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Abstract

Ovarian cancer is one of the most lethal malignancies and often presents at an
advanced stage, resulting in a poor prognostic outlook . Platinum chemotherapy
leads to an initial clinical response, however most patients will ultimately
relapse and there remains a sub-group who are intrinsically resistant to

platinum .

| focussed on high grade serous ovarian cancer (HGSOC), the most common
subtype of ovarian cancer. The ID8 CRISPRenerated models represented a
novel and simple tool to investigate the biology of HGSOC . By using thisin vivo
model, | aimed to further the unde rstanding of platinum sensitivity in HGSOC
by investigating the homologous recombination pathway and the tumour

microenvironment.

In vitro work showed that sensitivity to PARP inhibitors was clearly correlated
with defective homologous recombination but the relati onship with platinum
sensitivity was more complicated . Using the ID8 derivatives, in vivo cisplatin
experiments identified Pten and Nfl loss to be associated with the worst
prognosis with the knockout of Brcal or Brca2 prolonging survival. A Brcal
mutation in the PALB2 domain compared to the BRCT2 domainwas found to be

associated with a greater sensitivity to cisplatin.

The tumour microenvironment was shown to differ between genotypes and
altered with the addition of platinum chemotherapy.  Specifically, the loss of
Pten was associated with an immunosuppressive microenvironment with
increased levels of myeloid -derived suppressor cells (MDSCs) and tumouwr
associated macrophages (TAMs).The chemokines, Ccl2 and Cd7 were shown to

be significantly increased in the Trp53-/-;Pten-/ - genotype.

| targeted both the cytokine/chemokine response directly by using a transgenic
mouse model (CCH, 2, 3, 5 receptors knockout) and the PI3K/AKT pathway by
using a Pl 3K i (AZDBU8G)tb atiempf tp reviel3d\the effect of
Pten loss. The transgenic mouse model (GGTACK®showed encouraging early

results with a reduction in MDSCs and TAMsin the knockout mice injected with



3

the Trp53-/ -;Pten-/ - genotype but a repeat experiment is required before valid

conclusions can be made

The AZD8186in vivo experiment showed a significant reduction in MDSQevels
in the ascites following AZD8186 treatment in mice injected with the Trp53-/;

Pten-/ - genotype and a non-significant decrease in the tumour samples. There
was also a reversal in the anaemia previously shown with the loss of Pten and a

decrease in Ccl2 and Ccl7 expression.

| have used a transplantable in vivo model for HGSOC to investigate potential

mechanisms of platinum sensitivity and identified poor prognostic genotypes

(Pten, Nf1). | have found Pten loss to be associated with an immunosuppressive
microenvironment and highlighted potential therapeutic targets. By targeting
the PI3K/ AKTpathway | have shown that the effect of Pten loss can be reversed.
The next step will be to determine whether this reversal results in a prolonged

survival.
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repeats

Cancer Research UK

colony stimulat ing factor -1

cycle threshold

computerised tomography

distilled water

4 9 -diémidino -2-phenylindole

Dul beccods Modified Eagl e
dimethyl sulphoxide

deoxyribonucleic acid

double stranded deoxyribonu cleic acid
double-strand breaks

extracellular matrix
ethylenediaminetetraacetic acid
epidermal growth factor receptor
excision repair cross-complementation group 1

fluorescence activated cell sorting

Me



FBS
FIGO
FMO
GC
GFP
HCT
H&E
HEK
HEPES
HGB
HGSOC
HR

HR
HRT
ICGC
IOTA

IC50
IHC

ITS
KO

LG
MDSC
MHC I
MMR
MTT

NacCl
NACT
NBF
NF1
NER
NHEJ
NICE
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Foetal bovine serum

International Federation of Gynecology and Obstetrics
fluorescence minus one

guanine-cytosine

green fluorescent protein

haematocrit

haematoxylin and eosin

human embryonic kidney cell
4-(2-hydroxyethyl) -1-piperazineethanesulfonic acid
haemoglobin

high grade serous ovarian cancer
homologous recombination

hazard ratio

hormone replacement therapy

International Cancer Genome Consortium
Internat ional Ovarian Tumor Analysis Group
intraperitoneal

inhibitory concentration 50%
immunohistochemistry

interleukin

Insulin, Transferrin, Sodium selenite
knock-out

L-Glutamine

myeloid-derived suppressor cell

major histocompatibility complex class I
mismatch repair pathway
3-(4,5-dimethylthiazol -2-yl)-2,5-diphenyltetrazolium
bromide

sodium chloride

neoadjuvant chemotherapy

neutral buffered formalin

neurofibromin 1

nucleotide excision repair

non-homologous end joining

National Institute for Health and Care Excellence
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NTC
PARP
PBS
PCR
PD1
PDL1
PE
PFA
PLT
P/S
PTEN
RCT
RIN
RMI
RNA
RPMI
RT-gPCR
SCNA
SD
SEM
SNP
SNV
STIC
sV
TAM
TCA
TCGA
TILs
TMA
TME
TNM
TP53
TRAIL
VEGF

nuclear localisation signal

no template control

poly (ADP-ribose) polymerase
phosphate buffered saline
polymerase chain reaction
programmed death 1
programmed death ligand 1
paired end

Paraformaldehyde

platelets
Penicillin/Streptomycin
phosphatase and tensin homolog
Randomised control trial
RNA integrity number

risk of malignancy index

ribonucleic acid

Roswell Park Memorial Institute (medium)

Quantitative reverse transcription PCR
somatic copy number alterations
standard deviation

standard error of the mean

single nucleotide polymorphism

single nucleotide variants

serous tubal intra -epithelial carcinoma
structural variants

tumour -associated macrophage
trichloroacetic acid

The Cancer Genome Atlas

tumour -infiltrating lymphocytes

tissue microarray

tumour microenvironment
Tumour-Node-Metastases

tumour protein 53

TNFrelated apoptosis inducing ligand

vascular endothelial growth factor
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WGC
WT
WT1

whole genome sequencing
wild -type

Wilms Tumour gene
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1.1 Incidence and Mortality Rates in Ovarian Cancer

Ovarian cancer is one of the most lethal malignancies and often presents at an
advanced stage, resulting in a poor prognostic outlook for many patients.
Worldwide, it is estimated that nearly 239,000 women were diagnosed with
ovarian cancer in 2012 (Ferlay et al., 2015). Ovarian cancer is the 5th most
common cancer in females in the UK with approximately 7000 new cases
diagnosed each year. Overall the incidence of ovarian cancer has increased in
the UKsincet he | at .eHowle®er Sintes2000 the incidence has decreased
by 11%(Figure 1.1) (CRUK. This decrease may be explained by the change in
the classification of borderline tumours where prior to 2000 many borderline
malignant ovarian tumours were classified as mali gnant. An additional
explanation may also be the increased use of the contraceptive pill which

reduces the risk of ovarian cancer (Beral et al., 2008 ).
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Figure 1.1: Ovarian cancer incidence ra tes in the UK between 1993 -2014.

The figure demonstrates a decrease in incidence rates over the last 20 years (figure
adapted from CRUK.

Approximately 152,000 women died worldwide from ovarian cancer in 2012 with

around 4,300 women dying from the disease in the UK (Ferlay et al., 2015).
Age-standardised mortality rates (Figure 1.2) have decreased between 1971-
1973 and 20162012 with a 20% decrease over the last decade. However, this
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reduction in mortality had been in women under 70, women aged 70 or over
have seen a worsening of mortality over the last 30 years (CRURK. This increase
in mortality may be due to a rise in incidence since the 1970s and specific to

this age group an increase in nullip arity and the use of hormone replacement

therapy (CRUK.
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Figure 1.2: Ovarian cancer mortality rates in the UK between 1971 -2014.

The figure demonstrates an overall decrease in mortality rates over the last 40 years
(figure adapted from CRURK



25

1.2 Risk Factors

The risk of developing ovarian cancer increases with age and usually occurs in
women who have had their menopause. In the UK in 2012-2014 the age-specific
incidence rates rise dramatically from 35 -39, peaking in those aged 80-84 and
then dropping sharply (Figure 1.3). On average each year more than half of

cases were diagnosed in females over 65 (CRUK.
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Figure 1.3: Average Number of New Cases per Year and Age-Specific Incidence
Rates between 2012 -2014.

The figure demonstrates the rise in incidence from 35 -39 years (figure adapted from
CRUKR.

The 5-year survival rate is higher in younger women and decreases with
increasing age. In England from 2007-2011 the 5-year survival ranged from 87%
in those aged 15-39yrs to 17% in those aged 8099yrs. Age-specific mortality in
ovarian cancer increases sharply from 40-45yrs with the worst mortality in the
over 85 age group. An average of 43% of deaths were in women over 75yrs and
72% were in those over 65yrs between 20102012 in the UK (CRUK.

Around 3% ofall ovarian cancer cases occur in women with a f amily history of
ovarian cancer (CRUK. The risk of ovarian cancer to any first -degree relative
of patients with ovarian cancer is about 3 -fold greater compared with the

general population. There is also some evidence that the risk to relatives of
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patients diagnosed younger than 50 years is as high as twice that to relatives of
older patients with ovarian cancer. The most common sub-types of ovarian
cancer, endometrioid and high -grade serous (HGSOC)have been shown to be
associated with a signifi cant increase in familial risk (Jervis et al., 201 4). As
BRCAland BRCA2mutations are primarily associated with HGSOC it is not

surprising the familial relative risk is higher for this subtype.

Inherited conditions are estimated to account for 5 -15% of epithelial ovarian
cancer. Hereditary Breast -Ovarian cancer syndrome with BRCA1/2 mutations
account for 65-85% and Lynch Syndrome with nismatch repair mutations
account for another 10 -15%(Lynch et al., 2013). There has been a wide range
of figures quoted for ovarian cancer risk in women with BRCA1/2mutations. It
is estimated that the risk is up to 65% higher in women with a BRCAlmutation
and up to 35% higher in women with a BRCA2mutation (Ingham et al., 2013).

The risk of ovarian cancer is 24% higher in breast cancer survivors compared to
the general population. The risk is higher in patients diagnosed with breast
cancer at a younger age and also in oestrogen-receptor negative or oestrogen -
receptor unknown breast cancer (Schonfeld et al., 2013). The risk of ovarian
cancer is higher in bowel cancer survivors compared to the general population
(Ahmed et al., 2006 ).

Evidence has $iown that factors that alter the number of ovulations and/or sex
hormone levels can affect the risk of ovarian cancer. Pregnancy, breastfeeding
and oral contraceptives reduce the n
and have all been shown to decrease the risk of ovarian cancer (Lukanova and
Kaaks, 2005.

HRT has been found recently to increase the risk of ovarian cancer by 43% in

current users compared to women who have never used HRT (Beral et al., 2015 ).

The use of HRT for <5 years had been previously thought to be a safe period
however these women who had been on HRT <b5years at the time of diagnosis
were also found to have a significant increased risk of ovarian cancer . The risk
of ovarian cancer was significantly increased for both oestrogen -only and

combined HRT with little difference between the typ es(Beral et al., 2015).

umb
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Although nulliparity is a known risk factor for ovarian cancer the association
with infertility treatment has been less clear. A number of early cohort studie s
found an increased risk of borderline and invasive ovarian cancer following high
doses and multiple cycles of clomiphene citrate (Rossing et al., 1994, Sanner et
al.,, 2009). However in more recent and larger cohort studies there was no
association found between malignancy risk and infertility medication (Jensen
et al., 2009, Calderon-Margalit et al., 2009 ).

It has been suggested that 3% of ovarian cancer cases in the UK arelinked to

smoking (Beral etal., 2012 , Faberetal., 2013). From meta- and pooled analyses
there has been found to be significant variatio n in smoking-related risks
between the tumour subtypes. In mucinous cancers, the incidence was
increased in current versus never smokers however the increase was mainly in

borderline malignant tumours. In both clear -cell and endometrioid cancers,
studies have seen a reduction in cancer risk in current smokers however
evidence for this is conflicting. T here has been no significant association found
between smoking and serous ovarian cancers (Beral et al., 2012 , Faber et al.,

2013).

Obesity is an important risk factor for many cance rs. Some studies haveshown
a link between body size and ovarian cancer risk. The risk of ovarian cancer in
HRT neverusers is 10% higher per 5 unit BMI increment however the risk may
only be increased in women with a BMI greater than 28 (Collaborative Group on
Epidemiological Studies of Ovarian Cancer, 2012). Diabetes is associated with
an increased risk of several cancer types although the exact mechanism of this
link is not fully understood (Starup-Linde et al., 2013 ). A meta-analysis by Lee
at al showed that the risk of ovarian cancer was increas ed by 55% in diabetics
compared with non -diabetics when controlled for confounding variables (Lee et
al., 2013).

The exact aetiology of endometriosis remains unclea r. However, it is widely
known to be associated with certain sub -types of ovarian cancer. A meta-
analysis by Kim et al found that endometriosis increased ovarian cancer risk by
27-80% depending on study type (Kim et al., 2014 ). They also found that early

stage disease, low-grade serousdisease, endometrioid and clear cell sub -types
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were all strongly associated with endometriosis -associated ovarian cancer.
Whereas there was a relatively low incidence of high grade serous carcinoma in
endometriosis-associated ovarian cancer and no association between

endometriosis and mucinous carcinoma risk (Kim et al., 2014 ).
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1.3 Pathology
1.3.1 Anatomy of the Fallopian T ube and Ovary

The ovaries consist of three components: the surface layer formed by cuboidal
epithelium, the cortex containing stroma and ovarian follicles and the medulla
containing stroma and neurovascular bundles. The anatomy of the female

reproductive system is illustrated below (Figure 1.4).

Fallopian tube, /Fallopian tube

Ovary—— ~——Ovary

Uterus — Endometrium

———Myometrium
Cervix

y
l Vagina
|

Figure 1.4: Anatomy of the female reproductive system.

The ovaries are located either side of the uterus within the  broad ligament below th e
Fallopian tubes (http://seer.cancer.gov/statfacts/html/ovary.html ).

The Fallopian tube consist of four parts the Isthmus, Ampulla, Infundibulum and
Fimbriae. The inner mucosa is lined with ciliated columnar epithelial cells and

non-ciliated secretory cells (Figure 1.5).

Ampulla
Isthmus

=L,

>
Infundibulu%\ ‘

~

Fimbriae

Figure 1.5: Anatomy of the Fallopian tube

(http://teachmeanatomy.info/pelvis/female -reproductive -tract/fallopian -tubes/)



http://seer.cancer.gov/statfacts/html/ovary.html
http://teachmeanatomy.info/pelvis/female-reproductive-tract/fallopian-tubes/
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1.3.2 Ovarian Cancer Histopathology

There are many differe nt histological and molecular sub -types of ovarian cancer
however they are often treated as a single disease. Nearly 10 years ago ovarian
cancer surface epithelial tumours began to be classified into type | and type Il

tumours according to their pathway of tumourigenesis (Shih le and Kurman,
2004). Type | tumours included low grade serous, endometrioi d, mucinous and
clear cell types. Whereas Type Il tumours at the time had no identified

precursor lesion and included high-grade serous and carcinosarcoma (Shih le
and Kurman, 2004) (Table 1.1 and Figure 1.6). However, between these

subtypes there are significant genomic differences.

Recent genomic findings suggest that many ovarian cancers are derived from
non-ovarian tissue and there are few molecular similarities between the

histotypes. Immunological markers and genomic studies have shown that many
tumours that were previously classified as high -grade endometrioid should be

re-classified as high grade serous cancers(Madore et al., 2010).

This thesis focuses onhigh grade serous ovarian cancer, the most common sub-

type of ovarian cancer .

Table 1.1: Ovarian cancer sub -types and associated mutations .

Ovarian cancer
Epithelial Non-epithelial
High- Low- Mucinous | Clear cell Endometrioid Sex cord- | Others
grade grade stromal e.g
serous serous germ
cell
TP53 BRAF KRAS ARID1A ARID1A Granulosa
cell -
FOXL2
BRCA1/ | KRAS HER2 PIK3CA PIK3CA Sertoli-
2 Leydig cell
- DICER1
NF1 NRAS PTEN PTEN
RB1 ERBB2 CTNNB1 PPP2R1N
CDK12 PP P2R1 MMR deficiency
HR
repair
genes
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High-grade serous ovarian cancer (HGSOC) accounts for up to 70% of all ovarian
cases. They have the highest frequency of TP53 mutation of any solid tumour
at 97%, which is the essential driver mutation in the pathogenesis of HGSOC
(Ahmed et al., 2010). TP53is the only gene that is mutated in >10% of casesat
the somatic level and it has been suggested that 100% of HGSOC areTP53
mutant (Cole et al., 2016).

The increase in prophylactic salpingo -oophorectomy for familial risk has
allowed pathologists to examine a larger number of specimens in women at

higher risk of ovarian cancer.

The distal fallopian tube has relatively recently been identified as the likely
source of HGSOC with early STIC (serous tubal intraepithelial carcinoma)
lesions with hallmark p53 signatures predominating in the fimbria and secretory
cells (Cole et al., 2016). The first step in the transformation of benign tubal
secretory cm8séisgnat utrheed owi th benign
evidence of strong nuclear p53 protein expression or absent p53 expression on
IHC, in keeping with TP53 missense and null mutations respectively. This is
followed by the emergence of STIC lesions that are a multi -layered epithelium
that lacks polarity and contains malignant secretory cells with DNA damage and
p53 protein stabilisation in addition to a high proliferative index  (Lee et al.,
2007). The transformation of STIC lesions to HGSOC s thought to take
approximately 7 years followed by the rapid development of metastases
(Labidi-Galy et al., 2017b ). Although a tubal origin of HGSOC is likely and widely
accepted, STIC lesions are only seen in about half of HGSOC casegLee et al.,
2007) and there have been mouse models of HGSOC that seem to primarily

involve precursor cells in the ovary (Kim et al., 2012).

PAX8 is oneprotein that is consistently overexpressed in epithelial ovarian
cancer compared to normal ovarian tissue . PAX8 is one of 9 transcription factors
involved in embryogenesis and has been found to be expressed in non-ciliated
secretory cells of normal healthy fallopian tubes but absent from ovarian

surface epithelium (Di Palma et al., 2014).

ap
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Figure 1.6: Five main sub-types of ovarian cancer.

A High-grade serous carcinoma; B Low-grade serous carcinoma; C Mucinous carcinoma;
D Endometrioid carcinoma; E Clear cell carcinoma. Adapted from (Prat, 2012).

Recent studies have looked at the metastatic spread of HGSOC. HGSOC like

other intra -abdominal tumours, often metastasises to the omentum which is

predominantly composed of adipocytes. The oment al met alst as

caked) typically represent the | argest
outside the pelvis . Nieman et al found that human omental adipocytes promote
homing, migration and invasion of ovarian cancer cells and also act as an energy

source (Nieman et al., 2011).

Epithelial ovarian cancer is believed to metastasize randomly by direct contact
with intra -abdominal surfaces helped by the peritoneal circulation. However as
discussed ovarian cancer metastases have a predilection for the omentum. In
addition to the omentum, pelvic and/or para -aortic lymph nodes can be
involved and rarely brain and lung metastases. A recent study using a pre-
clinical mouse model found haematogenous peritoneal dissemination of ovarian
cancer cells with a tropism for the omentum, suggesting an additional mode of

metastasis (Pradeep et al., 2014).

t



33

1.3.3 Mutations associated with high grade serous ovarian cancer

High grade serous ovarian cancer is characterised by genomic instability, in
particular copy number abnormalities but with a low prevalence of recurrently
mutated genes beyond TP53 (2-6%) (Cancer Genome Atlas Research, 201).
Recent genomic studies have identified four gene expression clusters in high-
grade serous cancer which have been termed: proliferative, immunoreactive,
mesenchymal and differentiated according to the gene content in the clusters
(Cancer Genome Atlas Research,2011). This classification has not yet been

applied clinically.

The Cancer Genome Atlas (TCGAYata suggested that up to 50% of HGSOC may
have homologous recombination defects at the time of diagnosis (Cancer
Genome Atlas Research, 201). In addition to germline and somatic BRCA1/2
mutations, these included a set of Fanconi Anaemia genes, EMSY RAD51, PTEN
and the DNA damage sensing genesATM and ATR (Cancer Genome Atlas
Research, 201]). However, these mutations were inferred and w ere not a

functional assessment (Figure 1.7) and we specifically investigated the

potential influence of PTENIoss on HR (see Chapter 3)

The frequency of BRCAland BRCA2Zgerm-line mutations had been unclear until
recently with patient testing previously based solely on family history . Rust et
al sequenced all newly presented non-mucinous ovarian cancer patients
irrespective of family history and found 13.1% to have germline BRCAL/2
mutation s. They also found that 48% of patients selected would not have been

offered sequencing based on the family history (Rust et al., 2018).

TCGA has analysed nearly 500 high grade serous ovarian cancer samples. They
have reported 9 significantly mutated genes: TP53, BRCAL, BRCA2, RBNF1,
FAT3, CSMD3, GABRA&nd CDK12(Cancer Genome Atlas Research, 201). As
stated above, high grade serous cancer is characterised by near-universal TP53
mutations as identified by Ahmed et al (Ahmed et al., 2010). BRCA1/2 were
mutated in 21% of tumours when combining both somatic and germline
mutations. The remaining 7 mutated genes were only identified in 2 -6% of high

grade serous ovarian cancer cases(Cancer GenomeAtlas Research, 2011).
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The number of recurrent somatic copy number alterations (SCNAs) was analysed.
The most common focal amplifications were CCNE1, MY@Gnd MECOMeach of
which was highly amplified in more than 20% of tumours (Cancer Genome Atlas
Research, 201]). TCGAalso identified 50 focal deletions, the tumour suppressor
genesdPTEN RBland NF1were in regions of homozygous deletions in at least

2% of the tumours (Cancer Genome Atlas Research, 201).

However, TCGA utilised whole exome sequencing (for SNV) rather than whole
genome sequencing (WGS) and therefore did not evaluate over 95% of the
genome. In addition, CNA was assessed using SNP arrays, which again will miss
large portions of the genome. This is important because HGSOC is marked by
extreme copy number abno rmalities leading to structural variants (SV) andre-
arrangement of large parts of the genome that alter gene integrity without
specific mutations or large scale insertions/deletions, which will be missed by
exome sequencing and SNP arrays(Patch et al., 2015). Critical genes whose
function is altered by such SV includ e PTEN NF1and RB1 Thus, an updated
representation of the genomic landscape of HGSOC is given in Figure 1.7.
However, it is important to appreciate that the alterations in this figure are
rarely mutually exclusive dfor example, over half (9/16) of caseswith NF1loss
in the ICGC WGS analysis (Patch et al) also had mutations in BRCA1/2 This

makes classification of HGSOC genomes particularly challenging.



NF1 mutation Other BRCA1 germline
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Figure 1.7: Mutational Landscape of High Grade Serous Ovarian Cancer.
Adapted from (Patch et al., 2015 ) and (Cancer Genome Atlas Research, 201}.
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1.4 Classification and Prognostic F actors
1.4.1 Anatomical Factors

The TNM (TumourNode-Metastases) classification and the FIGO (International
Federation of Gynecology and Obstetrics) staging classification are both well-
established classification systems accepted for the staging of ovarian cancer
(Sobin, 2009, Prat, 2015).

The FIGO classification was updated in 2014 and the new TNM staging is
awaiting publication. The FIGO classificati on emphasises surgical evidence,
considers the likely tubal origin of HGSOC, and emphasises the importance of
documenting the histologic subtype. It also correlates with the TNM system and

is of prognostic significance (Table 1.2).

Patients with Stage | disease have a greater than 90% 5year survival compared
to a less than 5% 5year survival for patients with Stage IV disease. The higher
stage indicates more extensive disease and optimal debulking is less likely to
be achieved when compared to a tumour that is only confined to the pelvis.  For
optimal debulking to be achieved in stage IlI/IV diseas e more radical surgery is
often needed and this is associated with a higher incidence of perioperative
morbidities (Ezzati et al., 2014 ).

The presence of a malignant pleural effusion in the absence of other stage IV

criteria has a significantly worse prognosis when compared to stage Il disease
(Eitan et al., 2005 ). The presence of ascites is also an important component of
the FIGO classification. Ascites in early -stage disease is a poor progrostic factor
whereas smaller tumour volume and the absence of ascites in advanced disease

are associated with a favourable outcome (Eitan et al., 2005 ).

The presence of lymph node metastases is a significant prognostic factor in
ovarian cancer (Ozols et al., 1980). Retroperitoneal lymph node involvement
occurs in up to 50-80% of women with advanced ovarian cancer (Omura et al.,
1991). Women with tumours limited to the pelvis and positive lymph nodes have
been found to have an improv ed 5-year survival (84%) compared to women with

tumours that have spread beyond the pelvis (26%) (Ozols et al., 1980). There is
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an on-going debate regarding the benefits of systematic lymphadenectomy
versus lymph node sampling in advanced disease. The recent LION study
concluded that systematic lymphadenectomy in patient s with clinically
negative lymph nodes and complete resection did not improve the overall and

progression-free survival (Harter et al., 2017 ).

Optimal surgical debulking is the single most important prog nostic factor in
advanced ovarian cancer with studies showing a significant survival advantage
with O 1cm of residual disease (Shimizu et al., 1998). However, to achieve

optimal cytoreduction there is often an associated surgical morbidity.



Table 1.2: The FIGO Ovarian Cancer Staging (2014).

Five-year relative percentage survival by stage between 2002 and 2006 (CRUK.
Demonstrates the FIGO staging classification with the breakdown of each clinical
parameter and corresponding TNM stage (Table adapted from similar in (Prat, 2015)).
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5-year
Stage Survival
Stage |: Tumour limited to the ovaries (one or both)
IA (TlaNG Tumour limited to one ovary; capsule intact, no
MO) tumour on ovarian surface; negative washings.
IB (T1b-NO- Tumour limited to both ovaries; capsules intact, no
MO) tumour on ovarian surface; negative washings.
IC Tumour limited to one or both ovaries
IC1 (T1C1 Surgical spill 90%
NO-MO) gical sp
IC2 (T1C2 Capsule rupture before surgery or tumour on ovarian
NO-MO0) surface.
IC3 (T1C3 . : . . i
NO-MO) Malignant cells in the ascites or peritoneal washings.

Stage Il: Tumour involves one or both ovaries with pelvic extension (below the

pelvic brim) or primary peritoneal cancer

A (T2a Extension and/or implants on the uterus and/or
NO-MO) tube(s)

IIB (T2b- . . . .
NO-MO) Extension to and/or implants in other pelvic tissues

42.8%

Stage Ill: Tumour involves one or both ovaries with cytologically or histologically
confirmed spread to the peritoneum outside the pelvis and/or

retroperitoneal lymph nodes

metastasis to the

(positive retroperitoneal lymph nodes and/or

A microscopic metastasis beyond the pelvis)
i Positive retroperitoneal lymph nodes only
:\'I'ﬁ/lgllz 11T A1 (i) Metastasis O 10
IIAL (ii) Metastasis > 10mm
A2 (T3a2 Microscopic, extrapelvic (above the brim) peritoneal
NO/N1-MO0) involvement +- positive retroperitoneal lymph nodes
1B (T3b- Macroscopic, extrapelvic,
NO/N1-MO) +/ - positive retroperitoneal lymph nodes. Includes
extension to capsule of liver/spleen.
IIC (T3¢ Macroscopic, extrapelvic, peritoneal metastasis > 2cm
NO/N1-MO) +/ - positive retroperitoneal lymph nodes. Includes

extension to capsule of liver/spleen

18.6%

Stage IV (any T-any N-M1): Distant metastasis excluding peritoneal metastasis

IVA Pleural effusion with positive cytology
Hepatic and/or splenic parenchymal metastasis,
VB metastasis to extra -abdominal organs (including

inguinal lymph nodes and lymph nodes outside of the
abdominal cavity)

3.5%
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1.4.2 Histological Factors

Tumour grade is thought to influence tumour behaviour however there have
been conflicting studies over the association with clinical outco me (Ozols et al.,
1980, Omura et al., 1991). Part of the difficulty is that there is no universally
accepted grading system for ovarian cancer. Many pathologists use a FIGO
system that characterises cell ular architecture (AOGS, 197) but a more recent
system incorporates cellular architecture, nuclear grade an d mitotic activity
(Shimizu et al., 1998). This system correlates more accurately with lymph node
metastasis and therefore survival . The histological sub -type is a much better

predictor of survival than tumour grade (Bamias et al., 2012).

The tumour sub-type has been shown to be a more relevant histopathological
prognostic factor in advanced ovarian cancer treated with the standard
platinum -taxane combination (Bamias et al., 2012). Tumour grade was only
significant between the low versus high grade serous tumours while the
prognosis between grade 2 and 3 were similar. Tumour grade was found to be
of no prognostic significance in mucinous, endometrioid and clear cell
carcinomas (Bamias et al., 2012). The main challenge in determining the exact
prognostic importance of tumour histology has been the previous

misclassification of many ovarian cancer sub -types.

The histological sub-type has been generally thought to be associated with
prognosis and studies have shown both mucinous and clear-cell carcinomas to
be an adverse prognostic factor, but only in advanced stage (Zaino et al., 2011,
Mackay et al., 2010).
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1.4.3 Molecular Factors

A wide variety of molecular ma rkers have been reported to influence prognosis
in ovarian cancer including cell cycle regulators, mediators of proliferatio n,
apoptosis and angiogenesis. However, most studies looking at prognostic
markers have not differentiated between the subtypes and therefore it is

difficult to make valid conclusions.

Tumour suppressor p53 has been one of the most investigated markers in
ovarian cancer. A meta-analysis including 62 studies by (de Graeff et al., 2009 )
found wild -type p53 to be associated with a poor survival and when restricted
to serous tumours there was a significant association with poor prognosis (HR
1.47,95% CI1 1.331.61). However there have been conflicting results in relation
to p53 status and response to plati num-chemotherapy (Gadducci et al., 2009,
Canevari et al., 2006). The lack of reproducible results makes it difficult to
make any valid conclusions about the role of p53 as a reliable prognostic

biomarker.

As discussed previouslyp53 has been found to be universally mutated in HGSOC
therefore its potential as a prognostic marker is limited in this subtype. In
addition, analysis of TCGA data suggest that type of TP53 mutation
(missense/gain-of-function vs null) also has no influence on outcome (PFS-
p=0.0981, OS- p=0.0787; log-rank test) (Kang et al., 2013).

Wilmsd Tumour gene (WT1) expression has shown differing patterns of
expression among the ovarian cancer subtypes with a higher expression found
in the serous subtype (Le Page et al.,, 2010). However, there have been
conflicting reports over the role of WT1 as a prognostic marker. Some studies
report no prognostic advantage associated with WT1 and others have shown a
significantly worse prognosis when all histological subtypes are analysed (RR
1.7, 95% CI 1.22.3) (Kobel et al., 2008, Hogdall et al., 2007 ). WT1 has been
found to be a favourable marker in the cohort of patients with HGSOC and this
may be because WT1is a marker of serous differentiation and therefore poorly
differentiated serous carcinomas are less likely to express WT1 and have a
worse prognosis(RR 0.5, 95% CI 0.30.8) (Kobel et al., 2008 ). WT1is a good and
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widely used diagnostic marker in serous carcinoma and helps in differentiating

high-grade disease from a mixed carcinoma population (Le Page et al., 2010).

Ki67 is a proliferation marker commonly studied in cancer research as it is
overexpressed in malignant tissue. It is a nuclear protein which is expressed
throughout the cell cycle but absent in quiescent cells (GO) (Le Page et al.,
2010). The overexpression appears to be in the serous histotype (Kobel et al.,
2008) but this has not been found in all studies (Korkolopoulou et al., 2002 ).
Again, there have been conflicting results on the prognostic value of Ki67, in
the majority of reports high expression of Ki67 has been associated with a poor
prognosis (Korkolopoulou et al., 2002). Kobel et al found that when
retrospectively analysing all ovarian cancer subtypes for tissue-based
biomarkers, Ki67 was associated with a negative prognosis (RR 1.7, 95% 1.22.4)
however, HGSOQusually had a high Ki67 index. When the same subtypes were
analysed individually, Ki67 was found to be of no prognostic significance (Kobel
et al., 2008).

Many studies have shown that cell cycle regulators are involved in tumour
progression in ovarian cancer. Cyclins are a family of proteins that co -ordinate
the progression of cells through the cel | cycle by activating cyclin -dependent
kinase (Cdk) enzymes. CyclinrCdk complexes are regulated by kinase inhibitors
(CKiIs)(Le Page et al., 2010). The Cyclins appear and disappear at specific time
points during the cell cycle. Oncogenesis can be caused by abnormal expression
of cyclins (positive regulators) or loss of CKls (negative regulators) (Le Page et
al., 2010).

Cyclin E has been studied extensively in ovarian cancer and has been found to
be associated with a poor prognosis in the serous disease subtype after
retrospective IH analysis of 53 ovarian cancer samples (p=0.054 by Fisher test)
(Rosenberg et al., 2001). A study by Etemadmoghadam measured genome wide
copy number variation in 118 ovarian tumours and found CCNElexpression to
also be predictive of patient outcome and associated with resistance to
platinum chemotherapy (p=<0.001 by Fisher test) (Etemadmoghadam et al.,
2009).
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Apoptosis is a process of programmed cell death. The extrinsic and intrinsic
pathways mediate the process, and both lead to the activation of caspases. The
extrinsic pathway is initiated by TRAIL, TNF and Fas-L whereas the intrinsic

pathway is initiated by signalling events such as p53 and Bclt2 activation.

TRAIL (TNFrelated Apoptosis Inducing Ligand) is an extracellular pro tein that
triggers apoptosis. The expression of different TRAIL receptors has been shown
to enhance apoptotic ability of TRAIL (Duiker et al., 2006 ). The presence of
stromal TRAIL in advanced disease has been shown to be associated with a
favourable survival (p=0.049, log-rank test) (Horak et al., 2005) but this was
not observed in patients treated with platinum chemotherapy (Duiker et al.,
2010). Further studies have not seen any association between TRAIL and survival
(p=0.09, log-rank test) (Ouellet et al., 2007). There have been conflicting
results with Bcl -2. A high expression of Bcl-2 has been shown to be associated
with an improved survival (p=0.0021, multivariate analysis) (Baekelandt et al.,
1999) however this has not been found in the majority of studies (Geisler et al.,
2000).

Poly (ADPRribose) polymerase 1 (PARP1) is a key component in base excision
repair, a significant pathway in the repair of DNA single -strand breaks. It also
helps regulate both HR and NHEJ pathways(De Lorenzo et al., 2013). PARP
inhibitors have an important role as a therapeutic agent in ovarian cancer .
Although patients with BRCA1/2 germline mutations are associated with better
outcomes which is most likely due to a greater sensitivity to platinum
chemotherapy, Farmer et al found BRCA1l/2mutant cel | lines to be extremely
sensitive to PARP inhibitors (Farmer et al., 2005 ). A recent randomised phase II
trial by Ledermann et al found patients with platinum -sensitive relapsed serous
ovarian cancer with BRCA-mutated disease to have a bette r progression free
survival following the addition of a PARP inhibitor (11.2 months versus 4.3
months, HR 0.18 CI 0.100.31) (Ledermann et al., 2014). The BRCAstatus,
although not universally used in clinical practice yet , may help as a predictor

of disease response to therapeutic agents.

Vascular endothelial growth factor (VEGF) is a multifunctional cytokine that

stimulates angiogenesis and increases microvascular permeability by binding to
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receptors expressed on vascular endothelial cells (Neufeld et al., 1994 ). It is
overexpressed in ovarian cancer when compared to benign tumours (Shenetal.,
2000) and it has been shown to have a crucial role in neovascular formation in

tumours (Ferrara, 1995). A high expression of VEGFon immunohistochemistry
of 339 primary ovarian cancer samples has shown to improve survival in a study
by Duncan et al (p=0.04, log-rank test) (Duncan et al., 2008) however a meta-
analysis by Hefler et al found a high VEGF to be associated with a poor overall

survival (p=<0.001, multivariate analysis) (Hefler et al., 2006 ).

The EGFR (epidermal growth factor receptor) is an extensively studied tyrosine
kinase receptor and has been linked to a negative prognosis in many different
cancers (Le Page et al., 2010). A meta-analysis found that EGFR and Her2 had
a limited impact on prognosis ; however the analysis included a diverse number
of tumour subtypes (de Graeff et al., 2009 ). This was further supported by the
EORTC study that showed maintenance erlotinib (EGFR tyrosine kinase inhibitor)
following first line ch emotherapy in ovarian cancer did notimprove progression-
free or overall survival (PFS12.7 (erlotinib) vs 12.4 months (observation) (HR
1.05, 95%CI 0.90-1.23) and 0S50.8 vs 59.1 months (HR 0.99, 95%CI 0.81-1.20)
(Vergote et al., 2014 ).
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1.4.4 Immunological Factors

The immune system has been shown to play an important role in ovarian cancer

survival. Up to 50% of the cells within any solid tumour or metastasis are non -
malignant (Balkwill et al.,, 2012 ). The complex tumour microenvironment

includes many cells that have lost their protective function and operate in an
immunosuppressive role. Cell types that retain their protective function are

often inhibited by neighbouring cell types (Figure 1.8).

T and B cell lymphocytes

Zhang et al was the first to associate the presence of CD3 tumour-infiltrating
lymphocytes (TILs) with improved clinical outcome in ovarian cancer (Zhang et
al., 2003). A further study found CD8* TILs to be the only subtype associated
with a favourable prognosis and that no stromal TILs of any subtype were
associated with improved survival (Sato et al., 2005). The same study also found
a high CD8/CD4" cell ratio improved survival although CD4 and CD8 alone had
no association with prognosis (Sato et al., 2005). This finding implied that a
further subpopulation of CD4 * T cells might counteract the anti -tumour effects
of CD8' cells (Sato et al., 2005).

A CD4 CD25 FOXP3 suppressor T cell (Treg) population has been found to be
increased in late -stage ovarian cancer and associated with a worse prognosis
(Curiel et al., 2004 , Woo et al.,, 2001). Sato et al discovered that a high
intraepithelial CD8 */Treg ratio was associated with an improved survival and
this indicates that the number of Tregs within the CD4 * population influences
the beneficial effects of CD8 * T cells (Sato et al., 2005).

Myeloid-derived suppressor cells

Immune cells within the tumour microenvironment can limit and stimulate
tumour growth. Myeloid -derived suppressor cells (MDSCs) are a heterogeneous
population of immature myeloid cells that are recruited by tumour cells (Godoy
et al.,, 2013). The two major MDSC subpopulations are granulocytic (human:
CD1168 CD14 CD15 CD66W; murine: CD11b Ly6G Ly6C° ) and monocytic
(human: CD11y CD14 HLADR - CD15; murine: CD116 Ly6G Ly6C"9") (Godoy
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et al., 2013 ). MDSCs have immunosuppressive properties and enhance tumour

growth, invasion and met astasis (Obermajer et al., 2011 ).

In mice, changes in the phenotype of tumour -infiltrating dendritic cells have
been found to influence disease pr ogression in ovarian cancer. The depleting
dendritic cells e arly in the disease accelerate tumour growth but the low
dendritic cell number slow the aggressive progression in advanced disease
(Scarlett et al., 2012 ).

Immune checkpoint inhibitors

Programmed death 1 (PD1) is an inhibitory immune checkpoint receptor
expressed by activated T cells (Hansen et al., 2016). PD-1 interacts with its
ligands, PD-L1 and PDL2 that are present on both tumour and strom al cells.
Freeman et al found that binding of PD -1 by PD-L1 leads to inhibition of T cell

lymphocyte proliferation and cytokine secretion (Freeman et al., 2000).

Tumour-associated macrophages

Macrophages are the most abundant immune cell in the tumour
microenvir onment. The two extreme states of macrophages are M1 and M2 with
the latter correlated to poor prognosis in several human cancers (Dijkgraaf et
al., 2013, Heusinkveld and van der Burg, 2011). Monocytesare recruited to the
tumour microenvironment by a number of chemokines including CCL2, CCL5 and
CXCL1 (Mantovani et al., 2004a), where they differentiate into tumour -
associated macrophages(TAM). The survival of TAMs is sustained by cytokines
within the tumour microenvironment such as CSFs and VEGFA (Obermueller et
al., 2004). TAMs produce either pro-tumour or anti -tumour properties
depending on the types of cytokines to which they are exposed. Colony
stimulating factor -1 (CSF1) is a key cytokine in the recruitment and activation

of macrophages by binding to a high-affinity receptor tyrosine kinase (CSF -1R)
(DeNardo et al., 2011). TAMs acquire M2 properties such as promoting tumour
proliferation and progression in response to further cytokines such as TGF -N, IL-
10 and M-CSF (Obermueller et al., 2004 ). The terms M1 and M2 are too

simplified as macrophages can adapt to a range of activation states between
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the M1 and M2 phenotype depending on the signals within the

microenvironment (Heusinkveld and van der Burg, 2011).
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Figure 1.8: lllustration of the tumour microenvironment in ovarian cancer

The figure showsth e variety of cell types present (modified from (Balkwill et al., 2012 ))
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15 Tumour Microenvironment (TME)

In addition to cells from the immune system several other components are
involved in the tumour microenvironment. These include the tumour
vasculature, lymphatics, fibroblasts, adipocytes and the extracellular matrix.
(Figure 1.8).

Tumour vasculature

Many angiogenic signalling factors and specific cytokines are present within the
tumour microenvironment , which may stimulate angiogenesis. The resulting
blood vessels are leaky due to their abnormal structure and function. This, in
turn, increases hypoxia and can influence drug distribution (Jain, 2005). As
reviewed by Balkwill et al, VEGHR has been shown to be the predominant

angiogenic factor in the tumour microenvironment (Balkwill et al., 2012 ).

Pericytes provide structural support to blood vessels. Studies in different cancer
types have suggested that a key role of pericytes is to ac t as a negative
regulator of metastases and that a low pericyte coverage correlates with a poor
prognosis and increased metastases(Balkwill et al., 2012 , O'Keeffe et al., 2008,

Yonenaga et al., 2005).

In ovarian cancer t he spread of diseaseis predominantly thought to be primarily

Vi a intraper it atheugh a shudye lwy dPradeg® et al found
preferential haematogenous metastasis to the omentum , albeit in a murine
xenograft model, highlighting another important potential mode of metastasis
(Pradeep et al., 2014).

Omentum

Ovarian cancer cells preferentially metastasise and proliferate in the omentum

and as a result the ©6oment al caked oft
within the abdominal cavity. Nieman et al found that the secretion of
adipokines aids with the recruitment of tumour cells and that adipocytes act as

an energy source encouraging rapid tumour growth (Nieman et al., 2011).
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Cancer-associated fibroblasts

Myofibroblasts are abundant within the tumour microenvironment and are
referred to as cancer -associated fibroblasts (CAF). CAFs secrete growth factors
such as EGF and IGHA which contribute to tumour progression (Spaeth et al.,
2009, Tomasek et al.,, 2002). They also secrete key ECM components and
remodelling enzymes. Depending on the tumour type, CAFs originate in a
fibrovascular core and branch throughout the tumour mass or surround the
tumour with dense stroma resulting in restricted chemotherapy distribution
(Erez et al., 2010).

Lymphatics

Lymph nodes draining a tumour may protect the tumour from host immunity.
The tumour-draining lymph nodes contain a high level of cytokines and antigens
deriving from the tumour (Swartz and Lund, 2012). The lymph flow from
tumours has been found to be increased compared to normal tissue in
melanoma and increased lymph drainage has been positively correlated to
metastasis in breast cancer (Harrell et al.,, 2007 , Pathak et al., 2006).
Lymphangiogenesis is driven by the production of VEGFC and VEGFD from the
tumour and lymphatic endothelial cells within the tumour microenvironment

have an important role in the dissemination of tumo ur cells (Alitalo, 2011).

Extracellular matrix (ECM)

The ECM is the noncellular component present within all tissues and has a key
role within the tumour microenvironment. In  addition to providing scaffolding
for many cells it is also crucial in the movement of cells into and out of the TME
(Balkwill et al., 2012 ). The ECM is a highly dynamic structure that is constantly
being remodelled (Frantz et al., 2010 ). The ECM interacts with cell surface
receptors leading to signal transduction and gene transcript regulation (Frantz
et al., 2010). A possible hypothesis for platinum -sensitive recurrence is that
tumour cells can become chemotherapy resistant due to their contact with
specific components of the ECM. These cells then persist after chemotherapy

and go onto repopulate the tumour resulting in recurrence  (Chien et al., 2013).
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1.6 Management of Ovarian Cancer
1.6.1 Diagnosis

Ovarian cancer often presents with non -specific symptoms such as abdominal
pain or distension, which can lead to a delay in diagnosis. The symptoms are
frequently attributed to irritable bowel syndrome (IBS) and NICE guidelines
recommend that women over 50 y ears with IBS symptoms should have a serum
cancer antigen 125 (CA-125) performed
(http://www.nice.org.uk/guidance/CG122 ).

Serum CA125 is a glycoprotein that is most widely measured to detect ovarian
cancer however; it can also be elevated in endometriosis, pelvic inflammatory
disease, liver disease and other malignant tumours (Bast et al., 1983, Jacobs
and Bast, 1989).

The CA125 level and abdominal and transvaginal ultrasound are the key
investigations when suspecting ovarian cancer. In the UK the risk of malignancy
index (RMI) is used to help predict the risk of malignancy and to triage patients
to the appropriate specialist. The RMI calculates a score according to ultrasound
features, menopausal status and pre -operative CA-125 level (Geomini et al.,
2009). The IOTA classification is an alternative system based on specific
ultrasound findings and has similar sensitivity and specificity to RMI  (Alcazar,

2016). A CT scan isroutinely used to assess thesite and spread of disease

If chemotherapy is offered to women with suspected advanced disease, a tissue
diagnosis should be confirmed by histology or cytology if histology is not

appropriate (http://www.nice.org.uk/gui dance/CG122).

1.6.2 Surgery

rgery aims to remove as much tumour as possible and to establish the FIGO
stage. It should include a total hysterectomy, bilateral salpingo -oophorectomy,
tumour debulking and omentectomy (Jayson et al., 2014). Optimal debulking
has been widely accepted as one of the most important prognostic indicators.

A meta-analysis by Allen et al demonstrated a survival benefit for women with
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advanced disease who had no macrosopic disease or tumour deposit <2cm
(Allen et al., 1995). More recently, the survival advantage of complete
debulking (no visibl e residual disease) was confirmed prospectively in a large
adjuvant five -arm chemotherapy study (GOG182/ICON5)(Bookman et al., 2009).

Thus, the aim of debulking surgery is to remove all visible macroscopic disease.

Increasingly radical surgery is being performed to free the patient of
macroscopic disease including diaphragmatic stripping, multiple bowel
resections and resection of intrathoracic disease . However, t he pati er
condition and the extent of disease such asthe involvement of the porta hepatis

and small bowel mesentery limit the ability to achieve maximal debulking

(Aletti et al., 2006 ).

Retroperitoneal lymphadenectomy has not been shown to confer a survival
advantage in ovarian cancer but may be important for staging (Panici et al.,
2005).

Primary surgery follo wed by adjuvant chemotherapy is considered the standard
care in advanced ovarian cancer. The use of neoadjuvant chemotherapy when
optimal surgical debulking is believed to be unachievable is now widely
accepted, in the UK at least . This follow s the publication of two trials in
advanced diseasethat found no difference in survival between primary surgery

and neoadjuvant chemotherapy (Vergote et al., 2010, Kehoe et al., 2015).

1.6.3 Chemotherapy

Adjuvant chemotherapy in early stage disease has been controversial with no
clear consensus Two RCTs, ICON1 and ACTION investigated the role of
chemotherapy in early stage disease. With both studies combined, they
demonstrated improved overall survival by 8% and progression-free survival by
11%at 5 years for those receiving adjuvant chemotherapy (Trimbos etal., 2003 ).
Following extended follow -up from the ICON1study, it was concluded that
chemotherapy should be offered to patients with early disease and particularly
patients with h igh-risk disease (stage 1B/1C grade 2/3, any stage 1 grade 3 or
clear cell histology) (Collinson et al., 2014 ).
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For the last 20 years, carboplatin and paclitaxel have been the standard of care
for chemotherapy in ovarian cancer. The addition of paclitaxel to cisplatin was
discovered to extend both overall survival and progressionfree survival
(McGuire et al., 1996) and currently six 3-weekly cycles of less toxic carboplatin
combined with paclitaxel are given to women with advanced disease.
Treatment response is monitored radiologically and by the CA -125 level (Rustin,
2003, Rustin et al., 2011).

Intraperitoneal chemotherapy has been found to significantly prolong survival
in one study (Armstrong et al., 2006 ). However, toxic effects meant the regime
was often intolerable and only 42% received all 6 cycles of intraperitoneal

chemotherapy. Research is on-going into more tolerable regimes.

1.6.4 Recurrent disease

Most patients with recurrent disease receive second -line chemotherapy
however a subset of women where surgical resection is achievabl e may have
second surgery. The choice of chemotherapy regimen is dictated by the interval
from the last platinum -based treatment to the point of recurrence (Eisenhauer
et al., 1997).

Platinum-resistant disease is defined as disease progression within 6 months

from the last platinum -based regime. Studies have found that <15% of women
respond to second-l i ne pl atinum -frecei nher dpl atjBum
this rises to >30% when the interval is greater than 6 months (Eisenhauer et al.,

1997, Markman et al., 1991).

Randomised control tr ials have shown that platinum -sensitive recurrent disease
is best treated with a combination of platinum -based chemotherapy with the
addition of paclitaxel, gemcitabine or pegylated liposomal doxorubicin (Parmar
et al., 2003, Pfisterer et al., 2006 , Pujade-Lauraine et al., 2010 ).
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1.6.5 New therapeutic o ptions

There has been extensive research into Poly (ADP-ribose) polymerase (PARP)
inhibitors f or tumours with a defective homologous recombination pathway
(Farmer et al., 2 005, Bryant et al., 2005 ). PARP inhibitors have been found both
by Phase | and by randomised trials to be of cl inical benef it in women with  BRCA
mutations (Fong et al., 2009, Kaye et al., 2012). Further studies have found a
prolonged progression-free survival with the addition of a PARP inhibitor as a
maintenance therapy in recurrent disease following response to platinum -based
chemotherapy (Ledermann et al.,, 2012, Mirza et al., 2016, Coleman et al.,
2017).

Trials have also investigated angiogenesisas a target in ovarian cancer with
most clinical studies involving bevacizumab (monoclonal anti -VEGF antibody)
Two first -line trials have found that , in advanced disease, with residual tumour
after surgery, the addition of bevacizumab to carboplatin and pa clitaxel can
improve progression-free survival (Perren et al., 2011, Burger et al., 2011).
However, overall survival benefits are modest and restricted only to those with

stage IV disease and/or bulky residual disease following primary dubulking
surgery (Oza et al., 2015). Similarly, studies in platinum -sensitive and platinum -
resistant relapse have also demonstrated that the addition of bevacizumab

extends progression-free but not overall survival (Aghajanian et al., 2012,

Pujade-Lauraine et al., 2014).
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1.7 Platinum -based Chemotherapy
1.7.1 Mechanism of action

Cisplatin and Carboplatin are composed of a doubly-charged platinum atom
surrounded by four ligands (Dasari and Tchounwou, 2014. Two amine ligands
form strong in teractions with the platinum atom , and the chloride ligands or
carboxylate compounds form leaving groups allowing the platinum atom to form
bonds with DNA bases(Goodsell, 2006).

Cisplatin becomes activated once it enters the cell and its chloride ligands are

displaced by water molecules. It forms intrastrand and interstrand cross -links
with purine bases to form DNA adducts. The cisplatin-DNA adducts block cell
division and result in cell death (Dasariand Tchounwou, 2014). Carboplatin has

a similar mechanism of action to Cisplatin (Figure 1.9).

Hongo et al demonstrated that carboplatin induced the same platinum -DNA
adducts as those induced by cisplatin (Hongo et al., 1994). Carboplatin is less
potent than cisplatin and the clinical standard dosage of carboplatin is usually
4:1 compared to cisplatin (Dasari and Tchounwou, 2014. The main benefit to
carboplatin is reduction in nephrotoxic, neurotoxic and emetogenic effects;

however myelosuppression limits the dosage (Dasari and Tchounwou, 2014.
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Figure 1.9: Chemical and molecular structures of Cisplatin and Carboplatin

Both contain a doubly charged platinum atom with four ligands . Adapted from
(Goodsell, 2006) and (Go and Adjei, 1999).
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1.7.2 Mechanisms of r esistance

A major factor in the low five-year survival in HGSOC is platinum resistance
(tumour progression within six months of completion of platinum
chemotherapy). Classically, in advanced ovarian cancer, patients respond
initially to chemotherapy (approximately 65%) However, become increasingly
resistant with more than two thirds relapsing within  two years, of which half
will present with platinum resistant disease ( i.e. relapse within 6 months)
(Vasey et al., 2004).

Multiple mechanisms are thought to contribute to drug resistance. The

6cl assi cal dinclode ¢(Vasay) 2083m s

Decreased drug uptake

1

1 Increased drug efflux

1 Increased repair of DNA damage induced by chemotherapy
1

Reduced ability to undergo apoptosis

Newer molecular factors have been linked to platinum resistance that involve

cell signalling pathways and the immune microenvironment.

1.7.3 Resistance and DNA repair p athways

The nucleotide excision repair (NER) pathway is responsible for repairing
cisplatin bound to DNA. The excision repair cross-complementation group 1
(ERCC] protein plays a key role in nucleotide excision repair (Martin et al.,
2008). Increased ERCClexpression has been associated with the development
of cisplatin resistance in-vitro (Ferry et al., 2000). A study by Kang et al found
ERCCImRNA levels in ovarian tumour samples to be inversely correlated to

platinum response and survival (Kang et al., 2006).

Mismatch repair pathway (MMR)is a strand-specific repair pathway that is
initiated with the recognition of DNA damage. When the pathway is deficient,
damaged DNA accumulates, resulting in microsatellite instability (Martin et al.,
2008). MMR deficiency allows cells to continue to proliferate despite DNA

damage thus leading to resistance. Epigenetic silencing of MMR through Mut L
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homologue 1 (hMLH1) promoter hypermethylation ha s been found in ovarian
cancer. From mutational and expression data MMR deficiency is thought to be
more common in non-serous ovarian cancer than serous subtypes(Xiao et al.,
2014).

Homologous recombination (HR) plays a prominent role in the repair of DNA
double-strand breaks. A number of studies have found that secondary mutations
in both BRCAland BRCA2mutated tumours can r estore the wild -type reading
frame of the BRCAL/2 protein and mediate acquired resistance to platinum -
based chemotherapy (Swisher et al., 2008, Sakai et al.,, 2008, Lord and
Ashworth, 2013).

1.7.4 Resistance and gene mutations

Amplification of Cyclin E1 ( CCNE), located on chromosome 19q12, is seen in
approximately 20% of HGSOCsCDK?2 is the regulatory kinase of Cyclin E1 and
binding of CDK2 to Cyclin E1 allows progression of the cell cycle from Gl to S
phase and is essential for DNA replication (Etemadmoghadam et al., 2009).
CCNE1 amplification has been found to be associated with resistance in

advanced serous ovarian cancer. The CCNE1lcopy number is specifically
associated with chemoresistance and has been validated as a marker of patient

outcome in ovarian cancer (Etemadmoghadam et al., 2009).

BRCA1/2 mutations and CCNEZlamplification are known to promote genomic
instability and tumour progression (Etemadmoghadam et al., 2013). They have
been found to be mutually exclusive with a functional BRCALlselectively
required in cancers that have CCNElamplification. This requirement for BRCA1
may offer a potential therapeutic approach for treatment resistant CCNE1

amplfied tumours (Etemadmoghadam et al., 2013).

p53 protein is involved in controlling the progression of cells through the cell

cycle and helps cellular responses to DNA damage by mediating DNA repair, cell
cycle regulati on and activation of apoptosis (Vasey, 2003. There is increasing
evidence that mutant p53 tumours lose wild -type p53 suppressor activity and

gain functions to help with tumour progression (Muller and Vousden, 2014). In
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ovarian cancer a significant correlation has been found between p53
accumulation, type of p53 mutation and poor response to platinum
chemotherapy however, this data was found prior to accurate identification of
disease subtype and before next -generation sequencing was available (Righetti
et al., 1996 ). The high expression of both WT and mutant p53 in the cytoplasm
of many tumours suggests that there is possible gain-of-function of p53 in
driving oncogenesis (Chee et al.,, 2013). TP53 as mentioned previously is
universally mutated in high-grade ovarian cancer and as understanding of

mutant p53 improves, it may offer a therapeutic target

PTENIloss is a common event in HGSOC.TCGA previously showed homozygous
deletion of PTENin 6% of HGSOC caseCancer Genome Atlas Research, 201},
but following whole genome sequencing (Patch et al., 2015) and IHC studies
(Martins et al., 2014 ), it was demonstrated that approximately 20% of HGSOC
lose PTENthrough complex SV and that up to 40% of tumour cells had loss of
PTEN protein expression on IHC. PTENis a phosphatase that inhibits cell
proli feration induced by the PISK/AKT pathway and acts as a tumour suppressor
gene. Activation of the PISK/AKT pathway is a critical step in cell survival
through suppression of apoptosis, promotion of cell proliferation, migration,

cell metabolism and protein translation (Martins et al., 2014 ). Studies have
found that activation of the PI3K/AKT pathway may lead to chemotherapy
resistance (Ohta et al., 2006 , Lee et al., 2005).

1.7.5 Platinum Sensitivity

Women with  BRCA1R2 mutations tend to be hypersensitive to platinum
chemotherapy and have a better prognosis compared to non -carriers (Foulkes,
2006). However, these patients still frequent ly develop platinum res istance. A
recent paper from Candido -dos-Reis et al showed that BRCA1/2mutations w ere
associated with an improved short -term survival . However over time in BRCA1
carriers this advantage decreased and is reversed by 10 years (Candido-dos-Reis
et al., 2015). This reversal in survival advantage for BRQ\1 carriers is difficult
to explain at present . However, the short-term survival advantage of BRCA1/2
carriers is a result of an increased sensitivity to platinum -based chemotherapy

and impressive sensitivity to PARP inhibitors.
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TCGAalso found improved survival between patients with  BRCAland BRCA2
mutations. In patients with a BRCAZmutation the 5-year survival rate was 61%
versus 25% in the wild-type. Among the BRCA2mutated group 100% were
platinum sensitive and this was compared to 80% of BRCAlmutated patients
and 85% of wild-type cases (Cancer Genome Atlas Research, 201). The BRCA2
mutated patients also had a longer platinum -free survival when compared to
both BRCAImutated and wild -type patients.

Bolton et al observed that survival in BRCAIcarriers depended on the mutation
location. The N-terminal mutations on the BRCAIprotein were associated with
a worse survival compared to C-terminal mutations (Bolton et al., 2012 ). There
is also evidence that a mutation in the RING domain (N -terminal) of BRCA1
results in a poor response to Cisplatin and PARP inhibitors (Drost et al., 2011).
A recent study by Labidi -Galy et al found that mutations in the RAD51 binding
domain in BRCAZ2carriers was associated with a prolonged progression-free
survival, platinum -free interval and overall survival (Labidi-Galy et al., 2017a).
Further research into the location of the BRCAland BRCA2mutations is
required and particularly how this relates to survival and sensitivity to

chemotherapy (Figure 1.10).

Increased platinum sensitivity is believed to occur in patients with mutations in
other homologous recombination genes. This has been supported by Pennington
et al that looked at 13 homologous recombination genes and found that patients
with defects in these genes had an improved overall survival and increased
sensitivity to platinum chemotherapy (Pennington et al., 2014). This was
further supported by a recent study that found HR mutations including non -
BRCAgenes significantly prolonged both progression-free survival and overall
survival in ovarian cancer (Norquist et al., 2017 ). As discussed previously the
TCGA has found that up to 50% of HGSOC may have homologougcombination

defects (Cancer Genome Atlas Research, 201).
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BRCA1 (17g21)

N-terminus C-terminus
COILED COIL
RING NES NLS DOMAIN BRCT
185delAG 538?insC
1 1863
24-64 503-607 1364-1437 1651-1863
BARD1 PALB2 CtiP
BRCA2 Abraxas
BACH1
BRCAZ2 (13q12)
N-terminus C-terminus
DNA BINDING
RING BRC REPEATS DOMAINS NLS
6174delT
1 3418
21-39 1009 - 2083
PALB2 RAD51 DSS1 RAD51

Figure 1.10: Schematic diagram of BRCA1BRCAZ2binding partners .

Adapted from (Roy et al., 2011).

BRCAL contains an Nterminal RING domain that is associated with BARD1, nuclear
localisation signals (NLS), a coiled coil domain that is associated with BRCA2 via PALB2
and two C-terminal BRCT domains that bind ATM-phosphorylated abraxas, CtBP-
interacting protein (CtIP) and BRIP1.

BRCAZ2 catains an N-terminal RING domain that binds PALB2, eight BRC motif repeats
that bind RAD51, a DNA binding domain that bind both ssDNA and dsDNAand a C
terminal that contains an NLSthat also binds RAD51.

Specific germline mutations found in Ashkenazi Jews (BRCA2 6174delT, BRCAl
185delAG and 5382insCare illustrated in the above figure.

At present women with HR mutations including BRCAZ1/2are the only group of
patients that we can predict are more likely to be sensitive to platinum
chemotherapy. However, a study by Alsop et al found that of women with

BRCA1/2 mutations 85% were sensitive versus 68% and 15% of women with
BRCA1/2 mutations w ere resistant to platinum chemotherapy (Alsop et al.,
2012). This study however defined sensitivity by the Cal25 and CT findings
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whereas in clinical practice sensitivity and resistance are defined by the time
to relapse. The reason for differences in cisplatin response in this group of
patients in unclear and further resea rch into the site and type of BRCAL/2

mutation may offer an explanation.

1.7.6 Influence on tumour microenvironment

There is good evidence that HGSOC is an immunogenic tumour and recent in-
vivo models have shown the immune system to play an important role in
response to certain chemotherapy (Vacchellietal., 2014 , Michaud etal., 2011).
The ability to take tumour biopsies at the time of diagnosis and following NACT
gives us an opportunity to look at the influence chemotherapy has on the
tumour microenvironment and whether the introduction ofi mmunotherapy may

be beneficial.

Bohm et al found that in omental biopsies after neoadjuvant chemotherapy
there was evidence of T cell activation with significantly fewer FoxP3 * T
regulatory (T reg) cells and increased levels of immune -checkpoint molecules
PD1", CTLA4 and PDL1". This suggeststhat platinum chemotherapy can
initially enhanc eesporse buhtbiseffeGtss téemperad iyean
increase in immune checkpoint molecules (Bohm et al., 2016).

A recent study by Lo et al found that n eoadjuvant chemotherapy increased th e
densities of CD3", CD8', TIA-1* and CD20 tumour infiltrating lymphocytes in
tumour samples (Lo et al., 2017 ). However, other than PD-1 that was increased,
other immunosuppressive cell types were unchanged. They identified three
major PD-1* TIL subsets: PD1* CD8, PD-1" CD8 and PD1" FoxP3. However,
when analysed individually none of the subsets increased significantly so the
overall increase may be due to small increases in all three subsets (Lo et al.,
2017).

Pre-treatment tumours with increased densities of CD3 *, CD8", CD20" and TIA-
1* have previously been shown to have a strong association with survival (Sato
etal., 2005, Zhang et al., 2003). A feasible hypothesis is that post -neoadjuvant

chemotherapy samples would have a greater prognostic significance given that
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the altered microenvironment should influence the chance of disease
recurrence. Lo et al found CD20" B cells to be significantly associated with
survival however there was no significant association with CD3 *, CD8" and TIA-
1* (Lo etal., 2017).

Lo et al also identified TIL response patterns using hierarchical clustering of the
pre- and post-neoadjuvant chemotherapy samples. In the pre -NACT samples
three subgroups of patients were identified. The first subgroup was positive for
most of the immune markers (CD3", CD4', CD8', TIA-1*, CD20", FoxP3" and PD
1*) representing an immunoreactive tumour. The second showed
low/intermediate levels of immune markers and the third was negative for most
immune markers (Lo et al., 2017). Three response patterns were identified in
the post-NACT samples. he pre-NACT samples that were positive for the
immune markers generally showed a higher expression after NACT, samples
with intermediate levels of immune markers also showed a higher expression
and samples that were initially negative/low remained the same after NACT (Lo
etal., 2017).

De Nardo et al found that in breast cancer an increased macrophage density
correlated with a poor survival and that the ratio of macrophages/CD68 *to CD8"
was inversely correlated. They inhibited the tumour associated macrophages
in-vivo and with the addition of chemotherapy showed an increase in the CD8

response and a positive influence o n overall outcome (DeNardo et al., 2011).

There is evidence that treatment of cervical and ovarian cancer cell lines  with
platinum chemotherapy skews the monocytes to M2-like macrophages
(Dijkgraaf et al., 2013 ).
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1.8 Cancer Sgnalling Pathways

TCGA has identified both PTENand NF1as common mutations in HGSOC.PTEN
acts as a tumour suppressor gene and inhibits cell proliferation normally

induced by the PISK/AKT pathway. NF1lis located at chromosome 17q11.2 and

acts as atumour suppressor gene that affects RAS-MAPK signalling. TCGA found
NF1gene alterations in 12% of HGSO(atients (8% homozygous deletion and 4%
mutations) (Yap et al., 2014).

1.8.1 PI3K/AKT Pathway

PI3K/AKT signalling pathway controls cellular processes such as proliferation,

migration, apoptosis and metabolism. The Akt signalling cascade is activated
by receptor tyrosine kinases and G-protein-coupled receptors that lead to

production of PIP3 by PI3K. This results in phosphorylation of Akt that stimulates

multiple path ways including mTOR signalling (Figure 1.11).

PTENCcatalyses the dephosphorylatio n of PIP3 to PIP2(membrane phospholipids)

resulting in inhibition of the Akt activity .
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Figure 1.11: PISK/AKT pathway illustrating the role of PTEN.

PI3K phosphorylates PIP2 to PIP3. Increases in PIRB recruits AKT to the membrane
where it is activated by other kinases. Akt phosphorylation mediates several imp ortant
targets including mTOR which is responsible for up-regulation of protein synthesis .
PTEN opposes PI3K by hydrolysind?IP3 to PIP2 (dephosphorylation) and resulting in
inhibition of the PIBK/AKT pathway.
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1.8.2 RASRAF/MEKERK Rathway

The RASRAF/MEK/ERK pathway is @ important signalling pathway in cancer.
Signalling through this pathway regulates several cellular functions including

cell cycle regulation and migration that are crucial for tumorigenesis.

NF1encodes for the neurofibromin protein and acts as a negative regulator of
RAS Neurofibromin inactivates Ras by accelerat ing the hydrolysis of active RAS-
GTP to inactive RASGDP (Yap et al., 2014). As a consequence of RAS
inactivation, down stream effectors of RAS are also suppressed, including PI3K,
Akt, m"TOR, RAF, MEK and ERKn somatic NF1-associated tumours, biallelic loss
of NF1is common and the main driver of oncogenesis whereas in non-NF1
associated tumours e.g. ovarian cancer, loss is not thought to act as an
oncogene. In ovarian cancer, i t is unknown whether biallelic loss of NF1 or
hemizygous loss is driving tumour progression (Ratner and Miller, 2015). The
RAS/RAF/MEK/ERK and PI3K/KT pathways interact with each other to regu late

growth and tumour survival (Figure 1.12).
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Figure 1.12: RAS/RAF/MEK/ERK pathwayillustrating the role of  NF1.

RAS is in its activated state when bound to GTP. Activated RAS activates the protein

kinase activity of RAF kinase which subsequently activates MEK/ERK kinases NF1
negatively regulates the RAS signalling pathway. Loss of NF1 results in increased levels
of GTRbound RAS levels and activation of signalling pathways downstream of RAS.
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1.9 Homologous Recombination

DNA double strand breaks (DSBs) are generally considered the most toxic of all
DNA lesions. The repair of DSBs involves two complementary pathways o
Homologous recombination (HR) and Non-homologous end joining (NHEJ). NHEJ
is error-prone and promotes inaccurate re -ligation of DSBs, whereas HR is more
precise and restores the genomic sequence by utilising sister chromatids as a

template for repair (Ciccia and Elledge, 2010).

DNA double
strand break

DSB break
resection (5’ - 3’)

Strand invasion / X

N

D-loop

~
-
extension/DNA
polymerase

Holliday junctions
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Figure 1.13: lllustration of double strand break (DSB) repair by HR.

DSB is initi aeseetidn obthhe DBIAendsoT h3e6 r esul ti ng 338 s
an intact homologous duplex. A D-loop is formed and extended by DNA synthesisuntil

it can pair with an exposed complementary sequence. The 36 strand of t|
serves asa primer for fill -in synthesis.

The HR pathway is activated when components of the MRN complex
(MRE11/RAD50/Nbs1) bind to DNA doublestrand breaks. The complex promotes
activation of ATM and the preparation of DNA for HR (Ciccia and Elledge, 2010).
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RADS50 contains ATPase domains that interact with MRE11. MRE11 stabiliseDNA
ends and has endonuclease and exonuclease activities involved in the initial
DNA end resection. Nbs1 interacts with MRE11 and promotes the recruitment
of ATM to DSBgWilliams et al., 2010 ).

DNA end resection is regulated by ATM through CtIP, which interacts with BRCA1
and MRN in the BRCAIC complex (Huen et al., 2010). DSB resection and
formati on osfrand@dDNA {ssDYA) ends lead to RPA accumulation
which help stabilise the ssDNA regions. BRCAlassociates with BRCA2 through
PALB2/FANCN whichs a major binding protein of BRCA2. BRCA1 has been found
to be an upstream regulator of BRCAZ2 in DNA repair and the PALB2 is the main
linker between BRCA1 and BRCAZZhang et al., 2009).

RAD51 filaments assemble on RPAcoated ssDNA mediated by BRCA2 RAD51
induce strand invasion into the homologous DNA sequence and DNA
polymerisation occurs using the sister chromatid as a template (Ciccia and
Elledge, 2010). Further regulation of HR is provided by RAD51 phosphorylation
mediated by CHK1, which is required for RAD51 recruitment to damage sites.
BRCAZ2 isalso phosphorylated by ATM/ATR (Figure 1.13 and Figure 1.14).

BRCA1/BRCA2nutations are the most common cause of defective homologous
recombination in HGSOC.BRCAland BRCA2mutations have been found to be
associated with several clinical characteristics. Further analysis of the TCGA
data found patients with BRCAlmutations were younger at diagnosis and the

5-year survival was significantly higher compared to wild -type patients.

Specific mutations in BRCAland BRCAZ2occur more frequently in Ashkenazi
Jews than in the general population. In Ashkenazi Jews, three mutations have
been identified in breast/ovarian cancer families: 185delAG and 5382inC in
BRCAland 6174delT in BRCAZLevy-Lahad et al., 1997). In a large population -
based study of young Ashkenazi Jews the frequency of these mutations wa s 2.5%
(BRCA1185delAG 1%,BRCA15382inC 0.1% andBRCA26174delT 1.4%)(Roa et
al., 1996).
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Figure 1.14: Homologous recombination pathway

The MRN complexis recruited to DSBs by PARP and mediates the initial DSBresection
together with CtIP and BRCAL. DSB resection leads to RPA accumulation and stabilises
the ssDNA.Displacement of RPA and assembly of RAD51 filaments mediated by BRCA2
leads to strand invasion into homologous sequence. PALB2 links BRCAIBRCA2and
BRCAL acts as an upstream regulator of BRCAZ2.

The HR process is closely linked to the cell cycle. BRCA1 and RAD51 are only
expressed in S and G2 phases of the cell cycle, therefore making HR impossible
in G1. Also cells in GO and G1 have not replicated their DNA and therefore lack
sister chromatids that prov ide homologous sequences for HR(De Lorenzo et al.,
2013).
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1.10 Tumour Heterogeneity

The use of next-generation sequencing technology has helped us to understand
that no two cancers are alike and that even different regions within the same
tumour vary in their composition. Current evidence suggests that cancers
evolve in a branched or punctuated pattern that results in temporal and spatial
heterogeneity (Hiley and Swanton, 2014). This heterogeneity affects key
pathways and presents a significant challenge to personalised medic ine where

a single biopsy is often used to guide management and develop biomarkers .

There are thought to be many factors that contribute to tumour evolution.
These include intrinsic factors such as genomic instability and extrinsic factors
such as the tumour microenvironment and cytotoxic chemotherapy (Hiley and
Swanton, 2014). Widespread genomic instability is prominent in HGSOC.This
instability generates a diverse cell population that can be subject to selection

within the microenvironm ent and following chemotherapy.

Several studies have looked at genomic diversity within and between primary
tumours and metastasis in ovarian cancer. Bashashati et al found widespread
intratumoural variation in mutation, copy numb er and gene expression profiles
and with key mutations only present in a subset of samples (Bashashati et al.,
2013). TP53was the only somatic mutation consistently present in all samples
(Bashashati et al., 2013).

A recent study looked at intra -tumour heterogeneity pre - and post-
chemotherapy in HGSOC They determined that subclonal tumour populations
were present prior to chemotherapy and these can undergo expansion during
chemotherapy resulting in relapse. Patients with high clonal expansion were
associated with a worse survival. However due to the size of the patient cohort

it is difficult to make any strong conclusions (Schwarz et al., 2015).

Interestingly, in most patients who relapse after chemotherapy they are
platinum -sensitive. Therefore, the original concept of intratumoural
heterogeneity and clonal selection of resistant cells by chemotherapy does not

fit well in ovarian can cer. A possible hypothesis for platinum sensitive
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recurrence is the presence of dormant chemo -sensitive stem cells that,
following completion of chemotherapy , start to regrow and repopulat e the
tumour (Chien et al., 2013).

As discussed, the diverse tumour population includes a variety of different
genotypes. The interaction between these different genotypes within a tumour

and how this environment is altered following chemotherapy is not known
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1.11 ID8 Cell Line and D erivatives

The ID8 cell line is the most widely used transplantable murine model of ovarian

cancer (Roby et al., 2000). This originated from cells from 5 C57BI/6 mice
ovaries that had been trypsin-digested. After ab out 20 passages the cells lost
contact inhibition and their classic cobblestone appearance. Ten different
clones were derived, one of which, 1D8, has been widely used in ovarian cancer

research.

Following intraperitoneal injection of the ID8 cell line in-vivo, diffuse
peritoneal tumour deposits with blood -stained ascites develop after

approximately 110 days (Roby et al., 2000) (Figure 1.15).

Next generation sequencing by the host lab has shown that the parental ID8 cell
line lac k any of the characteristic mutations that you would expect in HGSOC
(Walton et al., 2016 ). Using the CRISPR/Cas9 gene editing technique single
(Trp53-/-), double (Trp53-/-;Brca2-/-), double (Trp53-/-;Brcal-/-), double
(Trp53-/ -;Pten-/ -), double (Trp53-/-;Nfl-/-), triple ( Trp53-/-;Brcal-/ -; Pten-
/-) and triple ( Trp53-/ -;Brca2-/ -;Pten-/ -) knockout derivatives of ID8 have been
generated by Dr Josephine Walton (post-doc, McNeish Lab)(Walton etal ., 2017).

Figure 1.15: ID8 intraperitoneal injected mice .

The figure shows classical features of ovarian cancer with bloody ascites and
widespread peritoneal tumour deposits .
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The ID8 derivatives were used extensively in my research and the diffe rent cell

lines are outlined below ( Figure 1.16).

ID8 parental

!

C7 Trp53-/-
A2 Trp53-/- |« Trp53-/- M20 Trp53-/-
F3 Trp53-/-
[
) ] ] i I
Trp53-/-; Breal-/- Trp53-/-; Brca2-/-| | Trp53-/-; Pten-/+ Trp53-/-; Pten-/- Trp53-/-; Nf1-/-

0000000000,

!

Trp53-/-; Brcal-/-; Pten-/- || Trp53-/-; Brca2-/-; Pten-/-

Figure 1.16: ID8 cell line and derivatives .
This illustrates the different ID8 derivatives generated by CRISPR/Cas9 gene editing

technology. Trp53-/ - knockout clones were generated from the original ID8 parental

cell line and all subsequent knockouts originated from th e F3 Trp53-/- clone. The

circles show the different clones from each genotype that | used throughout this thesis.
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1.12 Research Aims and Hypothesis

This thesis investigated the role of homologous recombination and the tumour
microenvironment in HGSOC and hav this environment is altered by platinum
chemotherapy. By using a transplantable HGSOC mouse model the different

immune cell populations and cytokines were assessed.

This tested the hypothesis that platinum chemotherapy alters the tumour
microenvironment in  different HGSOC genotypes supporting an

immunosuppressive state. To test the hypothesis, the main objectives were to:

1. Establish the relationship between homologous recombination and platinum
and PARP inhibitor sensitivity
1 Assess homologousecombinati on status on HGSOCell lines and ID8
derivatives

1 Platinum and PARP inhibitor dose-response on cell lines

2. Assesdn vivo cisplatin response in ID8 sublines
1 Determine differences in survival between the ID8 genotypes
1 Assess differences in the tumour microenvironment within the

tumour and ascites between the ID8 genotypes

3. Assessgn vivo tumour heterogeneity
1 Generate fluorescent ID8 sublines
9 Determine differences in tumour development between the 1D8

genotypes and influence of platinum chemotherapy

By addressing these aims it is hoped that this project will further the
understanding of platinum sensitivity in HGSOC and by looking at the tumour

microenvironment , offer attractive therapeutic targets for future research.



2 Materials and Methods
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2.1 Cell Culture

High grade serous ovarian cancer (HGSOC) cell lines were cultured in T75 flasks

i n Dul beccods Modi fied Eagl e 2868035 m (
supplemented with 10% foetal bovine serum (FBS) (Thermofisher, 10500-064),
1000g/ ml ROMIOgi/ Imli B/t rept omyci nl5{4®IRSY,) (1
and 2mM L-Glutamine (LG) (Thermofisher, 25030-024) at 95% humidity, 5% CQ

and 37°C.

ID8 cells (Roby et al., 2000) were cultured in T75 flasks in DMEM, supplemented
with 4% FBS,1000y/ml Penicillin/ 100 Gg/ml Streptomycin (P/S), 5 Gg/mlinsul in,
5Qy/ml transferrin and 5ng/ml sodium selenite (ITS) ( Thermofisher, 41400-045)
and 2mM L-Glutamine (LG) at 95% humidity, 5% CQ and 37°C.

ID8 cells were passaged 1:20 twice weekly; cells were washed once with PB S
and detached using 1x 0.5% Trypsin-EDTA (Thermofisher, 15400054) in PBS.
The cells were cryopreserved for long -term storage: cells were centrifuged at
1200rpm and the cell pellet resuspended in FBS containing 10% DMSOThe cells
were stored overnight in a Mr Fro sty at -80° C prior to transfer to liquid nitrogen

the next day.

OvidT 479 DICER/ -;Pten-/-) cells wer e cul tured in T75 f1
Modified Eagle Medium F12 (DMEM F12) Thermofisher, 11320-074)
suppl emented with 10% FBSTS atl98% dmidityp5% P e n
CQ and 37°C.

HGSOC cell lines were obtained from the National Cancer Institut e (NCI,
Frederick, MA, USA), OvidT 479 cells from Dr Seth Coffelt (CRUK Beatson
Institute , Glasgow) and ID8 parental cells from Dr Katherine Roby (University of

Kansas)
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All cell lines were verified by Short Tandem Repeat profiling (STR) using the
Promega GenePrint 10 system (Promega, UK) at the CRUK Beatson Institute.
Cell lines were routinely tested for mycoplasma at the Wolfson Wohl Cancer
Research Centre, University of Glasgow, using MycoAlert™, Mycoplasma
Detection Kit (Lonza, LT01-318). The cell lines used throughout this thesis are
outlined in Table 2.1.

Table 2.1: Outline of ¢ ell lines and corresponding mutations .

Human (HGSOC)

PEO1 BRCA2mutation

PEO2 BRCA2wild -type
UWB1.289 BRCAImutation
UWB1.289BRCA1 BRCAwild -type
OVCARS3 /

OVCAR4 /

COVa318 /

Clones

F3, A2, M20, C7 Trp53-/ -

3.15,2.14 Trp53-/ -;Brca2-/ -

1.36, 1.26, 6.20 Trp53-/ -;Brcal-/ -
1.11,1.12,1.14,1.15 Trp53-/ -;Pten-/ -
1.9,1.10 Trp53-/ -;Pten-/+
1.20,1.23 Trp53-/-;Nf1-/ -

3.15.10, 2.14 22 Trp53-/ -;Brca2-/ -;Pten-/ -
1.36.23, 6.20.10, 1.26.19 Trp53-/ -;Brcal-/ -;Pten-/ -
TKO 13 Dicer-/ -;Pten-/ -;Trp53-/ -
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2.2 Survival Assays
2.2.1 MTT assay

Thiazolyl Blue Tetrazolium Bromi de powder, (Sigma Aldrich, M2128) was
dissolved in PBS to give a 0.5%w/v solution. Medium was aspirated from cells
in 24 well plates and replaced with 700 G of 1:10 MTT solution and incubated
for 2 hours at 37 °C. Medium was aspirated and formazan crystals dissolved in
30080 DMSO. Plates were read at 560nm on a Tecan, Infinite 200Pro plate reader

and absorbance from a blank well was subtract ed from all absorbances

2.2.2 Sulphorhodamine B assay

Cells in a 24 well plate were washed in PBS and fixed with 2500 10%
Trichloroacetic acid (TCA) (Sigma Aldrich, T9159) for 30 minutes at 4 °C. The
cells were then washed three times in dH 20, left to air dry and stained for 30

minutes with 2500 of Sulphorhodamine B (Sigma Africh, 230162) (0.4%w/v in
1% acetic acid). Following this, t he Sulphorhodamine B was washed off with 1%
acetic acid until running clear and left to air dry. Cells were dissolved in 5000
1mM Tris pH9. Plates were read at 565nm on a Tecan Infinite 200Pro plate

reader and absorbance from a blank well was subtracted from all absorbance s.

2.2.3 Dose-response curves

Cisplatin  (Accord Healthcare, Harrow, UK) was obtained from the
chemotherapy pharmacy, Beatson West of Scotland Centre. Rucaparib was
provided by Clovis Oncology (Boulder CO, USA). ID8 cells and derivatives were
washed, trypsinised and plated at 3000 cells/well for Cisplatin and 10,000
cells/well for rucaparib in a 24 well plate. Four hours later, medium was
removed and replaced with fresh mediu m (control) or medium containing
cisplatin (0.01 -10000M) or rucaparib (0.003-300M). Three wells were used for
each drug concentration, with 5 wells used for a contro | and one well left as
blank. 72 hours after initial plating, survival was determined by MTT assay
(cisplatin) and sulphorhodamine B assay (rucaparib). Survival was expressed as
a percentage of the control and IC50s were determined using Prism v6.0
(GraphPad, CA, USA)
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HGSOGnNd OvidT 479 cell lines were plated at 10,000 cells/well (  cisplatin and
rucaparib) and the drug was added after 24 hours. The survival was determined

72 hours later by MTT or sulphorhodamine B assay.

2.2.4 Proliferation assay

ID8 and fluorescent ID8 cell lines were washed, trypsinised and plated at 3000
cells/well in a 24 well plate. At each time point (24h, 48h, 72h, 96h, 120h), an
MTT assay was performedon a single row of three wells . Absorbances from
blank wells were subtracted from absorbances at each time point. From these

values the linear regression was calculated (Prism v6.0).
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2.3 Homologous recombination assays
2.3.1 RAD51/nH2AX assay

The original assay was developed and published by the lab of Nicola Curtin and
Richard Edmondsonto assess HR competence(Mukhopadhyay et al., 2010). A
cell line is deemed to be HR competent if cells can double the number of Rad51
foci in response to DNA double strand breakage (defined as C2-fold increase in
NH2AX foci) houdofte@abyedd with Th@&sbdhyr uc
was used to assess the HR status of HGSOC cell linesQvidT 479 cell lines,

parental ID8s and their derivatives.

Coverslips were sterilised in 70% ethanol and plated in 24 well plates. 500pul of
0.1% poly-L-lysine was added to each coverslip and incubated at 37° for 5
minutes. The poly -L-Lysine was aspirated and washed once with dH.O and left
for 2 hours before plating cells . HGSOCand DICERcell lines were plated at 5 x
10* per well and ID8 cells at 3 x 104 per well. The following day cells were

treated either wi t h 1 00OM rucapari b/ medimedomor i r 1

Cells were stained 6 hours after exposure to irradiation or 24 hours following

rucaparib treat ment.

Cells were permeabilised for 1 minute in 0.2% Triton, and immedia tely fixed for

10 minutes in 3% PFA with 2% sucrose. Cells were washed in PB&3) using a cut
pipette tip, before stainin g with primary antibodies in 2% BSA at 37°C for 30
minutes. Cells were washed with PBS (x3) and stained with secondary antibodies

in 3% BSA at 37°C for 30 minutes(Table 2.2). Cells were washed a further three

times with PBS before mounting using DAPI and kept at 4° Covernight. The slides

were blinded to cell line, but with knowledge of treatment . All images were
captured using a Zeiss 710 confocal microscope. Rad51landn H2 AX wer e co
with at least 30 cells counted per cell line across multiple areas. Rad51 and
nH2AX foci following rucapari b or irrad

to medium control +/ - SEM.
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Table 2.2: Primary and secondary antibodies used for the RAD51/ nH2AX assay.

Primary antibodies

Supplier Santa Cruz Millipore
Catalogue No. Sc8349 14-576

Dilution 1:100 1:800

Secondary antibodies ‘ ALEXA 568 (antirabbit) ALEXA 488anti -mouse)
Supplier ‘ Invitrogen Invitrogen

Catalogue No. ‘ A-11011 A-11001

Dilution 1:200 1:200

2.3.2 DRGFPassay

The GFP/Scel endonuclease assay is considered the gold standard for
determining homologous recombination status. 5 x 10° HGSOC cellsvere plated
per well in a 6 well plate. The following day 50y of pDRGFP plasmid was
transfected into cells using a 3:1 FuGene 6 to plasmid ratio (Promega, E269)
and surviving colonies selected using puromycin (1 in 1000). Once wrviving
colonies were expanded, cells were replated and transfected with  plScel or
pCAAGS (control plasmid) (FuGene 3:1). 48 hours following transfection, cells
were trypsinised and GFP positivity assessed by flow cytometry (Figure 2.1).
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Figure 2.1: DR-GFP assay

This assay uses the Scelrare-cutting endonuclease from Saccharomyces cerevisiae. }
Scelrecognises an 18bp DNA sequence not found in the human genome. It employs an

inactive GFP plasmid (DRGFP) containing a restriction site for | -Sceli n t he 58 ¢
construct (SceGFP). Downstream of the SceGFP is an internal GFP fragment (iGFP),

which is under an inactive promoter. The DRGFP plasmid is transfected in the human

cells and clones established by selection with puromycin. Cells expressing pDRGFP are

then transfected with pl -Scel which induce a single site-s peci fi ¢ DSB i n
construct (Golding et al., 2004).

Once a single site-specific DSB is introduced,the 3d copy of GFdanbbddad (i G
as a template for repair by homologous recombination, resulting in a functional GFP

gene. The GFP positive cells are easily quantifiable by flow cytometry and HR status
determined.
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2.4 Development of mCherry and GFP D8 cell lines
2.4.1 GFP kentiviral transfection

2.5 x 10% HEK 293Tcells were plated in a 10cm dish (DMEM, 5% FBS- no P/S)
for a confluency of 50 -70% the next day. Following day, 308 FuGene 6 (Promega,
E2691) added to 6000 of Opti -MEM (Thermofisher, 31985070) (serum-free
medium), mixed with a pipette and incubated at room temperature for 5
minutes. 40y GFP lentiviral plasmid (HIV-7-GFB, 4y package plasmid (psPAX
contains gag, pol, rev and tat) and 4 Gy envelope plasmid (VSVG) mixed by
inverting eppendorf and incubated at room temperature for 20 minutes. The
contents were added to the dish and to ensure efficient mixing, plates were

swirled i n a figure of eight motion before incubation at 37 °C.

The pHIV-7-GFP plasmid was obtained from Dr Vignr Helgason, Institute of

Cancer Sciences, University of Glasgow, Glasgow, UK

2.4.2 mCherry retroviral transfection

2.5 x 10° Phoenix cells (encoding Gag-Pol-Env) were plated in a 10cm dish
(DMEM 5% FBS no P/S) for a confluency of 50 -70% the next day. Following day,

1201 FuGene 6 added t o -6 meditm)onixed@ihtai me m
pi pette and Il ncubated at room t Ehapyer at
retroviral plasmid (Addgene, pMSCMRESMCherry FP) (1:3 ratio) is added,

mixed by inverting eppendorf and incubated at room temperature for 20

minutes. The contents were added to the dish and mixed as above before

incubation at 37°C.

2.4.3 Lentiviral an d retroviral harvest

The following day, medium was aspirated and repl aced with serum-containing
DMEMmedium. 24 hours later the supernatant was removed using a 10ml|
syringe and then centrifuged at 3000rpm for 10 minutes to remove HEK293T or
Phoenix cells. The remaining supernatant was filtered with a 2 OM f il t e
frozen at -80°C. Medium was added to the cells, incubated for a further 24hr

and the process repeated to obtain additional viral supernatant.
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2.4.4 Infection of ID8 cells with mCherry retrovirus and GF P lentivirus

1 x 10° cells were plated on a 6cm plate. After 24 hours 250 G of viral
supernatant was added and medium was changed the next day. 72 hours after
incubation the cells were expanded into a T75 flask. GFP cells were visible

under the microscope.

2.4.5 Sorting GFP and mCherry cell lines

As GFP positive cells were visible under the microscope, these cells were sorted
by dilution cloning. A starting concentration of 2 x 10* cells (2000) were plated
in the first well of a 96 wel | plate. A multi -channel pipette was used for the
dilution cloning. After 3 -4 days, single cell GFP colonies were visible and were
gradually expanded to T75 flasks before freezing at -80°C.

mCherry expression was not visible under our microscope. Positive mCherry
single cells were sorted by flow cytometry using a negative control (3.15 clone)
into a 96 well plate. These single cell colonies were again gradually expanded
to T75 flasks before freezing at -80°C.
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2.5 Immunohistochemistry

Three tissue microarrays (TMA) from the cisplatin in-vivo experiment were

generated by the Histology Service, CRUK Beatson Institute. The TMA blocks
were created using a 1mm punch set (Estigen Tissue Sience, Estonia, Cat No:
MP10) on a Manual Tissue Arragr MTA-1 (Beecher Instruments Inc, Sun Prairie,
WI, USA using formalin-fixed paraffin -embedded tumours. Four blocks were
used per genotype and each cisplatin treatment group , and three cores were

taken per paraffin -embedded block. The cores were spread across three TMAs

with the histology department generating a randomised map.

50m sections from the TMAs and other paraffin -embedded tumours were
optimised and stained at the Histology Service, CRUK Beatson Institute using a
Dako Autostainer (Dako, UK) (Table 2.3).

Table 2.3: Antibodies used for immunohistochemistry staining

Mouse antibodies Supplier Dilution

F4/80 Abcam ClL:A31 1/200, Proteinase K retrieval
CD3 Abcam ab16669 1/50, pH6

CD8a eBioscience 14-0808-82 | 1/75, pH8

p-Akt (Ser473) Cell Signalling | 4060 1/45, pH6

CD206 Abcam Ab64693 1/1000, ER?2 retrieval

iINOS Abcam Ab15323 1/50, ER2 retrieval

BrdU BDBiosciences | 347580 1/500, pH6

GFP Cell Signalling | 2555 1/50, pH8

mCherry Cell Signalling | 4060 1/100, pH9

Stained slides were digitised (Hamamatsu NanoZoomer NDP, Hamamatsu
Phaonics, Welwyn Garden City, UK). The slides were then uploaded onto
HALGM digital image analysis software v2.0.1061.3 (IndicalLabs) and classifiers
created to differentiate tumour from non -tumour (Figure 2.2). Cellular staining
algorithms for each marker (CD3, F4/80) were designed and the analysis was

performed only on the tumour areas (Figure 2.3).

The slides were scored using the histoscore method as described in (Kirkegaard

et al., 2006 ). This algorithm grades staining intensity as negative (0), weak (1),
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moderate (2) and strong (3), multiplied by the percentage of tumour cells in
each category giving a histoscore ranging from a minimum of 0 to a maximum
of 300.

=1 100pm

Figure 2.2: Classifier to differentiate  tissue type.

Tumour (red) and non-tumour (blue) areas. Analysis of staining intensity was
performed only on the tumour areas.

Figure 2.3: Example of the s taining algorithm

Mouse p-Akt (Ser473) and F4/80, staining intensity was scored as negative (0), weak
(yellow - 1), moderate ( orange - 2) and strong (red - 3).



83

2.6 Gene expression analysis
2.6.1 Tumour cellularity

A proportion of the tumours were assessed for tumour cellularity prior to RNA
extraction. The samples had been initially placed in PBS prior to being snap
frozen. To improve the quality of the haematoxylin and eosin (H&E) staining
half the tumour was placed in 60% sucrose for 2 hours and transferred to 30%
sucrose overnight and snap frozen again. RNA was then extracted from tumours

with a cellularity >50%.

2.6.2 RNA extraction from tumours

A master mix of 100/ml N mercaptoethanol (Sigma Aldrich, M3148) in RLT
buffer (Qiagen RNeay Mini kit) was prepared and kept on ice for at least 30
minutes prior to RNA extraction. Snap -frozen tumours were placed in foil on
dry ice, crushed and transferred to RLT/ N mercaptoethanol mix. Tumours were
homogenised using a Polytron® PT 1200 E homogeniser (Kinematica) and the

resulting lysate frozen at -80 for no longer than 1 month before RNA extraction.

Homogenised lysates were thawed to room temperature prior to RNA extraction.

RNA was extracted using the RNeasy RNA Mini kit (Qiagen).The lysate was
centrifuged at 13,000rpm for 3 minutes. The supernatant was transferred to an
eppendorf tube. 1 volume of 70% ethanol was added to the lysate, pipetted
gently wup and down to mix and a maxi mu
binding column collectio n tube. The column was centrifuged for 15 seconds at
8000rpm, the flow through discarded, any additional supernatant was added to

another column, and the cycle repeated. A master mix of DNAase solution was
made up (7001 ROD dediNcH EMasedreedNase set, Qiagen,
792549 . 800l of mix was pipetted directly
minutes. Fol | owi ng t hi s, wd add€d) cenbifuged st 8000RI1
forl5secondsand t he foll ow through di s adidedded.
centrifuged at 8000 rpm for 15 seconds and flow through discarded. A further

5 0 0 dRPE buffer was added, centrifuged for 2 minutes at 8000 rpm and flow
through discarded. The column was then placed in a new 2ml tube and

centrifuged for 1 minutes at 13,000rpm to dry the membrane . The column was
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transferred to a 1.5ml RNase free Eppendorf. 500 | $&eNr@e dH.O was
pipetted onto the column and RNA was el uted by centrifugation at 9000rpm for
1 minute. RNA was quantified using the NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA).

Immediately after quantification of RNA, the RNA was diluted with nuclease-
free H20 into 2 eppendorfs to minimise the number of freeze -thaw cycles. The
first Eppendo®-10aighOI3 Qliyrchedknd the second
atlpg / 50 Ol f olibrary greparaidi/Asequencing.

2.6.3 RNA quality

Prior to library preparation, each RNA sample was runthrough an Agilent 2220
TapeStation System (Agilent Technologies, Santa Clara, CA, USA)and a RNA
integrity number (RIN) calculated . Samples were included for RNA sequencing
if RIN >7.

2.6.4 Library preparation for RNA sequencing

OWi-Bdhadsd | i brary pr eparuSadlllunuina Strmreded Tdotaln e L
RNALibrary Prep kit by the SequencingDepartment, CRUK Beatson Institute.

Step 1: Purification of poly(A) -RNA from total RNA

5 0l ©f oligo -dT magnetic beads were added to the 10g/ 500l
mixed well by pipetting. The samples were incubated in the thermocycler to
bind poly(A)-RNA to the beads:

65°C for 5mins Y 4°C for 1 mins Y 25°C for 5 mins

The beads on the magnet were collected and supernatant r emoved. The beads

were re-suspended with 2 0 0 @ Bead Wash Buffer and beads collected and
supernatant removed. The beadswerere-s us pended a g afiElutiowi t h
buffer and samples incubated in the thermocycler to elute poly(A) -RNA from

the beads:
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80°C for 2 min Y 25°C for 3 mins

Beadswererecsuspended with 5001 ofincBoataddforBi nd i
mins at room temperature. The beads were then collected, and supernatant
removed. The beads werere-suspended with 2000l of B

beads again collected and supernatant removed.

Beads contain poly(A)-RNAs immobilised on their surface. Fragmentation and

priming step was proceeded to immediately.

Step 2: Fragmentation and priming of poly(A) -RNA

The beads were r es usfpFeagmeeat drime Finish Mig &nd 5 O

samples incubated in the thermocycler to elute, fragment and prime RNA:

94°C for 8 mins Y 4°C for 3 mins

This should result in RNA fragmentation to 120 -210nt with median 155nt. The
supernatant will contain fragmented and primed RNA ready for reverse

transcription. The next step was proceeded to immediately.

Step 3: 15t Strand cDNA synthesis

A mix of 10l of SuperScript 111 and 70l
1701 of fragmented and pwiitrhe d ORN A fwaSsu pc
master mix. The samples were incubated in the thermocycler for reverse

transcription:

25°C for 10 mins Y 42°C for 15 mins Y 70°C for 15 mins Y 4°C hold

The samples were cooled to 4°C. The supernatant now contained RNADNA

hybrid. The next step was proceeded to immediately.
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Step 4: 2nd Strand cDNA synthesis

50l of Resuspensi onndBuahd MarkingaMaster M0 Wele S e

added to each sample. The samples were incubated in the thermocycler:

16° C for 60 mins Y 25°C for 3 mins

900! ebrmixedRT Ampure XP beads were added to each sample. The
samples were incubated for 5 mins at room temperature, beads on the magnet
collected, washed twice with 1800l 80%
mins. DNAwas elutedbyaddi ng 18. 501 of Resuspensi
for 5 mins at room temperature. The beads were pelleted to measure the DNA
concentration by Qubit dsDNA HS (101 in

The RNA sampleswvere converted to dsDNA and stored at -20° C overnight.

Step5:Adenyl ation of 386 Ends and Adapters

12.50lTadflidg Mi x was added to 17.50l o

pipetting. The samples were incubated in the hot -block:

37°C for 30 mins Y 70°C for 5 mins Y room temperature

2.50l of indexed RNA Adapter was added
Mi x was combined with 2.50l of Reswu@Ipen
of the resulting mixture was added to each sample and incubated in the hot -

block:

30°C for 10 mins Y room temperature

501 of Stop Ligase Mix was added to eac
give a final vorlQdmeg loflx42 .050120% PEGS8000O
to each sample and centrifuged at max rpm for 5 mins, the beads collected,

washed twice with 80% Ethanol and air dried for 5 mins. The DNA was eluted in

500 Ipf Resuspension Buffer (5mins at max rpm) and, wit hout separating the

beads and supernatant, 55 O| (1.1x) of 20% PEG80O0O0/ 2
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each sample and centrifuged for 5 mins at max rpm. The beads were collected,
washed twice with 80% Ethanol and air dried for 5 mins. The DNA was eluted in

2 5 O | Resudpension Buffer (5mins at max rpm).

The supernatant and beads were separated. The beads were washed twice with
0.05% Tween/ TE and resuspended in 550l
The eluted DNA was then quantifie) o (160

determine the number of PCR cycles required for amplification.

Step 6: PCR amplification

50l of PCR Primer Cocktail, 250l of PCI
combined and mixed well. The samples were incubated in the thermocycler for

amplification (14 cycles for 5ng DNA, 11 cycles for 50ng DNA):

98°C for 30 secsY 98°C for 10 secsY 60°C for 30 secsY 72°C for 30 secsY
72°C for5mins Y 4°C hold

The 5001 sampl es we (1dx) ¢f beads in 2086dPEGBBOD/ASM 5 5
NaCl. The beads were collected on the magnet, washed twice with 80% Ethanol

and air dried for 5 mins. T ho# Resuapersibne s
Buf fer and 180l collected.

1 Obf elute was analysed by Tapestation D1000 screen tape and DNA
concentration measur ed by combining 10l of el ute
Qubit.

2.6.5 Sequencing

The amplified library was sequenced on the Next Seq 500 (lllumina) with a
paired-end sequencing strategy. The read length was a 2 x 36 cycle PEwith an
expected library size of ~260 bp (median insert size ~150bp). There were 10-15

million reads per sample .
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The analysis of the RNA sequencing data was performed by Rosie Upstill-
Goddard (bioinformatician) at the Bioinformatics department, Wolfson Wohl

Cancer Research Centre, Glasgow Uiversity. The primary sequencing reads
produced were subjected to quality control. FASTQ files were clipped and the
low-quality reads were removed by Cutadapt. Sequenced libraries were mapped
to UCSC mouse mm10 reference genome using the STAR aligner. Theequencing
alignment was performed using the bcbio -nextgen project RNAseq pipeline.
Genes without at least 1 count per million in at least 3 samples were removed

from downstream analysis.

Differential gene expression analysis was performed using R packages (edgeR,
limmaR and DESeq2)Genes with p=<0.05 and absolute log fold change >1 were
considered significantly differentially expressed. Heatmaps of differentially

expressed genes with p=<0.05 and absolute fold change >2 were generated

using an R package(ComplexHeatmap).

Enrichment analysis was performed on the significantly expressed genes using
R (dnet). Genes were compared to genes associated with gene ontology terms:
biological process (GOBP), molecular function (GOMF), cellular component
(GOCC) and dsease ontology (DO).

2.6.6 cDNA synthesis for RT-gPCR

Prior to cDNA synthesis, each RNA sample was quantified using the NanoDop.
The High-capacity cDNA reverse transcription kit (ThermoFisher, 4375222) was
used for reverse transcription of RNA. The kit components and RNA samples
were thawed onice. A 2X RT master mix was prepared (without RNase inhibitor)
including 2ul 10X RT buffer, 0.8ul 25X dNTP Mix (100mM), 2ul 10X RT Random
Primers and 1l MultiScribe™ Reverse Transcriptase per sample (5.8ul). A
master mix was prepared without reverse transcriptase for the NRT (no reverse

transcriptase control). Both mastermixes were vortexed and centrifuged.

The mastermix (5.8ul), nuclease-free H20 and appropriate volume of RNA (for
21ug per sample) was pipetted into each q-PCR tube to a total volume of 20ul.

For the NTC (no template control), nuclease -free H,O wasadded instead of RNA.
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The samples were vortexed and centrifuged prior to loading onto the

thermocycler (Applied Biosystems).

The thermocycler was adjusted to the following settings:

1. 25° for 10 minutes
2. 37° for 120 minutes
3. 85° for 5 minutes
4. 4° (infinite hold)

The cDNA was stored at-20 prior to RT-gPCR.

2.6.7 Real Time quantitative PCR (RT -gPCR)

The cDNAwas made to a concentration of 10 Ong/pl. The cDNA, primers and
probes were thawed on ice. The cDNA was diluted by adding 80ul of dH-O to
10pl of cDNA (50ng/9ul). Each reaction consisted of 10ul 2X Luna® Universal
probe gPCR Mastermix (Biolabs, 003101) 1ul 20X primer and 50ng of cDNA.Into
each well of a PCR plate, 11pl of primer/probe mix and 9ul of cDNA dilution

were added to make a total volume of 20pl.

The PCR plate wassealed with adhesive, centrifuged and loaded onto a CFX96
Real Time System (BidRad).

The following settings were applied:

1. 2 minutes 50°
2. 10 minutes 95°
3. 40X (15 seconds 95°, 1 minute 60°)

Gene expression was calculated by subtracting the Ct value of the gene of

interest from the C t value of the housekeeper gene (Rpl34) (Table 2.4).
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Table 2.4: Primer and probes .

Exon spanning

_ Supplier
region
Ribosomal )
_ Applied
Protein EL-E2 ) MmO01321800_m1
Biosystems
L34 (Rpl34)
Phosphatase and )
_ Applied
tensin homolog E4E5 ) MmO00477208 _m1l
Biosystems
(Pten)
Chemokine Applied
_ EL-E2 ) Mm00441242_m1l
ligand 2 (Ccl2) Biosystems
Chemokine Applied
_ EL-E2 ) MmO00443113 m1l
ligand 7 (Ccl7) Biosystems




91

2.7 In vivo experiments
2.7.1 Cisplatin experiment

ID8 cells and derivatives were washed, trypsinised, resuspended in complete
medium and counted. Pellets were washed once in PBS and resuspended at 2.5
x 107 cells/ml in 37 °C PBS. Each experiment routinely contained twelve
C57BL/6 female mice, which were injected intraperitoneally (IP) with 5 x 10 ©
cells in a volume of 200 Q. The cages were randomised by the BSU staff to a
treatment and control group. On days 28, 35 and 42, six mice were injected
intraperitoneally with  cisplatin (5mg/kg in PBS and six mice injected with PBS.
The PBS andcisplatin was given in a volume of 200 @ and warmed to 37 °C prior

to injection.

Mice were monitored daily and killed when they reached UK Home Office limits.
The defined endpoint was distended abdomen not exceeding that of pregnancy,
high gait and pale feet. Experiments were performed at the Biological Services
Unit at the CRUK Beatson Institute, Glasgow under suitable UK Home Office
project and personal licence authority. All decisions about animal welfare were
made by BSUstaff.

2.7.2 GGTACKOpilot experiment

The GGTACKO mice are a transgenic mouse model that originate from C57BL/6n
mice and have CCR1, 2, 3 and 5 knocked out These mice were a gift from
ProfessorGr ahamdés | ab, Un i VD8 cefisiahdyderivativesGiera s g 0 \
prepared and injected as above. The mice were culled once they reached the

UK Home office limits.

2.7.3 PI3K inhibitor experiment

ID8 cells and derivatives were prepared and injected as above. The mice were

given twice daily ora | gavage of either 0.5% hydroxyl-propyl-methylcellulose +

0.1% tween-80 + ddH0 (vehicle) or AZD8186 PIBKp 1 1 O N i n(BOmd'kgt or )
(1.25mg/dose = 25g mouse) from day 37-42 in the Trp53-/ - F3 mice or from day
25-30in the Trp53-/ -;Pten-/ - 1.14 mice. On day 6 of treatment (day 3 O or day
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42) the mice were given afinal treatment dose and a single IV injection of BrdU.

One hour after the last dose of AZD8186/vehicle the mice were culled.

2.7.4 Harvesting of samples

Ascites

For the cisplatin experiment the a scites was harvested, total volume recorded
and centrifuged at 2000rpm for 10 minutes. Supernatant was harvested,
aliquoted and stored at -80°C. Ascites cells were treated with 5ml Red Blood
Cell Lysis buffer (Sigma Aldrich, 11814389001) for 5 minutes at room
temperature. PBS was added, and the tube centrifuged again at 2000rpm .

Pellets were cryopreserved, aliquoted into four cryovials, and stored at  -80°C.

In the GGTACKO and PI3K inhibitor experiments, the ascites was processed as
above but used fresh for flow cytometry analysis ( see section 2.9.3). If no
ascites was present during the harvesting of the PI3K inhibitor mice, the

perito neal cavity was washed out with cold PBS.

Tumour and Mesentery for formalin fixation

Tumour and mesentery were immediately fixed in a maximum volume of 20mls
10% Neutral Buffered Formalin (NBF) and left at room temperature for 24 hours.
The following day, NBF was replaced with 70% ethanol. Tumour and mesentery
were paraffin embedded and an H&E stain was carried out. Both were

performed by the Histology S ervice, CRUK Beatson Institute.

Only tumour was fixed in formalin as above in the GGTACKO and PI3K inhibitor

experiment.

Tumour samples

A small sample of tumour was wrapped in foil and immediately pl aced on dry
ice before transfer to -80° C and another tumour sample was initially put in PBS

before it was snap frozen and transferred to the -80°C.
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For the GGTACKO and PI3K inhibitor experiments, a small sample of tumour was
snap frozen to be used for RT-gPCR and a small samplein PBS was used fresh

for flo w cytometry analysis ( see section 2.9.4).

Full Blood Count (FBC)

A blood sample was taken from all mice that were culled in both the GGTACKO
and PI3K inhibitor experiments and a FBC obtained using a Procyte Dx®

Haematology Analyzer, IDEZZ Laboratories.
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2.8 Operetta (Wt1 staining)

1 x 10* mouse ascites cells were plated in a clear -bottomed black 96 well plate.
These were plated alongside the ID8 F3 (Trp53-/-) cell line (positive control)
and the NIH/3T3 cell line (mouse fibroblast cell line) (negative control). 24
hours after plating, cells were initially washed o nce with PBS andfixed with 2%
sucrose/3% PFAfor 10 minutes. The cells were then washed with PBS (x3) and
permeabilised with 0.5% triton for 10 minutes. Following further PBS washes
(x3), the Wtl primary antibody 1:100 in 2% BSAAbcam, Cat No: ab89901) was
added to the cells for 45 minutes at 37° C. The same amount of IgG isotype
control (IgG rabbit) was added to the same cell lines on different wells. Again,
the cells were washed with PBS (x3) and secondary antibody (Invitrogen, Cat
No: A-11036, Alexa Fluor goat anti -rabbit 568) 1:500 in 2% BSA was added to all
wells for 45 minutes at 37°C. The cells were washed with PBS (x3) and DAPI
1:10,000 in PBS added for 15 minutes at room temperature. The cells were
finally washed with PBS (x3) and then read on the Operetta high-content

imaging system at 10x magnification (Perkin EImer).
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2.9 Flow cytometry
2.9.1 Flow cytometry for DR -GFP assay

Cells were trypsinised, washed and re-suspended to a final concentration of 1
x 106 cells. The suspension was centrifuged at 1200rpm for 3 minutes and
resuspended in 5ml of PBS. A final centrifuge was performed at 1200rpm for 6
minutes and then resuspended in 1ml of cold PBS. The suspension was passed

through a strainer and taken on ice for flow analysis.

2.9.2 Cell sorting for mCherry expressing cells

Cells were trypsinised, washed and re-suspended in normal medium. The
suspension was @ntrifuged for 3 minutes at 1200rpm and pellet washed with
2ml of cold sorting buffe r followed by centrifuge at 1200rpm for 3 minutes. The
cells were re -suspended in 2ml of cold sorting buffer to a concentration of 1 x
107 cells. A final centrifuge was performed at 1200rpm for 3 minutes and re -
suspended in 1ml of sorting buffer before fil tered through a 70-micron strainer.
The suspension was taken on ice for sorting along with a 96 we Il plate containing

ID8 medium.

Sorting buffer: PBS, 1mM EDTA, 25mM HEPES pH 7, 1% FBS (heattivated),
0.20m filter sterilised .

2.9.3 Flow cytometry for ascites

Flow cytometry analysis was performed using frozen ascites from the cisplatin
experiment. Before antibody staining, cryopreserved ascites was thawed
rapidly at 37 °C and transferred to a 15ml tube containing pre -warmed 1D8
medium. The tubes were centrifuged at 1200rpm 4°C and resuspended in 5ml
of FACS buffer. Six FMO controls(Fluorescence minus one) (CD11b, F4/80, MHCII,
CD86, PDE1 and CD3) were created by using a spread of samples across
different genotypes and treatments. 4 x 106 cells were plated on a v -bottom

plate and kept on ice.
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Flow cytometry analysis was performed using fresh ascites and tumour from
both the GGTACKO and PI3K inhibitor experiment. Ascites was processed as
previously described (see section 2.7.4) and resuspended in 5ml of FACS buffer

before plating as above.

2.9.4 Flow cytometry for murine  tumours

The tumour was transferred to a 6¢cm dish in PBS and chopped into small pieces
(<1lmm) before transfer to a 15 ml tube and centrifuged at 1500rpm for 5
minutes. The PBS was aspiratedand resuspended in 5ml of digestion mix (500ul
trypsin, 50ul colla genase (Sigma, C7657, 50ul dispase (Sigma, Cat No: 42613
33-2), 0.1% BSA in RPMI medium). The 15ml tube was put on a roller and
incubated at 37°C for 30 minutes. Following incubation, the sample was
transferred to a 50ml tube and 10ml 0.1% BSA/RPMI added. The tube was then
shaken vigorously up and down (about 20 times). This was repeated a further

three times until a total volume of 45ml was reached.

The sample was then filtered using a 10 Oum filter into another 50ml tube,
centrifuged for 5 minutes at 1500rpm and resuspended in FACS buffer.
Depending on the number of mice a pro portion of each mouse sample was used

for the FMOs. The samples were plated on a v-bottom plate and kept on ice.

2.9.5 Antibody staining

50ul of Mouse Fcblock (BD Biosciences, Cat No: 553142 was added at 1:200 to
each well, cells resuspended and incubated at 4°C for 15 minutes. 50ul of the
antibody mastermix or FMO mix was added to the samples and FMO controls
and incubated at 4°C for 30 minutes. The mastermix contained a panel of 11
fluorescently conjugated antibodies against murine CD45, CD11b, F4/80, MHCII,
Ly6C, Ly6G, CD3, D8a, CD86, CD19, PDI1. The concentrations had previously
been optimised with in the McNeish lab (Table 2.5). The samples were then
washed with PBSand centrifuged at 1500rpm 4°C for 5 minutes followed by a
further wash with PBS and centrifuged. 50ul of Zombie red viability dye ( 1:200
PBS)was added to the samples and incubated at 4°C for 20 minutes. Samples

were then washed and centrifuged with FACS buffer before fixat ion with 100pl
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of 1:1 solution of 4% PFA and FACS buffer. The samples were finally incubated
at 4°C for 20 minutes. The samples were then washed with FACS buffer and
centrifuged before resuspension in 350ul of FACS buffer and transferred to FACS
tubes. The FACS tubes were kept at 4°C for no longer than 1 week before

analysis.

FACSouffer : PBS, 0.5% BSA, 2mM EDTA

2.9.6 Compensation

Compensation with beads was used prior to the experiments with one tube per
fluorochrome. Each tube contained positive and negative control beads. Anti-
rat compensation beads for 10 fluo rochromes (BD CompBeads, Cat N0552845)
and anti-mouse compensation beads for the F4/80 fluorochrome (BD
CompBeads, Cat N0 552843). A separate tube was used to compensate for the
viability dye again with positive and negative control beads (Ar C'™M Amine
reactive comp ensation beads, Invitrogen, Cat No: A10628). In addition to beads,
100pl of FACS buffer and 1pl of antibody was added to each tube.

The samples were analysed by flow cytometry and u sed to set compensation

for all subsequent experiments.

2.9.7 Flow analysis

Flow cytometry was performed on a BD Fortessa (BD Biosciences) For each
sample, 30,000 CDA45 events were collected and analysed with FlowJo software
(Tree Star, Ashland, OR). A consistent gating strategy was applied to all
experiments with the use of the 6 FMOs(Figure 2.4).



Table 2.5: 12 fluorochrome flow cytometry panel.
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The panel was used to analyse the ascites and murine tumour by flow cytometry and
showsthe 6 FMOs (CD11b, F4/80, MHCII, CD86, PDL and CD3) used.

Antibodies | Supplier (Njgtalogue Fluorochrome Filter Dilution
CD45 Life | MCD4530 | Pacific Orange | UV580/20 | 1 in 20
Technologies
CD11b BD .
(FMO) Biosciences 6245992 BUV 737 UV 785/62 | 1in 300
Ly6G Biolegend 127645 Eg'g'a”t Violet 1\, 780/60 | 1in 50
Ly6C Biolegend 128010 AlexFluor 647 | R 670/14 15')80
F4/80 Miltenyi 130-102- .
(FMO) Biotec 943 PE YG 786/15 | 1in 50
MHCII Miltenyi 130-102- :
(FMO) Biotec 910 FITC B 530/30 1in 50
CD86 . .
(FMO) Biolegend 105014 PE/Cy7 YG 780/60 | 1in 20
CD8a Biolegend 100742 g’;'(')“a”t Violet |\, 6558 | 1in80
PDL-1 . Brilliant Violet .
(FMO) Biolegend 124315 421 V 450/50 | 1in 300
(CI::?/IB,O) Biolegend 100217 PerCRCy5.5 B 685/35 1in 150
CD19 Biolegend 218940 APC/Fire 750 R 780/60 1in 300
Fixable
viability Biolegend 423110 Zombie red YG 610/20 | 1in 200
dye
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Figure 2.4: Gating strategy used for the

flow cytometry .

The 6 FMOs (CD11b, F4/80, MHCII, CD86, PBL and CD3) were used to assist with

gating. The PDL-1 and CD86 gating is not shown in this example.



100

2.10 Statistical Analysis

All data are expressed as the mean, and error bars represent standard deviation
of the mean (SD), apart fromthe Ra d 5 1/ rakkayAiXwhich standard error
of the mean (SEM) is used. Statistical tests were performed using Prism v6.0
(GraphPad San Diego, CA).Pearson correlation (r) was used to determine the

correlation between two variables.

Differences between gr oups of mice and lines were analysed using unpaired t-
tests or One-Way ANOVA withBonf er r o ni dnsltiplé eomparisdn® r
Differences in survival were calculated using log -rank test. A p value (.05 (*)
was considered significant. The level of statistical significance is indicated using
asterisks (*p<0.05, *p<0.01, **p<0.001, ****<0.0001).

Linear regression analysis was used toassess differences in cell proliferation.
The KruskalWallis test was used for RNA sequencing analysis to compare gene
expression between genotypes. P values from differential gene expression were

adjusted for multiple testing using the Benjamini -Hochberg procedure.
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3 Homologous Recombination and platinum and
PARP inhibitor sensitivity
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3.1 Introduction

Platinum sensitivity in HGSOC is thought to be related to a multitude of factors
but underlying defects in homologous recombination (HR) may be a strong
predictor of sensitivity . Several studies including TCGA have consistently shown
frequent genetic and epigenetic alterations of key HR genes in HGSOC, with
BRCAland BRCAZhe most commonly mutated (Konstantinopoulos et al., 2015).
This is further highlighted by the fact that acquired platinum resistance can be
related to mutations in BRCA1/2that restore their function in HR. In the TCGA
analysis, approximately 50% of HGSOC of cases werethought to exhibit
defective homologous recombination. Although clinical trials consistently
demonstrate high platinum sensitivity in  BRCA1/2mutat ed tumours, there are
still subgroups of patients with BRCA1/2 mutations that are resistant to
platinum chemotherapy and others that are sensitive that are BRCA1/2wild -
type (Alsop et al., 2012).

HRdeficient cells have been shown to be extremely sensitive to PARP inhibitors .
This has been supported by recent clinical trials in patients with BRCA1/2
mutations, where 40% did not develop progressive disease for at least 3 years
following treatment with maintenance olaparib therapy after responding to
platinum chemotherapy (Ledermann et al.,, 2012, Ledermann et al., 2014).

However, the exact mechanism of sensitivity remains poorly understood.

This chapter investigates the relationship between homologous recombination
and both platinum a nd PARP inhibitor sensitivity . The HR status was established
on HGSOCQC:ell lines, | D8 knockout derivatives and a transgenic murine ovarian
cancer cell line and then correlated with platinum and PARP inhibitor sensitivity
The aim was to determine whether defective homologous recombination was a

strong predictor of sensitivity to both these drugs.
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3.2 Assessment of Homologous Recombination status in cell lines

A cell line @ ability to repair DSBs by homologous recombination was assessed

usi ng t he Riaohdhdflborpst@ndeXassay. This assay wasdeveloped

in Newcastle by the lab of Nicola Curtin and Ri chard Edmondson(Mukhopadhyay

et al.,, 2010). In the initial experiments with HGSOC and ID8 cell lines, cells

were exposed to rucaparib (10 uM) (PARP inhibitor) for 24 hours and, as
described in the original assay, a two -fold increase in Rad51 foci defined HR
competency in the presence of proven DNA DSB damage (twefold increase in
nNH2AX foci following PARP inhibitor tre

As the Homologous Recombination status was being correlated with PARP
inhibitor sensitivity it was felt that an alternative  treatment should be used to
induce DSBs. In subsequent experiments cell lines were exposed to irradiation
(10Gy) andn H 2 AR4d51 foci assessed24 hours later.

Then H2 AX f oci s @radmtiorfi wvérd noove idiscgete and resulted in
clearer confocal images. In terms of the HR status of cell lines the results

between the rucaparib and irradiation showed complete concordance.

RAD3 /| ©6H2 AX assay

In all high grade serous ovarian cancer cell lines tested, t r eat ment wi t

of Rucaparib for 24hrs resulted in atleasta2 -f ol d i ncr eashewing n n
DNA damage had occurred(Figure 3.2). In the ID8 derivatives treatment with

10Gy of irradiation resulted inatleasta2 -f ol d i ncrease i n nH2
lines showing again DNA damage had occurred(Figure 3.1, Figure 3.3, Figure

3.4, Figure 3.5, Figure 3.6). There was therefore adequate DNA damage to
detect RAD51 foci and determine whether a cell line was HR -competent or
deficient. The mean number of nH2AX and RAD51 f

and compared to the control.

DR GFPassay:

Following pDR GFP transfection and puromycin selection, the surviving colonies

were re-plated and transfected with plScel or pCAAGS (control plasmid). 48

hours following transfection the cells were assessed for GFP positivity by flow
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cytometry. An increase in GFP positivity in the plScel group compared to
pCAAGs demonstrates adequate HRmediated DNA DSB repair has occurred
(Figure 3.11).

Dose regonse for cisplatin and rucaparib:

The IC50 levels were taken from the cisplatin and PARP inhibitor dose response
curves of each cell line and the mean IC50 from a triplicate experiment plotted
(Figure 3.2 to Figure 3.10).
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ID8 Trp53-/- F3

DAPI yH2AX RADS51 Merge

0 Gy
10 Gy
ID8 Trp53-/-; Breca2-/- 3.15
DAPI yH2AX RAD51 Merge
0 Gy
10 Gy

Figure 3.1:. Assessment of HR status comparing the ID8 F3 Trp53 -/- and the ID8

3.15 Trp53 -/-;Brca2-/- cell lines .

The red dots correspond to the RaThé&faciwereci a
guantified by manually counting 30 nuclei per condition. There was a 2 -fold increase

in nH2AX foci compared to the control in bo
indicating adequate DNA DSB induction. There was a 2-fold increase in Rad51 foci
compared to the control inthe F3 Trp53-/ - cell line but notin the 3.15 Trp53-/ -; Brca2-

/ - cell line consistent with an HR -defective cell line.
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3.2.1 High grade serous ovarian cancer cell lines

The HRcompetent HGSOC cell lines (PEO4, OVCAR3, OVCAR4, COV318 and
UWB1.289BRCA1) all showed at least a Zold increase in RAD51 foci in response

to rucaparib over the untreated controls. HR -deficient HGSOC cell lines (PEO1
and UWB1.289) showed a less than 2fold increase in RAD51 foci formation
(Figure 3.2).

The BRCAl/2mutation status (and hence the theoretical HR competence status)

of the HGSOC cell lines prior to the experiments was already known. PEOL1 cell
line has a BRCAZmutation and UWB1.289 cell line ha s a BRCAlmutation. The
remaining cell lines (PEO4, OVCAR3, OVCAR4 and UWB1.289BRCA1l) are
BRCA1/2wild -type and thu s theoretically HR competent.

There was considerable variability in the cisplatin and PARP inhibitor sensitivity
between the cell lines. When comparing the matched cell pair PEO1 (HR
deficient) and PEO4 (HR competent), PEO1was more sensitive to bo th cisplatin
and PARP inhibitor (cisplatin mean IC50 7.40 (PEO1) 14 (PEO4) p=0.02%
rucaparib mean IC50 2.7(PEO1) 14.2 (PEO4)p=0.02%. However, comparing the
UWB1.289 (HR defigent) and UWB1.289BRCA1 (HR competent) cell lines
UWB1.289was more sensitive to PARP inhibition but showed similar sensitivity
to cisplatin (cisplatin mean IC50 5.1(UWB1.289) 2.4 (UWB1.289BRCA1)p=0.14;
rucaparib mean IC50 10.3(UWB1.289) 54.9 (UWB1.289BRCA1)p=0.03*) (Figure
3.2).
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Figure 3.2: Assessment of HR status and c isplatin and rucaparib sensitivity in HGSOC

cell lines .

A, HGSOC cell lines were treated with rucaparib (10umol/L) , fixed and stained for
nH2AX and RADS51, and counterstained with I
untreated and treated cells. Bars, mean (x SEM) foci per cell relative to untreated

cells. The dotted line represents atwo -fold increase in f oci relative to untreated cells.

B, Each dot represents the mean IC50 value from a triplicate experiment . Unpaired t-

tests were performed on the matched cell lines with known HR status (PEO1 - BRCA2
mutation , PEO4- BRCA2wild -type, UWB1.289 d BRCAImutation and UWB1.28BBRCA1

0 BRCAlwild -type).
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3.2.2 1D8 derivatives

The ID8 cell line is a transplantable murine model of ovarian cancer originating
from C57BI/6 mice ovaries and created in 2000 by Dr Kathy Roby (Roby et al.,
2000). Using the CRISPR/Cas9 gene editing technique the McNeish lab has
recently generated several knockout derivatives of the ID8 cell line to closer
resemble the genetic background of HGSOC(Walton et al., 2016 , Walton et al.,
2017).

3.2.2.1 Trp53 -/- and Trp53 -/-;Brcal and 2-/-

The Trp53-/- knockouts were generated using three different guide RNA
constructs to target exon 5 of Trp53. F3 (guide G), A2 (guide K), C7 and M20
(guide R) clones were all found to contain bi -allelic deletions in Trp53 exon 5.
The F3 clone had a 43bp and A2 clone had a 280bp btallelic deletion. All clones
showed absent basd p53 expression by immunoblot (Walton et al., 2016 ). The

F3 Trp53-/ - clone was used to create all the subsequent knockout derivatives.

The Trp53-/ -;Brcal-/ - knockout was generated using the F3 clone by targeting
the Brcal PALB2binding domain in exon 12 or the BRCF2 domain in exon 19.
Three different Brcal-/ - clones had confirmed bi -allelic deletions (clones 1.26,
1.36 0 PALB2binding domain and 6.20  BRCR domain) (Walton et al., 2017 ).

The Trp53-/ -;Brcaz-/ - knockout again was generated from the Trp53-/- F3
clone by targeting the Brca2 PALB2binding domain in exon 3. Three clones
(2.14, 3.15 and 1.4) derived from different guides had confirmed bi -allelic
deletions (Walton et al., 2016 ).

Our data in t he ID8 parental clone and ID8 Trp53-/ - clone (F3) all showed at
least a 2-fold increase in RAD51 foci in response to irradiation over the
untreated controls. The ID8Trp53-/ -;Brca2-/ - clones (2.14 and 3.15) and Trp53-
/ -;Brcal-/ - clones (1.26, 1.36 and 6.20) showed a less than 2-fold increase in
RADS51 foci formation (Figure 3.3).
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The ID8 parental cell line has been shown to have no mutations in key HR genes
and it has been previously found to be HR competent (Walton et al., 2016 ). This
is consistent with my data that found the ID8 parental cell line to also be HR
competent. p53 has not been found to play an important role in HR and

therefore the ID8 Trp53-/ - clones would also be expected to be HR competent.

The ID8 Trp53-/ -;Brca2-/ - clones (2.14, 3.15) and Trp53-/-;Brcal-/ - clones
(1.36, 1.26) all have distinct mutations in the region, which encodes the PALB2
binding domain. Whereas the Trp53-/ -;Brcal-/ - clone (6.20) has a mutation in
the BRCT2 domain. Asboth BRCA1 and BRCAZ2 arkey genes in the HR pathway

these clones should theoretically be HR deficient.

The Trp53-/-;Brcal-/- genotype was significantly more sensitive to both

cisplatin and rucaparib compared to the F3 Trp53-/ - clone (Trp53-/-;Brcal-/ -
cisplatin p=.0001****: Trp53-/ -;Brcal-/ - rucaparib p=00.0001***9. A similar
pattern of sensitivity was also seeninthe Trp53-/-;Brca2-/ - genotype compared
to the F3 (Trp53-/-;Brca2-/- cisplatin p=0.0001****: Trp53-/-;Brca2-/ -
rucaparib p=00.0001***9 (Figure 3.3 and Table 3.1).
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Figure 3.3: Assessnent of HR status and cisplatin and rucaparib sensitivity in 1D8
Trp53 -/-, Trp53 -/-;Brcal-/- and Trp53 -/-;Brca2 -/- knockouts .

Al D8 derivatives were irradiated (10Gy),
counterstained with DAPI. B, Each dot represents the mean IC50 value from a triplicate

experiment.
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3.2.2.2 Trp53 -/-;Pten-/- and Pten+/-

The Trp53-/ -;Pten-/ - knockout was generated using the F3 clone by targeting
the Pten phosphatase domain in exon 5. Four clones (1.11, 1.12, 1.14, 1.15)
had confirmed bi -allelic deletions and two clones (1.9, 1.10) had single allele
deletions. PTEN was found to be absent on immunoblots in the Trp53-/ -;Pten-
/ - clones and reduced in the heterozygote clones. There was also an increase
in AKT phosphorylation following serum starvation in both the Trp53-/ -;Pten-/ -
and Pten+/ - clones (Walton et al., 2017 ).

The ID8 Trp53-/ -;Pten-/ - clones (1.11, 1.12, 1.14 and 1.15) and the ID8 Trp53-
/ -;Pten-/+ clones (1.9 and 1.10) all showed at least a 2 -fold increase in RAD51
foci in response to irradiat ion over the untreated controls and were therefore

HR competent.

There have been conflicting reports of the possible role of PTENin homologous
recombination. Some reports have suggesed that PTEN reduces RAD51
recruitment to double strand DNA breaks (McEllin et al., 2010) and sensitises
cells to PARP inhibition (MendesPereira et al., 2009 ); however more recent

reports conclude no involvement in the HR pathway (Hunt et al., 2012 , Fraser
etal., 2012).

There was no significant difference in cisplatin and rucaparib sensitivity
between the Trp53-/-;Pten-/- genotype and F3 Trp53-/-. There was a
significant difference in cisplatin sensitivity between the  Trp53-/-;Pten-/+
clones and F3 Trp53-/- (cisplatin p=<0.0001) but no difference in rucapari b
sensitivity (Figure 3.4 and Table 3.1).

3.2.2.3 Trp53 -/-;Brcal-/-;Pten-/- and Trp53 -/-;Brca2 -/-;Pten-/-

The Trp53-/ -;Brcal-/ -;Pten-/ - knockouts were generated using the 1.26 and
6.20 Trp53-/-;Brcal-/ - clones and targeted the Pten phosphatase domain in
exon 5. Two clones (1.26.19, 6.20.10) had confirmed bi -allelic deletions in exon
5.
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The Trp53-/ -;Brca2-/ -;Pten-/ - knockouts were generated using the Trp53-/-;
Brca2-/ - clones 2.14 and 3.15 and again target ed the same Pten domain. Two
clones (2.14.22, 3.15.10) had bi-allelic deletions confirmed.

All the triple knockout clones (1.26 .19, 6.20.10, 2.14.22, 3.15.10) had absent
PTEN on immunoblot and an increase in AKT phosphorylation following serum

starvation (Walton et al., 2017).

Both the ID8 Trp53-/ -;Brcal-/ -;Pten-/ - and Trp53-/ -;Brca2-/ -;Pten-/ - clones
showed a less than 2-fold increase in RAD51 foci formation in response to

irradiation over the untreated controls and therefore remaining HR defective.

The Trp53-/ -;Brcal-/ -;Pten-/ - genotype was significantly more sensitive to
both cisplatin and rucaparib compared to the F3 Trp53-/- clone (Trp53-
/ -;Brcal-/ -;Pten-/ - cisplatin p=00.0001; Trp53-/-;Brcal-/ -;Pten-/ - rucaparib
p=(.0001). This was also seen in the Trp53-/-;Brca2-/-;Pten-/- genotype
compared to the F3 clone (Trp53-/-;Brca2-/-:Pten-/- cisplatin p=(0.0001;
Trp53-/ -;Brca2-/ -;Pten-/ - p=.0001) (Figure 3.5 and Table 3.1).
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Figure 3.4: Assessment of HR status and cisplatin and rucaparib sensitivity in ID8

Trp53 -/-;Pten-/- and Trp53 -/-;Pten+/ - knockouts.

A, | D8 derivatives were irradiated (10Gy),
counterstained with DAPI B, Each dot represents the mean IC50 value from a triplicate

experiment.
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Figure 3.5: Assessment of HR status and cisplatin and rucaparib sensitivity in ID8
Trp53 -/-;Brcal-/-;Pten-/- and Trp53 -/-;Brca2 -/-;Pten -/- knockouts
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3.2.2.4 Trp53 -/-;Nfl1-/-

For the Trp53-/-;Nfl-/ - knockouts, exon 2 was targeted in the F3 clone and the
two generated clones (1.20, 1.23) had confirmed bi -allelic deletions. These
clones showed evidence of activated RAS signalling with increased GTP-bound
RAS and also increased ERK phosphorylation on immunoblot(Walton et al.,
2017).

These two ID8 Trp53-/ -;Nf1-/ - clones (1.20, 1,23) all showed at least a 2 -fold
increase in RAD51 foci in response to irradiation over the untreated controls
and were therefore HR competent.

There was no significant difference in cisplatin sensitivity between the  Trp53-
[ -;Nfl-/ - genotype and F3 Trp53-/- clone. However, the Trp53-/-;Nfl-/-
genotype was significantly more sensitive to rucaparib compared to the F3
clone (p=U 0.01*). The reason for this difference in sensitivity is unclear (Figure
3.6 and Table 3.1).
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Figure 3.6: Assessnent of HR status and cisplatin and rucaparib sensitivity in ID8

Trp53 -/-;Nfl-/- knockouts.
A, I D8 derivatives were irradiated (10Gy),

counterstained with DAPI B, Each dot represents the mean IC50 value from a triplicate
experiment.
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3.2.3 OVIDT 479 cell lines

The Dicer-/ -;Pten-/ - cell line originated from a transgenic murine fallopian
tube carcinoma model. Cre recombinase under the control of the anti -Mullerian
hormone type 2 receptor promoter ( Amhr2-Cre) was used to delete Dicer and
Pten in the fallopian tube (Kim et al., 201 2).

Dicer is a key processor of microRNAs and low Dicer expression has been

correlated with poor clinical outcomes in ovarian cancer (Merritt et al., 2008 ).

The Dicer-/ -;Pten-/ -;Trp53-/ - knockouts were generated by Dr Josephine
Walton using the same guide RNA used to generate the ID8 F3 clone (targeting
exon 5). Clone 13 was found to have a biallelic deletion in exon 5 and p53

expression was absent on immunoblot (Walton et al., 2017 ).
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Figure 3.7: Assessnent of HR status and cisplatin and rucaparib sensitivity in Dicer-
/-;Pten-/- (DKO 4) and Dicer-/-;Pten-/-;Trp53 -/- (TKO 13) knockouts.
A, Each dot represents the mean IC50 value from a triplicate experiment B, Dicer cell

l i nes wer e irradiated (10Gy) , fixed and

counterstained with DAPI.



118

The Dicer-/ -;Pten-/ - (DKO 4) andDicer-/ -;Pten-/ -;Trp53-/ - (TKO 13) all showed
at least a 2-fold increase in RAD51 foci in response to irradiation over the

untreated controls and were therefore HR competent.

The TKO 13 clone was significantly less sensitive to cisplatin and rucaparib
compared to the DKO 4 clone (cisplatin p= (0.0001**** rucaparib p=CD.01**)
(Figure 3.7).
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3.3 All genotypes and HR/ cisplatin/PARPI sensitivity

The cisplatin and rucaparib IC50 levels were plotted against the HR status for

the ID8 cells (HR competent or defective) ( Figure 3.8).
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Figure 3.8: Cisplatin and rucaparib sensitivity  of the ID8 genotypes and the
relationship between HRand platinum and PARP inhibitor sensitivity.
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represents the mean IC50 from a triplicate experiment and plotted according to HR
status determined by .t*hR<0OPBI2CASK it pldd Shawinga s a y
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When the HR status of cell lines and cisplatin and rucaparib IC50 levels are
analysed there is a significant difference between HR status and rucaparib
sensitivity (p=<0.0001****) however there is no difference between HR status
and cisplatin sensitivity (p=0. 17). There is also a poor correlation between

cisplatin and rucaparib sensitivity (r=0.28) (Figure 3.8).
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3.4 Palb2 and BRCT2binding domains

The Trp53-/-;Brcal-/ - clones (1.26, 1.36) and both the Trp53-/-;Brca2-/-
clones (2.14, 3.15) have mutations in the Palb2 domain whereas one Trp53-

/ -;Brcal-/ - clone (6.20) has a mutation in the BRCT2 domain.
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Figure 3.9: Cisplatin and rucaparib sensitivity comparing the different BRCAland

BRCAZ2binding domains.
Each dot represents the mean IC50 value from a triplicate experiment.

When comparing both cisplatin and rucaparib sensitivity between the Trp53-
/ -;Brcal-/ - clones with mutations in the Palb2 domain (1.26, 1.36) and those

with a mutation in the BRCT 2 domain (6.20), t he Palb2 clones are significantly
more sensitive to both drugs (cisplatin p= (0.0001; rucaparib p=00.0001). The
same pattern is seen when comparing the Trp53-/ -;Brcal-/ - BRCT2 clone (6.20)
with the Trp53-/-;Brca2-/ - clones (2.14, 3.15) which also have mutations in

Palb2 (cisplatin p=00.0001; rucaparib p=00.0001). However, when comparing
Trp53-/ -;Brcal-/ - and Trp53-/ -;Brca2-/ - Palb2 clones there is no significant

difference in cisplatin and rucaparib sensitivity (Figure 3.9 and Table 3.2).
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3.5 Trp53 -/-;Brca2 -/-;Pten-/- and drug sensitivity

The triple deleted Trp53-/-;Brca2;Pten-/- clones (2.14.22, 3.15.10) were
significantly more resistant to cisplatin compared to the  Trp53-/-;Brca2-/ -
genotype (p=00.01); however there is no significant difference in rucaparib

sensitivity between the two genotypes (Figure 3.10).
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Figure 3.10: Cisplatin and rucaparib sensitivity comparing the Trp53 -/-;Brca2 -/-
and Trp53 -/-;Brca2 -/ -;Pten -/- genotypes.
Each dot represents the mean IC50 value from a triplicate experiment.
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Table 3.1: In-vitro cisplatin and rucaparib sensitivity ~ for the ID8 genotypes.

The table shows the mean IC50 value from a triplicate experiment . The IC50 values
were compared usingone-way ANOVA with Bonferroni s tes
with the Trp53-/ - genotype.

Rucaparib IC50 Cisplatin 1C50
Genotype (UM) mean +/-  p= (UM) mean +/-  p=

sd sd
Trp53-/ - 9.4 +/-2.2 1.1+4/-0.4
Trp53-/ -;Brcal-/ - 0.2+/-0.2 <0.0001 | 0.4 +/-0.2 <0.0001
TrpS3-/-Breal-l-— 145 4/ 0.2 <0.0001 | 0.4 +/- 0.3 <0.0001
;Pten-/ -
Trp53-/ -;Brca2-/ - 0.2+/-0.1 <0.0001 | 0.2 +/-0.03 <0.0001
TrpS3-/-iBreaz-/- 1534/ 01 <0.0001 [0.3+/-0.1 | <0.0001
;Pten-/ -
Trp53-/ -;Pten-/ - 11.2+/- 6.9 ns 0.9+/-0.2 ns
Trp53-/ -;Pten-/+ 7.6 +/-3.3 ns 2.4+/-0.6 <0.0001
Trp53-/ -;Nf1-/ - 4.3+/-1.3 <0.01 0.9+/-0.4 ns

Table 3.2: In-vitro cisplatin and rucaparib sensitivity = comparing the Palb2 and
BRCT2 domains.

The table shows the mean IC50 values from a triplicate experiment. The IC50 values
were compared between the Palb2 and BRCT2 domains using an unpaired ttest.

Rucaparib IC50 (uM)  Cisplatin IC50 (uM)

S mean +/- sd mean +/- sd

Trp53-/ -;Brcal-/ - : 0.2+/-0.2 0.4+/-0.2
Palb2 (1.26 + 1.36) 0.2+/-0.1 0.3+/-0.1
BRCT2 (6.20) 05+/-0.1 0.7+/-0.1

Trp53-/ -;Brca2-/ - (Palb2) 0.2+/-0.1 0.2 +/-0.03

Rucaparib p= Cisplatin p=

Palb2 vs BRCT2 <0.0001 <0.0001

Palb2 vs Trp53/ -;Brca2 ns ns

(Palb2)

BRCT2 vs Trp53 -;Brca2-/ -

(Palb2) <0.001 <0.0001
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3.6 DR-GFP assay

An attempt at optimising an alternative HR assay (DR -GFP) on HGSOC cell lines

was performed.

The OVCAR4 cell linedoes not harbour mutations in any known HR gene and
was shown to be HR competentint he RADS51/ n HONX3.2h Slseay (
OVCAR4 cell line showed amean GFP positivity of 0.51 % following plScel
transfection compared to 0.07% for control pCAAG transfection (Figure 3.11).

However, although the GFP positivity in the OVCAR4 cell line was consistently

increased compared to the control , the rates of GFPpositivity were extremely

low and variable. Using the assay in other HGSOC cell lines that were known to

be HR competent (PEO1 and UWB1.289BRCA1) did not show similar resultsd

OVCAR4 Therefore, |1 did not continue with the DR -GFP assay as the

RAD51/ nH2AX assay gastedresulesl i abl e and con
A

CAAG IScel
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200K =
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SSC-A
SSC-A
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50K = 50K =

DR-GFP
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Figure 3.11: DRGFP assayassessing HRmediated DNA DSB repair in HGSOC cell
lines.

A, GFP positivity determined by flow cytometry in a single experiment on OVCAR4
showing an increase in GFP positivity of plScel compared to the pCAAGS (control) B,
Left bars correspond to the pCAAGS (control) and right bars to the pSce -1. Each bar
represents the mean % GFP positivityof a triplicate experiment.
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3.7 Discussion

TheRa d 51/ n H2 AXprevisushamentioned, was validated in Newcastle
and is widely used to determine the homologous recombination status of cell
lines (Mukhopadhyay et al., 2010). The assay however can show variation in the
number and size of RAD51 foci and is unable to detect abnormalities
downstream of RAD51. In addition, it requires culture of viable cells for at least

48 hours. These factors limit the long-term utility of the assay and there is a
requirement for a functional HR assay that can be used in primary tissue. The
DRGFP assay isconsidered the gold standard for determining homologous
recombination status. We attempted to optimise the DR -GFP assay initially on
ovarian cancer cell lines with known HR status. However , we did not get reliable
and consistent results that we had previously obtained withth e Rad51/ n H?2

assay. It was therefore decided not to pursue the DR -GFP assay further.

HGSOC cell lines with known BRCA1/2 mutations were used to optimise the
Rad51/ nH2AX assay and <correlate with ¢
Although cell lines that were known to be HR deficient (PEO1 and UWB1.289)

were more sensitive to rucaparib there was variation in cisplatin sensitivity

(Figure 3.2). We performed the assay on primary ascites samplesin an attempt

to develop an assay with clinical utility (data not shown);  however subsequent
sequencing of cultured ascites cells found mutant TP53 in <20% of samples

indicating that tumour cells were not being cultured.

Our data from the ID8 Trp53-/- clones show that the cell lines were HR
competent (Figure 3.3). There is currently no evidence to suggest that p53 is
associated with defective homologous recombination. |t is established that

mutant p53 not only results in loss of tumour suppressor function but also

acquires additional oncogenic activity. This p53 gain -of-function contributes to

genomic instability and there is evidence to suggest that DSB homologous
recombinatoni s stimul ated in cells expressini
recombi riMuller amchMdusden, 2013 Restle et al., 2008). However, the

ID8 Trp53-/ - clones are all loss of function null mutants as shown from previous

work (Walton et al., 2016 ) rather than missense mutations with gain -of-function
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and therefore furth er work is required to generate clones with missense

mutations to investigate this further.

From previous experiments there was no significant difference in cisplatin and
rucaparib sensitivity between the 1D8 parental cell line and ID8 Trp53-/ - clones
(Walton et al., 2016 ). We found a significant variation in cisplatin and rucaparib
sensitivity between the Trp53-/- clones (F3, A2, M20 and C7) with the F3 and
A2 more sensitive to these drugs compared to the M20 and C7 clones (Figure
3.3). There is increasing evidence that different p53 mutants vary with respect
to loss of wild -type p53 activity and gain of function as mentioned previously.
Although the Trp53-/ - clones resulted from the same guide RNAtarget (exon 5)
there was variation in the size and site of mutation. There is minimal data
regarding the type and location of p53 mutation and drug sensitivity . It is
possible that subtle differences in mutation may result in alterations in
structure and stability of the p53 protein and lead t o differences in drug
sensitivity (Muller and Vousden, 2014). We have not investigated this further
but would require a significant range of different  Trp53-/- clones to identify

obvious patterns of sensitivity.

As expected, Trp53-/ -;Brcal-/ - and Trp53-/ -;Brca2-/ - clones were all found to

be HR deficient usi ng (Rgbre 3.3R 8athb BRCALHM A X
BRCAZ2genes play key roles in DNA double strand break repair via homologous
recombination. However, they have distinct and complementary functions
(Yangetal., 2011). BRCAZegulates the RAD51 protein by mediating the RAD51
filament assembly on ssDNAwhich is crucial for h omologous recombination.
BRCA1functions in both checkpoint activation and in DNA repair . BRCAlhas
been found to be an upstream regulator of BRCAZ2n DNA repair and the PALB2

is the main linker between BRCAland BRCAZZhang et al., 2009). Itis therefore
expected that the loss of BRCAlor BRCAZunction would result in a defective

homologous recombination pathway.

We found that the Trp53-/-;Brcal-/- and Trp53-/-;Brca2-/- clones were
significantly more sensitive to both cisplatin and rucaparib compared to the F3
Trp53-/ - clone (Figure 3.3 and Table 3.1). It is now widely accepted that the

loss of BRCAlor BRCAZresults in greater sensitivity to cisplatin  in most cases



127

the hypothesis being that cells that have a defective homologous recombination
pathway are unable to repair DNA double strand breaks effectively. Therefore,
the tumour is unable to repair DNA cros s-links formed by the introduction of
chemotherapy such as cisplatin resulting in increased lethality. This is
consistent with evidence from Alsop et al that found that patients with germline
BRCAlor BRCA2mutations were less likely to have disease progre ssion within
6 months compared to non-BRCA1/2carriers following cytotoxic chemotherapy
(14.9% vs 31.7%; p=<0.001}Alsop et al., 2012).

Interestingly it has been suggested that the location of mutations within  BRCAL1
and BRCAR may influence response to chemotherapy and overall survival.
Several studies, although involving small numbers, have found a worse survival
in patients with a mutation on t BRCAAD
(Bolton et al., 2012 ). A recent study from Labidi -Galy et al found that BRCA2
carriers with mutations in the RAD51 binding domain had a significantly
prolonged 5-year overall survival (HR 0.36; 95% CI 0.200.64; p=0.001) (Labidi-
Galy et al., 2017a).

The Trp53-/ -;Brcal-/ - clones were generated using two different RNA guides,
one targeted the PALB2-binding domain (exon 12) and the other the BRCT-2
domain (exon 19). This resulted in the 6.20 clone (BRCT-2) and the 1.36 and
1.26 clones (PALB2) all with bi-allelic deletions in BRCA1but within different
domains. These Trp53-/ -;Brcal-/ - clones offered an opportunity to investigate
differences in cisplatin and rucaparib sensitivity in-vitro . Our data showed that
the Palb2 clones (1.26, 1.36) were significantly more sensitive to bo th drugs
compared to the BRCT-2 clone (6.20). This is further validated when comparing
sensitivity with the Trp53-/-;Brca2-/- clones (2.14, 3.15) that also have
deletions within the Palb2 domain. The Palb2 clones (1.26, 1.36, 2.14 and 3.15)
have similar le vels of sensitivity to both drugs but again the 6.20 (BRCT -2) clone
is significantly less sensitive to cisplatin and rucaparib compared to the Trp53-
/ -;Brca2-/ - clones (2.14, 3.15) (Figure 3.9 and Table 3.2).

PALB2 is a DNAinding domain that binds ssDNA and interacts with RAD51 to
stimulate strand invasion . It has been found to bind to BRCAZ2and function

synergistically to further promote strand invasion (Buisson et al., 2010). PALB2
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as previously mentioned, is the link between BRCAland BRCA2and the
interaction between BRCA1 and PALB2 is important for homologous
recombination (Zhang et al., 2009). The BRCT domain BRCA1 &erminal ) is
involved in cell cycle signalling in the DNA damage response but is less
important in homologous recombination (Leung and Glover, 2011). The
differences in sensitivity between the Trp53-/ -;Brcal-/ - clones may be because
of the varying importance of the domains in the homologous recombination

pathway.

Alsop et al have shown that, although patients with  BRCA1/2mutations respond
well to platinum chemotherapy there remain s a subgroup of patients that are
resistant or refractory to chemotherapy despite having mutations in these genes
(Alsop et al., 2012). The site of BRCA1/2mutation may explain differences in
response to chemotherapy as well as mutations in other important genes e.g

PTENas described below.

Except for BRCA1/2 little is known about the prognosis of other prevalent
mutations in high grade serous ovarian cancer. As discussed previously PTEN
is a tumour suppressor gene that inhibits cell proliferation induced by the PI3K
pathway. TCGA identified PTENIoss in 7% of tumours however following re -
analysis by Martins et al, 36%of tumours showed heterozygous loss of PTEN
(Martins et al., 2014 ). The Trp53-/ -;Pten-/ - and Trp53-/ -;Pten+/ - clones were

allfoundtobe HRcompetent usi ng t he Rad5HFHgurq3¥. Bespita s s a

early conflicting reports regarding the role of PTEN in homologous
recombination it is now accepted that PTENdoes not have an important role in
the HR pathway (Hunt et al., 2012 , Fraser et al., 2012).

In vitro , there was no difference in cisplatin and rucapar ib sensitivity between

the Trp53-/-;Pten-/ - clones and F3 Trp53-/ -. However, the Trp53-/-;Pten+/-
clones were significantly more resistant to cisplatin compared to the  Trp53-/ -
genotype (Figure 3.4 and Table 3.1). No difference was seen in rucaparib

sensitivity. A possible explanation could be that heterozygous Pten loss has led
to partial inactivation of Pten and altered gene expression resulting in an

increase in cisplatin resistance.
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The Trp53-/ -;Brcal-/ -;Pten-/ - and Trp53-/ -;Brca2-/ -;Pten-/ - clones all were
found to be HR defective (Figure 3.5). They were also significantly more
sensitive to cisplatin and rucaparib compared to the F3 Trp53-/- genotype.
Interestingly the Trp53-/-;Brca2-/ -;Pten-/- clones were significantly less
sensitive to cisplatin compared to the Tpr53-/-;Brca2-/ - genotype suggesting
that Pten loss may contribute to platinum resistance without interfering with

overall HR function (Figure 3.10).

NF1 is a tumour suppressor gene that encodes for neurofibromin -1, a RAS
GTPaseactivating protein (Ratner and Miller, 2015). Neurofibromin is an

important negative regulator of the Ras pathway. NF1loss has been associated
with chemotherapy resistance and a poor progn ostic factor in glioblastoma
multiforme and colorectal cancer (Yap etal., 2014). The Trp53-/-;Nf1-/ - clones
were all found to be HR competent (Figure 3.6). There is no evidence to suggest
that NF1is involved in homologous recombination and therefore these results

were expected.

There was no significant difference in cisplatin sensitivity between the F3

Trp53-/ - genotype and Trp53-/-;Nfl-/- clones in vitro . However, the Trp53-
/ -;Nfl-/- clones showed a small but statistically significantly increase in
sensitivity to rucaparib (Figure 3.6 and Table 3.1). DNA replication stress
mechanisms such as serial replication stalling forks have been shown to result
in genomic rearrangements with NF1 loss (Hsiao et al., 2015). These

rearrangements may explain the difference in PARP inhibitor sensitivity.

The DICER/ -;Pten-/ - (DKO)and DICER/ -;Pten-/ -;Trp53-/ - (TKO) cell lines are
additional transgenic in vivo models to further investigate the influence of p53
loss in HGSOC The DICERcell lines originated from fallopian tube carcinoma
cells and Trp53 was targeted using the same guide RNA used for the F3 Trp53-
/- clone (Walton et al.,, 2017 ). The DKO and TKO were found to be HR
competent (Figure 3.7). This is an additional HGSOUn vivo model that shows
again that the loss of Pten does not alter the homologous recombination

pathway.
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Trp53 loss was associated with a significant reduction in sensitivity to both
cisplatin and rucaparib (Figure 3.7). This contrasts with data using the ID8
Trp53-/ - clones where no difference was seen in sensitivity when compared to
the ID8 parental cell line. As mentioned previously this may be because of the

type and position of p53 mutation.

Interesting ly, the loss of p53 function has been shown to significantly reduce
the median survival in vivo (Walton et al., 2017 ). Similar findings were found
with the ID8 derivatives. The DICER cell lines have not been used in any further
experiments in this thesis as the ID8 derivatives offer a range of different

knockouts that allow comparison between the genotypes.

When the HR status of cell lines is analysed with the cisplatin and rucaparib
IC50 levels there is a significant difference between HR status and rucaparib
sensitivity ( p=0.0001). However there is no difference between HR status and
cisplatin sensitivity ( p=0.17). In addition, there is a poor correlation between
cisplatin and rucaparib sensitivity (r=0.28) (Figure 3.8). Although many women
with mutations in key HR genes e.g. BRCAl/2are more sensitive to platinum
chemotherapy, the relationship between defective homologous recombination
and platinum sensiti vity is much more complicated and is likely to involve  many
different factors , including key mutated genes, chromosomal instability and the
tumour microenvironment. The interaction between these variables and how it
relates to platinum chemotherapy is not well known but hopefully a greater
understanding of these factors will aid in predicting which patients will respond

to chemotherapy in the future .

In summary, | have investigated the homologous recombination status of a range
of ovarian cancer cell lines and how this relates to both cisplatin and rucaparib
sensitivity. | have shown that the relationship between homologo us
recombination and cisplatin sensitivity is complicated and is likely to involve
factors beyond HR status By establishing the HR status, it may be possible to
select patient subgroups that respond better to chemotherapy, but it does not
identify poor pr ognostic groups. The next step was to assess platinum sensitivity
invivo to determine if this differs from invitro data and to establish differences

in survival between the ID8 derivatives.
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4 In-vivo platinum sensitivity
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4.1 Introduction

Mutations in key genes are thought to contribute to both platinum sensitivity
and resistance. Although patients with  BRCA1/2mutations tend to be extremely
sensitive to platinum -based chemotherapy, this is not universal, and most
patients will develop resistance. As discussed previously , Drost et al observed
that N -terminal mutations on the BRCAL protein was a poor prognostic factor
and that mutations in the RING domain (Nterminal) were associated with a
poor response to cisplatin and PARP inhibitors(Drost et al., 2011 ). The BRCA1/2
mutation may explain differences in chemotherapy response and the Trp53-
[ -;Brcal-/ - clones with mutations in the Palb2 and BRCT2 domains allowed us

to begin to investigate this further.

The loss of PTENis a common event in HGSOCand, following re -analysis of the
TCGAdata, 36% of tumours were found to have heterozygous loss of PTEN
(Martins et al., 2014 ). As mentioned earlier, studies have found that activation
of the PIBK/AKT pathway may be associated with chemotherapy resistance
(Kolasa et al., 2009, Yang et al., 2008).

TCGA also found dterations in the NF1gene in 12% of patients but not much is
known about platinum sensitivity in patients with an alteration in this gene
(Cancer Genome Atlas Research, 201). The loss of NF1results in activation of
RAS/MAPK signalling with recent evidence showing the MAPK pathwayto be a
significantly mutated pathway in ovarian cancer (Kanchi et al., 2014 ). Further
studies have suggested that MAPK activation is associated with a poor prognosis
(Hew et al., 2016).

By using C57BI/6 mice, | aimed to see if there was any difference in cisplatin
sensitivity compared to previous in-vitro data and attempt to identify poor
prognostic groups independent of HR status. The ID8 derivatives allowed us to
look at the platinum sensitivity bet ween the genotypes. As this was an
immunocompetent model, it also allowed us to see how the tumour
microenvironment was altered between genotypes and with the addition of

cisplatin.



133

4.2 Cisplatin in-vivo experiment

The mice were treated with cisplatin (5mg/kg) or PBS (control) on days 28, 35
and 42. From previous in-vivo tumorgenicity experiments we knew that the
Trp53-/ -;Brca2-/ - models had the longest survival (median survival 53 days) and
the Trp53-/ -;Pten-/ - models had the shortest survival (median survival 34 days).
The timing of treatment allowed the mice to get all 3 dosages of cisplatin and
attempt ed to replicate clinical regimensi.e. multiple cycles of platinum -based

chemotherapy.

Cisplatin 5Smg/kg or PBS (Control)i.p

Day 28 || Day 35 (| Day 42

el » Home office endpoint

° D (=

Day 0 —i.p injection
5x10° cells

Figure 4.1: Protocol investigating in vivo cisplatin sensitivity using ID8 derivatives.

C57BL/6 (female) mice were injected i.p with 5x10° ID8 cells, treated at Day 28, 35
and 42 with either cisplatin (5mg/kg) or PB S (control). The mice were then taken at
the Home office endpoint.

4.2.1 Survival

The six different ID8 genotypes were injected intraperitoneally as described
above (Figure 4.1). There were 24 mice per experiment (12 cisplatin treated,
and 12 PBS treated), with at least two separate clones per genotype . The mice

were monitored daily and killed when they reached UK H ome Office limits.
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Figure 4.2: In vivo experiments investigating platinum sensitivity between
different ID8 genotypes.

A, Kaplan-Meier survival curves comparing C57BL/6 (female) mice injected with
different ID8 genotypes and treated with either cisplatin or PBS . Hazard ratios and p
values are comparing the cisplatin treated groups with the  Trp53-/ - cisplatin group . B,
Ascites volumes from all in vivo experiments comparing mice treated with either
cisplatin or PBS.
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The PBS treated groups had a median survival ranging from 34 to 53 days. The
Trp53-/ - genotype had a median survival of 45 days, Trp53-/-;Brcal-/ - of 42
days, Trp53-/ -;Brca2-/ - of 53 days, Trp53-/ -;Pten-/ - of 34 days, Trp53-/ -;Nf1-
/- of 42 days and Trp53-/ -;Brca2-/ -;Pten-/ - of 37 days (Figure 4.2). This data
is consistent with previous in vivo data using the ID8 genotypes (Walton et al.,
2016, Walton et al., 2017 ).

With the addition of cisplatin treatment, the survival was extended for all the
genotypes. The cisplatin treated groups had a median survival ranging from 69
to 113 days. The Trp53-/- genotype had a median survival of 80.5 days. The
Trp53-/ -;Brcal-/ - had a median survival of 97 days and when compared to the
Trp53-/ - genotype a hazard ratio of 0.227 (p=<0.0001). The Trp53-/ -;Brca2-/ -
genotype had a median survival of 113 days (HR = 0.218 p=<0.0001), Trp53-
/ -;Pten-/ - of 69 days (HR = 3.315 p=0.0002), Trp53-/-;Nfl1-/- of 71 days (HR =
2.693, p=0.002) and Trp53-/ -;Brca2-/ -;Pten-/ - of 99 days (HR = 0.231, p=0.0001)
(Figure 4.2, Figure 4.3 and Table 4.1).

Two mice were excluded from the Trp53-/-;Brca2-/-;Pten-/- cisplatin
experiment, one because the mouse only received one dose of cisplatin and in
all previous experiments the mice had tolerated three doses of cisplatin. The
other mouse was excluded because it survived greater than 2 weeks after the

last culled mouse.

There was no significant difference in ascites volumes between the PBS treated

and cisplatin treated groups (Figure 4.2).
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== Trp53-/-; Brca2-/-
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== Tmp53-/-; Pten-/-

=~ Trp53-/-; Brca2-/-; Pten-/-

100 150 == Trp53-/-; Nf1-/-
Time (days)

Figure 4.3: Kaplan-Meier survival curve compari ng all the ID8 genotypes.

The dotted lines correspond to PBS tre ated groups and solid lines to cisplatin treated.
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Table 4.1: In vivo survival in the cisplatin treated groups

The median survival of the cisplatin treated groups are outlined in the table below and
the hazard ratios (log rank) are compared to the Trp53-/ - genotype.

Median survival Hazard ratio

SENOHE cisplatin (days) (log-rank)

Trp53-/ - 81 - -
Trp53-/ -;Brcal-/ - 97 0.227 <0.0001
Trp53-/ -;Brca2-/ - 113 0.218 <0.0001
TrpS3-/ - Brea2-/ - 99 0.231 <0.0001
;Pten-/ -

Trp53-/ -;Pten-/ - 69 3.315 0.0002

Trp53-/ -;Nf1-/ - 71 2.693 0.002
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4.2.2 Palb2 and BRCT2 binding domains

The cisplatin in vivo experiment used both the Trp53-/-;Brcal-/ - (BRCT2 and
Trp53-/ -;Brcal-/ - (Palb2) clones. Results for Trp53-/-;Brcal-/ - clones were
separated and the Kaplan-Meier curve illustrated below in Figure 4.4. The 1.36
Trp53-/ -;Brcal-/ - clone had a median survival of 97 days compared to 89 days
in the 6.20 Trp53-/ -;Brcal-/ - clone. When compared to the Trp53-/ - genotype
(median survival 80.5 days) the 1.36 Trp53-/-;Brcal-/ - clone had a hazard ratio
of 0.2623 (p=0.0002) and the 6.20 Trp53-/ -;Brcal-/ - clone of 0.2788 (p=0.0004)
(Figure 4.4 and Table 4.2). The difference between the two BRCAIlclones was
not significant (p=0.07).

100 X [ —— 1.36 Trp53-/~ Brcal-/- (Palb2)
N
I -
o ' —— 6.20 Trp53-/~ Brcal-/- (BRCT2)
£ l.|.'I
> |
> " —— Trp53-/-
S 504 )
11 o
L
[
0 !
0 50 100 150

Time (days)

Figure 4.4: Kaplan-Meier survival curve comparing the binding domains.

The 1.36 Trp53-/-;Brcal-/- (Palb2) clone had a non-significant superior survival
compared to the 6.20 Trp53-/ -;Brcal-/ - (BRCT2 clone.

Table 4.2: In vivo survival in the cisplatin treated Palb2 and BRCT2 clones.

The median survival of the cisplatin treated groups are outlined in the table below and
the hazard ratios (log -rank) are compared to the Trp53-/ - genotype.

Genotvpe Median survival Hazard ratio
yp cisplatin (days) (log-rank)
Trp53-/ - 80.5 - -
Trp53-/ -;Brcal-/ -
(Palb2) 97 0.2623 0.0002

Trp53-/ -;Brcal-/ -

(BRCT2) 89 0.2788 0.0004
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4.3 Cell culture of ascites

The tumour cells in the ascites from the in vivo cisplatin experiment were
cultured using ID8 medium (see Methods - section 2.8). The first aim was to
determine if it was possible to culture tumour cells from frozen ascites  whilst
the second aim was to inv estigate potential difference s in cisplatin sensitivity

between the PBS and cisplatin treated groups.

Ascites cells from both PBS or cisplatin treated mice were cultured from the
following clones - F3Trp53-/ -, 2.14 Trp53-/ -;Brca2-/ - and 3.15 Trp53-/ -;Brca2-
/-.

WT1 expression is used clinically as a diagnostic marker for HGSOC. Previous
work has shown the ID8 cell line to be strongly positive for Wtl and it was
therefore used to determine whether tumour cells were specifically being
cultured (Walton et al., 2016 ).

The Wtl antibody concentration was initially optimised by culturing  ascites
cells from a mouse bearing F3 Trp53-/ - tumour. The murine fibroblast cell line

3T3 was used as a negative control and the F3 Trp53-/ - cell line as a positive
control. A high-content imaging system (Operatta, Perkin Elmer) was used to

visualise the cells following staining with Wt1 and DAPI.

The cells were positively stained with Wtl confirming that tumour cells were
being cultured from the ascites. The optimal Wtl antibody concentration was
determined to be 1 in 100 (Figure 4.5).

4.3.1 Cisplatin sensitivity

The ascites samples all had positive Wt1 staining. The Trp53-/ -;Brca2-/ - clones
(2.14 and 3.15) cultured from the ascites remained significantly more sensitive
to cisplatin compared to the F3 Trp53-/- cell line s. However, there was no
significant difference in cisplatin sensitivity between the PBS treated and

cisplatin treated ascites (Figure 4.6).
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Figure 4.5: Wtl primary an tibody optimisation of cultured  ascites.

A, Wtl (1/100) and DAPI staining of 3T3 cell line (negative control) , F3 (positive control)
and F3 (sample 1) (cisplatin treated ascites sample) with positive staining in the ascites
sample confirming the presence of tumour cells. B, The green corresponds to the mean
Wt1 nuclear intensity per well (Alexa 488) showing 1 in 100 as the optimal Wtl
concentration. There was no Wtl staining present in the negative control (3T3) or
isotype controls.
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Figure 4.6: Wtl and DAPI staining of ascites and cisplatin sensitivity.

A, Wtl and DAPI staining of ascites confirming the presence of tumour cells. No Wtl
staining was present in the negative (3T3) or isotype controls. The sample numbers
correspond to different ascites samples. B, Cisplatin sensitivity comparing the PBS and
cisplatin treated groups of each genotype. Each dot represents an IC50 value. The
Trp53-/ -;Brca2-/ - clones were significantly more sensitive to cisplatin but no
difference was shown between the treated and untreated groups.























































































































































































































































































































































































