

Momelotinib to paclitaxel also impaired tumour vascularisation, as indicated by the reduction in 

CD31 expression and the presence of fewer stromal diffusions. Consistent with that, treatment 

with a combination of Momelotinib and paclitaxel considerably inhibited the intraperitoneal 

dissemination of tumour more than that achieved by paclitaxel or Momelotinib treatment alone, 
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where invasion was confined only in the bowel, probably at the site of initial i.p. injection with 

human HEY ovarian cancer cells.  

Elevation of serum CA125 during treatment indicates the development of drug resistance and 

correlates with poor responses to treatment in advanced-stage ovarian cancer patients, while a 

decline CA125 level typically signifies that tumour is responding to treatment (Herzog et al., 

2011). A lower CA125 expression in the combined paclitaxel and Momelotinib-treated group 

compared to paclitaxel-treated group suggests that the combination treatment offers a better 

treatment response. In addition, the combined paclitaxel and Momelotinib-treated group 

survived significantly longer than the paclitaxel-treated group.  

However, the discontinuation of paclitaxel and Momelotinib-combined treatment no longer 

elicited an ongoing suppressive effect on the JAK2/STAT3 activation, which would likely 

explain the expansion of CSC-like cells in the mice tumour xenografts. Furthermore, the 

termination of combined treatment no longer suppressed tumour invasion into pancreas and 

spleen. More importantly, this suggests that the inhibition of CSC-like development should be 

restricted, particularly through the ongoing suppression of CSC-preferred JAK2/STAT3 

signalling pathway, if tumour regrowth is to be prevented. Although the suppression of the 

JAK2/STAT3 signalling was relieved following the termination of a combination of paclitaxel 

and Momelotinib, combined treatment still showed a better prognosis with relatively less CSCs, 

and lower tumour proliferation and angiogenic development compared to mice treated with the 

single treatments. CA125 expression after the end of treatment with a combination of paclitaxel 

and Momelotinib did not change although mice did relapse with a large tumour burden. 

Hawkins et al. (1989) found that a reduction of serum CA125 level by half in less than 20 days, 

20-40 days or more than 40 days in advanced-stage ovarian cancer patients after primary 

chemotherapy is associated with good, intermediate or poor prognosis respectively, with a 2-

year survival rate of 76%, 48% and 0% respectively. This may explain why the unchanged 
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CA125 levels in mice, even at a low CA125 threshold level did not result in an improvement in 

the overall survival. 

4.4.6 Continuous treatment with Momelotinib sustained CSC-associated 

JAK2/STAT3 suppression   

Recent results from a Phase I/II clinical study concluded that prolonged administration of 

Momelotinib in patients with high or intermediate risk primary myelofibrosis and post-

polycythemis vera or post-essential thrombocythemia myelofibrosis was well-tolerated and safe 

(Gotlib et al., 2013; Pardanani et al., 2012). Although 90% of subjects reported at least one 

treatment-related side effect, the majority of symptoms were grade 1, and no deaths were 

reported. Furthermore, ongoing Momelotinib treatment at a dose of 300 mg or 150 mg daily, or 

150 mg twice daily improved transfusion independence and spleen response rate, with complete 

resolution by 6 months or substantial improvement of constitutional symptoms within the first 

month of therapy. However, the outcome of prolonged administration of Momelotinib for the 

treatment of ovarian cancer remains unknown.  

In this study, maintenance therapy with daily Momelotinib after paclitaxel treatment had 

terminated was shown to be well tolerated in mice injected i.p. with human HEY ovarian cancer 

cells, and demonstrated a remarkable improvement in the disease-free survival and overall 

survival in ~50% of mice. Furthermore, ongoing administration of Momelotinib reduced the 

number of solid tumours and tumour burden, as well as tumour metastases compared to that of 

untreated mice and Group 2 mice with discontinued Momelotinib and paclitaxel treatment. This 

demonstrated that the ongoing Momelotinib treatment effectively maintained the suppression of 

tumour growth and progression even after termination of paclitaxel. More importantly, ongoing 

Momelotinib treatment continued to suppress the activation of the JAK2/STAT3 pathway, while 

termination of paclitaxel and Momelotinib allows surviving CSCs to re-activate the 

JAK2/STAT3 signalling during the “remission period”, which led to uncontrolled tumour 
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growth and progression. Consequently, mice with terminated Momelotinib and paclitaxel 

‘relapsed’ with ovarian cancer within 2 weeks. Similar observations were made in the 

preclinical studies of myelofibrosis, where cessation of Momelotinib in mice resulted in the 

reappearance of myelofibrosis disease within 2 weeks (Bumm et al., 2008). This study is the 

first to describe the effectiveness of maintenance therapy with Momelotinib, where prolonged 

daily Momelotinib treatment at a dose of 25mg/kg bodyweight by oral gavage significantly 

improved the disease-free survival and overall survival in a mice model of human ovarian 

cancer. This novel finding demonstrates that the addition of Momelotinib to current 

chemotherapy regimens may be a promising therapeutic approach for the treatment of some 

advanced-stage EOC patients, with a focus on targeting CSCs. Furthermore, maintenance 

therapy with Momelotinib offers a new hope in overcoming recurrence, and prolonging the 

progression free survival as well as overall survival in advanced-stage EOC patients. 

4.4.7 Limitations of maintenance therapy with Momelotinib in a small subset of 

mice 

Mice with ongoing Momelotinib treatment that did not survive until the pre-determined 

endpoint of this study at 91 days post-inoculation was due to disease progression, which was 

also observed in a subset of myelofibrosis patients in Phase I/II studies (Pardanani et al., 2013). 

Larger tumour volumes were also found in the “unresponsive” group, along with a marked 

increase in CA125. The exact cause of “unresponsive” disease to continuing Momelotinib is not 

clear. Resistance to targeted therapies remains a major problem despite initial clinical responses 

(Groenendijk & Bernards, 2014). The mechanisms underlying resistance to pathway-targeted 

therapy may be due to alterations of the drug target or by increasing the activation of the 

targeted signalling pathway, thus reducing the ability of the drug to inhibit the kinase, in the 

case of the JAK2/STAT3 pathway. However, the findings in this Chapter show that ongoing 

Momelotinib treatment in the unresponsive mice continued to suppress STAT3 activation, 
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which in turn prevented the enrichment of CSC-like cells when compared to termination of 

paclitaxel and Momelotinib. This suggests that alteration or amplification of the Momelotinib-

targeted pathway is unlikely. Alternatively, activation of a complementary pro-survival 

signalling pathway/s could be adopted in tumour cells to bypass the suppression of 

JAK2/STAT3 signalling. Cross-talks between signalling pathways have been demonstrated in 

many tumours (Petrelli & Giordano, 2008). Therefore, inhibition of a single pathway may be 

insufficient to prevent tumour progression. 

4.5 Concluding remarks 

A major limitation of chemotherapy treatment is the failure to target CSCs, which are believed 

to be responsible for tumour initiation, growth and recurrence (Koury, Zhong, & Hao, 2017). In 

this Chapter, paclitaxel treatment was shown to increase the activation of the JAK2/STAT3 

signalling and CSC-like phenotypes in the xenografts of mice injected i.p. with human ovarian 

high-grade serous tumour cells. Furthermore, paclitaxel treatment generated a more aggressive 

tumour phenotype in the mice, and the disease-free survival of mice was short-lived despite 

initial reduction in tumour burden. This is frequently observed in the clinical settings where 

high-grade serous ovarian cancer patients develop highly aggressive recurrent disease and 

acquire chemoresistance upon recurrence within five years despite high initial response to 

chemotherapy (Mota et al., 2015).  

Targeting the CSC population has been shown to be a more effective approach to overcome 

chemoresistance and prevent the development of recurrence (Hu & Fu, 2012). In this Chapter, 

the suppression of paclitaxel-induced JAK2/STAT3 activation with Momelotinib was shown to 

disrupt the development of CSC-like cells, and subsequently prolonged the disease-free survival 

of mice. Notably, the ability to suppress JAK2/STAT3 activation and inhibit CSC-like 

development was ineffective when Momelotinib was administered by itself, which ultimately 

contributed to a short disease-free survival and tumour progression. This suggests that 
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Momelotinib alone is ineffective in the long-term due to its failure to target CSCs. Combination 

therapies that include a CSC-specific targeted agent and a non-CSC-targeted agent such as 

chemotherapy, were suggested to be the most effective approach in the treatment of cancer 

(Kwon & Shin, 2013) (Figure 4.53). CSC-specific targeted therapy may eliminate CSCs, 

however terminally differentiated non-CSCs have been shown to be able to undergo de-

differentiation or reprogramming towards CSCs (Friedmann-Morvinski & Verma, 2014). In this 

Chapter, combination therapy with paclitaxel and Momelotinib was shown to effectively reduce 

mice tumour burden more than either treatment alone, which supports the notion that synergistic 

targeting of both CSC-like cells and the bulk of non-CSCs is a more promising anti-cancer 

strategy.  

However, the discontinuation of paclitaxel and Momelotinib treatment no longer suppressed 

JAK2/STAT3 activation and CSC-like development, thus allowing resumption of CSC-

mediated tumour growth. On the other hand, the ongoing suppression of JAK2/STAT3 

activation with daily Momelotinib administration substantially reduced the tumour burden, even 

to a point of total tumour eradication, and drastically improved the disease-free survival in 

~50% of mice (treatment outcome of this Chapter is summarized in Figure 4.54). However, in 

the other 50% mice, ongoing Momelotinib treatment did not inhibit tumour growth despite the 

suppression of STAT3 and CSC-like phenotypes. This suggests that the ablation of a single 

target or pathway is unlikely to produce sustained tumour growth inhibition. Therefore, the next 

aim of this thesis is to identify another pro-survival signalling pathway/s that may be adopted by 

some tumour cells to bypass the suppression of JAK2/STAT3 activation. 
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Figure 4.53 Illustration of effective treatment with combination of CSC-specific and non-specific 

therapies. 

CSCs are a small subset of tumour cells in a tumour population that are capable of self-renewal and 

differentiation to mediate tumour regeneration and recurrence post-treatment. (A) Therapy that targets 

non-CSCs such as conventional chemotherapy treatment primarily eliminates the bulk of tumour cells but 

not CSCs, thereby resulting in CSC-mediated tumour regeneration and recurrence. (B) Therapy that 

targets CSCs may not eliminate the bulk of tumour population which consists of non-CSCs but the 

elimination of CSCs may hamper tumour regeneration, leading to tumour regression albeit rather slowly. 

However, CSCs have been suggested to develop from non-CSCs, which may result in tumour recurrence. 

(C) The most effective approach is treatment with combination therapy, which includes agents that target 

both CSCs and non-CSCs in tumours. This may lead to complete tumour eradication and prevent tumour 

recurrence. 
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Figure 4.54 Illustration of experimental outcome in mice i.p. injected with HEY cells in response to 

treatment with paclitaxel, Momelotinib, combination of paclitaxel and Momelotinib and 

Momelotinib maintenance therapy 

CSCs are a small subset of tumour cells in a tumour population that are accountable for tumour 

regeneration and recurrence post-treatment. The JAK2/STAT3 signalling pathway is believed to be 

associated with the regulation of CSC-like development, thus targeting this pathway may eliminate CSC-

like cells and improve treatment outcome. (A) Treatment with weekly paclitaxel alone increased 

JAK2/STAT3 activation and fail to eliminate CSC-like cells, thus resulting in tumour regeneration 

towards recurrence. (B) Treatment with daily Momelotinib alone showed no effect on JAK2/STAT3 

activation and fail to eliminate CSC-like cells, thus also resulted in tumour regeneration towards 

recurrence. (C) Treatment with a combination of paclitaxel and Momelotinib effectively suppressed 

JAK2/STAT3 activation and target CSC-like cells. However, the discontinuation of paclitaxel and 

Momelotinib-combined treatment resulted in the re-activation of JAK2/STAT3 and re-establishment of 

CSC-like cells, leading to tumour regeneration towards recurrence. On the other hand, maintenance 

therapy with daily Momelotinib treatment resulted in tumour regression until to a point of total tumour 

eradication in ~50% of mice.  
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CHAPTER 5 

Paclitaxel-induced activation of the Src 

and EGFR pathways compensate for 

JAK2/STAT3 inhibition in surviving EOC 

cells 
 

5.1 Introduction 

In contrast to the non-selective approach with chemotherapeutic agents, a growing 

number of new treatments have been directed towards targeting specific pathways based 

on the discovery of genetic mutational profiles. In previous studies, the activation of the 

JAK2/STAT3 pathway was shown to be one of the key drivers in ovarian cancer 

tumorigenesis, survival, progression and chemoresistance (Abubaker et al., 2014a; 

Colomiere et al., 2009; Gritsina et al., 2015). In Chapters 3 and 4, JAK2/STAT3 

targeted therapy with Momelotinib in conjunction with paclitaxel was shown to deliver 

remarkable therapeutic benefits in an in vivo mouse model of ovarian cancer. However, 

~50% of the mice developed tumours in the presence of ongoing treatment with the 

JAK2-specific inhibitor, Momelotinib. This suggests that the selective pressure of 

Momelotinib may result in the emergence of JAK2 resistant cells (intrinsic or acquired) 

which may alter their survival and growth dependency on the JAK2/STAT3 pathway. 

Hence, the inhibition of a major oncogenic survival pathway (in this instance, the 

JAK2/STAT3 pathway) may induce an initial drug response, but other governing 

mechanisms safeguarding cellular homeostasis may be activated and consequently 

result in drug resistance. These factors may include drug-induced alterations in the 
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tumour microenvironment which dictate epigenetic and gene expression changes, and 

redundancy in signalling pathways which maintain cross-talks with other 

complementary pathways and networks (Chen et al., 2015a). As a result, single-agent 

targeted therapy has proved insufficient for the treatment of most cancers, including 

ovarian cancer. Although the paradigm “one drug, one target” may be better tolerated 

with fewer side effects in preclinical in vivo animal models, the successful translation 

from animal models to clinical cancer trials is less than 8% (Mak, Evaniew, & Ghert, 

2014).  

The abnormal activation of STAT3 is an important mediator of the hallmarks of cancer, 

including roles in tumour proliferation, angiogenesis, immune evasion, survival and 

invasion (Bishop, Thaper, & Zoubeidi, 2014). More recently, STAT3 was found to 

significantly correlate with chemoresistance, self-renewal of CSCs and poor clinical 

outcome in many cancer types (Avalle et al., 2012; Marotta et al., 2011; Schroeder et 

al., 2014; Sherry et al., 2009; Yu et al., 2014; Zhang & Lai, 2014). Given that the JAK 

and Src kinases are the two major members of the non-receptor tyrosine kinase family 

upstream of STAT3 (Liu et al., 2014b), this provided a rationale for investigating the 

effects of inhibiting both these kinases in this thesis. In addition, cell surface EGFR 

provides a docking site for downstream JAK2 and/or Src proteins (Tice et al., 1999; 

Yamauchi et al., 1997), as well as directly activating STAT3 (Park et al., 1996) (Figure 

1.14). Hence, the activation of EGFR was also studied in this chapter. Previous studies 

have confirmed the role of Src, EGFR, JAK2 and STAT3 in cell survival and cell cycle 

arrest (Henson & Gibson, 2006; McCarthy, 2012; Thomas et al., 2015), as well as an 

association with paclitaxel resistance and poor prognosis in ovarian cancer (Colomiere 

et al., 2008; Nicholson, Gee, & Harper, 2001; Wiener et al., 2003). Therefore, it is not 
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surprising that these pathways are also abnormally activated in tumour cells to sustain 

the survival of chemotherapy-treated residual cancer cells. This chapter aimed to study 

the existence of such redundancy and crosstalk between the JAK2/STAT3, Src and 

EGFR signalling pathways which can override the specific blocking of one molecular 

target, such as JAK2-specific inhibition with Momelotinib. Additionally, this study also 

aimed to determine whether STAT3 phosphorylation and activation through Src 

signalling orchestrates different downstream events as that observed through the JAK2 

intermediates.  

The Src non-receptor tyrosine kinases are one of the oldest studied proto-oncogene and 

are found to be abnormally expressed in numerous human malignancies, including late-

stage ovarian tumours, and a panel of established human ovarian cancer cell lines such 

as the HEY cell line (Budde et al., 1994; Wiener et al., 2003; Yeatman, 2004). A gene 

expression study found that approximately half of the 119 ovarian cancer patients 

examined had tumours with a dysregulated Src pathway and presented with the worst 

prognosis (Dressman et al., 2007). Therefore, several clinical trials and preclinical 

studies have evaluated the therapeutic potential of targeting Src with a Src inhibitor, 

dasatinib in various epithelial malignancies. Dasatinib, also known by the brand name 

Sprycel® in a tablet form, is a potent oral multi-tyrosine kinase inhibitor that targets 

BCR-ABL protein, Src family kinases (Src, Lck, Yes, and Fyn), stem cell factor 

receptor (c-Kit), EPH receptor A2, and platelet-derived growth factor receptor 

(PDGFR)-β at nanomolar concentrations (Aguilera & Tsimberidou, 2009). In 2006, the 

Food and Drug Administration (FDA) approved dasatinib for the treatment of adults 

with chronic myeloid leukemia or Philadelphia chromosome-positive acute myeloid or 

lymphoblastic leukemia with resistance or intolerance to prior imatinib therapy (Brave 
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et al., 2008). A study on 34 human ovarian cancer cell lines demonstrated that two 

thirds of the cell lines examined were sensitive to dasatinib, especially cell lines with 

high expression of Yes, Lyn, Eph2A, caveolin-1 and 2, moesin, annexin-1, and uPA, 

and low expression of insulin-like growth factor-binding protein 2 (IGFBP2) (Konecny 

et al., 2009). Furthermore, the cytotoxicity of paclitaxel and carboplatin was 

significantly enhanced in ovarian cancer cells when chemotherapy was combined with 

dasatinib (Le et al., 2011; Teoh et al., 2011; Xiao et al., 2015). The main aim of this 

chapter was to provide a stepping stone for future studies with dasatinib given in 

combination with paclitaxel and Momelotinib using in vitro and in vivo ovarian cancer 

models and to determine whether this approach may be a more effective option for the 

treatment of ovarian cancer. 

5.2 Results 

5.2.1   Elevation of Src activation in tumour cells derived from the ascites of 

advanced-stage recurrent serous ovarian cancer patients compared to chemo-naïve 

patients  

Previous results in Chapter 3 showed that the activation of the JAK2/STAT3 pathway 

was significantly elevated in the tumour cells derived from the ascites of recurrent 

ovarian cancer patients previously treated with chemotherapy compared to that of 

isolated tumour cells of chemo-naïve ovarian cancer patients (Section 3.2.1). To study 

the changes in the activation of other tyrosine receptor signalling pathways, other than 

the JAK2/STAT3 pathway, in recurrent and chemo-naïve ascites-derived tumour cells, 

the expression of P-Src, T-Src, P-EGFR and T-EGFR was analysed in ascites-derived 

tumour cells of unmatched advanced-stage chemotherapy-treated recurrent serous ovarian 
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cancer patients (n=6) and chemo-naïve serous ovarian cancer patients (n=8). A description of 

each patient’s ascites sample is detailed in Table 3.1. Due to a large variation in the 

protein expression among patients and the small sample size, the expression of 

phosphorylated Src and EGFR was normalized to their respective total protein 

expression of the same sample. Overall, the mean fluorescence intensity of P-Src and P-

EGFR relative to T-Src and T-EGFR respectively was ~2-fold higher in the tumour 

cells isolated from the ascites of chemotherapy-treated recurrent patients (M=1.6 ± 0.3 

and 1.7 ± 0.3 respectively) when compared to that of the chemo-naïve patients (M=0.8 

± 0.04, P=0.047 and M=0.7 ± 0.04, P=0.027 respectively) (Figures 5.1B and 5.2B). The 

cytoplasmic distribution of P-Src, T-Src, P-EGFR and T-EGFR was observed in the 

ascites-derived tumour cells in all samples (Figures 5.1A and 5.2A). 
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Figure 5.1 Activation of the Src pathway in ascites-derived tumour cells from chemo-naïve and 

chemotherapy-treated recurrent serous ovarian cancer patients 

(A) Expression and localization of the Src pathway activation in non-adherent tumour cells derived from 

the ascites of chemo-naïve and chemotherapy-treated recurrent serous ovarian cancer patients were 

evaluated by immunofluorescence staining. Tumour cells were isolated from the ascites as described in 

the “Materials and Methods” section and were assessed for the expression of T-Src and P-Src using rabbit 

polyclonal antibody. Staining was visualized using the secondary Alexa 590 (red) fluorescent-labelled 

antibody and nuclei were detected by DAPI (blue) staining. Images are representative of n=8 chemo-

naïve and n=6 recurrent ascites-derived tumour cells. Magnification was 400X; scale bar = 250µm. (B) 

Quantification of T-Src and P-Src fluorescent intensity using ImageJ. Results are expressed as the average 

fluorescent intensity value of P-Src relative to the average intensity value of T-Src of the same ascites 

sample ± SEM. Welch’s t-test was used to determine the significance as indicated by *p<0.05. 



 

259 
 

 

Figure 5.2 Activation of the EGFR pathway in ascites-derived tumour cells from chemo-naïve and 

chemotherapy-treated recurrent serous ovarian cancer patients 

(A) Expression and localization of the EGFR pathway activation in non-adherent tumour cells derived 

from the ascites of chemo-naïve and chemotherapy-treated recurrent serous ovarian cancer patients were 

evaluated by immunofluorescence staining. Tumour cells were isolated from the ascites as described in 

the “Materials and Methods” section and were assessed for the expression of T-EGFR and P-EGFR using 

rabbit polyclonal antibody. Staining was visualized using the secondary Alexa 590 (red) fluorescent-

labelled antibody and nuclei were detected by DAPI (blue) staining. Images are representative of n=8 

chemo-naïve and n=6 recurrent ascites-derived tumour cells. Magnification was 400X; scale bar = 

250µm. (B) Quantification of T-EGFR and P-EGFR fluorescent intensity using ImageJ. Results are 

expressed as the average fluorescent intensity value of P-EGFR relative to the average intensity value of 

T-EGFR of the same ascites sample ± SEM. Welch’s t-test was used to determine the significance as 

indicated by *p<0.05.
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5.2.2 Increased activation of the Src pathway in the primary ovarian tissues of 

high-grade serous ovarian cancer patients 

The prevalence of elevated Src activation in various human cancer indicates a role for 

Src tyrosine kinase in tumour progression (Irby & Yeatman, 2000). To study the 

activation of the Src pathway in ovarian cancer, specifically from serous EOC patients, 

immunohistochemical analysis of P-Src and T-Src staining was performed on paraffin 

embedded normal, benign and malignant ovarian tissues. A total of eight ovarian tissues 

samples were obtained from non-ovarian carcinoma patients, which consisted of two 

normal ovarian tissue samples obtained from patients undergoing hysterectomy or 

bilateral salpingo-oophorectomy due to pre-diagnosed medical conditions, and six 

benign ovarian tissue samples obtained from patients undergoing hysterectomy due to 

the presentation of cysts. Ovarian tissues from serous ovarian cancer patients consisted 

of three low-stage (FIGO stage I) and ten advanced-stage (FIGO stages III and IV) 

samples, obtained at the time of primary ovarian cancer surgery. Patients’ details are 

summarized in Table 5.1. Due to a large variation in the DAB reading of P-Src and T-

Src in the primary human ovarian tissues within each group and the small sample size, 

the DAB reading of P-Src was normalized to the DAB reading of the T-Src of the same 

ovarian tissue. On average, the DAB staining of P-Src relative to T-Src was 

significantly enhanced in the ovarian tissue excised from advanced-stage serous ovarian 

cancer patients when compared to that of non-ovarian carcinoma and low-stage serous 

ovarian cancer groups (P=0.004 and 0.02 respectively) (Figure 5.3B). No significant 

difference in the average staining of P-Src was observed between the ovarian tissues of 

the non-ovarian carcinoma patients and low-stage serous ovarian cancer patients. The 
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presence of P-Src and T-Src staining was observed in the cell cytoplasm of all ovarian 

tissues (Figure 5.3A).  
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Table 5.1 Description of ovarian tissue samples used for immunohistochemical analysis 

Sample No. Diagnosis FIGO Stage Age at diagnosis Genetic background Pre-operative CA125 Ascites at diagnosis Survival 

Normal        

1 Normal ovarian epithelium -  BRCA+ - No - 

2 Normal ovarian epithelium -  Peutz-Jegher's syndrome - No - 

Benign        

1 Benign cyst - 19 - - No - 

2 Benign cyst - 55 - - No - 

3 Large multi cysts ovarian mass - 64 Family history of Ca - No - 

4 Benign cyst - 58 Diagnosed with Breast Cancer  - No - 

5 Large ovarian cyst - 62 Unknown - No - 

6 Benign cyst - 48 HNPCC carrier (colorectal cancer) - No - 

Low Stage        

1 Serous cystadenocarcinoma NOS (Gr3) Ic 90 Unknown 24 No 1 mo ALC 

2 Serous cystadenocarcinoma NOS Ia 36 Unknown 138 No 2 yr 4 mo 
ALC 

3 Serous cystadenocarcinoma NOS (Gr1) Ic 31 Unknown 177 No 4 yr 10 
mo ALC 

Advanced 

Stage 

       

1 Papillary serous adenocarcinoma (Gr3) IIIc 55 - 3025 Yes 2 yr 5 mo 
at death 

2 Serous cystadenocarcinoma NOS (Gr2) III 65 Unknown 903 Yes 1 yr 9 mo 
at death 

3 Carcinoma NOS (Gr3) IIIc 62 BRCA1+ 3058 Yes 2 yr 7 mo 
at death 

4 Serous cystadenocarcinoma NOS (Gr3) IIIc 38 Unknown 957 Yes 2 yr 8 mo 
ALC 

5 Serous surface papillary carcinoma (Gr3) IIIc 59 BRCA2+ 397 Yes 4 yr 7 mo 
at death 

6 Papillary serous adenocarcinoma (Gr2) IIIc 41 Family history of ovarian cancer  Unknown Unknown 8 yr 8 mo 
ALC 

7 Serous cystadenocarcinoma NOS (Gr3) IIIc 67 Unknown Unknown Yes 9 mo at 
death 

8 Papillary serous adenocarcinoma (Gr2) IIIc 43 - 428 Yes 3 yr 7 mo 
at death 

9 Papillary serous adenocarcinoma (Gr2) IV 58 Family history of uterine cancer 3187 Yes 6 yr 10 

mo at 
death 

10 Papillary serous adenocarcinoma (Gr3) IIIc 53 Unknown 1838 Yes 1 yr 9 mo 
at death Note: NOS: Not otherwise specified, yr: years, mo: months, ALC: At last contact, Gr: Grade  
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Figure 5.3 Activation of the Src pathway in primary human ovarian tissues 

(A) Representative images of (i) P-Src and (ii) T-Src staining in paraffin embedded primary ovarian 

tissues of normal and benign patients, and low-stage (FIGO stage I) and advanced-stage (FIGO stages 

III&IV) serous ovarian cancer patients. Magnification was 200X with scale bar = 200µm and 400X with 

scale bar = 60µm. (B) Quantification of P-Src and T-Src DAB staining using Fiji software recognising 

DAB intensity as described in the Materials and Methods. Parametric One-way ANOVA with Tukey’s 

post-test was used. Results are expressed as the overall average DAB reading of P-Src relative to the 

average DAB reading of T-Src of the same sample ± SEM (n=8 normal and benign, n=3 low-stage, n=10 

advanced-stage). Significance is indicated by *p<0.05, **p<0.01. 
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5.2.3    Transient Src activation elicited by paclitaxel treatment in EOC cell lines 

To test the effect of paclitaxel on Src activation, ovarian cancer serous HEY and clear-

cell carcinoma TOV21G cells were treated with their respective GI50 value of paclitaxel 

for periods of 6, 24 or 72 hr. Consequently, the findings from this study will allow the 

optimal period of paclitaxel treatment to be defined where peak Src activation is 

achieved. This treatment period can then be used to assess the suppressive effect of a 

Src inhibitor on paclitaxel-induced Src activation. Western blot analysis revealed that P-

Src expression was greatest following a 24 hr treatment with paclitaxel in HEY cells 

(M=1.9 ± 0.2) when compared to both untreated cells and cells treated with paclitaxel 

for 6 and 72hr (M=0.9 ± 0.1, 0.9 ± 0.1 and 0.8 ± 0.2 respectively), while no significant 

difference was observed between the untreated cells and cells treated with paclitaxel for 

6 and 72 hr (Figure 5.4). In the TOV21G cell line, P-Src expression was also 

significantly up-regulated following a 24 hr treatment (M=1.4 ± 1.0) when compared to 

untreated cells and cells treated for a period of 6 hr (M=0.7 ± 0.1 and 0.8 ± 0.1 

respectively) (Figure 5.5). However, unlike the brief peak expression of P-Src in HEY 

cells, no significant difference was observed in the P-Src expression in TOV21G cells 

between the 24 and 72 hr treatment periods. The total protein expression showed no 

statistically significant difference between all groups in both cell lines (Figures 5.4 and 

5.5). 

A similar trend in the expression of P-Src was further confirmed by 

immunofluorescence analysis in both HEY and TOV21G cells treated with paclitaxel 

for a period of 6, 24 and 72 hr. Treatment of HEY cells with 0.05µg/mL paclitaxel for 

24 and 72 hr resulted in a significant increase in the expression of P-Src when compared 
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to both untreated cells (P=0.009 for both) and cells treated with paclitaxel for 6 hr 

(P=0.04 for both) (Figure 5.6Bi). No significant difference was observed for P-Src 

fluorescent intensity between the cells treated with paclitaxel for 24 and 72 hr. In 

parallel, the expression of P-Src was significantly enhanced in TOV21G cells treated 

with 0.01µg/mL paclitaxel for 24 and 72 hr when compared to both untreated cells 

(P<0.0001 for both) and cells treated for 6 hr (P<0.0001 for both) (Figure 5.7Bi). Unlike 

HEY cells, P-Src fluorescence intensity was significantly reduced in TOV21G cells 

treated with paclitaxel for 72 hr when compared to treatment for 24 hr (P=0.006). No 

significant difference was observed in the expression of T-Src in both cell lines (Figures 

5.6Bii and 5.7Bii). In both cell lines, cytoplasmic distribution of the P-Src and T-Src 

staining was observed in control untreated cells, but showed increased translocation to 

around the nucleus following paclitaxel treatment from 6 to 72 hr (Figures 5.6A and 

5.7A).
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Figure 5.4 Src activation in HEY cells in response to paclitaxel treatment 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel for 6, 24 and 72 hr 

of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific for 

P- or T-Src. Total protein load was determined by stripping and re-probing the membranes with GAPDH. 

Images are representative of three independent lysate samples. (B) Densitometric analysis of (i) P-Src and 

(ii) T-Src protein expression was determined by using ImageJ. The values represent the relative mean of 

band intensity normalized to GAPDH loading control ± SEM of three independent experiments. 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05, 

**p<0.01. 
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Figure 5.5 Src activation in TOV21G cells in response to paclitaxel treatment  

(A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel for 6, 24 and 72 hr 

of paclitaxel treatment were extracted and subjected to immunoblot analysis using antibody specific for 

P- or T-Src. Total protein load was determined by stripping and re-probing the membranes with GAPDH. 

Images are representative of three independent lysate samples. (B) Densitometric analysis of (i) P-Src and 

(ii) T-Src protein expression was determined by using ImageJ. The values represent the relative mean of 

band intensity normalized to GAPDH loading control ± SEM of three independent experiments. 

Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05.



 

268 
 

 

 

Figure 5.6 Src activation in HEY cells in response to paclitaxel treatment  

(A) Expression and localization of the Src pathway activation in ovarian cancer HEY cells following a 6, 

24 or 72 hr treatment with paclitaxel was determined by immunofluorescence staining. Untreated and 

treated cells were assessed for the expression of P-Src and T-Src by immunofluorescence using rabbit 

polyclonal antibody as described in the “Materials and Methods” section. Staining was visualized using 

the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected by DAPI (blue) 

staining. Images are representative of three independent experiments. Magnification was 400X; scale bar 

= 250µm. (B) Quantification of (i) P-Src and (ii) T-Src fluorescent intensity was determined by using 

ImageJ. Results are expressed as the percentage of the average fluorescent intensity value relative to 

untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s 

post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 5.7 Src activation in TOV21G cells in response to paclitaxel treatment  

(A) Expression and localization of the Src pathway activation in ovarian cancer TOV21G cells following 

a 6, 24 or 72 hr treatment with paclitaxel was determined by immunofluorescence staining. Untreated and 

treated cells were assessed for the expression of P-Src and T-Src by immunofluorescence using rabbit 

polyclonal antibody as described in the “Materials and Methods” section. Staining was visualized using 

the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected by DAPI (blue) 

staining. Images are representative of three independent experiments. Magnification was 400X; scale bar 

= 250µm. (B) Quantification of (i) P-Src and (ii) T-Src fluorescent intensity was determined by using 

ImageJ. Results are expressed as the percentage of the average fluorescent intensity value relative to 

untreated cells ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s 

post-test was used. Significance is indicated by **p<0.01, ***p<0.001. 
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5.2.4 Suppression of paclitaxel-induced JAK2/STAT3 activation with 

Momelotinib increased Src activation in EOC cell lines 

A small fraction of viable cells was detectable after treatment with respective paclitaxel 

GI50 value and 1µM Momelotinib in ovarian cancer serous HEY (0.05µg/mL paclitaxel) 

and clear-cell carcinoma TOV21G (0.01µg/mL paclitaxel) cells as shown in Section 

3.2.7 (Figure 3.23). Therefore, to gain further understanding of the limitations of JAK2 

suppression with Momelotinib and to identify other complementary survival pathways 

as potential compensatory response to the suppression of the JAK2/STAT3 activation, 

the expression of P-Src and T-Src was assessed in ovarian cancer serous HEY and clear-

cell carcinoma TOV21G cells. Each cell line was treated for 24 hr with their respective 

paclitaxel GI50 value with or without 1µM Momelotinib. Overall, Western blot analysis 

revealed an ~2-3-fold increase in P-Src expression in HEY cells treated with either 

0.05µg/mL paclitaxel, 1µM Momelotinib or a combination of paclitaxel and 

Momelotinib when compared to control untreated cells (P=0.0007, 0.0007 and <0.0001 

respectively) (Figure 5.8). Although a slight increase in P-Src expression was observed 

in HEY cells treated with a combination of paclitaxel and Momelotinib when compared 

to cells treated with either paclitaxel or Momelotinib alone (mean difference of 0.4 and 

0.5 respectively), the difference was not significant. 

The expression of P-Src was also significantly increased by ~2-fold in TOV21G cells 

treated with 0.01µg/mL paclitaxel when compared to control untreated cells (P<0.0001) 

(Figure 5.9). Treatment with Momelotinib alone or in conjunction with paclitaxel 

resulted in a significant increase in P-Src expression when compared to both untreated 

(P<0.0001 for both) and paclitaxel-treated cells (P=0.006 and 0.001 respectively), while 
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no significant difference was observed between the Momelotinib-treated and paclitaxel 

and Momelotinib-combined-treated cells. No significant difference was observed for T-

Src protein expression between all groups in both cell lines (Figures 5.8 and 5.9).
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Figure 5.8 Effect of paclitaxel and/or Momelotinib treatment on the Src activation in HEY cells 

(A) Total cell lysates of untreated cells and cells treated with 0.05µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-Src. Total protein load was determined by stripping and re-probing the membranes 

with GAPDH. Images are representative of three independent lysate samples. (B) Densitometric analysis 

of (i) P-Src and (ii) T-Src protein expression was determined by using ImageJ. Data is represented as the 

relative mean of band intensity normalized to GAPDH loading control ± SEM of three independent 

experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by 

***p<0.001, ****p<0.0001.
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Figure 5.9 Effect of paclitaxel and/or Momelotinib  treatment on the Src activation in TOV21G 

cells  

(A) Total cell lysates of untreated cells and cells treated with 0.01µg/mL of paclitaxel with or without 

1µM of Momelotinib for 24 hr were extracted and subjected to immunoblot analysis using antibody 

specific for P- or T-Src. Total protein load was determined by stripping and re-probing the membranes 

with GAPDH. Images are representative of three independent lysate samples. (B) Densitometric analysis 

of (i) P-Src and (ii) T-Src protein expression was determined by using ImageJ. Parametric One-way 

ANOVA with Tukey’s post-test was used.  Data is represented as the relative mean of band intensity 

normalized to GAPDH loading control ± SEM of three independent experiments. Significance is 

indicated by **p<0.01, ****p<0.0001. 
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5.2.5 Suppression of paclitaxel-induced JAK2/STAT3 activation with 

Momelotinib increased Src and EGFR activation in mice tumour xenografts 

Results from Chapter 4 Study 1 demonstrated that weekly paclitaxel treatment in mice 

resulted in xenografts that displayed a significant increase in the JAK2/STAT3 pathway 

and CSC-like expression when compared to untreated mice, while the addition of daily 

Momelotinib to paclitaxel significantly reduced these expressions when compared to 

paclitaxel-treated mice (Sections 4.3.3 and 4.3.4). Briefly, nineteen days after i.p. 

injection with 5 x 106 ovarian cancer HEY cells in 4-6 weeks old female Balbc nu/nu 

mice, the mice were treated with either weekly paclitaxel at a dose of 15mg/kg 

bodyweight by i.p. injection, daily Momelotinib at a dose of 25mg/kg bodyweight by 

oral gavage, or a combination of paclitaxel and Momelotinib (n=3/group). Thirty-five 

days post-inoculation with HEY cells, all mice were euthanized at the humane endpoint 

of control untreated mice (n=4 control untreated) (Figure 4.1).To investigate whether 

weekly paclitaxel treatment also increased the activation of the Src and EGFR 

pathways, and to determine the effects of the suppression of paclitaxel-induced 

JAK2/STAT3 activation with Momelotinib on these pathways in vivo, 

immunohistochemical analysis of P-Src, P-EGFR, T-Src and T-EGFR staining was 

performed on the formalin-fixed and paraffin embedded tumour xenografts resected 

from mice in Study 1 (n=3/group) (Section 4.2.1). Staining for P-Src, T-Src, P-EGFR 

and T-EGFR was localized throughout the cell cytoplasm in the xenografts of all groups 

(Figures 5.10A, 5.11A, 5.12A and 5.13A). Consistent with the in vitro results, mice that 

received weekly paclitaxel, daily Momelotinib or a combination of paclitaxel and 

Momelotinib treatment produced tumours that displayed a significant increase in P-Src 

staining when compared to the tumours isolated from control untreated mice (P=0.002, 
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0.004 and 0.002 respectively), while no significant difference was detected between the 

other three treated groups (Figure 5.10B). Similarly, P-EGFR staining was significantly 

increased in the xenografts of mice treated with paclitaxel, Momelotinib or a 

combination of both when compared to that of control untreated mice (P=0.003, 0.005 

and 0.001 respectively) (Figure 5.12B). No significant difference was detected in the 

xenograft staining of T-Src and T-EGFR between any groups in study 1 (Figures 5.11B 

and 5.13B). 
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Figure 5.10 Immunohistochemical analysis of P-Src expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 of Chapter 4 

(A) Representative images of P-Src immunohistochemistry staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of P-Src DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained control cells for 

each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by **p<0.01.
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Figure 5.11 Immunohistochemical analysis of T-Src expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 1 of Chapter 4 

(A) Representative images of T-Src immunohistochemistry staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of T-Src DAB staining using Fiji software recognising DAB intensity as described in 

the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained control cells for 

each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with Tukey’s post-test was used for 

statistical analysis. 
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Figure 5.12 Immunohistochemical analysis of P-EGFR expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 1 of Chapter 4 

(A) Representative images of P-EGFR immunohistochemistry staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of P-EGFR DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained control cells for 

each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with Tukey’s post-test was used. 

Significance is indicated by **p<0.01, ***p<0.001.
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Figure 5.13 Immunohistochemical analysis of T-EGFR expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 1 of Chapter 4 

(A) Representative images of T-EGFR immunohistochemistry staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. Magnification 200x, scale bar = 200µm. 

(B) Quantification of T-EGFR DAB staining using Fiji software recognising DAB intensity as described 

in the “Materials and Methods” section. Results are expressed as the average DAB reading of positively-

stained tumour cells subtracted by the average DAB staining of the negatively-stained control cells for 

each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with Tukey’s post-test was used for 

statistical analysis. 
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5.2.6 Discontinuation of paclitaxel and Momelotinib combined-treatment 

reduced P-Src, but not P-EGFR expression in mice tumour xenografts  

In Study 2, treatment with weekly paclitaxel at a dose of 15mg/kg bodyweight by i.p. 

injection, daily Momelotinib at a dose of 25mg/kg bodyweight by oral gavage, or a 

combination of both paclitaxel and Momelotinib were discontinued at the same 

endpoint of control untreated mice thirty-five days post-inoculation with ovarian HEY 

cells. The mice were monitored until humane termination was required. In an extension 

to Section 4.3.8, to determine whether the activation of the Src and EGFR pathway 

expression changed following the termination of treatment(s), the paraffin embedded 

tumour xenografts resected from each group in Study 2 (n=3/group) were subjected to 

immunohistochemical analysis for P-Src, P-EGFR, T-Src and T-EGFR. Cytoplasmic 

staining of P-Src, P-EGFR, T-Src and T-EGFR was observed in the tumours of all 

groups in Study 2 (Figures 5.14A, 5.15A, 5.16A and 5.17A). Staining for P-Src was 

significantly higher in the xenografts of mice which had paclitaxel terminated and mice 

which had Momelotinib terminated when compared to the tumours of control untreated 

mice (P=0.001 and 0.005 respectively) (Figure 5.14B). Although a slight increase in P-

Src staining was observed in the tumours isolated from mice with terminated paclitaxel 

and Momelotinib-combined treatment when compared to the tumours of control 

untreated mice, no significant difference was detected. In addition, termination of 

paclitaxel and Momelotinib-combined treatment in mice resulted in tumours with a 

significantly lower P-Src staining when compared to mice with terminated paclitaxel 

treatment (P=0.008), while no significant difference was detected when compared to 

mice with terminated Momelotinib. Staining for P-EGFR was significantly higher in the 

tumours isolated from mice with terminated paclitaxel, Momelotinib or a combination 
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of both when compared to the tumours of control untreated mice (P=0.007, 0.004 and 

0.04 respectively) (Figure 5.16B). No significant difference was detected in the P-

EGFR staining between the tumours isolated from mice with terminated paclitaxel, 

Momelotinib and a combination of both. The DAB staining for the total proteins of Src 

and EGFR respectively remained unchanged between all groups in study 2 (Figures 

5.15B and 5.17B). 
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Figure 5.14 Immunohistochemical analysis of P-Src expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 of Chapter 4 

(A) Representative images of P-Src immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of P-Src DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by **p<0.01. 
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Figure 5.15 Immunohistochemical analysis of T-Src expression in tumour xenografts derived from 

mice intraperitoneally injected with HEY cells in Study 2 of Chapter 4 

(A) Representative images of T-Src immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of T-Src DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with 

Tukey’s post-test was used.  
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Figure 5.16 Immunohistochemical analysis of P-EGFR expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 of Chapter 4 

(A) Representative images of P-EGFR immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of P-EGFR DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 5.17 Immunohistochemical analysis of T-EGFR expression in tumour xenografts derived 

from mice intraperitoneally injected with HEY cells in Study 2 of Chapter 4 

(A) Representative images of T-EGFR immunohistochemical staining in paraffin embedded tumour 

xenograft derived from control untreated mice, and mice with terminated weekly paclitaxel, daily 

Momelotinib or a combination of paclitaxel and Momelotinib. All mice treatments were initiated 19 days 

post-inoculation with HEY cells and terminated at the endpoint of control untreated mice, which was 35 

days post-inoculation. Mice tumours were collected at the endpoint of each individual mouse. 

Magnification 200x, scale bar = 200µm. (B) Quantification of T-EGFR DAB staining using Fiji software 

recognising DAB intensity as described in the “Materials and Methods” section. Results are expressed as 

the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of 

the negatively-stained cells for each xenograft ± SEM (n=3/group). Parametric One-way ANOVA with 

Tukey’s post-test was used.  
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The discontinuation of daily Momelotinib treatment with or without paclitaxel resulted 

in an increase in the staining of the active JAK2/STAT3 pathway when compared to 

respective treatment group in Study 1, as shown in the previous Chapter (Section 4.3.8). 

Similarly, tumour staining for CSC-like markers in mice was significantly up-regulated 

following the discontinuation of all treatment(s) previously given to mice. To elucidate 

the effect of treatment(s) termination in mice that were treated with weekly paclitaxel, 

daily Momelotinib or a combination of both, immunohistochemical staining for P-Src, 

T-Src, P-EGFR and T-EGFR was compared between the same treatment group in Study 

1 and Study 2. In contrast to P-JAK2 and P-STAT3 tumour staining described in 

Chapter 4, termination of paclitaxel and Momelotinib-combined treatment in mice 

resulted in tumours that displayed a significant 2.3-fold reduction in P-Src staining 

when compared to the combined-treated group in Study 1 (P=0.04) (Figure 5.22A). 

When comparing to the paclitaxel-treated and Momelotinib-treated groups in Study 1, 

no significant difference in P-Src tumour staining was detected following the 

termination of respective treatments in Study 2 (mean difference of 8.3 and 0.9 

respectively). Similarly, no significant difference was found in the P-EGFR staining in 

the tumours of paclitaxel-treated and Momelotinib-treated groups between Study 1 and 

Study 2 (mean difference of 4.8 and 11.5 respectively) (Figure 5.22C). A slight 

reduction in P-EGFR staining was observed in the tumours of mice with terminated 

paclitaxel and Momelotinib-combined treatment when compared to similar treatment 

groups in Study 1, however this difference was not significant (mean difference of 

10.2). The average DAB staining for T-Src and T-EGFR revealed no significant 

difference between all groups in both Studies (Figures 5.22B and 5.22D). Additionally, 
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no changes in the cytoplasmic localization of P-Src, P-EGFR, T-Src and T-EGFR was 

observed between all groups in both Studies (Figures 5.18 – 5.21).
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Figure 5.18 Immunohistochemical images of P-Src staining in xenografts derived from mice in Studies 1 and 2 

Representative images of P-Src staining in paraffin embedded tumour xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, 

daily Momelotinib or a combination of both in Studies 1 and 2. All treatments were initiated 19 days post-inoculation with HEY cells. At the endpoint of control 

untreated mice, mice from each treatment group were either culled along with untreated mice (Study 1) or stopped receiving any treatment and followed until they 

reach their individual endpoints (Study 2). Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, scale bar = 200µm.  
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Figure 5.19 Immunohistochemical images of T-Src staining in xenografts derived from mice in Studies 1 and 2 

Representative images of T-Src staining in paraffin embedded tumour xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, 

daily Momelotinib or a combination of both in Studies 1 and 2. All treatments were initiated 19 days post-inoculation with HEY cells. At the endpoint of control 

untreated mice, mice from each treatment group were either culled along with untreated mice (Study 1) or stopped receiving any treatment and followed until they 

reach their individual endpoints (Study 2). Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, scale bar = 200µm.  
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Figure 5.20 Immunohistochemical images of P-EGFR staining in xenografts derived from mice in Studies 1 and 2 

Representative images of P-EGFR staining in paraffin embedded tumour xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, 

daily Momelotinib or a combination of both in Studies 1 and 2. All treatments were initiated 19 days post-inoculation with HEY cells. At the endpoint of control 

untreated mice, mice from each treatment group were either culled along with untreated mice (Study 1) or stopped receiving any treatment and followed until they 

reach their individual endpoints (Study 2). Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, scale bar = 200µm.  
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Figure 5.21 Immunohistochemical images of T-EGFR staining in xenografts derived from mice in Studies 1 and 2 

Representative images of T-EGFR staining in paraffin embedded tumour xenograft derived from control untreated mice, and mice treated with either weekly paclitaxel, 

daily Momelotinib or a combination of both in Studies 1 and 2. All treatments were initiated 19 days post-inoculation with HEY cells. At the endpoint of control 

untreated mice, mice from each treatment group were either culled along with untreated mice (Study 1) or stopped receiving any treatment and followed until they 

reach their individual endpoints (Study 2). Mice tumours were collected at the endpoint of each individual mouse. Magnification 200x, scale bar = 200µm.  



 

292 
 

 

Figure 5.22 Comparison of the average DAB staining in xenografts derived from mice in Studies 1 and 2 

Quantification of (A) P-Src, (B) T-Src, (C) P-EGFR and (D) T-EGFR DAB staining using Fiji software recognising DAB intensity as described in the “Materials and 

Methods” section. Results are expressed as the average DAB reading of positively-stained tumour cells subtracted by the average DAB staining of the negatively-

stained control cells for each xenograft ± SEM (n=3 mice/group). Parametric One-way ANOVA with Tukey’s post-test was used. Significance is indicated by *p<0.05 
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5.2.7 Dasatinib, a Src inhibitor, inhibits cell viability but does not enhance 

paclitaxel-associated cytotoxicity in EOC cell lines. 

The results from the present in vitro and in vivo studies demonstrated an increased in 

Src activation in response to paclitaxel treatment (Sections 5.2.3 and 5.2.5). 

Consequently, paclitaxel-induced Src activation was suppressed using a specific Src 

inhibitor, dasatinib, in conjunction with chemotherapy. First, to study the effect of 

dasatinib treatment on tumour cell survival and to select the concentration of dasatinib 

that inhibits cell growth by approximately 50%, ovarian cancer HEY and TOV21G cell 

lines were treated with increasing concentration of dasatinib (1 - 50µM) for 48 hr and 

cell viability was measured by MTT assay as described in the “Materials and Methods” 

section. Overall, Dasatinib significantly inhibited the percentage of viable cells in both 

HEY and TOV21G cell lines when compared to control untreated cells (P<0.0001 for 

all) (Figure 5.23). The percentage of surviving HEY cells fell sharply after the exposure 

to 1 - 50µM dasatinib (57.2 - 79.5% reduction), while a moderate dose-dependent 

reduction in cell viability was noted in TOV21G cells (38.0 - 63.6% reduction). The 

concentration of dasatinib that was chosen to treat TOV21G cells in further in vitro 

studies was 10µM (51.3% reduction). 10µM of dasatinib was also selected for HEY 

cells to be consistent with TOV21G. At this concentration, 61.6% growth reduction of 

HEY cells were observed. Both cell lines were treated with dasatinib at a concentration 

that was slightly higher than the GI50 value to ensure that the surviving cells had been 

exposed to an adequate concentration of the drug. 

Next, the cytotoxic effect of dasatinib in combination with paclitaxel in ovarian cancer 

cells was investigated by MTT assay. HEY and TOV21G cells were treated for 48 hr 
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with a range of paclitaxel concentration (0.01 - 1µg/mL and 0.0005 - 0.05µg/mL 

respectively) with or without 10µM dasatinib, and the percentage of cell viability was 

compared between untreated or paclitaxel-treated cells with cells treated with a 

combination of paclitaxel and dasatinib. Similar to previous findings, treatment with 

10µM dasatinib in both HEY and TOV21G cell lines significantly reduced the 

percentage of cell viability by approximately 38% and 49% when compared to untreated 

cells (Figure 5.24). Interestingly, the addition of 10µM dasatinib to an increasing dose 

of paclitaxel concentrations in HEY cells showed no significant changes in cell viability 

when compared to cells treated with paclitaxel alone. In TOV21G cells, a significant 

reduction in cell viability was initially observed with the addition of 10µM dasatinib to 

0.0005 - 0.001µg/mL paclitaxel. Subsequently, no significant difference in cell viability 

was detected at 0.025 - 0.005µg/mL paclitaxel with or without dasatinib. A further 

increase in paclitaxel concentration from 0.01 - 0.05µg/mL showed a greater reduction 

in cell viability when compared to that achieved with the addition of dasatinib to these 

paclitaxel concentrations. Overall, cell viability in both cell lines was observed to be 

maintained at approximately 30 – 40% for HEY cells and 50% for TOV21G cells with 

the addition of 10µM dasatinib to increasing concentrations of paclitaxel treatment.
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Figure 5.23 Effect of dasatinib on cell viability in EOC cell lines 

Ovarian cancer (A) HEY and (B) TOV21G cell lines were treated with 1 – 50µM of dasatinib for 48 hr 

before analysis by MTT assay as described in the “Materials and Methods” section. Results are expressed 

as the percentage of the average OD reading relative to untreated cells ± SEM of four independent 

experiments performed in triplicate. Parametric One-way ANOVA with Dunnett’s multiple comparison 

post-test was used. Significance is indicated by ****p<0.0001 compared to untreated. The intersected line 

in each graph represents the GI50.
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Figure 5.24 Effect of treatment combination with paclitaxel and dasatinib on cell viability in EOC 

cell lines 

Ovarian cancer (A) HEY and (B) TOV21G cell lines were treated with paclitaxel (0 - 1µg/mL and 0 - 

0.05µg/mL respectively) and 10µM of dasatinib for 48 hr before analysis by MTT assay as described in 

the “Materials and Methods” section. Results are expressed as the percentage of the average OD reading 

relative to untreated cells ± SEM of three independent experiments performed in triplicate. Two-way 

ANOVA with Bonferroni’s multiple comparison post-test was used. Significance is indicated by *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 compared to paclitaxel treatment alone.



 

297 
 

5.2.8 The addition of dasatinib suppresses paclitaxel-induced Src activation in 

EOC cell lines 

Treatment with dasatinib combined with paclitaxel did not demonstrate a synergistic 

cytotoxic effect in both ovarian cancer HEY and TOV21G cell lines as shown in 

Chapter 5.2.7. To elucidate whether dasatinib inhibits the Src activation in these cell 

lines, the expression of P-Src and T-Src was analysed by immunofluorescence in HEY 

and TOV21G cells treated with their GI50 value of paclitaxel with or without 10µM 

dasatinib. Besides the JAK2 kinase, Src kinase has also been shown to be the upstream 

activator of STAT3 (Cao et al., 1996; Yu et al., 1995) (Figure 1.15). Thus, to study the 

effect of STAT3 activation following the suppression of paclitaxel-induced activation of 

the Src pathway in ovarian cancer cells, the expression of P-STAT3 and T-STAT3 was 

further analysed in HEY and TOV21G cells treated with paclitaxel with or without 

dasatinib.   

Overall, a cytoplasmic distribution of P-Src and P-STAT3 staining was observed in 

HEY and TOV21G control untreated cells, but showed increased translocation to 

around the nucleus following treatment with paclitaxel, dasatinib or a combination of 

both (Figures 5.25A, 5.26A, 5.27A and 5.28A). Consistent with previous in vitro and in 

vivo results in Sections 5.2.3 and 5.2.5, paclitaxel significantly increased P-Src 

expression in HEY cells when compared to untreated cells (Figure 5.25Bi). Cells that 

were treated with dasatinib alone displayed a significant reduction in the percentage of 

P-Src fluorescence intensity when compared to paclitaxel-treated cells (P=0.004), while 

no significant difference was observed when compared to untreated cells. The addition 

of dasatinib to paclitaxel markedly reduced P-Src expression when compared to cells 
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treated with paclitaxel alone (P=0.01), while no significant difference was observed 

when compared to both untreated and dasatinib-treated cells. Paclitaxel treatment in 

ovarian cancer HEY cells significantly increase the expression of P-STAT3 when 

compared to both control untreated, dasatinib-treated and paclitaxel and dasatinib 

combined-treated cells (P<0.0001, <0.0001 and 0.0001 respectively), (Figure 5.26Bi). 

No significant difference was observed in the P-Src and P-STAT3 expression between 

the untreated, dasatinib-treated and combined-treated cells. Although T-Src and T-

STAT3 expression was slightly higher in cells treated with a combination of paclitaxel 

and dasatinib when compared to all groups, no significant differences were detected 

(Figures 5.25Bii and 5.26Bii).  

In TOV21G cells, treatment with paclitaxel alone also resulted in significantly increase 

P-Src and P-STAT3 fluorescent intensity when compared to both control untreated cells 

(P=<0.0001 and 0.002 respectively) and dasatinib-treated cells (P=<0.0001 and 0.005 

respectively) (Figures 5.27Bi and 5.28Bi). The percentage of P-Src and P-STAT3 

fluorescence intensity was significantly reduced in cells treated with a combination of 

paclitaxel and dasatinib when compared to cells treated with paclitaxel alone 

(P=<0.0001 and 0.05 respectively). No significant difference was observed in the 

expression of P-Src and P-STAT3 between the untreated, dasatinib-treated and 

combined-treated cells, or in the expression of T-Src and T-STAT3 between all groups 

(Figures 5.27Bii and 5.28Bii).  
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Figure 5.25 Effect of paclitaxel and/or dasatinib treatment on Src activation and localization in 

HEY cells  

(A) Expression and localization of the Src activation in ovarian cancer HEY cells in response to treatment 

with 0.05µg/mL of paclitaxel with or without 10µM of dasatinib for 24 hr was determined by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-Src and 

T-Src using rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected by 

DAPI (blue) staining. Images are representative of three independent experiments. Magnification was 

400X; scale bar = 250µm. (B) Quantification of (i) P-Src and (ii) T-Src fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent intensity 

value relative to untreated cells ± SEM three independent experiments. Parametric One-way ANOVA 

with Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 5.26 Effect of paclitaxel and/or dasatinib treatment on STAT3 activation and localization in 

HEY cells 

(A) Expression and localization of the STAT3 activation in ovarian cancer HEY cells in response to 

treatment with 0.05µg/mL of paclitaxel with or without 10µM of dasatinib for 24 hr was determined by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-STAT3 

and T-STAT3 were assessed by immunofluorescence using mouse monoclonal antibody as described in 

the “Materials and Methods” section. Staining was visualized using the secondary Alexa 488 (green) 

fluorescent-labelled antibody and nuclei were detected by DAPI (blue) staining. Images are representative 

of three independent experiments. Magnification was 400X; scale bar = 250µm. (B) Quantification of (i) 

P-STAT3 and (ii) T-STAT3 fluorescent intensity was determined by using ImageJ. Results are expressed 

as the percentage of the average fluorescent intensity value relative to untreated cells ± SEM of three 

independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is 

indicated by ***p<0.001, ****p<0.0001. 
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Figure 5.27 Effect of paclitaxel and/or dasatinib treatment on Src activation and localization in 

TOV21G cells  

(A) Expression and localization of the Src activation in ovarian cancer TOV21G cells in response to 

treatment with 0.01µg/mL of paclitaxel with or without 10µM of dasatinib for 24 hr was determined by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-Src and 

T-Src using rabbit polyclonal antibody as described in the “Materials and Methods” section. Staining was 

visualized using the secondary Alexa 590 (red) fluorescent-labelled antibody and nuclei were detected by 

DAPI (blue) staining. Images are representative of three independent experiments. Magnification was 

400X; scale bar = 250µm. (B) Quantification of (i) P-Src and (ii) T-Src fluorescent intensity was 

determined by using ImageJ. Results are expressed as the percentage of the average fluorescent intensity 

value relative to untreated cells ± SEM three independent experiments. Parametric One-way ANOVA 

with Tukey’s post-test was used. Significance is indicated by ****p<0.0001.
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Figure 5.28 Effect of paclitaxel and/or dasatinib treatment on STAT3 activation and localization in 

TOV21G cells 

(A) Expression and localization of the STAT3 activation in ovarian cancer TOV21G cells in response to 

treatment with 0.01µg/mL of paclitaxel with or without 10µM of dasatinib for 24 hr was determined by 

immunofluorescence staining. Untreated and treated cells were assessed for the expression of P-STAT3 

and T-STAT3 were assessed by immunofluorescence using mouse monoclonal antibody as described in 

the “Materials and Methods” section. Staining was visualized using the secondary Alexa 488 (green) 

fluorescent-labelled antibody and nuclei were detected by DAPI (blue) staining. Images are representative 

of three independent experiments. Magnification was 400X; scale bar = 250µm. (B) Quantification of (i) 

P-STAT3 and (ii) T-STAT3 fluorescent intensity was determined by using ImageJ. Results are expressed 

as the percentage of the average fluorescent intensity value relative to untreated cells ± SEM of three 

independent experiments. Parametric One-way ANOVA with Tukey’s post-test was used. Significance is 

indicated by *p<0.05, **p<0.01. 
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5.2.9 The suppression of paclitaxel-induced Src pathway activation with 

dasatinib demonstrated a trend towards a reduction in CSC-like expression in 

EOC cells 

To examine the association between the activation of the Src pathway and ovarian CSC-

like markers, the cell surface expression of EpCAM, CD44, CD133 and SSEA-4 was 

analysed by flow cytometry in ovarian cancer HEY (Figure 5.29A) and TOV21G 

(Figure 5.30A) cell lines treated with their individual GI50 value of paclitaxel, 10µM 

dasatinib or a combination of both (n=3/group). The mean fluorescence intensity of 

EpCAM, CD133 and SSEA-4 relative to IgG was significantly enhanced in HEY cells 

treated with 0.05µg/mL paclitaxel when compared to control untreated cells (P=0.007, 

0.03 and 0.01 respectively) (Figure 5.29B). Treatment with 10µM dasatinib alone or a 

combination of paclitaxel and dasatinib in HEY cells resulted in a significantly lower 

EpCAM expression when compared to paclitaxel-treated cells (P=0.02 and 0.01 

respectively), while no significant difference was observed between the control 

untreated, dasatinib-treated, and paclitaxel and dasatinib-combined-treated cells. 

Similarly, the expression of CD133 was lower in HEY cells treated with either dasatinib 

alone or a combination of paclitaxel and dasatinib when compared to cells treated with 

paclitaxel alone (mean difference of 0.9 and 0.8 respectively), however, no significant 

difference was detected. Treatment with dasatinib alone or a combination of paclitaxel 

and dasatinib reduced the mean fluorescent intensity of SSEA-4 A when compared to 

paclitaxel-treated cells (mean difference of 5.8 and 3.4 respectively), however 

significance was only detected in cells treated with dasatinib alone (P=0.01). A similar 

trend was observed for the expression of CD133, however no significant difference was 
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observed between the treated groups. No significant difference was observed in CD44 

mean fluorescent intensity between the untreated cells, and cells treated with paclitaxel, 

dasatinib or a combination of both.  

Ovarian TOV21G cells treated with 0.01µg/mL paclitaxel exhibited a significantly 

higher EpCAM and CD133 mean fluorescent intensity when compared to control 

untreated cells (P=0.007 and 0.0009 respectively) (Figure 5.30B). A moderate increase 

in SSEA-4 expression was noted in cells treated with paclitaxel treatment alone when 

compared to control untreated cells with a mean difference of 16.8, however this 

difference was not significant. TOV21G cells treated with 10µM dasatinib or a 

combination of paclitaxel and dasatinib exhibited a significantly lower EpCAM (P=0.01 

and 0.03 respectively) and CD133 (P=0.0006 and 0.003 respectively) mean fluorescent 

intensity when compared to paclitaxel-treated cells. No significant difference was 

detected in the expression of SSEA-4 between paclitaxel-treated and a combination of 

paclitaxel and dasatinib-treated cells, and in the expression of CD44 between all groups. 
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Figure 5.29 Flow cytometry analyses of the expression of CSC-like surface markers in HEY cells treated with paclitaxel and/or dasatinib 

(A) Cell surface expression of EpCAM, CD44, CD133 and SSEA-4 in ovarian cancer HEY cells in response to a 24 hr treatment with 0.05µg/mL paclitaxel, 10µM 

dasatinib or a combination of both was determined by flow cytometry. Untreated and treated cells were incubated with primary antibodies specific for EpCAM, CD44-

PE, CD133-PE, SSEA-4 or IgG-PE, followed by anti-mouse-PE secondary antibody for EpCAM and SSEA-4 detection. Histograms are representative of three 

independent experiments. (B) Semi-quantitative analyses of the arbitrary fluorescent expression of CSC-like markers was performed. Results are expressed as the mean 

arbitrary fluorescent expression of the markers of interest relative to negative control IgG ± SEM of three independent experiments. Parametric One-way ANOVA with 

Tukey’s post-test was used. Significance is indicated by *p<0.05, **p<0.01. 
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Figure 5.30 Flow cytometry analyses of the expression of CSC-like surface markers in TOV21G cells treated with paclitaxel and/or dasatinib 

(A) Cell surface expression of EpCAM, CD44, CD133 and SSEA-4 in ovarian cancer TOV21G cells in response to a 24 hr treatment with 0.01µg/mL paclitaxel, 10µM 

dasatinib or a combination of both was determined by flow cytometry. Untreated and treated cells were incubated with primary antibodies specific for EpCAM, CD44-

PE, CD133-PE, SSEA-4 or IgG-PE, followed by anti-mouse-PE secondary antibody for EpCAM and SSEA-4 detection. Histograms are representative of three 

independent experiments. (B) Semi-quantitative analyses of the arbitrary fluorescent expression of CSC-like markers. Results are expressed as the mean arbitrary 

fluorescent expression of the markers of interest relative to negative control IgG ± SEM of three independent experiments. Parametric One-way ANOVA with Tukey’s 

post-test was used. Significance is indicated by *p<0.05, **p<0.01, ***p<0.001. 
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5.3 Discussion 

Combination treatment of paclitaxel and Momelotinib did not demonstrate complete in 

vitro eradication of ovarian tumour cells in Chapter 3 (Section 3.2.7), although smaller 

tumour burden, reduced intraperitoneal invasion and longer survival period was 

observed in mice treated with a combination of paclitaxel and Momelotinib when 

compared to mice treated with paclitaxel alone (Sections 4.3.1 and 4.3.2 and Figure 

4.18). The failure to remove the minority of tumour cells may have led to the 

development of “recurrent” tumour following the termination of Momelotinib and 

paclitaxel-combined treatment in mice during the “remission period”. Therefore, there is 

a need for improvement in the targeted JAK2-therapy with Momelotinib to reduce the 

chance of tumour relapse. Although maintenance therapy with Momelotinib proved 

effective in prolonging the disease-free survival (Figure 4.45) and reducing the in vivo 

tumour volume and burden in ~50% of mice (Group 3b) (Figures 4.46Ci and 4.47Ai), 

the other 50% of mice with ongoing daily Momelotinib treatment (Group 3a) still 

developed large tumour volume (Figure 4.46Ci) despite reduction in STAT3 activation 

and CSC-like markers expression (Section 4.3.11). Thus, the experiments described in 

this chapter focused on identifying complementary pathways which may compensate 

for the absence of JAK2/STAT3 signalling pathway, and may be associated with 

tumour recurrence. 
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5.3.1 Ovarian cancer cells that survive paclitaxel treatment activated several 

survival signalling pathways 

Paclitaxel induces polymerization and stabilization of the microtubule in a diverse array 

of cell types in mitosis (De Brabander et al., 1981; Schiff & Horwitz, 1980), and was 

reported to have significant clinical cytotoxic activity with a response rate of 30% of 

ovarian cancer, either completely or partially in the 1987 Phase I trial for paclitaxel 

(Wiernik et al., 1987). Subsequently, paclitaxel was approved by FDA for ovarian 

cancer treatment in 1992 (Donehower, 1996). Despite an improvement in the overall 

survival of advanced-staged ovarian cancer patients attributed to a more effective 

regime with paclitaxel, 90% of deaths in advanced-stage ovarian cancer patients are 

caused by paclitaxel resistance of cancer cells. This ultimately leads to the development 

of an aggressive disease that is refractory to treatment. The exact mechanism of 

paclitaxel resistance has not been fully elucidated and has been described to be 

multifactorial involving multiple genes and signalling pathways that may be involved in 

drug inactivation/efflux, DNA repair and cell cycle control (Figure 5.31). Besides the 

enhanced activation of JAK2 and STAT3 proteins as shown previously, ascites-derived 

tumour cells from advanced-stage recurrent serous ovarian cancer patients previously 

treated with chemotherapy also demonstrated elevated Src and EGFR activation when 

compared to that of advanced-stage chemo-naïve patients.  In addition, the activation of 

Src and EGFR was markedly elevated in the surviving residual cells following 

paclitaxel treatment, as well as in the tumour xenografts isolated from mice that were 

treated with weekly paclitaxel when compared to control untreated mice. 
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Figure 5.31 Several mechanisms of paclitaxel resistance and survival in cancer cells 

Paclitaxel resistance, either intrinsic or acquired, is a complex process that is mediated 

by a diverse range of signalling pathways and a number of genes. Several potential 

mechanisms of paclitaxel resistance include: 1) altered microtubule dynamics (Drukman 

& Kavallaris, 2002), 2) altered microtubule-associated proteins (MAPs) expression 

(Galmarini et al., 2003), 3) increased P-glycoprotein (P-gP or ABCB1) expression and 

drug efflux (Callaghan, Luk, & Bebawy, 2014), 4) activation of anti-apoptotic pathways 

(Hassan et al., 2014), 5) activation of transcription factors and gene induction (Barre et 

al., 2007; Luker et al., 2001; Patel et al., 2000), 6) activation of kinases (Anand, 

Penrhyn-Lowe, & Venkitaraman; Karin, Yamamoto, & Wang, 2004; Montgomery et 

al., 2000), and 7) increased cytokine/chemokine expression and secretion (Penson et al., 

2000). Adapted from (Greenberger & Sampath, 2006).  
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5.3.2 Compensatory signalling  

During the course of cancer development and progression, tumour cells may acquire 

abnormalities in multiple cellular signalling pathways rather than in a single pathway 

(Martin, 2003). These pathways do not necessarily function as single entities but are 

often interconnected to form a complex signalling network that cooperates to regulate 

diverse tumour processes by mediating either similar or different cellular responses. 

Similar to paclitaxel, treatment with Momelotinib alone also enhanced the activated Src 

and EGFR proteins in ovarian cancer cell lines and in mice tumour xenografts. These 

results demonstrated the ability of cells to adapt their signalling circuitry by taking 

advantage of pathway redundancy in response to JAK2/STAT3 suppression through the 

Src and EGFR pathway for cell survival. In addition, this also highlights the JAK2 

selective inhibitory effects of Momelotinib. Although apparently auguring impressive 

initial responses, resistance to single-agent targeted therapies inevitably arise 

irrespective of the cancer type (Chen & Lin, 2016; Gainor & Shaw, 2013; Navin, 2015). 

The resistant cells, either acquired or de novo, under the continuous exposure to an 

inhibitor, may subsequently give rise to resistant subclones that may then act as active 

drivers in disease progression. In this study, despite the documented success of targeting 

paclitaxel-induced JAK2/STAT3 activation and CSC-like cells with Momelotinib in 

vitro and in vivo, as well as reducing the expression of Ki-67 and CD31 in mouse 

tumours, a minority of tumour cells that persisted had elevated Src and EGFR 

activation. This discovery again supports the limited effect of a highly selective 

blockade of only one signalling pathway on cancer development and progression.  
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Other studies have demonstrated that a synergism between Src and EGFR may 

contribute to a more aggressive phenotype in a subset of human tumours, and induce 

malignant transformation in murine fibroblasts (Maa et al., 1995; Tice et al., 1999). 

While the overexpression of Src alone is insufficient for malignant transformation, the 

co-overexpression and cooperation of both Src and EGFR can potentiate the 

augmentation of EGFR-induced mitogenic and tumorigenic activity. The overlapping 

roles of JAK2, STAT3, EGFR and Src activation in cell survival, tumorigenesis and 

chemoresistance and the existence of synergism between various oncogenes may limit 

the therapeutic success of treating patients with chemotherapy and a single-target 

inhibitor. 

5.3.4 Src activation in high-stage human serous ovarian cancer 

The dysregulation of the non-receptor tyrosine kinase, Src has been shown to be over-

expressed or aberrantly activated in the development of many human malignancies, 

including a high proportion of ovarian cancer cell lines and late-stage ovarian tumours 

(Wiener et al., 2003; Yeatman, 2004). The effect of Src activation is pleiotropic; it 

regulates multiple downstream transcriptional events including tumour proliferation, 

invasion, angiogenesis and anti-apoptosis (Irby & Yeatman, 2000). In the present study, 

activated Src was highly expressed in the ovarian tissues of advanced-stage (FIGO 

stages III & IV) serous ovarian cancer patients, while a lower activation of Src was 

found in the ovarian tissues of non-ovarian cancer patients (normal and benign) and 

low-stage (FIGO stage I) serous ovarian cancer patients despite the presence of 

abundant total proteins. This suggests a role for Src activation in ovarian tumorigenesis, 

progression and metastasis. In support of this suggestion, the over-expression of 
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activated Src was also found in a majority of late-stage human ovarian tumours, but not 

in the normal ovarian epithelium, which suggests that the Src signalling may contribute 

to the oncogenic potential in human ovarian epithelium and correlate with a poor 

prognosis (Wiener et al., 2003).  

Studies in human cancer have shown that elevated Src activity reduced the adhesion 

between cells and increased tumour metastasis by disrupting the adhesion proteins, 

catenins and cadherins (Genda et al., 2000; Hamaguchi et al., 1993).  Abnormal Src 

signalling has also been proposed to induce cellular transformation and increase the 

growth rate of cells. This could be through interactions with regulatory pathways of cell 

cycle and proliferation such as the Ras signalling pathways which has been shown to be 

important for c-Src transformation of human epithelial cells (Machida et al., 2000; 

Tokumitsu et al., 2000). Furthermore, activated Src was shown to induce STAT3-

mediated expression of genes involved in preventing apoptosis and stimulating cell 

cycle progression such as Bcl-xL, cyclin D1 and c-Myc (Bromberg et al., 1998; 

Bromberg et al., 1999; Karni, Jove, & Levitzki, 1999; Odajima et al., 2000).  

Similar to the JAK2/STAT3 activation, the level of Src activation varies within a 

duration of 6 – 72 hr of paclitaxel treatment in both the EOC serous and clear-cell 

carcinoma cell lines studied here, with a peak phosphorylation occurring at 24 hr. The 

“dose-to-duration” response introduced by Behar et al. (2008) proposed that the dose of 

a stimulus or saturation of receptors is required to elicit an appropriate qualitative and 

quantitative signalling transmission. On the other hand, the brief peak activation of Src 

induced by paclitaxel may suggest the involvement of negative regulator(s) (Fuss et al., 

2006).  
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Compelling evidence has reported the pivotal involvement of STAT3 in tumour 

initiation, maintenance of pathophysiological changes, and mediating CSC development 

and therapeutic resistance in many cancers, including ovarian cancers (Lee et al., 2014; 

Zhang & Lai, 2014). Hence, STAT3 was chosen as a promising candidate for the 

selective targeting of CSCs in this study. Besides the direct inhibition of STAT3, 

inhibition of upstream intracellular kinases has also shown to indirectly attenuate the 

constitutive activation of STAT3 signalling in tumour cells. The effectiveness of 

indirect STAT3 inhibition through upstream JAK2 kinase with Momelotinib, which had 

measurable effects on the CSC-like features was confirmed in in vitro and in vivo 

studies reported in this thesis. However, a few tumour cells still survived likely through 

the enhancement of the Src and EGFR activation, both of which can also activate 

STAT3. This suggests that combination regimens of another targeted agent with 

Momelotinib and paclitaxel may achieve synergistic anti-tumour activity and overcome 

resistance to single-targeted therapy.  

5.3.5 Re-activation of paclitaxel-induced JAK2/STAT3 activation downregulated 

Src activation 

To recall, treatment of mice was terminated in Study 2 (Section 4.2.2) with the intention 

to imitate the remission period in patients after the limited cycles of first line 

chemotherapy in ovarian cancer patients. Termination of weekly paclitaxel or daily 

Momelotinib treatment in mice did not affect the activation of Src and EGFR during the 

“remission period” in mice. In contrast, termination of both paclitaxel and Momelotinib 

reduced the expression of P-Src activation, but not P- EGFR in mouse tumours, 

indicating that the surviving residual cells may prefer the active EGFR/JAK2/STAT3 
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pathway over the Src pathway. These findings suggest that both paclitaxel and 

Momelotinib together are necessary for the reprogramming of a different oncogenic 

mechanism in the residual cells, other than the survival adaptation triggered by single 

paclitaxel or Momelotinib treatment alone. Thus, Src inhibition is more effective when 

given at the same time as with paclitaxel and Momelotinib rather than after termination 

of these drugs. This novel finding carries a significant implication in the success rate of 

future targeted drugs like Momelotinib and dasatinib when given in conjunction with 

conventional chemotherapeutic drugs in the treatment of ovarian cancer.   

5.3.6 Dasatinib suppressed paclitaxel-induced Src/STAT3 activation and cell 

viability but does not enhance the anti-tumour activity of paclitaxel in ovarian 

cancer 

Despite the extensive presence of both activated Src and EGFR in ovarian malignancies, 

Src is a better target for drug discovery since Src can be activated independent of 

upstream EGFR receptor. Src activation may occur through several mechanisms which 

include phosphorylation by another receptor tyrosine kinase (e.g. hepatocyte growth 

factor receptor (Met), integrin cell adhesion receptors), defective negative regulators 

(e.g. Csk, drs), hyperactive Src phosphatases (e.g. PTP, SHP), and/or transforming 

mutation in the Src gene (Irby & Yeatman, 2000; Sen & Johnson, 2011). In addition, a 

pre-screening test to determine the patient’s eligibility for Src targeted-therapy may not 

be required given that activated Src was reported to be over-expressed in approximately 

90% of ovarian cancers (Wiener et al., 2003). 

Dasatinib is a dual Src/Abl kinase inhibitor and has been shown to mediate Src inhibitor 

effects in part through EGFR signalling (Nautiyal et al., 2009). Many studies have 
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demonstrated the anti-tumour activity of dasatinib in a number of solid tumours (Ceppi 

et al., 2009; Johnson et al., 2005; Nam et al., 2005; Shor et al., 2007; Trevino et al., 

2006; Tsao et al., 2007), while only a few have studied the effects of dasatinib on 

ovarian cancer. Konecny et al. (2009) demonstrated that 24 out of 34 ovarian cancer cell 

lines were highly sensitive to dasatinib with ≥60% GI. Moreover, synergistic and 

additive effects were presented following treatment combination with dasatinib and 

carboplatin or paclitaxel (Xiao et al., 2015). The results described in this Chapter in this 

thesis showed that treatment with dasatinib alone did not suppress the basal P-Src and 

downstream P-STAT3 expression in ovarian cancer cells although cell viability was 

reduced when compared to untreated cells. This indicates that dasatinib treatment alone 

is cytotoxic to ovarian cancer HEY and TOV21G cell lines independent of P-Src and P-

STAT3 suppression. Given that P-STAT3, which has been suggested to regulate CSC-

like properties, remained unaffected, it is not surprising that no changes were detected 

in the surface CSC-like markers in both cell lines when compared to control untreated 

cells.  

The addition of dasatinib to paclitaxel effectively suppressed Src activation induced by 

paclitaxel, but failed to increase paclitaxel cytotoxicity in both serous and clear-cell 

carcinoma EOC cell lines. Combined treatment with dasatinib and increasing 

concentrations of paclitaxel in HEY cells had no marginal effect on approximately 20-

40% of cells. Although the percentage of viable TOV21G cells following treatment with 

dasatinib in combination with low paclitaxel concentration was lower than cells treated 

with paclitaxel alone, this percentage of viable cells (approximately 50%) is maintained 

throughout the combination treatment with increasing paclitaxel concentration. 

Furthermore, a greater reduction in cell viability was achieved at a higher dose of 
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paclitaxel alone which indicates that the activation of the Src/STAT3 pathway has little, 

if any role in conferring resistance against paclitaxel in both HEY and TOV21G cell 

lines. In addition, the suppression of paclitaxel-induced Src/STAT3 activation with 

dasatinib in both cell lines was not very effective in reducing the development of CSC-

like phenotypes compared to the suppression of paclitaxel-induced JAK2/STAT3 

activation with Momelotinib in Chapters 3 and 4. This observation suggests that 

JAK2/STAT3 signalling may be more closely associated with the development of 

CSCs-mediated chemoresistance in EOC cells. However, the Src signalling may be an 

important protective or ‘escape’ mechanism in the presence of Momelotinib to cope 

with and survive the cytotoxic effects of paclitaxel in a minority of tumour cells, where 

these surviving cells may gradually progress towards recurrence. Hence, the dual 

inhibition of paclitaxel-induced JAK2/STAT3 and Src activation using Momelotinib 

and dasatinib may lead to superior efficacy and better clinical outcome in EOC patients.  

5.4 Concluding remarks 

This aim of this chapter was to identify signalling pathway/s that may limit tumour 

cells’ response to Momelotinib. The in vitro and in vivo findings in this Chapter showed 

that paclitaxel treatment simultaneously activated the Src and EGFR signalling along 

with JAK2/STAT3 activation in ovarian cancer HEY and TOV21G cells, and tumour 

xenograft of mice inoculated with HEY cells. Interestingly, suppression of paclitaxel-

induced JAK2/STAT3 activation with Momelotinib did not reduce Src and EGFR 

activation, but mainly pertained to the down-regulation of CSC-like development in the 

surviving residual tumour cells. Furthermore, suppression of paclitaxel-induced 

Src/STAT3 activation with dasatinib showed minimal in vitro effect in suppressing 
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CSC-like phenotypes and restoring paclitaxel sensitivity in both HEY and TOV21G 

cells. These results suggest that paclitaxel-induced JAK2/STAT3 signalling is the 

preferred pathway implicated in the development of CSC-like cells and 

chemoresistance, while paclitaxel-induced Src activation may confer a survival 

advantage to compensate for the suppression of JAK2/STAT3 activation (Figure 5.32). 

In light of these observations, dual pathway inhibition with Momelotinib and dasatinib 

may result in a synergistic increase in paclitaxel-induced cell death. 
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Figure 5.32 Illustration of paclitaxel-induced Src activation compensates for 

Momelotinib-suppressed JAK2/STAT3 activation 

(A) Paclitaxel-induced JAK2 and subsequently STAT3 phosphorylation and 

dimerization, will result in the transcription of STAT3-regulated genes that are involved 

in CSC-mediated tumour survival and growth. (B) The addition of an ATP-competitive 

JAK2-inhibitor, Momelotinib to paclitaxel treatment prevents the phosphorylation of 

JAK2, which renders both JAK2 and STAT3 in their inactive state, resulting in the 

suppression of JAK2/STAT3 signalling. However, paclitaxel-induced Src 

phosphorylation and activation can compensate for the loss of JAK2/STAT3 signalling 

and contribute to tumour survival and growth.  
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CHAPTER 6 

General Discussion and 

Future Directions 
 

6.1 Overview 

The development of resistance to conventional chemotherapy, which consists of taxane-

platinum agents, continue to be a major issue in the successful treatment of EOC worldwide 

(Vasey, 2003). Hence, the 5-year survival for women with EOC has not improved significantly 

over the last three decades. In general, all EOC subtypes are being treated with a similar surgical 

and chemotherapeutic approach although the subtypes are in fact separate entities characterized 

by distinct phenotypes, cell of origin, and underlying key genetic alterations (Pectasides et al., 

2006b). For example, the initial response rate of ovarian clear cell carcinoma to chemotherapy is 

only 11-15% in contrast to ~70% in ovarian high-grade serous carcinoma, resulting in a 5-year 

survival rate of 0-26% in advanced-stage patients (Pectasides et al., 2006b). Despite a good 

initial response in high-grade serous ovarian cancer, the recurrence rate is high contributing to a 

5-year survival rate of only 30% (Parkinson & Brenton, 2011). Hence, the ultimate goal for new 

drug discovery in the treatment of EOC will be to identify target-based approaches in 

combination with chemotherapy to overcome chemoresistance, prolong remission and improve 

the quality of life of patients. In the last decade, there has been a significant explosion in the 

development of targeted cancer therapies. Targeted therapies are drugs or agents (e.g. 

antibodies, small molecules, designer peptides, etc.) that block the growth and progression of 

cancer cells by interfering with specific gene products. The identification and characterization 

of CSCs in haematological malignancies have led to the recognition of the potential role of 

CSCs in tumour aggressiveness, treatment resistance and tumour recurrence (Bao et al., 2013). 
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Consequently, targeting CSCs is an attractive new therapeutic approach in EOC. The first goal 

of a CSC-targeted based approach in this thesis was to identify a suitable molecular pathway/s 

target within a tumour or tumour subtypes, in order to achieve optimal anti-tumour effect. This 

was followed by assessing the potential of specific inhibitors of those pathway/s on the 

development and progression of EOC using established human EOC cell lines in in vitro and in 

vivo mouse xenotransplant models. 

6.2 Findings in this thesis 

6.2.1 Paclitaxel treatment induced the activation of JAK2, STAT3, Src and 

EGFR pathways in ovarian cancer 

Paclitaxel exerts its cytotoxic effects through a variety of mechanisms including triggering pro-

apoptotic genes such as Bcl-2 family and c-Jun N-terminal kinases/stress-activated protein 

kinases (JNKs/SAPKs), activating cell cycle checkpoint proteins, and inducing the release of 

cytotoxic cytokines (Wang, Wang, & Soong, 2000). Given the wide anti-neoplastic activity of 

paclitaxel, it is undisputed that multiple signalling pathways are involved in defining paclitaxel 

resistance. Signalling pathways are not isolated from each other but are interconnected to form 

multifaceted signalling networks (Tang & Aittokallio, 2014).  

In this thesis, the expression of phosphorylated JAK2, STAT3, Src and EGFR was significantly 

upregulated in the isolated tumour cells derived from the malignant ascites of advanced-stage 

recurrent serous ovarian cancer patients who had previously received chemotherapy treatment 

compared to the malignant ascites of patients who have not been exposed to chemotherapy 

treatment. Similarly, these same expressions were also significantly increased in the surviving 

residual high-grade serous HEY and clear cell carcinoma TOV21G cell lines in response to 

paclitaxel treatment, indicating that JAK2, STAT3, Src and/or EGFR may serve as attractive 

therapeutic targets towards improving the current chemotherapy modality in different EOC 
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subtypes, particularly high-grade serous and clear cell carcinomas. In the in vivo study, weekly 

paclitaxel treatment in mice inoculated with human ovarian cancer HEY cells resulted in 

tumours that expressed significantly enhanced JAK2, STAT3, Src and EGFR activation when 

compared to untreated mice. In addition, the tumours of paclitaxel-treated mice displayed 

enhanced CA125, Ki-67 and CD31 staining, which suggests that paclitaxel treatment may be 

priming the residual tumour cells for recurrence. Although a smaller tumour burden and less 

intraperitoneal metastasis was initially observed in paclitaxel-treated mice when compared to 

untreated mice, the disease-free survival was only ~6 days longer than the untreated mice upon 

termination of paclitaxel treatment, along with the widespread tumour invasion. Furthermore, 

tumour staining of CA125, Ki-67 and CD31 was significantly enhanced in “recurrent” tumours 

after paclitaxel termination, which suggests that a more aggressive tumour phenotype was 

generated during the “remission” period in mice. In a clinical scenario, a similar outcome is 

usually observed in relapsed advanced-stage EOC patients after the completion of 6-8 cycles of 

chemotherapy treatment, where despite a high initial response to chemotherapy, a recurrent 

tumour ultimately develops within 5-years and is often more aggressive (Virant-Klun, Stimpfel, 

& Skutella, 2014).  

6.2.2 STAT3 and CSCs in chemoresistance – rationale for targeting STAT3 in 

ovarian cancer 

CSCs may exist in different EOC subtypes even though the precursor lesions of each subtype 

arise from different origins. A recent genetic study revealed that 43 genes were commonly 

expressed in high-grade ovarian serous, endometrioid, and clear cell carcinomas, but were 

differentially expressed in normal OSE (Zorn et al., 2005). This indicates that the process of 

CSC-mediated malignant transformation between different EOC subtypes may be dependent on 

a common pathway/s. STAT3 has been described as a master regulator of molecular and 

biological events that promotes tumour progression, such as roles in tumour growth and 
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survival, angiogenesis, suppression of host’s immune surveillance, invasion and metastasis (Yu 

et al., 2014). All of these are recognized as hallmarks of cancer. Additionally, STAT3 also 

regulates the transcription of stemness-related genes such as c-Myc, Sox2 and Nanog 

(Hadjimichael et al., 2015), and EMT-related genes such as TWIST1, ZEB1 and MMP2 (Zhang 

& Lai, 2014). In fact, STAT3 signalling was also preferentially activated in the CSCs of breast 

(Wei et al., 2014), gliomas (Sherry et al., 2009), colon (Lin et al., 2011), and chemoresistant 

ovarian carcinomas (Abubaker et al., 2015). Hence, STAT3 is regarded as a key contributor to 

the maintenance of CSCs, acquisition of drug resistance, and progression of tumour recurrence. 

In contrast, inhibition of STAT3 with a dominant negative STAT3 or specific inhibitors was 

demonstrated to attenuate the growth, angiogenesis, and metastasis of a wide variety of cancers 

without affecting normal cells (Kamran, Patil, & Gude, 2013). Consequently, the inhibition of 

aberrant STAT3 activity by genetic or pharmacological approaches represents an effective 

strategy to selectively target CSC-like cells in ovarian cancer.  

Unfortunately, the most common problem associated with STAT3 inhibitors is the development 

of severe adverse side effects as STAT3 is ubiquitously expressed throughout the body 

(Waxman & Moon, 2004). Unlike other members of the STAT3 family, STAT3 inhibition in 

mice was shown to cause early embryonic lethality (Takeda et al., 1997). Most STAT3-targeted 

methods involve upstream JAK inhibitors, which have demonstrated clinical benefits in 

myelofibrosis diseases and inflammatory disorders such as rheumatoid arthritis and psoriasis 

(O’Shea et al., 2013). Studies in this thesis demonstrated that paclitaxel-induced STAT3 

activation, which is implicated in the development of CSC-like cells resulting in increased 

tumorigenicity, can be disrupted with the use of a JAK2-specific inhibitor, Momelotinib in 

ovarian cancer cell lines and in a mouse xenograft model. This indicates that targeted therapies 

involving upstream JAK2 kinase may provide a solution in suppressing STAT3 activation to 

inhibit the development of CSCs and overcome chemoresistance in ovarian cancer.  
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6.2.3 Suppression of paclitaxel-induced JAK2/STAT3 activation but not 

Src/STAT3 effectively reduced CSC-like cells and enhanced paclitaxel cytotoxicity 

Strategies that target CSCs include targeting the tumour environment, inhibition of CSC-

dependent pathways, differentiation therapy, directed immunotherapy, and targeting CSCs’ 

metabolism (Pattabiraman & Weinberg, 2014). This thesis is focused on targeting the key 

signalling pathways underlying CSCs’ stemness and function using pathway-specific inhibitors. 

Many signalling pathways often cross-talk with other pathways forming a biological network, 

and therefore may share similar roles in cancer and CSC regulation. The activation of the 

JAK2/STAT3 and Src pathways was significantly enhanced in paclitaxel-treated surviving 

residual HEY and TOV21G cells that were also enriched in CSC-like markers. The suppression 

of paclitaxel-induced JAK2/STAT3 activation with Momelotinib was shown to reduce the CSC-

like phenotypes and enhanced the cytotoxicity of paclitaxel in both HEY and TOV21G cell 

lines. However, it is unknown whether STAT3 signalling through the Src pathway is also 

associated with the regulation of CSC-like development. Therefore, the next aim was to 

suppress paclitaxel-induced Src/STAT3 activation with a Src inhibitor, dasatinib. The results 

described in this thesis showed that the suppression of paclitaxel-induced Src/STAT3 activation 

with dasatinib did not suppress CSC-like phenotypes (Table 6.1) nor did dasatinib enhance 

paclitaxel cytotoxicity as effectively as treatment with Momelotinib and paclitaxel. These 

findings suggest that the JAK2/STAT3 signalling pathway is more closely associated with the 

chemoresistant CSC-like cells than Src/STAT3 signalling in HEY and TOV21G cells. Thus, 

targeting JAK2/STAT3 activation induced by paclitaxel treatment may be a more promising 

target in overcoming CSC-mediated chemoresistance. However, the Src signalling may function 

as a compensatory survival pathway during the suppression of JAK2/STAT3 activation and 

therefore, contribute to the survival of tumour cells under the cytotoxic stress induced by 

paclitaxel (Figure 5.32). Therefore, Src signalling is also an attractive target in cancer therapy, 
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especially when this pathway is suppressed during treatment combinations of chemotherapy and 

Momelotinib.  
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Table 6.1 Comparison of CSC-like markers expression between paclitaxel- and 

paclitaxel+Momelotinib-treated, and paclitaxel- and paclitaxel+dasatinib-treated 

ovarian HEY and TOV21G cells 

 

Note: (A) Mean expression of EpCAM, CD44 and CD133 cell surface markers was analysed by flow 

cytometry; Mean expression of Prom1, CD117, CD44, EpCAM, Oct4A and Sox2 mRNA markers was 

analysed by qRT-PCR. HEY and TOV21G cells were treated with paclitaxel (0.05µg/mL and 

0.01µg/mL respectively) with or without 1µM Momelotinib for 24 hr. (B) Mean expression of 

EpCAM, CD44, CD133 and SSEA-4 cell surface markers was analysed by flow cytometry. HEY and 

TOV21G cells were treated with paclitaxel (0.05µg/mL and 0.01µg/mL respectively) with or without 

10µM dasatinib for 24 hr. *no significance detected. 
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6.2.4 Combination treatment of paclitaxel and Momelotinib reduced the 

tumour burden and prolonged the disease-free survival in a mouse xenograft 

model of EOC 

Certain drug combinations may be more effective than single drug (Pritchard et al., 2013). 

This concept was tested in xenotransplantation experiments in mice. In addition to the in vivo 

effect in mice treated with paclitaxel treatment at a dose of 15mg/kg bodyweight by i.p. 

injection, this thesis also demonstrated the effects of Momelotinib in mice when given daily at 

a dose of 25mg/kg bodyweight by oral gavages. By understanding the effects of Momelotinib 

in the in vitro and in vivo models of ovarian cancer, a better dosing design may be planned to 

improve the benefit with Momelotinib treatment in patients, especially when given in 

conjunction with paclitaxel. In this thesis, treatment with Momelotinib alone was shown to 

inhibit tumour viability in HEY and TOV21G cells, as well as reducing the tumour cell 

proliferation and vascularization in mouse tumours. Similar to paclitaxel, less intraperitoneal 

metastasis was observed in Momelotinib-treated mice when compared to untreated mice. 

However, there was no change in JAK2/STAT3 activation and CSC-like phenotypes in the 

tumours of mice treated with Momelotinib alone when compared to that of untreated mice. 

Consequently, the disease-free survival of Momelotinib-treated mice was only ~6 days longer 

after termination of Momelotinib when compared to untreated mice, similar to that observed 

in paclitaxel-treated mice. Furthermore, an increased in intraperitoneal tumour invasion, and a 

more aggressive tumour phenotype was produced, as indicated by the enhancement of 

CA125, Ki-67 and CD31 tumour staining after Momelotinib termination. This suggests that 

treatment with paclitaxel alone or Momelotinib alone may eliminate the bulk of the non-CSCs 

tumour population and initially reduce the tumour burden of mice, however the surviving 

CSC-like cells may ultimately contribute to tumour aggressiveness, metastasis and 

progression post-treatment. 
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Combination therapies that target both CSC-like cells and the bulk of non-CSCs may prevent 

the inter-conversion between the CSCs and non-CSCs states, and was therefore proposed to 

be more effective in eradicating the tumour population (Pattabiraman & Weinberg, 2014). In 

this thesis, the addition of daily Momelotinib to weekly paclitaxel treatment significantly 

reduced the tumour burden and intraperitoneal tumour metastasis in mice, decreased the 

JAK2/STAT3 activation and CSC-like phenotypes in mouse tumours, and consequently 

prolonged the disease-free survival of mice when compared to that of the untreated mice and 

mice treated with either Momelotinib or paclitaxel alone. In addition, the tumour staining of 

Ki-67 and CD31 was significantly lower in the combined-treated mice when compared to 

untreated mice and mice treated with either single paclitaxel or Momelotinib. This suggests 

that targeting both CSC-like cells and non-CSCs may prevent the undesired priming of 

tumour cells for recurrence.  

6.2.5 Ovarian cancer cells are “addicted” to the JAK2/STAT3 signalling 

pathway  

Weinstein (2000) first revealed a possible “Achilles’ heel” within the cancer cell that can be 

exploited therapeutically. This phenomenon is known as “oncogene addiction”, which 

describes a tumour cell that exhibits dependence or “addiction” on a single oncogenic 

pathway or protein for proliferation and/or survival despite its plethora of genetic 

modifications. Most importantly, this hypothesis highlights the devastating effects of 

targeting the culprit pathway in the “addicted” cancer cells while sparing the normal cells that 

are not similarly dependent (Sharma & Settleman, 2007). In the in vitro and in vivo models of 

EOC in this thesis, the activation of STAT3 through JAK2 kinase in response to paclitaxel 

treatment significantly contributes to paclitaxel resistance and the development of CSC-like 

cells. On the other hand, the suppression of paclitaxel-induced JAK2/STAT3 activation with 

Momelotinib in the “addicted” EOC cells significantly enhanced the cytotoxicity of paclitaxel 

treatment, inhibited the development of CSC-like cells, and consequently suppressed tumour 
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burden and prolonged the survival of mice injected i.p. with HEY cells. Interestingly, the 

tumour burden of mice with suppressed JAK2/STAT3 activation was significantly reduced 

despite the increased in Src and EGFR activation. In contrast, the re-activation of the 

JAK2/STAT3 pathway following the termination of Momelotinib and paclitaxel treatment 

resulted in the down-regulation of Src but not EGFR activation, and increased in the CSC-like 

phenotypes and mice tumour burden. This suggests that JAK2/STAT3 signalling may play a 

more significant role in CSC-mediated tumour progression than activation of the 

complementary Src signaling pathway. Altogether, these novel findings demonstrated the 

dependency of ovarian CSC-like cells on paclitaxel-induced JAK2/STAT3 activation for their 

survival and expansion. 

6.2.6 Rationale for Momelotinib as maintenance therapy 

This study shows that the addition of Momelotinib to paclitaxel significantly suppressed the 

development of CSC-like cells. On the other hand, termination of paclitaxel and Momelotinib 

no longer suppressed the development of CSC-like cells as a result of JAK2/STAT3 

reactivation, which ultimately led to increased tumour burden in mice. This thesis is the first 

to demonstrate the effectiveness of ongoing treatment with daily Momelotinib in suppressing 

CSC-like development in an in vivo mouse xenograft of EOC. The tumour burden of mice 

with ongoing Momelotinib treatment was significantly reduced when compared to untreated 

mice and mice without ongoing Momelotinib treatment. Notably, ~50% of mice that received 

ongoing Momelotinib treatment after the termination of paclitaxel continued to survive until 

the designated endpoint of the study at 91 days post-inoculation with HEY cells. In addition, 

only one small tumour nodule (~2mm3) was found in one mice that survived until 91 days 

post-inoculation (Figure 4.46B), while no tumour was seen in the rest of the mice in the same 

group that survived until 91 days post-inoculation. As a result, the average tumour volume of 

mice with ongoing Momelotinib treatment that survived until 91 days post-inoculation (Group 

3b) was smaller when compared to the treated-mice before the termination of paclitaxel and 
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Momelotinib (Group 1) (Figure 4.46Ci). Maintenance of the reduction in tumour volume after 

the termination of paclitaxel treatment could be explained by the “oncogenic shock” model 

introduced by Sharma et al. (2006). This model proposed that the pro-apoptotic signals of 

paclitaxel linger sufficiently longer in cells with ongoing JAK2/STAT3 suppression, 

especially in the “oncogene-addicted” cancer cells, resulting in cells undergoing apoptosis 

even after the removal of paclitaxel. Overall, the findings in this thesis demonstrated that a 

better strategy to prevent the emergence of CSC-like cells and potentially prolong the disease-

free survival for ovarian cancer patients is the ongoing suppression of the JAK2/STAT3 

activation with Momelotinib as a maintenance therapy (Figure 6.1). 
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Figure 6.1 Proposed model of achieving a longer remission period with Momelotinib 

maintenance therapy in ovarian cancer 

Current treatment with conventional chemotherapy fails to eliminate ovarian CSC-like cells due to the 

activation of the JAK2/STAT3 pathway. The surviving chemoresistant CSCs are able to then self-

renew and differentiate to form the original tumour population, which subsequently leads to disease 

relapse and death in ovarian cancer patients. (A) The addition of Momelotinib to chemotherapy 

treatment (gold box) suppresses the activation of the JAK2/STAT3 pathway and eliminates CSC-like 

cells, thus impeding their tumorigenic potential. (B) The termination of Momelotinib (gold box) no 

longer suppresses the activation of the JAK2/STAT3 pathway and development of CSC-like cells, 

which ultimately results in recurrence and death in ovarian cancer patients. (C) Maintenance therapy 

with Momelotinib (gold box) will continue to suppress JAK2/STAT3 pathway activation and prevent 

the emergence of CSC-like cells, thus prolonging the overall remission period in ovarian cancer 

patients. 
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6.2.7 Paclitaxel-induced Src/STAT3 pathway activation as a “back-up” for 

tumour survival 

As described in this thesis, approximately 50% of mice with ongoing Momelotinib treatment 

produced large tumour volumes (Group 3a) (Figure 4.46Ci) and as a result, their survival 

period was <91 days post-inoculation. These tumours potentially were resistant to 

Momelotinib and this may be due to three possible scenarios (Figure 6.3). Firstly, cancer cells 

may acquire mutations in a so-called “gatekeeper” residue that alter the drug target, thus 

preventing kinase-inhibitor binding (Neel & Bivona, 2017). These mutations may limit the 

efficacy of Momelotinib while preserving oncogenic JAK2 kinase activity. Secondly, tumour 

cells may engage in an alternative or redundant survival pathway. This second explanation 

involves the notion of “synthetic lethality”, where two genes are described as synthetically 

lethal if simultaneous inactivation of both genes results in cell death (Kaelin, 2005). On the 

other hand, cells remain viable with inactivation of either gene. In this thesis, increased 

JAK2/STAT3 and Src activation was demonstrated in EOC cells in response to paclitaxel 

treatment in vitro and in vivo. Therefore, inactivation of JAK2/STAT3 signaling may merely 

divert the signaling through another active pathway, the Src pathway. In other words, the 

activation of the Src pathway may become essential for the tumour to survive the cytotoxic 

environment following paclitaxel and Momelotinib treatment, and fuel the demanding process 

of tumour progression. This compensatory process is defined as “non-oncogene addiction”. A 

third scenario is the presence of a small subset of “persister cells” whose survival involves the 

signaling pathway that is distinct from those that determine the survival of the majority of 

CSCs within the population (Sharma & Settleman, 2007). Lewis (2007) proposed that the 

existence of persister cells is to protect the population from potential eradication by external 

stresses. In this thesis, paclitaxel-induced Src activation may be the addicted oncogene in the 

‘persister cells’ instead of the JAK2/STAT3 pathway in which the bulk of the CSC-like cell 

population is addicted to. The suppression of paclitaxel-induced Src/STAT3 pathway 

activation with dasatinib resulted in the reduction of some CSC-like phenotypes, although not 
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as much as JAK2/STAT3 suppression with Momelotinib. This suggests that heterogeneity 

may also exist within the CSC-like population with regard to the addicted state. Ultimately, 

these surviving CSC-like cells may fuel tumour growth and recurrence.
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Figure 6.2 Possible mechanisms of resistance to Momelotinib 

In this thesis, paclitaxel induced the activation of the “oncogene addicted” JAK2/STAT3 

pathway in EOC cells, resulting in tumour survival and paclitaxel resistance. In contrast, the 

suppression of paclitaxel-induced JAK2/STAT3 activation with Momelotinib resulted in cell 

death. However, a minority of tumour cells may be able to bypass the suppression of activated 

JAK2/STAT3 pathway through a few mechanisms, which are: (A) mutations in the 

“gatekeeper” residue that alters drug target and prevents Momelotinib-JAK2 kinase 

interaction, (B) signalling through an alternative or redundant “synthetic lethality” survival 

pathway, such as Src pathway. The engagement of another complementary pathway is known 

as “non-oncogene addiction”, and/or (C) the existence of “persister cells” whose “oncogene 

addiction” pathway is different to the survival signalling pathway in the majority of cells 

within the tumour population. The mechanisms of resistance may be intrinsic or acquired. 
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6.2.8 Rationale for a combination therapy with Momelotinib and dasatinib to 

overcome resistance to a single targeted therapy 

Combination of multiple cytotoxic agents with distinct mechanisms of action has long been 

deployed in cancer treatment. This study provides an example that complementary 

chemotherapy and targeted therapy can be an effective approach in the treatment of ovarian 

cancer. Combination treatment with paclitaxel and Momelotinib has demonstrated a better 

response rate in mice with regard to tumour burden and disease-free survival when compared 

to treatment with either single agent paclitaxel or Momelotinib. Furthermore, the interaction 

between Momelotinib and paclitaxel was not detrimental; instead the addition of Momelotinib 

improved the efficacy of paclitaxel in vitro and in vivo. In parallel, Whitehurst et al. (2007) 

hypothesized that the clinical efficacy of paclitaxel can be improved with less toxicity if given 

in combination with drugs that target implicated “hits”. However, an important limitation to a 

single agent targeted approach is that, in most cases, the clinical responses are relatively 

short-lived. Despite the profound reduction in allelic burden and hematologic responses in 

murine myelofibrosis model, Tyner et al. (2010) showed that Momelotinib was unable to 

eliminate JAK2V617 cells, and thus myeloproliferative neoplasms recurred upon cessation of 

treatment. In the past, drug development was aimed at targeting a single oncogene or 

pathway. Tumour cells are highly adaptable, and may take advantage of the fact that 

signalling pathways are often interconnected and dynamic. Furthermore, the possible 

existence of heterogeneity within the CSC-like population with different oncogenic addiction 

may contribute to the failure of a single-targeted agent to completely eradicate the CSC-like 

population. Therefore, dual combination of Momelotinib and possibly dasatinib may target 

the multiple independent resistant mechanisms and tumour dependencies in EOC. Pre-clinical 

and clinical studies have suggested that it is crucial to prevent the emergence of resistance 

before it is fully established in patients, which could be achievable with dual targeted therapy 

at the time of initial treatment (Flaherty et al., 2012; Johnson et al., 2014). In addition, 

targeted drug combinations may also allow reduced dosage of each compound and minimize 
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overlapping toxicity, while countering pathway compensation and increase the overall cancer 

cell killing (Tang et al., 2013). 

6.3 Concluding remarks 

6.3.1 Era of personalized medicine 

Intrinsic and acquired resistance to chemotherapy remains a fundamental challenge for a 

successful treatment for ovarian cancer patients. In addition, chemotherapeutic drugs do not 

discriminate between normal and cancer cells, hence patients can exhibit chemotherapy-

induced toxicities. We are now entering a new era of targeted cancer therapies that can offer 

hope to the majority of ovarian cancer patients when intensive cytotoxic chemotherapy fails 

to produce a cure. Identification of biomarkers is important to stratify patients into 

appropriate treatment arms, where drug responsiveness and outcome of treatment can be 

predicted. This will significantly improve the efficacy of drugs, augment drug approval and 

minimize the number of patients at risk of side effects. Although Momelotinib may not be 

suitable to treat all ovarian cancer patients, the results of this study provide an opportunity for 

future improvements in the current treatment modalities or as a stepping stone for more 

complex studies involving other targeted therapies. Additionally, this study has uncovered 

and debated the existence of complex intrinsic signalling networks and bypass mechanisms 

that may confer resistance to single targeted agents. Albeit early, the findings in this thesis 

open up new opportunities for the future with the ultimate goal of personalizing therapies 

which may have a major impact toward successful treatment of ovarian cancer.  

6.3.2 Revisiting the hypothesis 

The hypotheses of this thesis described in Chapter 1.12 are that:  

1. the suppression of paclitaxel-induced activation of the JAK2/STAT3 pathway 

with Momelotinib will inhibit the development of ovarian CSC-like cells, 
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prolong the remission period, and reduce the incidence of recurrence in 

ovarian cancer patients, and  

2. the suppression of paclitaxel-induced activation of the Src pathway with 

dasatinib in combination with paclitaxel and Momelotinib will effectively 

inhibit the generation of recurrent ovarian tumours and further prolong the 

remission period in ovarian cancer patients.  

In conclusion, the experiments described in this thesis have discovered that: 

1. Momelotinib successfully targets ovarian CSC-like cells by suppressing the 

activation of the ‘oncogene addicted’ JAK2/STAT3 pathway induced by 

paclitaxel treatment in the representative cell line models of ovarian high-

grade serous and clear cell carcinomas;  

2. Ongoing suppression of paclitaxel-induced JAK2/STAT3 activation and CSC-

like emergence improves paclitaxel cytotoxicity, and the disease-free and 

overall survival; 

3. Paclitaxel-induced Src pathway activation compensates for JAK2/STAT3 

suppression by acting as a ‘synthetic lethal’, ‘non-oncogenic addiction’ or 

‘persister’ survival pathway for CSCs; 

4. Dasatinib targets a minority of ovarian CSC-like cells by suppressing 

paclitaxel-induced Src/STAT3 activation, but was not as effective in 

improving paclitaxel cytotoxicity as Momelotinib in the representative cell 

line models of ovarian high-grade serous and clear cell carcinomas. 
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6.4 Limitations in this study 

6.4.1 Cell culture models 

Over the last 10 years, our knowledge of ovarian cancer has evolved dramatically, especially 

in our recent understanding of the pathogenesis of the disease which involved neighbouring 

sites of the ovary, such as the Fallopian tube and the endometrium (Kurman & Shih, 2011). In 

parallel, The Cancer Genome Atlas (TCGA) and other landmark genomic studies have shown 

that ovarian cancer is a heterogenous disease with individual complex and unstable genomic 

landscape (Patch et al., 2015; The Cancer Genome Atlas Research Network, 2011; Tothill et 

al., 2008). The challenge is to elucidate the key determinants related to tumorigenesis, 

chemoresistance and tumour progression towards recurrence. In order to proceed with these 

goals, experimental model systems must take centre stage. Cell lines have long been utilized 

as in vitro models to study cancer biology, as well as acting as screening platforms for 

discovering and assessing the efficacy of anti-cancer therapeutics and drug combinations, 

which aid in understanding cancer patients’ responses to therapy (Goodspeed et al., 2016). 

Furthermore, cell lines allow us to study the molecular differences and therapeutic 

implications in different ovarian histotypes. More importantly, intratumour heterogeneity in 

cell lines have led to the identification of CSCs (Goodspeed et al., 2016). However, the 

typical in vitro culturing environments such as the composition of cell culture media, 

presence of FBS, and non-physiological oxygen levels may not necessarily recapitulate the 

features of tumour cell growth and tumour responses to any given drugs in vivo and in 

patients. Domcke et al. (2013) showed that commonly used cell lines as representatives of 

high-grade serous ovarian carcinoma exhibit poor genomic similarity to primary tumours, 

with cell lines having more mutations and a wider distribution of copy-number alterations. In 

the future, in vitro experimentations will include tumour cells derived directly from a primary 

tumour. Despite these limitations, ovarian cancer cell lines are important and feasible tools to 

correlate drug response data in different ovarian histologic type, and in the identification of 
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the important biomarkers such as the JAK2/STAT3 and Src pathways. In addition, the 

functional target validation of Momelotinib and dasatinib can be easily carried out using cell 

line models of ovarian cancer. Overall, cell line models are low cost, easy to manipulate and 

can be utilized in diverse experimental studies. Consequently, the findings from this in vitro 

studies provide a stepping stone for future preclinical and clinical studies, and can potentially 

be used to identify ovarian cancer patients who are likely to benefit from the combination 

treatments with Momelotinib, dasatinib and chemotherapy.  

6.4.2 Xenograft models 

Xenograft models are the most common preclinical platform in the field of cancer research. 

The immunocompromised mice model is the simplest and most extensive tool to study 

ovarian tumorigenesis, chemotherapeutics effects and biomarkers (Hamilton et al., 1984; 

Kelland et al., 1992; Massazza et al., 1989; Ward & Wallace, 1987). However, various studies 

have demonstrated that the implanted cell lines can lose their histological fidelity in immune-

compromised mice. Furthermore, the presence of the bursal membrane in mice that 

encapsulates the ovary acts as a barrier to the peritoneal cavity and creates a different 

microenvironment to that of human, where the spread of ovarian cancer is mainly by 

peritoneal dissemination due to the lack of anatomical barrier in the peritoneum (Jones & 

Drapkin, 2013). Moreover, the difference in the tumour microenvironment between mice and 

patients may modulate cancer cell behaviour distinctly, such as metastatic potential (Shaw et 

al., 2004). Despite these limitations, xenograft models have broad utility, and are versatile, 

practical, and important in translational research. All new drugs must show promising results 

in preclinical animal studies prior to testing in human clinical trials. Similar to cell line 

models, xenograft models allow assessment of the target validity, and can predict the safety 

and clinical efficacy of combination treatment with Momelotinib and paclitaxel (and dasatinib 

in the future). Furthermore, the results described in this thesis showed that the 

histopathological characteristics of the patients’ primary ovarian tumours persisted in 
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immunocompromised mice, regardless of the site of tumour implantation. Pathologist 

assessment of the xenograft tumours of mice injected i.p. with HEY cells verified the 

morphological similarities of mice tumour with that of high-grade serous carcinoma in human 

such as branching papillary fronds, moderate to high nuclear atypia with marked 

pleomorphism, and frequent mitoses. This indicates that the characteristics of HEY cells, 

which were derived from a moderately differentiated papillary cystadenocarcinoma did not 

lose any architectural features of ovarian high-grade serous carcinoma when injected into 

mice. Xenograft models may not replicate the human disease with all its complexities, but 

they do model many aspects of a disease. When adequately conducted, xenograft models 

provide valuable information to bridge the translational gap between preclinical and clinical 

research.  

6.4.3 Primary tumour sample size 

One obvious limitation in this thesis is the low patient-derived ascites and primary ovarian 

tissue sample size. This is due to the low number of samples donated in the given time of this 

study (especially normal ovarian tissue), competition with many different groups (e.g. 

pathologist, other research groups), and samples that did not fit the requirements of this thesis 

and therefore, were deemed unsuitable. In the future, more ascites and primary ovarian 

tumours will be collected and collated with the samples in this study to increase the sample 

size and accurately represent the general population. More representatives of each EOC 

subtypes will also be included in future studies to study the use of combination treatment of 

paclitaxel, Momelotinib and dasatinib in other histologic subtypes. 
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6.5 Future directions with: 

6.5.1 Dasatinib 

In the future, the addition of dasatinib to combination treatment of paclitaxel and 

Momelotinib will be performed in in vitro and in vivo studies. The aim of treating ovarian 

cancer cell lines in vitro with a combination of Momelotinib, dasatinib and paclitaxel is to 

study the effect on the CSC-like development, tumour viability, and the synergistic 

suppression of the JAK2/STAT3 and Src pathways activation. Subsequently, an important 

direction is to build on from the in vitro results by validating the efficacy of specific 

combinations in mouse models of ovarian cancer. The ultimate goal is to demonstrate the 

effectiveness of dual targeted inhibitors in the reduction of tumour burden and prolonging the 

disease-free survival period in women compared to treatment with single targeted agent.  

6.5.2 TOV21G cell line 

Different EOC subtypes are shown to be distinct in their developmental pathways, mutational 

profiles, molecular characteristics and responsiveness to therapeutic drugs (Kurman & Shih, 

2010). Therefore, it is important to evaluate the efficacy of Momelotinib in combination with 

paclitaxel in other histological tumour models beside the high-grade serous and clear cell 

carcinoma subtypes. The results from the in vitro study in this thesis have demonstrated that 

type II high-grade serous and type I clear cell carcinoma cell lines display similar biomarkers, 

the JAK2/STAT3 activation following paclitaxel treatment. On the other hand, treatment with 

a combination of Momelotinib and paclitaxel in both these cell lines yielded similar results 

with regard to a reduction in CSC-like phenotypes and tumour viability. Therefore, it is 

conceivable that Momelotinib treatment in conjunction with paclitaxel may also reduce the 

tumour burden and prolong the disease-free survival of mice injected i.p. with TOV21G cells. 

Future in vivo studies with TOV21G cells would be based on a similar experimental design to 

allow direct comparison with the in vivo results of HEY cells as shown in this thesis, and to 
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minimize variations that may affect the outcome. The results from the future studies may have 

a profound clinical implication in the treatment of different EOC histologic types with a 

combination of Momelotinib and paclitaxel. Another goal is to study and compare the 

outcome of treatment combinations with paclitaxel, Momelotinib and dasatinib using both 

HEY and TOV21G cells in vitro and in vivo. As mentioned previously, more representatives 

of each EOC histotype will be included in the future. 

6.5.3 Drug combinations with Momelotinib, dasatinib and chemotherapy: 

Effective and novel treatment modality to overcome chemoresistance and 

recurrence in ovarian cancer 

There are still many unanswered questions that confound the combined targeted therapy 

approached with Momelotinib and dasatinib in conjunction with chemotherapy treatment in 

ovarian cancer such as the appropriate timing of drug administration. Due to toxicity and 

pharmacodynamic reasons, some suggest that agents be administered sequentially with 

chemotherapy preceding targeted agents. In general, the treatment for all advanced-stage 

ovarian cancer patients is the same and a second line therapy is only given once drug 

resistance is presented. This study showed that paclitaxel treatment induced the activation of 

JAK2, Src and STAT3 simultaneously, suggesting that both Momelotinib and dasatinib 

treatments should be administered together with paclitaxel treatment to reduce the chance of 

tumour cells adopting to another activating pathway. Other unknowns surrounding the 

approach with Momelotinib-dasatinib dual targeted therapy in combination with 

chemotherapy include toxicity, dose scheduling, and positive/detrimental interactions. Hence, 

the future aim is to design rational in vitro and in vivo studies to address these questions with 

the goal of establishing novel and more effective treatment modalities for ovarian cancer. 

Exploring all possible drug combinations is ideal but is virtually impossible until technical 

advances enable such an ambitious endeavour. For now, combination with Momelotinib, 



 

343 
 

dasatinib and chemotherapeutic drugs is more feasible and can provide valuable information 

towards the development of more effective therapeutic regimens for ovarian cancer patients. 
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