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Abstract  

Ovarian cancer (OC) is a heterogeneous disease composed of multiple distinct molecular and clinical 

subtypes. Women with OC, in particular high grade serous ovarian cancer (HGSOC), face a formidable 

challenge as fatal resistance to therapies commonly occurs within a few years of diagnosis. Improvement in 

our ability to target the underlying drivers and vulnerabilities of HGSOC is essential in order to develop 

effective treatments for women battling this disease.  

HGSOC accounts for much of the lethality of epithelial OC. Molecular characterisation of HGSOC has 

revealed four subtypes, termed Clusters 1, 2, 4 and 5. The focus of this PhD thesis is the C5 cluster, defined 

by v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (MYCN) pathway activation and 

associated with stem cell-like behaviour. MYCN is an early embryonic developmental gene that is completely 

silenced following completion of embryogenesis, except in the context of malignancy or in the 

spermatogonial stem cell population. It plays an important role in regulating cell growth and division 

(proliferation), self-destruction (apoptosis), cell stemness and differentiation (cell fate), and cell migration.  

I have shown that the activation of the MYCN pathway in the setting of p53 dysfunction in fallopian tube 

epithelial cells can result in OC tumorigenesis of several different tumour subtypes. These include high grade 

adenocarcinoma, carcinosarcoma, neuroendocrine tumour and teratoma. This was achieved using transgenic 

mouse models and provides support for the MYCN pathway being an early genetic event in OC 

tumorigenesis. Therefore, further studies are warranted to understand its role in cancer development as well 

as its utility as a potential therapeutic target. 

In parallel, human OCs, which have been molecularly characterized, including for MYCN pathway activation 

status, have been successfully engrafted into immunocompromised mice to generate patient-derived 

xenograft (PDX) models. These PDX models were shown to retain their original biological characteristics. 

I have utilised these pre-clinical models to study the effects of novel therapies targeting this pathway, 

together with their mechanisms of activity and resistance. Eight C5 HGSOC, eight non-C5 HGSOC and six 

ovarian/fallopian tube derived carcinosarcoma (O/FTCS) PDX models were generated, characterised, 

validated and studied. Targeting microtubule dynamics with chemotherapeutic agents, vinorelbine and 

eribulin, showed promise in both HGSOC and O/FTCS pre-clinical models, which has led to the 

establishment of one clinical trial, with a second clinical trial in development. Targeting Chk1 in CCNE1-

amplified HGSOC PDX models was also shown to be effective and led to the exploration of the efficacy of 

a Chk1 inhibitor compound for women with HGSOC associated with CCNE1 amplification in the clinic.  

Lastly, targeting the bromodomain and extra terminal domain (BRD) family with a BET inhibitor was less 

effective and the mechanism of drug activity is currently being investigated. In summary, my PhD thesis has 

led to several novel observations and generated experimental models for HGSOC and O/FTCS, which will 

not only be important for on-going research but are already being used to inform clinical trial design. 
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1   Introduction 

1.1   Epidemiology of ovarian cancer  

Ovarian cancer (OC) encompasses all malignancies arising from the ovary, fallopian tube (FT) 

and peritoneum, and it is the 8th most common cancer in women and the 6th most common 

cause of all cancer deaths in Australia. In 2014, a total of 1395 new cases of OC were diagnosed 

in Australia. One in 85 women are at risk by the age of 85 and the mean age of the first diagnosis 

is earlier than that of most adult solid tumours at 63.8 years. In 2015, 926 OC deaths were 

reported and no significant improvement has been observed in the overall OC death rate trend 

over the last 30 years (Australian Institute of Health and Welfare (AIHW) 2016). However, 

despite a fall in the age-standardised incidence rate for OC from 12.5 per 100,000 in 1982, 

when the Australian national incidence data first became available, to 10.6 per 100,000 in 2008, 

the ovarian cancer prevalence has in fact increased due to an ageing population (AIHW 2016).  

 

Worldwide, the incidence rates of OC vary among countries. The incidence rates are highest 

in Northern Europe and Central America with the United Kingdom having a relatively high 

incidence rate of up to 14.6 per 100,000 population thus making it the 5th most common cancer 

among women in the UK (NICE 2011). The incidence rate of OC in the USA is 11.6 per 

100,000 women and OC is the 11th most common cancer in women (SEER 2011-2015; Siegel 

et al. 2014). The incidence rates are lowest in parts of Africa and Central America. Trends in 

overall incidence of OC by country and histology subtypes have been relatively stable from 

1973-77 to 2003-07 with some deviations observed. These deviations include the decrease of 

OC incidences in Northern Europe and North America and increase in Eastern/Southern 

Europe and Asia (Coburn et al. 2017).  

 

1.2   Classification of ovarian cancer 

OC is typically classified according to its histological appearance, although this has been 

refined in recent times to include its molecular features. Conventionally, OC is sub-categorised 

according to the presumed cell of origin into epithelial, sex-cord and germ cell tumours (Rendi 

2016). Sex-cord and germ cell tumours comprise less than 10% of OC and have distinct 

characteristics from epithelial OC both in terms of their pathogenesis and molecular features; 

these tumours will not be addressed further in this thesis as the focus of the work is on epithelial 

carcinoma of the ovary (EOC), FT and peritoneum.  
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EOC can be sub-classified into high grade serous, endometrioid, clear cell and mucinous OC. 

Ovarian carcinosarcoma (O/FTCS) is a rare subset of OC, accounting for about 1% of cases 

(George et al. 2013). The relevance of O/FTCS will be discussed further in this thesis (Chapters 

3 and 6). The sub-classification of EOC is based on the tumour’s architectural features, degree 

of nuclear atypia and mitotic indexes (Figure 1.1).  
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(Figure reproduced from Vaughan et al Nature Review Cancer 2011)
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Figure 1.1 Classification of ovarian cancer (OC) and epithelial ovarian cancer (EOC) 

(A) Ovarian cancer can be classified into four subtypes based on their cell of origin and histological characteristics. Epithelial 
OC is the most common subtype of OC, which can be further divided into 5 histological groups. HGSOC is the most common 
subtype of EOC accounting for about 70% of cases and is associated with the poorest prognosis. HGSOC can be further 
molecularly sub-classified based on its gene expression profile, into 4 groups (C1, C2, C4 and C5). Ovarian or fallopian tube 
derived carcinosarcoma (O/FTCS) is a rare subtype of OC and may belong within the spectrum of HGSOC tumour.  

(B) EOC, despite often being referred collectively as a single entity, has a diverse cell/organ of origin. Mucinous EOC is often 
metastasis from the gastro-intestinal tract. Endometrioid and Clear cell EOC may be derived from the uterus. HGSOC, 
historically thought to derive from the ovary, may actually be from the FT.  

(C) Fallopian tube epithelial cells consist mainly of ciliated cells, which are PAX8 negative and secretory cells, which are 
PAX8 positive. The population of these cells are highly dynamic and governed by fluctuating levels of female hormones 
(progesterone and oestrogen).   

 

High grade serous ovarian cancer (HGSOC) is the most common EOC accounting for up to 70 

to 80% of all malignant ovarian neoplasms. It is distinguished by a marked cytologic atypia 

with prominent mitotic activity, typically associated with abnormal expression of Tumour 

Protein 53 (TP53, also known as p53) and Paired boxed gene 8 (PAX8) (Yemelyanova et al. 

2011; Laury et al. 2011). Up to 70% of HGSOC have a strong TP53 nuclear staining due to 

non-synonymous TP53 mutations that hinder the degradation of p53 leading to its excessive 

accumulation in the nucleus. A third of HGSOC have nonsense TP53 mutations that interfere 

with TP53 gene transcription which can either trigger nonsense-mediated RNA decay with the 
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introduction of a premature stop codon or interfere with mRNA translation through the 

introduction of frame shifts or aberrant splicing. These tumours are often associated with a 

complete absence of TP53 immunostaining. About 4.1% of HGSOC have detectable normal 

wild type TP53 staining despite harbouring a TP53 loss of function mutation (Köbel, Piskorz, 

et al. 2016). In some cases, HGSOC over-expresses Wilm’s tumour 1 (WT1) and oestrogen 

receptor (ER). WT1 immunostaining is useful in differentiating HGSOC and uterine serous 

carcinomas, which do not express WT1. Low grade serous ovarian cancer (LGSOC) is 

uncommon and affects less than 5% of all OC (Gershenson 2016). LGSOC shares similar 

histopathologic characteristics to non-malignant serous borderline neoplasm with the presence 

of destructive stromal invasion as the main distinguishing feature. Unlike HGSOC, TP53 

immunohistochemistry (IHC) staining is often unremarkable in LGSOC and tumours are 

associated with low proliferative indexes (Köbel et al. 2016). Kobel et al. (2016) introduced an 

IHC algorithm for diagnosing OC subtypes based on four (WT1, TP53, NAPSA and PGR), six 

(WT1, TP53, NAPSA, PGR, CDKM2A and TFF3), and eight (WT1, TP53, NAPSA, PGR, 

CDKM2A, TFF3, ARID1A and VIM) IHC marker panels that have an overall accuracy of 87 

to 93% depending on the number of input markers (Köbel et al. 2016). These IHC marker 

panels and algorithms can accurately distinguish between HGSOC and LGSOC along with 

other major histologic OC subtypes.  

 

Endometrioid OC accounts for about 10% of EOC. Histologically, 80 to 90% of these tumours 

resemble low grade endometrioid endometrial carcinoma (LGEEC) and are typically oestrogen 

dependent and low grade (Kumar et al. 2014). Immunophenotypically, they express markers 

similar to LGEEC such as oestrogen receptor (ER), progesterone receptor (PR), vimentin, 

CA125 and PAX8 (Tomasi Cont 2015). In addition, beta-catenin positivity by immunostaining 

is observed in up to 23% of low grade endometrioid OC and confers a more favourable 

prognosis (Heckl et al. 2017; Kurnit et al. 2017). Beta-catenin is one of the effectors of the Wnt 

signalling pathway, and inappropriate activation of the Wnt pathway underlies between 16 to 

54% of endometrioid OC (Polakis 2007). Other common mutations in endometrioid OC 

include PTEN (16.6%), PIK3CA (40.0%), ARID1A (30.0%), KRAS (33.3%) and CTNNB1 

(53.3%) (McConechy et al. 2013). In contrast, IHC for TP53 and P16 is usually negative or 

only shows a focal expression. High grade endometrioid OC (HGEOC) is molecularly distinct 

from low grade endometrioid OC and most HGEOC has similar biological characteristics to 

HGSOC. Interestingly, the metastatic status of HGEOC is indicative of distinct neoplasms. 

Transcriptional profiling of HGEOC demonstrates that the advanced metastatic carcinoma 



 22 

confers a similar molecular profile to HGSOC, unlike that of the non-metastatic endometrioid 

OC, reflecting different underlying tumorigenic processes for metastatic and non-metastatic 

endometrioid OC (Winterhoff et al. 2016). In that analysis, the WT1 gene overexpression in 

the metastatic endometrioid OC was found to be associated with a HGSOC-like expression 

profile (Winterhoff et al. 2016).   

 

Clear cell OC (CCOC) only accounts for 5 to 10% of OC and a higher prevalence is observed 

among the Asian population (Fujiwara et al. 2016). The higher prevalence in the Asian 

population is possibly due to a combination of genetic and environmental factors. Similar to 

endometrioid OC, CCOC is linked to endometriosis and tubal ligation, as a form of female 

contraception undertaken at a younger age, has been shown to be protective against CCOC. 

Although most CCOCs are considered to be high-grade carcinomas, these are generally more 

chemo-resistant compared to HGSOC (Fujiwara et al. 2016; Okamoto et al. 2014). CCOC lacks 

the expression of ER and WT1 but typically expresses hypoxia-induced factor 1-alpha (HIFa1), 

glycopan-3 and hepatocyte nuclear factor 1-beta (HNF-1 beta). The most common genetic 

aberrations associated with CCOC are ARID1A (40 to 60% of cases) and PIK3CA (60%) 

mutations (Okamoto et al. 2014). High level of microsatellite instability has been reported in 

up to 18% of CCOC including a link to Lynch syndrome (Köbel et al. 2016; Winterhoff et al. 

2016). In addition, HER2/neu overexpression is observed in about 30% of cases and may 

respond to HER2 target therapies such as trastuzumab and pertuzumab (Chan & Kapp 2017).  

 

Mucinous OC (MOC) is another rare subset of EOC and true MOC is observed in less than 3 

to 4% of OC cases. The majority of presumed MOC is actually gastro-intestinal carcinoma that 

has metastasised to the ovary (J. Brown & Frumovitz 2014). Most MOC tumours express 

gastro-intestinal markers such as CK20 and CDX2, and therefore immunohistochemistry is 

usually unhelpful in determining the origin of the MOC (Köbel et al. 2016). KRAS mutations 

are present in between 43 to 57% and amplification of HER2 is detected in approximately 18% 

of MOC (Ledermann et al. 2014). The molecular pathways of MOC tumorigenesis remain 

poorly understood.  

  

Ovarian or fallopian tube derived carcinosarcomas (O/FTCS), also referred to as malignant 

mixed Mullerian tumour (MMMT), are a rare subset of high-grade OC that share similar 

molecular profiles with HGSOC (Harris et al. 2003). These tumours are biphasic malignancies 

that have characteristic admixture of both carcinomatous and sarcomatous elements within the 
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tumour. There is substantial evidence supporting the “conversion” theory for O/FTCS 

development. It is thought that the sarcomatous element arises from the transformation of high 

grade ovarian carcinoma into a predominately sarcomatous tumour (Rauh-Hain et al. 2016). 

This is likely caused by stable epithelial-mesenchymal transition (EMT) processes and is not 

genomically driven (S. Zhao et al. 2016). Therefore, high grade epithelial ovarian cancer may 

be considered a heterogeneous spectrum disease encompassing both HGSOC and O/FTCS. 

The proportion of sarcomatous component varies along the spectrum, from 0% at one end as 

pure HGSOC to 70% at the other end where these tumours are considered to be O/FTCS 

(Figure 1A). The genetic similarities between HGSOC and O/FTCS will be discussed further 

in this chapter.  

 

EOC can also be biologically subcategorized into two broad categories. These are named Type 

1 and Type 2 tumours and this subcategorization is based on the tumour’s histological, clinical 

and molecular characteristics (I.-M. Shih & Kurman 2010). In general, Type 1 tumours consist 

of tumours with better overall prognosis than Type 2 tumours. These include the low-grade 

serous, the low-grade endometrioid, the mucinous and the clear cell OC. However, CCOC has 

been shown to be associated with poorer prognosis on multivariate analysis than serous OC 

after adjusting for important prognostic factors such as age, stage and grade of disease (Chan 

& Kapp 2017). Overall, these tumours are typically slow growing and relatively insensitive to 

most cytotoxic therapies. In general, they are genomically more stable and characterised by 

specific mutations in genes such as KRAS, BRAF, ERBB2, CTNNB1, PTEN and PIK3CA 

(Kurman & I.-M. Shih 2010).  

 

Type 2 tumours, in contrast, are aggressive and highly genomically unstable tumours. These 

are associated with loss of function TP53 mutations but otherwise uncommonly harbour further 

additional point mutations in oncogenes or tumour suppressor genes (TSG) except in genes 

involved in the homologous recombination repair pathway (Bowtell et al. 2015; Bowtell 2010). 

Therefore, these tumours are distinguished by marked genomic structural variations due to 

extreme chromosomal instability. Frequent DNA copy number gains and losses are seen due 

to complex genomic rearrangement and structural variation, which can lead to heterozygous 

and homozygous loss and gene breakage (Bowtell et al. 2015). Subsequently, loss of 

heterozygosity (LOH) are commonly seen in these tumours due to such instabilities. The 

defects in homologous recombination repair mechanism of DNA, which are thought to be 

present in up to 50% of these tumours, also contribute to their genomic instability 



 24 

(Konstantinopoulos et al. 2015). Otherwise, CCNE1 amplification is seen in roughly 30% and 

MYC amplification in up to 80% of Type 2 EOC (Bell et al. 2011). The loss of TSG NF1 and 

PTEN expression is seen in 20% of cases and these are typically due to gene breakage (Patch 

et al. 2015; J. B. Walton et al. 2018). Tumours in the Type 2 category include HGSOC, high 

grade endometrioid and O/FTCS.  

 

The molecular differences seen between Types 1 and 2 tumours suggest that the tumorigenic 

processes in both types of OC occur via different molecular pathways and these tumours may 

be derived from different precursors. The pathogenesis of Type 2 tumours, in particular 

HGSOC and O/FTCS, will be the focus of discussion later in this chapter.   

 

1.3   Risk factors for high-grade EOC 

In general, risk factors for OC can be divided into two broad categories: non-modifiable and 

modifiable. The non-modifiable factors include aging and genetics. The modifiable factors 

consist of environment and behavioural factors. These risk factors can also be classified as 

reproductive and non-reproductive exposures, which have an heterogeneous impact across 

HGSOC, endometrioid OC, CCOC and MOC (Gates et al. 2009).    

 

The most well-established risk factor for EOC across all histologic subtypes is age. In general, 

women have a life expectancy greater than men, at 81.2 years compared to 76.4 years, and the 

overall average life expectancy will continue to rise, especially in industrialised countries 

(Kontis et al. 2017). The incidence of OC increases significantly as women grow older. The 

relative risk for EOC increases by 2% for each additional year from women age 30 years to 50 

years with a steeper rise seen in 45 years to 49 years. The OC incidence rate is 5 in 100,000 in 

women less than 30 years old and climbs to 21 in 100,000 for women between 45 to 49 years 

old. Thereafter, the relative increase rises to nearly 11% per year for women above the age of 

50 years to a peak among those aged from 65 to 70 years resulting in an OC incident rate of 61 

in 100,000. This is followed by a sharp drop beyond that (Gates et al. 2009).  

 

Genetic factors, in terms of inheritable genetic risks, are important and relevant in up to 20% 

of women with HGSOC (Pennington & Swisher 2012; Norquist et al. 2016; Narod 2002). The 

hereditary breast ovarian cancer syndrome (HBOC) and Lynch syndrome, which is also known 

as heritable non-polyposis colorectal syndrome (HNPCC), are the two main syndromes 
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associated with familial OC (Bakir & Gabra 2014). Other rarer syndromes such as Li-

Fraumani, Cowden and Peutz-Jeghers syndromes are also associated with hereditary OC 

(Pruthi et al. 2011). Currently, it is thought that between 20 to  25% of all EOCs, including the 

non-serous and low-grade tumours, have some form of heritable component (Weissman et al. 

2012).  

 

The HBOC accounts for nearly 80% of all hereditary OC and these cancers are typically 

associated with mutations in the breast cancer susceptibility (BRCA) genes (Bakir & Gabra 

2014). Women with germline BRCA1 or BRCA2 mutations have a significantly increased risk 

of both breast and ovarian cancer as well as a family history of these cancers that can be traced 

through multiple generations in an autosomal dominant pattern. 13 to 15% of EOC is associated 

with BRCA mutations, which has a younger age of onset. The average age of germline BRCA1 

mutation related EOC is 54 (interquartile range of 43.5 to 62.5) years old and germline BRCA2 

mutation is 59.5 (interquartile range of 53.3 to 64.7) years old based on a prospective analysis 

of 9,856 BRCA1/2 mutation carriers (Kuchenbaecker et al. 2017). The cumulative OC risk 

based on that study was 44% for BRCA1 and 17% for BRCA2 up to age 80 years and, unlike 

what was observed with breast cancer, it does not differ by family history of cancer and its 

mutation position. Genome-wide association studies (GWAS) have identified up to 18 EOC 

susceptibility alleles with single nucleotide polymorphisms, which include variants at WTN4, 

SYNP02, ABO and ATAD5 genes that have been shown to be associated with increased EOC 

risk and at RSPO1 and GPX6 associated specifically with the serous EOC risk (Kuchenbaecker 

et al. 2015). Furthermore, multiple independent variants have been identified within the 

telomerase reverse transcriptase (TERT) locus that increases silencing and generation of 

truncated TERT splice variants that are associated with serous invasive OC (Bojesen et al. 

2013). These EOC susceptible single nucleotide polymorphisms in combination with germline 

BRCA1/2 mutation carrier status have been demonstrated to be useful in EOC risk prediction 

in individuals based on polygenic risk scores constructed from association analysis on over 

23,000 high risk women (McGuffog, et al. 2017). Other genes that are implicated in the HBOC 

syndromes include FANCD1, RAD51C, RAD51D, BRIP1, PALB2, BARD1, NBN and MRE11A 

(Pennington & Swisher 2012; Walsh et al. 2011).  

 

Lynch syndrome is the second most common form of hereditary OC and accounts for 10 to 

15% of familial OC (Lynch et al. 2009). Germline mutations in the DNA mismatch repair 

(MMR) genes, such as MLH1, MSH2, MSH6 and PSM2, are implicated in Lynch syndrome 
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and the carriers of mutations have an increased life time risk of 40 to 60% for endometrial 

cancer and 12 to 15% for OC (Lynch et al. 2009). The overall lifetime risk of OC for women 

with Lynch syndrome is between 8 to 12% (Pennington & Swisher 2012). Although, these 

genetic factors are not modifiable, the risk for OC can be reduced by improving cancer 

awareness, establishing a more stringent screening program and implementing risk reductive 

procedures for women in the high-risk categories (Tschernichovsky & Goodman 2017).  

 

Risk factors related to reproductive exposures include parity, oral contraceptive use and 

duration of breastfeeding, which are mostly behavioural and modifiable, and inversely 

associated with risk of all the 4 histologic subtypes of EOC (Gates et al. 2009). The number of 

life-time menstrual cycles has been strongly linked to risk of developing non-mucinous EOC 

with a weaker association seen with MOC (Braem et al. 2010). Early menarche and late 

menopause as well as nulliparity are associated with increased risk of serous, clear cell and 

endometrioid EOCs in keeping with the hypothesis that female ovulation cycle, which causes 

dynamic changes to the female reproductive organs within each cycle, is the main tumorigenic 

driver. These cycles are regulated by the fluctuating levels of female hormones (Braem et al. 

2010). Therefore, these risks can be modified by behavioural changes such as interrupting the 

menstrual cycles, by the use of oral contraceptive pills or breast feeding, and disruptions in the 

ovulation cycle is associated with a reduced risk of EOC (Risch 1998). Interestingly, long 

duration of breastfeeding has also been shown to be protective against MOC (Kurian et al. 

2005).  

 

The non-reproductive exposure risk factors such as docile lifestyle, smoking, poor diet and 

obesity have been shown to increase the risk of epithelial ovarian cancer (Gates et al. 2009). 

Accordingly, high physical activity was inversely associated with the risk of EOC in particular 

for serous OC (Riman et al. 2004). It has also been shown that tubal ligation, as a form of non-

hormonal related contraception, is protective against EOC, particularly in CCOC. In contrast, 

obesity, which is linked to increased endogenous oestrogen exposure, together with oestrogen 

replacement therapy use are positively associated with EOC. The association between talc 

powder use and OC risk is controversial and varies with histological subtype, menopause status 

at diagnosis and other life style factors (Cramer et al. 2016). Based on the analysis of case-

controlled data collected over 16 years on talc use and EOC risk, the invasive serous and 

endometrioid EOC together with borderline serous and mucinous EOC have been shown to be 
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linked with direct talc use in the genital and anal areas and is associated with up to 24% 

increased risk (Cramer et al. 2016).   

 

1.4   Managing HGSOC and its challenges  

1.4.1   Staging and grading of HGSOC 

The staging of HGSOC is based on the International Federation of Gynaecology and Obstetrics 

(FIGO) and American Joint Committee on Cancer (AJCC) staging system (Zeppernick & 

Meinhold-Heerlein 2014; Prat 2015) (Figure 1.2).  Accurate staging of disease remains an 

important factor for both disease prognostication and a guide to disease management. OC is 

staged primarily as stages I to IV based on the extent of the primary disease, involvement of 

adjacent organs or structures including lymphatic nodes and presence of distal metastasis. This 

staging extends to FT and primary peritoneal carcinoma. 

 

Stage I disease accounts for about 20% of cases. At this stage, the tumour is limited to one 

(Stage IA) or both (Stage IB) ovaries without evidence of tumour disruption or spillage during 

surgery and malignant cells in the ascites or peritoneal washing (Prat 2015). Tumour disruption 

or spillage and the presence of malignant cells in ascites or peritoneal washing will upstage the 

disease to stage IC (Prat 2015). Stage II disease, comprising less than 10% of OC, forms a 

small heterogeneous group of OC where the primary tumours have extended beyond the 

ovaries to adjacent extra-ovarian or extra-tubal pelvic organs or into the pelvic peritoneum. 

Stage II can be further sub-classified as stage IIA, if the tumour involves only the 

gynaecological organs, or stage IIB, if other non-gynaecological organs are involved within 

the pelvis. Unfortunately, the presence of extra-ovarian and extra-tubal spread confers a poor 

prognosis and all stage II patients are typically offered adjuvant chemotherapy (Prat 2015).  
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Figure 1.2 FIGO staging (2013) of ovarian cancer and EOC outcome according to staging 

(A) The revised FIGO (International Federation of Gynecology and Obstetrics) staging for ovarian cancer. In 2005, 1195 
Australian women were diagnosed with EOC and 69% of them had stages III and IV cancer.  

(B) The overall survival for these women was very poor with only 25% of them being alive at 5 years.   

FIGO staging 2013 Description 

Stage I Tumour confined to the ovary or fallopian tubes(s)

Stage IA Tumour limited to one ovary (capsule intact) or fallopian tube with 
no evidence of tumour on the organ surface or beyond

Stage IB Tumour limited both ovaries (capsule intact) or fallopian tubes with 
no evidence of tumour on the organ surface or beyond

Stage IC As per stage IA/B plus one of the following (1) surgical spillage of 
tumour, (2) capsule rupture prior or during surgery, (3) malignant 
cells in ascites or peritoneal washing 

Stage II Tumour involving 1 or 2 ovaries with evidence of pelvic 
extension or primary peritoneal carcinoma (PPC)

Stage IIA Extension of tumour to the uterus 

Stage IIB Extension of tumour to other pelvic intra-peritoneal tissues

Stage III Tumour involving 1 or 2 ovaries or PPC with disease extending 
beyond the pelvis or metastasis to the retroperitoneal lymph 
nodes 

Stage IIIA Involvement of the retroperitoneal lymph nodes

Stage IIIB Peritoneal metastasis less than 2cm in diameter

Stage IIIC Peritoneal metastasis greater than 2cm with or without retro-
peritoneal lymph node involvement 

Stage IV Distal metastasis excluding peritoneal metastasis 

Stage IVA Pleural effusion with positive cytology

Stage IVB Parenchymal metastasis and metastasis to extra-abdominal organs
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The majority of OC, up to 40% newly diagnosed cases and in particular HGSOC, is diagnosed 

at stage III where tumours have characteristically spread along the peritoneal surfaces and 

involve both the pelvic and abdominal peritoneum. Stage IIIA disease includes the involvement 

of the extra pelvic lymphatic nodes alone, especially the exclusive involvement of the 

retroperitoneal lymph nodes; it is rare and accounts for less than 10% of stage III diseases. 

Majority of stage III cases, up to 84%, is in stage IIIC with extensive extra-pelvic peritoneal 

disease, greater than 2cm with or without retroperitoneal lymph node involvement (Heintz et 

al. 2006). Stage IV disease is defined as OC with distal metastasis, particularly in the liver, 

spleen and extra-abdominal organs. 20 to 28% of women are diagnosed with the stage IV 

disease (Heintz et al. 2006; Torre et al. 2018).  

 

In line with international statistics, less than 20% of women are diagnosed with Stages I or II 

disease in Australia (Anuradha et al. 2014). The majority at more than 75% of patients at first 

disease presentation are diagnosed at Stage III/IV. The distinction between Stages I and II 

disease from Stages III and IV disease is important as a late stage disease is associated with a 

significantly worse overall survival outcome (Figure 1.2 B).  

 

Historically, in terms of tumour grading, serous OC is graded within a two-tier system as low 

grade (Grade 1) or high grade (Grade 2 or 3) (Malpica et al. 2007; McCluggage 2011). This is 

based on the current understanding that low grade and high grade serous OCs are two distinct 

types of OC associated with different underlying pathogenesis and different clinical outcomes. 

This distinction remains relevant because adjuvant therapy decisions, in particular for EOC, 

are still mainly dependent on the tumour stage and grade rather than tumour type (McCluggage 

2011; NCCN 2018). The molecular profiles of the low and the high grade serous carcinoma 

are distinct. The presence of KRAS and BRAF mutations, which are mutually exclusive, and 

the absence of TP53 mutation are typical in low grade tumours. In contrast, the near ubiquitous 

presence of TP53 mutation and high association of HR gene mutations are characteristics of 

high grade tumours. Despite this, the molecular typing of OC at diagnosis is currently not a 

common practice since at present, molecular profiling does not influence the initial 

management of OC (McCluggage 2011). However, with the development of novel 

chemotherapeutics and targeted therapies, and genomic testing now becoming more readily 

accessible and cheaper, molecularly subtyping may become more relevant at diagnosis to guide 

early therapeutic decisions.      

 



 30 

1.4.2   Management of HGSOC at initial diagnosis  

The main aim of the initial treatment for EOC is to cyto-reduce the disease with primary 

surgery and/or cytotoxic treatments. The role of surgery for early OC is to remove the tumour 

and undertake accurate staging of the disease. For most patients, this involves total abdominal 

hysterectomy (TAH) and bilateral salphingoopherectomies (BSO) with comprehensive 

peritoneal exploration and debulking of existing tumour as indicated. Current 

recommendations still support the role of cytoreductive surgery in the  management of all 

stages of disease, including patients with stage IV if feasible, to achieve the optimal de-bulking 

of the disease (Ledermann et al. 2013). Optimally debulked surgery is deemed necessary when 

minimal residual  (MR) disease, defined as residual tumour of less than 1 cm in the maximum 

diameter, is present following surgery, as defined by the Gynaecologic Oncology Group 

(GOG) (K. K. Shih & Chi 2010). This is one of the most important positive prognostic factors 

in the outcome of women with OC (Polterauer et al. 2012). However, multiple reports now 

support maximum cytoreduction of tumour to microscopic residual disease, also known as R0 

resection or complete resection (CR), as the new standard for optimal debulking surgery 

(Horowitz et al. 2018). This has, therefore, redefined the outcome of cytoreductive surgery for 

patients who undergo complete resection to no visible disease (R0 resection) and patients who 

have minimal residual (MR) disease of less than 1cm; these two group of patients are associated 

with significant differences in overall outcome and prognosis (N. Rodriguez et al. 2013; 

Horowitz et al. 2018). Although some institutional studies still showed improved overall 

outcomes from cytoreduction of tumour to gross minimal disease, these improvements were 

not reproducible with analysis of multi-institutional data (Barlin et al. 2013; Horowitz et al. 

2018). Therefore, management of women with advanced OC in whom R0 resection may not 

be achievable remains controversial. Furthermore, a prospective European Organisation for 

Research and Treatment of Cancer (EORTC) clinical study demonstrated that women with CR 

tumour following neoadjuvant chemotherapy (NACT) had a significantly improved median 

survival of 38 months and 5-year survival rate of 28% compared to women who had minimal 

residual disease following primary debulking surgery (>R0 <1cm) whose median survival was 

28 months and 5-year survival rate of 23% (Vergote et al. 2010). This study supports the use 

of NACT followed by interval debulking surgery (IDS) in women with Stages IIIC and IV 

when the outcome of primary debulking surgery (PDS) is uncertain.  

 

PDS is still recommended for patients for whom R0 resection is deemed achievable (NCCN 

2018a; Ledermann 2018). Systemic adjuvant chemotherapy is recommended in most patients 
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with EOC following PDS with the exception of stages IA or IB of EOC (NCCN 2018). A 

Cochrane meta-analysis of four randomised control trials showed that adjuvant platinum based 

chemotherapy is effective in prolonging the survival of the majority of women with EOC who 

are assessed as having early stage disease (stage IC/IIA) with an improvement of overall 

survival seen at 5 years (hazard ratio of 0.71 with 95% CI of 0.53 to 0.93) (Winter-Roach et al. 

2014).  

 

Chemotherapy continues to play a central role in the management of HGSOC at all stages of 

the disease (Ledermann 2018; Bois 2005; Pignata et al. 2017). It is a chemical cytoreductive 

process given with curative intent in early disease or for palliative treatment in metastatic 

disease. The efficacy of cisplatin, an older platinum chemotherapeutic agent, is equivalent to 

carboplatin but associated with a worse toxicity profile. Oxaliplatin, another platinum based 

chemotherapy, has no role in HGSOC treatment (HO et al. 2016). Having established the role 

of adjuvant chemotherapy post-surgery, the choice of chemotherapy regimen, the timing of 

treatment, the route of administration, the dosing schedule and the inclusion of adjunct therapy, 

such as anti-angiogenic therapy, are dependent on multiple factors (NCCN 2018). These 

include the stage of the disease, patient characteristics (age, ethnicity, health) and the outcome 

of surgery (Bois 2005). Multiple chemotherapeutic regimens involving carboplatin and 

paclitaxel given in-combination, such as paclitaxel 175mg/m2 followed by carboplatin dosed 

at an area under curve (AUC) 5 or 6 given every 3 weeks for 6 cycles, dose dense paclitaxel at 

80mg/m2 given weekly with carboplatin AUC 5 to 6, every 3 weeks, paclitaxel 60mg/m2 with 

carboplatin AUC 2 given weekly for 18 weeks and single agent carboplatin AUC 5 to 6 given 

3 weekly (in particularly in elderly patients), are all acceptable regimens as adjuvant therapies 

(NCCN 2018).  

 

An intra-peritoneal (IP) chemotherapy regimen that involves paclitaxel at 135mg/m2 given 

intravenously at day 1 followed by cisplatin at 100mg/m2 given intra-peritoneally at day 2 and 

another dose of paclitaxel at 60mg/m2 given at day 8 every 3 weeks for 6 cycles showed 

improved median overall survival (OS) for women with optimally debulked to less than 1cm 

stage III cancer (MR disease) by 16 months compared with standard intravenous systemic 

therapy (65.6 vs 49.7 months, p = 0.03) (Armstrong et al. 2006). The greatest benefit is seen in 

patients with R0 resected tumour compared to those with visible macroscopic disease less than 

1cm with a median overall survival of 110.0 months (95% CI of 77.9 to 161.3 months). The 

median OS of women with less than 0.5cm minimal residual disease is 53.9 months (95% CI 



 32 

of 45.9 to 60.7 months) and between 0.5 to 1cm is 48.1 months (95% CI of 37.6 to 769.9 

months) (Landrum et al. 2013). Therefore, there is specific indication for IP chemotherapy 

regimen for women with stage III disease with minimal residual disease or with R0 resection 

following upfront debulking surgery (Armstrong et al. 2006; Ledermann et al. 2013). However, 

with the advent of NACT for women with more advanced stage III (i.e. Stage IIIC) cancer, the 

cohort of women who may benefit from IP chemotherapy may be limited. A phase II trial 

comparing the use of IP against IV chemotherapy regimen with carboplatin and paclitaxel 

following the standard NACT treatment showed a trend for improved OS with a HR of 0.8 

(95% CI of 0.47 to 1.35 and p value of 0.40) but was underpowered to be statistically significant 

(Provencher et al. 2017). Therefore, the role of adjuvant IP chemotherapy following NACT for 

optimally interval debulked tumour remains controversial.  

 

As previously mentioned, there has been a significant shift in management paradigm for 

patients with stages IIIC and IV disease from PCS to NACT followed by IDS where R0 or CR 

of tumour is deemed unlikely with primary cytoreductive surgery or in patients who are poor 

surgical candidates due to their existing co-morbidities (Wright et al. 2016; Sato & Itamochi 

2014). These women with more extensive disease often require complex and extensive surgery 

in order to achieve optimal debulking of their disease. These types of surgery are associated 

with significant morbidity and higher risk of adverse surgical outcomes. The current 

recommendation from Society of Gynaecologic Oncology (SGO) and American Society of 

Clinical Oncology (ASCO) that women with high perioperative risk profile or a low likelihood 

of achieving optimal primary cytoreductive surgical outcome should be considered for NACT 

(Wright et al. 2016). This was based on the rationale that NACT can reduce the volume of 

disease to be surgically debulked and therefore allows for a less extensive surgery and 

potentially higher probability for optimal surgical outcome. The greatest benefit from NACT 

is observed in women who achieved R0 IDS. However, the hazard ratios for death and 

progressive disease, using intention-to-treat analysis, in the group assigned to NACT followed 

by IDS compared to the group assigned to PDS followed by standard adjuvant chemotherapy, 

are 0.98 (95% CI 0.84 – 1.13) and 1.01 (95% CI 0.89-1.15) (Vergote et al. 2010). Although the 

study failed to demonstrate the benefits of the NACT group and was designed to show non-

inferiority to PCS, women who received NACT had a more favourable surgical outcome 

because they often underwent a less morbid surgery associated with fewer adverse consequence 

and faster recovery (Sato & Itamochi 2014; Kehoe et al. 2015). Ultimately, the National 

Comprehensive Cancer Network (NCCN) concluded that the decision for NACT and IDS or 
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PDS for women with stages III and IV cancer should be based on individual case by case 

consideration following the assessment by a gynaecologic oncologist based appropriate 

malignancy workup, which includes appropriate imaging review by radiologists with 

gynaecologic experience and histologic confirmation of OC (NCCN 2018).  There is currently 

no evidence to support the NACT in stages I and II of the EOC.  

 

The role of anti-angiogenic agents, as adjuvant therapy, although was shown to be of greatest 

benefit in women with poorer prognosis, more extensive disease and history of ascites, is 

controversial. The use of bevazucimab in combination with chemotherapy is approved for 

treatment of HGSOC by the FDA based on two phase III studies, GOG-0213 and OCEANS, 

which showed statistically significant improvement in PFS of between 3 to 3.4 months, with a 

non-statistically significant improvement of OS when compared to chemotherapy alone 

(Coleman et al. 2017; Aghajanian et al. 2015). Bevacuzimab has been shown to improve PFS 

for women with advanced HGSOC and marginally improve OS mainly in patients with high 

risk disease, such as those patients with bulky disease, suboptimally debulked, and presenting 

with marked ascites (Perren et al. 2011). The phase III GOG-0218 trial showed improvement 

in progression free survival (PFS) of ~ 2 months in the bevacuzimab with a chemotherapy arm 

compared to chemotherapy alone, but failed to improve quality of life based on intention-to-

treat analysis (Coleman et al. 2017). Subgroup analysis showed that women with ascites gained 

the most benefit from the combination of bevacuzimab and chemotherapy. Although, the 

ICON7, which is another phase III randomised trial assessing the efficacy of bevacuzimab with 

carboplatin and paclitaxel in the upfront setting, confirmed a similar improvement of PFS; 

however, the OS benefit is only seen in the subset of women with poorer prognosis such as 

suboptimally debulked tumour (Oza et al. 2015). The OS was not increased in the whole study 

population but the subgroup analysis demonstrated bevacuzimab may differently improve the 

outcome of women with proliferative and mesenchymal molecular subtype of ovarian cancer 

(Kommoss et al. 2017).    

 

1.4.3   Management of HGSOC at recurrence  

Despite initial good response rate to surgery and adjuvant systemic therapies, more than 70% 

of HGSOC recurs in these patients, particularly within the first 3 years (Ledermann et al. 2013; 

Herzog & Pothuri 2006). Unfortunately, almost all patients with a recurrent disease will 

eventually succumb to their cancer and, therefore, the focus of future treatment is mainly 
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palliative (Pignata et al. 2017). Therefore, the two main objectives of treatment in this setting 

are to prolong survival and to improve quality of life.  

 

OC disease recurrence is defined as the reappearance and/or progression of the original cancer 

based on either rising CA125 level (biochemical recurrence and progression) or radiological 

imaging confirming the presence of cancer (radiological recurrence and progression) (Herzog 

& Pothuri 2006). The “platinum free interval” (PFI) is more clinically relevant than 

biochemical and radiological disease recurrence. PFI is the time between last dose of platinum-

containing chemotherapy and the progression or recurrence of disease with significant 

symptoms that require further systemic treatment (Markman & Bookman 2000). The patients’ 

prognosis and also the probability of the disease responding to second-line and further lines of 

treatments are highly dependent on the length of PFI (Ledermann et al. 2013). Based on the 

general consensus achieved during the Gynaecologic Cancer InterGroup (GCIG) 4th Ovarian 

Cancer Consensus Meeting, recurrent OC can be categorised as “platinum sensitive”, “partially 

platinum sensitive”, “platinum resistant” and “platinum refractory” disease based on their PFI 

(G. J. S. Rustin et al. 2011).  The tumour is “platinum sensitive” if the PFI is more than 12 

months, “partially platinum sensitive” if the PFI is between 6 to 12 months, “platinum 

resistant” if the PFI is less than 6 months and “platinum refractory” when the tumour fails to 

respond to the first line of therapy or has a PFI of less than 4 weeks. These categories are based 

on observational studies of OC responses to chemotherapy treatment including both platinum 

and non-platinum based cytotoxic agents. Although, this categorisation is highly probabilistic, 

it still provides a good clinical guide to consider re-introduction of platinum based 

chemotherapy in the treatment of the disease (NCCN 2018; Herzog & Pothuri 2006). Lastly, 

the biological characteristics of the tumours with different PFI are highly variable with distinct 

genomic make-up, growth rates and distribution of symptoms thus requiring different clinical 

approaches in their management (Ledermann et al. 2013). For example, a long PFI is not only 

an important prognostic factor, but also a good surrogate marker of the HR status of the tumour 

(Nesic et al. 2017).  

 

Biochemical recurrence is based on rising OC tumour specific marker, cancer-antigen 125 

(CA125). CA125 is a high-molecular-weight glycoprotein, which is expressed in a large 

proportion of EOC and is regarded as a surrogate marker of EOC activity (Pignata et al. 2011). 

A rising CA125 level serves only as an important prognostic factor and is not relevant in 

guiding disease management. The rising CA125 level often precedes the emergence of 



 35 

clinically relevant disease by 3 to 6 months. However, early treatment of relapsed disease with 

systemic chemotherapy based on rising CA125 in asymptomatic women does not improve 

overall survival (Pignata et al. 2017; Rustin et al. 2010). In contrast, instigation of early 

systemic treatment in these women may be detrimental by negatively affecting patients’ quality 

of life and depleting the limited lines of effective treatment for these patients (Rustin et al. 

2010). However, it has been established that failure to normalise CA125 following initial 

treatment is a bad prognostic indicator (Markmann et al. 2007). Despite these limitations, 

CA125 can be still be utilised as an important surrogate marker for monitoring disease response 

to therapies especially if the levels are elevated prior to commencement of therapy (Ledermann 

et al. 2013). 

 

The OC that relapses early, such as the platinum refractory and platinum resistant tumours, is 

linked to unfavourable prognosis and has a poor response rate to further lines of therapies 

(Pignata et al. 2017). In these cases, the main objective of disease management focuses on the 

palliation of symptoms and preserving the quality of life (Pignata et al. 2017; Ledermann et al. 

2013). A Cochrane systemic review in 2018 of clinical trials involving platinum-resistant EOC 

revealed dismal and consistent response rates between 10 to 20% of most cytotoxic therapies 

including paclitaxel, pegylated liposomal doxorubicin and topotecan, with median progression 

free survival (PFS) of 3 to 4 months and a median OS of less than 12 months (Lihua et al. 

2008).  

 

The treatment of  OC with a PFI greater than 6 months, differs from OC that relapses early 

since chemo sensitivity, in particular platinum based chemotherapy, is supposed to increase 

with a longer interval from the initial treatment (Pignata et al. 2017). This is relevant as the 

mainstay of therapy for relapsed OC with a long PFI remains platinum-based combination 

regimens such as carboplatin with paclitaxel, pegylated liposomal doxorubicin or gemcitabine. 

These chemotherapy regimens have been shown to demonstrate superior OS, PFS and overall 

response rate (ORR) compared to single agent or non-platinum based combination regimens 

(Parmar et al. 2003; Pfisterer et al. 2006).   

 

The recent introduction of poly adenosine diphosphate(ADP)-ribose polymerase inhibitors 

(PARPi) and a humanised monoclonal antibody targeting vascular endothelial growth factor, 

(bevacuzimab) have changed the treatment landscape of platinum sensitive OC (NCCN 2018). 

Up to 50% of newly diagnosed HGSOC have a deficit in the homologous recombination 
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pathway that is essential in the repair of double stranded DNA breaks (Swisher et al. 2017). 

Patients with homologous recombination deficient (HRD) tumours have longer OS as these 

tumours are sensitive to PARPi as well as to platinum based chemotherapy (Konstantinopoulos 

et al. 2015). HRD HGSOC tumours have a compromised ability to undertake double-strand 

DNA break repair by homologous recombination. The blockade of alternative non-homologous 

end joining DNA repair with PARPi treatment can result in critical genomic damage and 

synthetic lethality (Ashworth 2008). In addition, certain PARPi have been shown to 

demonstrate the ability to trap PARP enzymes of the damaged DNA and these trapped PARP-

DNA complexes are highly cytotoxic. Thus, the PARP trapping is currently regarded as one of 

the relevant mechanisms of action of PARPi, particularly for olaparib (Murai et al. 2012). 

Olaparib is the first in the class of PARPi to be Food and Drug Administration (FDA) approved 

and licensed for the treatment of relapsed OC harbouring deleterious BRCA mutations. “Study 

19”, which is a phase II trial, and SOLO-2, a phase III trial, confirmed the efficacy of the 

maintenance olaparib therapy following the response to the platinum based chemotherapy in 

the platinum sensitive HGSOC resulting in up to 70% reduction in the risk of progression and 

death as well as a significantly longer time to the second progression and a median PFS with 

an HR of 0.30 (95% CI 0.22 to 0.41) (Ledermann et al. 2012; Pujade-Lauraine et al. 2017). 

Niraparib, a potent PARP-1 and PARP-2 inhibitor,  and rucaparib, a small molecule targeting 

the PARP enzyme, have also been approved recently by the FDA for treatment of the recurrent 

platinum sensitive HGSOC (Mirza et al. 2016; Swisher et al. 2016; Swisher et al. 2017).  

 

The role of surgery in the recurrent disease setting, as the secondary debulking procedure, is 

limited. Its indications are reserved only for specific circumstances when repeated optimal 

debulking outcome is deemed achievable (Bristow et al. 2009; NCCN 2018). The evidence for 

routine secondary cytoreductive surgery is limited because of the likelihood of a total clearance 

of disease as the recurrence is very low (Schorge et al. 2010). Therefore, the benefit of 

secondary debulking surgery is contentious but it should be considered when there is a single 

isolated site of relapse associated with a long disease-free interval following initial therapies 

in an otherwise fit and healthy young woman (Bristow et al. 2009).  

 

1.5   Key roadblocks to improving survival in women with HGSOC 

Despite a decline in age adjusted incidence and cancer death for OC over the last 2 decades, 

these advancements and progress are less impressive compared to the breast, colorectal and 
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prostate cancer outcomes (Goff 2015). Based on the cancer statistics published in 2014, the age 

adjusted cancer death rate for OC improved by 14% from 1990 to 2010 but improvements of 

31%, 46% and 44% were seen in breast, colorectal and prostate cancers, respectively, in the 

similar period of time (Siegel et al. 2014). OC is one of only four cancer types that has a smaller 

decline in age adjusted death rate compared to age adjusted incidence rate. In most cases, both 

should have an equivalent decline; otherwise, the age adjusted death rate should out-pace the 

age adjusted incidence rate (Goff 2015). As the death rate has not reduced by more than the 

incidence rate, this suggests that the improvements and advancements in OC screening and 

treatment have only a modest impact in lowering OC death rate in comparison to changes in 

life style behaviours and interventions, such as the use of combined oral contraceptive pill and 

prophylactic preventative surgeries in certain high risk population that have significantly 

lowered the age adjusted incidence rate (Goff 2015; Melinz et al. 2013; Domchek & Rebbeck 

2007).  

 

Unfortunately, OC is an insidious disease and most patients with early stage cancer are 

relatively asymptomatic, thus making clinical diagnosis of early stage OC very difficult 

(Ledermann et al. 2013). Nearly 75% of patients are diagnosed at stages III or IV, and the late 

stages of cancer diagnosis have a significant negative impact on the patients’ prognosis and OS 

(Zeppernick & Meinhold-Heerlein 2014). The improvement of overall long-term survival 

would be greatly enhanced by efficient early detection methods, in particular, with the 

development of highly sensitive and specific screening tools, and by effective cancer 

preventative methods (Henderson et al. 2018).  

 

At present, there is no reliable screening test available. CA125, which is the most widely 

studied tumour marker for OC screening, is non-specific and insensitive in detecting early EOC 

(Das & Bast 2008). It was reported that a wide range of patients, 50 to 90%, with OC have 

elevated CA125 and in contrast some patients with advanced OC have a normal serum level of 

CA125. Furthermore, the levels of elevation often do not correlate with the disease stage and 

volume among OC patients with elevated CA125 (Scholler & Urban 2007). It was also reported 

that only 50% of patients with stage I disease have pre-operative serum CA125 above the 

conventional cut-off level of 35U/ml; thus, implying that serum CA125 is an ineffective 

screening tool for early OC detection (Das & Bast 2008). The specificity of CA125 is impacted 

by the fact that serum CA125 can also be raised in non-cancer related conditions such as 

endometriosis, uterine leiomyoma, liver cirrhosis, pelvic and inflammatory disease (Moss 
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2005). The CA125 level can also be effected by ethnicity, smoking status and age (Pignata et 

al. 2011). For these reasons, CA125 level as a biomarker for early OC detection falls far below 

the accepted positive predictive value (PPV) of 10% (Scholler & Urban 2007). One of the 

earlier largest screening studies using just the CA125 involved 22,000 post-menopausal women 

randomised to three serum CA125 testings per annum with pelvic ultrasound if the CA125 is 

above 30U/ml or with standard gynaecologic care; the findings showed no difference in OC 

death rates between these two groups (Jacobs et al. 1999). From nearly 9,000 women screened 

with CA125 tests, only six OC cases were detected and three of these were diagnosed at stage 

III. Furthermore, annual concurrent CA125 monitoring and transvaginal ultrasound (TVU) 

have been shown to be ineffective in reducing OC mortality and, in contrast, has an overall 

negative impact on general wellbeing (Buys 2011). Similarly, the Prostate, Lung, Colorectal 

and Ovarian (PLCO) Cancer screening study that enrolled 78,216 women randomised to annual 

CA125 screening for 6 years and annual TVU for 4 years or no screening, failed to detect the 

reduction of OC mortality in the screening population (Buys 2011). These two studies led to 

the follow-up UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) study that 

enrolled up to 202,628 women to be randomised to annual multimodal screening (MMS) or 

annual transvaginal ultrasound screening or no screening (Jacobs et al. 2016). The MMS arm 

incorporated a risk of ovarian cancer algorithm to assess a woman’s CA125 pattern over time 

in order to trigger appropriate risk assessments such as early CA125 retesting with or without 

TUV. The primary analysis of the study was published in 2016 and showed a non-statistical 

mortality reduction in the MMS arm at 7 to 14 years (Jacobs et al. 2016). Further follow-up is 

required to confirm the efficacy and cost-effectiveness of this OC screening method. Despite 

this, better screening tools are needed and the development of these tools will stem from a 

better understanding of HGSOC cell of origin and early tumorigenesis processes. Monitoring 

for circulating tumour cells or DNA may be an exciting prospect as a tool for early OC 

detection (Moon et al. 2018).   

 

Most OC risk reduction strategies are relatively ineffective except in high risk population, 

especially for women carrying the germline BRCA1/2 mutations (Tschernichovsky & 

Goodman 2017). A general population screen for germline BRCA1/2 mutations is not cost 

effective and poses unique medico-legal issues to the medical prescribers and to both the 

women tested and their families (Offit & Thom 2007). Despite this, a risk reduction surgery 

with bilateral Salpingo-oophorectomy (BSO) in high risk women significantly reduces the risk 

of developing OC (hazard ratio (HR) 0.14, 95% CI 0.04 to 0.89) and death from OC (HR 0.21, 
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95% CI 0.06-0.80) (Domchek et al. 2010). Unfortunately, these procedures are highly invasive 

and only effective in a very selected population of women. It is important to note that women 

can still develop OC following prophylactic risk reduction Salpingo-oophorectomy (RRSO) 

implying that seeding of pre-malignant cells into the peritoneal may occur early or there are 

other sources of cancer origin (Falconer et al. 2014). Less invasive strategies, such as tubal 

ligation and oral contraceptive pill, offer only limited protection and no reduction to risk of 

breast cancer (Sherman et al. 2014). Based on recent insights, there are new strategies such as 

to initiate risk reduction bilateral salpingectomies early, followed by completion of bilateral 

oophorectomies in an attempt to improve efficacy and tolerability (Harmsen 2015). Otherwise, 

there is a lack of evidence at present to support the use of non-steroidal anti-inflammatory 

drugs, vitamin D supplementation and retinoid as chemopreventative measures 

(Tschernichovsky & Goodman 2017). A greater understanding of the processes involved in 

HGSOC development is integral to devising optimal strategies for risk reduction and screening 

not only in the high risk population but extending to all women (Collins et al. 2011).   

 

For most OC, the presence of residual disease following surgery, both microscopic or 

macroscopic, poses the biggest threat to long term outcome of the patient. Therefore, the 

efficacy of first line therapy remains a key contributor to determining patient outcomes as well 

as improvement of surgical techniques (Ledermann 2018). In women with residual OC disease, 

the unavoidable emergence of drug resistance, both de novo and acquired, is the single major 

threat to HGSOC patient survival (Pignata et al. 2017). Currently, there are limited lines of 

effective treatment and with the development of tumour resistance to therapy, these patients 

inevitably will succumb to their malignancies (Herzog & Pothuri 2006). 

 

In order to develop more effective treatments for HGSOC, an in-depth understanding of the 

early genetic events in HGSOC tumorigenesis is crucial (Perets et al. 2013). This will allow 

the development of novel therapeutics targeting the early “truncal” genetic events that are the 

root causes of OC tumorigenesis. Such treatments may be more effective in eradicating cancer 

cells and hypothetically reduce the risk of drug resistance development (Willyard 2016). 

Furthermore, unravelling the tumorigenesis processes will also allow better understanding of 

the mechanistic process involved in both de novo or acquired drug resistance and in doing so, 

sensible therapeutic strategies can be devised to counter the emerging issue of cancer drug 

resistance.    
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1.6   Aetiology and cell of origin for EOC 

EOC was previously thought to arise from the mesothelial cell layer that forms the coelomic 

epithelium surrounding the ovary surface (Dubeau 2008). It was originally hypothesised that 

EOC developed from the invagination of surface epithelium into the underlying stroma 

resulting in inclusion cysts that later undergo malignant transformation (Bell & Scully 1994). 

This was based on epidemiological observations that factors that interrupt female ovulation, 

such as the use of contraceptive pills, multiple pregnancies and breast feeding, are protective 

against EOC (Risch 1998). Conversely, factors that increase the number of life-time 

menstruation cycles in women, such as nulliparity, early menarche and late menopause, 

increase the life time risk of EOC (Gates et al. 2009). This hypothesis is supported by the 

characterisation of a stem cell-like population within the ovary surface epithelial (OSE) 

junction areas that are involved in OSE regeneration (Flesken-Nikitin et al. 2013). These cells 

are prone to malignant transformation in mice following inactivation of tumour suppressor 

genes, Trp53 and Rb1 (Flesken-Nikitin et al. 2013). However, there is little clinical and 

histopathological evidence to support malignant cell transformation or precursor human lesions 

arising in these areas (Perets et al. 2013). Thus far, metaplastic ovarian epithelial cells have not 

been found on the surface of the ovary (Adler et al. 2015).  

 

On the contrary, there is strong morphological, embryonal and molecular evidence to suggest 

that EOC likely derives from the components of the secondary Mullerian system and the 

fallopian tube emerges as the likeliest site for EOC cancer origin (Dubeau 2008). 

Histologically, EOC is composed of cell types such as serous, endometrioid and mucinous that 

are morphologically related to the fallopian tube, endometrium and endocervix rather than any 

cells within the ovary (Dubeau 2008). It is now established that the fallopian tube, endometrium 

and endocervix share a common embryological origin, known as the paramesonephric ducts 

(also known as the Mullerian system), that are completely unrelated to that of the ovary (M. 

Rodriguez & Dubeau 2001). Interestingly, the HOX genes, which regulate the Mullerian duct 

differentiation and are not expressed in the normal OSE, are over-expressed in different 

subtypes of EOC such as Hoxa9 in serous EOC, and Hoxa10 and Hoxa11 in endometrioid-like 

and mucinous-like EOC as demonstrated in mouse models (Cheng et al. 2005).  

 

Furthermore, there is strong clinical evidence to support sites other than the ovary for the origin 

of EOC. MOC may be metastatic deposits from gastro-intestinal tumours as no mucinous cell 

exists in the ovary (J. Brown & Frumovitz 2014). CCOC is strongly associated with 
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endometriosis and molecularly demonstrates similarity to renal cell carcinoma (Okamoto et al. 

2014; Vaughan et al. 2011). The cell of origin for HGSOC and O/FTCS will be discussed 

further as they are the focus of this thesis. 

 

1.6.1   Cell of origin for HGSOC and O/FTCS 

There is strong evidence from epidemiological, histological and molecular analyses, as well as 

mouse models that support the FT, especially the distal fimbriae, as the organ of origin for a 

large proportion of HGSOC and O/FTCS. More specifically, the evidence points specifically 

to the fallopian tube secretory epithelial cells (FTSEC) as the cell of origin for these cancers 

(Kindelberger & Crum 2007; Levanon et al. 2009; Perets et al. 2013; Sherman-Baust et al. 

2014; S. Zhao et al. 2016; Zhai et al. 2017; Y. Lee et al. 2006). 

 

The lumen of a FT is lined mostly with both secretory and ciliated epithelial cells and these 

cells have specific biological functions. The secretory cells produce nutrient-rich serous fluid 

to assist the survival and motility of both the sperms and the eggs (Crow et al. 1994). The 

ciliated cells are involved in directing the transportation of eggs by the rhythmic beating of the 

cilia. The FT epithelial cell population undergoes drastic changes under the influence of the 

hormonal cycle (Crow et al. 1994).  There is an increase in the ciliated cell population, driven 

by the oestrogen hormone, during the follicular phase of the menstrual cycle, reaching the 

maximum population density in the late follicular phase. The secretory cells also reach peak 

population density just before the end of the follicular phase and remain high throughout the 

luteal phase of the menstrual cycle, which are sustained by the high level of progesterone 

hormone (Figure 1.1 C). The constant turnover of cells in the FT coupled with the fact that 

these cells are perpetually exposed to noxious inflammatory factors from the ovary and 

peritoneum contribute to the risk of OC development (Bodelon et al. 2013). Furthermore, a 

subset of stem-cell like cell population has been identified to be enriched in the distal part of 

the FT (Paik et al. 2012). These cells play a crucial role in supporting the high turnover of these 

epithelial cells and may play a role in the initiation of HGSOC tumorigenesis.  

 

The PAX8 protein is a crucial transcription factor for organogenesis of the thyroid gland, 

kidney and Mullerian system (Magliano et al. 2000; Tong et al. 2009; Ozcan et al. 2011). It has 

emerged as an important clinical surrogate marker for carcinoma of Mullerian, renal or thyroid 

origin (Laury et al. 2011). PAX8 is found to be expressed in 87% of primary EOC (including 
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serous, clear cell, endometrioid) and is expressed in nearly 99% of HGSOC, suggesting that 

the over-expression of PAX8 plays a critical role as a transcription factor in these tumour types 

(Laury et al. 2011) (Figure 1.3). In addition, there is functional evidence that demonstrates the 

importance of PAX8 in regulating cell cycle, particularly in its role in preventing cell 

senescence and apoptosis, and driving tumorigenesis in OC cells (Li et al. 2011; Di Palma et 

al. 2014). Most studies show that the surface epithelium of a normal ovary does not express 

PAX8 due to its mesonephric (coelomic) origin (Ozcan et al. 2011; Tacha et al. 2011). 

Therefore, the PAX8 expression in HGSOC provides further evidence that serous tumours can 

originate from the Mullerian tissues (Perets et al. 2013). Interestingly, in vivo genetic cell 

lineage tracing showed that the Pax8 positive cell populations in the FT have pluripotent 

capacities and can give rise to both secretory and ciliated epithelial cells (Ghosh et al. 2017). 

This study implicated that there may be a hierarchy of PAX8 cells within the fallopian tube 

epithelium with a varying degree of pluripotency and that the pluripotent Pax8 positive cell 

populations may be the crucial initiation cells for HGSOC carcinogenesis. 
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Figure 1.3 Fallopian tube secretory epithelial cells (FTSEC) as cell of origin for HGSOC 

(A) Pax8 is the most differently expressed gene between ovarian cancer and all other cancers. It is a transcription factor 
essential for Mullerian development and its expression is retained in adult FTSEC. Pax8 is not expressed in the ovarian 
surface epithelial cells but is expressed in nearly 100% of HGSOC.  

(B) Serous tubular intra-epithelial carcinoma (STIC) was discovered as a pre-cursor to HGSOC. These lesions are 
characterized by extreme cellular dysplasia, P53 signature and proliferative signature.  

(C) Evolution of HGSOC development from normal fallopian tube epithelium to invasive serous carcinoma. TP53 loss is the 
earliest event leading to the development of P53 signature (SIG lesion). Not all SIG lesion progress along the tumorigenesis 
process. Further genetic events are required to the development of tubal intra-epithelial carcinoma, which leads to invasive 
neoplasm.  
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As previously mentioned, risk reduction surgeries, which include prophylactic BSO together 

with prophylactic mastectomies, are now commonly offered to germline BRCA1/2 mutation 

carriers (Evans et al. 2009). An initial observation based on detailed histopathological analysis 

of the ovaries and FT obtained from the risk reduction surgeries, showed that between 10 to 

15% of these high risk women have evidence of tubal intra-epithelial carcinoma (TIC) in the 

fimbriae (Kindelberger & Crum 2007) (Figure 1.3). However, a population-based data analysis 

of 10,523 surgeries involving “Sectioning and Extensively Examining the Fimbria” protocol 

showed that serous tubal intra-epithelial carcinoma (STIC) was only detected in 0.38% of 

specimens (Samimi et al. 2018). Despite this, histological evaluation of the FT of women with 

sporadic HGSOC identified these pre-malignant changes in approximately 50-60% of cases. 

The genomic analysis of STIC lesions demonstrated that these lesions possess most of the 

genetic aberrations present in their corresponding advanced cancers (Eckert et al. 2016). TP53 

mutations, which represent one of the earliest genetic events, were detected in all the STIC 

lesions analysed. In addition to this, salpingectomy, which involves the removal of the FT 

alone, significantly reduces, but does not completely ablate, the risk of OC development in 

high-risk women (Falconer et al. 2014). A comprehensive evolutionary analysis of sporadic 

HGSOC with whole-exome sequencing (WES) and copy number analysis of laser capture 

microdissected FT lesions, OC and metastases, further supports the p53 signature (SIG) and 

the STIC as precursors of ovarian carcinomas (Labidi-Galy et al. 2017). In addition, it 

demonstrates that STIC can also be a result of OC metastasising back to the FT. A similar 

observation was seen in earlier phylogenetic analyses of eight HGSOC patients with STIC 

highlighting that a proportion of STIC identified in women with metastatic OC may actually 

be intraepithelial metastases rather than the origin of OC (Eckert et al. 2016).  

 

Multiple genetically engineered mouse models (GEMM) have been generated to support the 

hypothesis that HGSOC can be derived from Pax8 positive FTSEC (Perets et al. 2013; Zhai et 

al. 2017; Sherman-Baust et al. 2014). The FTSEC were shown to give rise to HGSOC in 

GEMM by Pax8 promoter-directed inactivation of Brca1, Tp53 and Pten (Perets et al. 2013). 

These tumours were genetically and histopathologically similar to the human HGSOC 

counterpart and, importantly, these GEMM recapitulate the OC tumorigenesis, which includes 

the observation of STIC precursor lesions. Over-expression of Simian Virus 40 large T-antigen 

(SV40 TAg), which inactivates both p53 and Rb, under the control of mouse Mullerian-specific 
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Ovgp-1 promoter also gave rise to neoplastic lesions within the FT analogous to precursors of 

HGSOC (Sherman-Baust, Kuhn et al. 2014).   

 

In relation to O/FTCS or MMMT, there is an increasing body of evidence supporting the 

“conversion” rather than the “collision” theory for O/FTCS and MMMT pathogenesis 

(Schiavone et al. 2011). The “conversion” theory postulates that either the carcinomatous or 

the sarcomatous element of the O/FTCS arises first and subsequently there is a secondary 

malignant transformation occurring later during tumorigenesis resulting in a biphasic tumour.  

In contrast, the “collision” theory suggests that there are two separate tumours of epithelial and 

mesenchymal origin occurring simultaneously and coming together to form a single 

carcinosarcoma tumour. Molecular, genetic and epidemiology data indicate that most O/FTCS 

are monoclonal and thus strongly support a single neoplastic process in favour of the 

“conversion” hypothesis (Zhao et al. 2016; Rauh-Hain et al. 2016). Multi regional WES of 24 

O/FTCS revealed that the genomic landscape of O/FTCS is similar to those of HGSOC (see 

section 1.10 below) (Zhao et al. 2016). Genomic analysis of O/FTCS tumours of the female 

tract comparing micro-dissected carcinomatous and sarcomatous elements demonstrated that 

the sarcomatous component of the neoplasm arises from the carcinomatous component and not 

the other way around (Fujii et al. 2000). This was based on the pattern of genetic progression 

within the two neoplastic components. Currently, it is hypothesised that both O/FTCS and 

HGSOC belong to one spectrum of disease rather than two separate distinct malignancies. This 

was supported by a GEMM utilising the Ovgp1 promoter for fallopian tube epithelium (FTE)-

specific inactivation of commonly mutated tumour suppressor genes, namely Brca1, Trp53, 

Rb1 and Nf1, resulted in the development of STIC, which can progress to either HGSOC or 

MMMT (Zhai et al. 2017).  

 

1.7   Molecular characteristics of HGSOC 

Intra-tumour and inter-tumour heterogeneity in OC is a well-known documented phenomenon 

(Schwarz et al. 2015; Bowtell 2010). HGSOC can also be regarded as a series of distinctly 

different diseases associated with diverse aetiologies. The concept of tumour evolution is based 

on the hypothesis that all tumour cells share a common cell of origin and an early initiating 

genetic event. However, each tumour cell then undergoes a diverse evolutionary pathway 

resulting in a heterogeneous tumour (Willyard 2016). Despite the heterogeneity, HGSOC 
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tumours have some common key molecular characteristics shared within each tumour and 

across all the HGSOC tumours.  

 

In general, HGSOC has 5 common molecular features. Firstly, almost all HGSOCs 

demonstrate the loss of maintenance of their genome integrity leading to extreme genomic 

instability (Bowtell 2010). This is demonstrated by the remarkable degree of genomic disarray 

seen in all these tumours characterised by high level of genomic structural variables associated 

with frequent somatic copy number alterations (SCNA), in both gains and losses (Bowtell 

2010; Schlacher et al. 2011; Bell et al. 2011). These tumours are classified as “Class C” 

malignancy, together with a large fraction of lung (LUSC) and head and neck (HNSC) 

squamous cell carcinoma and endometrioid tumour of the serous subtype (UCEC-serous) 

(Ciriello et al. 2013). The “Class C” tumours have high levels of chromosomal instability and 

enrichment of TP53 mutations. The opposite is the “Class M” tumour, which is predominantly 

driven by mutation. This is relevant for HGSOC tumorigenesis because chromosomal 

structural change is an important mechanism for TSG inactivation either through heterozygous 

or homozygous loss (Martins et al. 2014), or gene breakage (Patch et al. 2015). Similarly, high 

gene copy number gain can result in differential expression of oncogenes, such as MYCN and 

CCNE1, which are relevant in the initiation of tumorigenesis and as mechanisms of drug 

resistance (Helland et al. 2011; Patch et al. 2015; Nakayama et al. 2010; Etemadmoghadam et 

al. 2009). MYCN over-expression will be further discussed in this chapter.  

 

Secondly, point mutations in oncogenes or TSG are relatively uncommon in HGSOC in 

comparison to other tumour subtypes (Bell et al. 2011). This is true with the exception of 

mutations in TP53, BRCA1, BRCA2 and other HR related pathway genes (Norquist et al. 2016). 

Mutations in CDK1, RB1 and NF1 have also been implicated (Bell et al. 2011; Kanchi et al. 

2014; Popova et al. 2016). Apart from the efficacy of PARPi in the treatment of HRD HGSOC, 

the lack of somatic driver mutation contributes to the current lack of success in molecularly 

targeted therapies (NCCN 2018).  

 

Thirdly, pathogenic TP53 mutation is almost ubiquitously present in HGSOC (Ahmed et al. 

2010). Therefore, abnormal P53 IHC, either with strong nuclear or completely absent 

immunostaining, is observed in almost all HGSOC (Köbel et al. 2016).  Mutant TP53 is 

therefore regarded as one of the earliest genetic events in HGSOC tumorigenesis and is a 

prerequisite for HGSOC development (Ahmed et al. 2010).  
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Fourthly, about 50% of HGSOC have evidence of mutational disruption in genes involved in 

the HR pathway (Konstantinopoulos et al. 2015). The most frequently affected genes are 

BRCA1/2 and to a lesser extent RAD51B, RAD51C, RAD51D, BLUM and PALB1 (Roy et al. 

2012; Davies et al. 2017). These can either be inherited germline mutations or spontaneous 

somatic mutations. Mutations in other genes such as STK11, PTEN, CHD1 and NF1 are also 

implicated (Pennington & Swisher 2012). Key mutations in HGSOC are summarised in Figure 

1.4. 

 

 

Figure 1.4 Main genetic aberrations identified in HGSOC 

Half of these genetic aberrations involve the Homologous Recombinant (HR) DNA repair pathway such as germline and 
somatic mutations to the BRCA1 and BRCA2 genes. Homozygous methylation of BRCA1 and BRCA2 promoter regions can 
also result in loss of HR function and is seen in up to 14% of HGSOC. Other HR genes affected include RAD51C, RAD51D, 
PALB2, BRIP1 and others. CCNE1 amplification is seen in 20% of cases and is linked to a drug resistant phenotype (Figure 
adapted from Bowtell et al. Nature Review Cancer 2015).  
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Lastly, there are at least 4 distinct molecular subtypes of HGSOC defined by their gene 

expression profiles that have been shown to correlate with patient survival outcome (Wang et 

al. 2017; Tothill et al. 2008; Tan et al. 2013; Bell et al. 2011). This will be elaborated in more 

detail later in the chapter.  

 

1.7.1   TP53 mutation is ubiquitous in HGSOC and is an early genetic event  

The TP53 gene encodes for the tumour suppressor p53 protein, which is the most commonly 

mutated gene in all human cancers (Brosh & Rotter 2009).  p53 is a transcription factor that 

regulates a plethora of genes in response to cellular stress induced by either external and 

internal insults, such as DNA damage, UV light and oncogene activation (Chen 2016). The 

loss of p53 function has a large variety of genomic and cellular consequences. These include 

the disruption of cell cycle regulation and DNA replication and repair. P53 also has a role in 

maintaining the balance between cell survival and death (Chen 2016). In the absence of cellular 

stress, wild-type p53 is maintained at low basal levels via the activity of the E3 ubiquitin ligase 

MDM2, which promotes p53 proteasomal degradation. Exposure to cellular stress disrupts the 

MDM2/p53 association resulting in stabilisation and activation of p53 protein (Brady & Attardi 

2010).  

 

Ninety-seven percent of somatic TP53 mutations are clustered in the core DNA-binding 

domain with more than 75% of these being missense mutations (Kota et al. 2003). A smaller 

proportion of TP53 mutations result in total loss of protein expression. These are seen in 27% 

of HGSOC cases as determined by completely negative p53 in IHC staining and a small 

proportion of HGSOC mutant TP53 strong cytoplasmic staining and absent nuclear staining 

(Cole et al. 2016; Köbel et al. 2016). Loss of p53 expression can be caused by truncating, 

frameshift, splice-site and nonsense DNA mutations. 

 

As mentioned earlier, the majority of p53 mutations, up to 74% in HGSOC, is missense and 

in-frame insertion mutations in the DNA binding domain. The consequence of these mutations 

is the formation of full length but dysfunctional p53 proteins, known as mutant p53, that are 

incapable of activating p53 target genes upon cellular stress (Kota et al. 2003). These mutant 

p53 proteins do not only lose their normal biological function, but can act in a “dominant 

negative” manner by inhibiting the function of existing wild-type p53 expressed from the 

remaining wild-type allele. In addition, mutant p53 proteins can be stabilised within the tumour 
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cells because the proteasomal MDM2-mediated degradations of these protein are lost (Brady 

& Attardi 2010). Several mutations have been shown to confer mutant p53 with new functions 

independent of wild-type p53.  These “gain of function” properties are believed to derive from 

the binding of mutant p53 to non-p53 target transcription factors that alter cellular activities 

(Brosh & Rotter 2009).  

   

However, TP53 gene mutation alone, despite being one of the earliest and an obligatory genetic 

event in HGSOC tumorigenesis, is not sufficient on its own to complete the HGSOC 

tumorigenesis process (Ahmed et al. 2010; Kuhn et al. 2011). Additional genetic aberrations, 

or genetic hits, are required together with a loss of wild-type p53 activity to generate HGSOC 

from FTSEC. A GEMM utilising Pax8 promoter driven reverse tetracycline-controlled 

transactivator (Pax8 rtTA) and Tet-ON CRE system to inactivate Brca1/2 and Pten and to drive 

expression of mutant p53 in the Pax8 positive FTSEC demonstrated that the loss of p53 

function alone was not sufficient to drive tumorigenesis and the development of pre-malignant 

lesions in the FT (Perets et al. 2013). Furthermore, SIG lesions, which are early p53 signatures 

without proliferative signature seen as small regions of p53 positive cells associated with Ki67 

negative  immunostaining , have been identified in the fimbriae of women who are both carriers 

and non-carriers of germline BRCA1/2 mutations (Lee et al. 2006). The significance of a SIG 

lesion in the fimbriae is largely unknown and not necessarily a precursor to HGSOC.  

 

The TP53 mutation is hypothetically an initiating event that drives genomic instability in the 

FTSEC, which is essential for tumour development (Bowtell 2010). This genomic instability 

is the mechanism by which additional genetic events are allowed to occur to complete the 

tumorigenesis process, such as HR pathway defect and loss of further tumour suppressor gene 

or gain of oncogene functions.   

  

1.7.2   Role of homologous recombination DNA repair pathway in HGSOC  

Breast cancer genes 1 and 2 (BRCA1 and BRCA2) are tumour suppressor genes linked to early 

onset familial breast and ovarian cancers, which were discovered in 1994 and 1995 respectively 

(Futreal et al. 1994; Roy et al. 2012). Women with germline BRCA1 or BRCA2 mutations have 

up to 70% and 30% chance, respectively, of developing HGSOC before the age of 70 years 

(Risch et al. 2006). Interestingly, germline heterozygosity for BRCA, gene mutation is enough 

for cancer predisposition (Venkitaraman 2009). Homozygous or compound heterozygous 
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carriers of BRCA1 mutations have not been previously reported (Domchek et al. 2013). This is 

in keeping with the observation that Brca1 nullizygosity in GEMMs results in embryonic 

lethality, indicating the importance of BRCA1 function in maintaining cellular DNA integrity 

(Evers & Jonkers 2006). However, compound BRCA1 BRCA2 heterozygotes with deleterious 

mutations in both BRCA 1 and 2, although rare, have been documented and the majority of 

these involved common Jewish mutations (Rebbeck et al. 2016). Biallelic mutations in BRCA2 

are rare but have been observed in humans, resulting in a severe form of Fanconi Anaemia 

characterised by catastrophic bone marrow failure and malignancies (Howlett et al. 2002).   

 

BRCA1 and BRCA2 are two of the many crucial components in the HR DNA repair pathway. 

This is a high-fidelity DNA repair mechanism that is required to resolve DNA double-strand 

breaks (DSB) and to preserve the structural and numerical stability of chromosomes during 

mitosis (Venkitaraman 2009). Loss of HR causes the rapid accumulation of genomic 

aberrations which usually lead to the activation of DNA damage cell-cycle check points.  The 

activation of these cell cycle check points results in cell-cycle arrest and apoptosis, which are 

mediated by p53 (Chen 2016; Dasika et al. 1999). Therefore, the loss of p53 function in these 

cells can potentially rescue the cells from the cellular lethality caused by HR deficiency. The 

loss of the non-mutated (wild type) BRCA1 or BRCA2 allele in cells carrying a germline 

mutation, termed locus-specific LOH is commonly reported (Maxwell et al. 2017). These 

events are observed in HGSOC tumours, whereby all have had a prior loss of TP53 gene 

function (Maxwell et al. 2017). BRCA locus-specific LOH in carriers of germline BRCA 

mutations result in true HRD HGSOC and demonstrate higher sensitivity to DNA damaging 

drugs and PARPi compared to tumours with heterozygous BRCA mutations (Maxwell et al. 

2017). Although it was previously assumed that all tumours associated with germline BRCA1/2 

have locus-specific LOH, in reality up to 7% BRCA1 and 16% BRCA2 ovarian tumours lack 

locus specific LOH (Maxwell et al. 2017).  

 

Approximately, 50% of HGSOC are deficient in the HR repair pathway (Bowtell et al. 2015). 

A majority of HRD tumours is caused by mutations, both germline and somatic, as well as 

epigenetic silencing of BRCA1/2 genes. Mutations in other components of the HR pathway, 

such as PALB2, RAD51D, BRIP1, RAD51C, ATM and CHEK2, contribute to about 20% of 

HRD HGSOC (Walsh et al. 2010; Pennington & Swisher 2012).  HR deficiency is one of the 

key predictive factors in determining platinum sensitivity and PARP inhibitor response and is 

a favourable prognostic factor for HGSOC (Nesic et al. 2017).  
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1.8   Gene expression profiling of HGSOC and the MYCN pathway 

1.8.1   Molecular subtypes of HGSOC 

The analysis of genome-scale expression data from multiple micro-array based gene expression 

profiling studies have shown that HGSOC can be sub-classified into distinct molecular 

subgroups (Konecny et al. 2014; Bell et al. 2011; Tothill et al. 2008; Wang et al. 2017). The 

largest of these studies are the Mayo Clinic Cohort (n = 381) (Wang et al. 2017), the Australian 

Ovarian Cancer Study (AOCS) cohort (n = 285) (Tothill et al. 2008), the TCGA cohort (n = 

489) (Bell et al. 2011) and the Japanese cohort (n = 195) (Yoshihara et al. 2012). Due to varied 

cohort sample sizes, population constitution and analytical methodologies, the reported 

molecular subtypes range from four to five groups that share marked molecular similarities but 

not completely the same. The TCGA group reported four molecular subtypes based on ~1,500 

intrinsically variable gene expressions; Differentiated, Immunoreactive, Mesenchymal and 

Proliferative (Bell et al. 2011). Similarly, the AOCS group reported four molecular subgroups, 

which will be discussed in detail later in this section (Tothill et al. 2008). The pooled analysis 

performed by the Singapore group based on 1,538 tumours reported five biologically distinct 

groups; Epi-A, Epi-B, Mes, Stem-A and Stem-B (Tan et al. 2013) and likewise, the Mayo 

Clinic group also reported five molecular subgroups s1 (Mesenchymal), s2 (Immunoreactive), 

s3 (Proliferative), s4 (Differential) and s5 (Anti-mesenchymal) (Wang et al. 2017). The TCGA 

proliferative subgroup, Tothill et al. C5, Tan et al. Stem-A and Wang et al. s3 subgroups 

demonstrate marked similarities in their gene expression profiles and are linked with worse 

clinical outcomes.  

 

The comprehensive gene expression profiling of 285 serous and endometrioid cancers of the 

ovary, peritoneum and FT revealed four molecularly distinct subtypes of high-grade 

serous/endometrioid carcinomas (Tothill et al. 2008). All four subtypes of HGSOC are 

correlated with distinct clinical outcomes. The four molecular subtypes of HGSOC are named 

C1 (mesenchymal), C2 (immune-reactive), C4 (differentiated) and C5 (proliferative) (Figure 

1.5). The C1 subtype is associated with a high level of desmoplasia and the expression of genes 

associated with stromal and immune cell types. The C2 subtype has an enrichment of genes 

related to the immune response, particularly associated with adaptive immunity. A high level 

of intra-tumoural immune cell infiltrates are observed in this subtype, namely the immune T 

cells. The C4 subtype is associated with low stromal response. Lastly, the C5 proliferative 
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subtype, which makes up between 15-20% of HGSOC cases, is of particular interest and is the 

focus of this thesis.  

 

 

Figure 1.5 Molecular subtypes of HGSOC and MYCN pathway  

(A) Microarray gene expression profiling of 285 serous and endometrioid ovarian cancer identified 4 molecularly distinct 
sub-group of HGSOC – C1, C2, C4 and C5. The C3 and C6 subtypes are low grade tumour. The C5 is a novel HGSOC subtype 
characterised by mesenchymal/stem cell-like profile associated with the over-expression of N-cadherin and P-cadherin. The 
expression of differentiation markers, such as CA125 and MUC1, is low in this subtype.  

(B) The analysis of over 900 primary HGSOC tumour samples from various independent datasets revealed that the 
deregulation of the Let-7 pathway is central to the C5 molecular subtype of HGSOC. Further in vitro analysis revealed highly 
specific activation of a pathway involving MYCN, LIN28B, Let-7 and HMGA2. It is hypothesise, although no clinical evidence 
supports this, that MYCN amplification or other epigenetic factors are the main drivers of this pathway.   

(C) In neuroblastoma models, LIN28B is shown to signal through the repression of Let-7 miRNAs and subsequently result in 
the over-expression of MYCN. In both hypothesis, MYCN remains the central driver for C5 HGSOC.  

(Figures adapted from Tothill et al Clin Can Res 2008, Helland et al PLoS One 2011, Molenaar et al Nat Genet 2012)    

C1#########C2####C3###C4###C5#C6 C1###C2####C3###C4###C5###C6(A)

(B) (C)
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1.8.2   C5 subtype of HGSOC 

The C5 molecular subtype of HGSOC represents previously unrecognised molecular subset of 

HGSOC harbouring a unique expression profile and comprises up to 15 to 20% of HGSOC 

(Tothill et al. 2008). It is defined by genes expressed in mesenchymal development that 

includes the overexpression of several developmental transcription factors such as the 

homeobox genes (HOXA7, HOXA9, HOXA10, HOXD10 and SOX11) and the high-mobility 

group members (HMGA2, TOX and TCF7L1) (Tothill et al. 2008). These tumours are 

associated with the enrichment of the WNT/b-catenin and cadherin signalling pathway over-

expression particularly, the over-expression of N-cadherin and P-cadherin (CDH2 and CDH3). 

The C5 subtype is further defined by the overexpression of both proliferation and extracellular 

matrix-related genes (e.g. COL4A5, COL9A1, CLDN6). These implicate the role of EMT 

processes in C5 HGSOC tumorigenesis. The reversion of these carcinomatous tumours to a 

mesenchymal or EMT-prone phenotype is one of the key distinguishable features in this 

tumour subtype and this may play an important role as one of the key mechanisms of drug 

resistance. In a separate analysis, the s3 (Proliferative) subtype reported in the pooled analysis 

study conducted by the Mayo group, which is synonymous with the C5 subtype, have 

upregulated key pathways involved in cell cycling such as the Notch signalling, DNA 

mismatch repair (MMR), nucleotide excision repair (NER) and base excision repair (BER) 

including the following genes: TCF7L1, HMGA2, SALL2 and SOX11 (Wang et al. 2017). The 

HGSOC subgroup synonymous with the C5 subgroup based on pooled analysis by the 

Singapore group, the Stem-A subgroup, also identified enrichment in fibrinolysis and 

chromatin modification genes sets as well as genes involved in microtubule dynamics, 

TUBGCP4 and NAT10 (Tan et al. 2013). These two genes, TUBGCP4 and NAT10, which are 

involved in tubulin processing, were identified to be essential for Stem-A like OC cell line 

survival following the whole-genome shRNA library screen. Subsequently, these cell lines 

have demonstrated high sensitivity to inhibitors of tubulin polymerisation, such as vinorelbine 

and vincristine (Tan et al. 2013). 

 

The C5 HGSOC is associated with sparse immune cell infiltrates and characterised by low 

expression of immune markers such as CD45, PTRC, CD2, CD3D, CD8A and other 

lymphocyte markers (Tothill et al. 2008). This suggests that the cancer cells may have adapted 

to escape human immunosurveillence. Based on the low neoantigen expression seen in 

HGSOC, the efficacy of cancer immunosurveillence on these tumours may be limited (Martin 
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et al. 2016). Therefore, immunotherapy may be less effective in this subtype, unless appropriate 

modulations of the immune system can be identified and manipulated.  

 

Finally, the C5 HGSOC is also associated with a low level of circulating tumour marker CA125 

(Tothill et al. 2008). This is likely due to the mesenchymal or primitive-like and de-

differentiated phenotype demonstrated by the tumours in this subgroup. Other markers for OC 

such as mucins (MUC1 and MUC16) and kallikreins (KLK6, KLK7 and KLK8) are also 

observed to be downregulated (Tothill et al. 2008).  

 

1.8.3   MYCN-LIN28B-let-7 axis  

The over-expression of MYCN and the MYCN pathway member, LIN28B, was found to be 

central to the C5 subtype of HGSOC, rather than over-expression of c-MYC (MYC) (Helland 

et al. 2011). Gain or over-expression of MYCN has not been previously observed in HGSOC 

and is highly specific for the C5 subtype (Tothill et al. 2008). It was postulated, based on OC 

cell line models, that MYCN over-expression can drive LIN28B activity, resulting in the 

suppression of the Let-7 miRNA family (Helland et al. 2011). This in turn results in the loss of 

Let-7 miRNA repression of genes such as HMGA2 and other oncofetal genes  (Helland et al. 

2011; Balzeau et al. 2017). (Figure 1.5). 

 

Another MYCN pathway hypothesis, based on GEMM of the childhood malignancy 

neuroblastoma, proposed that LIN28B over-expression is the main driver of this Lin28B-Let-

7-MYCN axis (Molenaar et al. 2012). The over-expression of LIN28B and repression of tumour 

suppressor mammalian let-7 microRNAs, have been implicated in both the ovarian and 

neuroblastoma models and may play critical roles in post-translational gene regulation 

associated with C5 HGSOC (Molenaar et al. 2012; Helland et al. 2011; Balzeau et al. 2017). 

LIN28B and LIN28A are highly conserved RNA binding proteins that have been shown to 

inhibit the biogenesis of let-7 miRNA through the direct binding of precursor (pre-let-7) and 

mature (pri-let-7) miRNAs (Piskounova et al. 2011; Viswanathan et al. 2008). LIN28B and/or 

LIN28A are involved in many key cellular biological functions, which include organogenesis, 

glucose metabolism and maintenance of cell pluripotency through let-7 dependent and 

independent mechanisms (Balzeau et al. 2017). Interestingly, the repression of let-7 miRNA 

can also result in the establishment of a pluripotent state and it has been shown that let-7 

miRNAs directly repress a large number of well-known oncogenes involved in cellular 
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proliferation, insulin-PI3K-mTOR pathway and cellular bioenergetics such as MYC, MYCN, 

HMGA2 and BLIMP1 (Zhou et al. 2013; Balzeau et al. 2017).   

 

The downstream MYCN pathway member HMGA2 has been reported to be up-regulated in 

mesenchymal tumour types and is hypothesised to have a central role in HGSOC (Mahajan et 

al. 2010). HMGA2 protein is overexpressed in up to 75% of HGSOC and it is enriched in the 

C5 subtype (Wu & Wei 2013; Helland et al. 2011). Increased HMGA2 expression was also 

seen in 64% of MMMT, including O/FTCS, suggesting similarities between HGSOC and 

O/FTCS. The importance of HMGA2 dysregulation can be seen in mesenchymal tumours and 

over-expression of HMGA2 alone can be sufficient for tumorigenesis (Dreux et al. 2010).  

 

1.8.4   The MYCN gene 

The human MYCN gene, encoding for N-MYC protein, is part of a closely related small gene 

family that includes MYC and MYCL genes (Sheiness & Bishop 1979). These genes encode for 

C-MYC and L-MYC proteins respectively and there is a high level of homology within the 

proteins encoded by these three genes in particular within the carboxyl-terminal basic-helix-

loop-helix-leucine zipper (bHLH-LZ) domains. The bHLH-LZ domain allows the MYC 

proteins to form heterodimers with another bHLH-LZ protein, MAX. The MYC/MAX 

heterodimers bind specific E-box sequences of DNA within the promotor and enhancer regions 

of a large number of genes (Blackwell et al. 1993), thereby activating or repressing 

transcription of these genes by recruiting RNA polymerase II (RNAPII) to these DNA regions. 

Many of the genes regulated by MYC are involved in fundamental cellular processes such as 

proliferation, growth, ribosome biogenesis, metabolism, apoptosis and differentiation (Hsieh 

et al. 2015).  

 

Chromatin immunoprecipitation studies demonstrated that N-Myc binds to thousands of active 

promoters transcribed by RNAPII and to enhancers with an open chromatin structure in 

embryonic stem cells (Rickman et al. 2018). The binding pattern is identical to those of C-Myc 

protein confirming similarities in N-Myc and c-Myc functionalities. The mechanisms of gene 

expression control are complex and in particular are spatially and temporally dependent on the 

tissue type and its developmental stage (Rickman et al. 2018). The role of N-Myc protein is 

summarised in Table 1.1.  
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Table 1.1 Summary of N-Myc functions  

N-Myc is an important transcription factor expressed during meiosis and early embryogenesis to promote stem-cell phenotype, 
drive proliferation, enable cell migration and establish angiogenesis. Deregulation of MYCN expression is commonly 
observed in malignancies of the nervous and hematologic systems and neuroendocrine tumours. The effect of MYCN over-
expression mirrors that of the physiological functions in normal tissues.  Therefore, N-Myc can play a central role in 
tumorigenesis.  

 

MYCN, together with MYC, are crucial genes for normal development at the onset of 

organogenesis and during embryogenesis (Zimmerman 1984). Unlike c-Myc, N-Myc has a 

more restricted expression pattern in tissues during embryogenesis with high expression 

Functional 
targets

Mechanisms involved Genes or pathways Reference

Proliferation and 
induction of cell 
cycle

Up-regulation of mitotic kinase
Re-entry of quiescent cells into 
cell cycle

AURKA A – induced for mitosis and 
important for centrosome maturation 
and regulate spindle assembly 

Otto et al. Cancer Cell, 2009

Regulation of 
apoptosis

Ability to regulate  pro-
survival and growth function 
High N-MYC usually promote 
apoptosis

BCL-2 and like protein upregulation 
and  down-regulation of MCL1,MCLxl
Able to drive NOXA over-expression
Directly effecting TP53 function 

Ham et al. Cancer Cell, 2016

Chen et al. Cancer Res, 2010 

Regulate cell 
differentiation 

Spatial and temporal 
expression of MYCN can block 
differentiation and maintain 
pluripotency 

Wakamatsu et al. Development, 
1993

DNA repair Regulating DNA repair during 
cell division

Directly targeting TP53 
ATM downregulation by microRNAs
Modulates expression of noncoding 
RNA

Chen et al. Cancer Res, 2010
Hu et al. PNAS, 2010
Beuchner et al. Mol Cancer Res, 
2012

Neuro-endocrine 
transformation

Binds neuroendocrine and 
androgen-regulated genes 
promoters

Upregulation of neuroendocrine and 
cell cycle type genes

Beltran et al. Mol Cancer Res, 
2011

De-differentiation 
and promoting 
stem-cell like 
behaviors

Promoting self re-new capacity Cofunction with SOX9 and SHH
Regulate expressions of ESF 
factors/pluripotent genes (lif, klf2, klf4 
and lin28b)
Upregulation of self renewal protein 
BMI1, DLL3
Upregulation of TERT

Swartling et al. Cancer Cell, 2012
Cotterman et al. PLoS One, 2009

Huang et al., Perspective in Med, 
2013
Piefer et al. Nature, 2015

Oncogenic drive Ribosome assembly and 
activity 
Upregulating cancer related 
pathways 
Inactivate Rb1 – via activating 
ID2 with Ras (Ras mediated 
stablisation of N-myc and/or 
increase in N-myc expression)
Cell transformation in 
committee lineage

Induction of genes essential for 
ribosome and protein synthesis 
Promoting MDM2 inhibition of P53 
expression
Directly affecting TP53 function vis 
SKP2 and NLRR1 genes
Fyn kinase activity loss

DKK3/Wnt/B-catenin pathway
PI3k/Akt/mTOR pathway
SHH pathway 

Boon et al. EMBO, 2001

Slack et al. PNAS, 2005

Chen et al. Frontiers, 2012

Berwanger et al. Cancer Cell, 
2002
Kawauchi et al. Cancer Cell, 
2012

Angiogenesis Promotes tumour angiogenesis Downregulation of leukaemia
inhibitory factor (LIF) leading to 
activation of STAT signaling and IL6
Activin A over-expression

Hatzi et al. Eur J of Biochem, 
2002

Schramm et al. Oncogene, 2004

Epithelial-
mesenchymal 
transition 

Via regulation of non-protein-
coding genes 
Regulation of microRNAs and 
long noncoding RNAs

Activation of mir-17-19, mir 221, mir-
9, mir-421 
Activation of T-UCR and ncRAN
Repression of mir-184 and mir-542-5p
Twist 1

Buechner et al. Mol Cancer Res, 
2012

Karreth et al. Cancer Bio & Ther, 
2004
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detected in pre-B cells, kidney, forebrain, hindbrain and intestine with the highest expression 

seen in the developing brain (Beltran 2014). Following completion of embryogenesis, N-Myc 

expression is downregulated and is nearly completely silenced in adult tissue (Kanatsu-

Shinohara & Shinohara 2013). This is in contrast with c-Myc where its expression is ubiquitous 

and highly expressed in most proliferating cells during embryogenesis and continues to be 

highly expressed in adult dividing cells (Stanton et al. 1992).  It is hypothesised that a high 

level of MYCN expression is toxic to normal cells without stem cell characteristics and 

continuous exposure to high N-Myc may lead to either cellular senescence or apoptosis (Narath 

et al. 2006).  

 

Furthermore, it was demonstrated that N-Myc can replace c-Myc function, but not vice versa, 

in embryogenesis (Charron et al. 1992; Malynn et al. 2000). It was shown that in murine 

embryonic stem cells (ESC), the homozygous deletion of either Mycn or Myc genes had no 

aberrant effects compared to wild type ESC due to upregulation of the undeleted Mycn or Myc 

genes. However, a GEMM generated in which the endogenous c-Myc coding sequence was 

completely replaced by N-Myc coding sequence, resulted in viable off springs that  can survive 

into adulthood and reproduce (Charron et al. 1992; Malynn et al. 2000). In contrast, N-myc-

null murine embryos showed evidence of severe central nervous system defects despite 

upregulation of c-Myc (Stanton et al. 1992).  

 

The MYCN gene, unlike many other developmental genes, and MYC are switched on during 

spermatogonial stem cells (SSC) meiosis (Kanatsu-Shinohara et al. 2016). These SSCs do not 

undergo asymmetrical self-renewal division and have the capacity to de-differentiate to 

become pure embryonic stem cell like, unlike other stem cells populations such as 

haematopoietic or neural stem cell population (Kanatsu-Shinohara et al. 2013). SSCs are 

unipotent and undergo constant self-renewal divisions. In addition, the pluripotency of these 

stem cells is enhanced by the loss of TSG p53, which implicate a close link between 

tumorigenesis and reprogramming (Kanatsu-Shinohara et al. 2016). As previously mentioned, 

the MYCN gene is almost completely silenced after the completion of embryogenesis and will 

only be reactivated in the SSC population at the onset of puberty (Kanatsu-Shinohara & 

Shinohara 2013). Therefore, the MYCN gene can be reactivated beyond embryogenesis and 

potentially has an important role in maintaining the OC stem cell-like phenotype in the C5 

HGSOC, which all have obligatory loss of TSG p53.   
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1.9   Research rationale 

One of the main focuses of this PhD study is to improve our understanding of the early 

biological processes that underpin HGSOC tumorigenesis. Ultimately, unravelling these will 

be key in overcoming the barriers to improving the outcome for women with this disease 

(Henderson et al. 2018). This can be achieved by improving early OC detection methods and 

exploring effective OC preventative therapies, which could be accomplished with better 

understanding of the mechanisms behind OC malignant transformation and their biological 

vulnerabilities. The second focus of this study is on developing robust pre-clinical models for 

HGSOC in order to explore novel therapeutics and these models will be important research 

tools to investigate the mechanisms of drug resistance.  

 

The MYCN pathway is an attractive candidate genetic event to study given its multitude of 

relevant cellular functions and it is upregulated in up to 20% of the established HGSOC. 

Interestingly, both MYCN and LIN28B genes, which are key components in the MYCN 

pathway, can drive many cancer hallmark biological effects as described above, such as 

sustained proliferation, invasion, migration, avoidance of immunosurveillence and 

deregulation of cellular metabolism (Hanahan & Weinberg 2011). In addition to that, both 

genes are important early embryonic genes that can drive the omnipotent state of primitive 

cells during early organ development thus maintaining their stem cell-like phenotypes. 

Therefore, deregulation of MYCN and/or LIN28B, and other genes linked to the MYCN pathway 

together with the loss of p53 function, may be fundamental in the development of the C5 subset 

of HGSOC or O/FTCS.  

 

We hypothesize that the loss of certain key regulatory mechanisms that were in place to govern 

the expression of early developmental genes such as MYCN or LIN28B can be a driver of cancer 

development. Therefore, the dysregulated expression of MYCN and LIN28B are crucial 

genomic anomalies in malignant cell development. Therefore, the MYCN pathway may 

represent a “dangerous tumorigenic switch” that is an ever-present threat in all normal tissues 

or pre-malignant cells. It is not surprising that there are many fail-safe mechanisms employed 

within the body to either suppress or eradicate cells that over-express MYCN. 

 

In summary, understanding the role of MYCN pathway activation in HGSOC and O/FTCS 

tumorigenesis is important and targeting MYCN together with its vulnerabilities in certain 
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subtypes of OC may be potentially very effective and could be an area worthy of exploration 

for eventual revenues of treatment of these lethal cancers.   

 

1.9.1   Transgenic mouse models of OC 

Over the last three decades, the improvement of genomic understanding of cancer 

tumorigenesis has fuelled the generation of many genetically engineered mouse cancer models 

that can reproduce these genetic events in an autochthonous in vivo setting to enable de novo 

tumour development in a native immune-proficient host (Gengenbacher, Singhal & Augustin 

2017; Hanahan et al. 2007). The current GEMMs have advanced from “simple” transgenic 

mice that harbour integrated oncogenes under the regulation of a tissue-specific minimal 

promoter and models generated using locus-specific gene-targeting methodology to 

incorporate conditional models that use site-specific recombinase (SSR) systems that allow 

spatial and temporal controlled introduction of human cancer relevant mutations into mice 

(Capecchi 1989; Jonkers & Berns 2002). These mutations can be inducible with the use of 

exogenous delivery of SSR to organ of interest, tissue specific expression of SSR fused with a 

hormone responsive nuclear domain or through doxycycline-inducible Tet systems (Jackson et 

al. 2001; Vooijs et al. 2001; Schonig et al. 2002). These mouse models can faithfully 

recapitulate both molecular and histopathological features of human cancers as well as be used 

as pre-clinical cancer models due to their strong predictive power for drug response and 

resistance (Gengenbacher et al. 2017). Furthermore, by demonstrating de novo tumorigenesis 

within a fully immunocompetent host microenvironment, these models can be utilised in 

precision cancer modellings, cancer prevention researches and immunotherapy studies 

(Zitvogel et al. 2016; Le Magnen et al. 2016). 

 

The application of GEMM in HGSOC has improved the understanding of cell of origin and 

early tumorigenic processes for certain subsets of HGSOC. Using SSR that introduces ovarian 

cancer relevant mutations such as inactivation of Tp53, Brca1, Brca2, Rb1, Nf1 and Pten under 

the control of FT epithelium specific promoters (Pax8 or Ovgp-1 promoters) confirmed that 

HGSOC and O/FTCS can be generated from the FT epithelium (Perets et al. 2013; Zhai et al. 

2017; Sherman-Baust et al. 2014). These tumours closely resemble their human tumour 

counterparts including the observation of the development of pre-malignant STIC lesions and 

metastasis into the peritoneum. However, incorporating over-expression of MYCN or Lin28b 
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to drive the MYCN pathway with inactivation of Tp53 and other OC relevant cancer genes have 

yet to be studied.  

 

1.9.2   Patient derived xenograft models are ideal pre-clinical models  

Robust clinically relevant models that retain the molecular, genetic and histopathological 

features of patient tumours are essential scientific tools to interrogate the biology of HGSOC 

and for exploration of novel therapeutics (Gengenbacher et al. 2017).  Unfortunately, human 

cancer cell lines used as in vitro models have limited clinical relevance in pre-clinical 

assessment of novel chemotherapeutics due to the non-physiological nature of cell culture in 

2D resulting in extraneous phenotypes (Liu, Bult & Shultz 2016). Most HGSOC cell lines 

reported in the literature were revealed to have profound differences in terms of copy-number 

changes, mutations and gene expression profiles compared to human HGSOC samples 

(Domcke et al. 2013). Furthermore, C5 or MYCN driven human ovarian cancer cell lines are 

not readily available and have been difficult to generate, in our experience. This may be due to 

the strong senescence effect of downstream components of the MYCN pathway such as 

HMGA2 overexpression, which are important in maintaining a stem cell-like behaviour 

(Nishino et al. 2008).  

PDX has been shown to largely maintain the cellular, histologic and genomic characteristics 

of the original cancer (Weroha et al. 2014). This includes the in vivo drug response in PDX 

models, which largely reflects that which is observed in the patient (Topp et al. 2014). 

Moreover, of equal importance, tumour heterogeneity can be largely conserved within the PDX 

models; however, with subsequent passaging in vivo, many aspects of the tumour 

microenvironment, including the stromal cells, may be lost and be replaced with the host 

murine stroma (Lodhia et al. 2015). Currently, the PDX model is the only model system that 

can directly incorporate the vast inter-tumoral and intra-tumoral heterogeneity, which is 

inherent to human cancer (Gengenbacher et al. 2017b). Therefore, PDX models are a more 

reliable surrogate for human ovarian cancer than in vitro cancer cell line and 3D models. 
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1.9.3   PhD study aims   

I aimed to investigate the role of MYCN pathway activation in HGSOC tumorigenesis and to 

establish its relevance as an early genetic event. I aimed to build pre-clinical models to show 

that the activation of this pathway in the context of p53 dysfunction could drive OC 

development in FTSEC.  

In order to explore novel therapeutic approaches for women with “C5” HGSOC, I aimed to 

characterise a cohort of HGSOC PDX models for use as a pre-clinical experimental platform. 

I hypothesised that with molecular characterisation of the PDX models, in conjunction with an 

understanding of MYCN pathway biology, we would be able to identify therapeutic compounds 

with in vivo efficacy. These data could inform further drug development and/or clinical trials.  

My second hypothesis was that O/FTCS, which shares genomic similarities with “C5” 

HGSOC, and has few therapies available, would also respond to MYCN targeted therapies. 

Using the O/FTCS GEMM and PDX models, I aimed to test the most effective therapeutic 

compounds from the C5 HGSOC PDX models to generate pre-clinical data for a clinical trial 

proposal. The establishment of the O/FTCS GEMM cohort will be an important resource 

together with the PDX models, to enable understanding of the biology of O/FTCS and 

exploration of other novel therapeutic approaches. 

 

Aim 1: To understand the role of the MYCN pathway in HGSOC tumorigenesis  

The GEMM approach was utilised to study the role of MYCN pathway activation in HGSOC 

tumorigenesis. The PAX8-rtTA strain on a C57B1 background was acquired from Dana Farber 

Cancer Institute, Department of Medical Oncology, US through a collaboration with Professor 

Ronny Drapkin. These transgenic mice express the reverse tetracycline-controlled 

transactivator (rtTA) under the control of the PAX8 promoter (Traykova-Brauch et al. 2008). 

The kai-tetO Cre mice that express Cre recombinase in a tetracycline-dependent manner on a 

FVB background was acquired through Professor Jane Visvader, Stem Cells and Cancer 

division, WEHI, which was originally sourced from Osaka Bioscience Institute, Japan 

(Schonig et al. 2002). The combination of both transgenes was utilised as murine fallopian tube 

secretory epithelial cell specific driver for the relevant genetic alterations including inactivation 

of Tp53 (loss of function and/or dominant negative inactivating R172H mutation) and MYCN 

pathway activation through MYCN or Lin28b over-expression.  
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The p53lsl-R172H strain on a C57BL/6 background was acquired through Dr Tracy Putoczki, 

Inflammatory Division, WEHI, which was originally sourced from the Jackson Laboratory. 

The conditional point mutation p53 allele was genetically engineered into the endogenous 

murine p53 locus, which encodes the structural mutant p53R172H  (Olive et al. 2004). Lastly, the 

LSL-Lin28b strain on a mixed 129X1/SvJ and the LSL-MYCN strain on a BL/6 background 

were obtained from University Hospital Essen, Germany through Professor Johannes Schulte. 

The Lin28b and MYCN genes were cloned downstream of a CAG promoter and a loxP-flanked 

strong transcription termination site where Cre recombinase excision transcription termination 

site will lead to constitutively over-expression of Lin28b or MYCN (Molenaar et al. 2012).  

The role and relevance of MYCN pathway in OC tumorigenesis have yet to be studied. Using 

these GEMM, I will explore the effect of MYCN pathway activation with obligatory loss of 

p53 in the Pax8 positive murine FTSEC.  

 

Aim 2: To identify novel therapeutic agents with in vivo activity in characterised “C5” 

HGSOC patient-derived xenografts (PDX) 

Fresh HGSOC tumour fragments are transplanted via the sub-cutaneous route into immuno-

compromised non-obese diabetic severe combined immunodeficient (NOD-SCID) interleukin-

2 receptor (IL-2r)-null recipient (NOD-SCID-IL-2r) mice to generate PDX models for 

therapeutic studies.  A series of HGSOC PDX models, both C5 and non-C5 subtypes, were 

generated in the laboratory as well as obtained from collaborator, Professor Paul Haulaska from 

the Mayo Clinic, USA. These PDX models have been shown to retain their original biological 

characteristics including their responses to standard OC therapies (Weroha et al. 2014; Topp 

et al. 2014).  

Using these PDXs as HGSOC pre-clinical models, I will test the in vivo response of novel 

candidate therapeutics for MYCN-driven ovarian cancers, including the bromodomain (BRD4) 

inhibitor (IBET-726), a CHK1 inhibitor (CCT244747/SRA737) and microtubules inhibitors 

(vinorelbine and eribulin).  
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Aim 3: To develop and utilise novel GEMM and PDX models of O/FTCS to identify novel 

therapeutics for O/FTCS 

Genetic events driving the O/FTCS tumorigenesis remain unknown and poorly understood 

(Rauh-Hain et al. 2016). A GEMM utilising Ovgp-1 tissue-specific promoter showed that 

inactivation of p53, Nf1, Rb1 and Brca1 can lead to the development of O/FTCS in the 

oviductal epithelium (Zhai et al. 2017). This demonstrated that the oviduct, which is also 

known as the FT, can be one of the sites of origin for O/FTCS.  

 

Utilising the Pax8-rtTA kai-tetO CRE transgenic mice system, I aim to develop a novel GEMM 

of O/FTCS by directing the inactivation of p53 and Rb1 together with over-expression of 

Lin28b, in order to drive the action of the MYCN pathway, to the FTSEC.  In parallel, six 

O/FTCS PDX models were generated, validated and characterised as pre-clinical models to 

generate in vivo data to support the development of a clinical trial for O/FTCS.  
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2   Materials and methods 

2.1   Transgenic mouse model  

2.1.1   Mouse strains 

All animal studies and procedures were approved by the Walter and Eliza Hall Institute for 

Medical Research animal ethic committee. The PAX8-rtTA strain on a C57B1 background was 

acquired from Dana Farber Cancer Institute, Department of Medical Oncology, US through a 

collaboration with Professor Ronny Drapkin. The kai-tetO Cre strain on a FVB background 

was acquired through the Visvader Laboratory, Stem Cells and Cancer division, WEHI and 

this was originally sourced from The Osaka Bioscience Institute, Japan. The LSL-Lin28b strain 

on a mixed 129X1/SvJ background and LSL-MYCN strain on a BL/6 background were obtained 

from The University Hospital Essen, Germany through a collaboration with Professor Johannes 

Schulte. And lastly, the p53lsl-R172H strain on a C57BL/6 background was acquired through Dr 

Tracy Putoczki, Inflammatory Division, WEHI and this was originally sourced from the 

Jackson Laboratory. All three transgenic strains utilised the Pax8 as a tissue specific promoter 

to drive the expression of doxycycline inducible rtTA activator (Traykova-Brauch et al. 2008). 

The rtTA activator was used to induce the expression of Cre-recombinase gene in all these 

strains via kai-tetO Cre system (Schonig et al. 2002). Table 2.1 describe all the transgenes and 

their purposes in generating the GEMM. The generation of the experimental mice with multiple 

transgenes was undertaken by crossing and breeding mice on a mixed background, 

predominantly on a mixed FVB/NJ and C57B1/6 murine background. The SV40 strain, which 

was previously utilised in the laboratory to generate the GEMM O/FTCS tumour, was no 

longer used for transgenic experiment.  

 

Table 2.1: Single gene transgenic mice strains 

Name Original name
Gene notation 

(het)
Original reference Purpose

Pax8 Pax8-rtTA T/+ Traykova-Brauch et al. Tisue specific promoter

CRE kai-tetOcre T/+ Schoning et al. Cre-recombinase

MYCN LSL-MYCN KI/+ Molenaar et al. human MYCN  over-expression

Lin28b LSL-Lin28b KI/+ Molenaar et al. murine Lin28b  over-expression

p53 p53 lsl-R172H KI/+ Olive et al. dominant negative mutant Tp53  expression

SV40 tgCAG-LS-TAg lox/+ Laviolette et al. p53 and rb1 protein function disruption
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Table 2.2: Final GEMM mice cohort/strains 

 

2.1.2   Genotyping 

All transgenic mice were genotyped to assess the presence of all the relevant transgenes 

according to their breeding strategies. A piece of tail was taken when the mouse pups were 

weaned and another piece was taken at the time of tumour harvest. The piece of tail taken at 

weaning of the pup was sent to TransnetYX, Inc. for genotyping using custom design probes 

(Table 2.3). A confirmatory genotyping was performed on the tumour and the subsequent tail 

taken if a tumour was identified at the end of the experiment.  

 

Table 2.3: Genotyping probes 

 

2.1.3   Activation of transgene  

The activation of the transgenes was achieved using the Tet-On system. A course of 

doxycycline was administered either by chow (Glen Forrest Stockfeeders SF08-026) or with 

drinking water (Sigma-Aldrich) at 600mg/kg or 0.2mg/ml respectively. Mice were activated 

when they were between 3 and 7 weeks of age and these mice were treated for 2 weeks to allow 

adequate doxycycline exposure. 

Name Effect of induction/Purpose

MYCN Pax8 CRE p53 MYCN
Permanent MYCN  over-expression and 

expression of mutant Tp53  in Pax8 
fallopian tube cells 

LIN28B Pax8 CRE p53 Lin28b
Permanent Lin28b  over-expression and 

expression of mutant Tp53  in Pax8 
fallopian tube cells 

P53 Pax8 CRE p53
Stock p53 lsl-R172H mouse cohort and 

control

Single gene strain involved

Strain Probe name Forward primer Reverse primer Reporter 1 Reporter 2 Results 

Pax8 rtTA rtTAM2
ACAGTACGAAACCC
TGGAAAATCAG

GCGGACAGAGCGT
ACAGT

TCAGCAAGGCTTCT
CC

N/A +/-

kai-TetO Cre CRE
TTAATCCATATTGGC
AGAACGAAAACG

CAGGCTAAGTGCCT
TCTCTACA

CCTGCGGTGCTAAC
C

N/A +/-

LSL-Lin28b Neomycin
GGGCGCCCGGTTCT
T

CCTCGTCCTGCAGTT
CATTCA

ACCTGTCCGGTGCC
C

N/A
+/- for presence of 

transgene

LSL-Lin28b ROSA WT
TTCCCTCGTGATCTG
CAACTC

CTTTAAGCCTGCCC
AGAAGACT

CCGCCCATCTTCTAG
AAAG

N/A
+/- for presence of wild 

type loci

LSL-MYCN MYCN Tg
GACCACAAGGCCCT
CAGTAC

CACGTCGATTTCTTC
CTCTTCATCT

ATCTTCATCATCTGA
ATCGC

N/A +/-

p53 lsl-R172H Trp53-1 MUT
CATCTACAAGAAGT
CACAGCACATG

GGAGCAGCGCTCAT
GGT

TGAGACGCTGCCCC TGAGACACTGCCCC ++/+-/--
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2.1.4   Harvest and collection of tissue  

Only the female transgenic mice carrying the desired transgene alleles were allocated for 

doxycycline treatment (chow or drinking water) for transgene activation. Once the transgenes 

were activation, the mice were either sacrificed at specific time points or observed for tumour 

development for up to 18 months. Transgenic mice that were selected for experimental 

harvested or were unwell were euthanized by CO2 asphyxia for experimental tissue collection. 

A piece of tail was taken at the time of harvest and to be used for genotype confirmation, if 

necessary. A general autopsy was performed on every euthanized mouse to evaluate for 

tumour, ascites and gross abnormalities within the abdominal cavity/organs. The thyroid, 

kidney, liver, spleen, pancreas, thymus, heart, lung, and brain were collected and fixed in 10% 

neutral buffered formalin (NBF) for paraffin embedding as part of the standard harvest 

(Figure2.1).  

 

 

Figure 2.1: Schematic of harvest process 
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2.1.5   Fallopian tube harvest 

The gynaecologic organs collected during experiment harvest separated into two en bloc 

gynaecologic specimens of an ovary, a fallopian tube and section of the distal uterus. One set 

of the gynaecologic organs was placed in collection media (10% FCS in HEM or DMEM) to 

be transferred to the microscopy room on ice. The second set of gynaecologic organs was fixed 

in 4% paraformaldehyde (PFA) either at room temperature for 4 hours or overnight at 4 degrees 

Celsius. Following fixation, the specimen was trimmed with a blade to remove the distal half 

of the ovary and most of the uterus without disrupting the FT. This was transferred into 80% 

ethanol and then subsequently for paraffin embedding (performed by the WEHI histology 

laboratory). The trimming of the specimen allowed the WEHI histology laboratory staff to 

orientate the specimen appropriately during the paraffin embedding process.  

The gynaecologic specimen, which was placed in transfer media, was macro-dissected to 

collect the FT. Under the dissection microscopy, the adipose tissues were removed to reduce 

non-fallopian tube contamination. The ovary was bluntly dissected away using the back of the 

dissection scissors to expose the FT by manually tearing the bursae apart. The fimbria was 

identified, which looked like a bunch of cauliflower under the microscope (Figure 2.2 B), and 

gently picked up with sharp forceps to allow the FT to be dissected away near the base of the 

FT. It was important to leave a substantial FT stump behind to reduce the risk of uterine cell 

contamination. The FT dissected were either divided into the fimbria, the distal and the mid 

fallopian tubes for snap freezing in 600ul of trizol which will be used for subsequent analysis 

or to be used immediately for digestion or implantation into surrogate CBA/nu mice.  

 

Figure 2.2: Fallopian tube macro-dissection 

 

A B
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2.1.6   Ovarian tumour harvest  

When a mouse became unwell or tumours were palpable by physical examination, a full 

autopsy of the mouse was performed when the mouse was euthanized to evaluated the tumour 

gross extent, and to macroscopically examine the ovaries, the oviducts, the uteri, the lungs, the 

abdominal organs, the omentum and the mesentery for visible abnormalities. Tumour identified 

on the ovaries or in the peritoneum were harvested and divided into multiple pieces. The most 

viable looking tumour pieces were subcutaneously implanted into NSG mice. Another viable 

looking piece of tumour was place in transfer media for mincing and cryopreservation in 10% 

DMSO. The rest of the tumour were snap frozen and fixed in NBF. A piece of the tumour was 

sent for genotyping to confirm the tumour genotype. The subcutaneous transplantation and 

DMSO cryopreservation methods will be described later in this chapter.  

 

2.2   Immunohistochemistry 

2.2.1   Fallopian tube specimen 

Following fixation with 4% PFA (either overnight in the cold room or 4 hours in room 

temperature), the fixed tissue was trimmed and transfer into 80% ethanol and then processed 

by the WEHI histology department for paraffin embedment. The trimmed and fixed 

gynaecologic specimen was orientated longitudinally during the paraffin embedding process 

to ensure coverage of each slide sectioned to include the ovary, the FT and the uterus (figure 

2.3). During the histologic sectioning of paraffin embedded specimen, the paraffin block was 

trimmed at 3 microns until the FT were identified in the histology section. Thereafter, 11 slides 

of the histology block were cut at 3 microns thickness. Section 1, 6 and 11 were stained in 

hematoxylin and eosin (H&E) by the WEHI histology department for evaluation by light 

microscopy and the rest of the slides were left unstained.  
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Figure 2.3: Histology processing of fallopian tube 

 

2.2.2   Tumour specimen  

Harvested tumours were fixed (NBF) and paraffin embedded by the WEHI Histology 

Department (standard tissue orientation) and sectioned, before hematoxylin and eosin (H&E) 

staining. Immunohistochemistry (IHC) was also performed by the WEHI histology 

department. Relevant tumour blocks will be selected for further IHC staining. 

 

2.2.3   Automated immunostaining and high definition scanning 

IHC was performed by the WEHI histology department. Primary antibodies are listed in Table 

2.4. Slides were scanned with the 3D Histech Panoramic Scan II providing a permanent and 

digital record of staining. Zeis Axioplan microscope was used to score staining. Histology 

images were processed using FIJI image application.  
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Table 2.4: List of antibodies and conditions (human and murine) 

 

2.2.4   qRT PCR and analysis 

RNA was extracted from fresh frozen FT pieces in trizol using the Direct-zol™ RNA MiniPrep 

(Zymo Research) kit as per manufacturer instructions. The FT specimen in frozen trizol was 

lysed using TissueLyser II (Qiagen) for 4 minutes at 20 Hz with a stainless-steel ball (two 

sessions of 2 minutes to allow even homogenization). Quantification of the RNA extracted was 

performed using the Qubit® RNA (High sensitivity) Assay kit as per manufacturer 

instructions. The quality of the RNA extracted was assessed using the Agilent High Sensitivity 

RNA ScreenTape on 4200 Tapestation as per manufacturer instructions to enable quality 

scoring (RINé score). 

The total RNA was converted into cDNA using a 27ul reaction protocol at 50 degrees Celsius 

for 60 minutes and then 70 degrees Celsius for 15 minutes. The reaction mixture is listed below 

(Table 2.5).  

 

Table 2.5: cDNA reaction mixture 

Protein
Catalogue 
number

Company Species Type Clone name Dilution

Pax8 10336-1-AP Proteintech Human, mouse Rabbit polyclonal AG0306 1:20,000

P53
NCL-L-p53-

CM5p
Leica Biosystem Mouse Rabbit polyclonal p53-CM5 1:500

PanCK ab27988 Abcam Human, mouse Mouse monoclonal AE1/AE3 1:500

Ki67 #9129 Cell Signaling Human, mouse Rabbit monoclonal D3B5 1:500

CD45 553076 BD Pharmingen Mouse Rat monoclonal 1:100

Hmga2 # 59170AP BioCheck Mouse Rabbit polyclonal 
Anti-HMGA2-

P
1:100

Hmga2 #8179 Cell Signaling Human, mouse Rabbit monoclonal D1A7 1:400

Reagent Concentration Supplier
FS buffer  1x  Invitrogen

DTT  0.1M  Invitrogen
RNAseOUT  2 U/µl  Invitrogen

Superscript III RT 200U/µl  Life Technologies
Oligo(dT)20  50µM  Invitrogen

dNTP  12.5mM  Invitrogen
Sample (RNA) 25ng to 500ng Own



 72 

qRT PCR to analyse mRNA levels was carried out in 10ul reactions using 5ul of Taqman® 

Gene Expression Master Mix with 0.5ul of custom Taqman probes and primers. These were 

performed either using the ABI 7900HT instrument (Applied Biosystems) or the ViiA7 real-

time PCR instrument (ThermoFisher Scientific). The taqman probes used were dependent on 

the tissue sample type and the list of Taqman probes were as in table 2.6. Gapdh, B-actin and 

Hprt1 were used and analysed as controls. The control sample for Lin28b, Ccne1 and Hmga2 

was the RNA extracted from a mouse ESC cell line, obtained from Associate Professor Joan 

Heath’s laboratory. 

The analysis of qRT-PCR data was performed using Microsoft Excel and GraphPad Prism 7 

software. Average CT values and the delta CT between the gene of interest and the combined 

house keeper genes were determined using Excel. Finally, the fold change and fold change 

range of the normalised CT value (delta delta CT and SD delta delta CT) were calculated. 

These values were used to plot the qRT-PCR graph using Prism 7. MYCN expression was 

normalized to the lowest detectable MYCN mRNA level. Lin28b, Ccne1 and Hmga2 were 

normalized to the mouse ESC levels.  

 

Table 2.6: List of Taqman probes and primers 

 

2.2.5   Intra-bursae implantation  

This method was relevant for the generation of GEMM of O/FTCS. FTs harvested were macro-

dissected into the left and right fimbriae, the left and right distal-fallopian tube, and the left and 

Probe name Catalogue number

lin28b Mm01190673_m1

mycn Mm00476449_m1

hmga2 Mm04183367_g1

ccne1 Mm01266311_m1

gapdh Mm99999915_g1

hprt1 Mm03024075_m1

b-actin Mm02619580_g1

MYCN Hs00232074_m1
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right mid-fallopian tube, which were placed in chilled DPBS solution. Gentle mincing of these 

specimens with syringe needles ensured a degree of disruption to the epithelial cells layers. 

CBA/nu mice used for these experiments were anesthetised with caprofen and ketamine (as 

per SOP). An incision on the left flank of the mouse was made using a dissection scissor to 

expose the mouse’s peritoneum. A further incision was made to the peritoneum to expose the 

abdominal cavity to access the fat pad that surrounds the left ovary. The ovary was retrieved 

using a pair of forceps and kept in place using a fat pad clipper. The bursae of the ovary were 

torn with a couple of sharp forceps and a piece of FT specimen was place inside the intra-

bursae space using a precision syringe/needle. The ovary was gently placed back into the 

peritoneal space and a non-absorbable suture was used to close the peritoneum lining. A 

surgical clip was applied to close the skin incision. The mouse was kept on a heat pad during 

the recovery period following surgery.   

 

2.3   Organoid  

2.3.1   Fallopian tube digestion  

The whole FT, including the fimbria, was used for FT digestion to generate clusters of cells for 

organoid and 2D culture using a digestion protocol that was optimised and adapted from the 

Drapkin laboratory, UPENN. The FT was minced into a fine slurry using two surgical blades. 

The FT slurry was re-suspended in 1000ul of pronase based digestion media (see table 2.7 for 

digestion media recipe) and transferred into a 50ml falcon tube. Another 1000ul digestion 

media was used to wash the petri dish used for mincing and placed into the same 50ul falcon 

tube. The digestion media with minced FT was incubated at 37 degrees Celsius under constant 

agitation at 170 rpm for 1 hour. The solution was filtered through a 70micron cell strainer and 

10ml of DMEM/F12 media was used to wash the cell strainer. The wash through filtered 

solution was centrifuged at 300G for 5 minutes. The supernatant was carefully removed using 

a 1000ul pipette. The small cell pellet, which was barely visible to naked eye, was re-suspended 

in 1ml of cold DPBS and centrifuged again at 300G for 5 minutes. The supernatant was 

removed. Lastly, the final cell pellet was re-suspended in 500ul of cold DPBS. Cell numbers 

were estimated using the Countess Automated Cell Counter by Thermo Fisher Scientific 

Invitrogen. 
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Table 2.7: Digestion media 

2ml of digestion media was required for one pair of fallopian tube digestion. 280ul of pronase and 200ul of DNAse were 
added to 1520ul of RPMI to make the digestion media required. 

 

2.3.2   Organoid culture  

The FT digested cells were initially seeded on layer of EGF low matrigel in serum free +7 

media to remove dead debris (optional step). Foetal calf serum (FCS) coated pipette tips were 

used to ensure that cells did not stick to the pipette tip during plating. Live cells, roughly about 

10,000 cells, were seeded in multiple 10ul EGF low matrigel dome in serum free +7 media. 

The media was changed every 2 to 3 days pending on the colour of the media.  

Ingredient 
Stock 

concentration
Supplier

Catalogue 
number

Storage

RPMI Standard WEHI Media 4°C

DNAse 1mg/mL Sigma 10104159001 -30

Pronase 10mg/mL Sigma 10165921001 -30

DPBS 1x Gibco 14190-144 Room temp

DMEM/F12 1x Gibco 10569-010 4°C
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Table 2.8: Base media and organoid supplements 

 

For the digestion of organoids for passaging and cryopreservation, 0.6u/ml of dispase was 

added on top of matrigel dome followed by a 45 minutes incubation at 37 degrees Celsius. The 

resultant solution was pipetted into a 1.5ml Eppendorf tube. The organoids were physically 

disrupted using a 26G needle and syringe (optional). Alternatively, 1x TrypLE can be added 

followed by a 5 minutes incubation at 37 degrees Celsius. The digested organoid can be re-

plated using the same protocol as described above.  

The dispase treated organoids were directly cytospun down at 300rpm for 3 minutes and fixed 

with 4% PFA for 10 minutes followed by two DPBS washes. The PFA fixed organoids were 

immediately stained for Pax8 by the WEHI histology department. 

  

Media Ingredient Final concentration

Advanced DMEM/F12 1x

Hydrocortisone 0.1ug/ml

EGF 50ng/ml

Hepes 10mM

Glutamax 1x

Primocin 0.20%

Base media 50ml

N-Acetylcysteine 1.25uM

FGF10 10ng/ml

Nicotinamide 1mM

Noggin 0.005

Rocki Y-27632 5uM

R-Spondin 0.01

B27 1x

Base media

Expansion media
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2.3.3   Organoid growth analysis  

The organoids were imaged at 10x and 20x magnification on day 1, day 4, day 8 and day 12. 

The area size of each organoid was calculated using FIJI image (Image J) processor. The 

calibration of the Image J scale was based on a photographed haemacytometer grid image. The 

area around the organoids were marked manually and the “analysed particle” function was 

utilised to estimate the surface the areas. The data was plotted and analysed using the Prism 6 

programme.  

 

2.4   Human tissue  

2.4.1   Clinical sample collection and processing 

Tumour specimens were collected from chemotherapy naïve and post chemotherapy treated 

patients enrolled in the AOCS who underwent surgery at the Royal Women’s Hospital. Prior 

to collection, a written informed consent was obtained from all patients for inclusion into the 

study. The AOCS was approved by the Human Research Ethics Committees at the Peter 

MacCallum Cancer Centre, Queensland Institute of Medical Research, University of 

Melbourne, The Royal Women’s Hospital and all other participating hospitals. Additional 

approval was obtained from the Human Research Ethics Committees at the Royal Women’s 

Hospital and the Walter and Eliza Hall Institute for bio-banking purposes. Clinical follow-up 

of patient outcome was obtained via the CONTRO-engine GEMMA database based in the 

Royal Women’s Hospital. 

The fresh human cancer tissue was placed in DMEM media for transfer from the hospital to 

the tissue processing laboratory at WEHI. The samples obtained were de-identified and 

labelled only with the surgical histology number. The tumour pieces were examined and the 

necrotic regions of the tumour were dissected away. The viable-looking tumour pieces were 

divided into several portions and were processed immediately. A portion of the tumour material 

was subcutaneously transplanted into 6 to 12 NSG mice (transplantation method will be 

described later in this chapter). A portion of the tumour was fixed in NBF at room temperature 

for a minimum of 24 hours before being sent to the WEHI histology laboratory for paraffin 

embedding using standard histology procedure. A portion of the viable-looking tumour was 

minced into a fine slurry using two blades and cryopreserved in 10% DMSO under controlled 

freezing. These were stored in liquid nitrogen. Lastly, a portion of the tumour was divided into 

smaller pieces between 2 to 4 mm in diameter fragments and were snap frozen.  
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2.4.2   Acquisition of PH PDX tumour  

Eleven HGSOC and 8 O/FTCS cryopreserved PDX samples were obtained from collaborator, 

Dr Haluska (Mayo Clinic, USA) (Weroha et al. 2014). These samples were thawed and 

subcutaneously transplanted into NSG mice.     

 

2.4.3   Immunohistochemistry  

Formalin fixed tumour samples from the baseline and subsequently passaged PDX tumours 

were sectioned and sent for automatic immunostaining performed at WEHI histology 

laboratory using the Ventana BenchMark Ultra (Roche Diagnostics, USA). The following 

clones from Ventana and other sources were used for immunostaining (see table 2.4). Both the 

baseline and the T1 PDX tumours were screened by IHC to ensure the implanted tumour 

resembled the original histology as compared to the histopathology report and to exclude 

generation of donor derived transplantable haematological malignancies.  

 

2.5   In vivo mouse studies 

2.5.1   Generation of patient derived xenograft (PDX) 

The immuno-compromised non-obese diabetic–severe combined immunodeficient, interleukin 

-2 receptor-g-null (NOD-SCID-IL-2rg) (NSG) mice generated from KEW, WEHI animal 

breeding facility aged between 6 to 8 weeks were used for the in vivo animal studies. The use 

of these animal had approval from the Melbourne Health Animal Ethics Committee and the 

WEHI Animal Ethics Committee.  

Under general anaesthesia with caprofen and ketamine, a 1-3 mm3 fresh tumour tissue fragment 

was placed subcutaneously in the left flank of the NSG mouse. Each mouse had been chipped 

with ISO FDX B Nano-Microchips and the tumour details together with the mouse 

number/information were recorded directly into StudyLog® digital database. The identity of 

each mouse can be established using a microchip scanner linked to the database.  

Tumour growth was monitored by measuring 2 perpendicular axes using digital callipers once 

weekly prior reaching tumour treatment size between 180mm3 to 300mm3 and twice weekly 

once the mouse had commenced treatment. The two perpendicular measurements were directly 
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recorded digitally into the StudyLog® system. The tumour volume was automatically 

calculated using the equation;  

Tumour volume (mm3) = 0.5236 x [larger diameter (mm) x smaller diameter (mm)2]. 

The mouse was sacrificed once the tumour volume reached 700mm3 and recorded at the end of 

experiment harvest. The harvested tumours were divided into several portions for further 

transplantation into new recipient mice to generate serial propagation, snap frozen, minced and 

viably frozen in 10% DMSO, and NBF fixed for histology assessment.  

 

2.5.2   In vivo drug studies 

 

Table 2.9 Summary of single agent compound in vivo dosing regimen 

 

In vivo cisplatin studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume were randomly assigned 

to treatment with cisplatin at 4 mg/kg given on day 1, day 8 and day 18 or DPBS vehicle given 

IP and IV on day1, day 8 and day 18. This regimen was chosen based on previous dose titration 

and timing studies in tumour-bearing NSG mice, which demonstrated that this cisplatin dosing 

regimen was the maximum tolerable dose (MTD) for these animals.  

Time to progression (PD) was defined as the time in days from commencement of treatment to 

an increase in average tumour volume above 20% from nadir, which was taken as the smallest 

average tumour volume recorded or from 200mm3 (measurements of tumour volume less than 

Compound Dosing regimen Route Vehicle Supplier

Cisplatin
4mg/kg on day 1, day 8 and 

day 18
Intra-peritoneal injection DPBS

Clifford Hallam Healthcare Pty Ltd 
(Hospital grade)

Vinorelbine
15mg/kg on day 1, day 8 

and day 18
Intravenous injection DPBS

Clifford Hallam Healthcare Pty Ltd 
(Hospital grade)

Paclitaxel
25mg/kg twice a week for 

21 days
Intravenous injection DPBS

Clifford Hallam Healthcare Pty Ltd 
(Hospital grade)

Eribulin
1.5mg/kg 3 times a week for 

21 days 
Intravenous injection DPBS Collaboration with Eisai Inc.

IBET 762
25mg/kg on alternate days 

for 21 days
Oral gavage

1% methylcellulose and 0.2% 
SDS

Selleckchem 

ABT-199
100mg/kg 5 times per week 

for 21 days
Oral gavage

10% Ethanol, 30% PEG400 and 
60% phospal p50

Selleckchem 

CCT244747 100mg/kg daily for 10 days Oral gavage
5% DMSO, 20% Tween 20, 65% 

PEG400 and 10% H20
Collaboration with ICR, UK
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200 mm3 were inaccurate). One hundred days of time to PD was chosen as a conservative 

measure to differentiate between cisplatin sensitivity versus resistance for these PDX models. 

Tumours with time to PD above 100 days were considered as platinum sensitive tumours and 

between 50 to 100 days were regarded as platinum resistant tumours. Tumours demonstrating 

lack of tumour response in tumour and/or PD before 50 days were consider to be platinum 

refractory (Topp et al. 2014). Unfortunately, the six-month timeline used to determine platinum 

sensitivity in the clinic was not reasonable, as that period of time represents one quarter of a 

mouse’s lifetime, and around one third of the life-time of an immuno-compromised mouse. 

 

In vivo vinorelbine studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume were randomly assigned 

to treatment with vinorelbine at 15 mg/kg given on day 1, day 8 and day 18 via tail vein 

injection or DPBS vehicle given inter-peritoneally and intravenously on day1, day 8 and day 

18. This regimen was chosen based on previous dose titration and timing studies in tumour-

bearing NSG mice.  

 

In vivo paclitaxel studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume from relevant PDX were 

randomly assigned to treatment with vehicle or paclitaxel at 25mg/kg given twice a week for 

3 weeks intraperitoneally. This regimen was chosen based on dose titration and timing studies 

in tumour-bearing NSG mice. 

 

In vivo eribulin studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume were randomly assigned 

to treatment with eribulin at 1.5 mg/kg given 3 times per week (Monday, Wednesday and 

Friday) for 21 days via tail vein injections or DPBS vehicle given inter-peritoneally and 

intravenously on day1, day 8 and day 18. This regimen was chosen based on previous dose 

titration and timing studies in tumour-bearing NSG mice and based on discussions with Eisai 
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Inc. This regimen was mainly used for the O/FTCS PDX models. Historically, eribulin was 

administered at 1mg/kg given 3 times per week for 21 days and this regimen was used 

predominantly in the HGSOC PDX models. The original GEMM O/FTCS bearing mice were 

treated with 1mg/kg of eribulin given twice a week for 4 or 8 doses. This regimen had been 

superseded by the two described regimens.  

 

 In vivo IBET 762 studies 

IBET 762 was initially given at 25mg/kg daily for 21 days via OG but due to consistent weight 

loss this regimen was discontinued. The historical dosing of IBET 762 at 15mg/kg given on 

alternate days for 21 days was deemed sub-therapeutic. The MTD dose of IBET 762 for tumour 

bearing NSG mice was 25mg/kg given on alternate days for 21 days via oral gavage. The 

vehicle treatment for IBET 762 was DMSO and cyclodextrin.  

 

In vivo ABT-199 studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume were randomly assigned 

to ABT-199 treatment at 100mg/kg given 5 times per week by oral gavage for 3 weeks. This 

dosing regimen was based on published MTD and recommended dose for ABT-199 in vivo 

experiment (Vaillant et al. 2013). The vehicle treatment was Phosal-50G:polyethylene glycol-

400:ethanol (6:3:1) given 5 times per week by OG for 3 weeks.  

 

In vivo CCT244747 studies 

Recipient mice bearing tumours between 180 to 300mm3 in volume were randomly assigned 

to CCT244747 treatment at 100mg/kg given by OG for 10 days or vehicle treatment with 5% 

DMSO, 20% Tween 20, 65% PEG400, 10% water at 0.01ml/g given by OG for 10 days. This 

dosing regimen was previously published and deemed tolerable in CBA/nu mice (Walton et al. 

2012).  
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In vivo combination vinorelbine + ABT-199 studies 

A pilot combination study on combination vinorelbine and ABT-199 showed that vinorelbine 

at 15mg/kg given on day 1, day 8 and day 18 together with ABT-199 at 100mg/kg given 5 

times per week for 21 days were tolerable in NSG tumour bearing mice. The combination 

treated tumour bearing mice in vivo data was compared to single agent vinorelbine at 15mg/kg 

given twice weekly for 21 days and to single agent ABT-199 given 100mg/kg 5 times per week 

for 21 days.  

 

In vivo combination IBET 762 + ABT 199 studies  

A pilot combination study on combination IBET 762 with ABT-199 also showed that IBET 

762 at 25mg/kg given on alternate days for 21 days together with ABT-199 at 100mg/kg given 

5 times per week for 21 days were tolerable in NSG tumour bearing mice. The combination 

treated tumour bearing mice in vivo data was compared to single agent IBET 762 at 25mg/kg 

given on alternate days for 21 days and single agent ABT-199 at 100mg/kg given 5 times per 

week for 21 days. 

 

2.5.3   In vivo data analysis  

The raw in vivo data for each PDX model were extracted from StudyLog® database in the 

“Individual measurements” XL spreadsheet format. An automated “Survival Application” 

based on Python platform was used to generate both the mean tumour volume vs time graph 

with associated 95% CI error bars and individual tumour volumes (Copyright 2017 Matthew 

Wakefield, The Walter and Eliza Hall Institute and The University of Melbourne). A Kaplan 

Meier (KM) graph was also generated using same program based on the 600mm3 as volume 

threshold for end of experiment harvest. Median TTH was also generated from the KM 

analysis. Pair wise Log Rank statistical tests were used to compare the outcome of each 

treatment arms to give a p value, which were ranked as p = * if >0.05, p = ** if >0.01, p = *** 

if >0.001 and p = **** if >0.0001. Prism 7 was also being used to generate the in vivo data 

tumour volume graphs and KM plot.  
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3   Transgenic mouse models - directing MYCN pathway activation and expression of 

mutant p53 to the fallopian tube secretory cells  

 

3.1   Introduction 

Previous studies with genetically engineered mouse models (GEMM) of OC have been 

conducted using obligatory TP53 mutation with loss of TSG Rb1, Pten, Brca1/2 and/or Nf1, 

and have demonstrated that HGSOC can originate from the secretory cells of the FT (Perets et 

al. 2013; Sherman-Baust et al. 2014; Zhai et al. 2017). Tumours that are generated from the 

GEMM recapitulate the human malignancies. In particular, both the HGSOC and the pre-

malignant FT secretory cells, also known as STIC, generated from these models expressed the 

lineage marker, PAX8. PAX8 has emerged as one of the most important surrogate markers for 

HGSOC and it is the most differentially expressed gene among OC and all other solid tumours 

(Laury et al. 2011). Furthermore, the loss or knockdown of Pax8 expression in OC cell lines 

leads to apoptotic cell death implicating its importance in maintaining OC malignant 

transformation (Cheung et al. 2011). More recently, there is new evidence to support the 

existence of a sub-population of Pax8 positive cells within the FT with a self-renewing and 

pluripotent capacity, capable of giving rise to both Pax8 positive secretory cells and Pax8 

negative ciliated cells (Ghosh et al. 2017). At present, the hierarchy and the functions of cells 

within the Pax8 positive FT cells, remain poorly understood.  

Serous tubal intra-epithelial carcinomas (STIC), which have been identified as one of the pre-

malignant precursors to HGSOC, were detected in both women who are at high risk for 

developing OC and those who already have disseminated HGSOC (Sherman et al. 2014). STIC 

lesions are defined as in situ carcinoma with both TP53 signature and increased proliferative 

capacity (Kindelberger & Crum 2007). Although, previous detailed histopathology analysis of 

the ovaries and FT obtained from risk reduction surgeries showed that between 10 to 15% of 

high-risk women have evidence of tubal intra-epithelial carcinoma (TIC) in the fimbriae, the 

actual incidence may be as low as 0.38% in these women (Kindelberger & Crum 2007; Samimi 

et al. 2018). In some cases, this may actually be OC metastasis particularly in women with 

established and advanced OC (Eckert et al. 2016). Nevertheless, the morphological and 

immunophenotypical features of these STIC lesions bear marked resemblance to HGSOC 

(Kuhn et al. 2016; Kuhn et al. 2010; Nik et al. 2014; Bowtell et al. 2015). These features include 

TP53 mutation, shortened telomeres and increased evidence of DNA damage. 
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As previously mentioned, based on gene expression profiling, HGSOC can be subcategorised 

into distinct molecular subgroups (Bell et al. 2011; Tothill et al. 2008; Tan et al. 2013; Wang 

et al. 2017). A comprehensive gene expression profiling of 285 serous and endometrioid 

cancers of the ovary, peritoneum and FT, performed by the AOCS, revealed four molecularly 

distinct subtypes of high-grade serous/endometrioid carcinomas (C1, C2, C4 and C5) (Tothill 

et al. 2008). The C5 subgroup, which comprises up to 20% of HGSOC, is associated with poor 

prognosis due to its treatment resistant phenotype. The overexpression of the MYCN oncogene 

and activation of the MYCN pathway, including the overexpression of the downstream target 

HMGA2, have been identified as potential driver mutations in the C5 subset of HGSOC 

(Helland et al. 2011). The MYCN pathway is thought to play an important role in maintaining 

progenitor cell population, cell migration and controlling the balance between cell proliferation 

and differentiation (Helland et al. 2011).  

The expression of MYCN in malignant cells has been shown to be intimately linked with the 

expression of LIN28B as well as the effect of LIN28B on the Let7 family of microRNAs 

(Helland et al. 2011; Molenaar et al. 2012). MYCN, LIN28B and HMGA2 functions are not 

only linked but also independently and strongly associated with stem cell behaviours and their 

specific overexpression in HGSOC in the context of overexpression of other stem cell markers, 

including c-KIT and LGR5 (Helland et al. 2011; Nishino et al. 2008; Cotterman & Knoepfler 

2009; Rickman et al. 2018). 

I hypothesised that these stem cell-like traits of C5 HGSOC progenitor cells, maintained by 

MYCN pathway activation, are significant and may be linked to rapid cancer cell repopulation 

after chemotherapy thus contributing to patients’ poor clinical outcomes. In addition to that, 

the role of MYCN and MYCN pathway activation in OC tumorigenesis is currently largely 

unknown and under-studied. Therefore, I aimed to explore the role of MYCN pathway 

activation in OC tumorigenesis by developing GEMMs targeting activation of the MYCN 

pathway to the Pax8 FT cells. If successful, these models would serve as an important proof of 

concept that MYCN pathway activation can drive OC tumorigenesis and be used to further 

investigate the underlying early OC tumorigenesis process that may be critical for cancer 

prevention and early detection in women at risk for C5 HGSOC. The tumours generated could 

also be used for pre-clinical testing of potentially relevant drugs.   

 



 85 

Two strategies were used in these GEMMs to initiate MYCN pathway activation. The LSL 

(loxP-Stop-loxP)-MYCN transgene encodes for human N-MYC and LSL-Lin28b encodes for 

murine Lin28b, both relevant components in the MYCN pathway (Molenaar et al. 2012). Mice 

bearing either of these transgenes were inter-crossed with Pax8-rtTA and kai-tetO Cre mice to 

drive Pax8-mediated MYCN or Lin28b expression in a Cre-inducible manner (Perets et al. 

2013). The expression of a dominant negative Tp53 mutant protein, p53R172H, in the Pax8 

fallopian tube cells was achieved by crossing to p53lsl-R172H knock-in mice (Olive et al. 2004).  

 

3.2   Results  

3.2.1   Generation of transgenic mouse models driving MYCN pathway activation and 

mutant p53 expression in fallopian tube secretory cells 

Pax8 has been established as an essential transcription factor for Mullerian organ development, 

which includes the FT, the fimbriae and uterus but not the ovaries (Ozcan et al. 2011). Ovarian 

development follows a different organogenesis pathway and is thought to be derived from the 

mesothelial layer of the peritoneum of the developing embryo and not from the Mullerian cells 

(Dubeau 2008).  

High magnification examination of Pax8 immunohistochemistry performed on mouse sections 

across the ovary, fimbriae and FT showed that only the secretory cells of the FT were Pax8 

positive (Figure 3.1 A and B). The murine Pax8 positive cells were detected at a higher density 

in the mid and proximal FT and lower in the fimbriae, consistent with the reported observation 

that the fimbriae have a higher population of Pax8 negative ciliated cells than Pax8 positive 

secretory cells (Ozcan et al. 2011). Pax8 immunostained cells were not seen within the ovary 

(Perets et al. 2013) and, in particular, not in the ovary surface epithelium consistent with 

previously reported findings from published literatures (Laury et al. 2011; Ozcan et al. 2011). 
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Figure 3.1 Transgenic mouse models directing MYCN pathway activation and expression of mutant p53 to 
fallopian tube secretory cells  

 

 

(A) Pax8 immunostaining of murine uterus, fallopian tube, fimbria and ovary showed that Pax8 positive cells 
were only present in the fallopian tubes and fimbria but not in the ovary with higher density seen in the middle 
FT region. 
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(B) Mutant p53R175H and overexpression of MYCN or Lin28b are spatially and temporally expressed in the pax8 
positive fallopian tube secretory epithelial cells using the Pax8 rtTA and TET-On CRE system (Traykova-Brauch 
et al. 2008; Schonig et al. 2002; Molenaar et al. 2012; Olive et al. 2004b). Exposure to doxycycline activates Cre 
expression in cells expressing Pax8. The p53lsl-R172H transgene lies within the wild type p53 allele with the 
point mutation in exon 5 and the LoxP-flanked transcriptional STOP cassette in the intron 1. The presence of the 
transgene effectively renders the existing p53 null.  

(C) Schematic representation of conditional Tp53, Lin28b, MYCN alleles, and Pax8-rtTA;TetO-Cre recombination. 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(D) Two different transgenic mouse models were generated to investigate the effect of MYCN pathway activation 
on early HGSOC tumorigenesis. Both LSL-Lin28b and LSL-MYCN transgenes lie within the ROSA26 locus of the 
mouse genome under the control of the internal chicken actin gene (CAG) promoter (Molenaar et al. 2012). CRE 
activation of these transgenes occurs by the removal of the transcriptional termination site 5’ of the Lin28b/MYCN 
allele.  

 

The PAX8-rtTA strain on a C57B1 background was acquired from Dana Farber Cancer 

Institute, Department of Medical Oncology, US through a collaboration with Professor Ronny 

Drapkin. These transgenic mice express the reverse tetracycline-controlled transactivator 

(rtTA) under the control of the PAX8 promoter (Traykova-Brauch et al. 2008). The kai-tetO 

Cre mice that express Cre recombinase in a tetracycline-dependent manner on a FVB 

background was acquired through Professor Jane Visvader, Stem Cells and Cancer division, 

WEHI, which was originally sourced from Osaka Bioscience Institute, Japan (Schonig et al. 

2002). The secretory epithelial cells and the pluripotent cells within the FT were targeted by 

utilising the Pax8-rtTA kai-tetOCRE system (Traykova-Brauch et al. 2008). The Pax8 
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promoter-driven reverse tetracycline-controlled transactivator (Pax8 rtTA) transgenic mice 

were crossed with kai-tetOCRE transgenic. The resultant mice with Pax8-rtTA kai-tetOCRE 

transgenes should have doxycycline inducible Cre recombinase expression only in cells that 

express Pax8. From now on these mice will be referred to as the Pax8 CRE mice (Figure 3.1 

B). 

The p53lsl-R172H strain on a C57BL/6 background was acquired through Dr Tracy Putoczki, 

Inflammatory Division, WEHI, which was originally sourced from the Jackson Laboratory. 

The conditional point mutation p53 allele was genetically engineered into the endogenous 

murine p53 locus, which encodes the structural mutant p53R172H  (Olive et al. 2004) (Figure 

3.1 D). Lastly, the LSL-Lin28b strain on a mixed 129X1/SvJ and the LSL-MYCN strain on a 

BL/6 background were obtained from University Hospital Essen, Germany through Professor 

Johannes Schulte. The Lin28b and MYCN genes were cloned downstream of a CAG promoter 

and a loxP-flanked strong transcription termination site where Cre recombinase excision 

transcription termination site will lead to constitutively overexpression of Lin28b or MYCN 

(Molenaar et al. 2012).  

In order to generate transgenic mouse cohorts with MYCN pathway activation and mutant p53 

expression, the Pax8 CRE mice were initially cross bred with p53lsl-R172H mice, which have 

LSL-p53R172H knocked-in to the p53 locus (Olive et al. 2004) (Figure 3.1 B). This created the 

Pax8 CRE p53lsl-R172H mice. At the same time, the Pax8 CRE mice were also crossed with LSL-

lin28b or LSL-MYCN mice, which have either murine Lin28b or human MYCN genes (Figure 

3.1 C). These cross breedings resulted in Pax8 CRE LSL-lin28b and Pax8 CRE LSL-MYCN 

mice.   

The Pax8 CRE p53lsl-R172H mice were crossed with Pax8 CRE LSL-lin28b or Pax8 CRE LSL-

MYCN to generate 476 mice of different genotypes representing all combinations involving the 

transgenes of interest: LSL-MYCN, LSL-Lin28b and p53lsl-R172H. As the p53lsl-R172H transgene 

lies within the wild type p53 allele, with the point mutation in exon 5 and the LoxP-flanked 

transcriptional STOP cassette in intron 1, the presence of the transgene renders the endogenous 

p53 allele null and homozygosity of p53lsl-R172H will effectively cause a global non-conditional 

knock-out (KO) of p53 in the transgenic mice (Figure 3.1 B). The p53lsl-R172H transgene was 

bred and categorised as heterozygous and homozygous for analysis and comparison.  
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The Pax8 CRE mouse cohorts produced the following subgroups, with simplified nomenclature 

indicated in brackets: no additional transgene (WT), p53lsl-R172H/WT (p53KI/+), p53lsl-R172H/lsl-R172H 

(p53KI/KI), LSL-Lin28b alone (Lin28b), LSL-Lin28b p53lsl-R172H/WT (Lin28b p53KI/+), LSL-

Lin28b p53lsl-R172H/lsl-R172H (Lin28b p53KI/KI), LSL-MYCN alone (MYCN), LSL-MYCN p53lsl-

R172H/WT (MYCN p53KI/+) and LSL-MYCN p53lsl-R172H/lsl-R172H (MYCN p53KI/KI). The 

generation of these transgenic mice is currently ongoing. A summary of all transgenic mice 

generated to date is listed in Table 3.1. The transgenic mice were allocated to: short term 

harvest, to validate transgene activation in the cells of interest; mid-term harvest, to assess early 

effects of these transgenes in the murine fallopian tubes; and long-term aging/survival, to study 

the effect of aging in these transgenic mice.  

 

Table 3.1 Summary of fallopian tube harvests 

The short-term harvest experiments centered on obtaining samples to validate the transgenic mouse. The fallopian 
tubes were harvested 2 to 3 weeks post doxycycline transgene activation. The mid-term harvest experiment, which 
was performed 6 to 20 weeks post doxycycline transgene activation, was to establish the early effects of each 
genetic aberration in the fallopian tube. The long-term harvest experiment aimed to establish the effect of aging 
in these transgenic mice.  

 

Cre recombinase expression in Pax8 cells was achieved by exposure to doxycycline. Mice were 

fed with doxycycline chow for 2 weeks from 8 to 16 weeks old to allow adequate systemic 

doxycycline exposure to enable the Cre recombinase cleavage of the loxP-Stop-loxP cassette.  

In summary, a total of 119 mice were harvested immediately post 2 weeks of transgene 

activation with doxycycline treatment to assess and validate transgene activation to the FTSEC, 

35 mice were harvested within 20 weeks to assess early effects of the activated transgenes on 

FT and 322 mice were left to age to establish the effect of aging post transgene activation. 

 

Short&term&
harvest

Mid&term&
harvest

n n n
Ovarian&
tumour Lymphoma Sarcoma Illness

Found&
dead

Planned&
harvest Alive

No&transgenes 45 10 71 0 1 0 0 2 40 28
p53$ lsl'R172H/WT$ 17 0 37 0 0 1 2 1 23 10

p53$ lsl'R172H/lsl'R172H 6 0 5 0 3 0 2 0 0 0
LSL'Lin28b 7 11 54 1 0 0 2 1 25 25
LSL'MYCN 9 0 25 0 0 2 1 2 12 8

Lin28b$p53$ lsl'R172H/WT 9 8 50 1 3 1 3 1 9 32
MYCN$p53$ lsl'R172H/WT 5 0 25 1 0 11 2 0 2 9

Lin28b$p53 $lsl'R172H/lsl'R172H 11 6 34 2 8 11 8 5 0 0
MYCN$p53 $lsl'R172H/lsl'R172H 10 0 21 2 8 6 4 1 0 0

Total 119 35 322 7 23 32 24 13 111 112

Long&term&harvest
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3.2.2   The Pax8-rtTA kai-TetO CRE system can direct the overexpression of MYCN or 

Lin28B and mutant p53 in FTSEC 

In order to assess how specific and effective the Pax8 CRE transgenic system is at directing 

the expression of genes of interest to Pax8 positive cells, the activity of CRE recombinase on 

the loxP-Stop-loxP cassette, stabilisation of mutant Tp53 protein and overexpression of Lin28b 

or MYCN were assessed in the relevant tissues as markers for transgene activation. This was 

achieved by genotyping to assess the relevant DNA changes induced by CRE recombinase 

activity, quantitative reverse transcription polymerase chain reaction (qRT PCR) to detect 

levels of Lin28b and MYCN gene expression and immunohistochemical staining for Tp53 

protein in the FT and fimbriae.    

FT, linings of the uterus and tails were harvested from post-doxycycline treated transgenic 

Pax8 CRE mice with wild type p53, single or double allele of p53lsl-R172H transgene. 

Doxycycline untreated Pax8 CRE mice with two alleles of p53lsl-R172H transgene were used as 

a p53 null control sample. The FT and the lining of the uterus represented tissue samples that 

contain Pax8 positive cells and the tail specimens were devoid of Pax8 cells (Figure 3.2 A). 

The presence of the STOP cassette in intron 1 of p53lsl-R172H mice was confirmed by PCR, 

appearing as a 270bp product (Figure 3.2 B). The 270bp product was identified in all mice 

with the transgene and not in the wild type mice. In order to determine CRE recombinase 

activation of the p53lsl-R172H transgene, a second PCR was performed that produced a 290bp 

product for the wild type p53 gene and also a second 330bp product for the mutant p53lsl-R172H 

transgene in which the loxP-Stop-loxP cassette has been removed by CRE recombinase 

cleavage. The 330bp product was only detected in mice with single or double allele of p53lsl-

R172H transgene following treatment with doxycycline. As expected, untreated mice with the 

p53lsl-R172H transgene did not have the 330bp product and the 290bp wild type p53 product was 

not detected in the mouse with two alleles of p53lsl-R172H transgene (Figure 3.2 C). The presence 

of the intact loxP-Stop-loxP cassettes, prior CRE recombinase cleavage, will make the length 

of the DNA between two flanking primers too large to be amplified by PCR (Molenaar et al. 

2012). It is important to note that despite doxycycline induced CRE recombinase activity, the 

STOP cassette product was still present in the doxycycline treated Pax8 CRE mice with 

homozygosity for p53lsl-R172H (Figure 3.2 B). This can be explained by the presence of Pax8 

negative cells in all samples and CRE recombinase activity may be incomplete in excising all 

the loxP-Stop-loxP cassette in every Pax8 positive cells. 
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Figure 3.2 Validation of the Pax8 rtTA kai-TET-On CRE LSL-lin28b and LSL-MYCN p53lsl-R172H transgenic 
mouse models 
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(A) Genotyping of transgenic mouse tissue samples was used to assess the CRE excision of the loxP-STOP-loxP 
(LSL) cassette in Pax8 positive cells following the doxycycline treatment. The fallopian tube (FT) including the 
fimbriae and the lining of the uterus (U) contain Pax8 positive cells, whereas the tail does not contain Pax8 
positive cells.  

(B) PCR amplification of the conditional mutant allele of p53lsl-R172H results in a 270bp product. The assay 
included a 166bp control product, which was present in all tissue samples and was not affected by the genotype 
nor by the doxycycline treatment.  

(C) PCR amplification using primers flanking the LSL cassette yielded a 290bp wild-type band, which is only seen 
if one or two wild type p53 allele is present. A 330bp mutant p53 band is detected only if there is CRE excision of 
the LSL cassette within the conditional mutant allele. Genotyping results confirmed that only tissue samples 
containing Pax8 positive cells from doxycycline treated mice with the p53lsl-R172H transgene produce the 330bp 
mutant p53 band. The 290bp wild-type bands were present in all tissue samples that contain at least one p53 wild 
type allele.  

(D) Real-time qPCR for Lin28b expression using RNA samples generated from the fallopian tubes of transgenic 
mice harvested following doxycycline treatment indicated a high level of Lin28b expression detected only in the 
fallopian tubes from mice with the LSL-lin28b transgene. Lin28b expression was not affected by the p53lsl-R172H 

transgene status. Lin28b expression was normalized to 3 housekeeping genes and shown relative to the Lin28b 
expression in embryonic stem cells (ESC). Error bars are SEM of n = 3 technical replicates (ND = not detected).  

(E) Real-time qPCR for MYCN gene expression using primer probes designed specifically for the human MYCN 
gene showed that only fallopian tube samples from doxycycline treated mice with the LSL-MYCN transgene 
expressed the MYCN gene. Human MYCN expression was normalized to 3 housekeeping genes and shown relative 
to the MYCN expression of the fallopian tube of mouse #423. Error bars are fold range of n = 3 technical 
replicates (ND = not detected). 

 

Quantitative real-time PCR (qRT PCR) analysis for Lin28b and MYCN confirmed a high level 

of Lin28b in FT harvested from mice with activated LSL-Lin28b transgene and the presence of 

human MYCN gene expression in mice with activated LSL-MYCN transgene (Figure 3.2 D and 

E). The Lin28b expression detected in these FT was 20 to 60-fold higher compared to murine 

embryonic stem cells (n =3) with four biological replicates, which usually have high levels of 

Lin28b expression (Shyh-Chang & Daley 2013). The RNA samples used for qRT PCR were 

extracted from a whole FT, which consist of a mix of both Pax8 positive and negative cells; 

therefore, the level of Lin28b expression in the Pax8 positive FTSEC may be higher than 

observed in the bulk qRT PCR analysis. Expression of Lin28b was not affected by the p53lsl-

R172H transgene status and was not detected in the FT of mice without the LSL-lin28b transgene. 

qRT PCR for MYCN expression was performed using the Taqman probe designed specifically 

only to amplify human MYCN mRNA. Therefore, murine Mycn will not be detectable using 

this primer. Human MYCN expression was detected in the FT of mice with activated LSL-

MYCN transgene (n = 3) with five biological replicates. No human MYCN expression was 

detected in FT from mice without the LSL-MYCN transgene post activation.  
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Histologically, the expression of stabilised mutant Tp53R172H protein in Pax8 cells was 

confirmed by IHC. The p53 immunostaining was completely absent in the FT cells of mice 

with null p53 and a weak nuclear/cytoplasmic staining was identified in FT epithelial cells of 

wild type mice. A stronger nuclear and a weak cytoplasmic staining were observed in FT 

epithelial cells in mice with a single allele of the p53lsl-R172H transgene following 2 weeks of 

doxycycline treatment and the intensity of the IHC staining was greater in FT harvested from 

mice with double alleles of p53lsl-R172H transgene. Strong nuclear staining for p53 was detected 

in Pax8 positive tumours generated from mice with activated p53lsl-R172H transgene. (Figure 

3.3). 
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Figure 3.3 p53 immunostaining of transgenic murine FT 

Mutant p53 protein accumulation can be detected by immunohistochemical staining following transgene 
activation. Fallopian tubes from an untreated transgenic mouse with homozygous p53lsl-R172H transgenes (p53 
null) and doxycycline treated transgenic mice with wild type p53, heterozygous and homozygous p53lsl-R172H 
transgenes as well as a tumour specimen from a doxycycline treated mouse with homozygous p53lsl-R172H 
transgenes were harvested and immunostained with a p53 antibody. The scale bars indicate a length of 50 
microns.   

P53$null P53$wild$type

P53R172H$heterozygous P53R172H$homozygous

P53R172H$tumour



 96 

3.2.3   Pax8-driven overexpression of Lin28b or MYCN with mutant p53 leads to the 

development of early pre-neoplastic changes arising from the FT epithelial cells 

CRE-mediated recombination in Lin28b p53KI/+, Lin28b p53KI/KI, MYCN p53KI/+ and MYCN 

p53KI/KI mice led to the development of distinct changes in the FT and fimbriae following the 

doxycycline treatment. The initial histological assessment of FT from the 2-hit GEMM was 

performed immediately post transgene activation. In this experiment, the transgenic mice were 

harvested within 2 to 3 weeks following the commencement of doxycycline feed. At this point, 

there was no obvious histological changes observed (data not shown). The most likely 

explanation for this observation is that 3 weeks of transgene activation is insufficient to allow 

for pre-malignant transformation of the FTSEC.   

The earliest pre-malignant change observed in these transgenic mice FT was the detection of 

the SIG lesions in the fimbriae of FT harvested between 6 to 20 weeks post transgene 

activation. SIG lesions, also known as p53 signatures, are abnormal cells with a significant 

degree of cellular atypia associated with p53 signature but lack the proliferative signature 

(Bowtell et al. 2015). As previously described, these lesions are of uncertain clinical 

significance and will not necessarily lead to malignant transformation (Figure 3.4 A). The SIG 

lesions in the FT were observed in 2 out of 11 Lin28b p53KI/+ mice, 6 out of 16 Lin28b p53KI/KI 

mice, 2 out of 7 MYCN p53KI/+ mice and 5 out of 11 MYCN p53KI/KI mice. These lesions were 

predominantly located in the fimbriae in mice harvested prior to the post doxycycline treatment 

(within 20 weeks), and seen throughout the FT in later harvested mice cohort (Table 3.2).  
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Figure 3.4 MYCN pathway activation and p53 dysfunction can drive early pre-malignant changes in the 
fimbriae, the development of an invasive and proliferative subset of Pax8 positive cells in the fallopian tube 
stroma and lesions, both in the lumen and outside the fallopian tubes, synonymous with serous tubular intra-
epithelial carcinoma (STIC)   

(A) Dysplastic cells, which are Pax8 positive and p53 positive but Ki67 low, were detected in the fimbriae of 
transgenic mice with MYCN pathway activation (either by overexpression of MYCN or Lin28b) with homozygous 
p53lsl-R172H after 6 to 12 weeks post transgene activation. These lesions are indicated by black arrows. These were 
classified as SIG lesions, as they lacked the proliferative signature required to be identified as serous tubular 
intraepithelial carcinoma (STIC). These were observed mainly in the fimbriae from fallopian tube harvested at 
an early time point but have been seen elsewhere in the fallopian tube in aged mice.  
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(B) Proliferative and invasive Pax8 positive cells were detected in the stromal or basal layer, away from the 
lumen, of fallopian tubes harvested from transgenic mice with MYCN pathway activation (either by 
overexpression of MYCN or Lin28b) with homozygous p53lsl-R172H. They are indicated by black arrows. These 
dysmorphic cells were immunostained positive for Pax8 and ki67, but p53 was completely negative.  

(C) Lesions within and outside the fallopian tubes were identified as Pax8 positive, p53 positive and Ki67, mid to 
high synonymous with the STIC lesion. These lesions are indicated by black arrows and seen in only five fallopian 
tubes examined. Four of five lesions lie outside the fallopian tube. The scale bar represents 50 microns.  

 

Table 3.2 Summary of fallopian tubes with MCYN pathway activation and mutant TP53 analysed for early pre-
malignant changes 

The table is divided into 4 main subgroups: Lin28b over-expressed with homozygous or heterozygous p53lsl-R172H 

transgene and MYCN overexpressed with homozygous or heterozygous p53lsl-R172H transgenes. Homozygosity was 
denoted with p53KI/KI and heterozygosity with p53+/KI. These fallopian tubes were analysed by H&E and 
immunohistochemical staining for Pax8, p53 and Ki67. SIG is a lesion with a p53 signature but lacks the 
proliferative signature and is of unknown significance. Stromal Pax8 is the presence of Pax8 positive cells with 
positive Ki67 IHC staining in the stromal basal region of the fallopian tube. STIC, serous tubular intra-epithelial 
carcinoma, is a pre-invasive lesion that is Pax8, p53 and Ki67 positive. Unlike conventional STIC lesions, most 
of these were observed in the external aspect of the fallopian tube. Tumor indicates an invasive lesion outside the 
fallopian tube into surrounding organs. 

Genotype Mouse+No Weeks Fallopian+Tube+A Fallopian+Tube+B
Lin28b'p53'+/KI 439 11.7 Nil'significant'changes Nil'significant'changes
Lin28b'p53'+/KI 1071 13.6 Tumor STIC'+'Tumor
Lin28b'p53'+/KI 570 21.0 Nil'significant'changes Nil'significant'changes
Lin28b'p53'+/KI 575 21.0 Nil'significant'changes Nil'significant'changes
Lin28b'p53'+/KI 912 21.4 STIC'+'Tumor STIC'+'Tumor
Lin28b'p53'+/KI 590 22.0 Nil'significant'changes Nil'significant'changes
Lin28b'p53'+/KI 595 22.0 Not'available SIG
Lin28b'p53'+/KI 1146 25.4 Tumor Tumor
Lin28b'p53'+/KI 913 27.4 Stromal'pax8'+'Tumor Stromal'pax8'+'Tumor
Lin28b'p53'+/KI 673 50.7 Dysmorphic'cells' Nil'significant'changes
Lin28b'p53'+/KI 611 54.7 STIC'' SIG
Lin28b'p53'KI/KI 591 6.6 SIG'+'Stromal'pax8 Not'available
Lin28b'p53'KI/KI 1562 7.6 Nil'significant'changes Nil'significant'changes
Lin28b'p53'KI/KI 675 8.3 Nil'significant'changes Nil'significant'changes
Lin28b'p53'KI/KI 1377 8.4 SIG'' SIG''
Lin28b'p53'KI/KI 1376 10.7 Stromal'pax8 STIC''
Lin28b'p53'KI/KI 871 11.0 Nil'significant'changes Nil'significant'changes
Lin28b'p53'KI/KI 1362 11.6 Nil'significant'changes Nil'significant'changes
Lin28b'p53'KI/KI 872 11.7 SIG SIG
Lin28b'p53'KI/KI 713 12.4 Nil'significant'changes Stromal'pax8
Lin28b'p53'KI/KI 1388 13.6 SIG SIG
Lin28b'p53'KI/KI 1351 13.6 Tumor Tumor
Lin28b'p53'KI/KI 732 13.7 SIG SIG
Lin28b'p53'KI/KI 1458 14.6 Nil'significant'changes Nil'significant'changes
Lin28b'p53'KI/KI 803 15.0 Stromal'pax8 Stromal'pax8'+'tumor
Lin28b'p53'KI/KI 1304 15.1 Nil'significant'changes Tumor
Lin28b'p53'KI/KI 969 35.7 SIG Stromal'pax8
MYCN'p53'+/KI 918 2.6 PAx8'stroma'' Not'available
MYCN'p53'+/KI 1457 8.0 Tumor Nil'significant'changes
MYCN'p53'+/KI 806 20.4 Tumor Nil'significant'changes
MYCN'p53'+/KI 781 20.4 Nil'significant'changes Nil'significant'changes
MYCN'p53'+/KI 988 20.6 Nil'significant'changes Nil'significant'changes
MYCN'p53'+/KI 870 46.6 STIC Stromal'pax8
MYCN'p53'+/KI 869 50.6 STIC SIG
MYCN'p53'KI/KI 910 2.6 Nil'significant'changes Nil'significant'changes
MYCN'p53'KI/KI 665 3.1 Nil'significant'changes Nil'significant'changes
MYCN'p53'KI/KI 1397 6.0 Nil'significant'changes Nil'significant'changes
MYCN'p53'KI/KI 1369 7.6 SIG SIG
MYCN'p53'KI/KI 1456 8.0 Nil'significant'changes Nil'significant'changes
MYCN'p53'KI/KI 804 11.0 Nil'significant'changes Nil'significant'changes
MYCN'p53'KI/KI 909 12.0 Nil'significant'changes SIG
MYCN'p53'KI/KI 807 14.3 Stromal'pax8'+'SIG SIG
MYCN'p53'KI/KI 871 15.0 Stromal'pax8'+'SIG Stromal'pax8'+'SIG
MYCN'p53'KI/KI 868 16.1 SIG Pax8'in'ovary
MYCN'p53'KI/KI 1321 16.6 Nil'significant'changes Nil'significant'changes
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The detection of proliferative Pax8 positive cells in the stromal component of the FT is a novel 

observation not previously documented or published (Figure 3.3 B). These cells demonstrated 

weak to moderate nuclear immunostaining for Pax8 by IHC associated with high mitotic 

activity evident through high Ki67 immunostaining. These phenomena were seen in 1 out of 

11 Lin28b p53KI/+ mice, 4 out of 16 Lin28b p53KI/KI mice, 2 out of 7 MYCN p53KI/+ mice and 

2 out of 11 MYCN p53KI/KI mice. These lesions were mainly observed in mice that were 

harvested much later post transgene activation (>20 weeks). The accumulation of nuclear p53 

immunoreactivity, despite a dominant negative p53 R172H mutation, was not seen in any of 

these stromal Pax8 positive cells.  

Five lesions were detected in the cohort of mice analysed with features consistent with pre-

malignant changes and bore similarities to STIC. These features included loss of cellular 

polarity, cellular atypia and serous histology (Kindelberger & Crum 2007). These lesions were 

Pax8 nuclear immunoreactivity positive and were associated with increased Ki67 proliferative 

index synonymous with STIC lesions (Figure 3.3 C). As expected, in keeping with the 

dominant negative p53 R172H mutant lesions, the accumulation of nuclear p53 

immunoreactivity was demonstrated. Interestingly, 4 out of 5 lesions were detected on the outer 

aspect of the fallopian tube contrary to what was expected in a STIC lesion: Mice #1376, #912, 

#869 and #611 (Figure 3.3 C).  

The mouse #1376 FT lesion was the only one associated with p53lsl-R172H homozygosity. The 

FT was harvested at 11 weeks post doxycycline transgene activation and the lesion was 

associated with the presence of proliferative stromal pax8 cells in the contralateral fallopian 

tube. The other “STIC-like” pre-malignant lesions were detected in mice with either LSL-

Lin28b or LSL-MYCN and heterozygosity for p53lsl-R172H transgene. This was likely due to all 

mice harbouring homozygosity for the p53lsl-R172H transgene failing to survive beyond 20 weeks 

following doxycycline treatment regardless of their LSL-Lin28b or LSL-MYCN transgene 

status. Homozygous p53lsl-R172H mice lack wild type p53 function in all cells and were found to 

develop thymic lymphomas and sarcomas by 25 weeks of age as previously seen for p53 

knockout mice (Jacks et al. 1994).   

FT lesions in mice #1071, #912 and #611, which had LSL-Lin28b transgenes with single allele 

of p53lsl-R172H transgene, were detected at harvest 14 weeks, 21 weeks and 54 weeks after 

doxycycline treatment. Both mouse #1071 and mouse #912 ovaries were infiltrated with Pax8 

positive cells (histology review pending). The only pre-malignant lesion identified in the LSL-
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MYCN cohort was in the FT of mouse #869, which had a single allele of p53lsl-R172H transgene. 

This mouse was harvested at 51 weeks post doxycycline treatment.  

Based on these observations, it is possible that the activation of the MYCN pathway may result 

in the loss of Pax8 positive epithelial cell polarity and drives cell invasion into the basal layer 

of the FT. Subsequently, only cells with a loss of p53 function may survive resulting in pre-

malignant changes observed in the basal or outer aspect of the FT. The effect of MYCN 

pathway activation and loss of p53 function on Pax8 FT cells will be further studied using 

GEMM FT organoids.  

 

3.2.4   The Pax8 driven overexpression of MYCN appears to reduce the OS of mice, while 

Lin28b has little impact 

In order to study the longer-term impact of transgene activation and OS of mice, 9 cohorts of 

mice with various combinations of transgenes were treated with doxycycline and observed for 

more than one year. The cause of death was recorded and mice were censored if they were 

culled for other experimental purposes not related to the development of tumour or illness. The 

Kaplan Meier (KM) graphs generated represent disease free survival for each subgroup in this 

experiment (Figure 3.5 A to D). The subgroups analysed were categorised as Pax8 CRE 

control mice (WT), transgenic mice with single allele of p53lsl-R172H (p53KI/+), transgenic mice 

with two alleles of p53lsl-R172H (p53KI/KI), transgenic mice with LSL-Lin28b alone (Lin28b), 

transgenic mice with LSL-Lin28b together with one or two alleles of p53lsl-R172H (Lin28 p53KI/+ 

and Lin28b p53KI/KI), transgenic mice with LSL-MYCN alone (MYCN) and transgenic mice 

with LSL-MYCN together with one or two alleles of p53lsl-R172H (MYCN p53KI/+ and MYCN 

p53KI/KI).  
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Figure 3.5 The impact of MYCN overexpression on overall survival is greater than Lin28b overexpression. 

(A) Kaplan Meier (KM) survival graph representing all the transgenic mouse cohorts in the long-term experiment 
following the doxycycline treatment. These included the wild type (WT) mice with no p53lsl-R172H and LSL-
MYCN/Lin28b transgenes, mice with single or two alleles of p53lsl-R172H transgene (p53+/KI and p53KI/KI), mice with 
either LSL-MYCN or LSL-lin28b transgene (MCYN and LIN28B), mice with LSL-lin28b transgenes plus single 
or two alleles of p53lsl-R172H transgene (LIN28B p53+/KI and LIN28B p53KI/KI) and mice with LSL-MYCN with single 
or two alleles of p53lsl-R172H transgene (MYCN p53+/KI and MYCN p53KI/KI). Data points were recorded when mice 
were harvested for signs of illness or tumour development or when the mice were found dead. Mice were censored 
if taken for planned experiments or those still alive at data analysis cut-off point. Mice homozygous for the p53lsl-

R172H transgene were associated with the worst outcome with median overall survival of 5.35 weeks, 11.3 weeks 
and 9.0 weeks (p53KI/KI, LIN28B p53KI/KI and MYCN p53KI/KI respectively) vs undefined OS for wild type mice. The 
p value for significance was calculated using Log-Rank (Mantel-Cox) test with Prism 7 program.  

(B) The overexpression of Lin28b with or without a single allele of p53lsl-R172H transgene did not result in 
worsening of overall survival.  

(C) The overexpression of MYCN resulted in worse overall survival outcome in both the p53 wild type and p53lsl-

R172H heterozygous cohorts. These changes were statistically significant (p value = **** for cohort p53 WT vs 
MYCN p53 WT and p value = *** for cohort p53+/KI vs MYCN p53+/KI).  

(D) The overall survival outcomes for the MYCN group were also poorer compared to the Lin28b group in both 
p53 WT and p53lsl-R172H heterozygous cohorts (p value = * for cohort MYCN p53 WT vs LIN28B p53 WT and p 
value = *** for cohort MYCN p53+/KI vs LIN28B p53+/KI).  

(E) Analysis of cohort outcomes. Tumours resembling fallopian tube derived carcinoma, which were defined by 
the gross location of the tumour and IHC confirming Pax8 positivity and CD45 negativity, were only seen in the 
MYCN or Lin28b group with at least one allele of mutant p53 transgene. The full numerical summary of these 
data is in Table 3.1. 

 

The majority of the “wild type” transgenic mice, those without the presence of LSL-

Lin28b/LSL-MYCN and p53lsl-R172H, remained healthy up to one year with only 1 (~1.5%) 

confirmed case of thymic lymphoma reported and 2 (~3%) mice were found dead out of 71 

mice among mice aged up to one year. Forty mice were censored during the 1 year period for 

planned harvest experiments and no gross abnormalities were found at autopsy and upon 

examination of their FTs. There were 28 mice still alive at the time of data analysis (Figure 

3.4 E).  

The global loss of p53 function due to homozygosity of the p53lsl-R172H transgene had a 

detrimental effect on the mice in our experimental cohort. These mice had the poorest outcomes 

with median survival of 5.7 weeks in the p53KI/KI mice, 11.3 weeks in the Lin28b p53KI/KI mice 

and 8 weeks in the MYCN p53KI/KI mice. The data showed that the survival outcomes of these 

transgenic mice were not affected by the addition of LSL-Lin28b or LSL-MYCN alleles. All 

mice in this cohort (p53KI/KI, Lin28b p53KI/KI and MYCN p53KI/KI) did not survive beyond 20 

weeks with a high proportion of mice culled due to thymic lymphoma or sarcomas (~64%), 

general illness such as severe weight loss (~18%) and found dead due to unidentified causes 
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(~10%) (Figure 3.5 E). The presence of a single allele of p53lsl-R172H transgene had significantly 

less impact on the survival outcome of the transgenic mice, with a median survival of 53.6 

weeks (Figure 3.5 A). One mouse was culled due to sarcoma (~2.5%), two mice were culled 

due to illness (~5%) and one mouse was found dead (~2.5%) in this cohort (Figure 3.4 E). The 

effects of Lin28b and MYCN transgenic alleles in the cohorts with homozygosity for the p53lsl-

R172H transgene (p53KI/KI, Lin28b p53KI/KI and MYCN p53KI/KI) were not able to be assessed due 

to the strong effect of global loss of p53 on the survival of these mice. The loss of these mice 

was likely due to the effect of p53LSL-R172H homozygosity and, therefore, the effects of the 

Lin28b and MYCN transgenes were assessed in the mice with a single allele or no p53LSL-R172H. 

The comparison between the LSL-MYCN cohorts (MYCN and MYCN p53KI/+) and the LSL-

Lin28b cohorts (Lin28b and Lin28b p53KI/+) showed that the OS in the LSL-MYCN cohorts 

were poorer (Figure 3.5 B and C). The OS of Lin28b and Lin28b p53KI/+ mice were not 

significantly different compared to the WT and P53KI/+ subgroups (Figure 3.5 B). In contrast, 

the MYCN mice had poorer survival compared to WT mice (median OS of 45.4 weeks 

compared to undefined, p = <0.0001) and the MYCN p53KI/+ mice also had poorer survival 

compared to p53KI/+ mice (median OS of 32.4 compared to 53.6 weeks, p = 0.0008) (Figure 

3.5 C). The comparison of the survival outcomes of mice with Lin28b and MYCN showed that 

MYCN mice had poorer median OS than Lin28b mice (median OS of 45.4 weeks vs undefined, 

p = 0.0291) and MYCN p53KI/+ mice also had poorer median OS than Lin28b p53KI/+ mice 

(median OS of 32.4 weeks vs undefined, p = 0.0001) (Figure 3.5 D). These results suggest that 

MYCN overexpression driven by the LSL-MYCN transgene may have a wider biological impact 

compared to Lin28b overexpression in these mice causing detrimental impact to their wellbeing 

and survival. However, the transgenic mice with LSL-Lin28b may be useful in permitting 

longer aging of these mice post transgene activation due to the better longer median survival 

of these mice.   

Tumours resembling OC based on the gross anatomical appearance of the tumour and 

histological characteristics, including IHC positivity for Pax8 and p53, were detected in the 

LSL-Lin28b cohorts with or without mutant p53 and only in LSL-MYCN with the presence of 

the p53lsl-R172H transgene (Figure 3.5 E). The characteristics of these tumours will be described 

in the next section. 
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3.2.5   MYCN pathway activation with p53 dysfunction can drive malignant 

transformation of fallopian tube epithelial secretory cells 

A highly proliferative tumour was identified in the fimbriae of FT harvested from a transgenic 

mouse with Lin28b overexpression and loss of p53 due to homozygosity of p53lsl-R172H 

transgene (tumour #803) (Figure 3.7). This mouse was harvested at 15 weeks following 

transgene activation and the tumour was detected incidentally as part of a planned experimental 

harvest of FT at 15 weeks post doxycycline treatment. The tumour was observed to be arising 

from the base of the fimbriae measured at 900um x 600um. IHC confirmed that the tumour 

was diffusely positive Pax8 nuclei staining and associated with a high level of Ki67 staining 

(over 95%). Morphologically, the tumour was formed by hyperchromic malignant cells that 

lacked cytoplasm, which appeared to form sheets of irregular acini associated with numerous 

mitotic bodies. There was a complete absence of p53 IHC staining suggesting the tumour arose 

from a cell in which excision of the p53lsl-R172H loxP-Stop-loxP cassette had not occurred; 

therefore, the tumour was p53 null. The morphological appearance of these cells favoured a 

small cell neuroendocrine tumour (NET) based on a gynecologic histopathologist review. 

Immunohistochemistry for S100 (a marker of neural crest cells), chromogranin A 

(neuroendocrine marker) and synaptophysin (a marker for neuronal synaptic membranous 

glycoprotein) are currently underway. The other potential differential diagnosis was lymphoma 

but unlikely due to its appearance and lack of invasion into the surrounding structures.  

The analysis of mice in the long term aged cohorts demonstrated that the activation of the 

MYCN pathway either via overexpression of MYCN or Lin28b with mutant p53R172H in Pax8 

FTSEC can drive tumour development that grossly resembles OC. Seven tumours were 

identified from these cohorts: 3 from the LSL-MYCN cohort (1 MYCN p53KI/+ mouse and 2 

MYCN p53KI/KI mice) and 4 from the LSL-Lin28b cohort (1 Lin28b mouse, 1 Lin28b p53KI/+ 

mouse and 2 Lin28b p53KI/KI mice) (Figure 3.7 A and D).  The evaluation of the tumours 

showed that these tumours were OC based on their anatomical location at autopsy and also on 

detailed histological assessment by a gynecologic histopathologist (Dr Gayanie Ratnayake 

from Royal Women’s Hospital).  
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Figure 3.6 MYCN pathway activation by Lin28b overexpression with loss of p53 function can drive tumour 
development  

Fallopian tubes were harvested from a LSL-Lin28b and p53lsl-R172H/lsl-R172H mouse 15 weeks post doxycycline 
treatment. A tumour was seen arising from the fimbriae of the left fallopian tube either from the base of the 
fimbriae as an extension of an existing plicae. IHC for Pax8, p53 and ki67 are shown. Pax8 immunostaining was 
positive throughout the tumour and associated with high Ki67. The p53 immunostaining was completely negative. 
Higher magnification of the tumour showed these malignant hyperchromic cells form sheets and irregular acini 
associated with numerous mitotic figures. 

The scale bar represents 200 microns except for 50 microns for a larger insert.  
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Figure 3.7 MYCN pathway activation with p53 dysfunction can drive malignant transformation of fallopian 
tube epithelial secretory cells  

(A) Harvest pictures of ovarian tumour demonstrate the involvement of the ovary. Representative 
immunohistochemical staining demonstrated all tumours had a degree of Pax8 positive cells and high 
proliferative indexes. P53 IHC was variable among the tumours. A high degree of both intra-tumoral and inter-
tumoral heterogeneity was observed. The scale bar represents 100 microns. 

(B) Seven tumours have been observed that demonstrate characteristics of ovarian cancer obtained from 
transgenic mice with at least one genetic aberration. Tumour latency ranged from 8 to 22 weeks and tumours 
with p53KI/KI occurred earlier before 15 weeks.  

(C)(D) The KM graphs for ovarian cancer free survival demonstrated that fallopian tube derived tumours occur 
early and are not observed in aged mice in both the MYCN and Lin28b GEMM cohorts.  
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All seven invasive tumours were identified as ovarian masses and only one tumour (Tumour 

#1105) demonstrated extensive peritoneal metastasis (Figure 3.7 A). All tumours developed 

early post transgene activation, within 22 weeks following initiation of doxycycline treatment 

(Figure 6 B, C and D). Six of seven tumours were successfully transplanted subcutaneously 

(SC) into immunocompromised NGS mice (all except #803) and two tumours (Tumour #1105 

and tumour #919) were successfully passaged into T2 for further tumour expansion. Table 3.3 

summarises the characteristics of all seven tumours.  

Tumour  Histopathology review Differential 
diagnosis 

Recommendation 

#1369  
MYCN 
p53KI/KI 

Poorly differentiated 
teratoma with evidence of 
squamous epithelium, 
keratin pearls associated 
glandular cell layers and 
mucin glands on an 
extensive glial tissue 
background. 

Mature teratoma 

IHC for GRAP (glial 
fibrillary acidic 

protein) and S100 
(for neural crest cell)  

#1105 
Lin28b 
p53KI/+ 

Infiltration of sarcomatous 
tumour into the adipose 
tissue. Sarcomatous tumour 
demonstrates skeletal 
differentiation with similar 
morphological appearance 
of a rhabdomyosarcoma 
associated with a small area 
of carcinomatous element. 

Carcinosarcoma 
(Rhabdomyosarcoma) 

IHC for vimentin 
(sarcomatous marker) 
and myogen (skeletal 

muscle marker) 
PanCK IHC to 

identify the 
carcinomatous region  

#804 
MYCN 
p53KI/KI 

Majority of tumour 
consisted of spindle looking 
malignant cells consistent 
with sarcoma and a small 
area of carcinomatous 
element where cells were 
attempting to form glands 
(glandular tissues). 

Carcinosarcoma IHC for PanCK and 
Vimentin 

#803 
Lin28b 
p53KI/KI 

Hyperchromic malignant 
cells with minimal 
cytoplasmic component 
associated with high mitotic 
bodies. Some cells formed 
large vacuoles suggestive of 
some secretory function. No 
widespread invasion 
implying possible small cell 
carcinoma rather than 
hematological malignancy. 

Small cell 
neuroendocrine 
tumour (NET)  

 

IHC synaptophysin, 
chromogranin A 
(NET markers)  

CD45 IHC to rule out 
lymphoma  
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Table 3.3 Summary of the 7 ovarian tumours generated. 

 

All these tumours demonstrated a high level of intra-tumoural heterogeneity except for tumour 

#803, which was detected early as an incidental finding during a planned harvest experiment 

(Figure 6 A). Three tumours (tumour #1105, tumour #804 and tumour #919) had 

histopathological features consistent with carcinosarcoma and two tumours (tumour #1369 and 

tumour #960) consistent with teratoma.  As mentioned above, Tumour #803 had morphological 

appearances of a small cell NET.  

Interestingly, Tumour #1304 was the only tumour that resembled HGSOC generated from 

these transgenic mouse models. Histologically, it was an extensively necrotic tumour due to its 

highly proliferative nature. The small viable tumour tissue component showed the 

morphological appearance of a high-grade adenocarcinoma. There was only a very small 

sarcomatous-like component, less than 5% of the viable tissue, identified on the histological 

#1304 
Lin28b 
p53KI/KI 

Highly necrotic tumour with 
areas of viable tumour 
around blood vessels. Viable 
tumours were mainly high-
grade adenocarcinoma 
associated with a small 
percentage of sarcomatous 
looking tumour. 

High grade 
adenocarcinoma  

Possible 
carcinosarcoma 

IHC for PanCK and 
vimentin on a more 
viable tissue block  

#960 
Lin28b 
p53+/+ 

Typical morphological 
appearance of a high grade 
(grade III) immature 
teratoma with hyperchromic 
malignant neurotubule cells 
associated with glial tissue 
background and some 
ciliated cells. Evidence of 
keratin pearl observed. 

High grade immature 
teratoma 

IHC for GRAP (glial 
fibrillary acidic 

protein) and S100 
(for neural crest cell) 

#919 
MYCN 
p53KI/+ 

Classical appearance of a 
carcinosarcoma with 50:50 
carcinomatous and 
sarcomatous elements. 
Carcinomatous tumour 
showed evidence of 
glandular formation and 
sarcomatous tumour 
consisting of spindle 
malignant cells  

Carcinosarcoma IHC for PanCK and 
vimentin 
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examination of the tumour. The current histology guideline stipulates that if the sarcomatous 

element is less than 5% of the tumour, the tumor is still classified HGSOC rather than 

carcinosarcoma of the ovary (Jan Pyman, histopathologist Royal Women’s Hospital, personal 

communication). However, in this case, there was too much necrotic tumour to be certain of 

the precise percentage of the sarcomatous component and therefore the sarcomatous element 

was scored as very low by the histopathologist. 

 

3.2.6   The biological effect of MYCN in fallopian tube secretory epithelial cells 

Organoids are miniatures of in vivo tissues that have faithfully recapitulated the architectures 

and distinct functions of a specific organs (Xu et al. 2018). These three-dimensional constructs 

that can be generated from human and animal embryonic stem cells, induced pluripotent stem 

cells, somatic stem cells and cancer cells in specific 3D culture systems are exceptional tools 

for OC modelling (Xu et al. 2018; Kessler et al. 2015). It is an ideal model to be incorporated 

with the GEMM to study the mutation-tumorigenesis process.  

 

Adult murine fallopian tube organoids can be generated and passaged in 3D culture.  

In order to obtain an insight into the effect of each genetic aberration on the Pax8 positive FT 

epithelial cells, adult murine FT organoids were generated from digested cells obtained from 

the GEMM FT. Clusters of freshly digested FT cells, which were shown to contain a mixture 

of Pax8 positive and negative cells by IHC, were seeded in a low epithelial growth factor (EGF) 

matrigel supplemented with a cocktail of growth media containing hydrocortisone, epithelial 

growth factor, N-Acetylcysteine, fibroblast growth factor 10, nicotinamide, noggin, ROCK 

inhibitor, R-spondin and B27 (see Methods and Material for full ingredient descriptions).  

The FT cells from a WT mouse were shown to develop into small round clusters of cells within 

4 days of 3D culture, measured at 30 to 40 microns in diameters. By day 8 post seeding of the 

FT cells, these clusters of cells had developed into rapidly expanding spheres of round, cystic 

organoids reaching up to 400 to 450 microns in diameter by day 12 (Figure 3.8 A). These 

organoids had a steady growth rate throughout the 12 days of 3D culture (Figure 3.8 B). The 

appearance of in-folds and invaginations of epithelium within the organoids, which are 
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regarded as one of the hallmarks of human FT organoid culture, can be detected at 12 days of 

culture (Kessler et al. 2015) (Figure 3.8 A – blue arrows).  
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Figure 3.8 MYCN overexpression in the presence of p53 dysfunction can drive increased proliferation and 
invasion of fallopian tube epithelial secretory cell organoids.    

(A) Representative images of organoids at day 1, day 4, day 8 and day 12 generated from 5 different cohorts of 
transgenic mice are shown. Immunohistochemical staining for Pax8 protein is shown in the lower panels on 
organoid cells obtained during the first organoid passaging. The wild type fallopian tube cells formed round 
cystic organoids that steadily grew to medium size (250-500 micron in a diameter) cystic organoids within 12 
days of culture. The p53KI/+ fallopian tube cells also formed round cystic organoids but developed into larger 
(350-750 micron in diameters) organoids within the same time frame. The MYCN fallopian tube cells had a more 
diverse outcome with the majority of cells developing into medium size cystic organoids and some dense non-
cystic organoids were observed (red arrow).  The MYCN p53KI/+ fallopian tube cells had a higher proportion of 
non-cystic medium size (250-500 micron in diameter) organoids with accentuated in-folding structures within the 
organoids (indicated with blue arrows). Small dense non-cystic organoids were generated from the MYCN p53KI/KI 

fallopian tube cells. There was evidence of cell invasion and migration into the surrounding 3D matrices 
(indicated with black arrows), which was not seen in any of the organoids generated from the other genotypes. 
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The majority of these organoid cells were Pax8 positive after 12 days of 3D culture. The scale bar represents 250 
microns in length.  

(B) Analysis of organoid growth showed that the p53KI/+ fallopian tube cells had the highest growth rate resulting 
in organoids with the largest mean area size. Although, the MCYN p53KI/KI fallopian tube cells had the smallest 
mean area size, this did not reflect the proliferative rate of these cells as these organoids have a higher density of 
cells.  

(C) Real time qPCR with human MYCN gene primers confirmed the expression of MYCN mRNA only in the cells 
with LSL-MYCN transgene. (ND = not detected)  

(D) Analysis of organoid survival. No significant differences in survival seen between genotypes. MYCN pathway 
activation and p53 dysfunction had a greater impact on organoid growth rate and morphology.  

 

Pax8 IHC staining performed on cytospun organoids fixed in 4% PFA demonstrated that 

mainly Pax8 positive cells remained at day 12, with only a few Pax8 negative nuclei present 

identified by the IHC counterstaining (Figure 3.8 A).  This suggests that the Pax8 cells are 

more robust and successful in expanding into organoids than the Pax8 negative cells.   

 

MYCN overexpression in the presence of p53 dysfunction can drive increased 

proliferation and invasion of fallopian tube epithelial secretory cells.  

In order to study the effect of MYCN and Lin28b overexpression in the Pax8 FT cells with or 

without dysfunctional p53, FT organoids were generated from the FT harvested from the 

following transgenic mice cohorts, MYCN, p53KI/+, MYCN p53KI/+ and MYCN p53KI/KI. All 

the FT were harvested within 2 to 3 weeks post transgene activation. The morphology, growth 

rate and survival of these transgenic mouse FT organoids were compared with the Wild Type 

FT organoids, which were generated simultaneously.  

FT organoids with overexpressed MYCN and homozygous p53lsl-R172H (MYCN p53KI/KI) 

demonstrated the highest degree of morphological dissimilarity to the wild type FT organoids.  

These organoids formed dense solid clusters of cells associated with evidence of early cellular 

invasion into the surrounding Matrigel that was not observed in organoids generated from the 

other cohorts (Figure 3.8 A- black arrows). This morphological appearance was more in 

keeping with cancer cell organoids rather than normal FT organoids (Xu et al. 2018; Kessler 

et al. 2015). The 2D organoid size increment rate was less than the WT organoid and this could 

be due to loss of their cystic phenotype (Figure 3.8 B).  The Pax8 IHC at day 12 of 3D culture 

on the MYCN p53KI/KI organoids showed a varying intensity of Pax8 nuclei staining associated 
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with atypia nucleus. Similar outcomes were observed in the MYCN p53KI/+ FT organoids but 

to a much lesser degree.   

The organoids generated from the p53KI/+ FT cells resulted in rapidly enlarging spheres of 

round cystic phenotype that reached up to 800 to 900 microns in diameters within 12 days of 

culturing. These organoids were associated with a high number of mature organoids with 

invaginated epitheliums. Lastly, the MYCN FT organoid culture demonstrated a faster growth 

rate compared to the WT FT organoids but majority of organoids were medium sized cystic 

organoids (400 to 450 microns in diameters) with higher proportion of mature organoids 

observed. The organoids from both MCYN or p53KI/+ FT cells did not exhibit the invasive 

phenotype seen in MYCN p53KI/+ and MYCN p53KI/KI organoids (Figure 3.8 A).  

qRT PCR for human MYCN gene expression confirmed that only cells cultured as organoids 

and 2D culture with activated LSL-MYCN transgene expressed human MYCN mRNA (Figure 

3.8 C). The comparison of organoid survival outcomes between all cohorts indicated that the 

failure rates of established seeded cells to develop organoids were similar, with up to 50% 

seeded cells failing to develop into organoids (Figure 3.8 D). This observation coupled with 

the Pax8 IHC staining suggests that only certain cells have the capacity to grow into organoids. 

It is possible that the Pax8 negative cells, such as the ciliated cells, may be less capable to 

survive and form organoids in the 3D culture environment and the genetic aberrations present 

in the transgenic Pax8 positive cells may be relevant in driving the phenotypes observed. 

 

3.3   Discussion 

Resolving and understanding the role of MYCN and MYCN pathway activation in HGSOC 

tumorigenesis is integral to devising effective screening and treatment strategies for the C5 

subtype of HGSOC. It is also important for exploring optimal risk reduction options for these 

women. In order to achieve this, accurate cancer models that mimic or recapitulate the human 

disease are essential. Several transgenic models of OC have been described and reported but 

none specifically explore the role of the MYCN pathway and in particular its effect as early 

genetic events during the tumorigenesis of HGSOC (Zhai et al. 2017; Sherman-Baust et al. 

2014; Perets et al. 2013).  

In this part of my PhD studies, I have successfully generated and validated two de novo 

GEMMs of OC based on two commonly altered HGSOC genetic events. These are the 
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archetypal event in human HGSOC, p53 mutation and secondly, the less well-understood, 

MYCN pathway activation; both were targeted specifically at the Pax8 cells within the FT. 

Given that Pax8 cells no longer represent only the FTSEC but also pluripotent cells that can 

replenish the Pax8 negative ciliated cell (Ghosh et al. 2017), these cells are now referred to as 

Pax8 FT cells, which are extremely relevant to the remainder of my thesis.  

In comparison to previously reported OC generated from GEMM studies, the tumours 

generated from this GEMM recapitulate both the human and previously published OC tumour 

models. These tumours were high grade in nature with high Ki67 immunostaining, expressed 

the lineage marker Pax8 and Tp53 immunostaining showed protein stabilisation in those 

tumours with relevant p53 genotypes. The main difference observed in this small cohort of 

GEMM tumours was the diverse intra-tumoral and infra-tumoral heterogeneity, which 

potentially could be driven by the MYCN pathway activation.  

Utilising the Pax8 promoter to drive Cre-mediated activation of MYCN, Lin28b and mutant 

Tp53 expressions in the Pax8 FT cells, I observed the development of early pre-malignant 

changes in the FT, particularly in the fimbriae, as well as the novel observation of the 

appearance of atypical, highly proliferative Pax8 positive cells in the stromal region of the FT. 

These changes were not as evident in the FT from mice in which mutant Tp53 was activated 

by doxycycline, without the activation of the MYCN pathway. These cells may be novel 

precursor cells involved in the OC malignant transformation processes and may play a role in 

both the seeding of a pre-malignant cell and early OC metastasis. The loss of polarity of these 

highly proliferative Pax8 cells in the stromal region of the FT observed may lead to the spread 

of the Pax8 cells into the peritoneum and surrounding pelvic structures. This observation was 

supported by the finding of “STIC” like lesions that were detected on the outer aspect of the 

FT, unlike the conventional STIC lesions that lie within the FT lumen (Bowtell et al. 2015). 

To date, it is still unclear if MYCN pathway activation alone is sufficient to drive early Pax8 

cell migration, but our early HGSOC tumorigenesis GEMM, which served as a hypothesis 

generating study, suggests that pre-malignant Pax8 FT cells may be able to hijack the MYCN 

pathway to enable early seeding of pre-malignant cells outside the fallopian tubes and into the 

ovaries. In this case, it is possible that the MYCN pathway activation may either drive the 

expansion of stem cell-like mesenchymal cells or drive a mesenchymal phenotype via stable 

EMT processes. Nevertheless, either mechanisms could result in the induction of mobile and 

invasive cellular phenotypes. Therefore, this biological phenomenon could be one of the 
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explanations that in humans between 31 to 52% of HGSOC do not have STIC and TIC despite 

gross ovarian and peritoneal tumour involvements. The mechanisms involved in the early 

migration and seeding of Pax8 FT cells into the peritoneal cavity prior to tumour development 

are critical and resolving these will enable more efficient methods for early detection, cancer 

prevention, and identification of populations at risk.  

It is important to point out that the prevalence of these events in the GEMM was low and it 

could be due to the following reasons: (1) MYCN pathway activation may cause increased cell 

death in most somatic cells and only a highly selective population of Pax8 positive cells, that 

are pluripotent, are able to survive; (2) Penetrance of Cre-mediated loxP-Stop-loxP 

recombination events in both LSL-MYCN or LSL-Lin28b and p53 transgenes may be low; and 

(3) MCYN pathway activation may result in the expansion of a small population of pluripotent 

Pax8 positive cells and not the entire Pax8 FT cell population, and the subsequent development 

of a tumour may take longer than we have allowed the mice to age on the shelves.    

These observations from two related GEMMs serve as proof of concept that the MYCN 

pathway activation with p53 mutation can drive OC development in the FT via the Pax8 FT 

directed promoter. Intriguingly, a wide range of rare tumour types were generated from this 

relatively tightly-controlled promoter (including a transplantation step, which further restricted 

the possibility of off-target tissue involvement, restricting the likelihood of the cell of origin to 

the FT). Intriguingly, the rare tumour types generated and identified include O/FTCS, teratoma 

and NET tumours. MYCN pathway activation is clinically relevant in all the tumours identified 

in our cohort. Tumour #1304 is a high grade adenocarcinoma representing the C5 subtype of 

HGSOC which is associated with MYCN overexpression (Helland et al. 2011). Tumour #1105, 

#804 and #919 are O/FTCS and up to 60% of O/FTCS were shown to have an upregulation of 

HMGA2, which is a downstream target of the MYCN pathway (Mahajan et al. 2010). Tumours 

#1369 and #962 are teratoma and in the Atlas of Genetics and Cytogenetics in Oncology, 3 out 

of 3 immature ovarian teratoma samples tested had amplification of the MYCN gene. Finally, 

tumour #803 is a NET and N-Myc has been shown to drive neuroendocrine tumour 

development of the prostate, pancreas and lung (Lee et al. 2016; PhD et al. 2012). The low 

incidence and relatively early tumour development following transgene activation suggests 

that, even though the efficiency of Cre-recombinase cleavage of the Loxp-STOP-Loxp cassette 

may be low, when the transgene activation has occurred in the right Pax8 FT cells, the strong 

tumorigenic drive from these oncogenes can lead to early OC development.  Importantly, the 
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generation of tumour types from these GEMMs suggest that the wide variety of rare tumour 

types may all have a common derivative, the Pax8 positive FT epithelial cell. This has huge 

implications for future studies of the cell of origin, prevention and novel therapy of these rare 

gynaecological cancers.  

Another important observation from these transgenic mouse models, which is in keeping with 

published evidence, is that the p53 mutation alone is insufficient to drive HGSOC 

tumorigenesis (Perets et al. 2013). This is based on the outcome of the mouse cohort with a 

single allele of p53lsl-R172H alone. Unfortunately, mice with homozygosity for this transgene 

died too early due to global p53 KO effect of the transgene for the effect of p53 null in the 

Pax8 FT cells’ tumorigenesis to be analysed in sufficient detail. It is likely that another genetic 

aberration, on top of the p53 dysfunction, is required to complete the OC tumorigenic process. 

TSG Pten loss is currently being studied as a third genetic hit in this model to hasten the 

tumorigenesis process. This is achieved by CRISPR KO of the Pten gene following activation 

of the MYCN pathway and mutant p53 transgenes in the Pax8 FT cells. We hypothesize that 

the addition of a 3rd genetic hit will accelerate OC tumorigenesis and improve the penetrance 

of the oncogenes. Other TSG candidates for the KO studies are Nf1 and Rb1.  

Due to the proportion of O/FTCS identified in the GEMM compared to other OC tumour types, 

the early MYCN pathway activation may be more relevant in the development of O/FTCS than 

HGSOC (to be discussed in Chapter 5). Three potential O/FTCS cases were observed compared 

to a single HGSOC tumour. The earliest genetic hit in OC tumorigenesis is irrefutably p53 

dysfunction as it is observed in over 98% of HGSOC (Ahmed et al. 2010). We hypothesize 

that MYCN pathway activation during early OC tumorigenesis may lead to the development of 

O/FTCS, however in the C5 HGSOC, MYCN pathway activation may occur much later during 

its tumorigenesis. This is in keeping with recent evidence published suggesting that O/FTCS 

is actually a variant of HGSOC and shares a common cell of origin (Zhai et al. 2017).  

The FT organoid cultures further indicate that the p53 genetic hit remains the first obligatory 

hit as the MYCN overexpression alone does not result in significant alteration of organoid 

outcome. This finding is supported with published evidence confirming the p53 genetic hit as 

a ubiquitous event necessary in all HGSOC tumorigenesis and therefore, MYCN 

overexpression would be a subsequent event driving proliferation and increasing cell migration 

and invasion (Ahmed et al. 2010; Bowtell 2010b).  
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In this study, I was able to compare the effect of MYCN and Lin28b to assess their roles in OC 

tumorigenesis. It was observed that both MYCN and Lin28b can drive OC tumorigenesis in the 

presence of p53 dysfunction. Therefore, which of the two proposed MYCN pathway modes of 

activation holds true? The hypotheses were (1) MYCN overexpression or amplification as the 

main genetic component drives the MYCN pathway activation (Helland et al. 2011); and (2) 

Lin28b overexpression as the main upstream genetic event drives MYCN overexpression 

through the loss of Let-7 microRNA repression (Molenaar et al. 2012). Further analysis of the 

tumour genomics may clarify this matter especially with phylogenetic approaches. RNA 

sequencing and genomic analysis of the tumours generated are currently underway and this 

may further provide evidence to support either of the hypotheses described above in the OC 

tumorigenesis. Ultimately, the underlying biological mechanisms involved in OC 

tumorigenesis are likely to be much more complicated than a linear pathway and may involve 

multiple feedback mechanisms.  

In parallel to these GEMMs, both to supplement the models and to study more in depth the 

specific effects of MYCN and LIN28B on human FT cells, we have obtained a FT epithelial 

cell line that was immortalised using transduction with TERT, which prevents degradation of 

chromosomal ends, and transduced with mutant p53 R175H (Fotheringham et al. 2011). This 

cell line has been further transduced with viral particles that constitutively overexpress either 

MYCN or Lin28b. The biological implication of oncogene overexpression will be studied in 

both 2D and organoid culture models.  

One of the weaknesses of these GEMMs is that the transgenic mice were bred on a mixed 

genetic background. This was due to the complexity of the model, which required the crossing 

of multiple mouse strains in order to achieve a combination of up to 6 transgenic alleles in each 

experimental cohort. Therefore, the tumours generated from this model are not 

immunologically compatible for transplantation into immuno-competent mice. Moving 

forward, CRISPR technology could be utilized for directing the KO of specific tumour 

suppressor genes, such as Pten, Rb1 or Nf1, via nucleofection of Cas9 protein and sgRNAs into 

Pax8 enriched FT cells from immunocompetent mice of a defined genetic background. This 

method is under development in our laboratory, with tumours being generated following 

transplantation of CRISPR edited C57BL/6 FT cells. These tumours can now be passaged into 

immunocompetent syngeneic mice and will be important tools for exploring the relevance of 

the immune system in both OC tumorigenesis and therapeutics. Introducing a reporter for each 
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transgene, especially for the mutant p53, Lin28b and MYCN, also will aid the tracking of the 

transgene activation and expression especially in the validation of the effect of transgene 

activation in the cells of interest.  

In conclusion, the elucidation of the role of the MYCN pathway in OC tumorigenesis and in 

sustaining cancer cell proliferation, migration and survival of Pax8 fallopian tube cells might 

offer exciting new opportunities for early pharmacological intervention for both OC prevention 

and new therapeutics for this subset of HGSOC. 
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4   Exploring novel therapeutics targeting C5 HGSOC  

4.1   Individually targeting the various components in the MYCN pathway may be 

ineffective 

Women with OC, in particular the epithelial histologic subtype, are often diagnosed with 

advanced stage cancer with evidence of disease spreading beyond the pelvis in up to 75% of 

cases at initial diagnosis (Ledermann et al. 2013; Herzog & Pothuri 2006). This is one of the 

main explanations for the poor clinical outcome of patients with OC (Zeppernick & Meinhold-

Heerlein 2014). Despite favourable initial response to treatments, including chemotherapy and 

cytoreductive surgery, 70% of advanced-stage EOC will recur at some point in the patients’ 

lives (Pignata et al. 2017; Markman & Bookman 2000).  Unfortunately, once the OC relapses, 

the disease is rarely curable and thereafter the focus of cancer management is on disease control 

in order to prolong survival and to improve the quality of life for these women (Pignata et al. 

2017).  

The C5 molecular subtype of HGSOC, which is largely equivalent to the Mayo s3, TCGA 

“proliferative” and Stem-A subgroups, is associated with distinct clinicopathological 

characteristics (Helland et al. 2011; Wang et al. 2017; Tan et al. 2018; Bell et al. 2011). This 

subtype of HGSOC has a gene expression profile defined by MYCN amplification and 

overexpression resulting in the activation of a pathway involving MYCN, LIN28B and Let-7, 

with HMGA2 being identified as the downstream gene target following the loss of let-7 miRNA 

repression (Helland et al. 2011). These tumours are often associated with a more chemo-

resistant phenotype and therefore with poorer clinical outcomes and prognosis, particularly 

when compared to the C2 immune-high subtype of HGSOC (Tothill et al. 2008).  

The main components of the MYCN pathway are MYCN, LIN28B (and more relevant in some 

cell types,  LIN28A (Balzeau et al. 2017)), which is closely associated with the expression of 

the let-7 miRNA family and HMGA2 (Helland et al. 2011). Each component in the pathway 

regulates a plethora of genes associated with cell proliferation, stem-cell behaviour, cellular 

metabolism, cell fate and cell migration. All these components in the pathway are intimately 

linked and multiple feedback loops have been described (Helland et al. 2011; Molenaar et al. 

2012; Balzeau et al. 2017; Fusco & Fedele 2007).  
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The N-Myc protein is a member of the Myc family of basic helix-loop-helix leucine zipper 

(bHLHZ) transcription factors (Blackwell et al. 1993). N-Myc and c-Myc are very similar 

proteins and share up to 95% amino acid homology in their active protein sites. It has been 

shown that both have very similar promoter and enhancer DNA binding patterns and thus it is 

believed that these two transcription factors regulate a similar gene set and, in particular, have 

a central role in the regulation of many vital cellular processes (Rickman et al. 2018). MYCN 

expression can drive various downstream signalling pathways involved in regulating the cell 

cycle, stress response and metabolic pathways including upregulation of LIN28B (Rickman et 

al. 2018; Cotterman & Knoepfler 2009). Directly targeting N-Myc, the protein coded by the 

MYCN gene, as a therapeutic option is a challenging but attractive therapeutic approach. 

Dissimilar to the c-MYC gene that encodes for MYC protein, which is a pleiotropic 

transcription factor essential for normal cell biological function, the expression of MYCN only 

occurs in very specific tissue types such as the spermatogenic stem cell population or in the 

context of malignancy as an oncogenic driver (Kanatsu-Shinohara et al. 2016; Horiuchi et al. 

2014). Furthermore, unlike other onco-proteins such as B-Raf in melanoma, the mechanisms 

of N-Myc deregulation or activity do not involve mutational changes in its protein coding 

region but, in keeping with the genomic instability associated with HGSOC, it is usually caused 

by chromosomal translocation, gene amplification and post-translational modification (Bowtell 

2010). However, there are currently no small molecules available that directly target N-Myc 

protein function (Beltran 2014). 

LIN28B and/or LIN28A are implicated in key cellular biological functions, such as organ 

development, glucose metabolism and maintenance of cellular pluripotency, via let-7 

dependent and independent mechanisms (Balzeau et al. 2017). The reactivation of LIN28B has 

been shown in a variety of tumour types to result in the loss of mature let-7 miRNA and is 

linked to poor clinical outcome and resistance to anticancer therapies (Nair et al. 2012). As 

tumour suppressors, the let-7 miRNAs are involved in repressing several well-known 

oncogenes including MYCN, MYC, HMGA2, KRAS and Cyclins D1/D2, and it is conceivable 

that correcting the aberrant LIN28B/let-7 pathway signalling may help overcome the 

shortcomings of current anti-cancer therapies (Balzeau et al. 2017).   

HMGA2 plays an important role in epithelial carcinogenesis and foetal development as an 

oncofetal gene (Wu & Wei 2013). Its oncogenic potential includes: the induction of an EMT 

phenotype via dysregulation of LUM, STC2, ID1, WNT2, POSTN1, Vimentin , mir-200s and 
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miR29b (Wu et al. 2011); stem cell and tumour stem cell renewal and maintenance (Pfannkuche 

et al. 2009; Morshedi et al. 2012); promoting tumour cell proliferation as a potent mitogenic 

factor via regulation of many cell cycle related genes and factors including the Rb pathway, 

cyclin A, CDKN1A, CDKN2A and CDK6; the suppression of DNA damage repair such as 

non-homologous end-joining repair (NHEJ) and nucleotide excision repair (NER); and 

sustaining cell survival against genotoxicants by upregulation of ATR-CHK1 (Song et al. 2009; 

Borrmann 2003; Natarajan et al. 2013). HMGA2 in epithelial malignant cells can be 

upregulated through loss of gene repression by let-7 miRNA or by ZBRK1/BRCA1/CtIP (Pillai 

et al. 2005; Ahmed et al. 2010).  

Due to their significant oncogenic roles, wide biological impacts and the close interactions of 

each component of the MYCN pathway, targeting an individual component alone may not be 

an effective therapeutic strategy. Furthermore, although targeting MYCN, LIN28B, and 

HMGA2 individually poses an attractive therapeutic approach, it has proven to be difficult due 

to the lack of active protein binding sites, especially for MYCN because of its role as a 

transcription factor (Horiuchi et al. 2014; Roos et al. 2016).  

 

4.1.1   Potential in targeting the MYCN pathway related synthetic-lethal interactions 

The MYCN pathway activation has been implicated both as a biomarker and a target for novel 

therapeutic approaches (Beltran 2014). Detailed exploration of MYCN/LIN28B/let-7/HMGA2 

relevant transcriptional or functional targets and their mechanisms of regulation may reveal 

specific vulnerabilities in the C5 subtype of HGSOC (Tan et al. 2013). This in turn may allow 

the exploitation of MYCN synthetic lethal interactions as therapeutic candidates for pre-clinical 

studies (Cheung et al. 2011; O'Neil et al. 2017).  

As mentioned above, directly inhibiting N-Myc is challenging and may not be feasible, 

however targeting MYCN activation and associated chromatin modification could be a potential 

approach to inhibiting MYCN pathway activation (Shi & Vakoc 2014). Pharmacological 

inhibition of both MYCN transcription and MYCN-mediated gene transcriptional activation can 

be achieved by targeting the function of the bromodomain and extra-terminal (BET) family of 

coactivator proteins (Zhao et al. 2013). BETs are involved in the recruitment of components 

required for transcription initiation complexes. Their relevance and functions will be further 

described in the next section.  
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N-Myc and components of the MYCN pathway regulate many vital cellular processes 

including cellular metabolism and all have been shown to drive cell cycle acceleration (Beltran 

2014; Balzeau et al. 2017; Wu & Wei 2013). This wide biological impact of MYCN pathway 

activation allows exploration of possible synthetic lethal weakness of cancer cells that 

overexpress MYCN or associate with MYCN pathway activation. It is also important to note 

that the resultant cellular effects of MYCN overexpression are exclusively exhibited in tumour 

cells and not in the normal non-malignant cells (Kanatsu-Shinohara et al. 2016). This is in 

contrast to c-Myc that is widely expressed in both malignant and non-malignant cells and is 

required for the regulation of normal cellular functions. It has been shown that both MYCN and 

MYC overexpression is often lethal in normal cells and further additional genetic aberrations, 

such as the acquisition of mutant p53, are necessary for tolerance of a high level of MYCN by 

malignant cells (Huang & Weiss 2013; Marshall et al. 2014). Therefore, if the synthetic 

lethality associated with the MYCN pathway can be specifically targeted, this may not result in 

widespread detriment to normal tissue.  

MYCN pathway synthetic lethality can be identified either as cell cycle-associated or non-cell 

cycle-associated cancer cell vulnerabilities (Beltran 2014). Targeting cell cycle kinases, mitosis 

regulators and microtubule dynamics are approaches which exploit the highly proliferative and 

poorly differentiated phenotype of MYCN-driven HGSOC. Non-cell cycle related MYCN 

pathway therapeutic strategies include targeting cancer cell viability dependency on N-Myc by 

enhancing degradation of N-Myc disrupting small ubiquitin-like modifier (SUMO) activating 

enzyme that prevents protein ubiquination (Wilkinson & Henley 2010) and targeting the high 

cellular metabolism driven by MYCN overexpression (Horiuchi et al. 2014). MYCN has been 

shown to upregulate the following notable metabolic pathways: glycolysis and glutaminolysis 

(Wahlström & Henriksson 2015).  

 

4.1.2   Patient derived xenograft models are the ideal pre-clinical model for HGSOC  

Robust clinically relevant models that retain the molecular, genetic and histopathological 

features of patient tumours are essential scientific tools to interrogate the biology of HGSOC 

and for exploration of novel therapeutics (Gengenbacher et al. 2017).  Unfortunately, human 

cancer cell lines used as in vitro models have limited clinical relevance in pre-clinical 
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assessment of novel chemotherapeutics due to the non-physiologic nature of cell culture in 2D 

resulting in extraneous phenotypes (Liu et al. 2016). Most ovarian cancer cell lines reported in 

the literature were revealed to have profound differences in terms of copy-number changes, 

mutations and gene expression profiles compared to human HGSOC samples (Domcke et al. 

2013). Furthermore, C5 or MYCN driven human OC cell lines are not readily available and 

have been difficult to generate, in our experience. This may be due to the strong senescence 

effect of downstream components of the MYCN pathway such as HMGA2 overexpression, 

which are important in maintaining a stem cell-like behaviour (Nishino et al. 2008).  

PDX has been shown to largely maintain the cellular, histologic and genomic characteristics 

of the original cancer (Weroha et al. 2014). This includes the in vivo drug response in PDX 

models, which largely reflects that which is seen in the patient, including those from my host 

laboratory (Topp et al. 2014). Also, of equal importance, tumour heterogeneity can be largely 

conserved within the PDX models, however with subsequent passaging in vivo many aspects 

of the tumour microenvironment, including the stromal cells, may be lost and replaced with 

the host murine stroma (Lodhia et al. 2015). It has also been shown that subsequent passaging 

can also drive selection of pre-existing clones as well as loss of others (Ben-David et al 2017). 

Currently, the PDX model is the only model system that can directly incorporate the vast inter-

tumoral and intra-tumoral heterogeneity, which is inherent to human cancer (Gengenbacher et 

al. 2017). Therefore, PDX models are a more reliable surrogate for human OC than in vitro 

cancer cell line or 3D models.  

However, generating, validating and maintaining a HGSOC PDX cohort in general is time 

consuming, costly and labour-intensive (Lodhia et al. 2015). A cohort of eight C5 HGSOC 

PDX was established for this study. The process involved obtaining a fresh human tumour 

sample at the point of surgery or biopsy and engrafting the non-manipulated sample 

subcutaneously into immunocompromised NSG mice. Successfully engrafted and passaged 

PDX tumours were extensively analysed at the molecular and genomic level to confirm 

preservation of the original tumour characteristics, similarly to methods described in Topp et 

al. (Mol Oncol 2014).  

The in vivo response to the standard platinum chemotherapy treatment, cisplatin, was 

determined for each individual PDX and there was clear correlation of the PDX responses with 

the original patients’ clinical outcome to platinum-based treatment. Whilst it has been reported 

that genetic drift may occur, particularly in later passage tumours (Hidalgo et al. 2014), the C5 
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HGSOC PDX cohort was generally shown to be genetically stable up to passage 10, 

particularly if sub-cutaneous passaging of tumour fragments was used, rather than intra-

peritoneal passaging  (Figure 4.1 A).  

The C5 HGSOC PDX in vivo responses to cisplatin were categorised as sensitive, resistant or 

refractory (Topp et al. 2014) (Figure 4.1 B). As previously defined by our laboratory, a 

cisplatin sensitive PDX demonstrates prolonged tumour response to treatment with no evidence 

of progressive disease (PD) before 100 days. The 100-day period has been chosen to 

differentiate between a platinum resistant and a platinum sensitive HGSOC PDX tumour. 

Platinum resistance was defined as a PDX which undergoes initial tumour response/regression 

to cisplatin treatment followed by PD observed < 100 days from treatment. Lastly, a platinum 

refractory PDX is defined as a tumour which continues to grow during treatment and has a time 

to PD of less than 50 days. These PDX cisplatin responses have been correlated with the 

patients’ responses to first-line platinum-based chemotherapy in the clinic.  

Each PDX model demonstrated MYCN pathway activation by overexpression of HMGA2, 

which is the downstream target of the MYCN pathway, together with either/or both 

overexpression of MYCN and LIN28B (Figure 4.1 C). The PDX models were ranked according 

to their in vivo platinum (cisplatin) responses. BROCA sequencing of the PDX revealed tumour 

mutations in DNA repair-related genes: BRCA2 in PH077 and CHEK2 in PH041 (SMARCA4 

(SWI/SNF complex) also noted in PH048) (Walsh et al. 2010). Platinum refractory PDX 

models were associated with one or more markers of drug resistance, BCL-2 and CCNE1 

overexpression, whereas the PDX with a BRCA2 mutation was platinum sensitive (as 

previously reported, Weroha et al. Clin Ca res 2014). 
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Figure 4.1 Patient derived xenograft (PDX) models of C5 HGSOC 

(A) PDX models were generated from fresh human tumour fragments implanted subcutaneously or injected intra-
peritoneally in immunocompromised (NOD-SCID-IL-2r) mice. Successfully engrafted human tumours can be 
further passaged multiple times into a large number of surrogate carriers, which can be used as a renewable 
resource for various experiments including the exploration of novel therapeutics. Detailed functional and 
molecular analyses of the PDX were performed to confirm C5 characteristics (Heong PhD 2018), and were 
compared with the primary human tumour samples and patient outcomes.  
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(B) Tumour bearing mice were randomised to vehicle or cisplatin treatment at 4mg/kg given intraperitoneally on 
Day 1, Day 8 and Day 18 once the tumour reached 180 to 300 mm3 in size. Tumour volumes were monitored twice 
a week for up to 120 days from the start of treatment. The end point of the experiment was when the tumour 
reached 700mm3. In vivo cisplatin responses were categorized as platinum sensitive, platinum resistant and 
platinum refractory (Topp et al., Mol Onc 2014).  

(C) Summary of the characteristics of eight C5 HGSOC PDX models. These PDXs were characterised by RNA 
sequencing or qRT PCR and western blotting for evidence of MYCN pathway activation. BROCA sequencing uses 
next generation sequencing to detect mutation in a panel of genes relevant to homologous recombination status.  

 

4.1.3   Assessing novel therapeutics in C5 HGSOC: Microtubule inhibitors, BRD4 

inhibitors (IBET 762), BH3 mimetics (ABT-199) and CHK1 inhibitors 

(CCT244747) 

In their published analysis of transcriptomic and genomic profiles of over 1500 epithelial OC  

Tan and colleges identified a biological distinct subgroup named Stem-A, with a similar gene 

expression profile to the C5 subtype of HGSOC (Tan et al. 2013). Stem-A cell lines were 

shown to be more sensitive to inhibitors of microtubule polymerisers, such as vinorelbine and 

vincristine, than non-Stem-A cell lines. This observation was supported by the result of their 

shRNA genome wide library screen which focused on the Stem-A OC cell lines (Tan et al. 

2013). The shRNA library screen confirmed two hits essential for Stem A cell line growth and 

survival. These genes were TUBGCP4 and NAT10 and both were identified to be involved in 

microtubule related processes. TUBGCP4 is a gene that encodes for a component of the 

gamma-tubulin ring complex, which is critical for the nucleation of tubulin complexes in the 

cell. Similarly, NAT10 may play a role in stabilisation of microtubules as an acetyl transferase 

of alpha-tubulin.  

Microtubules are hollow filamentous intra-cellular structures that play essential roles in cell 

growth and division, cell movement and intra-cellular transportation such as cytoplasmic 

streaming, which is the trafficking of cytosol within the cells (Ganguly et al. 2012). 

Microtubules consist of alpha, beta and gamma (not shown) tubulin arranged in a hollow 

cylinder configuration (Brouhard & Rice 2018). These structures are under a constant state of 

instability and fluctuation. Microtubules are lengthened by a polymerisation process where 

tubulins are added to the (+) ends of the microtubules. They can also be shortened by de-

polymerisation of the (+) end only resulting in disintegration of the microtubule in a controlled 

manner. These processes are necessary for these structures to function effectively (Brouhard 

& Rice 2018) (Figure 4.2 A).  
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Figure 4.2  Exploring the vulnerabilities of MYCN overexpressed HGSOC 

(A) Mode of action of drugs that target microtubules. Paclitaxel binds the inner surface of microtubules, 
promoting microtubule polymerisation and inhibiting de-polymerisation. Vinorelbine binds the (+) end and outer 
surface of the microtubules inhibiting both polymerisation and de-polymerisation. Eribulin only binds to the (+) 
end resulting in inhibition of polymerisation.   

(B) IBET 762 is a cell permeable small molecule with high potency and specificity to bromodomain and extra-
terminal (BET) family members, in particular BRD4. This results in displacement of BRD4 from nuclear 
chromatin and disrupts BRD4 facilitated recruitment of transcriptional proteins to chromatin. Pharmacological 
inhibition of BRD4 has been shown to inhibit expression of MYCN.  

(C) ABT-199 is a potent and highly selective BCL-2 inhibitor. BCL-2-like proteins safeguard cell survival by 
preventing the activation of BAX and BAK. Under cellular stress, BH3-only proteins are activated, which can 
induce apoptosis by releasing BAX/BAK from BCL-2-like protein inhibition. Cancer cells can overexpress BCL-
2-like proteins as a mechanism of escaping apoptosis.  

(D) Oncogene-driven HGSOC, with CCNE1 or MYCN pathway activation, exhibit defective cell cycle checkpoint 
control and/or replicative stress. The DNA damage response effector kinase, CHK1, modulates the cellular 
response to genomic stress and has been shown to be upregulated in these subtypes of HGSOC. CCT244747 is a 
novel, potent, highly selective and orally available ATP-competitive CHK1 inhibitor 

 

In this study, I chose to investigate two types of microtubule inhibitors for C5 HGSOC PDX 

in vivo drug testing: vinorelbine and eribulin. These two compounds differ from paclitaxel, 

which is a stabiliser of microtubule dynamics and thus potentially will be more effective in the 

treatment of C5-like HGSOC. Paclitaxel binds to the inner part of the microtubules and disrupts 

the microtubule function by promoting microtubule polymerisation and inhibiting de-

polymerisation (Arnal & Wade 1995). In contrast, vinorelbine and eribulin are microtubule 

inhibitors with different modes of action. Vinorelbine binds to both the outer surface of the 

microtubules and the (+) end, inhibiting both polymerisation and depolymerisation of 
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microtubules (Klotz et al. 2012). Whereas eribulin only binds to the (+) end of the microtubule, 

resulting in the inhibition of microtubule polymerisation and the promotion of 

depolymerisation of the microtubule (Smith et al. 2010). This will eventually lead to the 

shortening of the microtubules. In addition, eribulin has been shown to reverse EMT processes 

and improve the tumour immune microenvironment (Yoshida et al. 2014). Lastly, eribulin has 

also been proven clinically to have a synergistic effect with immunotherapies, such as 

pembrolizumab (Tolaney et al. 2017). However, at present neither vinorelbine nor eribulin are 

standard treatments for HGSOC. This is due to relatively poor responses of both drugs seen in 

phase II clinical trials (Rothenberg et al. 2004; Burger 1999; Hensley et al. 2011). It is 

important to highlight that these clinical trials recruited an unselected population of women 

with HGSOC. The main objective of my research is to generate pre-clinical data establishing 

the efficacy of these compounds in the most relevant subset of HGSOC, such as the C5 subtype 

(Figure 4.2 A).  

IBET 762 is a small molecule inhibitor designed to target the bromodomain region of the BET 

family of proteins, including BRD2, BRD3, BRD4 and BRDT (Figure 4.2 B) (Zhao et al. 

2013). BRD4, which is the BET protein of interest, is a chromatin reader that regulates gene 

transcription through linking histone acetylation with the core components of the translational 

apparatus (Delmore et al. 2011). BET inhibitors prevent binding of BET proteins, in particular 

BRD4, to acetylated histones and inhibit transcriptional activation of BET target genes 

(Wadhwa & Nicolaides 2016). Targeting BRD4 is an attractive therapeutic approach, as BRD4 

inhibition may have a direct effect in downregulation of MYCN expression and therefore the 

deactivation of the MYCN pathway. In addition, it was speculated that inhibition of BRD4 may 

also disrupt MYCN mediated gene transcriptional activation of other target genes 

(Filippakopoulos et al. 2010). JQ1 is one of the earliest BRD4 inhibitors and OC primary cell 

lines with high levels of c-MYC/MYCN mRNA had the greatest sensitivity to JQ1 (Baratta et 

al. 2015). To support this observation, limited PDX data was presented, with one HGSOC PDX 

overexpressing MYCN and one PDX overexpressing c-MYC being examined: significant 

abrogation of tumour growth was observed in response to treatment with JQ1 compared to 

vehicle control over 30 to 50 days. No such in vivo effect was observed for the one HGSOC 

PDX that did not overexpress either MYCN or MYC (Baratta et al. 2015).  

ABT-199, also known as venetoclax, is a potent and highly selective inhibitor of the anti-

apoptotic protein, BCL-2 (Souers et al. 2013). BCL-2 and its anti-apoptotic relatives (BCL-XL, 
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BCL-W, MCL-1 and BFL-1) safeguard cell survival by preventing the activation of BAX and 

BAK complexes, which are two of the key initiators of apoptosis in the cell. Under cellular 

stress, BH3-only proteins are activated, which can induce apoptosis by releasing BAX/BAK 

from BCL-2-like protein inhibition (Delbridge & Strasser 2015). Cancer cells can manipulate 

the overexpression of anti-apoptotic BCL-2-like proteins as a method of escaping apoptosis 

(Figure 4.2 C). BH3 mimetics, such as ABT-199, can overcome the resistance to apoptosis 

and have been shown to have synergistic potential when used in combination with 

chemotherapy or with other targeted therapy (Vaillant et al. 2013).  

Oncogene-driven HGSOC with CCNE1 or MYCN pathway activation can exhibit defective cell 

cycle checkpoint control and increased replicative stress due to their highly proliferative 

phenotype (Nakayama et al. 2010). The DNA damage response effector kinase, CHK1, is 

crucial in its role as an important modulator of cellular response to genomic stress and in the 

maintenance of replication fork stability. This is critical for the preservation of genomic 

integrity essential for cell survival and proliferation (Kaufmann 2014).  CHK1 has been shown 

to be upregulated in HGSOC with CCNE1 or MYCN pathway activation (Haineng Xu et al. 

2018). CCT244747 is a novel, potent, highly selective and orally available ATP-competitive 

CHK1 inhibitor, which has been shown to be effective both in vitro and in vivo by enhancing 

DNA damage and apoptosis in multiple colon and lung cancer cell lines harbouring p53 

mutation, TH-MYCN transgenic neuroblastoma mouse model and human colon cancer cell line 

derived PDX (Walton et al. 2012) (Figure 4.2 D).  

 

I aimed to first establish, expand and re-validate PDX models of HGSOC, particularly the C5 

subtype. With these models, I then aimed to explore potential novel therapeutics as single 

agents and in combination therapies, for MYCN-driven and other HGSOC to generate pre-

clinical data to support clinical trial proposals.  These therapies include microtubule inhibitors 

(vinorelbine and eribulin), BRD4 inhibitor (IBET 762), BCL-2 inhibitor (ABT-199) and CHK1 

inhibitor (CCT244747).  
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4.2   Results  

4.2.1   The HGSOC PDX models 

Seven molecularly-annotated C5 HGSOC PDX models were selected for in vivo analysis with 

the microtubule inhibitor, vinorelbine. These included PH038, PH077, PH034, WEHI 134201, 

PH041, WEHI 134029 and PH048; these PDX models are listed in order of their platinum 

sensitivity with the most sensitive first, (PH038, PH077, PH034, PH041 and PH048 (Weroha 

et al. 2014) and WEHI 134029 (Topp et al. 2014)). Their in vivo cisplatin responses will be 

described in more detail in the next section. Another seven non-C5 HGSOC with known in 

vivo cisplatin response were also included, in order for their in vivo vinorelbine responses to 

be determined. These PDXs, in order of in vivo cisplatin sensitivity, were WEHI 134183, 

WEHI 134013, WEHI 134148, WEHI 134027, WEHI 134111, WEHI 134169 and WEHI 3494 

(Topp et al. 2014).  

The C5 HGSOC PDX cohort had been shown to demonstrate C5 characteristics following 

comprehensive genomic and molecular analysis, including qRT PCR, WB, BROCA 

sequencing (as defined by (Walsh et al. 2010)) and in vivo cisplatin responses (Figure 4.1 C) 

(Heong PhD Thesis 2018). HMGA2 overexpression, in which the gene is one of the main 

downstream targets of the MYCN pathway, was observed in all PDX models, together with 

overexpression of either or both MYCN and LIN28B. BROCA sequencing to establish the 

homologous recombination (HR) status of these tumours revealed that only PH077 was an HR 

defective (HRD) tumour, due to the presence of a BRCA2 mutation, explaining its sensitivity 

to  PARPi, as has been previously published (Weroha et al. 2014). PH038, PH034, WEHI 

134201, PH041, WEHI 134029 and PH048 were all HR competent HGSOC PDX models 

(Figure 4.3 A).  
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Figure 4.3 In vivo vinorelbine responses outperformed the standard treatment cisplatin in C5 HGSOC PDX 
models   

(A) The C5 PDX are arranged according to their platinum sensitivity from most platinum sensitive to the most 

platinum resistant. The top panel presents the mean tumour volumes for each treatment in a darker solid line with 

the shaded areas showing the 95% confident interval (CI). The lighter lines represent each individual tumour 

volume measurements.  Mice were treated with vehicle (blue), 4mg/kg cisplatin d1, d8 and d18 (pink) or 15mg/kg 

vinorelbine d1, d8 and d18 (red). The bottom panel shows the corresponding KM graphs depicting overall 

survival (OS) for each treatment (OS – time from the initiation of treatment).   

(B) Summary of the in vivo cisplatin responses for all seven C5 PDX models ranked according to their platinum 

sensitivity. The time to progression (PD) was defined as the time (in days) from treatment to an increase in mean 

tumour volume of >20% from the nadir. Time to harvest (TTH) was defined in time (days) from the beginning of 

treatment to the day of harvest at 700mm3 and the median TTH was calculated using Kaplan-Meier curves (python 

3 graphing program). The p value for differences were calculated using pairwise log rank test (p > 0.05 = NS, p 

< 0.05 = *, p < 0.01 = **, p < 0.001 = *** and p < 0.0001 = ****). The n represent number in the treatment 

arm followed by the number in the vehicle arm.  (Undef = Undefined) 

(C) Summary of the in vivo vinorelbine responses. Most PDX responded better to vinorelbine than cisplatin. The 

one PDX refractory to vinorelbine, PH048, has high BCL-2 expression. (Undef = Undefined) 

The non-C5 HGSOC cohort was established from a group of HGSOC patients who, in general, 

were more resistant to platinum based chemotherapy than in unselected HGSOC patients and 

thus associated with a poorer prognosis, similar to the C5 HGSOC cohort (Rustin et al. 2011; 

Herzog & Pothuri 2006).  This PDX cohort represents the group of patients for which there is 

an urgent need to develop more effective therapies in the clinic. Although these two cohorts 
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(C5 and non-C5 HGSOC PDX) are small, these still were highly clinically relevant sets of 

HGSOC PDX. This statement is made based on the absence from this non-C5 HGSOC group 

of highly platinum sensitive cases, as was seen in the consecutive cohort, published by the 

Scott Laboratory (Mol Oncol 2014). The seven non-C5 HGSOC PDX models included four 

chemotherapy-naïve PDXs and three PDX models generated from patients who previously 

received treatment. WEHI 134183, which has methylated RAD51C and no detectable RAD51C 

protein expression, was the most platinum sensitive PDX due to its HRD status (Kondrashova, 

Scott Lab, personal communication) (Figure 4.4 A). It was also sensitive to a PARPi 

(Kondrashova, Scott Lab, personal communication). Although WEHI 134013 harbours a 

gBRCA2 mutation (with no reversion or secondary mutation found), it did not have the features 

of an HRD tumour due to its platinum resistant phenotype and failure to respond to PARPi, in 

the PDX (the patient did not receive PARPi to our knowledge) (Kondrashova et al. 2018). 

WEHI 134027 was generated by engrafting a cell line generated from a PDX tumour that 

contained multiple genomic aberrations, including hedgehog pathway activation (IHH and Gli1 

overexpressing) and loss of TSC1 and Rb1.  WEHI 134111 harboured 59-fold CCNE1 

amplification and WEHI 134169, which harboured loss of Rb1 and heterozygous methylation 

of BRCA1, was generated from the ascites of a patient who failed multiple lines of treatment 

(Kondrashova et al. 2018). Lastly, WEHI 34931 was generated from a CAncer TiSsue 

Collection After DEath (CASCADE) patient tumour sample obtained during rapid warm 

autopsy i.e. performed within 6 hours of when the patient was deceased (Alsop et al. 2016). 

Generally, up to 80% of HGSOC in the clinic will respond favourably to platinum based 

chemotherapies, however in this PDX cohort, only one PDX was sensitive to cisplatin (Figure 

4.4 A) (Bois 2005; Ledermann 2018). Given the similarities of platinum resistance, this cohort 

of non-C5 HGSOC provided a useful tool as a well-molecularly and functionally characterised 

cohort to be compared to the C5 cohort of HGSOC PDX, for the purpose of considering the 

utility of a number of targeted therapeutics. 

 

4.2.2   Vinorelbine was more effective than the standard treatment, cisplatin, in the C5 

HGSOC PDX models  

The C5 HGSOC PDXs were ranked according to their in vivo cisplatin sensitivity starting with 

the most cisplatin sensitive, PH038, through to the most cisplatin resistant, PH048 (Figure 4.3 

A). PH038 and PH077 were platinum sensitive, with their time to progression being more than 



 139 

100 days and their median time to harvest (TTH) being undefined. These results were 

statistically significant in comparison to their vehicle treated arms; median TTH was 32 days 

for PH038 and 43 days for PH077 (both p = >0.0001) (Figure 4.3 B). PH034 and WEHI 

134201 were platinum resistant as there were initial tumour responses but PD was observed 

between 50 to 100 days leading to median TTH of 130 days for PH034 and 78 days for WEHI 

134201 (PH034 p = >0.0001, WEHI 134201 p = >0.0001; compared to vehicle treated arms). 

Lastly, PH041, WEHI 134029 and PH048 were platinum refractory, as there was no 

meaningful tumour regression seen in any of these PDX models leading to PD of less than 50 

days in each PDX.   

The sensitivity of PH077 to cisplatin could be explained by its germline BRCA2 status (HRD 

tumour) and PH038 was potentially due to lack of treatment-resistance biomarkers (Figure 4.1 

C). Whereas, the platinum refractory phenotype of PH041, PH048, WEHI 134029 and WEHI 

134036 may be due to their HR competent status together with the elevation of one or more 

markers of drug resistance such as CCNE1 or BCL-2 overexpression (Figure 4.1 C). It is also 

possible that an inherent characteristic of the C5 phenotype may also contribute to the cisplatin 

resistance observed. 

In contrast to their platinum-resistant phenotype, WEHI134201, PH041 and WEHI 134029 

were sensitive to vinorelbine (Figure 4.3 B). PH038, which was sensitive to cisplatin, was also 

sensitive to vinorelbine. All four of these PDXs achieved deep tumour regression on 

vinorelbine treatment and there was no evidence of PD observed in any of these tumours before 

the 100 days post vinorelbine treatment.  

The treatment with vinorelbine in WEHI134201, PH041 and WEHI 134029 outperformed 

cisplatin and improved the median TTH from 78 days with cisplatin to 134 days with 

vinorelbine in WEHI 134201 (p = 0.00079), from 99 days with cisplatin to undefined with 

vinorelbine for PH041 (p = 0.00624) and from 50 days with cisplatin to undefined with 

vinorelbine for WEHI 134029 (p = 0.00867) (Figure 4.3 C). The vinorelbine in vivo responses 

were equivalent to cisplatin in vivo responses for PH034 and PH048. PH034 was resistant to 

both vinorelbine and cisplatin. PH048, which had the highest level of BCL2 overexpression, 

was refractory to both cisplatin and vinorelbine. Because of the overexpression of BCL-2 in 

PH048, the combination of vinorelbine with BH3-mimetic therapy to counteract the pro-

survival level may be of relevance and will be discussed in section 4.2.2.   
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Only in PH077, which carries a germline BRCA2 mutation, was the vinorelbine treatment 

inferior to cisplatin (time to PD of 77 days with vinorelbine vs 136 days with cisplatin). The 

treatment with vinorelbine resulted in an inferior median TTH of 204 days compared to 

cisplatin treatment median TTH of 109 days (p = 0.00030).  

Overall, the in vivo vinorelbine study demonstrated a significant improvement in the in vivo 

responses for the C5 HGSOC PDX cohort from a relatively resistant/refractory phenotype with 

cisplatin treatment to a more sensitive phenotype with vinorelbine treatment. This in vivo data 

formed the pre-clinical data supporting the NAVC5 HGSOC clinical trial that is currently open 

for patient recruitment at Peter MacCallum Cancer Centre, Melbourne and National University 

Hospital Singapore, Singapore. The rationale of the trial design and aims will be discussed in 

next section.  

 

4.2.3   Vinorelbine was moderately superior to cisplatin in the platinum resistant non-C5 

HGSOC PDX models  

The non-C5 HGSOC PDX models were treated with cisplatin and vinorelbine as were the C5 

HGSOC PDX. As expected, WEHI 134183, which was HRD HGSOC, was shown to be 

platinum sensitive. Cisplatin treatment improved the median TTH from 43 days in vehicle 

treated tumours to 183 days (p = 0.00004). Both WEHI 134013 and WEHI 134148 were 

platinum resistant, with time to PD of 80 days and 77 days, respectively. There were moderate 

improvements to median TTH for both PDX from 43 days in vehicle treated tumour to 130 

days with cisplatin for WEHI 134013 (p = 0.00220) and from 43 days with vehicle to 116 days 

with cisplatin for WEHI 134148 (p = >0.00001). Lastly, WEHI 134027, WEHI 134111, WEHI 

134169 and WEHI 34931 were platinum refractory, where there was no tumour regression 

observed in any of these PDX and the time to PD on cisplatin was less than 50 days in all these 

PDX. The platinum refractory in vivo responses in these PDX were not surprising, given that 

WEHI 134111, WEHI 134169 and WEHI 34931 were generated from patients who previously 

received both carboplatin and paclitaxel chemotherapy and WEHI 134027 harboured multiple 

oncogene aberrations (Figure 4.4 A and B).  
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Figure 4.4 Vinorelbine showed moderately improved efficacy in the platinum resistant non-C5 cohort of 
HGSOC PDX models compared to cisplatin treatment 

(A) The non-C5 PDX are arranged according to their platinum sensitivity from most platinum sensitive on the 
left to the most platinum resistant on the right. The top panel presents the mean tumour volumes for each treatment 
in a darker thick line with the shaded areas showing the 95% confident interval (CI). The lighter lines represent 
each individual tumour volume measurements.  Mice were treated with vehicle (blue), 4mg/kg cisplatin d1, d8 
and d18 (pink) or 15mg/kg vinorelbine d1, d8 and d18 (red). The bottom panel shows the corresponding KM 

PH038 Undef Undef 133 148 Equivalent 0.01571
PH077 136 Undef 77 109 Cisplatin*** 0.00030
PH034 53 130 28 81 Equivalent 0.03616

WEHI8134201 52 78 Undef 134 Vinorelbine*** 0.00079
PH041 14 99 Undef Undef Vinorelbine*** 0.00624

WEHI8134029 7 50 Undef Undef Vinorelbine*** 0.00867
PH048 7 43 7 46 Equivalent 0.36941

WEHI8134183 Undef 183 91 137 Cisplatin 0.08886
WEHI8134013 80 130 77 109 Equivalent 0.60213
WEHI8134148 77 116 77 102 Equivalent 0.09219
WEHI8134027 35 43 66 67 Equivalent 0.20908
WEHI8134111 21 74 115.5 Undef Vinorelbine** 0.00225
WEHI8134169 7 78 7 67 Equivalent 0.27278
WEH834931 7 81 Undef Undef Vinorelbine* 0.01076
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graphs depicting overall survival (OS) for each treatment (OS – time from the initiation of treatment).  The non-
C5 HGSOC PDX models were selected to incorporate a more platinum resistant group of HGSOC. This 
represents a subset of the HGSOC population with the poorest outcome. 

(B) Summary of the characteristics of seven non-C5 HGSOC PDX models. These PDXs were characterised by 
BROCA sequencing, Foundation Medicine ® genomic profiling and in vivo response to cisplatin.  

(C) Summary of the in vivo cisplatin response in the seven non-C5 PDX models. The first value for n = cisplatin 
treated and the second value n = vehicle treated. Median TTH was calculated using Kaplan-Meier curves (python 
3 graphing program). The p values were calculated using the pairwise log rank test. (Undef = Undefined) 

(D) Treatment with vinorelbine in this cohort of non-C5 PDX only demonstrate a moderate shift from a 
resistant/refractory phenotype to a more sensitive/resistant phenotype. Only two PDX were sensitive to 
vinorelbine, WEHI 134111 and WEHI 34931. Interestingly, WEHI 134111 has 59-fold amplification of CCNE1 
and has some genomic similarity with C5 HGSOC. (Undef = Undefined) 

(E) Comparison between the in vivo cisplatin responses against the in vivo vinorelbine responses in both C5 and 
non-C5 HGSOC PDX models. (Undef = Undefined) 

 

Only two out of seven non-C5 HGSOC PDX, WEHI 134111 and WEHI 34931, were sensitive 

to vinorelbine and both PDXs were platinum refractory. Therefore, vinorelbine outperformed 

standard treatment with platinum in these two PDX models. Treatment with vinorelbine 

improved the median TTH of WEHI 134111 from 74 days with cisplatin to undefined with 

vinorelbine (p = 0.00225); and WEHI 34931 from 81 days with cisplatin to undefined with 

vinorelbine (p = 0.010276). WEHI 134027 was resistant to vinorelbine but vinorelbine 

treatment modestly improved the median TTH in WEHI 134027 from 43 days with cisplatin 

to 67 days with vinorelbine but was not statistically significant (p = 0.2098). In WEHI 134013, 

WEHI 134148 and WEHI 134169, vinorelbine treatment did not outperform cisplatin. (Figure 

4.4 C). WEHI 134169, which was a PDX derived from ascites following two lines of 

chemotherapy, remained the most refractory PDX to both cisplatin and vinorelbine. It was 

hypothesized that a drug efflux mechanism may be one of the explanations for its treatment 

refractory phenotype.  

It was interesting that there was a trend towards cisplatin outperforming vinorelbine in the only 

HRD HGSOC, WEHI 134183 PDX. The median TTH for vinorelbine treated tumour was 137 

days that was inferior compared to 183 days for cisplatin-treated tumour but not statistically 

significant (p = 0.0886). This was the second observation that vinorelbine was less effective 

than cisplatin in HRD HGSOC PDX where both the PDXs, PH077 and WEHI 134183, were 

sensitive to platinum agent and responsive to a PARPi. 
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4.2.4   Vinorelbine was an effective treatment in C5 and platinum resistant HGSOC PDX 

models  

Targeting microtubule dynamics with the microtubule inhibitor, vinorelbine, may have a role 

in the treatment of a selective group of HGSOC. The in vivo data presented suggest the C5 

subtype of HGSOC may benefit from vinorelbine treatment and supports re-purposing of 

vinorelbine for clinical trial. I hypothesised that enriching a cohort of “C5-ness” of HGSOC 

patients to be treated with vinorelbine may improve the overall response rate of treatment in 

these subset of patients higher than the historical data of 3% and 30%  (Burger 1999; 

Rothenberg et al. 2004). The in vivo vinorelbine data generated from the C5 HGSOC PDX 

models formed the pre-clinical data supporting the NAVC5/VIP clinical trial, Vinorelbine in 

Relapsed Platinum Resistant or Refractory C5 High Grade Serous, Endometrioid, or 

Undifferentiated Primary Peritoneum, Fallopian Tube or Ovarian Cancer, which is currently 

open for accrual at Peter MacCallum Cancer Centre, Melbourne and National University 

Hospital, Singapore (ClinicalTrials.gov Identifier: NCT03188159) (Figure 4.5). 

  
Figure 4.5 NAVC5 study schema 

 

The NAVC5/VIP clinical trial was designed as a phase II trial to screen and treat patients with 

relapsed platinum resistant/refractory HGSOC for the C5 subtype with vinorelbine. This is 

achieved using a nanostring gene expression analysis platform to confirm the C5 subtype on 

primary surgical samples or biopsy of recurrent disease. The C5 screening was performed on 

baseline patient tumour samples, which does not account for the potential C1 transformation 

of C5 HGSOC following subsequent chemotherapy treatments. The implications of this will 

be further elaborated in the discussion chapter. Patients with C5 HGSOC will be selected for 



 145 

intravenous vinorelbine treatment and their clinical outcome will also be compared with those 

women with non-C5 HGSOC receiving standard treatment as chosen by their treating clinician. 

One of the main aims of the trial is to ascertain if we can achieve higher than 30% ORR in 

these women by enriching the vinorelbine treatment arms with C5 HGSOC.   

The analysis of the in vivo vinorelbine data across the entire PDX models tested (both C5 and 

non-C5) showed that vinorelbine had most in vivo efficacy in the platinum refractory HGSOC 

cohort.  Although the sample size in these PDX models was small, 5 of 6 vinorelbine sensitive 

HGSOC PDXs were platinum refractory. Only one vinorelbine sensitive PDX (PH038) was 

platinum sensitive but the C5 characteristic of this PDX may account for its in vivo vinorelbine 

response (Figure 4.6). Furthermore, the WEHI 134111 PDX was shown to have a 58-fold 

CCNE1 amplification and some genomic characteristics similar to C5 HGSOC, thus further 

supporting an association of C5-likeness with microtubule inhibitor sensitivity.   

 

Figure 4.6 Summary of in vivo cisplatin and vinorelbine responses in C5 and non-C5 HGSOC PDX models  

 

C5 HGSOC PDX Platinum 
response 

Vinorelbine 
response 

PH038 Sensitive Sensitive 

PH077: gBRCA2 Sensitive Resistant 

PH034 Resistant Resistant 

WEHI134201 Refractory Sensitive 

PH041 Refractory Sensitive 

WEHI134029: CCNE1 amp Refractory Sensitive 

PH048 Refractory Refractory 

   

Non-C5 HGSOC PDX Platinum 
response 

Vinorelbine 
response 

WEHI134183: RAD51C methyl Sensitive Resistant 

WEHI134013: gBRCA2 Resistant Resistant 

WEHI134148: BLM del Resistant Resistant 

WEHI134027: Hh + TSC1 del Refractory Resistant 

WEHI34931: unknown Refractory Sensitive 

WEHI134111: CCNE1 amp Refractory Sensitive 

WEHI134169: RB1 del Refractory Refractory 
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4.2.5   The BH3 mimetic ABT-199 in combination with microtubule inhibitor, 

vinorelbine, significantly improved median time to harvest in a HGSOC PDX with 

high BCL-2 expression 

PH048, which is a C5 HGSOC PDX, was shown to be refractory to both cisplatin and 

vinorelbine and was observed to have a high level of BCL2 expression by WB and qRT PCR. 

These results formed the rationale of combining the microtubule inhibitor, vinorelbine, with a 

BH3 mimetic, the BCL-2 inhibitor, ABT-199. The vinorelbine acts as an external 

chemotherapy stress stimulus to drive cellular apoptosis and the ABT-199 will specifically 

target the evasion of apoptosis modulated by the pro-survival BCL-2 protein. The addition of 

ABT-199 was aimed at circumventing the BCL-2 overexpression that prevents activation of 

BAX/BAK, which results in cancer cell survival and may be one of the potential mechanisms 

of resistance to vinorelbine treatment in this tumour.  

The combination therapy consisted of ABT-199 at 100mg/kg given 5 times per week for 21 

days together with vinorelbine at 15mg/kg given at day 1, day 8 and day 18. This combination 

of treatments had been successfully and safely delivered in NGS mice during the pilot drug 

dosing finding experiment.  

The combination of ABT-199 and vinorelbine resulted in prolonged stablisation of disease and 

extended the median TTH to 74 days, which was statistically significant compared to vehicle 

treated tumours (median TTH of 29 days, p = 0.0005), compared to cisplatin treated tumours 

(median TTH of 43 days, p = 0.0007), and compared to vinorelbine treated tumours (median 

TTH of 46 days, P = 0.00049). Importantly, no mice were sacrificed due to end of experiment 

tumour volume (> 700mm3) up to 53 days from the commencement of the combination 

treatment regimen (Figure 4.7 A and B). However, there was no significant tumour regression 

observed, suggesting that the improved median TTH seen may be due to cell death from 

apoptosis but negated by the high proliferative rate of the cancer cells leading to replenishing 

the cancer cell population.    
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Figure 4.7 Combination of ABT-199 with vinorelbine demonstrated improved overall survival in a vinorelbine 
refractory HGSOC PDX with high BCL-2 expression  

(A) Prolonged survival with ABT-199 (at 100mg/kg given 5 times per week for 21 days) in combination with MTD 
of vinorelbine (at 15mg/kg day 1, day 8 and day 18), was observed in PDX PH048, which was otherwise refractory 
to single agent vinorelbine and single agent ABT-199. No evidence of tumour regression was observed during the 
treatment period in any of the 8 mice treated with combination ABT-199 and vinorelbine. 

(B) The combination of ABT-199 and vinorelbine improved the median TTH by 28 days, from 46 days in 
vinorelbine alone treated mice to 74 days, which was statistically significant (p = ***) due to prolonged 
stablisation of disease beyond cessation of treatment.  

 

4.2.6   Eribulin had in vivo efficacy across a wide range of platinum resistant and 

refractory HGSOC PDX models 

As vinorelbine was observed to result in improved tumour responses compared to the standard 

treatment cisplatin, the potential of a second microtubule inhibitor, eribulin, was assessed in 

the treatment of HGSOC. This was particularly relevant, given the superior profile of eribulin 

in the clinic compared to vinorelbine, based on its toxicity and efficacy (Swami et al. 2012). 
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Another seven HGSOC PDX models were selected for the eribulin in vivo study, with some 

cross-over from the vinorelbine study. The PDX cohort included a range of predominantly 

platinum resistant and refractory HGSOC PDX models: one platinum sensitive, three platinum 

resistant and three platinum refractory PDXs (Figures 4.8 A and B). This PDX cohort included 

the following models: a HRD HGSOC PDX (WEHI 134183), a C5 HGSOC PDX (WEHI 

134201) and a CCNE1 amplified HGSOC PDX (WEHI 134111). Four of the seven models 

were chemotherapy naïve PDX and three were post chemotherapy PDX models. Both the in 

vivo cisplatin and vinorelbine responses were already established in these models, therefore 

allowing the comparison of eribulin in vivo efficacy against these drugs. Due to IP restrictions 

in place at that time, the five C5 HGSOC (“PH”) PDX models obtained from the Mayo Clinic 

could not be used for the eribulin in vivo study.  

The in vivo cisplatin responses of each PDX model are summarized in Figure 4.8B, and the in 

vivo vinorelbine responses in Figure 4.8C.  PDX WEHI 134183, WEHI 134013, WEHI 

134148 and WEHI 134027 were resistant to vinorelbine and in comparison, to cisplatin, the 

vinorelbine treatment outcomes in these PDX were not superior except in WEHI 134027. Two 

PDXs were sensitive to vinorelbine and these were the C5 HGSOC PDX (WEHI 134201) and 

the CCNE1 amplified PDX (WEHI 134111). Lastly, WEHI 134169, was refractory to both 

cisplatin and vinorelbine. In summary, this PDX cohort included two vinorelbine sensitive, 

four vinorelbine resistant and one vinorelbine refractory PDX models. Overall, the treatment 

of vinorelbine in this PDX cohort had moderately shifted the phenotype of the cohort from a 

cisplatin-resistant to a vinorelbine-sensitive phenotype. 

For the eribulin in vivo study, mice bearing tumours of 180mm3 to 300mm3 were treated with 

eribulin at 1mg/kg given 3x per week for 3 weeks. It is worth noting that this eribulin dosing 

regimen was lower than the MTD of eribulin for the NSG mice. This dosing was chosen at the 

time of study to enable comparison of the in vivo eribulin response to historical in vivo eribulin 

data generated previously. Subsequently, the eribulin dosing regimen of 1.5mg/kg given 3x per 

week for 3 weeks was applied for more recent in vivo studies based on discussions with Dr 

Bruce Littlefield (Head of Translation Medicine, Eisai Inc.) about the half-life of eribulin. 
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Vehicle
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Figure 4.8 Eribulin demonstrated improved in vivo efficacy in a platinum resistant HGSOC PDX cohort 
compared to vinorelbine  

(A) Seven HGSOC PDX with known in vivo vinorelbine responses were selected for the eribulin in vivo study. 
WEHI 134201 was a C5 PDX. WEHI 134111 and WEHI 134169 were post chemotherapy PDX models. Only 
WEHI 134183 was a bona fide HRD PDX. Mice were treated with eribulin at 1mg/kg given 3x per week for 3 
weeks. The top panel presents the mean tumour volumes for each treatment in a darker thick line with the shaded 
areas showing the 95% confident interval (CI). The lighter lines represent each individual tumour volume 
measurements.  Mice were treated with vehicle (blue), 4mg/kg cisplatin d1, d8 and d18 (pink) or 15mg/kg 
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vinorelbine d1, d8 and d18 (red) and eribulin 1mg/kg 3x per week for 21 days (purple). The bottom panel shows 
the corresponding KM graphs depicting overall survival (OS) for each treatment (OS – time from the initiation 
of treatment). 

(B) Summary of the in vivo cisplatin responses of all the PDX models highlighting a platinum resistant/refractory 
HGSOC cohort except for WEHI 134183, which was an HRD HGSOC.  

(C) Summary of the in vivo vinorelbine responses for this cohort of HGSOC PDX model.  

(D) Summary of the in vivo eribulin responses and demonstrated that in comparison to both cisplatin and 
vinorelbine in vivo data, the treatment with eribulin resulted in a shift from a treatment resistant/refractory to a 
more treatment sensitive phenotype.  

(E) Comparison between the in vivo cisplatin and eribulin responses in HGSOC PDX models. 

(F)  Comparison between the in vivo vinorelbine and eribulin responses in HGSOC PDX models.  

 

The analysis of the in vivo eribulin data showed that all the HGSOC PDX models treated 

showed some degree of in vivo response; from impressive tumour regression resulting in 

significant improvement of median TTH to prolonged stabilisation of disease. Three out of 

seven PDXs (WEHI 134201, WEHI 134111 and WEHI 134183) were sensitive to eribulin 

where deep tumour regressions were observed on eribulin treatment followed by sustained 

remission for each PDX beyond 100 days. In WEHI 134201, eribulin outperformed cisplatin 

by improving the median TTH from 78 days with cisplatin treatment to undefined median TTH 

(p = 0.00085) and there was a trend observed for eribulin treatment to outperform vinorelbine 

by improvement of the median TTH from 138 days with vinorelbine treatment to the TTH 

being undefined, although this was not statistically significant (p = 0.09220). However, in 

WEHI 134111, eribulin treatment only outperformed cisplatin, but had equivalent in vivo 

efficacy to vinorelbine: the median TTH of eribulin treated tumours was 148 days, which was 

prolonged in comparison to median TTH of 74 days in cisplatin treated tumours (p = 0.00657) 

but equivalent to vinorelbine treated tumours median TTH of undefined (p = 0.1868). Lastly, 

the in vivo eribulin treatment of WEHI 134183 resulted in improvement of median TTH to 

being undefined, which was significant compared to the median TTH with cisplatin treatment 

of 183 days and median TTH of 137 days with vinorelbine treatment. However, given the 

already impressive responses to both treatments, the p values were not significant (p = 0.43853 

and p = 0.34541 respectively) (Figure 4.8 E and F).   

The three non-C5 HGSOC PDXs (WEHI 134013, WEHI 134148 and WEHI 134027) were 

resistant to eribulin. The eribulin in vivo response of WEHI 134013 was equivalent to those of 

cisplatin and vinorelbine with median TTH of undefined (final data to mature), 130 days with 
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cisplatin treatment and 109 days with vinorelbine treatment. The comparison eribulin to 

cisplatin and vinorelbine revealed no significant differences (p = 1.0000 both). Eribulin 

treatment was superior to vinorelbine treatment for WEHI 134148, with median TTH of 120 

days for eribulin vs 109 days for vinorelbine (p = 0.02454) but equivalent to cisplatin (median 

TTH of 116 days). Eribulin treatment also improved the median TTH for WEHI 134027 to 53 

days, which was statistically significant in comparison to vehicle treated tumours (p = 0.00297) 

but not to cisplatin or vinorelbine (p = 0.15382 and 0.88285 respectively).  

Impressively, the treatment with eribulin of PDX WEHI 134169, which was the most refractory 

PDX, resulted in significant prolonged stablisation of disease and improved median TTH of 74 

days compared to vehicle treated tumour median TTH of 39 days (p = 0.03786). This was the 

only significant improvement of outcome for WEHI 134169, which was refractory to all 

treatments tested including cisplatin, vinorelbine and a PARPi (the latter as published in 

Kondrashova and Topp et al, Nat Comms 2018; in keeping with its heterozygous methylation 

of BRCA1).  

In summary, the most significant eribulin in vivo responses were seen in WEHI 134201 and 

WEHI 134111 PDX models, where PDX WEHI 134201 was a bona fide C5 HGSOC PDX and 

WEHI 134111 was a HGSOC PDX with C5-like genomic characteristics. WEHI 134201 was 

shown to overexpress HMGA2 and WEHI 134111 harboured 59x fold CCNE1 amplification. 

In general, the in vivo eribulin data in this PDX cohort demonstrated a shift from a platinum 

resistant/refractory phenotype to a more eribulin-sensitive phenotype. This set of in vivo data 

highlighted that, despite the negative phase II clinical trial data for eribulin in relapsed HGSOC, 

eribulin may be an effective therapeutic option in a certain subgroup of HGSOC (Hensley et 

al. 2011).   

 

4.2.7   BRD4 inhibition with IBET 762 showed limited in vivo efficacy in C5 HGSOC 

PDX models  

Six C5 HGSOC PDX were selected for in vivo study with the BRD4 inhibitor, IBET 762. In 

this study, mice bearing subcutaneous tumours (180mm3 to 300mm3 in size) were treated with 

IBET 762 at 25mg/kg given on alternate days for 21 days. This dosing regimen represented the 

MTD of IBET 762 in NSG tumour bearing mice.   
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Only one out of six C5 HGSOC PDX (PH041) responded to IBET 762 treatment by achieving 

improvement in median TTH from 71 days for vehicle treated tumours to a median TTH which 

was undefined and statistically significant (p = 0.00747).  Interestingly, the treatment with 

IBET 762 in this PDX also showed a trend to outperform cisplatin chemotherapy, although the 

p value was not significant (p = 0.125) (Figures 4.9B and A insert) 

All the other C5 HGSOC PDX tested (PH038, PH077, PH034, WEHI 134029 and PH048) 

were refractory to single agent IBET 762 treatment. There was no evidence of tumour 

regression observed in all the tumours treated. 

These IBET 762 refractory PDX models (PH038, PH077, PH034, WEHI 134029 and PH048) 

were then selected for combination treatment study with ABT-199 at 100mg/kg given 5x per 

week for 3 weeks together with IBET 762 at 25mg/kg given on alternate days for 21 days. The 

combination of ABT-199 and IBET 762 in PH038, which had the lowest baseline BCL-2 

expression, resulted in short lived tumour regression observed in 5 of 6 tumours treated but 

immediate PD was observed upon cessation of treatment leading to a modest improvement in 

median TTH of 60 days compared to 36 days for vehicle treated tumours (p = 0.02220). In 

comparison to a single agent IBET 762, the improvement with combination ABT-199 and 

IBET 762 was not statistically significant. Single agent ABT-199 had no in vivo efficacy in 

this PDX (Figure 4.9 D). Similarly, although less impressive, the combination of ABT-199 

and IBET 762 in PH034 resulted in short lived tumour regression observed in 3 of 5 tumours 

treated but the improvement of median TTH was not statistically significant in comparison to 

IBET 762 treated and vehicle treated tumours. It was observed that both PH038 and PH034 

that responded to combination ABT-199 and IBET 762 had the lowest BCL-2 expression, 

whereas PH077 and PH048, where BCL-2 expression was either mixed or high, were refractory 

to the combination therapies. As expected for solid organ tumours, single agent ABT-199 was 

shown to have no in vivo efficacy in the three PDX tested: PH038, PH077 and PH034 (Figure 

4.9 D) 

In summary, as one PDX responded to a single agent IBET 762 and two other PDXs responded 

to a combination therapy with ABT-199 and IBET 762, where a single agent therapy of either 

compound alone had no efficacy, it is likely that IBET 762 may have on-target effects in a 

subset of C5 HGSOC. In total, three out of six C5 HGSOC PDX tested showed some biological 

evidence of tumour response to either a single agent or combination treatment of IBET 762. 

Molecular analysis, including that described below, is on-going to determine the molecular 
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basis for this observation. It is probably worthwhile examining the BRD4 status and activity in 

PDX PH041 as a potential explanation for IBET 762 in vivo activity.  

 

 

(A)
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Figure 4.9 Exploring the vulnerabilities of MYCN overexpressed HGSOC by targeting the BET family proteins 

(A) Six C5 HGSOC PDX were selected for IBET 762 in vivo experiment. The maximum tolerated dose (MTD) of 
IBET 762 in our NSG mice was 25mg/kg given on alternate days for 21 days. Only 1 out of 6 PDX, PH041, 
responded to IBET 762. The 5 non-responders were treated with combination of IBET 762 at 25mg/kg on alternate 
days and ABT-199 at 100mg/kg 5 times per week for 21 days. 2 PDXs, PH038 and PH034, demonstrated evidence 
of tumour regression on combination therapy. Insert A: tumour growth graph and Kaplan Meier graph of PH041 
comparing the in vivo response of a single agent cisplatin against IBET 762. 

(B) Summary of the six C5 HGSOC PDX in vivo responses to IBET 762. (Undef = undefined) 

(C) Summary of the six C5 HGSOC PDX in vivo responses to the combination of IBET 762 with ABT-199. (Insuff 
= Insufficient data/data to mature, NA = not available) 

(D) Summary of three C5 HGSOC PDX in vivo responses to single agent ABT-199. (NA = not available) 

 

Escape from apoptosis was hypothesised as one of the mechanisms of drug resistance 

contributing to the lack of single agent IBET 762 efficacy in C5 HGSOC. In order to investigate 

this hypothesis further, PH038 which responded to combination ABT-199 and IBET 762, and 

PH041, which was sensitive to single agent IBET 762, were selected for short term harvest 

(STH) experiments. These experiments were designed to explore the mechanisms of drug 

activity and resistance with single agent IBET 762 and in combination with ABT-199. PH038 

tumours were harvested at 3 hours, 12 hours and 24 hours post IBET 762, combination ABT-
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199 and IBET 762 and vehicle. In parallel, PH041 tumours were harvested at 6 hours and 12 

hours post IBET 762 and vehicle. RNA sequencing and Assay for Transposase-Accessible 

Chromatin using sequencing (ATAC sequencing) have been performed and are currently being 

analysed to elucidate the mechanistic pathways involved in IBET 762 biological activities. 

These samples had also been processed with formaldehyde cross-linking and available for 

chromatin immunoprecipitation with sequencing (ChIP sequencing) to validate the RNA and 

ATAC sequencing results.  

 

4.2.8   Targeting CHK1 in proliferative C5 HGSOC with CCT244747 is efficacious in 

preliminary studies 

Two C5 HGSOC PDX models, WEHI 134029 and WEHI 134036, were selected to study the 

in vivo activity of CHK1 inhibition. Both these C5 HGSOC PDX were platinum resistant and 

harboured multiple oncogenic amplifications, most notably CCNE1 was highly expressed in 

both PDX models (Table 4.1).  

Tumour bearing mice of treatment size were treated with CCT244747 at 100mg/kg 

administered daily for 10 days or vehicle. This short course of CHK1 inhibition was based on 

the maximum dose published for an N-myc driven neuroblastoma mouse model (Walton et al. 

2012).  

Both PDX models, WEHI 134029 and WEHI 134036, responded to a short course of 

CCT24474 treatment with tumour regression observed in five out of six tumours for WEHI 

134029 and in four out of seven tumours for WEHI 134036 (Figure 4.10 A).  The 10-day 

treatment course of CCT244747 for WEHI 134029 led to an improvement in median TTH from 

32 days for vehicle-treated tumours to 88 days for CHK1-inhibitor-treated tumours, which was 

statistically significant (p = 0.00223) (Figure 4.10 B). There was a trend to improvement in 

median TTH for WEHI 134036, from 22 days for vehicle treated tumours to 50 days for CHK1-

inhibitor-treated tumours, but the p value was not statistically significant (p = 0.0610). 

Interestingly, WEHI 134029 had the highest expression of CCNE1 based on RNA sequencing 

data (Heong, Scott Lab, personal communication). 
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Figure 4.10 CHK1 inhibition with CCT244747 shows efficacy in two C5 HGSOC PDX models   

(A) Both WEHI 134029 and WEHI 134036 treated with a short course of CCT244747 at 100mg/kg for 10 days 
demonstrated in vivo responses. The top panel presents the mean tumour volumes for each treatment in a darker 
thick line with the shaded areas showing the 95% confident interval (CI). The lighter lines represent each 
individual tumour volume measurements.  Mice were treated with vehicle (blue), and CCT24474 (pink). The 
bottom panel shows the corresponding KM graphs depicting overall survival (OS) for each treatment (OS – time 
from the initiation of treatment). 

(B) Summary of the in vivo CCT244747 responses of the two C5 HGSOC PDX.  

 

This preliminary data that demonstrated in vivo efficacy of short course CCT24474 in C5 

HGSOC PDX had led to a collaboration with Sierra Oncology to evaluate in vivo efficacy of a 

potent and highly selective CHK1 inhibitor, SRA737, in our HGSOC PDX models. Given that 

CCNE1 overexpression is the common shared genomic feature in both PDX models, WEHI 

134029 and WEHI 134111 were chosen for the in vivo study of SRA737 at various dosing 

regimens. This work is still ongoing, but the preliminary analysis of the SRA737 in vivo data 

demonstrated the efficacy of CHK1 inhibition in CCNE1 overexpressed HGSOC .   
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4.3   Discussion  

Progress in understanding the biology of C5 HGSOC has been impeded by the fact that 

biologically and clinically relevant cell line models for C5 HGSOC are not readily available 

(Domcke et al. 2013). This may be explained by the overexpression of key components in the 

MYCN pathway, in particularly MYCN and HMGA2, can lead to a stem cell-like phenotype 

and exhibit a strong senescence effect on these cancer cells (Nishino et al. 2008; Narath et al. 

2006; Xu et al. 2014). Previous attempts to generate cell lines from C5 HGSOC tumours in this 

laboratory have failed. Furthermore, most commercially available HGSOC cell lines do not 

recapitulate the genomic landscape of HGSOC and are inferior models for generating pre-

clinical data (Domcke et al. 2013).The Scott laboratory (initiated by V Heong, which I have 

extended and further validated) have generated well annotated PDX models, which as 

individual models, are extremely powerful and clinically relevant tools to explore novel 

therapeutics and understand mechanisms of drug activity and resistance.  

Establishing a large cohort of primary human tumour PDX models, rather than a few highly 

selected PDX models, is important to capture the breadth of heterogeneity between tumours. 

The incorporation of multiple biological elements from the original tumour micro-environment 

remains an intriguing advantage of whole piece non-manipulated implantation of human 

tumour tissue into immunocompromised mice. However, the lack of immune cells in NSG 

mice remains a crucial factor that preclude studying interactions between immune and cancer 

cells. The immune-cancer cell interactions are important interactions especially in 

understanding the evolving complex mechanisms that cancer cells undertake to evade 

immunosurveillence and explore novel immuno-oncology target therapies. This can potentially 

be overcome by co-engrafting the human tumour tissue with matched human hematopoietic 

stem cells or peripheral blood mononuclear cell (PBMC) (Lodhia et al. 2015).  

The well annotated cohorts of both C5 and non-C5 HGSOC PDX models, presented in this 

thesis, were demonstrated to be robust pre-clinical models in generating clinically relevant data 

to support an on-going clinical trial. The in vivo data generated were not based on one or two 

highly selected PDX models but from a cohort of HGSOC PDXs that recapitulates the diverse 

inter-tumour heterogeneity. The inter-tumour heterogeneity was demonstrated by the spectrum 

of the in vivo cisplatin responses and the PDX cohort genomic diversity. The heterogeneous in 

vivo responses in this PDX cohort provides a great opportunity to study the underlying genomic 



 159 

or non-genomic factors that drive the variable tumour phenotypes and their responses to 

therapies.  

In addition to inter-tumour heterogeneity captured in these PDX cohort evident by the variable 

in vivo responses to a particular treatment in each PDX, each individual tumour from the same 

PDX also showed lack of uniformity in the tumour growth and responses to treatments. This 

highlighted the presence of intra-tumour heterogeneity capture in a PDX model. Having said 

that, we need to take into account the effect of the animal host/surrogate factors to explain the 

heterogeneous response of a PDX tumour to the same treatment. These are the same complex 

factors that would be relevant in the real-world clinic setting. This level of complexity could 

not be captured or demonstrated with cancer cell line models. Therefore, a well-designed in 

vivo experiment should generate highly robust and clinically relevant data to direct intelligent 

design of clinical trials.  

The validation of on-target effects of each treatment is important and could be achieved by 

short term harvest experiments. Tumour bearing mice of each PDX can be sacrificed at a 

specific time point following the administration of the drug and the harvested tumour can be 

analysed for biological changes. These include the initiation of apoptosis (the presence of 

cleaved caspase 3 protein) for cytotoxic agents and phosphorylation of CHK1 at S345 and S295 

for on target CHK1 inhibition with CCT244747 together with accumulation of DNA damage 

(increase of gammaH2AX and pHH3 proteins). The on-target effects of BRD4 inhibition with 

IBET 796 with/out BCL2 inhibition (ABT-199) are currently being investigated using RNA 

seq, ATAC seq and subsequent ChIP seq to understand the mechanism of drug response. It is 

also important to take into account of the stromal architecture and how this may affect the 

ability of the drug to reach each tumour cells because it may have significant impact on the 

drug efficacy. The effect of each drug on the tumour micro-environment including tumour 

vascularisation, oxygenation status and fibrosis could be achieved with short term harvest 

experiments designed to interrogate these biologic parameters.  

 

4.3.1   Vinorelbine may be an effective therapy in a selected population of HGSOC 

Vinorelbine, a microtubule inhibitor, has demonstrated in vivo efficacy in both C5 and non-C5 

HGSOC PDX models. The role of vinorelbine in non-C5 HGSOC based on the in vivo results 

generated, suggests it may be most relevant in the “post chemotherapy” platinum refractory 
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HGSOC population. However, in-depth genomic analysis of all these tumours, 14 in total 

including both C5 and non-C5 PDX models, may reveal further exciting biomarkers to enable 

better selection of patients with HGSOC who might be benefit most from microtubule inhibitor 

therapy.  

CCNE1 overexpression, which drives a resistant phenotype and increased proliferation, could 

be a potential candidate biomarker that predicts response to microtubule inhibitors. CCNE1 

copy number gain/amplification, which is largely exclusive of BRCA1/2 pathway disruption, 

has been identified in about 19% of HGSOC cases and associated with primary resistance to 

chemotherapy (Patch et al. 2015). WEHI 134029, PH041 and WEHI 134111 were all 

confirmed to be CCNE1 amplified or overexpressed HGSOC PDXs, based on gene and protein 

expression analysis and in keeping with prediction, were refractory to platinum chemotherapy, 

cisplatin. However, all three of these PDXs were highly sensitive to the microtubule inhibitor 

vinorelbine as shown in Figure 4.3. 

I have demonstrated in vivo efficacies of vinorelbine treatment in C5 enriched HGSOC PDX 

models. Six out of seven showed in vivo response to vinorelbine; four sensitive and two 

resistant and only one PDX failed to respond to vinorelbine. This result is in keeping with the 

drug library screen results on Stem-A-like cell lines, which showed higher sensitivity to 

microtubule dynamic inhibitors and these two important sets of pre-clinical data are highly 

relevant in the NAVC5/VIP clinical trial design (Tan et al. 2013). However, this result needs 

to be considered in the context of a recent publication where it was shown that the C5 purity 

of each C5 HGSOC may be compromised by tumour transformation following exposure to 

treatments, particularly from a Stem-A/C5-like tumour to a mes/C1-like desmoplastic subtype 

(Tan et al. 2018). The degree of intra-tumour heterogeneity (ITH) within each tumour may also 

be relevant in predicting treatment outcome. The ITH can be assessed using molecular 

assessment of subtype heterogeneity (MASH) analysis that comprehensively reports on the 

composition of all transcriptomic subtypes within a tumour lesion (Tan et al. 2018). It was 

observed that under chemotherapeutic pressure or when tumours metastasise, the stem-A/C5 

HGSOC tends to undergo mes/C1 transformation into a more desmoplastic tumour (Tan et al. 

2018). This transformation may jeopardize the tumour response to microtubule inhibitors. 

Therefore, utilising MASH to assess ITH on the relapsed or on the metastasised tumour may 

be more relevant to confirm the C5 status for enrolling to the vinorelbine clinical trial, and 

further study is required to assess the effect of C1 contamination in predicting tumour response 



 161 

to vinorelbine. This could be achieved by serial biopsies of multiple tumour sites from a patient 

during the patient’s cancer management, such as before and after chemotherapy and the 

acquisition of tumour specimens from the primary site, peritoneum and other distal metastasis 

regions, for molecular analysis and PDX model generation. Another approach to utilise the 

PDX models is to study the effect of ITH on C5 HGSOC tumour response either by serial 

transplantation following exposure to chemotherapies and/or intra-peritoneal implantation to 

drive tumour transformation. Human or PDX tumours from each site and time point are 

independently assessed for their ITH and in vivo response to therapies including vinorelbine.  

An attempt to circumvent resistance to vinorelbine by targeting BCL-2 overexpression with a 

BH3 mimetic was evaluated in PDX PH048, which was refractory to both cisplatin and 

vinorelbine and has a high level of BCL-2 expression.  The escape from cytotoxic induced 

apoptosis via upregulation of pro-survival protein BCL-2 poses an attractive target especially 

with a tolerable platelet-sparing BCL-2 targeting agent, ABT-199 (Souers et al. 2013). 

However, combining ABT-199 with vinorelbine exerted only an “anti-proliferative” effect on 

the tumour. Therefore, targeting BCL-2 alone may not be sufficient in driving cell death via 

apoptosis in this tumour and other pro-survival proteins such as MCL-1, BCL-w and BCL-xl 

may also be relevant in preventing cellular apoptosis and could be targeted (Delbridge & 

Strasser 2015). S63845, which inhibits MCL-1 and ABT-737, and neutralizes BCL-2, BCL-1 

and BCL-xl, may be potentially interesting partnering agents with vinorelbine to target a wider 

spectrum of pro-survival proteins (Kotschy et al. 2016; van Delft et al. 2006). However, the 

toxicity profile may need to be evaluated to ascertain tolerability of these combinations.  

 

4.3.2   Eribulin potentially has a wider indication than vinorelbine as a microtubule 

inhibitor 

Eribulin, another class of microtubule inhibitor, is an interesting compound worth re-exploring 

for HGSOC. Although the phase II trial for eribulin in relapsed HGSOC only achieved an 

objective response rate of 5.5% in the platinum resistant and 19% in the platinum sensitive 

HGSOC (Hensley et al. 2011), the in vivo eribulin data in HGSOC PDX cohort revealed a wide 

range of anti-tumour efficacy in particularly in the platinum resistant and refractory cases. 

Further in-depth genomic analysis of these PDX tumours would be useful to establish the most 

appropriate subgroup that will benefit from eribulin treatment. Based on its mechanism of 
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action as a microtubule inhibitor, eribulin may be most relevant in the C5 subtype and/or 

CCNE1 driven HGSOC subgroup.  

HMGA2 overexpression may be a better predictive biomarker for microtubule inhibitor 

response in HGSOC. HMGA2 is a reliable marker for MYCN pathway activation and is 

commonly overexpressed in HGSOC (64%) and OCS (60%) (Mahajan et al. 2010). The 

HMGA2 overexpression in the rare subtype of ovarian cancer, carcinosarcoma or MMMT, 

formed a part of the basis for exploring targeting microtubule dynamics with vinorelbine and 

eribulin in the treatment of ovarian carcinosarcoma. This will be further explored in Chapter 5.  

Recently, HMGA2 has been proposed to be a functional antagonist of PARP inhibitors 

(Hoombach-Klonisch et al. 2018). My earlier studies with GEMM further implicate MYCN 

pathway activation as a putative tumorigenic driver for OCS and thus further support 

exploration for eribulin in the OCS subtype.  

Eribulin may pose an attractive therapeutic option in combination with immunotherapies. This 

is based on published evidence that eribulin may have a wider clinical role due to its biological 

impact on reversing the EMT process, which is highly relevant in C5 HGSOC which has 

mesenchymal components (not to be confused with the TCGA nomenclature of mesenchymal 

phenotype to refer to the C1 or stromal subset of HGSOC (Bell et al. 2011)). Eribulin can also 

improve tumour microenvironments by impacting tumour vasculature and the immune micro-

environment (Goto et al. 2016; Funahashi et al. 2014; Ueda et al. 2016). As described in Future 

Directions (the next section), our cohort of HGSOC PDX models is being utilised to establish 

pre-clinical efficacy of MORAb-202, a folate alpha receptor antibody conjugate linked to an 

eribulin payload, in collaboration with Eisai Oncology (Commercial In Confidence).  

 

4.3.3   Eribulin in vivo data warrants future exploring of a novel antibody-chemotherapy 

conjugate with eribulin as a payload in HGSOC and O/FTCS  

There are on-going experiments to evaluate the efficacy of eribulin in C5 HGSOC and CCNE1 

overexpressed HGSOC, which are the most likely subgroups of HGSOC that may benefit from 

eribulin treatment based on current existing in vivo eribulin data. The association between 

MYCN pathway activation and O/FTCS together with the in vivo efficacy of eribulin C5 

HGSOC PDX formed the basis to evaluate the efficacy of eribulin in ovarian carcinosarcoma 

(next chapter).   
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Having demonstrated in vivo efficacy of eribulin across a wide range of HGSOC PDX led to 

further discussions with Eisai Inc. (the company developing eribulin) for future collaboration 

involving exploration of a novel antibody-chemotherapy conjugate, MORAb-202. This 

compound targets the Folate Receptor Alpha (FRA), which is overexpressed in multiple 

tumour types including OC with high prevalence and utilised eribulin as the cytotoxic 

payload.  This new collaborative work includes a proposal for HGSOC PDX models to be 

screened for FRA expression by IHC and up to four HGSOC PDX with high FRA to be selected 

for in vivo experiment with MORAb-202. 

 

4.3.4   The exceptional PDX responders to vinorelbine and eribulin 

The NCI has instigated an initiative in understanding the molecular underpinnings of 

exceptional responders to novel and existing therapeutic called the Exceptional Responders 

Initiatives (ERI) in 2012 and thus far collected tumour samples from 100 cases of exceptional 

responders (NCI 2018). These are the patients who received treatment in which only 10% or 

less achieved a complete response or durable response more than 6 months and in most cases, 

have sustained clinical benefit for at least 3 times longer than the median duration of responses 

based on literature resources for that particular treatment. This initiative was originally 

prompted by the report of a patient with bladder cancer harbouring mutations in TSC1 and NF2 

genes that resulted in loss of both gene functions who achieved complete response to single 

agent mTOR inhibitor, everolimus, for more than 4 years (Iyer et al. 2012). This led to the 

discovery of a total of five mutations in TSC1 including four frame shift and a somatic missense 

mutations that confer exceptional sensitivity to mTOR inhibition (Iyer et al. 2012).  

PDX WEHI 134029 showed exceptional sensitivity to vinorelbine and PDX WEHI 134201 to 

eribulin in vivo therapy (Figure 4.11). All tumours treated achieved CR and not a single tumour 

treated relapsed or had PD observed over 120 days. Understanding the biology and molecular 

basis which underpin the sensitivity of these compounds may be extremely useful to establish 

more reliable biomarkers to predict response to these compounds.  
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Figure 4.11 Exceptional responders in our PDX models to vinorelbine and eribulin   

 

4.3.5   Re-thinking the role of BRD4 inhibition 

Despite a high profile publication suggesting BRD4 inhibition as a potential therapeutic 

approach for both MYCN and MYC-driven HGSOC, our extensive C5 HGSOC PDX in vivo 

testing of IBET 762 failed to support this observation (Baratta et al. 2015). The efficacy of 

single agent BRD4 inhibition, with IBET 762, was limited. Only one of six C5 HGSOC PDX 

demonstrated sensitivity to IBET 762. It is important to note that the in vivo outcome of 

treatment with BRD4 inhibition was impressive and exceptional in this one PDX model, PH041 

(Figure 4.9). It showed a trend to outperform the standard cytotoxic platinum agent, cisplatin 

in this particular PDX model.  

However, despite the poor single agent IBET 762 response rate in these C5 HGSOC PDX 

models, it is still likely that IBET 762 may have biological effects in a wider C5 HGSOC 

subgroup but its biological efficacy might be masked by intrinsic pro-survival mechanisms to 

escape cell death by apoptosis. This observation was based on two of five PDX treated with 

ABT-199 and IBET 762 combination therapy showing evidence of tumour regression, albeit 
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short-lived. The other possible explanation for failure of single agent IBET 762 in C5 HGSOC 

is that, even though MYCN may be an important genetic component that drives tumorigenesis 

and drug resistance in C5 HGSOC, the loss of MCYN overexpression may not necessarily lead 

to loss of malignant cell viability. Lastly, the upregulation of BCL-2 may only play a limited 

role in the cancer cells survival and other pro-survival members, such as BCL-xL r MCL1 may 

play a more prominent role.  

Therefore, understanding the mechanisms of BRD4 inhibitor activity and elucidating the 

mechanisms driving lack of response to single agent IBET 762 will be crucial in determining 

BRD4 inhibition potential in HGSOC treatment. The short-term harvest experiments analysing 

the response of PDX PH041 to single agent IBET 762; and of PH038 to single agent IBET 762 

and to the combination of ABT-199 and IBET 762 for RNA sequencing, ATAC sequencing 

and ChiP sequencing have been completed and analysis is currently underway. The 

identification of the putative mode of drug action of IBET 762 in OC will enable future 

exploration of relevant biomarkers to better predict which cohort of OC might benefit from 

BRD4 inhibition and which drug partners could be combined with IBET 762 to better take 

advantage of this therapeutic approach. The experiments performed here using this cohort of 

C5 HGSOC PDX demonstrated the complexity of tumour heterogeneity and the need for more 

careful appraisal of the mechanisms underlying BRD4 inhibitor response. The molecular 

analyses underway will contribute to this important field of research.  

 

4.3.6   Targeting the cell cycle checkpoint showed promise in HGSOC 

Finally, the exploration into synthetic-lethality, driven by the highly proliferative nature of C5 

HGSOC, which may misappropriate the cell cycle checkpoint to survive the effect of increased 

replicative stress, poses an attractive treatment avenue for C5 HGSOC or related HGSOC 

tumour with a similar phenotype. This includes approaches involving targeting the checkpoint 

kinase, CHK1, with a highly selective inhibitor, CCT244747. Experiments performed here 

provided evidence, as a proof of concept that CHK1 inhibition, even given as a short course, 

could have a single agent activity in the treatment of C5 HGSOC in our PDX models and more 

importantly, in drug resistant CCNE1 overexpressed HGSOC. CCNE1 functions as a key 

regulator of G1/S cell cycle transition in response to mitotic signals and plays a role with Rb1 

to facilitate cell cycle transition (Nakayama et al. 2010). Both PDXs that responded to CHK1 

inhibitor harboured CCNE1 overexpression; WEHI 134029 harboured CCNE1 gene 
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amplification and WEHI 134036 had increased CCNE1 expression. This led to collaborative 

work with Sierra Oncology to generate pre-clinical data using SRA737 to support the clinical 

oral CHK1 inhibitor compound, leading to implementation of a HGSOC subgroup expansion 

arm in the current phase II clinical trial (A Phase 1/2 Trial of SRA737 in Subjects With 

Advanced Cancer; ClinicalTrials.gov Identifier: NCT02797964). Combination therapies, with 

PARPi or with cytotoxic therapies, to further drive replicative stress in HGSOC, are underway 

using these HGSOC PDX models. 
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5   Determining the efficacy of the microtubule inhibitor, eribulin, in ovarian and 

fallopian tube derived carcinosarcoma  

 

5.1   Introduction 

5.1.1   Ovarian and fallopian tube derived carcinosarcoma (O/FTCS) 

O/FTCS is a clinically aggressive and treatment resistant rare subset of gynaecological cancer, 

with an incidence of 0.12 per 100,000 population in Europe (Rauh-Hain et al. 2016). O/FTCS, 

also known as malignant mixed Müllerian tumours (MMMT), is a biphasic malignancy that is 

composed of both malignant epithelial (carcinomatous) and mesenchymal (sarcomatous) 

components (George et al. 2013) (Figure 5.1 A). This tumour subtype is associated with a 

higher rate of metastatic disease compared to HGSOC and more than 75% of patients at first 

presentation are diagnosed at later stages or with disseminated disease (Berton-Rigaud et al.  

2014). Furthermore, O/FTCS is associated with poorer overall prognosis in all stages of disease 

compared to HGSOC at similar stages (Rauh-Hain et al. 2016). Also importantly, O/FTCS 

tends to occur in older women with more than 58% of women with O/FTCS diagnosed at over 

65 years of age and this has significant clinical impact on chemotherapeutic options for these 

women (George et al. 2013).   

It has been largely accepted that the “conversion theory” rather than the “collision theory” is 

the most likely tumorigenic process for O/FTCS (Rauh-Hain et al. 2016). The “conversion 

theory” centres on the emergence of both carcinomatous and sarcomatous components of 

O/FTCS from a common tissue of origin (McCluggage 2002). In contrast, the “collision 

theory” suggests that there are two separate independent tumorigenic processes occurring 

simultaneously, which then converge to form one tumour (Rauh-Hain et al. 2016). The current 

genomic and molecular data indicate that most O/FTCS are monoclonal and, therefore, 

supports a singular neoplastic process in O/FTCS tumorigenesis rather than two separate 

processes (Schipf et al. 2008). Phylogenetic studies conducted by analysing WGS data from 

uterine and O/FTCS samples have identified high frequencies of shared common mutations 

typical of high grade EOC and other additional mutations relevant for sarcomatous 

transformation (Shih & Kurman 2004). Subsequently, a comprehensive analysis of the 

gynaecologic carcinosarcoma mutational landscape suggests that the high grade carcinomatous 

component of O/FTCS appears earlier during tumorigenesis, followed by a second tumorigenic 

event that initiates the conversion of a subset of the tumour into the sarcomatous component 
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(Fujii et al. 2000). Furthermore, based on multi-region whole-exome sequencing of O/FTCS 

and uterine carcinosarcoma tumours, most somatic mutations observed in the sarcomatous and 

the carcinomatous components are shared and there is often no additional single nucleotide 

variation seen between these two components (Zhao et al. 2016). Therefore, the sarcomatous 

differentiation of the high-grade epithelial component is probably driven by changes in gene 

expression, which are involved in the EMT process rather than a somatic activating mutation 

(Zhao et al. 2016). These findings raise the notion that targeting the genes and pathways 

relevant to the carcinomatous element may prove efficacious in treating both components in 

these cancers.  

 

Figure 5.1 O/FTCS are biphasic malignancies with poor prognosis and limited effective treatment options 

(A) O/FTCS tumours (also known as malignant mixed Müllerian tumours) contain both epithelial (carcinoma) and 
mesenchymal (sarcoma) components.  

(B) It has been proposed that O/FTCS derive from a single epithelial progenitor that de-differentiates to form the malignant 
mesenchymal component. There is evidence suggesting that the O/FTCS tumorigenic process is an example of stable or 
extreme epithelial to mesenchymal transition (EMT). O/FTCS forms part of the disease spectrum in HGSOC. Owing to its 
aggressive and treatment resistant nature, the overall survival of women with O/FTCS is poorer than for HGSOC.  
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The O/FTCS genomic landscape shares marked similarities with that of HGSOC (Growdon et 

al. 2011; Fujii et al. 2000; Schipf et al. 2008; Zhao et al. 2016). These similarities include high 

genomic instability characterised by high frequencies of gene copy number variations (CNV), 

TP53 gene dysfunction and low frequencies of somatic mutations within the protein coding 

regions (Bowtell 2010; Jones et al. 2014). However, the mutational profile of O/FTCS differs 

from that of HGSOC such as, by the identification of activating mutations in oncogenes 

PIK3CA and KRAS, the loss of function mutation in PPP2R1A and a gain of function mutation 

in BCOR, which are not commonly found in HGSOC. HMGA2 overexpression, which is a 

hallmark of the C5 subset of HGSOC and a downstream target of the LIN28B/MYCN/let7 

pathway, is relevant in both HGSOC and O/FTCS (Balzeau et al. 2017; Helland et al. 2011). 

HMGA2 overexpression is seen in 64% of HGSOC, 60% of O/FTCS and 54% of uterine 

carcinosarcoma (Mahajan et al. 2010). Therefore, the MYCN pathway is thought to play a 

relevant role in O/FTCS tumorigenesis. I have shown in Chapter 3 that activation of the MYCN 

pathway together with p53 dysfunction can drive O/FTCS development in the Pax8 FT cells. 

This was further highlighted in a recent publication where inactivation of the tumour 

suppressor genes Rb1, Brca1, Tp53 and/or Nf1 in the FT epithelial cells resulted in the 

development of O/FTCS and HGSOC, and both tumours can have common cells of origin, 

which is the PAX8 FT epithelial cells (Zhai et al. 2017).    

Since it is generally accepted, based on molecular, epidemiological, genetic and histologic data, 

that O/FTCS arises from a single neoplastic process within the EOC component, it can also be 

argued that O/FTCS forms part of the HGSOC disease spectrum (Berton-Rigaud et al. 2014; 

Jin et al. 2003; Schipf et al. 2008; Growdon et al. 2011). In clinical practice, a carcinoma with 

a small sarcomatous component, less than 5%, is still regarded as HGSOC if the majority of 

the tumour has histologic features diagnostic of HGSOC (Jan Pyman, anatomical pathologist, 

personal communication). The diagnosis of O/FTCS is established based on the identification 

of any degree of carcinomatous component found within a sarcomatous tumour on histology 

(Jan Pyman, anatomical pathologist, personal communication).  Nevertheless, in comparison 

with HGSOC, O/FTCS is associated with poorer clinical outcome and higher degree of 

chemoresistance (Rauh-Hain et al. 2016; Berton-Rigaud et al. 2014). The standard treatment 

for OC, such as platinum-based chemotherapy (carboplatin or cisplatin) and anthracyclines 

(doxorubicin), are associated with lower response rates in O/FTCS (Rauh-Hain et al. 2016; 

Bois 2005). This suggests that the additional genetic aberrations that drive O/FTCS 

tumorigenesis can also drive the treatment resistant and aggressive phenotype in this tumour 
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subtype (Figure 5.1 B). Therefore, when managing and treating O/FTCS, this should not be 

considered as HGSOC but regarded as a separate entity because the standard HGSOC therapies 

are less effective. In-depth understanding of O/FTCS biology, such as appreciating the role of 

MYCN pathway as a relevant genetic aberration in O/FTCS tumorigenesis, will be crucial to 

establish potential effective novel therapeutic approaches. The current lack of effective 

treatment highlights an urgent need to explore novel therapeutics for women with O/FTCS.  

 

5.1.2   Rationale for eribulin as a novel therapeutic in O/FTCS  

Although both O/FTCS and HGSOC share many common genetic aberrations, as mentioned 

earlier, the standard HGSOC treatments (i.e. cisplatin and paclitaxel) have been shown to be 

less effective in O/FTCS patients (George et al. 2013). One caveat is that those women with 

O/FTCS who carry germline BRCA mutations do have a more favourable prognosis (Carnevali 

et al. 2017). BRCA mutant O/FTCS is similar to HRD HGSOC tumours and may display 

sensitivity to both platinum based chemotherapies and PARP inhibitors (Norquist et al. 2016). 

Therefore, gBRCA mutation testing is important in women with O/FTCS as PARP inhibitors 

may be a highly relevant therapy in this context and gBRCA1/2 mutation carrier patients are 

eligible for maintenance therapy in the platinum sensitive relapsed setting in Australia.  

MYCN amplification and overexpression can drive the overexpression of LIN28B and HMGA2, 

and the deregulation of this pathway is associated with the C5 subset of HGSOC (Helland et 

al. 2011). Interestingly, HMGA2, which is an architectural factor that binds to AT-rich 

sequences and other transcription factors, can directly and indirectly regulate the transcription 

of many target genes involved in cell growth, differentiation, apoptosis and malignant 

transformation (Fusco & Fedele 2007; Helland et al. 2011). HMGA2 expression has also been 

shown to be up-regulated in tumours of both epithelial and mesenchymal origins and its 

overexpression is relatively common in many types of mesenchymal tumours (Dreux et al. 

2010).  

The MYCN, LIN28B or HMGA2 overexpressing O/FTCS may represent a subset of O/FTCS 

that is clinically relevant for exploration of novel therapeutics. Extrapolating from our 

understanding of C5 HGSOC biology and given the similarities between these two tumour 

types, targeting the MYCN pathway presents an interesting novel therapeutic approach for 

O/FTCS. Stem-A human HGSOC cell lines (largely equivalent to the C5 subtype) have been 
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shown to be more sensitive to inhibitors of tubulin polymerisation (vinorelbine and vincristine) 

than the non-Stem-A cell lines (Tan et al. 2013). However, this distinction was not apparent 

for the microtubule stabiliser, paclitaxel, thus suggesting the C5 HGSOC tumour cells have a 

higher reliance on microtubule growth and mitotic spindle formation for cellular survival (Tan 

et al. 2013). 

Eribulin is a best in class microtubule inhibitor clinical compound with a different mode of 

action to vinorelbine (Dybdal-Hargreaves et al. 2015) and represents an exciting novel 

candidate drug for O/FTCS. In Chapter 4, I have demonstrated that eribulin is more efficacious 

than vinorelbine in our HGSOC PDX models, and potentially more relevant in C5-like ovarian 

tumours. In addition, eribulin has other potential clinical and biological benefits over 

vinorelbine. Clinically, it is a better tolerated drug, which is important in terms of cytotoxic 

drug delivery in a palliative setting, and eribulin has been shown to modulate immune 

responses favourably, suppress EMT and normalise tumour vasculature (Cortes et al. 2011; 

Goto et al. 2018). It has been shown clinically that eribulin has a synergistic effect with 

immunotherapy (pembrolizumab) in a phase II trial with triple negative basal-like breast cancer 

(NCT03222856).  

 

5.1.3   Pre-clinical models for O/FTSC 

Rare cancers, including O/FTCS, are severely under-represented in clinical trials and these 

tumours are usually grouped together with their more common counterparts (Rauh-Hain et al. 

2016). Most clinical trials specifically designed for rare cancers have been usually very slow 

to recruit and often fail to demonstrate efficacy due to the low study patient numbers. This 

remains true for O/FTCS and for example, a first line chemotherapy (cisplatin) trial in O/FTCS 

took 20 years to recruit and only demonstrated moderate efficacy with 20% response rate 

(Rauh-Hain et al. 2016). Despairingly, most prospective clinical studies for O/FTCS involved 

only small numbers of patients ranging from 9 to 44 patients and therefore these studies lacked 

the power to generate conclusive answers. Most recommendations and guidelines for O/FTCS 

were based on extrapolating information from larger unrelated clinical studies or based on 

expert opinions alone (Berton-Rigaud et al. 2014).  

There are relatively few available O/FTCS pre-clinical models for novel drug exploration and 

mechanistic studies because of its rarity (Glaser et al. 2015). Furthermore, due to the extreme 
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inter-tumoural and intra-tumoural heterogeneity of O/FTCS, a robust tumour model needs to 

have the capability to embody these heterogeneities in order to be clinically relevant (Glaser et 

al. 2015). As shown in chapter 4, patient derived xenograft (PDX) generated by transplantation 

of fresh human tumour into mice can faithfully recapitulate primary patient tumour 

characteristics (Weroha et al. 2014; Topp et al. 2014). Furthermore, a large cohort of well 

annotated PDX models of O/FTCS rather than just one PDX will be an extremely powerful 

pre-clinical tool and can be utilised as a reliable surrogate representation for this tumour 

subtype (Lodhia et al. 2015).  

In parallel, GEMMs are additional pre-clinical tools for O/FTCS. These models are generated 

under known genomic parameters and can be used to address specific scientific questions and 

aims (Malaney et al. 2013). This can be accomplished by directing the genetic aberration of 

interest, such as Tp53 and Rb1 loss together with MYCN or LIN28B overexpression to the Pax8-

positive FT cells (Sherman-Baust et al. 2014; Molenaar et al. 2012; Perets et al. 2013; Zhai et 

al. 2017). These GEMMs can serve as the proof of concept that O/FTCS tumorigenesis can be 

driven by these genetic aberrations and subsequently as clinically relevant mouse models for 

novel therapeutic exploration. Nevertheless, transgenic models are established models that are 

useful in studying the effects of specific genes of interest that are implicated in O/FTCS 

tumour’s biological behaviour and in contrast to PDX models generated in NSG mice, these 

GEMMs are immunologically intact (Zhai et al. 2017).  

I aimed to generate and validate a cohort of O/FTCS PDX models, which could then be used 

to generate pre-clinical data supporting a clinical trial proposal for eribulin in O/FTCS. I also 

aimed to generate and validate a GEMM of FT derived carcinosarcoma. This model would 

provide a useful tool to screen for potential novel therapeutics for O/FTCS and to study 

mechanisms of drug activity and resistance. These potential novel therapeutics, whose efficacy 

has been demonstrated in the GEMM, can be further validated in the PDX models.  
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5.2   Results  

5.2.1   The establishment of human O/FTCS PDX models that recapitulate primary 

human tumours  

One PDX, WEHI 134107, was generated from a fresh human tumour sample obtained from 

the Royal Women’s Hospital that was successfully implanted subcutaneously into NSG mice. 

Seven cryopreserved O/FTCS PDX tumours were also obtained from collaborator P Haluska 

(Mayo Clinic) and subcutaneously propagated in NSG mice. Five out of seven PDX from the 

Mayo Clinic were successful in engrafting onto NSG mice and all five of these tumours were 

confirmed to be of human origin due to the presence of the human TP53 gene as assessed by 

the polymerase chain reaction (PCR) (Kyran, Scott Lab, personal communication). These PDX 

models were PH142, PH006, PH419, PH003 and PH592 (Weroha et al. 2014).  

A panel of IHC staining was performed on each tumour that arose from the PDX rescued from 

cryopreserved tumour or generated from primary transplantation (Figure 5.2). The antibodies 

for the IHC panel included: anti-PAX8 as a lineage marker of FT epithelial cells, anti-PanCK 

as an epithelial marker, anti-Vimentin as a mesenchymal marker, and anti-HMGA2 to assess 

MYCN pathway activation (Laury et al. 2011; Köbel et al. 2016; Zhou et al. 2017; Wu & Wei 

2013). The histology of each tumour was reviewed by anatomical pathologist specialists (Dr 

M Christie from the Royal Melbourne Hospital, and Dr J Pyman and Dr J Collette from the 

Royal Women’s Hospital).  

All the PDX models were confirmed by histopathology to be O/FTCS, with a varying 

percentage of carcinomatous and sarcomatous components. The top panel of Figure 5.2 is a 

representative section of Hematoxylin and Eosin (H&E) staining for each tumour and 

highlights the inter-tumour heterogeneity seen in these tumours, in particular the proportion of 

carcinomatous and sarcomatous components. The PDX are arranged in order, based on the 

most carcinomatous tumours on the left to the most sarcomatous tumours on the right.   
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Figure 5.2 Histopathologic confirmation of six O/FTCS PDX models 

Successfully engrafted O/FTCS tumours in NSG mice were assessed histopathologically to confirm the O/FTCS diagnosis. 
Immunostaining for PanCK, PAX8, HMGA2 and Vimentin were performed for each tumour and for the subsequently passaged 
PDX. PanCK was used to identify the carcinomatous component of the tumour whereas Vimentin was used for the sarcomatous 
component. PAX8 immunostaining was important to confirm the FTSEC lineage and HMGA2 immunostaining was utilised as 
a marker for MYCN pathway activation. Hematoxylin and Eosin (H&E) stained slides were assessed by the gynae-
histopathologist specialists and all tumours were confirmed to be O/FTCS with varying degree of carcinomatous vs 
sarcomatous component. These tumours are ranked from left to right according to their carcinomatous: sarcomatous 
percentage. The tumours with the highest carcinomatous elements are on the left and those with the highest sarcomatous 
element are on the right. The percentages of both components in each tumour are listed at the bottom of the diagram. 
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Histologically, tumours WEHI 134107, PH142 and PH006 were predominantly carcinomatous 

with nearly no sarcomatous component. In comparison to the tumour’s cellularity, WEHI 

134107 had more than 90%, PH142 contained between 70% and 90%, and PH006 only had 

between 30% and 80% carcinomatous component. Both PH419 and PH003 tumours had a 

mixture of carcinomatous and sarcomatous components, between 40% and 60% ratio of each 

component, and lastly, PH592 tumour was a purely sarcomatous tumour associated with no 

carcinomatous component. The panCK and the vimentin immunostaining accurately identify 

the carcinomatous and sarcomatous components, respectively, in all of the PDX tumours 

except for the PH142 tumour. The vimentin immunostaining was seen both in the sarcomatous 

component as well as in large areas of the carcinomatous component of PH142 tumour. This 

observation was interesting because it demonstrated that the carcinomatous component of 

PH142 may have a mesenchymal-like phenotype. In contrast, the panCK immunostaining was 

only observed in the carcinomatous regions in all of the tumours and not within the sarcomatous 

regions.  

The PAX8 nuclear immunostaining was diffusely positive in all PDXs except for PH592 

confirming the FT epithelial cell lineages of these tumours. The loss of PAX8 immunostaining 

of PH592 was not surprising and this observation is in keeping with the clinical IHC features 

of O/FTCS, where up to 30% of OCS especially the sarcomatous elements can lose their PAX8 

expression (Holmes et al. 2014). Importantly, all the PDX models expressed HMGA2 by IHC, 

thus indicating that the MYCN pathway is relevant in these models and microtubule inhibitors 

may demonstrate efficacy (Mahajan et al. 2010; Tan et al. 2013). All the PDX tumours 

demonstrated strong nuclear HMGA2 immunostaining.  

In summary, this cohort of six O/FTCS PDX models was shown histopathologically to 

represent the wide range of O/FTCS tumours to their different compositions of carcinoma and 

sarcoma elements. However, these PDX shared a common feature, in term of HMGA2 

expression that was detected in every PDX tumour. This set of PDX models is a powerful 

preclinical tool to explore novel therapies for O/FTCS. 
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5.2.2   In vivo treatment of O/FTCS PDX models 

5.2.2.1   The O/FTCS PDX models’ in vivo responses to cisplatin were comparable to that 

of O/FTCS patients’ clinical responses  

All six O/FTCS PDX models were assessed for in vivo responses to the standard treatment for 

O/FTCS in the clinic, which is platinum-based chemotherapy, using the readily available drug, 

cisplatin. Cisplatin was given to tumour bearing mice at 4mg/kg on day 1, day 8 and day 18. 

This is the in vivo cisplatin MTD for NGS mice bearing HGSOC (tested on > 20 HGSOC PDX 

models by the Scott Lab) and the tumour growth rate and response to therapy was compared to 

vehicle treated tumours, in this case, the Dulbecco’s Phosphate Buffered Saline (DPBS) was 

given as intra-peritoneal injections on day 1, day 8 and day 18. TTH of each tumour, was 

assessed as the days taken for the tumour volume to reach end of experiment harvest volume 

of 700mm3.  

Five out of the six O/FTCS PDX models were refractory to cisplatin, as these tumours failed 

to achieve any meaningful tumour response to cisplatin. All the PDX had a time to PD of less 

than 50 days. The cisplatin refractory PDX models included PH142 and PH006, which were 

predominantly carcinomatous tumours, PH419 and PH003, which had a mixture of 

carcinomatous and sarcomatous elements and lastly, PH592, was purely a sarcomatous tumour 

(Figures 5.3 A and B). There was evidence of early short-lived tumour regression observed in 

PH142 treated with cisplatin but PD occurred before 50 days. This had led to a modest 

improvement of median TTH from 15 days in vehicle treated tumour to 50 days, which was 

statistically significant (p = 0.00074). There was no evidence of in vivo tumour regression seen 

in PH006, PH419, PH003 and PH592 treated with cisplatin. WEHI 134107 was the only PDX 

resistant (rather than refractory) to cisplatin. There was evidence of initial tumour regression 

with cisplatin treatment, which led to tumour PD after 50 days but less than 100 days. The 

cisplatin treatment resulted in a significant improvement of median TTH from 53 days to 130 

days, which was statistically significant (p = 0.00079).  

It is evident in these O/FTCS PDX models that even if tumour regression can be achieved with 

cisplatin, such as in WEHI 134107 and PH142, rapid disease progressions were observed in 

these PDX models, leading to early treatment failure. This pattern of treatment failure is very 

characteristic of tumour behaviour in the clinic and hence cisplatin based treatment of O/FTCS 

in the clinic fails to achieve sustainable clinical benefits (Rauh-Hain et al. 2016; George et al. 

2013). Most published reports indicate that O/FTCS or MMMT are often more platinum 
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resistant or refractory (Rauh-Hain et al. 2016). There has not been a large study to evaluate 

O/FTCS cisplatin response rate, however, meta-analysis of many smaller clinical studies 

showed that the response rate of platinum therapy (both partial and complete response 

combined) was less than 20%, which is similar to the uterine carcinosarcoma cisplatin response 

rate (Rauh-Hain et al. 2016; Berton-Rigaud et al. 2014). Therefore, the overall in vivo cisplatin 

responses seen in this cohort of O/FTCS PDX models were representative of the platinum 

chemotherapy responses as seen in the clinic. 

Interestingly, despite the lack of the sarcomatous element, PH412 and PH419 were refractory 

to cisplatin. This observation suggested that the platinum resistance phenotype in O/FTCS was 

not confined purely to the sarcomatous component alone but also to the carcinomatous 

component of the tumour. Therefore, we hypothesized that cisplatin treatment resistance in 

O/FTCS may have been acquired early during its tumorigenesis when the cancer was still at 

the carcinomatous phase. The molecular events that pre-dispose these tumours to sarcomatous 

transformation may also play a role in driving the treatment resistance phenotype. Another 

interesting observation was that the carcinomatous: sarcomatous percentage or ratio of each 

O/FTCS PDX tumour did not correlate with the in vivo cisplatin sensitivity and, therefore, it is 

not a reliable predictive factor for cisplatin response.   
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O/FTCS PDX in vivo cisplatin, paclitaxel, vinorelbine and 
eribulin responses 
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Figure 5.3 Eribulin was an effective treatment in O/FTCS PDX models and outperformed the standard platinum based 
chemotherapy, cisplatin 

(A) Six O/FTCS PDX were selected to receive the following treatments:(a) single agent cisplatin at 4mg/kg given at day 1, 
day 8 and day 18, (b) paclitaxel at 25mg/kg given twice a week for 3 weeks, (c) vinorelbine at 15mg/kg given at day 1, day 8 
and day 18, and (d) eribulin at 1.5mg/kg given 3 times per week for 3 weeks. Eribulin treatment outperformed cisplatin in all 
6 PDX models tested by either achieving deep significant prolonged tumour regression or meaningful disease stabilisation.  

(B) Summary of the in vivo responses of the O/FTCS PDX models to cisplatin. Consistent with historical human data, all the 
PDX models were either resistant or refractory to platinum based chemotherapy. This data further suggests that the first line 
platinum based chemotherapy used in the clinic may be an inferior treatment option.  

(C) Summary of the in vivo responses of the O/FTCS PDX models to paclitaxel treatment. Paclitaxel, a microtubule stabiliser, 
is often used in combination with a platinum based chemotherapeutic agent or as second line single agent therapy in treatment 
of O/FTCS.  

(D) Preliminary in vivo data for vinorelbine shows that two of the O/FTCS PDX models, WEHI 134107 and PH142, with the 
highest proportion of carcinomatous component, were sensitive to vinorelbine. In contrast, two PDX models, PH003 and 
PH592, with the highest proportion of sarcomatous component, were refractory to vinorelbine.  

(E) Summary of the in vivo responses of O/FTCS PDX models to eribulin. Eribulin treatment was effective across all of the 
O/FTCS PDX models except for PH003.  Four O/FTCS PDX models: WEHI 134107, PH142, PH006 and PH419, were 
sensitive to eribulin. Eribulin treatment in PH592, which are mainly sarcomatous, resulted in prolonged stabilisation of 
tumour associated with a late tumour regression leading to an impressive improvement of overall survival and median TTH 
from 15 to 99 days (p = ***). The treatment of PH003, which was the most treatment resistant PDX with eribulin, resulted in 
the stabilisation of tumour growth during treatment but rapid progression of tumours following treatment cessation. This had 
led to a statistically significant improvement in the median TTH of 28 days, which was equivalent to the length of eribulin 
treatment (p = ***).  

WEHI%134107 Undef 53 Undef 6,*8 ** Sensitive
PH142 Undef 15 Undef 6,*8 ** Sensitive
PH006 NA NA NA NA NA NA
PH419 NA NA NA NA NA NA
PH003 28 11 43 6,*10 *** Refractory
PH592 50 15 64 6,*9 *** Refractory

OCS PDX
Time to PD (d) 

vinorelbine
Median TTH       

(d) vehicle
Median TTH       

(d) vinorelbine
n               

(recipient mice)
p value for 
difference

Vinorelbine 
Response

WEHI%134107 80 53 130 8,'8 *** Resistant
PH142 38 15 50 6,'8 *** Refractory
PH006 7 25 29 5,'8 NS Refractory
PH419 7 36 64 4,'4 NS Refractory
PH003 7 11 11 6,'10 NS Refractory
PH592 7 15 15 6,'9 NS Refractory
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Time to PD (d) 
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Median TTH       

(d) vehicle
Median TTH       
(d) cisplatin

n               
(recipient mice)

p value for 
difference
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Response

WEHI%134107 Undef 53 Undef (7,(8 ** Sensitive
PH142 60 15 92 6,(8 ** Resistant
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PH419 Undef 36 Undef 3,(4 NS Sensitive
PH003 7 11 29 6,(10 *** Refractory
PH592 95 15 102 7,(9 *** Resistant
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Paclitaxel 
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paclitaxel
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(d) vehicle
Median TTH       
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n               
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WEHI%134107 Undef 53 Undef 7,*8 ** Sensitive
PH142 Undef 15 99 7,*8 ** Sensitive
PH006 Undef 25 130 6,*8 ** Sensitive
PH419 Undef 36 Undef 3,*4 * Sensitive
PH003 7 11 39 7,*10 *** Refractory
PH592 90 15 99 6,*9 *** Late*regression
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5.2.2.2   Paclitaxel is more effective than cisplatin in the O/FTCS PDX models 

Tumour bearing mice from all OCS PDX were treated with paclitaxel at 25mg/kg twice a week 

for 21 days. The tumour growth rate and in vivo response to paclitaxel were compared to 

vehicle and cisplatin treated tumours.  

Three O/FTCS PDX models (WEHI 134107, PH006 and PH419) were shown to be sensitive 

to paclitaxel, two PDX (PH142 and PH592) were resistant and one PDX (PH003) was 

refractory (Figure 5.3). The paclitaxel treatment in WEHI 134107 had resulted in the 

improvement of median TTH from 53 days for vehicle treated tumours and 130 days for 

cisplatin treated tumours to undefined days, with the improvement against vehicle treated 

tumour being statistically significant (p = 0.00125) (Figure 5.3 C). The paclitaxel treatment of 

PH006 tumours resulted in an improvement of median TTH from 25 days for vehicle treated 

tumours and 29 days for cisplatin treated tumours to undefined (subsequently p = 00615, p = 

data immature). Lastly, for PH419 tumours, median TTH was also increased from 36 days for 

vehicle treated tumours and 64 days for cisplatin treated tumours to undefined (subsequently p 

= 0.03632, p = data immature). Tumour regressions were demonstrated in PH142 and PH592 

but time to PD was calculated to be 60 and 95 days, respectively. Lastly, in PH003, no tumour 

regression was seen in any of the mice and paclitaxel treatment resulted only in a very short-

lived stabilisation of disease leading to a modest improvement of median TTH from 11 days 

of vehicle treated tumours to 29 days (p = 0.00032). 

Overall, the in vivo paclitaxel responses in these O/FTCS PDX models outperformed the in 

vivo cisplatin responses. Once again, there was no correlation between in vivo paclitaxel 

response and carcinoma/sarcoma proportions. The histological compositions of O/FTCS failed 

to predict response to chemotherapy (Figure 5.3 C).  

These in vivo data highlighted that the use of single agent platinum-based chemotherapy in the 

treatment of O/FTCS in the clinic may be ineffective. The clinical benefit of first line 

combination carboplatin and paclitaxel for O/FTCS in the clinic is likely due to the paclitaxel 

treatment alone rather than the carboplatin (Berton-Rigaud et al. 2014). These in vivo data 

suggest that the use of single agent platinum therapy is an inferior single agent treatment. 

Taking into consideration that most women diagnosed with O/FTCS are older (above 65 years 

old) and may not be fit for the combination therapy, single agent paclitaxel may actually be 

more effective than the standard choice for OC treatment in the more fragile older patients, 

which is the single agent carboplatin (George et al. 2013; Rauh-Hain et al. 2016). 
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5.2.2.3   Microtubule inhibitor, eribulin, is more effective than cisplatin and may be equal 

or better than paclitaxel in the treatment of O/FTSC PDX models 

All of the O/FTCS PDX models were treated with eribulin at 1.5mg/kg three times a week for 

21 days except for WEHI 134107. This tumour was treated with a lower dose of eribulin at 

1mg/kg three times a week for 21 days as WEHI 134107 tumours were no longer available 

once the higher dosing regimen had been established. The in vivo vinorelbine study 

experiments were performed with the vinorelbine dosing regimen of 15mg/kg on day 1, day 8 

and day 18. These studies are still on-going and the final data was not available at the time of 

thesis writing.  

Four out of six O/FTCS PDXs, WEHI 134107, PH142, PH006 and PH419, were sensitive to 

eribulin treatment and almost all the tumours treated with eribulin achieving near CR. The 

tumour responses were associated with no evidence of tumour relapse or progression before 

100 days (Figure 5.3 E).  Importantly, not a single tumour relapse was observed in PDX WEHI 

134107, PH006 and PH419 following the CR. Treatment failure and disease progression were 

observed in PH142 after 100 days. Nevertheless, eribulin treatment resulted in impressive 

improvements of median TTH in all these four O/FTCS PDX models studied, which were all 

statistically significant (WEHI 134107 from 53 days for vehicle treated tumours to undefined 

with p = 0.00148, PH006 from 25 days for vehicle treated tumours to undefined with p = 

0.00828, PH419 from 36 days for vehicle treated tumours to undefined with p = 0.02460 and 

PH142 from 15 days for vehicle treated tumours to undefined with p = 0.00530).  

Equally as impressive, eribulin treatment of PH592 tumours, which are predominantly 

sarcomatous, resulted in significant tumour stabilisation to 50 days followed by marked late 

tumour regression resulting in a near CR. This led to a significant improvement of median TTH 

from 15 days for cisplatin and vehicle treated tumours to 99 days (p = 0.00065). Moreover, it 

is important to note that no tumours reached end of experiment tumour volume (>700mm3) 

post eribulin treatment out to 95 days. The PH592 in vivo sensitivity to eribulin treatment was 

equivalent to that of paclitaxel. However, paclitaxel treatment resulted in earlier tumour 

regression than eribulin for this PDX. This result highlighted that failure to achieve early 

tumour regression or response in O/FTCS does not necessarily imply likely subsequent failure 

of any treatment, and should be taken into consideration for the eribulin clinical trial design for 

O/FTCS. The eribulin clinical trial for O/FTCS and its rationale will be described later in this 

chapter.  
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In PH003, which represents the most aggressive and treatment resistant O/FTCS PDX model 

in this cohort, treatment with eribulin resulted in in vivo stabilisation of disease during therapy 

but rapid progression of disease was observed immediately after treatment cessation. This led 

to a modest improvement in median TTH of 28 days (the median TTH of vehicle treated 

tumours was 11 days vs 39 days for eribulin treated tumours, p = 0.00015). This modest 

response may be relevant clinically as eribulin can be given continuously until disease 

progression unlike platinum based chemotherapies and it is generally better tolerated in the 

clinic than most cytotoxic treatments (Swami et al. 2012; Hensley et al. 2011). For example, 

in a phase II trial of HGSOC with eribulin, some patients received eribulin treatment beyond 3 

years (Hensley et al. 2011).  

The preliminary in vivo vinorelbine drug response data showed that only two PDXs, WEHI 

134107 and PH142, were sensitive to vinorelbine. Two other PDXs tested thus far, PH003 and 

PH592, were refractory to vinorelbine. These preliminary in vivo data suggested that 

vinorelbine may be inferior to eribulin. Thus far, based on these four O/FTCS PDXs data, these 

tumours were either vinorelbine sensitive or refractory suggesting that vinorelbine, as a 

microtubule inhibitor, is only effective in treating a subset of O/FTCS. Interestingly, the two 

vinorelbine sensitive PDXs were predominantly carcinomatous tumours (WEHI 134107 and 

PH142) and the two vinorelbine refractory PDXs contained sarcomatous element (PH003 and 

PH592). While this observation was based on a small number of PDX, it indicates that 

vinorelbine may a more effective treatment in the predominantly carcinomatous O/FTCS 

tumours and the observation should be considered for further exploration. Genomic analysis is 

currently underway to elucidate the underlying mechanisms of drug sensitivity and resistance 

between these tumours. 

In summary, the in vivo eribulin data across a wide range of O/FTCS PDX models 

demonstrated efficacy of eribulin as a microtubule inhibitor in the treatment of O/FTCS. The 

in vivo drug responses outperformed commonly used therapies in the treatment of OC and 

O/FTCS, in particular cisplatin. Therefore, eribulin should be considered as a worthy 

compound for O/FTCS clinical trial and HMGA2 expression may be relevant in predicting 

eribulin responses in these patients.  
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5.2.3   Transgenic mouse with Lin28b overexpression and loss of p53 and Rb1 function 

in the Pax8-positive FT cells develops FT derived carcinosarcoma  

A clinically-relevant FT derived GEMM of O/FTCS was generated by directing the 

dysfunction of p53 and Rb1 together with activation of the MYCN-pathway to the FT secretory 

cells (by virtue of their specific Pax8 expression). This was achieved using the Pax8 rtTA kai-

TETO-CRE system that allows both temporal and spatial control of Cre-recombinase activity 

in Pax8-positive cells during doxycycline exposure (Traykova-Brauch et al. 2008; Schonig et 

al. 2002). The inhibition of p53 and Rb1 was achieved through expression of the LSL-SV40-

TAg transgene (Laviolette et al. 2010). Expression of the SV40 large T-antigen in Pax8-positive 

cells following transgene activation will disrupt both p53 and Rb1 protein function by direct 

interaction and stabilisation of the proteins. Activation of the MYCN pathway was established 

using the LSL-Lin28b transgene construct as previously described in chapter 3 (Molenaar et al. 

2012) (Figure 5.4 A).  

The FT of a Pax8 rtTA kai-TETO-CRE LSL-Lin28b LSL-SV40-TAg mouse was harvested after 

2 weeks of doxycycline treatment and implanted directly into the ovarian bursae of three 

surrogate CBA/nu mice with minimal manipulation of the FT. One tumour was observed at the 

implanted site of the FT after 5 months. The other 2 mice failed to develop tumours in the 

bursae. The harvested tumour was shown to be embedded around the non-dissolvable suture 

used for the original surgery (Figure 5.4 B). This tumour was successfully subcutaneously 

transplanted into NSG mice and was subsequently passaged. At the same time, a stable cell 

line was generated from the resulting tumour. Attempts to engraft the GEMM O/FTCS tumours 

onto FVB mice were unsuccessful. One potential explanation for this is that the mixed genetic 

background strain of the transgenic mouse may have rendered the tumours incompatible with 

an FVB mouse. In addition, the SV40 large T-Antigen is highly immunogenic, which may 

trigger rejection in the FVB mice (Laviolette et al. 2010).  
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Figure 5.4 Genetically engineered mouse model of fallopian tube derived carcinosarcoma 

(A) Pax8 positivity was only seen in fallopian tube secretory epithelial cells (FTSEC) and not in ovarian surface epithelial 
cells. The Pax8-rtTA and kai-TetO-CRE system allowed temporal and spatial control of Lin28b and SV40 TAg expression in 
the cells of interest. The orthotropic implantation method of the FT into the bursae of a CBA/nu recipient mouse further 
ensured that the tumour generated was derived from the fallopian tube and not the ovary. A tumour was observed and 
harvested at 5 months post implantation and was successfully engrafted subcutaneously into the NSG mice. A stable cell line 
was also generated from the fresh tumour sample. 

(B) The tumour harvested from the surrogate CBA/nu mouse was located at the correct anatomical location of the implanted 
FT fragment. The non-dissolvable stitch was still present inside the tumour confirming the validity of the harvested tumour 
(Black arrow). 
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This model is the first of many FT-derived O/FTCS GEMM with MYCN pathway activation 

and p53 dysfunction but the only one with SV40 T-antigen expression. The acquisition and 

successful breeding in of LSL-Lin28b transgenic mice with the SV40-TAg mice resulted in the 

generation of the first O/FTCS GEMM, which was passaged in NSG mice.  

Secretory cell of the FT was confirmed as the likely cell of origin of the FT/OCS GEMM 

tumour due to expression of Pax8, which was assessed by IHC. The Pax8 nuclei 

immunostaining was retained in all tumour cells following multiple lines of passaging. The 

genotyping results on the baseline tumour, the passaged tumour, and the cell line generated 

confirmed the presence of the Pax8-rtTA, kai-TETO-CRE and LSL-Lin28b transgenes (based 

on Transnet YX genotype results). Quantitative RT PCR confirmed expression of high levels 

of Lin28b mRNA in the GEMM O/FTCS tumours compared to murine embryonic stem cells 

(ESC) and wild type murine FT (Figure 5.5).  

 

Figure 5.5 Real time qPCR confirming relative high Lin28b mRNA expression in GEMM O/FTCS tumour and cell line 

Real time qPCR with Lin28b gene primers confirmed the expression of Lin28b mRNA in the GEMM O/FTCS and 
cell line compared to murine ESC and wild type (WT) controls. (ND = not detected).  

 

The histology of this tumour was reviewed by Dr Pyman and Dr Collette (gynae-

histopathologist specialists from the Royal Women’s Hospital, Melbourne) and confirmed to 
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be O/FTCS (Figure 5.6). The baseline tumour prior to passaging contained a small proportion 

of carcinoma (less than 5%) in a large area of sarcomatous tissue, and associated with a small 

proportion of necrotic tumour. The carcinomatous elements immunostained positive for 

PanCK but with subsequent passaging in NSG mice, the passaged tumour retained only the 

sarcomatous element. Diffuse p53 IHC and strongly nuclei positive in both the baseline tumour 

and in subsequently passaged tumours were observed, confirming the SV40 T-Antigen 

stabilisation of the p53 protein. Vimentin IHC, once again, successfully stained the 

sarcomatous tumour regions (Figure 5.6). Lastly, Hmga2 immunostaining revealed subtle 

expression of Hmga2 in the sarcomatous component of the tumour, thus confirming the 

downstream upregulation of the MYCN pathway via Lin28b overexpression (Figure 5.6).  

Similar validation experiments and results were shown in the cell line generated from the 

GEMM O/FTCS tumour. A stable cell line was generated by plating out manually 

disaggregated cells using sharp blades on gelatine coated plate surface with standard culture 

media. After 8 to 10 passages of tumour cells, an adherent cell line was generated. This cell 

line formed leafy spindle cells with a rapid growth rate, reaching confluency within 3 to 4 days. 

IHC performed on cytospun cells demonstrated all tumours cells were positive for nuclear Pax8 

and p53 immunostaining. The genotyping of these cells confirmed the presence of the Pax8-

rtTA, kai-TETO-Cre and LSL-Lin28b transgenes (genotyping outsourced to Transnet YX, Inc.).  
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Figure 5.6 Histopathological features of the GEMM fallopian tube derived carcinosarcoma  

The founder genetically engineered mouse model of fallopian tube derived tumour was confirmed histologically to be 
carcinosarcoma with evidence of both carcinomatous and sarcomatous elements within the tumour. Subsequent passaging of 
the tumour resulted in the selection for the more aggressive sarcomatous component. 

Immunohistochemistry: The founder GEMM OCS tumour was shown to have <5% carcinomatous component around the 
edges of a predominantly sarcomatous tumour. Immunostaining for PanCK was positive in the carcinomatous and some of 
the sarcomatous areas (confirmed by a gynae pathologist). Pax8 was positive in almost 100% of the tumour cells. The 
passaged T1 tumour showed 5% carcinomatous component retained, with the majority of the tumour being sarcomatous. 
Immunostaining for both Hmga2 and Vimentin were positive in the baseline tumour sample as well as passaged tumour in 
NSG mice. P53 immunostaining was also strongly positive confirming the stabilisation of p53 protein by the SV40 T-Antigen.  
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5.2.3.1   The in vivo drug responses of the GEMM OCS tumour to standard OC 

treatments were consistent with a treatment refractory O/FTCS phenotype  

The GEMM OCS tumour was refractory to standard OCS chemotherapy treatment including 

the 1st line platinum chemotherapy (cisplatin) and other standard OC treatment options, such 

as paclitaxel and pegylated doxorubicin (caelyx) (Figure 5.7). These were in keeping with 

treatment outcomes of a refractory O/FTCS seen in the clinic (Rauh-Hain et al. 2016). The 

drug dosing regimens used were: cisplatin 4mg/kg given on day 1, day 8 and day18; caelyx 

1.5mg/kg given weekly for 3 weeks; paclitaxel 25mg/kg given twice weekly for 3 weeks 

(Figures 5.7 A and B). All of these drugs failed to demonstrate any meaningful response in 

the GEMM OCS tumours. There was no significant improvement of median TTH observed.   

In summary, this predominantly sarcomatous O/FTCS GEMM exhibited an aggressive, 

resilient and treatment resistant tumour phenotype. There are several possible explanations for 

this observation. Firstly, we hypothesized that the sarcomatous element of O/FTCS may be the 

more treatment resistant component of the tumour. Secondly, the effect of SV40 large T antigen 

on tumour biology following inactivation of Tp53 and Rb1 may result in a treatment resistant 

phenotype which may be relevant in predicting treatment failure in O/FTCS.  
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Figure 5.7 The GEMM O/FTCS tumour engrafted in NSG mice demonstrated improved in vivo responses to microtubule 
inhibitors compared to standard O/FTCS therapies  

(A) Tumour volume graph and Kaplan-Meier survival graphs of the GEMM O/FTCS depicting the in vivo responses to a 
standard first line O/FTCS treatment cisplatin, standard second line HGSOC treatments paclitaxel and pegylated liposomal 
doxorubicin (caelyx), and microtubule inhibitors, vinorelbine and eribulin. The tumours were refractory to all standard 
therapies: cisplatin, paclitaxel and liposomal doxorubicin. Treatment with microtubule inhibitors, vinorelbine and eribulin, 
resulted in significant tumour regression seen during the treatment period but progression of disease was observed following 
cessation of treatment.  

(B) The response of GEMM O/FTCS tumour to microtubule inhibitors led to the improvement of median TTH from 15 days to 
81 days for vinorelbine and to 46 days for eribulin. Both results were statistically significant (p = ***). 
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5.2.3.2   Microtubule inhibitors shown in vivo activities in the Lin28b driven FT derived 

carcinosarcoma tumour with p53 and Rb1 loss 

Treatment with vinorelbine at 15mg/kg given on day 1, day 8 and day 18 resulted in significant 

tumour regression in all GEMM OCS tumours treated but rapid tumour progression was 

observed following cessation of treatment (Figure 5.6). This led to the improvement of median 

TTH from 15 days in vehicle treated mice to 81 days, which was statistically significant (p = 

<0.0001). Similarly, treatment with eribulin at 1mg/kg given twice a week for 4 doses or 8 

doses resulted in significant tumour regression during treatment. Once again, rapid progression 

of disease was observed immediately after treatment cessation, which led to a modest 

improvement of median TTH from 15 days to 46 days (both p = 0.0007).  It is important to 

take note that the eribulin dosing regimen of 1mg/kg given twice a week for 4 or 8 doses were 

not the MTD for these immunocompromised mice. Hence, this may explain the short-lived in 

vivo eribulin responses. The later passages of the GEMM tumour used for the eribulin in vivo 

experiment compared to the vinorelbine experiment may also contribute to the inferiority of 

eribulin therapy to vinorelbine. A subsequent experiment using initial passage of the GEMM 

O/FTCS demonstrated a higher efficacy for eribulin at 1.5mg/kg given 3x per week for 21 days 

of a dosing regimen (Elizabeth Kyran, personal communication). 

These in vivo GEMM O/FTCS tumours data highlighted a few pressing issues in the treatment 

of O/FTCS, particularly for the sarcomatous predominant tumour types. Firstly, the standards 

of OC treatment, such as cisplatin, paclitaxel and doxorubicin, may not be effective thus further 

emphasizing the issue of limited effective treatment options for O/FTCS. Secondly, due to the 

rapid progression rate of the disease after cessation of treatment, a continuous treatment 

pressure may be necessary to maintain control of the cancer and to achieve clinical meaningful 

benefit. Lastly, single agent therapy with microtubule inhibitors, although may be effective 

initially, is unlikely to be effective for long for patients in the clinic and combination therapies 

will need to be explored as eventually these tumours will relapse and progress.  

 

5.2.4   Pre-clinical in vivo data support the proposal of the EPOCH clinical trial 

Based on the pre-clinical data using OCS PDX models presented above, I have proposed the 

EPOCH trial, which is a phase II open label clinical trial of a single agent microtubule 

inhibitor, eribulin, followed by a combination of Eribulin and Pembrolizumab in the treatment 

of relapsed Ovarian/fallopian tube derived Carcinosarcoma, uterine carcinosarcoma (UCS) 
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and sarcomas of certain subtypes (angiosarcoma and liposarcoma) (Figure 5.8). This clinical 

trial aims to recruit women with relapsed cancer following the failure of standard first line 

treatment, which is the combination of carboplatin and paclitaxel in the treatment of OCS/UCS 

and doxorubicin and/or ifosfamide in the treatment of angiosarcoma/liposarcoma. The 

established historical clinical response rate of the first line treatments in all these tumour 

subtypes are poor, at around 30% (Rauh-Hain et al. 2016; In et al. 2017).   

 

 

Figure 5.8 Eribulin and Pembrolizumab in Ovarian/uterine Carcinosarcoma and sarcoma 

A Phase 2 study of the single agent microtubule inhibitor, Eribulin or of Eribulin in combination with a PD-1 inhibitor, 
pembrolizumab, in relapsed ovarian/fallopian tube carcinosarcoma (OCS), uterine carcinosarcoma (UCS) or specific 
sarcoma subtypes* (* liposarcoma, angiosarcoma: L/AS). The trial was designed to assess the response and non-progression 
rate of O/FTCS, uterine CS, angiosarcoma and liposarcoma treated with 3 cycles of single agent eribulin and to evaluate the 
benefit of combining eribulin with a PD-1 inhibitor, pembrolizumab, in these subsets of aggressive and rare cancer. One of 
the main aims of the trial was to allow access to two potential effective lines of therapy for these patients, who otherwise do 
not have any treatment options.  

 

It is important to note that eribulin has now been approved for treatment of liposarcoma in the 

clinic. The approval of eribulin as a standard treatment for liposarcoma was based on a Phase 

III international randomised blinded clinical trial comparing eribulin vs dacarbazine 

(SchÃffski et al. 2016). Dacarbazine is a DNA alkylating agent that can cause methylation of 

guanine resulting in disruption of DNA synthesis and the cell cycle (Carter & Friedman 1972). 

Dacarbazine is often used in combination with another cytotoxic agent in the treatment of 

haematological malignancies. Although the response rate of eribulin in liposarcoma in that 

study was reported to be low at 4%, a long durable stabilisation of disease was observed leading 
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to 46% of patients achieving significant clinical benefit associated with an improvement of 

overall survival by 2 months (13.5 months vs 11.5 months over dacarbazine treatment with a 

hazard ratio of 0.77 and p value of 0.0169) (SchÃffski et al. 2016). The subsequent analysis of 

the post eribulin treated tumours confirmed that eribulin treatment had changed the tumour 

biology of liposarcoma to a more indolent phenotype. The benefit of including this subgroup 

of patients in the clinical trial proposal is to have this group as a control for single agent eribulin 

treatment outcome and to gain access to immunotherapy for these women who otherwise would 

not qualify for immunotherapy.  

The rationale for combining eribulin with the PD-1 inhibitor, pembrolizumab, was that this 

combination has been shown to be synergistic (Tolaney et al. 2017). This was due the 

improvement of the tumour microenvironment including the normalisation of intra-tumour 

vasculature and the induction of a more advantageous tumour immune environment with the 

eribulin therapy (Tolaney et al. 2017; Goto et al. 2018). The combination of eribulin and 

pembrolizumab was demonstrated to be a safe and effective treatment regimen in patients with 

triple negative breast cancer (San Antonio Breast Cancer Conference 2017). The toxicities 

observed in the combination of the eribulin and pembrolizumab arm were comparable to those 

observed with either treatment as monotherapy. The combination of eribulin with 

pembrolizumab achieved an ORR of 26.4% (95% CI: 18.3-35.9) with a clinical benefit rate 

(CRR) of 36.8% associated with a durable response for more than 24 weeks. 

The rationale of the single agent eribulin treatment part of the trial, given as standard clinical 

dosing regimen of 1.4mg/kg on day 1 and day 8 every 3 weeks, is to assess the single agent 

eribulin response rate and to allow priming of these tumour for immunotherapy. This is highly 

relevant in the OCS and UCS cohort as the clinical response of single agent eribulin is unknown 

in these subsets of patients. It is also relevant for patients who otherwise are deemed not 

suitable for combination eribulin/pembrolizumab treatment due to poor performance status or 

medical history that preclude them from receiving immunotherapies. The second part of the 

trial involved the addition of pembrolizumab, given at a flat dose of 200mg every 3 weeks for 

3 doses to the existing eribulin treatment regimen. The objective of this part is to evaluate the 

benefit of adding immunotherapy to single agent eribulin following 3 cycles of eribulin 

therapy. Multiple samplings of the tumour before, during and after treatment are proposed to 

enable the study of treatment response or failure of these tumours.  
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5.3   Discussion  

I have developed a unique toolbox of highly robust pre-clinical models, including a well 

annotated PDX cohort and a clinically relevant GEMM, for the study of a rare subtype of OC, 

the O/FTCS. This collection of models herein recapitulates key clinical and genomic 

characteristics of O/FTCS, such as HMGA2 overexpression, and is molecularly relevant. These 

are unique rare commodities and powerful tools to study novel therapeutics and mechanisms 

of drug activity and resistance. Furthermore, the uniqueness of each individual model alone 

gives rise to specific opportunities to interrogate certain aspects of O/FTCS, whereas 

collectively, these models reflect the inter-tumoral heterogeneity within this rare cancer.  

The inter-tumoral heterogeneities embodied by a cohort of O/FTCS PDXs as a whole represent 

an opportunity to interrogate the biology of the responders and non-responders. The intra-

tumoral heterogeneity captured within each individual PDX model enables the biological 

system to be examined. Having the whole fragment implantation of fresh human cancer tissue 

ensures the entirety of the tumour, including the tumour microenvironment, that is transferred 

into a surrogate biological system (Topp et al. 2014). Although, over time, the human 

microenvironment is replaced by murine tissue, this still represents a more biologically relevant 

system than a 2D or a 3D tumour cell culture model.  

These O/FTCS PDX models were generated from a diverse range of O/FTCS patients, which 

explains the mixed in vivo drug responses observed, including responses to microtubule 

inhibitors eribulin and vinorelbine. Based on these models, there was no correlation established 

between the histologic characteristics of each PDX tumour to their in vivo drug responses. 

Therefore, this further confirms that the histologic features of an O/FTCS tumour alone are not 

reliable predictive factor for treatment response. Therefore, the analysis of the genomic data of 

these heterogeneous tumours will be crucial to establish the basis of response and resistance to 

treatment.   

Intra-tumoral heterogeneity demonstrated within one PDX model poses a unique opportunity 

to interrogate the biology of the tumour. With detailed lineage tracing and segregation of 

treatment resistant and sensitive sub-lineages, the existing PDX model can be further expanded 

into individual isogenic tumour models. These isogenic lineages of the same tumour will share 

marked genomic similarities and comparing these two isogenic models may elucidate 

mechanisms of action and resistance to the relevant drugs, such as eribulin and cisplatin. For 

example, transplantation of PH592 resulted in the development of two separate sub-lineages, 
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lineages A and B, with different in vivo cisplatin sensitivity from the same original founder 

tumour (Figure 5.9). It is interesting to note that this did not occur under any treatment 

pressure. Despite that, there should be specific genomic differences that are isolated in each 

sub-lineage, which give rise to the difference in their in vivo treatment responses. Therefore, 

understanding the underlying genomic differences between Lineages A and B might provide a 

better understanding of treatment resistance in O/FTCS and potentially allow the exploration 

of potential targets to overcome intrinsic resistance mechanisms. Sub-lineages of PDX models 

can also be generated under treatment pressure or introduced genetically by gene editing 

technologies such as the CRISPR.  

 

Figure 5.9 Isogenic lineages of PH592 

Lineage A was cisplatin refractory and Lineage B was cisplatin resistant  

Two isogenic lineages of PH592 were identified with marked differences in the in vivo responses to cisplatin treatment. This 
gives rise to an exciting opportunity to explore the underlying basis for the biological discrepancies between these two lineages 
derived from the same tumour. 
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The current evidence suggests that O/FTCS is derived from FT epithelial cells and additional 

genetic aberrations, due to alteration in gene expression rather than point somatic mutations, 

drive the mesenchymal transformation leading to biphasic tumour characteristics (Zhao et al. 

2016). It is also possible that there was a genomic event during early O/FTCS tumorigenesis 

resulted in the preservation of a sub-population of stem-like carcinoma cells, giving rise to the 

mesenchymal-like or sarcomatous portion of the tumour later on. Although currently the mode 

of tumorigenesis may be still unclear, these genomic changes have resulted in a treatment 

resistant and aggressive cancer phenotype. We have demonstrated that the MYCN pathway may 

be a highly relevant genetic aberration both in our established GEMM of O/FTCS as well as in 

the PDX models based on the overexpression of HMGA2 (Figures 5.2 and 5.5). This 

oncogenic pathway has been linked with proliferative and treatment resistant tumour 

phenotypes (Helland et al. 2011). Furthermore, by demonstrating the in vivo efficacy of eribulin 

in 5 out of 6 PDX models proves that targeting microtubule dynamics is a potent strategy in 

treating O/FTCS, in particular those with HMGA2 overexpression.  

Unlike for HGSOC, for O/FTCS platinum agents, such as cisplatin and carboplatin, appear to 

be ineffective and these are not standard treatments for sarcoma (NCCN 2018). Instead, 

alkylating or cytotoxic drugs targeting DNA replication/biosynthesis, such as the 

topoisomerase II inhibitors doxorubicin, ifosfamide and gemcitabine, are more relevant 

sarcoma therapies (NCCN 2018). However, these are not effective in the treatment of O/FTCS 

in the clinic and do not form standard O/FTCS treatments (Rauh-Hain et al. 2016). Therefore, 

treating O/FTCS is uniquely challenging as neither carcinoma nor sarcoma based 

chemotherapies are effective and this was evident in our pre-clinical models (Figures 5.3 and 

5.7). This not only highlights that the current clinical practice is suboptimal in the treatment of 

O/FTCS but also that it is imperative we generate convincing evidence to shift the treatment 

paradigm for this rare cancer. 

However, there are some specific major issues in conducting successful clinical trials in 

patients with rare cancer. Firstly, rare cancers such as O/FTCS do not necessarily behave like 

their more common organ specific cancer counterparts. For example, O/FTCS tumours are 

clearly biologically and clinically different than HGSOC tumours and women with these 

cancers should not be grouped together in any clinical trial. In the same manner, the results of 

clinical trials conducted on the more common tumour subtypes should not be extrapolated to 

the rare cancer subtype. Secondly, the number of patients with a rare cancer who fulfil the 
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criteria for trial enrolment is usually very small. This means that these studies are often not 

powered to detect marginal therapeutic benefits. Furthermore, due to the small number, the 

effects of inter-tumoral and intra-tumoral heterogeneity especially within O/FTCS, will appear 

more obvious and will dilute the outcome of a study.   

A robust pre-clinical model can be used to address all of these issues involved with designing 

a rare cancer clinical trial and this is what we have attempted to do. Our O/FTCS models have 

demonstrated a high margin of efficacy for vinorelbine and eribulin in a selective subset of 

O/FTCS tumours, with eribulin having advantages over vinorelbine in terms of clinical choice. 

Furthermore, we have shown that the failure of treatment does occur in certain subtypes, such 

as PH003 and PH592, where progression of disease was evident immediately after post-

eribulin cessation (Figure 5.3). This emphasizes that there is a need for additional therapy with 

synergistic potential to increase the chance of success for women with this rare cancer. Having 

a combination therapy is important to increase both the efficacy of the treatment and to increase 

the therapeutic options for these patients.  

The failure of eribulin to achieve meaningful tumour response in the PH003 model makes this 

an attractive tumour for further study to facilitate our understanding of the intrinsic drug 

resistance mechanisms in this rare cancer and to explore means to overcome them (Figure 5.3). 

Attempts to combine eribulin with cisplatin in a sequential manner in PH003 failed to achieve 

a positive outcome (data not presented) and therefore the drug library screening result of the 

GEMM OCS cell line will be crucial to identify other potential eribulin-based combination 

therapies. In the interim, short-term harvest experiments post eribulin and cisplatin treatment 

are currently being undertaken to establish the mode of drug activity. It is important that we 

account for the failure of eribulin in PH003 as this indicates that eribulin will not demonstrate 

efficacy in some cases of O/FTCS, despite high expression of HMGA2.  

The transgenic mouse model of O/FTCS, which was generated in parallel with the PDX 

models, is an important adjuvant model (Malaney et al. 2013).  This model was generated under 

a well-regulated genomic environment and therefore represents a highly selective subtype of 

O/FTCS. The GEMM is a more rudimentary animal model for scientific interrogation of 

mechanisms of action and resistance and for preliminary drug library screening. Candidate 

drugs may be established using the GEMM that could be brought forward for testing in the 

PDX models, which represent more exhaustible but clinically relevant models.  
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The GEMM O/FTCS model, which was generated by the overexpression of Lin28b and loss 

of p53 and Rb1 function, showed that the sarcomatous element of the tumour is the more 

aggressive and proliferative component in comparison to the carcinomatous component 

(Figure 5.7). Hence, the advantage of selectivity for the sarcomatous component in this model 

was reflected in the resultant treatment resistant phenotype of the tumour, where the tumour 

was refractory to all established line of therapies for OCS such as cisplatin, paclitaxel and 

pegylated doxorubicin.  In keeping with its treatment resistant phenotype, the tumour only 

demonstrated limited responses to microtubule inhibitors, vinorelbine and eribulin, which was 

mirrored by the cell line in vitro responses to these drugs. This model therefore offers an 

excellent opportunity to study the underlying mechanisms that drive treatment resistance in 

this model. In addition, it will be interesting to examine the characteristics of tumour following 

treatment failure in both the GEMM and PDX models. Snap frozen and formalin fixed paraffin 

embedded specimens of O/FTCS tumours are available at end of the experiment following the 

failure of cisplatin, paclitaxel, vinorelbine and eribulin treatments. This may shed light on the 

biology of this disease when treatment failed and the underlying mechanisms that drive failure 

of subsequent therapies.  More specifically, changes in gene expression can be determined by 

RNA sequencing and IHC, such as genes relevant in EMT (HMGA2, Vimentin, panCK, E and 

N Cadherin) in short term harvest experiment specimens. 

In parallel isogenic lineages, the GEMM O/FTCS tumours have already been established with 

different in vivo responses to eribulin. RNA sequencing analysis of these isogenic lineages 

identified the differentially expressed gene, Shroom1, as a potential novel candidate 

susceptibility gene accounting for eribulin sensitivity. Validation studies are currently 

underway to confirm this finding. Furthermore, the cell line generated from the GEMM 

O/FTCS is currently being used for CRISPR library screening to identify other potential 

genetic hits that may contribute to resistance to eribulin or cisplatin treatment as well as for 

drug library screen to establish potential combinatory compound that have synergistic effects. 

A drug library of over 4,000 compounds has been used to establish single agent and 

combination with eribulin efficacy. Preliminary data from the drug library screen showed 

potential synergies between eribulin with small molecule tyrosine kinases targeting epidermal 

growth factors, cycle cell check point inhibitors such as CHK1, calcium channel blockers, 

MEK inhibitors that target downstream RAS/RAF pathway and p-glycoprotein modulators. 
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These results are very exciting and once these potential hits are validated with further in vitro 

testing, these compounds’ in vivo efficacies could be assessed in the GEMM initially, and 

eventually in the O/FTCS PDX models, especially with the eribulin-refractory PH003 model.   

In summary, both the PDX and GEMM models of O/FTCS will greatly improve our 

understanding of this rare, treatment resistant subgroup of OC and enable us to identify novel 

therapeutics. The clinical trial I have proposed will be the first of many to explore novel 

therapeutics for the treatment of women with this rare cancer. Each new proposed clinical trial 

will have sound scientific basis for recommendation. Furthermore, other transgenic models are 

currently being developed, using nucleofection protocols to which I have contributed, 

incorporating additional genetics hits such as loss of Pten and Nf1 to understand their role in 

driving OCS tumorigenesis and these models can be used to broaden the clinical relevance of 

our unique pre-clinical toolbox for the study of O/FTCS. 
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6   Conclusion and discussion  

6.1   Introduction 

Ovarian cancer, particularly HGSOC and O/FTCS, is an uncommon but deadly disease. 

Unfortunately, the majority of women with HGSOC and O/FTCS will eventually relapse and 

succumb to their disease despite extensive surgery and intensive adjuvant chemotherapy 

(Herzog & Pothuri 2006). The overall survival of women with HGSOC is about 30% at 5 years 

and a worse outcome is seen in women with O/FTCS (George et al. 2013; Paik et al. 2015; 

Ledermann et al. 2013). At relapse, these women have limited effective treatment options and 

the constant threat of emerging drug resistance is one of the major contributing factors to the 

failure in improving the outcomes for these women (Housman et al. 2014). Despite several 

decades of modern medicine and research, where significant improvement in survival and 

quality of life were achieved in many other tumour types, the OS of women with OC has 

remained stagnant (Vaughan et al. 2011). This is reflected by the fact that our current first line 

most effective chemotherapeutic treatment is the same treatment regimen established nearly 3 

decades ago except for the introduction of bevacuzimab as maintenance treatment in those 

women with suboptimally debulked tumour (Vaughan et al. 2011; NCCN 2018). However, 

potential significant changes may be imminent for those women with germline and/or somatic 

mutant BRCA genes with the advent of PARPi use as maintenance therapy in the first line 

setting (Moore et al. 2018). 

There are many major roadblocks in preventing the improvement of outcomes for women with 

HGSOC and O/FTCS. The most compelling obstacle is the severe lack of effective OC early 

detection method and preventative measures (Henderson et al. 2018; Tschernichovsky & 

Goodman 2017). This is followed by the fact that there are limited effective treatment options 

beyond the first line platinum-based chemotherapies, except for PARP inhibitors for HRD 

HGSOC subtype (NCCN 2018; Pignata et al. 2017). These roadblocks stem from the lack of 

druggable targets despite advances in the understanding of OC tumour biology, which include 

their cell of origin, OC tumorigenesis and the inevitable advent of drug resistance, both 

acquired and intrinsic (Housman et al. 2014; Dubeau 2008; Brett et al. 2017). The OC cell of 

origin was highly controversial until the discovery of STIC as the pre-malignant lesion to 

HGSOC and the establishment of Pax8 relevance, which linked HGSOC to FT epithelial cells 

(Kindelberger & Crum 2007; Laury et al. 2011). This led to the generation of transgenic mouse 

models of HGSOC, which harboured relevant OC genetic aberrations such as Trp53 

dysfunction, loss of Brca1/2 and other tumour suppressor genes including Rb1, Pten and Nf1 
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in the Pax8 FT epithelial cells (Perets et al. 2013; Sherman-Baust et al. 2014; Zhai et al. 2017). 

These models recapitulated human malignancy, supporting the hypothesis that FT epithelial 

cells are a cell of origin for HGSOC. Equally as important, these advances in the understanding 

of HGSOC tumorigenesis also provided great insights into the biology of the less well-known 

counterpart of HGSOC, the O/FTCS or mixed Mullerian malignant tumour (MMMT). Recent 

publications have established that HGSOC and O/FTCS shared marked similarities in their 

genomic landscape and interestingly, these two subtypes of OC may actually belong on the 

same spectrum, within a high grade OC but with distinct phenotypical characteristics and 

clinical outcomes (Zhao et al. 2016; Zhai et al. 2017). This is highlighted by the observation 

that driving a subset of genomic aberrations relevant to OC, such as conditional inactivation of 

various combinations of Rb1, Brca1, Trp53 and/or Nf1 in the murine FT epithelial cells, can 

give rise to both HGSOC and O/FTCS (Zhai et al. 2017). Therefore, certain subsets of HGSOC 

and OCS may share a common genomic profile and potentially have the same cell of origin. It 

is then important to understand how and why these cells that are of similar origin can be fated 

to become either HGSOC or O/FTCS under the same genomic influences. Nonetheless, despite 

these similarities, the biology of these two OC subtypes is distinct, and this is evident in the 

natural histories and clinical outcomes of these two tumour types (Rauh-Hain et al. 2016; 

Ledermann 2018).   

The emergence of molecular subtyping of HGSOC based on gene expression profiling gave 

rise to an opportunity to tailor treatment to target specific pathways that are distinct to each 

subgroup. In particular, this is relevant for the C5 HGSOC subtype that has well characterised 

clinicopathological and biological characteristics (Bell et al. 2011; Tothill et al. 2008; Helland 

et al. 2011; Tan et al. 2013). The C5 or proliferative subtype of HGSOC is a novel subtype that 

exhibits a proliferative phenotype driven by MYCN pathway activation associated with the 

overexpression of N-cadherin and P-cadherin (Tothill et al. 2008).  Furthermore, the relevance 

of the MYCN pathway in driving a mesenchymal-like phenotype and, in particular its 

involvement in the EMT process, suggests that it can also play an important role in O/FTCS 

tumorigenesis (Balzeau et al. 2017; Helland et al. 2011; Zhou et al. 2017). These observations 

provide clues for potential links between HGSOC, specifically C5 subtype and O/FTCS. One 

of these is the HMGA2 overexpression, a downstream gene target of the MYCN pathway, was 

observed in a large proportion of HGSOC (64%) and O/FTCS (60%) (Mahajan et al. 2010). 

HMGA2 overexpression correlates with the Type 2 OC, and is associated with highly 

aggressive, proliferative and de-differentiation tumour types with higher rate of metastasis, 
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worse clinical outcomes and resistance to treatments (Peng et al. 2008; Park et al. 2014; Fusco 

& Fedele 2007).  

The key issue that influences cancer treatment outcomes is tumour heterogeneity, both inter 

and intra-tumour and how these contribute to the difficulty of managing OC and O/FTCS (Tan 

et al. 2018). Intra-tumour heterogeneity is likely to be important in driving treatment resistance 

in OC and O/FTCS. Normal cells can undergo an evolutionary process that leads to cancer 

tumorigenesis in which cells prosper and survive when they acquire advantageous features 

such as increased proliferation and longevity (Willyard 2016; Shih & Kurman 2010).  The 

same evolutionary process continues in the established malignant cells, where under intense 

treatment pressure, only the fittest and the most adaptable cancer cells will survive (Willyard 

2016). Therefore, divergence of cell population, which occurs at any point during and after 

cancer tumorigenesis, will lead to intra-tumoural heterogeneity and it is this diversity of cancer 

cells that is the main culprit in drug resistance development. It is important that in 

understanding the evolution of OC and O/FTCS one should seek the earliest genetic events, 

and develop therapeutics that target these events to obtain the greatest benefit. Exploring the 

vulnerabilities of these early tumorigenic events will be key in devising strategies to overcome 

the emerging drug resistance issues by combining relevant therapeutics. In addition, it is also 

important to distinguish the “driver” genetic aberrations that are important in cancer 

tumorigenesis from the “passenger” genetic aberrations that are less relevant in the tumour 

biology (Salk et al. 2010). In a different perspective, a “passenger” genetic aberration may only 

mean that its relevance in cancer tumorigenesis is yet to be established (McFarland et al. 2017).  

The truncal genetic events are early genetic aberrations that are crucial in driving and initiating 

cancer tumorigenesis and these early genetic aberrations will likely be present in most cancer 

cells. For example, p53 dysfunction has been identified as a ubiquitous genetic event in almost 

all of HGSOC cases (Ahmed et al. 2010). It is therefore regarded as both an essential and one 

of the earliest genetic events for HG EOC development and it is not surprising that diffuse 

abnormal TP53 immunostaining, rather than patchy WT staining, is often seen throughout 

HGSOC (Köbel et al. 2016). Perets et al. showed that the loss of Brca1 and Pten is also an 

early truncal genetic event in the initiation of a subset of HGSOC tumorigenesis (Perets et al. 

2013). In contrast, the mutations that occur later during an ovarian cancer tumorigenesis will 

only be found in a smaller subset of cancer cells depending on their roles and timing of 
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occurrence (Salk et al. 2010). Targeting these will only result in effective elimination of a 

subpopulation of malignant cells within the tumour. 

The highly genomically unstable nature of HGSOC, due to the dysfunctional TP53 and the 

HRD status in about 50% of HGSOC, is the ideal condition for the cancer cells to undergo vast 

genetic alterations resulting in highly diverse and heterogeneous tumours (Bowtell 2010). 

Those cells are able to sustain and survive the acquisition of large chromosomal aberrations, 

as well as wide-spread copy number (CN) changes (Bowtell 2010). The subsequent secondary 

molecular events occur later during tumorigenesis and are only present in some subsets of 

cancer cells. These later events are the branch genetic events and therapies that target these 

branch events are likely to be less effective (Willyard 2016). Hence, a key strategy for 

successful cancer treatments is in identifying and targeting the early key genomic events, i.e. 

the truncal events, and hence the PARP inhibitors, which target the genomic vulnerabilities of 

HGSOC with loss of BRCA1/2, are a prime example of a successful treatment strategy for 

HGSOC with HRD (Dizon 2017).  

In my PhD studies, my two overarching goals are to prove that activation of the MYCN pathway 

is one of the key early truncal genetic events that drive tumorigenesis in a subgroup of OC and 

secondly, to explore potential therapeutic avenues to target this pathway. Mirroring the 

research and success in the HRD HGSOC subtype, my PhD studies focus on the MYCN-driven 

OC subtype. 

 

6.2   Aim 1 outcome: The MYCN pathway is an early genetic event in OC tumorigenesis 

and a worthy therapeutic target 

Combination of Brca1/2, Rb1, Pten and Nf1 losses with the obligatory Tp53 dysfunction have 

been shown to initiate HGSOC and O/FTCS tumorigenesis in GEMMs (Sherman-Baust et al. 

2014; Perets et al. 2013; Zhai et al. 2017). Mutations or deletions in these genes are present in 

roughly 40-50% of HGSOC (Bowtell et al. 2015). However, the role of MYCN overexpression 

as an early genetic event that drives HGSOC and O/FTCS tumorigenesis remained unknown 

and had not been studied. Therefore, resolving the site of origin for MYCN-driven HGSOC, 

unrelated to BRCA1/2 gene mutations, which account for about 20% of HGSOC, is integral to 

establishing the role of MYCN as an important truncal genetic event and will also shed light on 

devising plausible strategies for risk reduction in this subset of women.  
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In this study, I have successfully generated de novo mouse models of MYCN pathway 

activation with obligatory p53 dysfunction in the Pax8 positive FT cells. These models are 

proof of concept that MYCN pathway activation with p53 dysfunction can initiate OC 

tumorigenesis within the FTSEC. Interestingly, using the Pax8 promoter to drive Cre-mediated 

recombination of MYCN or Lin28b and mutant Tp53 in the mouse FT epithelial cells, I 

observed the development of O/FTCS and other rare subsets of OC, such as NET and teratoma 

that have been linked to MYCN pathway activation in humans. Each of these rare cancer 

GEMM are highly clinically relevant and serve as a proof of concept that these rare cancers 

can arise from Pax8 positive FT cells as well as important models to study the biology of these 

rare tumours.  

The cellular hierarchy within the PAX8 positive FT cell population remains poorly understood. 

Current evidence suggests that the Pax8 positive cells can give rise to both the Pax8 positive 

FTSEC and to the Pax8 negative ciliated cells (Ghosh et al. 2017). This indicates that there are 

at least two populations of Pax8 positive cells in the FT: the first being the end-differentiated 

secretory cells and the second being the pluripotent Pax8 positive cell subpopulation. The 

generation of GEMM of HGSOC, O/FTCS, teratoma and NET types is intriguing and 

demonstrates that the MYCN pathway activation has wide implications on cellular functions 

and particularly on organism development, being capable of driving diverse types of high-

grade OC but at a low frequency. This observation led to a hypothesis that there are highly 

pluripotent and stem-like Pax8 positive cells in the FT that will likely give rise to various types 

of OC under the influence of MYCN.  

The O/FTCS GEMM that I developed has limitations and is insufficient on its own to fully 

study the development of O/FTCS. One of the limitations is that the model cannot allow us to 

ascertain whether the O/FTCS was derived from the expansion of pluripotent stem-like Pax8 

positive cells or that the MYCN pathway activation has resulted in driving an extreme EMT 

event leading to the malignant mesenchymal component development. Nevertheless, I 

hypothesised that early MYCN activation with dysfunctional p53 during ovarian cancer 

tumorigenesis is a strong tumorigenic driver for O/FTCS development but if the MYCN 

pathway activation occurs later during the tumorigenesis process, it could lead to the 

development of C5-like subtype of HGSOC. Therefore, therapies targeting MYCN 

vulnerabilities may be more relevant in the treatment of O/FTCS given that MYCN pathway 

activation is likely a truncal genetic event in O/FTCS tumorigenesis. In summary, 
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understanding the biology of C5 HGSOC has shed light into the understanding of the biology 

of O/FTCS.  

 

6.3   Aim 2 outcome: Patient derived xenograft models and biobanking of viable tumour 

tissue are highly relevant in translational research  

I have described two types of PDX models in my PhD thesis, which include the HGSOC and 

the O/FTCS PDX models. The HGSOC PDX models consist of the C5 subtype cohort and a 

non-C5 cohort of a poor prognostic group based on its platinum resistant phenotype. Utilising 

these PDX models, I tested a range of promising anti-cancer therapeutics, including 

microtubule inhibitors, BRD4-, BCL-2- and CHK1-inhibitors.  

I have demonstrated in vivo efficacies of the microtubule inhibitors, vinorelbine and eribulin, 

for HGSOC and O/FTCS. This data validates the relevance of targeting microtubule dynamics 

with vinca alkaloids in C5 HGSOC, as previously reported in Stem A OC cell lines, and forms 

the pre-clinical data for a clinical trial for vinorelbine in C5 HGSOC (Tan et al. 2013). The 

exploration of eribulin in vivo efficacy in the O/FTCS PDX models has led to the proposal of 

a clinical trial involving eribulin in the treatment of O/FTCS. These outcomes highlight the 

utilities of these PDX models.  

The efficacy of BRD4 inhibitor, IBET 762, tested in the C5 HGSOC PDX cohort, 

unfortunately, was not as impressive as found in previously published data (Baratta et al. 2015). 

Only one out of six C5 HGSOC PDX models was shown to be sensitive to a single agent IBET 

762 treatment. My in vivo data demonstrated that using a single MYCN-high primary human 

PDX model, as described in the study by Baratta et al., may not be as reliable as using an entire 

cohort of C5 HGSOC PDX models. This observation emphasises the issue of inter-tumour 

heterogeneity affecting treatment outcomes that can be evident even within a highly selected 

cohort of HGSOC. However, by understanding the mechanism of drug response in this one 

“exceptional responder”, PDX model may shed light in the relevant of BRD4 inhibition in 

HGSOC and may expand the utility of IBET 762 into a larger subset of HGSOC, based on 

other predictive criteria.  

Targeting the pro-survival pathway with single agent ABT-199, a potent BCL-2 inhibitor, 

proved to be ineffective in our C5 HGSOC PDX models. This result shows that there is a lack 

of dependency on BCL-2 overexpression for cell survival in HGSOC, unlike that which was 
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demonstrated in some haematological malignancies (Souers et al. 2013). An additional external 

cellular stress in the form of cytotoxic therapy may be required to initiate the apoptosis pathway 

in conjunction with ABT-199 treatment (Delbridge & Strasser 2015). I have shown that 

combining ABT-199 with vinorelbine in a C5 HGSOC with high BCL-2 expression can result 

in a significant prolonged stabilisation of disease during treatment and the progression of 

disease only observed following the cessation of therapy. This suggests that cancer cell death 

by apoptosis driven by the combination with microtubule inhibition is insufficient to overcome 

the high proliferative nature of these tumours. It could also mean that other pro-survival 

proteins, such as overexpression of BCL-xl, BCL-w or MCL1, may play prominent roles in 

rescuing these cancer cells from apoptosis. Therefore, other anti-apoptotic inhibitors such as 

with S63845 that targets MCL1 (Kotschy et al. 2016) and ABT-737 that target BCL2, BCL-xl 

and BCL-w (van Delft et al. 2006) may be relevant for combination therapy regimen with 

vinorelbine. The combination of ABT-737 with a cytotoxic microtubule stabiliser, docetaxel, 

has been shown to be safe to deliver in immunocompromised mice and effective in treatment 

of basal-like breast cancer PDX models (Oakes et al. 2012). Interestingly, the basal-like breast 

cancer has a similar genomic landscape to HGSOC and these tumours are often resistant to 

apoptosis acquired through the deregulation of expression of BCL-2 like family proteins. 

(Visvader & Lindeman 2012).  The mutations in P53 ablate the cell ability to induce BH3-only 

proteins, which are critical initiators of cellular apoptosis. Thus, as part of future experiments, 

the efficacy of combination of ABT-737 or S63845 with microtubule inhibitors in C5 HGSOC 

PDX models should be explored. 

Targeting the DNA damage response kinase CHK1, which has a crucial role in the S-phase of 

the cell cycle to prevent catastrophic replication fork collapse due to cancer cell high replicative 

stress, shows promise in two C5 HGSOC PDX models (Walton et al. 2012). CCT244747, the 

CHK1 inhibitor used in my in vivo drug testing, is currently in the early phase of clinical trial 

testing and this work has led to an industry collaboration to explore the potential of CHK1 

inhibition in the treatment of a certain molecular subset of HGSOC. Understanding the 

underlying key genomic similarities between these two tumours that responded to CHK1 

inhibitor will also be highly important in addressing the emerging resistance to CHK1 inhibitor 

and to identify a suitable partnering treatment to improve responses and circumvent the drug 

resistance issue.  



 208 

All these findings highlight the advantages of “live biobanking” over traditional biobanking, 

which typically involves formalin fixed and frozen human cancer materials. These formalin- 

fixed and frozen specimens are suitable for molecular high-throughput study and retrospective 

analysis of clinical studies and patients’ responses to therapies. However, crucial in vitro and 

in vivo functional investigations are not possible and “live biobanking” utilising the PDX 

models for expansion of viable human tumour materials for large volume cryopreservation will 

be a highly attractive biobanking strategy. Maintenance of in vivo expanded tumours’ genomic 

integrity remains important and orthotopic implantation of tumour as well as vigorous 

molecular and biological validation of tumour are crucial especially in correlating the in vivo 

drug response to patient clinical outcomes. Therefore, the future of biobanking should include 

expansion and cryopreservation of viable human cancer tissues.  

 

6.4   Aim 3 outcome: The transgenic mouse and PDX models have synergistic potentials 

The generation of the O/FTCS GEMM together with the acquisition and generation of six 

O/FTCS PDX models represent two parallel pre-clinical models. The O/FTCS GEMM is 

generated from directing the SV40 T-Antigen expression together with mutant p53 to the Pax8 

FT cells. This results in the generation of a predominantly sarcomatous O/FTCS, transplantable 

into immunocompromised mice, and a well characterised sarcomatous cell line. Five O/FTCS 

PDX are obtained from our international collaborator (Weroha et al. 2014) and one PDX is 

generated in-house, for which the in vivo responses to standard chemotherapeutic treatments 

resemble previously documented historical clinical responses in O/FTCS (Rauh-Hain et al. 

2016). Each of these models plays an integral part in understanding the biology of O/FTCS and 

contributes to the translational potential of the overall study. The murine counterpart of the 

model forms a more simplistic model for O/FTCS with characterised mutagenic drivers; in this 

case, the loss of Rb1 and Tp53 with Lin28b overexpression.  

In terms of the hierarchy of experimental models, the O/FTCS GEMM cell line is important as 

the most elementary model amenable to extensive genetic manipulations and as a highly 

renewable source. However, it is the least representative model of the human O/FTCS. The 

cell line generated from this murine model is currently being used in follow-up studies 

including as the cell line utilised in a CRISPR library screening to identify potential candidate 

genes for drug sensitivity, in a drug library screening to elucidate synergistic compounds with 

eribulin and cisplatin, and as a validation tool for any potential hits that are generated from 
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these screens. CRISPR knock out, shRNA and chemical inhibition of the candidate pathways 

are methods that can be utilised to validate potential hits identified from the screening 

experiment using the GEMM O/FTCS cell line. Lastly, in vitro drug assays of relevant 

compounds could also be performed on the same cell line for preliminary proof of drug 

efficacy.  

The GEMM O/FTCS transplanted in immunocompromised mice represents a more 

sophisticated model, as these tumours are established in a more natural living 

microenvironment. Drug compounds or combination treatments that are identified in the in 

vitro studies using the O/FTCS GEMM cell line can be further validated using this model, 

through in vivo drug studies and short-term harvest experiments. In general, these in vivo 

studies with GEMM are more clinically relevant than the in vitro responses. Furthermore, 

analysis of toxicity and deliverability for novel drug combinations may also be assessed. 

Finally, the O/FTCS PDX models are the most clinically relevant models, which recapitulate 

most of the human O/FTCS biology. These models are essential to confirm efficacy of these 

novel therapeutics prior to bringing them into potential clinical trials.  

Importantly, the knowledge gained from having a deep understanding of each model including 

the PDX models of the “C5”, “non-C5” HGSOC and O/FTCS, as well as the GEMM, can be 

used to guide rationale hypothesis generation and exploration of novel therapies. I have 

demonstrated that the MYCN pathway activation is relevant in both, C5 HGSOC and O/FTCS, 

based on the observations in GEMM used to study early OC tumorigenesis events. The 

generation of multiple O/FTCS from Lin28b or MYCN overexpressing associated with 

dysfunctional p53 from the GEMM study highlighted the relevance of this pathway in O/FTCS 

tumorigenesis. Linking the significance of HMGA2 with the MYCN pathway in both, O/FTCS 

and HGSOC, led to the hypothesis that treatments relevant in C5 HGSOC would probably also 

be effective in the treatment of O/FTCS. I have initially demonstrated the in vivo efficacy of 

both vinorelbine and eribulin in the C5 HGSOC PDX and subsequently showed efficacy of 

these treatments in the O/FTCS GEMM model. Finally, the in vivo eribulin responses in the 

O/FTCS PDX form the basis for the clinical trial for eribulin in O/FTCS.  

Therefore, an intimate understanding of each of the pre-clinical models is one of the key 

elements to optimise their potentials. One model in isolation is limited in its usefulness, hence 

it is important to approach these models as a whole. As demonstrated, we now have multiple 
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levels of models that can serve as an indispensable intermediate experimental model system 

bridging the in vitro studies with human studies.  

 

6.5   Aim 4 outcome: The translational aspects for O/FTCS  

Based on the compelling pre-clinical in vivo eribulin, a microtubule inhibitor, data where 

impressive tumour responses are observed in five out of six platinum resistant/refractory 

O/FTCS PDX models, a Phase II open-label clinical trial of single agent eribulin followed by 

a combination of eribulin with pembrolizumab, a PD-1 inhibitor, is proposed for women with 

relapsed O/FTCS. As was shown in the O/FTCS GEMM and also in one of the O/FTCS PDX 

models, single agent eribulin treatment is insufficient to generate sustained tumour response, 

and progression of disease is observed immediately after treatment cessation. The addition of 

pembrolizumab following initial treatment with eribulin could be beneficial based on current 

evidence demonstrating potential synergy between eribulin and PDL-1 inhibitor, 

pembrolizumab (Emens & Middleton 2015; Tolaney et al. 2017). The improvement of immune 

tumour microenvironment by eribulin treatment was shown to be clinically relevant in a 

clinical trial involving basal-like breast cancer (Goto et al. 2018). Furthermore, the 

combination of eribulin and pembrolizumab has been shown to be safe in patients (Tolaney et 

al. 2017). However, as this combination has not yet been proven to be effective in the treatment 

of O/FTCS, we have designed the clinical trial as a Simon 2 stage trial that incorporates a 

“lower threshold” response rate in the 1st stage of the clinical trial to terminate recruitment of 

patients if lack of efficacy is observed. This is designed to limit the potential risks of 

administrating an ineffective treatment to women with these rare aggressive cancers.  

However, pembrolizumab is only one of many other potential combination treatments with 

eribulin in the treatment of O/FTCS. Efforts are currently underway to establish other 

synergistic combinatorial treatments with eribulin to harness the favourable biological effect 

of eribulin on OC. These effects include reversal of EMT resulting in carcinomatous-like 

tumours, improvement of intra-tumour microvasculature and loss of hypoxia and augmentation 

of immune microenvironment within the tumour (Goto et al. 2018; Dybdal-Hargreaves et al. 

2015; Ueda et al. 2016). Therefore, this project will lead to a series of “laboratory bench to 

bedside” translational research studies resulting in more clinical trials in the O/FTCS pipeline. 

These will open up more treatment options for patients with O/FTCS who currently are devoid 

of effective therapies. Taking advantage of the clinical and translational samples obtained from 
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these clinical trials, further future research work that focuses on understanding the mechanisms 

behind responders and non-responders to these novel therapies will be feasible. These 

translational studies on patients’ tumour samples obtained before therapy and at progression, 

allow a window into the real-time cancer tumour evolution under treatment pressure. These are 

precious human tumour samples that may hold the key in understanding O/FTCS evolution 

and mechanisms of drug resistance that blight the outcome of these women.  

 

6.6   Future directions and closing remarks 

Ultimately, the main purpose of my PhD studies was to improve the outcome of women with 

HGSOC or O/FTCS who are unlikely to be cured of their cancer, especially those with relapsed 

disease. In order to improve management of their disease, it is crucial that we understand the 

underlying biology of their cancer. The journey begins with making sense of the genomic 

information currently available for their OC and to start right at the beginning when OC 

tumorigenesis is first initiated. Elucidating the early genetic events that initiate and drive 

HGSOC or O/FTCS tumorigenesis should help us to devise better preventative and/or 

screening measures for these cancers and to explore more effective novel therapeutics. At the 

same time, robust clinically relevant pre-clinical models are essential to bridge the transition 

from basic science to the clinic.  

My PhD studies have highlighted that the MYCN pathway activation is relevant both in C5 

HGSOC and in O/FTCS. Focus on exploration of MYCN pathway vulnerabilities should, 

therefore, yield success in identifying effective therapeutics against these subsets of OC. From 

these PhD studies, several other projects have emerged, for example, attempts at targeting the 

metabolic vulnerability of C5 HGSOC by combining chemotherapy with the anti-

hyperglycaemic agent (SGLT2 inhibitor; empagoliflozin). 

In the longer run, successful outcomes will only be evident when the once greatly feared and 

deadly disease of HGSOC and O/FTCS are no longer considered terminal illnesses but 

regarded as mere chronic diseases. This can only be achieved if multiple highly effective and 

non-toxic lines of therapies are discovered for the affected women to significantly improve 

their survival and quality of lives.  
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