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Abstract

Ovarian cancer (OC) is the fifth most common cancer in women worldwide with 14.1 million
incidences. Approximately 5 out of 10 women with ovarian cancer have BRCA mutations
(BRCA-m) or other defects in DNA repair. The current management of BRCAm-associated
ovarian cancer is not different from the treatment of the non-BRCA stage-matched cases.
However, recent data suggest that these BRCA-m cancers should be treated as a distinct
disease entity, since BRCA mutation status has a significant influence on OC patient
outcomes. Poly (ADP-ribose) polymerase (PARP) inhibitors effectively can destroy tumour
cells with defective BRCAL or BRCA2 genes through the concept of synthetic lethality.
Early results of phase I and II of clinical studies have shown that rucaparib -a new PARP
inhibitor-, has an efficacy in BRCA-m OC cells with homologous recombination deficiency
(HRD) loss of heterozygosity (LOH), although it might also exert a beneficial effect on non-
BRCA-m ovarian cancer.

In this work, | evaluate the effects of BRCA2 mutation on homologous recombination (HR)
efficiency by using immunofluorescence technique (y-H2AX assay). Moreover, | report
significantly higher levels of y-H2AX staining in BRCA2-m OC cell lines, compared to
control (BRCA2-wt) cell lines which shows that HR pathway can be affected by BRCA2
deficiency. My results indicate the lack of ability to fully repair of DNA damage in cancer
cells with BRCA2-mutation.

In addition, | show a good connection between the phosphorylation level of y-H2AX foci and
the H2AX gene expression in vitro. | present a complete overview of the alterations at gene
and protein level of H2AX in OC and propose its potential as a predictive biomarker. The
TCGA databases revealed that H2AX is overexpressed in OC in comparison to controls. In
terms of prognostic value, it has been showed that higher expression of H2AX is related to
better overall survival (OS), whereas there is no apparent difference on disease free interval
(DF1) in the ovarian cancer cohort. Moreover, | prove high level of H2AX expression in
different type of OC while there is no correlation between H2AX overexpression and FIGO
stage.

| also study the effects of Rucaparib in vitro. The BRCA2 mutant ovarian cancer cell line
PEOL exhibited higher PARP1 activity when treated with H,O, compared to BRCA2 wild
type cell lines (PEO4 and SKOV3). The migratory and proliferative capacity of PEO1 cells

was compromised following treatment with rucaparib 10 uM compared to BRCA2 wild-type



cell lines. These results suggest that ovarian cancer patients with BRCA mutation have the
higher likelihood of benefiting from treatment with PARP inhibitors.

Finally, |1 demonstrate that liquid biopsies offer a promising alternative to tissue samples,
providing a non-invasive diagnostic approach or aid in serial monitoring of disease evolution.
| assess the levels/staining patterns of y-H2AX and WTL1 in a clinical study (CICATRIX) of
patients (BRCA-wt and BRCA-m); and analyse these data to identify the clinical validity of
this staining with patient outcome. I determine the practicality of y-H2AX quantification as a
predictive biomarker of response in CTCs in OC patients. My results show that overall, the
level of CTCs with positive y-H2AX staining is highest prior to chemotherapy treatment and
fell during treatment to the lowest at the end of treatment.

Collectively my data suggest that liquid biopsies can be used for monitoring of disease
progression in OC patients treated with chemotherapeutic agents and/or PARP inhibitors.
Preclinical models developed in this study can also be used in the future to identify effects of

novel drugs.
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Chapterl: Introduction

1. Ovarian cancer

Ovarian cancer (OC) is the fifth most common cancer worldwide and the most lethal
gynaecologic cancer which after diagnosis, less than 50% of patients can survive more than
five years after diagnosis (Doubeni, Doubeni and Myers, 2016).The main problem is that
more than 75% of women with ovarian cancer are diagnosed at late stage with symptoms that
are nonspecific. Therefore, it is hard to diagnose early-stage disease which is usually
asymptomatic. Moreover, the awareness of the risks and symptoms of OC between women
universally is low. On the other hand, these symptoms can overlap with other signs of
common abdominal and gastrointestinal diseases and it is one of the reasons regarding to
disease diagnosis at advanced stage in almost 70% of patients (Gaitskell et al., 2018). The
rate of early diagnosis is low, although guidelines advise against routine screening for OC in
average-risk women since screening such as routine pelvic examinations, is ineffective and
combined with injury and harm (Doubeni, Doubeni and Myers, 2016). Consequently, it is
necessary to embark on further studies on diagnostic and prognostic methods, evolution, and
discovery of new biomarkers and future screening approaches using both tissue and liquid
biopsies to help patients at high risk of disease.

1.1. Physiological function of the ovaries

There are two ovaries which are part of a woman's reproductive system. The role of ovaries
includes hormonal secretion, production of oocytes during the monthly cycle (in women who
are at the age of childbearing) and subsequent release for possible fertilisation (Huang et al.,
2018). Oestrogen and progesterone are the two principal hormones that control the
reproductive cycle and are produced in the ovaries. Through every menstrual cycle, one or
more oocytes are released in the ovulation process. The level of oestrogen before ovulation
reaches high and after that, progesterone levels increase gradually. If the oocyte fails to
fertilise, it will be flushed from the uterus and the level of hormones returns to normal
(Tortora and Derrickson, 2017).
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Figure 1. An example of a 28-days cycle. This figure displays the hormonal changes and day of ovulation which
varies with cycle length. Credit: (Hauck, 2020).

The function of ovaries is controlled through a complicated control system which includes
the ovaries, hypothalamus and pituitary. All these organs interact with each other through

positive and negative feedback loops.

[ Hypothalamus

g l GnRH

[ Pltwtary

H l FSH

[ Ovaries

== l
Oestradiol
Progesterone

Figure 2. A diagrammatic figure of the hypothalamic-pituitary-ovarian axis. This figure displays the origins,
target organs and response mechanisms of the main hormones involved in the hypothalamic-pituitary-ovarian

axis. Adapted from (Sun et al., 2013).
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Neurons in the hypothalamus produce gonadotropin-releasing hormone (GnRH), and this
hormone binds to particular receptors in the pituitary, comprising of gonadotropins follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) synthesis and thus release into the
circulation. Once they bind to their individual receptors at the ovary, FSH and LH activate
follicular maturation, ovulation and corpus luteum formation. Once the follicle becomes the
corpus luteum, oestrogen and progesterone are produced which inhibit the production of FSH
and LH by the pituitary. The level of progesterone drops when the egg is not fertilised and it
is excreted alongside the uterine lining (Tortora, Derrickson and Nielsen, 2011).

1.2. Epidemiology of ovarian cancer

Every year, 7,400 new ovarian cancer (OC) cases are diagnosed in the UK and 28% of these
cases affect women aged 75 and over. Although, the rate of ovarian cancer incidence in the
UK have been remained stable since the 1990s. Ovarian cancer is ranked the 6th most
common cancer in women in the UK (CRUK, 2018a). High rates of ovarian cancer are
recorded in European countries and North America and lowest levels in Western Africa and
Asia. This variation between geographical regions might be associated with a different

prevalence of risk factors, use of screening, and diagnostic approaches (WorldAtlas, 2017).
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Figure 3.Average number of new cases per year and age-specific incidence rates per 100,000 population
(Females, UK, 2013-2015). The figure above represents the number of new cases per year which the highest
cases shown in the 65-69 aged females. For ovarian cancer, like most other cancer types, incidence increases
with age. A drop or plateau in incidence in the oldest age clusters frequently shows reduced diagnostic activity
possibly due to general ill health. Credit: (CRUK, 2018a).
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1.3. Risks and causes of ovarian cancer

There are several risk factors for ovarian cancer, but age is the one which is strongly related
to ovarian cancer which was displayed in previous section (Figure 4). Furthermore, incessant
ovulation and level of sex hormones such as oestrogen, progesterone, and androgens can be
associated with ovarian cancer causes (Ho, 2003). It has been estimated that 1% of ovarian
cancer cases are related to oestrogen hormone replacement therapy (HRT) which is used to
control the conditions of menopausal symptoms. This treatment is recommended for lowest
effective dose and shortest time-period. There are other factors connected to ovarian cancer
such as smoking and ionizing radiation (CRUK, 2018b), family history of ovarian cancer, a
genetic condition (Lynch syndrome), obesity, diabetes and endometriosis (Rossi and La
Vecchia, 2014). One of the most significant factors is related to hereditary cases with breast
cancer gene type 1 and 2 (BRCAL/2). It has been established that these two genes cause 3-
12% of all OCs. The risk of epithelial OC, associated with BRCA1 mutation is 40-50% and
for those with BRCA2 mutation is 20-30% (Russo et al., 2009).

1.4. Types of ovarian cancer

The most common type is epithelial ovarian cancer accounting for 90% of all cases. This
cancer occurs on the surface layer covering the ovary. There are different types of epithelial
ovarian cancers: (1) serous, (2) endometrioid, (3) clear cell, (4) mucinous, and (5)
undifferentiated (Gaitskell et al., 2018). 68-71% of the ovarian cancer is related to serous
epithelial cancer. It has been proposed that the high-grade serous (HGS) actually starts with
cells at the end part of fallopian tumor rather than the ovary surface and eventually spread to
ovary (CRUK, 2019b). The low grade serous (LGS) carcinomas are relatively rare, grow
slowly and often diagnosed in younger women (Webb and Jordan, 2017). Endometrioid
tumor cells can be an independent separate endometrial tumor or endometrial hyperplasia
which is a thickening of the inner lining of the uterus. Clear cell carcinoma is a rare type of
ovarian cancer, 12-13% of all epithelial OC cases (Rojas et al., 2016).

There are two types of mucinous cells including, primary ovarian cancer and metastatic from
other sites. Many cases of epithelial ovarian cancer are undifferentiated due to several cancer
cells which are underdeveloped, and it is hard to recognize their origin site (Hacker and Rao,

2017). In the remaining 10% of ovarian cancers, 5-8% are diagnosed with stromal cells tumor
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and 3-5% of patients have germ cell ovarian cancer and commonly occurs in younger women
(McCluggage, 2011).

There are some other rare types of ovarian cancer which do not start with these cells. For
instance, sarcoma is a type of cancer that originates in connective tissue in the body. Some
types of ovarian cancer are categorized as fallopian tube cancer which develops in the
fallopian tubes. Symptoms of this cancer also may mimic those of other gynecological
problems such as abnormal vaginal bleeding, abdominal pain or feeling of pressure in the
abdomen. Therapeutic methods for this type of cancer are similar to ovarian cancer
treatments. This type of cancer is very rare and accounts for only 1-2% of all gynecologic

cancers (Kyo et al., 2020). Figure 4 displays the different ovarian cancer subtypes.

Figure 4.Histological preparations of haematoxylin and eosin-stained ovarian cancer subtypes. A. High-grade
serous carcinoma. B. Mucinous carcinoma. C. Endometrioid carcinoma. D. Clear cell carcinoma. Credit:
(WHEC, 2014).

24



. Epithelial(~90%) Sex-cord stromal Germ cell Mixed-cell type Cell of origin

. Epithelial ovarian cancer (~*90% of ovarian cancer)
|
[ [ [ [ I |
Serous | Endometrioid | Clear cell Mucinous | Malignant Lalbee Histological
(68%-71%) (9%-11%) (12%-13%) (3%) Brenner histologies i
(1%) (6%)t
Low-grade | High-grade Epithelial ovarian cancer
serous serous |
carcinoma | carcinoma ! |
(LGSC)* (HGsC)* Type | Type Il
I I
Mostly arise Includes: Includes: Mostly originate
from 1.Low-grade serous 1.High-grade serous « in the fallopian
endometriosis carcinoma(LGSC) carcinoma(HGSC) tube epithelium
(endometrioid, 2.Endometrioid carcinoma 2.Undifferentiated
clear cell, 3.Clear cell carcinoma carcinoma**
seromucinous  [| 4.Mucinous carcinoma 3.Carcinosarcoma**
carcinoma), or 5.Malignant Brenner T
fallopian tubal- tumour**
related serous 6.Seromucinous Characterized by mutation in: TP53
borderline carcinoma**
ovarian tumours T
(LGSC)***
Overall, genetic alteration in KRAS,
BRAF, PTEN, PIK3CA, CTNNB1,
ARID1A are relatively common in
type | tumours

+ Mixed epithelial histologies is no longer included in the 2014 WHO classification of ovarian cancer

* Traditionally, well differentiated (low-grade) serous tumours were thought to progress to moderately and,
ultimately, poorly differentiated (high-grade) serous carcinomas

** indicates rare tumours

*** Mucinous and malignant Brenner tumours are considered to be possible exceptions that may arise from
transitional cells at or close to the junction of the fallopian tube and the peritoneum

Figure 5. Histological subtypes of OC and widely accepted epithelial OC classification paradigm based on
clinicopathologic and molecular evidence that type | and type Il tumors develop through different pathways.
Adapted from (Rojas et al., 2016) (Kurman and Shih, 2016) (McCluggage, 2011).

1.5. Stages and grades

The stage of a cancer is about, how far it has grown and if it has spread in the vicinity or
distant organs. Clinicians use a simple 1 to 4 staging system which is called the FIGO
(Federation International of Gynaecological Oncologists) system for ovarian cancer (CRUK,
2019a).

Stage 1: In this stage, the tumour is only in the ovaries and divided into three groups.

1. Stage 1A: the cancer is completely inside one ovary.
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2. Stage 1B: the cancer is completely inside both ovaries.
3. Stage 1C: as well as tumour cells in one or both ovaries, there is some tumour cells
on the surface of an ovary. There are some tumour cells in fluid taken from inside

abdomen during surgery or the ovary ruptures (bursts) before or during surgery.

Stage 1B cancer
in both ovaries

f

Stage 1A Stage 1C

cancerin cancer in the

one ovary ovary and on
the surface of
one ovary

Figure 6. Schematic image of stage 1 in OC. The figure displays different stage 1 and where it is located. Credit:
(CRUK, 2019d).

Stage 2: In this stage, tumour cells has grown outside the ovaries and are growing within the
area circled by hip bones (the pelvic) and might also be in the abdomen. There are three
groups for this stage.
1. Stage 2A: the tumour has grown into the fallopian tubes or the womb
2. Stage 2B: the tumour has grown into other tissues in the pelvis, for instance the
bladder or rectum.
3. Stage 2C: the tumour has grown into other tissues in the pelvis and there are cancer

cells in fluid taken from inside the abdomen.

Stage 2A Bowel
?,
x Stage 2B cancer
Stage 2C cancer cells has spread to the
also in the fluid of bowel or bladder

the abdomen

Figure 7.Schematic image of stage 2 in OC. The figure displays different stage 2 and where it is located. Credit:
(CRUK, 2019e).
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Stage 3: this stage means the tumour cells has spread outside the pelvis into the abdominal

cavity, if is found in the lymph nodes in your upper abdomen, groin or behind the womb.

There are three groups for this stage.

1.

Stage 3A: tumour growths are found in tissue samples taken from the lining of the
abdomen.

Stage 3B: tumour growths are found on the lining of the abdomen and their size is
about 2cm or smaller.

Stage 3C: tumour growths bigger than 2cm and are found on the lining of the
abdomen, and also it can be found in lymph nodes in the upper abdomen, groin and/or

behind the womb.

Stage 3A cancer
has spread into

the ovary

Stage 3B cancer Stage 3C
has spread into the cancer
the vagina has spread

into the
lymph
nodes

Figure 8. Schematic image of stage 3 in OC. The figure displays different stage 3 and where it is located. Credit:

(CRUK, 2019f).

Stage 4: this stage means the tumour has spread to other body organs some distance away

from the ovaries such as liver or lungs. There are two groups for this stage.

1.

Stage 4A: tumour has caused a build-up of fluid in the lining of the lungs (called the
pleura) and it is called pleural effusion.
Stage 4B: the tumour has spread to the inside of the liver or spleen, to the lymph

nodes in the groin or outside the abdomen and/or to other organs such as the lungs.
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Stage 4 —
cancer has
spread to
other organs

Ovary
Womb

Figure 9. Schematic image of stage 4 in OC. The figure displays different stage 4 and where it is located. Credit:
(CRUK, 20199).

The grade is determined based on cell morphology: the lower the grade, the more similar the
morphology to normal cells. Staging can give the clinician an idea of how the cancer might
behave. There are 3 grades comprising of grade 1or well differentiated, grade 2 or
moderately differentiated and grade 3 or poorly differentiated (or undifferentiated) (CRUK,
2019a). Normal cells grow and mature specifically for their role through differentiation
process. However, there are some cancer cells which looks like normal cells and are defined
as well differentiated or low grade that are more likely to grow slowly. There are other kinds
of cancer cells that look underdeveloped and nothing like a normal cell, known as
undifferentiated or high grade that tend to grow and spread more quickly than low grade
cancers (CRUK, 2019a).

1.6. Genetic mutations in ovarian cancer

It has been shown that there are five major subtypes of ovarian cancer with specific genetic
profiles, and they should be treated as distinct diseases. 70% of ovarian cancer is HGS which
is defined by TP53 mutation (96%), homologous recombination DNA repair defects (~50%),
Cyclin-E1 (CCNE1) amplification and genomic instability. By contrast, LGS carcinoma
represents TP53 wildtype and display frequently activating mutations of RAS pathway
(Beaufort et al., 2014). Additionally, RAS pathway mutations are found in 40% of the
mucinous cancer cells. Moreover, it was reported that the frequency of BRAF mutations in
LGSC varies from 2% to 33% (Moujaber et al., 2018). However, endometrioid and clear cell
type, show PIK3CA mutation with 12% and 31% respectively and for ARID1A mutation;
30% and 46% respectively (Beaufort et al., 2014). Figure 10 displays the histological and
molecular sub-types of epithelial ovarian cancer.
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High-grade serous (~70% of EOC)
1.p53 mutation

2.Homologous recombination
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Epithelial
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1.ARID1A and
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ARID1A, PIK3CA and
CTNNB-1 mutations
2. High-grade: g-BRCA
mutation

Figure 10. Histological and molecular sub-types of epithelial ovarian cancer. Adapted from (Ledermann, Drew
and Kristeleit, 2016).

1.7. Symptoms

As mentioned, ovarian cancer symptoms can be non-specific, especially in the early stages of
the disease. There are many signs that can be alarming such as, feeling full quickly, losing
appetite, feeling pain in the abdomen or at the lower part of the abdomen continuously (NHS,
2020), increasing the size of abdomen and feeling bloating, feeling too tired without an
explanation, losing weight unexpectedly (ACS, 2018), in the cases with irritable bowel
syndrome changing the habit of bowel particularly if it begins after age of 50, needing to
urinate more than usual, back pain, vaginal bleeding particularly after menopause (Smits et
al., 2017). If these symptoms are not normal it is necessary to be checked by a clinician. It
has been recommended by the national institute for health and care excellence (NICE) if
someone shows these signs 12 or more times in a month, need to do tests according to
ovarian cancer (NICE, 2011).

1.8. Diagnosis

Ovarian cancer can be diagnosed using a number of different approaches. These include
pelvic examination which is carried out by a specialist doctor who will look for symptoms of

disease in an individual organ. Nonetheless, it is not an effective way to identify ovarian

29



cancer (Sun et al., 2016). The most common screening tools used are measurement of the
serum cancer antigen 125 (CA125) and transvaginal ultrasound. Unfortunately, as it has been
shown recently, CA125 does not appear to have the required specificity and sensitivity for
routine screening of the general population (Van Gorp et al., 2011) (Sharma et al., 2016). In a
USA-based study that screened almost 40,000 women (randomized controlled trial) Buys and
colleagues (2011) have found no statistically significant reduction in mortality from ovarian
cancer in this cohort of women derived from the general population who were screened for
ovarian cancer with 6 annual CA125 tests and 4 annual transvaginal ultrasound examinations
(Buys et al., 2011).

CA125 cannot be used as a standard method of detection as its levels are increased in all
epithelial ovarian cancers (EOC) cases and those patients diagnosed with stage | of EOC,
with the incidence of 80% and 50% respectively. Therefore, CA125 can be hardly used as a
distinctive factor to predict tumour malignancy which generally can be distinguished from
benign tumour through combination of medical history, clinical examination results, imaging
data and profile of tumour marker (Van Gorp et al., 2011).

Abdominal ultrasound or transvaginal ultrasound: this test can detect the size of a tumour and
any cysts in ovaries. Transvaginal ultrasound can also define the cyst in ovaries and check if
the ovaries contain a tumour or not. If the cyst has a substantial region, it is likely that it
causes cancer (Sharma et al., 2016). These methods currently fail to identify ovarian cancer
at early stage (I and I1).

Consequently, innovative approaches for detecting ovarian cancer at the early stage are
required (Mahdian-shakib et al., 2016).

1.9. Treatments

1.9.1 Chemotherapy: A combination of one or two drugs can be used before or after surgery,
depending on the stage and grade of cancer. In the first line setting, the chemotherapy drugs
used include paclitaxel and carboplatin. With this regime, patients usually have
chemotherapy once every three weeks (one cycle) and each session of treatment can take 3 to
4 hours (Clamp et al., 2019). The aim for these patients is to complete six cycles in total. In
addition there are some new chemotherapy drugs such as Trabectedin (Yondelis®) and
Belotecan (Kang, 2015) which have not been used in general practice.

Despite the progress of first-line treatment in OC patients, it has been shown that some

patients with advanced ovarian cancer will develop recurrent disease. Combination of
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paclitaxel-platinum has been used as a superior treatment to platinum monotherapy in those
patients who have recurrence of disease at least 6 months after initial therapy. Generally, OC
patients who relapse after administration of platinum—paclitaxel therapy are at major risk of
neurotoxicity after re-treating, due to the cumulative neurotoxicity of platinum and paclitaxel.
Although, neurotoxicity can be developed in many patients, frequently resulting in
discontinuation of treatment. There are several alternative regimens for those patients who
relapse, including Carboplatin-Caelyx, Carboplatin-Gemcitabine, Cisplatin-Etoposide or
Paclitaxel or Cyclophosphamide (Pfisterer et al., 2005).

1.9.2. Targeted therapy: One of the successful treatments is shown in Figure 11 and targets
the cancer cells while causing little damage to healthy cells. Each of these methods works in
a different way. Bevacizumab (Avastin) is a selective inhibitor for vascular endothelial
growth factor (VEGF) which plays a significant role in inducing angiogenesis that is crucial
for the development of tumour cells. This molecule can shrink or slow the growth of
advanced epithelial ovarian cancer cells, particularly when it is used in combination with
chemotherapy such as paclitaxel and topotecan (Avastin, 2021). However, there are some
side effects including tiredness, high blood pressure, low white blood cells count and
bleeding (Grunewald and Ledermann, 2017). This treatment is usually given in the first line
of treatment alongside chemotherapy, every 3 weeks for 18 cycles in total.

Approximately 50% of ovarian cancer patients harbour homologous recombination repair
deficiencies (HRD) (The Cancer Genome Atlas Research Network, 2011). HRD has been
successfully exploited using poly (ADP-ribose) polymerase inhibitors (PARPI) in patients
with germline BRCAL1/2 mutations (BRCAmM) (Gelmon et al., 2011) (Ledermann et al.,
2012). PARP inhibitors can be used as a new drug to treat advanced ovarian cancer patients.
The use of PARP inhibitor first-line therapy or maintenance therapy can significantly delay
the length of time between treatment. It was established in 2018, that using olaparib (PARP
inhibitor) as maintenance therapy in OC patients with BRCA mutant gene, was effective and
beneficial (NIH, 2019). Additionally, the food and drug administration (FDA) has expanded
the indication of olaparib to be used as a first-line maintenance treatment, in combination
with bevacizumab, in those patients with homologous recombination deficiency (HRD)
(Aroraetal., 2021).

Several genetic abnormalities in PI3K/AKT/mTOR signalling genes have been discovered in
EOC, including PTEN (5% of HGSOC cases), PIK3CA (in 20% of HGSOC cases), PIK3R1,
AKT1/AKT2/AKT3 (in 10-15% of HGSOC cases) and mTOR (Katopodis et al., 2019). The
PIBK/AKT/mTOR is one of the main cellular signalling pathways involved in various
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cellular activities including cell growth regulation, proliferation, protein synthesis,
transcription, as well as angiogenesis. Consistent with its physiological role, it has been
established that this pathway is hyperactivated in various cancers such as ovarian cancer and
breast cancer which leads to increase the interest in developing inhibitors of this pathway as a
treatment for EOC (Andorfer et al., 2016). There are some mTOR inhibitors for OC
treatment including Temsirolimus, everolimus, and ridaforolimus. The effects of the
combination of mTOR and cytotoxic drugs has been investigated in some trials due to the
evidence from preclinical studies which indicating an additional benefit of mTOR inhibitors
when combined with chemotherapy, along with considering the use of mTOR inhibitors as

monotherapy (Piha-Paul et al., 2014).

VEGF
Bevacizumab
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Figure 11.Targeted therapy. The figure above shows the targeted therapy agents which are used in the treatment
of epithelial ovarian cancer. Vascular endothelial growth factor (VEGF) is one of the main genetic factors which
control tumour angiogenesis and their function is mediated by binding to VEGF tyrosine kinase receptors
(VEGFR). Targeting the VEGF pathway has proven to be a successful strategy in cancer treatment.
Bevacizumab have demonstrated a benefit for VEGF inhibition. Platelet-derived growth factors (PDGF) and
fibroblast growth factors (FGF) pathways have been improved in efficacy of anti-VEGF therapies. Targeting the
base excision repair pathway with poly adenosine diphosphate-ribose polymerase (PARP) inhibitors appears
promising in particular BRCA-associated subtype of OC. Another target is human epidermal growth factor
receptor 2 (HER2). Both HER2 and EGFR are functional in epithelial OC. Adapted from (Banerjee and Gore,
2009).
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2. DNA DAMAGE AND REPAIR

2.1. DNA damage

2.1.1 Introduction

Mammalian cells are continuously exposed to numerous agents which lead to DNA damage.
These agents differ from toxic products of cell’s own metabolic to external agents such as
radiation and chemicals. Constant exposure to these agents will cause cells to develop
various mechanisms to deal with subsequent DNA damage.

Due to the normal metabolic processes and environmental elements, there is 1,000 to
1,000,000 rate of molecular lesions per cell every day that could occur to DNA. In addition,
around 0.000165% of these lesions are left unrepaired and most happen to essential genes
such as tumour suppressor genes which potentially increase the risk of tumour formation
(Hoeijmakers, 2001).

There are two primary types of DNA damage that can affect the primary structure: 1) DNA
bases chemical modification and 2) generation of single strand breaks (SSB) or double strand
breaks (DSB) in DNA. As these changes develop and repair pathways takes place, the normal
DNA structure can be altered through the formation of non-native chemical bonds which
cannot fit in the standard size DNA double helix (Chatterjee, N., Walker, 2017). Due to the
absence of DNA tertiary structure, unlike RNA and proteins, the tertiary level of DNA
organization will not be affected by DNA damage. Although, DNA is super coiled via
proteins called “histone” which compact it into chromatin that is also vulnerable to the DNA
damage effect (Kimura and Suzuki, 2009).

2.1.2 Source of DNA damage

There are two main types of DNA damage. First type is called “endogenous DNA damage”
induced by reactive oxygen species as a result of normal metabolic process containing
products of oxidative deamination and replication errors. Second type of DNA damage
occurs through external factors, including:

e Sun ultraviolet (UV 200-300nm) radiation (Garm et al., 2013); UV-A light generates
mainly free radicals and is called indirect DNA damage, UV-B light induces
crosslinking between adjacent cytosine and thymine bases building pyrimidine dimers
which is referred to as direct DNA damage (Rastogi et al., 2010).

e lonizing radiation (IR) such as X and gamma rays that causes breaks in DNA strands
including SSB and DSB (Garm et al., 2013).
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e Human-made mutagenic chemicals, specifically aromatic combinations act as DNA
intercalating factors; and cancer chemotherapeutic agents such as alkylating agents
including ethyl-methane sulfonate and N-methyl-N-nitrosourea which result in DNA
point mutations (Lidder and Sonnino, 2012).

e Viruses including coronaviruses, hepatitis C virus (HCV), rabies and influenza (Ryan,
Hollingworth and Grand, 2016).

2.1.3. Cell cycle

In active eukaryotic cell, cell cycle contains four different stages including, Gap 1 (G1),
Synthesis (S), Gap 2 (G2) and Mitosis (M). The procedure between one mitosis and the next
is known as interphase that comprising of G1, S and G2. Following to cell cycle, the cell
either begins the process from G1 again or leaves the cycle through Gap 0 (GO) which can

lead the cell to terminal differentiation (Cooper, 2000).

Table 1. Different stages of cell-cycle. Table represents different stages of cell cycle and explains the process of

each phase.

G1 phase e Increase in size of the cell

e Duplication in cellular contents

S phase e DNA replication

G2 phase e Cell grows more

e Development of organelles and
proteins regarding to preparation for
cell division

GO phase e Resting state which means cell

perform its function without dividing

The progress of cell cycle is regulated by checkpoints at different stages, shown in Figure 12.
Checkpoints distinguish damaged-DNA and prevent the cell to not replicate. The main
checkpoint located in G1, is Restriction point (R). Most cells that pass the R point will result
in finishing the entire cell cycle. There are other checkpoints positioned at the transitions
between G1 and S, and G2 and M phase. Due to detection of damaged-DNA at any
checkpoint, p53 protein becomes activated, leading to arrest of the cell cycle process and

triggering of repair mechanisms. When DNA repair pathway fails, it triggers apoptosis
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procedure. Moreover, cyclins are another regulator in cell cycle that become activated by
cyclin-dependent kinase (CDK) enzymes (Cooper, 2000). During the S-phase of cell cycle,
DNA damage could lead to duplication of damaged and incorporation of wrong bases which
are a potential source of mutations. Essentially, cells cannot remove the mutations once they

pass through DNA replication process (McGlynn and Lloyd, 2002).
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Figure 12. Cell cycle diagram. This figure shows the important checkpoints and regulators in different steps of
cell cycle. In G1 phase, cell is prepared to divide. Then in the S phase all the DNA is copied and synthesized.
G2 phase, is where genetic materials start to organize, condense, and prepare to divide. In M phase cell division
occurs and makes two daughter cells.

2.1.4 DNA damage response and repair pathways

As a result of DNA damage, it is also likely that other biomolecules such as carbohydrates,
lipids, RNA, and proteins will also be damaged. DNA damage accumulation, in particular
DSBs or adducts which stall the replication fork, will lead to DNA damage response (DDR),
triggering DNA repair pathways (Lord and Ashworth, 2012a).

It is essential for normal cellular function and maintenance of genomic stability to recognise
and subsequent repair the DNA damage. An acquired or inherited deficiency in DNA repair
pathways in human, can lead to an increased lifetime risk of cancer. DNA double strand
break (DBS) is the most lethal insult to the genome and if left unrepaired, can result in

genomic instability and cell death (Ledermann, Drew and Kristeleit, 2016). Figure 13 shows
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the five distinct pathways of DNA damage responses and repairs, while there is some overlap

in their functions.

lonising radiation, lonising radiation,
DNA damaging Replication chemotherapy e.g. UV light, oxygen free radicals,
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end joining

Figure 13.The five DNA repair pathways in eukaryotes. Adapted from (Ledermann, Drew and Kristeleit, 2016).

DNA double strand break can be repaired through several pathways. Homologous
recombination (HR) pathway is an error-free pathway which is used when cells enter S and

G2 phase during cell cycle. In the next section, HR will be discussed in more detail.

2.2 DNA repair and cancer

Normal cells naturally have efficient mechanisms for DNA repair, nevertheless, some people
inherently have mutations that affect DNA repair pathways, and as a result, will be at a
higher risk of cancer. For instance, people born with mutant a gene involved in non-
homologous end joining (NHEJ) pathway are more sensitive to IR and have high risk of
suffering from leukaemia and solid tumours (Sekiguchi and Ferguson, 2006). Other examples
of mutations in DNA repair genes include BRCA1 and BRCA2. Mutations in these two well-
characterized genes, could result in a significant risk of breast and ovarian cancer to carriers.
Both genes are involved in homologous recombination (HR) which has a main role in DNA
DSBs repair (O’Donovan and Livingston, 2010).

2.2.1 Non-homologous end joining pathway (NHEJ)

Most DSBs in eukaryotic cells are repaired by either NHEJ or HR. Recently, a third repair
mechanism which is less characterized named microhomology-mediated end joining (MMEJ)
has been proposed as an additional DNA DSB repair DNA DSB repair pathway (Mcvey et
al., 2017). HR take places in late S-G2 phases, whereas NHEJ occurs throughout the cell
cycle, but mostly in the G1 phase (O’Driscoll and Jeggo, 2006).
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The main proteins involved in the NHEJ pathway comprising of Ku complex (Ku70-Ku80),
DNA-PKcs, XRCC4, Ligase IV, Artemis, and cernunnos/XLF core factor (Sekiguchi and
Ferguson, 2006). The Ku dimers (Ku70/Ku80) play a role in the early detection of DNA
DSBs due to their high affinity for DNA ends. As a result of the Ku hetero-dimmer
attachment to the site of DSB, DNA-PKcs -which is a serine/threonine protein kinase- is
attracted to DNA DSB site, with the Ku70/80/DNA-PKcs complex playing a role as a DNA
damage sensor. Another protein called Artemis acts as a single-stranded 5° to 3’exonuclease
enzyme. Artemis is phosphorylated via DNA-PKcs, resulting in increasing endonuclease
activity on 5’ and 3’ overhangs as well as hairpins (Balmus et al., 2019).

Artemis induces an important nucleolytic processing activity to prepare DNA ends for re-
ligation. Following DNA ends protection, XRCC4 and Ligase IV cover the break, while other
proteins including MRE11/RAD50/NSB1 (MRN complex) are required for further DNA
ends processing before re-ligation. The other family member of NHEJ proteins,
Cernunnos/XLF, appears to have a role in joining of DSB end alongside with XRCC4 and
Ligase IV (Balmus et al., 2019). The role of this protein is not fully elucidated, but Ahnesorg
et al (2006) suggested some possible role(s) for Cernunnos-XLF including; 1) act as a bridge
between XRCC4 and Ligase IV, 2) simplify the recruitments of other elements for DSB ends,
3) play a role in XRCC4-Ligase IV regulation (Sekiguchi and Ferguson, 2006). Moreover,
there is another protein named as SIR (silent information regulator) which is recruited to
decrease DNA ends accessibility and chromatin condensation with deacetylation of histone
(Howard, Yanez and Stark, 2015). Figure 14 provides an overview of NHEJ pathway.
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Figure 14. Schematic representation of DSB repair pathway through NHEJ. The two broken ends are processed
directly through activation of the end-binding KU70/80 complex and then followed by ligation with DNA-PKcs
and XRCC4-ligase4.

2.2.2 Homologous recombination pathway (HR)

DNA double strand breaks (DSBs) is a threatening kind of DNA lesions that effect on
genome integrity, and another pathway that repairs these DSB is homologous recombination
(HR). HR uses a homologous DNA template to repair DSBs which occurs through end
resection from the ends of DNA breaks to produce a long stretch of single-strand DNA for
strand invasion. Cyclin-dependent kinases (CDKSs) are required to promote end resection and
to activate HR (Ledermann, Drew and Kristeleit, 2016).

There are several proteins involved in HR, with RAD51 being central to the process. RAD51
plays a role as a DNA strand-exchange which binds to the single strand DNA (ssDNA) to
form a nucleoprotein filament in order to promote strand invasion into a homologous duplex
for initiation of repair synthesis (Morrical, 2015). Synthesis-dependent strand-annealing
(SDSA) is a part of HR and during this, the new synthesized DNA detaches to anneal to the
other DNA end and finally HR pathway is completed by ligation (Zelensky, Kanaar and
Wyman, 2014).

There are some differences between HR and NHEJ that is the DNA ends, before becoming
re-joined, are protected from resection in NHEJ. However, the risk of deletion and insertion

during NHEJ can arise (Newman et al., 2015). Another difference is that HR is restricted to
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the S/G, phases during cell cycle, whereas NHEJ is effective throughout the cell cycle
(Ceccaldi, Rondinelli and D’Andrea, 2016). Although, the identical sister chromatid is a
preferred template for HR and leads to precise repair by rebuilding the original sequence.

In the past two decades, the increasing significance of HR in the conservation of mammalian
genome integrity has emerged. HR is mostly responsible for DSBs repairing, as a result of
replication fork stalling (in the late S phase). HR pathway includes nucleolytic processing,
strand invasion, formation of Holliday junction and branch migration. The main proteins
involved in HR contain: MRN complex, are: y-H2AX, RAD51, RAD52, RPA, CtIP, BRCAL,
BRCAZ2, XRCC2, XRCC3, RAD54, DNA polymerases, DNA ligases etc (Su et al., 2017).

In the first step, RAD52 protein recognizes the broken DNA ends. Then, MRN (MRE11,
RAD50, NBS1) heterotrimeric complex gathers with CtIP (interacting protein) and other
exonucleases and to generate 3'- single stranded DNA (ssDNA). ssDNA tail is coated with
replication protein A (RPA) to eliminate secondary structure as presented in Figure 15
(Cerbinskaite et al., 2012). In the next stage, whereas BRCAL is required as a regulatory
mechanism, RAD51-BRCA2 with RAD54 assistance, is bonded to ssDNA overhangs to
replace the RPA. According to this invasion, the non-matching integral strand is moved to
form a D-loop that enlarges as new DNA synthesis developments in the site of DNA break
(Huang and Mazin, 2014). Straight after getting paired of DNA strand at the homologous
sequence, the activation of DNA polymerase will start to fill the gap in broken DNA by DNA
ligase IV and XRCC4. This resolution step can be accomplished by two Holliday junction
formation to resolve giving crossover or non-crossover products (Chun, Buechelmaier and

Powell, 2013) (Drew, 2015). Figure 15 displays an overview of HR pathway.

39



Figure 15 .Schematic representation of DSB repair pathway through HR. In HR pathway, after recognition of
DSB, the overhangs are processed by MRN complex comprising of RAD50, MRE11 and NBS1 proteins. NBS1
activates ATM which is a serine/threonine kinase enzyme. ATM can phosphorylate H2AX histone, and its
structure will be changed and then called y-H2AX. In the next stage, the number of proteins, called RPA such
as, RAD52, RAD54, ERCC1, go to load at the damage location. After that, RPA is replaced with RAD51 which
is loaded by BRCAZ2. Finally, the new created strand is annealed to the broken one and DNA fills the gap, and

the process is completed through Holliday junction.
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2.2.3 Balancing HR and NHEJ

Normally, HR predominates in organisms with a small genome which have low abundance of
repetitive sequences, while mammals mostly rely on NHEJ for DSB repair. Due to the large
numbers of highly repetitive sequences in higher eukaryotes DNA, HR take place between
sister chromatids to prevent misalignment of the homologous sequences. Although, even in
highly complex genomes, to deal with the DSBs formed during replication, HR pathway will
be used as the preferred repair mechanism for DSB.

As it has been mentioned previously, HR is used to repair breaks in the S and G2 phases
during cell cycle (Brandsma and Gent, 2012).

The first mechanism to control it, depends on S/G2 specific CDKs. They play a role in CtIP
phosphorylation which is required for DNA end resection. Moreover, CDK1/CyclinB
complex causes phosphorylation of NBS1 component in the MRN complex on Serine 432
during the S, G2 and M phases, which is necessary for resection and efficient HR (Brandsma
and Gent, 2012). Due to cell cycle dependent manner, the protein activation is restricted in
HR. When replication is ongoing in the S phase, some parts of the genome have not yet been
replicated and recombination of these parts needs to be avoided to inhibit loss of
heterozygosity and non-allelic recombination. Therefore, another regulatory factor is
provided by the structural maintenance of chromosomes (SMC) proteins including Cohesin,
Condensin and SMC5/6. These SMC proteins are able to restrict repair to the sister chromatid
and stop HR between other sequences (Brandsma and Gent, 2012).

2.3 y-H2AX

DSBs can be visualized as local spots of repair protein accumulation which called foci in the
nucleus. These certain proteins which accumulate in foci, including 53BP1, RPA, RAD51
and y-H2AX around the DSB. However, not all the proteins involved in repair can
accumulate in sufficient numbers to form foci such as Ku70/80. Changes in the foci number
inside the nucleus in time can be quantified for DNA repair analysis (Brandsma and Gent,
2012).

In the last decade, a new biomarker, the phosphorylated histone H2AX, has emerged as a
powerful tool to monitor DNA DSBs in cancer. H2AX is one of the isoforms from the
Histone H2A family protein which is distinguished from other isoforms through the presence
of a short COOH terminal tail. Cellular H2AX content varies from 2% in lymphocytes to
20% in SF268 glioma cells. total H2A protein (Bonner et al., 2008) (Ji et al., 2017). Before
stop codon, the tail has a highly conserved sequence containing one serine at position 139
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and one glutamine residue at position 140, known as the SQ motif. The phosphorylated form
of H2AX on the Serine 139 residue located in the COOH tail, was named gamma H2AX (y-
H2AX) because it was first detected in cells exposed to y-rays and accumulated around the
break in a 2Mb region (Kuo and Yang, 2008).

The histones are a group of proteins which are responsible for compacting DNA into the
nucleus. They are found as an octamer comprising of 2 molecules of H2A, H2B, H3 and H4.
Due to their positive charge, they can bind to DNA very tightly, resulting in the formation of
100kDa protein complex. For further DNA condensation, histone H1 act as a linker to

compresses the nucleosomes into chromatin fibres (Podhorecka, Skladanowski and Bozko,

A
4

Figure 16.Structure of histones in chromatin. The figure above represents the histone structure in chromatin,
comprising of a histone octamer; two copies of each of the histones H2A, H2B, H3, H4 and single H1 which is
on top of the structure.

Once DSB has taken place, H2AX molecules are rapidly phosphorylated via P13-kinases,
including kinases like ATM, ATR and DNA-PK, depending on the cause of DNA damage
and timing. y-H2AX generation is one of the earliest events discovered in cells due to
exposure to DNA damaging agents. It appears within minutes and reaches maximum levels
after 30 min (lvashkevich et al., 2012).

Some proteins such as BRCAL, 53BP1 and MDC1 (mediator of DNA damage checkpoint),
all have the BRCT (BRCA1 C Terminus) domain which co-localizes with y-H2AX. Also, y-
H2AX MDCI1 has been shown to be a bridging factor between y-H2AX and the MRN
complex. Furthermore, cohesion complexes are found to localize with y-H2AX by binding
MREZ11. Once DNA is repaired, is dephosphorylated, by the phosphatase PP2A. (Kuo and
Yang, 2008).
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Figure 17.y-H2AX formation in human cells and/or tissues. The figure above represents (A) H2AX which is a
variant of histone H2A. It can replace other subtypes of H2A in a subset of nucleosomes. There are two
identical domains between H2AX and other H2As comprising of the globular domain and the N-terminal tail,
while H2AX has a unique C-terminal tail holding an evolutionarily conserved “SQ” motif (green) connected by
a “linker” that is different in sequence and length, through phosphorylation (blue). The conserved “SQ” motif
contains the C-4 serine that is phosphorylated due to DNA DSB induction. (B) as a result of DSB induction, the
H2AX C-4 serine is phosphorylated (y-H2AX). Phosphorylation of H2AX extends from the original site of
DNA break and can be located within a 2-40 Mb region surrounding the DSB site. Therefore, using of a
specific y-H2AX antibody allows to visualize the DSBs in cells. Adapted from (Redon et al., 2012).

3. BRCA2 ROLE IN DSB-DNA REPAIR

3.1. Role of BRCA1/2 in HR

3.1.1. BRCA1

Several breast cancers and engineered BRCAL1l mutated cells have been under
experimentation to confer HR deficiency and display the connection of HR and tumor
suppressor roles of BRCA1 (Drost et al., 2011). BRCA1-deficient cells are considerably
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more sensitive to poly (ADP-ribose) polymerase (PARP), which plays an important function
in repair of SSB DNA and other cellular processes including gene transcription. There are
two distinct function proposed for BRCA1 including (1) 5" to 3’ resection of DSBs to
generate 3’ ssDNA overhangs and (2) RADS51 recombinase loading onto ssDNA (Towler et
al., 2013).

Furthermore, following DNA damage, BRCAL interacts with the MRN complex comprising
of MRE11, RAD50, and NBS. BRCA1 directly interacts with phosphorylated CtIP, a
resection factor, in BRCA-C complex by its BRCT domain to band with the MRN nuclease
to catalyze resection (Yun and Hiom, 2009). For CtIP activation and BRCA-CtIP interaction,
CDK-dependent phosphorylation of CtIP is required. It has been suggested that BRCA1
elevates resection through recruiting CDK-phosphorylated/activated CtIP to DSB sites (Buis
etal., 2012).

Distinct fork restart pathways, which are antagonistically controlled by 53BP1 and BRCAL in
a DSB repair-independent manner (Xu et al., 2017). The 53BP1 accumulates in the absence
of BRCAL, leads to block resection and HR, genomic instability and finally cell death. It has
been suggested that BRCAL spatially excludes 53BP1 from the DSB complex during S phase
(Chapman et al., 2013) (Reczek et al., 2013). According to the mutual exclusiveness of the
BRCA1 complexes, it is shown that the absence of BRCAL-A complex leads to more
functional BRCAL to interact with other complexes which develop resection (Coleman and
Greenberg, 2011).

Resected DNA is initially bound to the ssDNA binding replication protein A (RPA) and to
RADS51. For this binding, mediator proteins like BRCA2 are required to help the RAD51
loading into ssSDNA, associated with the eviction of RPA (Zelensky, Kanaar and Wyman,
2014). Additionally, BRCA1 can enhance the recruitment of BRCA2 to DSB by connecting
to PALB2 protein. Disruption of BRCA1 reduces the PALB2, BRCA2, and RAD51 foci. On
the other hand, PALB2 disruption can diminish BRCA2 and RAD51 but not BRCAL foci.
Disruption of BRCA2 can only affect RAD51 foci after DNA-damaging treatment (Li et al.,
2016). Consistently to the idea which is BRCA1 can facilitate the loading of RAD51 via
PALB2, clinical BRCA1-m with defective BRCAL1-PALB2 interaction consequence in a
deficiency of HR (Bunting et al., 2012).
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Figure 18. Schematic figure of BRCAL role in HR. Both BRCAl and BRCA2 play a distinct role in
homologous recombination DNA repair pathway. The role of BRCAL is at an early step of HR, which promotes
end resection and, at a later step to recruit PALB2 regarding increase localization of BRCA2 chromatin. BRCA1
performance is through antagonizing the resection inhibitor 53BP1. It has been suggested that BRCAL can have
a role to regulate resection by recruiting CtIP (blue ball) in the BRCA1-C complex, while inhibition of end
resection in the BRCAL-A complex comprising of Abraxas and RAP80 (red and purple); otherwise, Abraxas-
RAP80 might inhibit resection, independently of BRCA1. BRCAZ2 facilitate the loading of RAD51 recombinase
onto the resection product to create a RAD51-ssDNA filament that is important for HR and blocks the
engagement of the 3’-ssDNA into the deleterious single-strand annealing (SSA) pathway. SSA plays a role
when homologous repeats are represented and result in the deletion of sequences between the repeats (Prakash
etal., 2015).

3.1.2 BRCA2

3.1.2.1. Chromosomal location and structure

The BRCAZ2 gene is located on chromosome 13 and has a complex genomic structure
comprising of 27 exons. The gene is translated into a large nuclear protein containing of 3418
amino acids with a predicted molecular weight of 460 kDa. There are certain regions which
are highly conserved in BRCA2 genome, an indicator of its importance in mammalian cells.
In human cells, there are eight BRC repeats which are located within exon 11, residing in the
central portion of the protein. The BRC repeats extend over 1200 amino acids, whereas each

BRC repeat is about 70 amino acids in length with the core sequence contained of 26 amino
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acids. All eight BRC repeats in BRCA2 protein, have the ability of binding to RAD51
protein.

However, each repeat of BRC shows a different affinity for binding to RAD51. For instance,
the four BRC repeats positioned at the 5’ region of exon 11 bind RAD51 more strongly than
the four repeats at the 3 end of the exon (Kim et al., 2003).
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Figure 19. (A) BRCA2 genome decoration: this figure shows the cytogenetic location of BRCA2 on long arm of
chromosome 13, at position 13.1 (13g13.1) Adapted from (National Institutes of Health, 2015). (B) Schematic
structure of the BRCA2 protein comprising of N-terminus interacting region, eight BRC repeat motifs, H,
helical domain, OB oligonucleotide binding fold, RAD51 binding site at the c-terminus and NLS nuclear
localization signal. At the extreme C-terminus, there are at least two nuclear localization signals (NLS) which
has an important role for BRCA2’s function as a nuclear protein. BRCAZ2, in cooperation with the BRC repeats
and the OB domains, can target RAD51 to dsDNA/ssSDNA junction at double strand breaks HR pathway.
BRCAZ2 can interact with PALB2 via the N-terminal section with RAD51 by the 8 BRC motifs and with a
connection between SS-DNA and duplex DNA through DBD which is including three
oligonucleotide/oligosaccharide-binding (OB) folds, following high rate of RAD51polymerization at resected
DSBs through the BRCA1-PALB2 complex together with BRCA2 protein. Adapted from (Powell and Kachnic,
2003).

3.1.2.2. BRCAZ2 function

The original evidence about the importance of BRCAZ2 in genome integrity maintenance was
presented in BRCA2 mutant (BRCA2-m) mice which had early embryonic lethality and
deficiency in DNA repair similar to RAD51 mutant mice (Lim and Hasty, 1996). BRCA2
plays a distinct role in HR from that of BRCALl. BRCA1-BARDL1 stimulate repair through
HR and single-strand annealing (SSA), while BRCA2 can promote HR by suppressing SSA.

In BRCA2-m cells, normally end resection start appearing but ssDNA overhangs cannot be
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channeled into HR; instead, they anneal to each other complementary at the place where they
present, ending in deletion of one repeat and consequently intervening sequences. As a result
of the gene deletion by SSA , it initiates an error-prone HR (Abaji, Cousineau and Belmaaza,
2005).

Disruption of RAD51 results in the same phenotype as a BRCA2 mutation demonstrating
that, BRCA2 acts at the same step during HR process as RAD51. Then, not surprisingly, a
53BP1 loss cannot lead to rescue the viability of BRCA2 mutant cells, similar to BRCA1
mutant cells (Jacot et al., 2013). Consistently with its main role in HR, cells with defective
BRCAZ2 are selectively sensitive to DNA damaging agents comprising of cross-linking agents
and PARP inhibitors that normally causes lesions repaired through HR (Francis et al., 2010)
(Telli and Ford, 2010).
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Figure 20. Schematic model of collaboration between BRCA1, BRCA2, and PALB2. BRCA2 wild-type (A) and
different mutant types including (B) BRCA22N, (C) BRCA24PEP and (D) BRCA2ANAPBD  (A) BRCA2 wild-
type protein can efficiently increase the RAD51 loading on SS-DNA. (B) The DBD is able to compensate due to
the disruption of the stable interaction between BRCA2 and the BRCAL1-PALB2 complex and consequently
induce a slight deficiency in RAD51 loading in BRCA24N cells while the BRCA1-PALB2 complex is still
capable of facilitating the RAD51 loading. (B) The BRCA1-PALB2-BRCA2 complex compensates for the
interruption of the DBD of BRCA2. (C) The BRCA24N"APBD protein cannot connect to damage DNA sites or to
increase RAD51 loading. Adapted from (Al Abo et al., 2014).
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3.2. BRCA2 mutations
Over 100 different germline mutations have been identified in BRCA2, which are related to
cancer susceptibility. Looking at cBioPortal, there are 683 mutations recorded in BRCA2

genome (Figure 21).
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Figure 21. Mutation diagram in BRCAZ2. This figure represents different types of mutation which the majority
of mutation in BRCA2 is missense mutation. In case of different mutation types at a single position, colour of
the circle is defined regarding to the most frequent mutation type. Credit for cBioPortal (cBioPortal, 2021).

Most BRCA2 mutations are caused by small deletions or insertion, resulting in truncated
BRCAZ2 protein, and followed by generation of translation frameshift, or faulty splice sites.
More than 70% of these mutations contain one or two nucleotides, located in a repetitive
sequence (Murray and Davies, 2013).

There are some common BRCA2 mutations in specific populations. For instance, in
Ashkenazi Jews, the germline 6174delt mutation leads to truncated BRCAZ2 protein as a
result of insertion of premature stop codon. It is estimated to be present in 1% of the
population and is reported to correlate with breast, ovarian and prostate cancer (Murray and
Davies, 2013).

Another example is the Icelandic population which have BRCA2 mutation 999del5, that
accounts for 40% of male breast cancer and approximately 8% of female breast cancer
(Cassidy, Liau and Venkitaraman, 2014). More than 75% of families with more than four
breast cancer cases have this type of mutation. This deletion generates an unstable protein
which increases the risk of breast cancer, as it causes haploinsufficiency at the BRCA2 locus
(Thorlacius et al., 1997).

Further common BRCA2 mutations include 5579insA (insertion) in selected populations or
groups such as Dutch (Verhoog et al., 2001), 8765delAG (deletion) in French Canadian and
Italian (Pisano et al., 2000), 6503delTT in Scottish and Northern Irish (Steel, 2003) and
3337C>T point mutation in Pakistani population (Liede et al., 2002).

Mutations in tumour suppressor genes are mostly recessive in nature, as one intact allele is
normally enough to compensate. Therefore, for neoplastic transformation, mutation in both

alleles within a single cell is required. Several mechanisms cause cell to lose its normal gene
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and be predisposed for tumour developing and may result in loss of heterozygosity (LOH)
(Nowacka-Zawisza et al., 2008). It was established that 30-40% of sporadic breast and
ovarian cancers display LOH on chromosome 13qg12-g13 (Deb et al., 2014). LOH on
chromosome 13qg12-ql13 in 50 BRCA2 tumours cases has been studied and outcomes
revealed a high frequency of LOH in tumours of the prostate, ovary, cervix, colon, male
breast cancer and urethra and also BRCA2 function as TSG in these cancers (Cassidy, Liau
and Venkitaraman, 2014).

3.3. BRCAZ2 absence in cancer treatment

The most important aim when using chemotherapeutic agents, as well as radiotherapy, is to
induce DNA damage and subsequent cell death. Cells respond to DNA damage by activating
multiple pathways including DNA repair, cell cycle arrest and apoptosis, depending on the
damage extent and the types of DNA damage. Cancer is a genetic multistep disease, usually
arise due to mutational activation or inactivation of oncogenes and/or TSGs respectively.
Several of these mutations lead to alteration and dysfunction of proteins which contribute to
DNA repair pathways, as a central mechanism of maintaining genomic integrity.
Consequently, designing treatment(s) for targeting cells with deficiency in repair pathway
may be lethal to cancer cells while sparing normal cells. An impaired BRCA2 gene and an
absence of error-free DSB repair pathway was proven to be the Achilles' heel of BRCA2
deficient tumours (Rigakos and Razis, 2012). Therapeutic approaches designed to target the
DSB repair pathway as useful therapeutic approach. PARP is an enzyme which has critical
role in base excision repair (BER), an essential pathway in the repair of DNA Single Strand
Breaks (SSBs). The PARP inhibition leads to increase the DNA SSBs which encounter the
replication fork and then consequently could be the creation of DNA DSBs (Zhang et al.,
2015). PARP inhibition in cells containing defective BRCAZ2, will result in chromosomal
instability and subsequent cell death.

Naturally, these DSBs are repaired by error-free HR repair pathway, in which BRCA2 and
Rad51 are involved. In the absence of BRCAZ2, the replication fork cannot be restarted (i.e.
Collapsed), leading to failed DSB repair, followed by alternative error-prone mechanisms
including single-strand annealing and/or NHEJ, numerous chromosomal aberrations and
finally cell death (Patel, Sarkaria and Kaufmann, 2011). PARP inhibitors through the concept
of synthetic lethality have a strong effect in BRCA2 deficient cells (Lord and Ashworth,
2017).
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3.4. Interacting proteins of BRCA2

The N-terminal region in BRCA2 contain an interaction site for two proteins including
partner and localiser of BRCA2 which is PALB2 (also known as FANCN) and EMSY, the
putative oncogene. PALB2 has a significant role as a nuclear partner of BRCA2 due to the
formation of strong and stable associations with certain nuclear structures. PALB?2 facilitates
BRCA2 localisation, accumulation and function in the nucleus which allows BRCA2 to
escape from proteasome-mediated degradation (Nepomuceno et al., 2020).

Furthermore, PALB2 has been displayed to play a role in HR repair through its ability to
recruit BRCA2 and RAD51 to DNA breaks. Additional data expanded PALB2’s role by
presenting that PALB2 interact with BRCAL and BRCAZ2 to create a functional complex and
target DNA damage site. Moreover, PALB2 form BRCA1-PALB2-BRCA2 complex as a
molecular scaffold that is involved in HR repair and cell survival. It has been showed that,
PALB?2 interaction with BRCA1, can affect on BRCA2-RAD51 function in HR, hence
contributing to genomic stability (Xia et al., 2006).

According to this suggestion, several germline BRCA2 missense mutations were identified in
breast cancer that established disability of binding PALB2, as well as a failure to apply
functional HR. The EMSY protein can bind to transactivation domain of BRCA2 on exon 3,
including the transactivation domain which lead to silence the activation role of BRCA2
through chromatin remodelling proteins. Interestingly, EMSY amplification has been seen in
many cases of sporadic breast cancer and high-grade ovarian cancer. Despite all the data
regarding to linkage between BRCA2, EMSY and their localisation at DNA damage site, the

EMSY role in the repair mechanism is still unclear (Cousineau and Belmaaza, 2011).

3.5. BRCAZ2 function during cell cycle

Loss of BRCA2 results in increased error-prone DSB repair pathways, including gene
conversion with unequal cross-over or single strand annealing, as well as increasing intra-
strand cross-linking following to a considerable genomic instability and contributes to
tumorigenesis (Powell and Kachnic, 2003). Various studies have established that replication
fork stalling is a regular event at DNA lesion sites and HR is required to initiate blocked

replication. Due to the high incidence of DSBs in BRCA2-m cells, it is suggested that
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BRCAZ2 play an important role in the stabilization of stalled DNA replication forks and HR
(O’Donovan and Livingston, 2010).

Furthermore, BRCAZ2 has been displayed to form a high molecular weight protein complex
with the evolutionary conserved protein BRCA2-Associated Factor 35 (BRAF35). BRAF35
is a DNA binding protein which has a similar pattern of expression to BRCA2 during
embryogenesis. Moreover, it was found that an antibody which inhibits BRCA2 caused
delayed in metaphase progression which suggests BRCAZ2 role in mitosis. Regarding to
BRCA2 role in meiosis, DMC1 which is a meiosis-specific recombinase interacts with
BRCAZ2 and occurs within a highly conserved region in BRCAZ2, containing 26 amino acids
and is separated from the RAD51 interaction domain. As a result of two distinct interaction
regions for RAD51 and DMCL1, the interaction of both recombinases with BRCA2 during
meiosis is enabled (Venkitaraman, 2001).

4. Poly (ADP-ribose) Polymerase (PARP) Enzyme

4.1 The PARP family of enzyme and their function

DNA damage or lack of repair is the major cause of mutation that leads to the development of
cancer. Normal cells can defend themselves via DNA damage response (DDR) that
recognises the damage, stalling the cell cycle and mediating DNA repair accordingly, to
maintain genome integrity. One of the key factors in DDR are poly (ADP-ribose) polymerase
(PARP). PARP family is comprised of 17 proteins involved in several cellular processes,
largely DNA repair and programmed cell death. It has been confirmed only members with
PARP enzyme activity includes PARP1, PARP2, PARP4, PARP-5a and PARP-5b. The
others are mono ADP ribosylators and/or with undetermined function. However, PARP-1 is
the most widely studied which is encoded by ADPRT- 1 (PARP1) gene located on 1g41-q42
(Li et al., 2006).

The PARP1 enzyme binds damaged SSB DNA and other kinds of DNA lesions. After that, it
leads to make a number of allosteric changes in the PARP1 structure and activate its catalytic
domain (Lord and Ashworth, 2017). It leads to PARylation (synthesizing branched poly
(ADP-ribose) chains), and recruitment of DNA repair effectors including XRCC1 and affects
chromatin structure remodelling around the DNA which is part of the DNA repair
progression. Eventually, PARP1 can auto-PARylate itself. Researching about PARP1/2
function during the DDR has led to developing small molecule called PARP inhibitors
(PARPI). The basic justification about these inhibitors is that can sensitize tumour cells to
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conventional treatment which trigger DNA damage and finally cause cell death (Benafif and
Hall, 2015).

PARP-1 and PARP-2 are the only well-known members of the PARP family, which their
activity is stimulated through DNA strand interruptions. The main targeted proteins have a
role in chromatin structure and DNA metabolism as well as PARP-1 and PARP-2
themselves. The PARP-1 and PARP-2 activity is associated with dramatic PAR formation
stimulated by DNA- damage. PARP-1 is the most active protein in DNA damage and
responsible for about 90% of cellular PAR formation under these conditions. The PARP-2

discovery was in PARP-1- deficient (Parp-1-/-) mouse embryonic fibroblasts (MEFs), as a
result of the presence of residual DNA-dependent PARP activity (Yelamos et al., 2011).

Poly-(ADP-ribosyl)-ation mediated by PARP-1 and PARP-2 lead to chromatin de-
condensation around damage sites, recruitment of DNA damage repair pathways. It has been
indicated a dual role for PARP-1 and PARP-2 in the DNA damage response including DNA
damage sensors and signal transducers to down-stream effectors. A full- understanding of the
mechanistic involvement of PARP-1 and PARP-2 proteins in DNA repair and genomic
instability is likely to provide valuable evidences for development of specific inhibitor drugs

to design a new therapeutic approach in cancer (Yelamos et al., 2011).

4.2. PARP1 structure

PARP-1 generates poly (ADP-ribose) (PAR) covalently linked onto target proteins which
mediate gene transcription, DNA damage repair, and cell death signalling. It has identified as
a promising drug target cancer therapy due to its role in maintaining genome stability. The
primary target for PARP-1 initiated poly (ADP-ribosylation is PARP-1 itself. As a result of
PARP-1 binding to DNA strand breaks, PAR synthesis activity will be dramatically elevated,
over a low basal level (Langelier et al., 2012). PAR production is a tightly controlled process
and can induce dramatic consequences in cellular physiology. Therefore, the regulation of
PARPs activation is significant for their function as shown in Figure 23 (Langelier et al.,
2012).
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Figure 22.Modular domain architecture of human PARP-1. The structure of PARP-1 contains three main
domains, DNA binding domain, auto-modification domain, and catalytic domain. In DNA binding domain, two
zinc-binding domains, Znl and Zn2, that enable PARP-1 to distinguish particular DNA structures. A third zinc-
binding domain, Zn3, has a different structure and function from that of Znl and Zn2. The auto-modification
domain (AD) carries the main region for auto-modification which comprises of BRCT (BRCA1 C—terminus)
fold and WGR, a critical area of unknown function. The catalytic domain (CAT) is contained two subdomains,
the helical subdomain (HD) and the ART subdomain, that is conserved in other ADP-ribosyl transferases
(ARTSs) and has some kind of amino acids involved in catalysis and binding of NAD*. Adapted from (Langelier
etal., 2012).
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Figure 23. Schematic figure of the PARP1 catalytic cycle. (1) This step is a non-DNA bound state and PARP1
occur in a relatively disordered conformation, generally mentioned to as “beads on a string”. The structure of
domain in PARP1 is exposed, comprising of three zinc finger—related domains: the BRCA1 C-terminus domain
(BRCT); the tryptophan-, glycine-, arginine-rich domain (WGR); and the catalytic region that contains two
subdomains; a helical domain (HD) and an ADP- ribosyltransferase (ART) catalytic domain. In this non-DNA
bound state, HD acts as an auto-inhibitory region which stops binding of the PARP-superfamily co-factor, 3-
NAD+, to its ART binding site. (2) the Damage happened in the DNA double helix frequently results in the
formation of SSBs (pre-damaged and damaged in a structure of DNA are revealed); SSBs leads to an alteration
in the standard orientation of the double helix, which, in turn, (3) makes a binding site for DNA binding PARP1
ZnF areas. The interaction of ZnF 1, 2, and 3 with DNA start a stepwise assembly of the PARP1 protein
domains that are remained onto the PARP1/DNA nucleoprotein structure, presented in (4); this pathway results
in the alteration in HD conformation, and subsequent loss of auto-inhibitory function, therefore allosterically
activating PARP1 catalytic activity. (5) The catalytic activation of ART triggers the PARylation of PARP1
substrate proteins (branched PAR chains are displayed on a target protein), mediation of the recruitment of
DNA repair effectors (such as BRCAL/2), remodelling of chromatin, and finally DNA repair. (6) PARP1 auto-
PARylation (likely in cis at SSBs but possibly in trans at other DNA lesions lastly induce the release of PARP1
from DNA and the restoration of a catalytically inactive state [presented in (1)]. (7) Different clinical PARP
inhibitors, each of them is able to bind the catalytic site, stop releasing of PARP1 from DNA, “trapping” PARP1
at the damage site, potentially PARP1 is removed from its common catalytic cycle. Adapted from (Lord and
Ashworth, 2017).

4.3. PARP1, PARP2 and DNA DSB repair
An early signalling protein kinase for initiation of transduction cascade at DNA DSBs sites is

Ataxia telangiectasia mutated (ATM). In early embryonic lethality of Parp-1-/-ATM-/- and

Parp-2-/-ATM-/- mice, the consequence of inefficient SSBR/BER of several lesions due to
the absence of PARP-1 or PARP-2, is conversion of unrepaired SSB to DSB during
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replication which result in cell death. It has described the functional interaction of PARP-1
with different NHEJ proteins, which suggesting a role of PARP-1 in NHEJ. For example,
latest studies have demonstrated an interaction between PARP- 1 and DNA-PK in response to
ionizing radiation suggest that PARP-1 and DNA-PK cooperate within the same pathway to
develop DSB repair whereas the role of PARP-2 in NHEJ, remains elusive. Regarding to HR,
PARP-1 and PARP-2 detect disrupted replication forks and attract Mrel1 for end processing
that is necessary for subsequent recombination repair and renew the replication forks. Lately,
has also been described that disruption of PARP-1 can inhibit HR by suppressing expression
of BRCAL and RAD51.

4.4. PARP inhibitors and the concept of synthetic lethality

HR deficiencies present sensitivity to certain agents for DNA damaging, that they are being
exploited in therapeutic methods in cancer. Drugs such as PARP inhibitors which induce
synthetic lethality in the context of HR deficiency have shown promise as therapeutic agents
(Mehta and Haber, 2014).

The concept of synthetic lethality was established from genetic research in model organisms
including fruit flies and yeast (Nijman, 2011). Synthetic lethality interaction happens between
two genes when either one gene perturbation is viable, while a deficiency in both gene
functions can lead to losing viability. In cancer studies, the interaction of synthetic lethality
which involves a specific mutation that caused cancer is indicated to as "non-oncogenic
addiction™. In this situation of abnormal cancer cells, it is needed for an act of the synthetic
lethal partner gene for viability (O’Neil, Bailey and Hieter, 2017). The identification and the
mechanistic characterization of normal synthetic lethal interactions are the significant part for
the exploitation of synthetic lethality in cancer therapy approaches. Innovation in next
generation of sequencing technologies is capable of identification of different mutations in
several cancer cells and alteration in gene expression which can be targeted via synthetic
lethality methods (Leung et al., 2016).
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Figure 24. Schematic of synthetic lethality. (A) This is a very simple form of synthetic lethality interaction, the
simultaneous variation in two genes or proteins (displayed here as A and B) leads to cell death, whereas
alteration of either gene/protein alone does not. When the theory is related to cancer therapy approaches, where
gene A presents an oncogene, tumour SUpPressor gene, or oncogenic process or pathway, gene B, once
recognized, becomes a target of therapeutic, which can be used to target cancer cells with dysfunction in A. (B)
Synthetic lethality of PARP inhibitors in BRCA-deficient cells. Adapted from (Drew, 2015).

4.4.1. Targeting PARP1/2 in cancer

PARP inhibitors show cytotoxicity in proliferating tumour cells, treated with genotoxic
agents. Some main features such as potency pharmacokinetic properties have increased
through three generations of inhibitors which evaluate the benefit of these inhibitors in cancer
and clinical trials. On the other hand, current PARP inhibitors can target the catalytic site of
PARP enzymes which due to its similarity amongst PARPs family members and no isoform-
specific PARP inhibitors are available (Grignani et al., 2020).

Two strategies for PARP inhibitors have been discovered in cancer therapy including their
use (1) as chemo/radio- potentiator and (2) as a stand-alone therapy for tumour types with
deficiency in certain types of DNA repair elements. In the first method, the combination of
PARP inhibitors and DNA damaging chemotherapeutics or radiation can lead to genomic
dysfunction in cancer cell DNA repair mechanisms and finally cell death. The first phase |
clinical trial of a PARP inhibitor was carried out between 2003 and 2005 with AGO14699 in
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combination with the temozolomide which is a methylating agent, in patients with advanced
solid tumours (Plummer et al., 2013).

The main breakthrough in this field was in 2005 when two independent groups demonstrated
the sensitivity of BRCAL and BRCA2-deficient cell lines toward PARP inhibitors. Following
to this data, it supports the potential use of PARP inhibitors as single therapeutic agents in
cancer cell types with defective DNA repair pathways. This method is based on the concept
meaning that PARP inhibition result in accumulation of SSB which convert to DSB and
eventually lead to DSB via replication fork collapse. In tumour cells with mutant BRCA1 or
BRCAZ2, critical factors for the HR pathway, using PARP inhibitors lead to chromosomal

aberrations, instability and consequently cell death (Curtin, 2014).

4.4.2. PARP-inhibitors function

Each PARP inhibitor is different in its ability for PARP1 trapping, in clinically use. These
different level of PARP1 trapping, in comparison to their ability of PARYylation inhibition,
might be a better predictor of in-vitro cytotoxicity in cells with BRCA mutation (Curtin,
2014). All these PARP inhibitors interact with the binding region on the PARP enzyme co-
factor which is B-NAD+ (nicotinamide adenine dinucleotide) in the catalytic site of
PARP1/2, while, they have a different effect due to their cytotoxic potency and ability to trap
the PARP on DNA damage site (Bunnell et al., 2017).

Two groups of researchers, in 2005, identified the synthetic lethal interaction between PARP
inhibition and BRCA1/2 mutation and suggested an innovative strategy for the treatment of
patients with BRCA mutation cancer cells. It was established that BRCA-m cancer cells were
1000 times more sensitive to PARP inhibitors than those tumour cells with wild-type BRCA
gene, but also it depends on the PARP inhibitors which is used, the format and condition
provided in the experiment (Ledermann, Drew and Kristeleit, 2016).

Additionally, any tumour cells which have deficiency in other proteins of HR pathway can be
sensitive to PARP inhibitors. Recent studies have revealed that cells carrying PTEN
(phosphatase and tensin homologue) mutations are sensitive to PARP inhibitors. Similarly,
PALB2-deficient cells are also sensitive to PARP inhibitors. There is a concept called
‘BRCAness’ which characterises the phenotype that some sporadic tumours share with those
occurring in either BRCAL- or BRCA2-mutation carriers. These properties reflect the
defective DNA-repair, due to mutation in other genes involved in HR, such as RAD51. The

ability to discover other mutations in these genes would have significant implications in
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clinical management, in terms of treatment decisions and prognosis determination (Turner,
Tutt and Ashworth, 2004).

Moreover, in using of PARP inhibitors as therapeutic drugs in cancer, several major
challenges should be addressed, including development of isoform-specific PARP inhibitors,
understanding of PARP1/2 specific involvement in the DNA damage response and genome
surveillance which provide a basis for the logical development of isoform-specific PARP
inhibitors, clarification of the details of the DNA damage response strategy to overcame
PARP inhibitor resistance due to reactivation of BRCAL or BRCA2 by secondary mutations
(Drew, 2015).
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Figure 25.Schematic of synthetic lethality in ovarian cancer cells vs normal cells. Despite the PARP1-enzyme
inhibition, normal cells with BRCA-wt have effective repair pathway after inducing DNA damage, whereas in
BRCA-m cells, it leads to cell death.
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4.3.3 Different types of PARP inhibitors

It has been identified that through inhibition of PARP-mediated repair of DNA lesions
formed via chemo- or radiotherapy, potential therapeutic might be developed. Nearly 30
years ago, small molecules were detected as nicotinamide analogs which prevent PARylation
and improve the cytotoxicity of dimethyl sulfate, known as DNA damaging agent. The latest
discovery in a drug development area has come up with the innovative clinical PARP
inhibitors  including  Veliparib  (Abbvie), Rucaparib  (Pfizer/Clovis), Olaparib
(KuDOS/AstraZeneca), and Niraparib (Merck/Tesaro). More recently, the second generation
of PARPi with more potential inhibitory features such as Talazoparib

(Lead/Biomarin/Medivation/Pfizer) and has been developed (Brown, Kaye and Yap, 2016).

Table 2. Different types of PARP inhibitors and their status in clinical development. Adapted from (Hou, Chen
and Yu, 2019).

g Status in clinical development

Olaparib FDA approved for advanced ovarian cancer with gBRCAmut with > 3

prior lines of chemotherapy

Niraparib

FDA approved for recurrent epithelial ovarian, fallopian tube, or primary
peritoneal cancer who have complete or partial response to platinum
chemotherapy

Rucaparib

FDA approved for advanced ovarian cancer with gBRCAmut or

sBRCAmut with > 2 lines of chemotherapy

Veliparib

In Phase 111 studies as combination therapy with chemotherapy in patients
with breast and ovarian cancer with gBRCAmut or SBRCAmut and lung

cancer

Talazoparib

In Phase Il study as monotherapy in patients with locally advanced or
metastatic breast cancer with gBRCAmut
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Figure 26. Landscape of PARP inhibitors in ovarian cancer. HGOC: high grade ovarian carcinoma; HGSOC*:
high grade serous ovarian carcinoma; BID: twice a day; gBRCAm: BRCA1/2 germinal mutation; SBRCAm:
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currently approved. Adapted from (Colomba et al., 2019).
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5. Biomarker development using liquid biopsies

5.1. introduction

Over the last few decades, the concept of liquid biopsies has been identified as an alternative
to a conventional needle (tissue) biopsy for different type of cancers. There are many
advantages regarding to using liquid biopsies, including the use of different biofluids such as
blood, urine, sputum and saliva, early warning of pending resistance, consecutive patient’s
monitoring, those with many cycles of treatment, less risk to patients, particularly for those
who cannot have invasive biopsy (Huang et al., 2017) (Khoo et al., 2016). For instance, tests
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can be performed on a blood sample to assess circulating tumour cells (CTCs) or circulating
tumour DNA (ctDNA) and can offer a better insight into the real-time tumour dynamics. A
sub-population of CTCs have the ability to move into distant organs and develop metastatic
events which characterized as disseminated tumour cells (DTCs) (Dasgupta, Lim and Ghajar,
2017). Additional area where improvements have been made is the use of ctDNA, which
originates directly from the cancer cell. Further investigation connect ctDNA to progression
of cancer cells, level of tumour cell changes and a biological rate of tumour aggressiveness
(Chudasama et al., 2019).

5.2. Circulating tumour cells (CTCs)

CTCs are cancer cells which developed from primary or metastatic site of tumour, then shed
into the blood circulation and express tumour-specific characteristics. They are detected in
different metastatic carcinomas and have capability to form metastasis in other secondary
organs. It has been suggested that only 0.01% of these cells will survive and get metastatic.
The most described transition of cancer cells is epithelial to mesenchymal, whereby they lose
their epithelial characteristic and develop mesenchymal features comprises of invasiveness,
motility, and resistance to apoptosis.

CTCs have potential prognostic value in several cancers, while their clinical value is still
under investigation. Using CTCs as a liquid biopsy is favourable for continuous evaluation of
tumour progression through systemic treatment in a less aggressive and real-time manner, by
a simple blood draw (Alix-Panabiéres and Pantel, 2016). Moreover, it offers potential for the
early diagnosis of cancer and significant insights into tumour heterogeneity and genomic
multiplicity for the early diagnosis of disease and management of clinical treatment (Alix-
Panabieres and Pantel, 2013). Therefore, a sensitive and unbiased isolation method is
essential to capture CTCs which can provide a tumoral information for analysis and possibly
lead treatment decisions (Kapeleris et al., 2018). It has been found that the levels of CTCs are
related to therapeutic response and survival (Munzone et al., 2010). By separation and
analyzation of CTCs, it has showed a promising technique for non-invasive diagnosis,
prognosis, and real-time monitoring to analyse the efficiency of treatment and drug resistance
(Munzone et al., 2010).
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2019).

Table 3. Different techniques used to separate CTCs via different criteria. Depending on the circumstances
different technique will be better suited for the separation of CTCs.

Label-Free | ~ Affinity-Based

Function Platform Function Platform

Gradient Based | Ficoll Paque Immunomagnetic CellSearch
RareCyte Adna Test

MACS

Size Based Circulogix Microfluidic GEDI Chip
ISET OncoCEE
ScreenCell Clearbridge
Parsortix BioMedics

Dielectrophoresis | ApoSTream Surface Based ImageStream
DEPATrray HD Imaging

Despite the fact that CTCs play an important role in metastatic disease, (Hiltermann, van der

Wekken and Groen, 2012), the basic features of tumour cells in the bloodstream are fully

63




understood, including their ability to avoid apoptosis, the facility in migration, mostly to
specific secondary sites (i.e. ovarian metastasis arises mainly in the bowel, bladder, and
abdomen (Hong, Fang and Zhang, 2016).

In the past decade, there has been substantial technological developments in identification
and characterisation of CTCs (Table 3). CTCs can be detected using specific antibodies such
as epithelial cell adhesion molecule (EpCAM) that is expressed in several cancer types of
CTCs including breast , ovarian, pancreatic, prostate and lung cancers (Lorente, Mateo and
de Bono, 2014). The most widely used method to detect CTCs to date, is EpCAM detection.
However, due to EMT transition, this poses a limitation in detecting CTCs using this
antibody (Wicha and Hayes, 2011). Thus, reliable CTCs detection based on morphological
antigen is still challenging.

Epithelial to mesenchymal transition, is a process to generate cells with stem cell-like
features from differentiated epithelial cells. EMT is a crucial procedure for embryonic
development, while has a role in tumour progression and metastasis as well (Brabletz, 2012).
Through EMT process, epithelial cells of the primary tumour trigger upregulation of
mesenchymal genes which lead them to lose their cell-to-cell adhesions ability and
apicobasal cell polarity. As a result, the cells mobility and invasiveness are increased. It is
hypothesised, that in some cases the combination of EMT and stem cell features might make
tumour cells to evade from the primary tumour, enter the blood stream and play a role as
potential metastasis initiating cell (Blassl et al., 2016). Recent studies have revealed that
EMT helps the spread of a single carcinoma cell from origin tumour sites and allows them to
adhere and develop into distant metastases (Krebs et al., 2014).

On the other hand, marker independent methods of separating CTCs are not limited to the
expression of certain cell surface markers, but are included biophysical features of CTCs,
comprising of size, deformability, or dielectric susceptibility (Miyamoto et al., 2012). There
are some efforts with notable results which seem to be promising, but it continues to be a
necessary techniques to assess the potential role of CTCs as biomarkers in ovarian cancer
(Cheng et al., 2017).

5.3. Current CTC Data in ovarian cancer
Due to the vague symptoms and screening technique limitations, most of the patients are
diagnosed at late stage. In such a setting, it is crucial to identify prognostic indicators for OC

patients. The common biomarker used in OC is CA125, while some non-malignant
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gynaecological conditions can cause increasing serum CA125 concentrations. (Sevinc et al.,
2007). Therefore, additional prognostic markers are necessary for OC patients.

It has been showed that CTCs have prognostic value among patients with breast, colorectal,
gastric, lung and pancreatic cancers. Many studies have reported the prognostic value of
CTCs in patients with ovarian cancer, such as Zhou et al., 2015 which revealed that patients
in CTC-positive group displayed a worse OS and PFS/DFS compared to CTC- negative
group (Zhou et al., 2015). Moreover, Poveda et al., 2011 discovered CTCs in OC patients,
and reported a significantly decreased progression-free and overall survival in CTC-positive
patients (Poveda et al., 2011). In the study by Zhang et al., 2018 CTC counts declined during
adjuvant and neoadjuvant therapy as well (Zhang et al., 2018). Additionally, in Banys-
Paluchowaski et al., 2020 study, the level of CTC positivity was dropped rapidly during
treatment and no patient revealed CTCs at the end of sixth cycle of chemotherapy. They
demonstrated that positive CTC status associated with shorter OS and PFS (Banys-
Paluchowski et al., 2020).

Although, the importance of CTCs in ovarian cancer remains debated. There was no
correlation between CTC status and prognosis in some researcher (Aktas et al., 2011). The
analysis of single cell of CTC can allow us to classify cells with various expression profiles
to give a hint regarding to the CTC development during treatment. In That Way, single CTC
analysis displays a ‘liquid biopsy’ for the collection of an applicable therapy and for real time

monitoring of its effectiveness (Blassl et al., 2016).

5.4. Gamma H2AX as PD Biomarkers to Monitor Drug Activity in CTCs

There are numerous reasons to explore the clinical potential of y-H2AX as it can be be used
as a biomarker to predict outcomes of patient and latest studies have determined y-H2AX as a
biomarker for clinical diagnosis in cancer development (Sedelnikova and Bonner, 2006).
CTCs separated from peripheral blood of patients with metastatic breast cancer has an
increased in positive y-H2AX count in CTCs from 2% at baseline to 38% after a single day of
treatment, regardless of decreases in the total number of CTC (Wang et al., 2010a).
Consequently, this measurement can be used to improve the assessment of drug effectiveness
in cancer treatments (Krebs et al., 2010). However, chemotherapeutic agents also target
normal cells in patients and in comparison, the response of y-H2AX in normal cells might be
more informative and reproducible. The y-H2AX levels can be assessed using fluorescent
microscopy or flow cytometry which present low level of background and improve the

detection of DNA damage even in low level (Wang et al., 2010b).
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5.5. Circulating nucleic acids

Circulating cell-free DNA (ccfDNA) released from apoptotic cells which is usually found to
be in 160-200bp fragments whereas ccfDNA from necrotic cells varies in length
(Kustanovich et al., 2019). In both scenarios, ccfDNA concentration in the plasma or serum
is increased in cancer patients than healthy subjects just like the CTC number. In numbers,
normal subjects have an average mean of 13 ng/ml ccfDNA concentration, whereas cancer
patients’ mean is around 180ng/ml (Vymetalkova et al., 2018). Stroun et al. showed that free
DNA of cancer patients is originated from the tumour cells and many mutations in oncogenes
and/or tumour suppressor genes have been found in the ccfDNA in plasma (Stroun et al.,
1989).

To date, several successful studies have been performed to validate this concept, in a variety
of cancers, including lung, breast, pancreatic, bladder, gastroesophageal, colorectal,
melanoma, hepatocellular, and head and neck cancers, by comparing both CTCs and ctDNA.
Circulating nucleic acids (ctNAs) are another form of liquid biopsy which include DNA
(ctDNA) and RNA. It is not well understood how ctDNA enter the blood, but the evidence
indicates that apoptosis could be one of these. Figure 28 represent a schematic of this process.
There is evidence which shows ctDNA has a fragment length comparable to the classic
apoptotic fragment length pattern, with a range from 145 to 180 bp. Moreover, Moulier et al.,
2018 was showed that cfDNA derived from cancer patients had a different size distribution in
cfDNA in comparison to length of ctDNA fragments. In particular, an enrichment in
fragments size < 150bp in mutant ctDNA (41%) compared to non-mutant cfDNA (21%) was
displayed which leads to demonstrating the highly fragmented profile of ctDNA versus
cfDNA (Mouliere et al., 2018). However, there is no studies which has estimated the
accurate half-life of cfDNA/ctDNA in the bloodstream. It is generally accepted that its half-
life in circulation can change from 15 min to 2.5 hours. Despite the short half-life of ctDNA,
they can be detected in plasma due to continuum process of its release to bloodstream
(Paracchini, D’incalci and Marchini, 2021).

All the studies report higher detection and concordance with tissue results using ctDNA over
CTCs. The percentage of ctDNA originating from tumour cells, however, has been estimated
to range from 10 to 90% of the total cfDNA (Lanman et al., 2015). Thus, the applicability of
measuring the cfDNA length (i.e., DNA integrity) in plasma may therefore depend on the

type of disease. Detection of these longer ctDNA fragments and quantification of their
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relative abundance in plasma compared to short cfDNA fragments and the calculation of a
DNA Integrity Index has been explored as a potential cancer monitoring technique (Elazezy
and Joosse, 2018). ctDNA analysis is currently used as the most promising circulating
biomarker with potential clinical utility in the near future. Additionally, the ctDNA analysis
leads to have a better and complete view of the general biological features to characterize the
disease, and finally overcoming the issue of spatial heterogeneity (Paracchini, D’incalci and
Marchini, 2021).

Tumour cell

|3ssan pooyg

Apoptotic CTC CTC

Figure 28. Source and process of some circulating liquid biomarkers formed from the primary tumour to their
migration into the bloodstream. Adapted from (Medicalexpress, 2017).

The exact nature of ctDNA and CTCs shedding is unidentified, but it is assumed to happen
due to apoptosis and necrosis of cancer cells. Apoptosis of normal cells make larger truncated
cfDNA fragments, while ctDNA are smaller fragmented DNA and made when cancerous
cells undergo necrosis and mitotic (Huang et al., 2018). Currently, ctDNA can be found in
several bodily fluids, including blood, urine, stools, milk, bronchial lavages and ascites. The
new field, genomic profiling for ctDNA has developed a popular research, based on the
assumption that ctDNA has the same profile of somatic mutations and genomic
characterization as the tumour itself (Freidin et al., 2015). Due to reliance of cancer cells on
the oncogene’s activation for proliferation and survival, the existence of these particular gene
alterations and mutations can be of diagnostic value and also reflect responsiveness of

patients to the therapy, and predict survival (Wang et al., 2013).
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The total amount of cfDNA in EOC patients was evaluated and compared to healthy controls
and patients with benign ovarian tumours. It was demonstrated that the level of cfDNA was
increased in plasma of cancer patients. Additionally, there was a significance difference in
the amount of cfDNA between patients with early and late stages of the disease (Bettegowda
et al., 2014) (Capizzi et al., 2008). In the last few years, using next generation sequencing
technologies and developing new bioinformatics tools, leads to improvement of ctDNA
analysis despite the short ctDNA fragment length which make it possible to examine the
genomic features of HGS-EOC, including the clonal pathogenic TP53 mutation, other genes
such as BRCA1 and BRCAZ2, involved in treatment response, and the chromosomal
abnormalities which characterized HGS-EOC (Dann et al., 2012) (Adalsteinsson et al.,
2017).

Currently, there are two phase of clinical trials which are registered, including CLIO trial
(ClinicalTrials.gov Identifier: NCT02822157) that is concentrated on the ctDNA analysis to
guide Olaparib treatment in recurrent epithelial carcinoma of the ovary, fallopian tubes,
primary peritoneum cancers, whereas the second one (ClinicalTrials.gov Identifier:
NCT04175470) aims to assess the different level of methylated HOXA9 ctDNA in platinum
resistant EOC patients receiving bevacizumab. The outcomes of these ongoing researches

will be available, starting from 2023 (Paracchini, D’incalci and Marchini, 2021).

5.6. The Role of CTCs in Clinical Trials

CTC evaluations offer an opportunity to develop new biomarkers to monitor drug efficiency
while reducing the need of biopsies and its risk related to the process. In addition, assessment
of CTCs is merged into clinical trials as prognostic, predictive and intermediate biomarkers
to response of therapy (Attard and de Bono, 2011) . This approach might also enable to detect
the molecular changes in CTCs indicating tumour genotype which can lead to drug-resistant
in disease progression. The number of CTC has been currently used in metastatic breast
cancer regarding to treatment decision algorithm in several phase Il to select between
chemotherapy vs endocrine therapy, as well as help to change of treatment at early stage. In
this method they are evaluating HER2-positive CTCs in HER2-negative primary tumours and
analysing the role of HER2-directed therapies in these patients (Alemar and Schuur, 2013).
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6. Aims

This PhD project aims to evaluate the use of Rucaparib-new PARP inhibitors- on BRCA-m

ovarian cancer cells with homologous recombination deficiency (HRD). It is broadly

accepted that formation of y-H2AX in response to DNA double stranded breaks (DSBs) can

provide the basis for a sensitive assay of DNA damage in human liquid biopsies. Moreover,

liquid biopsies offer a promising alternative to tissue samples, providing non-invasive

diagnostic approaches or serial monitoring of disease evolution. Based on preliminary data,

the hypothesis at the basis of this project is that y-H2Ax staining in non-haematopoietic

circulating cancer-related cells (CCs) and H2AX gene expression can act as surrogate

biomarkers for patients with advanced epithelial OC (aeOC) undergoing treatment.

Hypothesis

Homologous recombination (HR) pathway can be affected by BRCAZ2 deficiency.
H2AX can potentially be used as a predictive biomarker.

Cancer cells with BRCA2 mutation are more sensitive to PARP inhibitors treatment.
y-H2AX quantification can be used as a predictive biomarker of response in CTCs in
OC patients.

The expression of BRCA2 protein in OC cell lines.

The effects of BRCA2 mutation on efficiency of HR by using immunofluorescence
technique (y-H2AX assay).

Look at the H2AX expression in OC using TCGA and validating our cancer patients’
sample through gPCR.

Using gene set enrichment analysis (GSEA) to study gene association of some genes
involved in OC patients with high level of H2AX.

Genome-wide association study in order to identify any associations of SNPs with
cancer as well as 5-year overall survival,

Study of H2AX prognostic value by using KM plot in OC patients

Assess the expression of H2AX in different type of OC with different stage by using
tissue microarray.

Compare the level of H2AX phosphorylation with gene expression.

Use different ovarian cancer cell lines that are BRCA2-wildtype (SKOV3), BRCA2-
m (PEO1) and BRCAZ2-silent mutant (PEO4, MDAH) to assess the effects of

Rucaparib in vitro.
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Use liquid biopsies from a clinical trial of ovarian cancer patients treated with
Rucaparib (in collaboration with MVCC) to assess the effect of Rucaparib on CTC
enumeration and expression of key proteins.

To study the y-H2AX expression and assess y-H2AX in CTCs as a predictive
biomarker of treatment response.

To assess any correlations between y-H2AX foci, WT1 and CA125 levels and clinical

outcomes of OC patients receiving chemotherapy.

Objectives

To assess the effects of Rucaparib in vitro by using different ovarian cancer cell lines
with wild-type or mutant BRCA2 gene.

To assess the effect of PARP inhibitors on CTC enumeration and expression of key
protein using liquid biopsies from ovarian cancer patients treated with Rucaparib as
part of a clinical trial.

To assess the y-H2AX expression in CTCs and evaluate this as a predictive biomarker
of treatment response by establishing any correlations between y-H2AX foci, WT1

and CA125 levels and clinical outcomes of OC patients receiving chemotherapy.
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Chapter2: Materials and method

1. Cell maintenance

1.1. Cell lines

SKOV3 (ATCC, 2016), PEO1 (Ximbio, 2018a), PEO4 (Ximbio, 2018b) and MDAH-2774
(Expasy, 2020) cell lines were used as in vitro models of human OC. All cells were cultured
in proper media comprising of 10% FBS (foetal bovine serum, Gibco) and 1% penicillin-
streptomycin (Gibco) to avoid contamination. Cells were grown in T75 flasks, and the growth
temperature was 37°C and 5% CO2. Media was changed 2 or 3 times a week. A standard
technique for cell culture aseptic was carried out in a controlled temperature, class m2

Laminar Flow Hood. Cell line detail are summarised in Table 4.

Table 4. List of all cell lines, used in my study and their details.

Cell line Gene mutation Morphology Disease Media Histology
SKOV3 P53 null Epithelial Adenocarcinoma DMEM Clear cell
PIK3CA
PEO1 BRCA2 Epithelial Adenocarcinoma RPMI-1640 | High grade serous
TP53
PEO4 BRCA2 (silent) Epithelial Adenocarcinoma RPMI-1640 | High grade serous
TP53
MDAH-2774 TP53 Epithelial Adenocarcinoma DMEM Endometrioid
PIK3CA
KRAS
BRCAZ2(silent)

1.2. Cell culture methodology

Before start working, all solutions were warmed up in the warming water bath, at 37° C for
30 minutes. All cells were frozen and kept in liquid nitrogen. After thawing the frozen vials,
they were transferred to 15mL falcon tube with 3ml media. Next, to remove the DMSO, they
were centrifuged at 1500 RPM for five minutes and then the supernatant was aspirated. The
pellet was mixed with 5mL of media, transferred to a T25 flask with a filter head (Nunc) to
avoid contamination. Depends on their doubling time, they were sub-cultured every two or
three days at 80-90% confluency, through using TE (TrypLE Express, Gibco) for cell

detachment. All the hood, incubator and water-bath were constantly cleaned and disinfected.
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1.3. Cryopreserving cells

Cells were frozen to be used for the future experiment. 90-100% confluent flask was chosen
and checked for contamination. To begin, the old media was aspirated, and the cells were
washed in 10mL phosphate buffered saline (PBS, 1x PH7.4, Severn Biotech Ltd). As
described before, cells were trypsinized, resuspended in 5ml media. Next, moved into a
15mL falcon tube and centrifuged for 5 min at 1500 RPM, followed by mixing the cell pellet
with proper amount of freezing medium (Recovery Cell Culture Freezing Medium, DMSO
(10%), Gibco). Finally, 1ml of cell suspension was transferred to cryogenic vials and placed
in a cell freezing container at the temperature of -80°C for at least 24 hours before

transferring them into the liquid nitrogen dewar.

1.4. Cell counting

Prior to using cell line in an experiment or sub-culture, cells in each flask were counted by
using cell countess device which is presented in Figure 29. First, cells were detached from the
flask with TE as previously described and re-suspended with 1mL media. After recovering
the cells in growth media, 10uL of cell suspension was added to another 10uL of Trypan blue
dye in new Eppendorf tube. Finally, 10pL of the new mix was loaded onto the Countess™
cell counting chamber slide (Invitrogen). Trypan blue dye was added to detect the dead cells
and colour them blue whereas the live cells were not coloured due to their intact cell

membrane (Alphametrix, 2015).

Load the sample Adjust the focus Obtain the results

Figure 29.Counting cells with a cell Countess. The figures show the progress of cell counting by using the
countess machine that demonstrates the number of living cells, dead cells and the cell viability. The numbers
can help to determine the total number of cells in each flask (Alphametrix, 2015).
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2. Hydrogen peroxide (H202) concentration

Hydrogen peroxide solution (H202 30% (w/w) in H20, contain stabilizer, Sigma-Aldrich),
can be used as an oxidizer, bleaching agent, antiseptic. Concentrated H>O2 is known as
reactive oxygen species (ROS), can produce hydroxyl radical in the presence of iron and
converted to a strong oxidizing agent. H.O, modifies several cellular macromolecules such as
proteins, polyunsaturated fatty acids, and DNA. Despite the fact that damage to each cellular
component is responsible for lethal cell injury, there are some components that may be more
important than others (Lee, Ha and Kim, 2001). H.O> can induce the double strand break in
genome which can lead to cell death. It has been established that the high concentration of
H20- can kill the cells and it is necessary to optimize the H2O2 concentration at levels which
induce the DSB but not kill all the cells. Two 6-well plates were used to seed 1x10°
cells/well. After specific time points, the old media was discarded, cells were trypsinized and
counted by countess slide, as described before in section-1.4. The H2O> kill curve was

generated for each cell line to choose the appropriate concentration.

3. Immunocytochemistry (y-H2AX assay)

There are several techniques to detect the DSB-DNA and y-H2AX assay is one of the most
popular ones which detect damage sites of DNA in interphase nuclei by using a monoclonal
antibody against the y-H2AX protein.

3.1. H2O> treatment to induce DSB

To detect the DNA damage, | needed to induce the DSB on DNA. All cell lines were exposed
to H20: in time- and dose-dependent manner. Additionally, it was required to make two more
flasks including AlexaFluor-488 and DRAQ5, for ImageStream™ to be used as
compensation sample. After specific time-points, all flasks were washed with 5ml PBS to
remove extra H2O.. Next, they were trypsinized, transferred to 15mL falcon tube and
centrifuged for 10 minutes at 2500 RPM. The supernatant was discarded, and the pellet was

used for the next step which is explained later in section 3.2 and 3.3.

3.2. y-H2AX detection in cell lines

First, cells need to be fixed with 1-mL 4% paraformaldehyde (PFA) (Sigma-Aldrich) and
kept for approximately 5 minutes on ice. Following fixation, cells were washed with PBS to
rehydrate them. They were centrifuged, then permeabilized with 0.5% TritonX100 (Sigma-
Aldrich) in PBS and incubated for further 10 minutes on ice. Cells were centrifuged and
washed with PBS prior to blocking step. One mL blocking buffer (10% Bovine Serum
Albumin (BSA, Gibco) in PBS) was added to cell pellet to prevent non-specific binding and
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incubated for 1-hour at room temperature. All samples except for the DRAQ5 compensation
one, were incubated with y-H2AX antibody conjugated with AlexaFluor-488 (Millipore), at
the relevant concentration (1:100), overnight in cold room with gentle agitation and covered
with foil to prevent the light absorption. Next day, cells were re-centrifuged, washed with 1-
mL washing buffer including 0.1% Tween (Sigma-Aldrich) in PBS. Then, 99uL of Accumax
(Cell detachment solution, STEMCELL technologies) was added to all tubes. At the final
step, all samples except for the AlexaFuor-488 compensation one, 1.0uL of DRAQ5
(Biostatus Ltd) was added to stain the nucleus, covered from light and ready to Imagestream
image capture.

3.3. y-H2AX detection in clinical samples

For the blood samples, it is required to separate the red blood cells (RBC) from plasma. First,
1ml of blood was added to 9mL of RBC lysis buffer (G Biosciences). It was inverted 5 times
and then incubated at shaker for 10 minutes. After that, it was centrifuged at 2500 RPM for
10 minutes, the supernatant was discarded, and the pellet was suspended with 3mL of RBC
lysis buffer. It was incubated at shaker and re-centrifuge, followed by fixation and other steps

which were described previously at section 3.2.
4. Immunofluorescence (y-H2AX assay)

4.1. y-H2AX detection in cell lines

Another popular method of detecting DSB-DNA damage is cell staining on slide and analyse
it under the fluorescence microscope. It detects DSB in interphase cells using a monoclonal
anti-body against the y-H2AX protein. For y-H2AX assay on adherent cells, they must be
seeded on poly-prep slides (Poly-L-lysine coated glass slide, Sigma-Aldrich) for 24 hours
prior to treatment with DNA damaging agent which in our case was H20>. All the cell lines
were treated with H,0, in time- and dose-dependent manner and the plan is shown in the
Figure 30.
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Figure 30. Schematic figure of the plan for y-H2AX assay with Leica microscope. The figure shows the
concentration of used H>O; (0.5mM) and the time points. After 1-hour exposure to 0.5mM H-0,, old media was
replaced with fresh one, then after 1- and 24-hrs, cells needed to be fixed and go through other steps of the
experiment (Authors’ adaptation).

After indicated time-points, cells were fixed using 4% PFA in PBS for 15 min. In the next
step, cells were permeabilized using 0.2% Triton-X solution (Sigma-Aldrich) in dH,0 for 10
min at 4°C. Then, non-specific sites on the cells were blocked using 2.5% BSA blocking
buffer which 100uL of it was added to each slide and then slides were covered with parafilm
and placed in a humidified dark box for one hour. Next, a total of 100uL of diluted y-H2AX
antibody conjugated with AlexaFluor-488 (Merckmillipore), at the relevant concentration
(1:100) (following manufacturer’s instructions), was added to the slides and slides were
covered with parafilm and placed in a humidified dark box for one hour. After that, the slides
were washed 3x 5 min in TBST (Tris-buffered saline with Tween 20, PH7.5, Sigma-Aldrich)
and then PBS. The slides were de-hydrated in ethanol series ((70%, 90% and 100%) for 5
minutes each time. Once the slides were air dry, a total of 15uL DAPI (Vector Laboratories)
was added to each slide and covered with a cover slip and sealed using clear nail varnish. The

slides were ready to analyse under the Leica DM4000 microscope.

4.2. yv-H2AX and WT1 detection in clinical samples
4.2.1. Whole blood

Ovarian cancer blood samples were collected from ovarian cancer patients joined on a
clinical trial at Mount Vernon Hospital, London, known as the CICATRIX and Centurion
trial (with appropriate ethical approval). Normal control blood samples were collected from
volunteers. All patients were stage 11l & 1V, participated on the CICATRIX and Centurion
trial with chemotherapy and targeted therapy treatment, respectively. All blood samples were

collected in Roche tubes to stop coagulation of the blood. Plasma was collected after 10 min
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spinning at 1500 rpm and stored at -80°C until use. To use blood’s RNA, 0.5mL of whole
blood was collected, 1.0mL of RNAlater® (Life Technologies) added and stored at -20°C.

4.2.2. Process

For the blood sample processing, there is a need to separate the red blood cells from the
remaining sample containing CTCs and white blood cells. Firstly, ImL of blood sample was
added to 9mL of RBC lysis buffer. It was inverted 10 times and then incubated at shaker for
10 minutes. After that, it was centrifuged at 2500 RPM for 10 minutes. Next, the supernatant
was discarded and again 3mL of RBC lysis buffer was added and mixed with pellet. It was
incubated again at shaker and re-centrifuge. Next, the pellet was re-suspended in one mL
PBS and cytospined for 5min/800 rpm to attach the blood cells to slide. In the following step,
slides were fixed in 4% PFA and then permeabilized with 0.5% Triton-X on ice. After 1-hour
blocking step, | added y-H2AX antibody conjugated Alexa Fluor (488), and WT1 antibody
conjugated Alexa Fluor (647) (abcam) to detect CTC in cell pellet and left overnight. Then
the pellet was washed three times with 0.1% Tween in PBS for 5 minutes. Finally, after
dehydrating steps with ethanol (70%, 90% and 100%), 15uL DAPI was added and slides
were covered with a cover slip, sealed using clear nail varnish and were ready to analyse

under the Leica DM4000 microscope.
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Figure 31. Schematic figure of immunofluorescence technique.
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5. Western Blot

BRCA2 protein lysates was analysed by Western blot in all OC cell line including PEO1
(BRCA2-m), SKOV3 (BRCA2-w/t), PEO4 (BRCAZ2-silent mutation) and MDAH-2774
(BRCAZ2-silent mutation).

5.1. Protein sample preparation

Cells were seeded to 80-90% confluence and plates were washed three times with PBS.
Excess liquid was removed and 250uL of laemmli buffer (Merkmillipore) containing 10%
(v/v) sodium dodecyl sulfate (SDS), 250mM Tris pH 8.0, 50% (v/v) glycerol and 0.01%
(w/v) bromophenol blue plus 10uL of protease Inhibitor (x7) and 10uL of beta-
mercaptoethanol (BME) were added for at least one minute on to each well. Then, cells were
scraped off using a cell scraper. Samples were collected into an Eppendorf tube. The samples
were boiled on heating block at 90°C for 10 min to denature the protein followed by storing

at -80°C. It is important to avoid repeated thawing and freezing of the protein sample.
5.2. Protein Gel Electrophoresis

In this step, 10uL of samples were added into the well, along with the 3uL protein ladder.
The higher the molecular weight of a protein of interest, the lower the percentage of gel that
is required. In my experiments where heavy proteins such as BRCA2 (molecular weight of
460kDa) were involved, a 4-15% precast gel (Bio-Rad) was used. Eventually the protein
samples were loaded carefully onto each well. The ladder (protein marker) was normally
loaded on the first wells. The interior and exterior of the tank was filled with 1x running
buffer made with 3.02g (w/v) of Tris base, 14.4g (w/v) of glycine, 1g of SDS in 1L of
distilled water. After that, the gel was placed in the tank to run at 40mA (80mA if there are 2
gels) constant and 300V for approximately 40 minutes. The samples were checked regularly

to prevent running off from the protein samples.
5.3. Blotting and Transfer

Heavier proteins move slower and hence were at the top of the gel, whereas smaller proteins
move faster and were found near the bottom of the gel. Once proteins were separated based
on their size and mobility, transferred onto a blotting paper. Nitrocellulose membranes have a
high protein-binding affinity. The cassette “sandwich” was then prepared as displayed in

Figure 32.
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Figure 32. Schematic figure of the electro blot transfer process using an immersion procedure. Arrow at the
bottom of the tank indicates transfer direction.

A small magnetic stirrer was placed in the tank, topped with 1 X transfer buffer made with
11.25g (w/v) of glycine, 2.41g (w/v) of TRIS base, in 800ml of distilled water. The blotter
was placed inside the tank and the tank was run at 400mA and 300V for 1 hour and 30 min
on a magnetic stirrer to create an even distribution of the electrolysis. An ice block was also
placed inside the tank, next to the red side of the holder to raise the level of buffer solution
and to prevent over-heating of the buffer solution. The tank is then transferred to the tray and

surrounded in ice.
5.4. Blocking and antibody incubation

Once the transfer of protein from gel onto the nitrocellulose membrane was completed the
proteins were blocked with blocking buffer including 1g of milk powder in 20mL of Tris
buffer saline-Tween (TBST). The membrane was left in 30ml of blocking solution for about
one hour on a shaking platform at room temperature. The milk mixture blocks unspecific
binding of an antibody with the membrane. After one hour of blocking, the membrane was
rinsed with TBST and then the primary antibody (anti BRCA2 (Ab-1) mouse
(Merkmillipore), diluted 1/100) was added which was prepared in 5 % BSA in 1x TBST and
kept overnight on the orbital shaker at 4°C. The following day, the membrane was washed
three times with 1x TBST for 15 minutes each and incubated with a secondary antibody,
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which is anti-mouse 1gG in rabbit (Sigma-Aldrich), diluted 1/2000) which was prepared same

way as the primary antibody on a shaker for one hour.

5.5. Protein detection with chemiluminescence

After one-hour incubation with a secondary antibody the membrane was washed as before.
During the final wash, the development solutions were made in centrifuge tubes labelled A
(including 5mL 100mM TRIS pH 8.0, 22uL Coumaric acid and 50pL Luminol) and B
(including 5mL 100mM TRIS pH 8.0, 3uL 30% H,0,). From this step, everything needed to
be taken to dark room. Solution A and B were mixed and added to the tray with membrane
and put on shaker (gently) for 2 min. Next, the membrane was blotted on filter paper and
exposed to X-ray film within a light impermeable cassette for 30 seconds to 3 minutes
(dependent on strength of antibody), followed by developing on a Curix60 (AGFA)

automatic developing machine.
6. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) analysis

6.1. Sample preparation

First, 1 used one 80-100% confluent T75 flask to get enough number of cells. After
trypsinization, the cells with TE were moved to 15mL falcon tube to centrifuge at 1500 RPM
for 5 minutes. After removing the TE, the pellet was re-suspended with 1mL media. Before
placing them in the 6-well plate, it was necessary to count the cells to make sure enough cells
needed for extraction, is placed. As described earlier about cell counting process in the
section 1.4, the proper number of cells was calculated. Next, the rest of the solution (cells
with media) was diluted within 3ml media and then 1mL of it was transferred to each well. It
was required to give the cells time to attach the surface; therefore, I kept them overnight in
the incubator. In the next day, to harvest the cells, they were trypsinized with 1.5mL of TE
and then centrifuged at 1500 rpm for 5 minutes (to extract RNA) or 190 rpm for 5 minutes (to
extract DNA). They were ready to use for the next process.

6.2. RNA extraction

RNA extraction was performed by using the RNeasy® Mini Kit (Qiagen) following
instructions of manufactures that was provided in the kit. The maximum number of cells
which was recommended for this process was 1 x107. Firstly, the supernatant was discarded,
and the pellet washed with PBS 3 times. After removing the PBS, the pellet was re-suspended
in 350uL of RLT buffer (guanidium thiocyanate lysis buffer) in the Eppendorf tube. Next,

1mL of 70% ethanol was added to the lysate, the Eppendorf was inverted 10 times and
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pipetting technique was done. A total of 700ul of the solution was transferred into a RNeasy
spin column placed in 2mL collection tube and then centrifuged for 15 seconds at 10000 rpm.
The flow-through was discarded and 700uL Buffer RW1 was added to the RNeasy spin
column. Again, it was re-centrifuged for 15 seconds at 10000 rpm, followed by discarding
flow through. In the next step, 500uL Buffer RPE was added to the RNeasy spin column and
re-centrifuged for 15 seconds at 10000 rpm. The flow-through was discarded and again
500uL Buffer RPE was added to the RNeasy spin column and re-centrifuged for 2 minutes at
10000 rpm. In the following step, the spin column was placed into the new 1.5mL collection
tube and 30-50uL of RNase-free water was added directly to the spin column membrane.
Then it was centrifuged for 1 minute at 10000 rpm to elute the RNA. It was crucial to keep
the RNA in the -80°C.

6.3. Measurement of RNA quality

The quality of the RNA was checked through a Nano-Drop 2000C (Thermo-Fisher
Scientific) which its function is based on an absorbance measurement of all molecules in the
sample at the wavelength of interest. At 260 nm, nucleotides, RNA, ssDNA, and dsDNA will
contribute to the total absorbance of the sample. Therefore, to confirm the correct results via
using Nano-Drop™, the purification of a nucleic acid sample is required (Desjardins &
Conklin, 2010). To assess the purity of RNA, the 260 nm and 280 nm wavelength is used.
The accepted "pure" ratio for RNA is ~2.0. The other ratio significantly lower, in either case,
can be related to the presence of protein, phenol or other contaminants which absorb strongly
at or near 280nm (Ponti, et al., 2018).

Before using the Nano-Drop device, the lens (top and bottom) needs to be cleaned gently
with clean “lens tissue”. Then, 1uL of appropriate diluent was added, depending on the
solution used to dissolve the DNA/RNA and the spectrophotometer was blanked. After
measurement of blank which should be zero, the lens was cleaned again and then 1uL of

samples was added and then measured. Once all the samples were finished, the lens was
cleaned by adding 1uL of PURITE water and then gently wiped and the pedestal was closed.

6.4. Reverse Transcription (cDNA synthesis)

cDNA synthesis was performed by using the high-capacity cDNA reverse transcription Kits
(Applied-Biosystems) following instructions of manufactures that was provided in the kit. A
summary of this procedure can be seen in table6. The quantity of cDNA which was indicated

for this experiment was 1000ng. For the first step, | prepared the RT master mix using the kit
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components before preparing the reaction plate. The kit components were put on ice to thaw.
By referring to the Table 5, I calculated the sufficient volume of components, all reagents

were prepared and kept on ice.

Table 5.The volume of components to make master mix.

Volume/Reaction (uL) Kit without RNase Inhibitor
10X RT Buffer 2.0
25X dNTP mix (100 mM) 0.8
10X RT Random Primers 2.0
MultiScribe™ Reverse Transcriptase 1.0
Nuclease-free H20 4.2
Total per Reaction 10.0

In the next step, | calculated and prepared all the RNA samples. After that, 10uL of master
mix was added to 10uL of each RNA sample and briefly spun down to eliminate any air
bubbles. At the final step, the thermal cycler conditions were programmed based on the Table

6 and then all reactions were loaded into the thermal cycler.

Table 6.The condition of thermal cycler.

Temperature(°C) 25 37 85 4

Time 10 min 120 min 5 min o0

The cDNA RT tubes can be stored short-term which is up to 24-hrs before use and the
storage temperature are 2-6°C. For the long-term condition, it is essential to be placed in -15

to -25°C.
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1. Use the reverse transcription reaction (cDNA) directly for
guantitative or other PCR applications
2. Store the reverse transcription reaction (cDNA)

[ Perform reverse transcription in a thermal cycler

Figure 33. Schematic overview of synthesize single-strand cDNA from total RNA.
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6.5. Primers used for rt-gPCR

All the primers, used in my study can be found in Table 7.
Table 7. List of the human primers used for RT-PCR.

Gene name Orientation Sequence
Forward 5 -AGACGGAAGGTGCTGAGAAA-3
YWHAZ Reverse 5-GAAGCATTGGGGATCAAGAA-3
Forward 5"-CGGGCGTCTGTTCTAGTGTT-3
H2AX Reverse 5-GGTGTACACGGCCCACTG-3’
Snail Forward 5-GAGCTGAACCTCCCTGTCAGA-3
Reverse 5 -GTTGAAGGCCTTTCGAGCCT-3"
BAX Forward 5-TGCTTCAGGGTTTCATCCA-3’
Reverse 5-GGAAAAAGACCTCTCGGGG-3
mTOR Forward 5-TGCCAACTACCTTCGGAACC-3’
Reverse 5-GCTCGCTTCACCTCAATTC-3
Rictor Forward 5-GGAAGCCTGTTGATGGTGAT-3"
Reverse 5 -GGCAGCCTTTTTATGGTGT-3"
Raptor Forward 5-ACTGATGGAGTCCGAATGC-3’
Reverse 5-TCATCCGATCCTTCATC-3

7. Real-time PCR (Q-PCR)

7.1. Q-PCR process
The expression of genes of interest was measured on an ABI Prism 7900HT Sequence

Detection System (Applied-Biosystems) using SYBR® Green PCR Master Mix (Applied-

Biosystems). SYBR® Green dye is attached to the cDNA and generates a fluorescent signal.
The intensity of signal is relative to the quantity of the cDNA involved in the reaction.
Therefore, in each step of the PCR reaction, the intensity of the signal increases due to
increasing amount of product. Each PCR- reaction was performed in triplicate on a
MicroAmp optical 96-well PCR plate (Applied-Biosystems). Each reaction well comprised of
2 pL of diluted cDNA products, 0.5 uL of each 10 uM optimised respective forward and

reverse primers, 7 pL of nuclease free water and 10 uL of SYBR® Green Master Mix (2x
concentration). Different master mixes were made separately for target and endogenous and
then added to the plate. Finally, the plate was sealed with a real time plate sealer (MicroAmp,
Applied-Biosystems), centrifuged for 1 minute/1000 rpm to bring all the contents to the
bottom of the well and then put in the QPCR QuantStudio 7 Flex Real-Time PCR machine.
The real time PCR reactions were run by applying the program as displayed in Figure 34.
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95°C 95°C 95°C 95°C

10:00 00:15 00:15 00:15
a
=
frer)
g 60°C 60°C
E— 50°C 1:00 1:00
ﬁ 2:00

Time

Figure 34. Schematic diagram of the real-time PCR program.

7.2. Q-PCR analysis

Gene expression can be measured through either absolute or relative quantification. Absolute
quantification (AQ) measurement is based on amplification of absolute gene copy number.
Relative quantification (RQ) measures an amplification according to a reference gene which
is stably expressed under the experiment conditions (for instance after drug treatment). The
most common way for analysis of qPCR data is the ACt or AACt method which is explained
below:

ACt = Ct (gene test) - Ct (endogenous control)

AACt=ACt (sample) - ACq (calibrator/’’untreated cell’”)

RQ = 284t

The AACt method shows fold change in expression when compared to a calibrator and is only
acceptable when a valid calibrator is presented; for instance, for drug treatment, the cells
under basal conditions can be used as calibrator. In the case of clinical samples, due to the
different gene expression from person to person and it is not acceptable to match the ACq
value from one patient to that of a different patient, the ACt method is used. However, in case
of each sample is matched to non-affected adjacent-tissue and based on the assumption that
tissue is ‘normal’, the ACq method can be used to make a comparison between samples and

calibrators.
8. Cell treatment

8.1. Seeding cells
Based on recent studies, the proper concentration for each cell line was indicated which is

shown in the table8. Three 6-well plates were used to seed 1 x10° cells/well. One 90-100%
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confluent T75 flask was chosen, the old media was aspirated and, cells were trypsinized and
re-suspended in fresh media. Finally, 2mL of the mixture were placed in each well and put in

the incubator for 24-hrs to let the cells for attachment.

8.2. Scratch assay (wound healing assay)

Scratch assay was performed to assess the ability of cells to close a created gap in cell growth
area. After seeding cells in 6-well plate, a ‘scratch’ was made vertically, as a line drawn on
one part of well, by using a 200 pL pipette tip in growth area. In the following step, the
scratch was monitored, and images were taken after 24-, 48- and 72-hrs using a Leica DMil
inverted microscope (40x magnifications). The perpendicular line of marker was used as a
landmark to ensure that an image of the same area was taken at each time point. All images
were analysed with ImageJ.

8.3. Adding drug

All cell lines were treated with indicated dose of Rucaparib (PARP inhibitor) which can be
found in Table 8. Then they kept in the incubator for 48- and 72-hrs. At the end, the old
media was aspirated; cells were washed with PBS and trypsinized, followed by RNA

extraction and finally gPCR.

Table 8.The indicated concentration of Rucaparib for each cell line.

Cell line Rucaparib concentration (uM)
PEO1 10
PEO4 10

MDAH 10

SKOV3 25

8.4. Proliferation assay

By using countess cell counting chamber slide (Countess® Automated Cell Counter,
Invitrogen) and Trypan blue staining, | assessed proliferation, death, and cell viability
following Rucaparib exposures. After each time-point (24-hrs, 48- hrs and 72- hrs) cells were
counted. First old media was aspirated, and cells were trypsinized and then re-suspended in
appropriate media to make 1mL of cell suspension totally. An equal volume of cell
suspension (10uL) was mixed with trypan blue dye and applied to a slide. Three readings
were taken per sample and an average value calculated.

8.5. Flow cytometry

In the first step, cells were seeded in a 6-well plate and incubated with DMSO, Rucaparib and
some samples with no treatment to be used as an untreated control, for 48 and 72-H, followed

by cell detachment using TE and centrifugation at 1500 x g for 5 min. For cell apoptosis
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analysis, FITC annexin V apoptosis detection kit with Pl (BioLegend) was used. After
trypsinizing, the cells were washed twice with cell staining buffer and then re-suspended in
100p!l Annexin V binding buffer. In the next step, 5 pL of FITC Annexin V (488nm) and 10u
of Propidium lodide solution (610nm) were added to each tube, followed by incubation for
15 minutes in room temperature (25°C) in the dark. Compensation samples were made using
unstained, untreated FITC stained, and untreated Pl-stained cells. At the end, 400uL of
Annexin V binding buffer was added to each sample and then analysed by Flow Cytometry
ACEA Novocyte Flow Cytometer. 12,000 cells were then acquired for both treated and
untreated samples and the FITC and PI histograms were plotted using the set markers within

the analysis program of Novoexpress™ software (Figure 35).
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Figure 35. Tow-Parameter histogram from flow cytometry. This figure explained each section of histogram
regarding to PI/FITC staining.

Annexin V is an intracellular protein which binds to phosphatidylserine (PS). PS can be
normally found in healthy cells, on the intracellular leaflet of the plasma membrane. During
early apoptosis, due to lose of membrane asymmetry, PS translocate to the external leaflet.
Fluorochrome-labelled Annexin V can be used to precisely target and identify apoptotic cells.
It is important to distinguish between necrotic and apoptotic cell. Propidium lodide Solution
(PI) is used to stain necrotic cells and late-stage apoptotic cells, while early apoptotic cells
will exclude PI due to the passage of these dyes into the nucleus to bind DNA. Live cells
show only a low level of fluorescent, whereas apoptotic cells show green and dead cells

display both red and green.
8.6. PARP1 activity assay

Cells were attached on poly-prep slide and kept in incubator. After 24-hrs, fresh media was

added containing rucaparib or DMSO (as a negative control) and incubated for 1.5-hrs at
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37°C. PARP-1 activity was stimulated through treatment with 20 mM HO; for 20 min at
room temperature in the dark. Cells were fixed in 4% PFA for 10 min, then permeabilized
with 0.5% Triton-X for 10 min prior to blocking with 5% BSA for 1-hr at room temperature.
In the following step, cells were incubated for 1-hr, with a 1:200 dilution of mouse anti-
PADPR monoclonal antibody (Abcam). Bound anti-PADPR primary antibody was visualised
after 1-h incubation using goat anti-mouse Alexa Fluor 488-conjugated secondary antibody
(Abcam), at a dilution of 1:500. After that, the slides were washed 3x 5 min in TBST (Tris-
buffered saline with Tween 20, PH7.5, Sigma-Aldrich) and then PBS. The slides were de-
hydrated in ethanol series ((70%, 90% and 100%) for 3-5 minutes each time. Once the slides
were air dry, a total of 10uL DAPI (Vector Laboratories) was added to each slide and
covered with a cover slip and sealed using clear nail varnish. The slides were ready to analyse
under the Leica DM4000 microscope. Fluorescence intensity for AF-488 was calculated by

applying ImageJ software and normalised to DAPI fluorescence intensity in all cell lines.

Rucaparib|| |Rucaparib DMSO DMSO
+H202 +H202

Figure 36. Schematic figure of the plan for PARP1-activity assay. DMSO was used as a vehicle sample
(Authors’ adaptation).

9. Immunohistochemistry

Immunohistochemistry and DAB (3,3’-Diaminobenzidine) staining was used to visualise
H>AX protein expression in paraffin embedded ovarian cancer tissue samples. The slides
were provided from US Biomax, Inc. They contain of ovary carcinoma with adjacent normal
tissue microarray, including 5 cases of clear cell carcinoma, 62 serous carcinoma, 10
mucinous adenocarcinoma, 3 endometrioid adenocarcinoma, 10 lymph node metastatic
carcinoma, 10 adjacent normal ovary tissues (single core per case) (Figure 37) (US Biomax,
Inc, 2019).
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Figure 37. Microarray panel of ovarian cancer tissue. Gre - Greater omentum, Lym - Lymph node, Ova -
Ovary, Pel - Pelvic cavity, Adr — Adrenal Gland, used as a negative control, @ Malignant tumour, -
Malignant tumour (stage 1), - Malignant tumour (stage 1A), - Malignant tumour (stage 1B), -
Malignant tumour (stage 1C), @ - Malignant tumour (stage 11), & - Malignant tumour (stage 11A), © -
Malignant tumour (stage 11B), ®. Malignant tumour (stage I11), ®. Malignant tumour (stage I111A), &

Malignant tumour (stage I1IC), @ Malignant tumour (stage V), - Metastasis, O NAT (US Biomax,
Inc, 2019).

9.1. Process
The slide was already deparaffinised, and | started with rehydration step through incubation
in HistoClear (National Diagnostics) and decreasing concentrations of ethanol as follows in

table below.

Table 9. The incubation times and solution to deparaffinise and rehydrate paraffin embedded tissue.

Solution Time
Histoclear 2 x5 min

Histoclear:Ethanol (1:1) 3 min

100% Ethanol 3 min

95% Ethanol 3 min

70% Ethanol 3 min

50% Ethanol 3 min

Running Tap Water 1 min
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Next step was antigen retrieval which was achieved by boiling slides in sodium citrate (2.94
g Sodium Citrate in 1L distilled water, 500uL. Tween 20, pH 6) for 20 minutes (considering
avoiding the slides boiling dry). The slides were then washed in running tap water for 10
minutes and then PBS 0.025% Triton-X (50ul Triton-X in 200mL PBS) 2 times for 5 minutes
to remove excess sodium citrate. Endogenous hydrogen peroxidase activity was blocked
through incubation with 3% hydrogen peroxide (150ul in 50mL PBS) for 15 minutes. After
that, slides were washed with 0.025% Triton-X 3 times for 5 minutes each. For the blocking
step, a humidity chamber was made by placing water-soaked tissue in a container and
covering with foil. The slide was added 200uL of 5% BSA in PBS blocking buffer (2.5¢g in
50mL of PBS) for 1 hour at room temperature. For the next step, the primary antibody,
H2AX (Millipore) (1:500 dilution) was applied, slide was covered with a small square of
parafilm to ensure that antibody spreads over all area and incubated over one night at 4°C. In
the second day, the slides were washed 3x / 5 minutes in PBS 0.025% Triton-X on a shaker
to remove any unbound primary antibody. Then, it was incubated for 1-hr at room
temperature in the humidity chamber with secondary antibody 1:200 in 1% rabbit serum
(ZytoChem Plus HRP-DAB Kit). After washing step with 0.025% Triton-X, to remove any
unbound secondary antibody, streptavidin-HRP conjugate was added to allow the visibility of
the antibody along with the secondary antibody and incubated for 30 minutes in the humidity
chamber. After washing step, DAB solution (VectorLabs) was prepared in 2.5ml distilled
water as follows: 2 drops of buffer stock solution, 4 drops of DAB stock solution, and 2 drops
of hydrogen peroxide solution. In the following step, 200 uL of DAB solution was applied to
the tissue and incubated at room temperature for 2-10 minutes until a brown colour develops.
DAB solution was washed off the slide by incubation in dH2O/5 minutes. For nucleus
staining, Haematoxylin (Fisher Scientific) was used to provide contrast to the brown DAB
staining. The tissue was incubated in haematoxylin for 15-30 second and washed off with
distilled water. Slide was covered with few drops of haematoxylin and parafilm on top. Slides
were then incubated in 0.1% sodium bicarbonate (1g sodium bicarbonate in 1L distilled
water) for 30-60 seconds and rinsed in running tap water. Tissue was dehydrated by

performing the following washes displayed in Table 10.
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Table 10. Incubations process to dehydrate stained tissue samples.

Solution Time

50% Ethanol 3min

70% Ethanol 3min

95% Ethanol 3min
100% Ethanol 3min
Histoclear:Ethanol (1:1) 3 min
Histoclear 3 min

Coverslips were mounted with di-N-butyl phthalate in xylene (DPX) to protect the tissue.
DPX was dried overnight at 4°C before observation.

9.2. Scoring
In order to score the slide staining, it was first determined how well the slide has stained

overall, using the following parameters.

Table 11.Table of scoring pattern for stained slides.

Staining Negative <25% stained 25-50% stained | 50-75% stained >75% stained

Score 0 1 2 3 4

The slide was then positioned under a light microscope so that the whole circle of tissue was

visible. Each circle was analysed as if it has been split into 3 sections (Figure 38):

Figure 38. Schematic figure of microarray slide under the microscope. This figure shows how to split the cell
into three sections.
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Each section was scored so that 3 scores were got (one for each score) which an average

score was calculated from Table 12.

Table 12. An example of the scoring and average score.

Location 1%t Section 2nd Section 34 Section Average Score
Al 1 3 2 2

This process was repeated for the next two days in order to reduce bias. Images were taken

using a Leica DMil inverted microscope (10x magnification).

10. In silico analysis using online tools

In silico analysis was carried out on several subsections of results. | used an online tool,
Oncomine website, for the purposes of gene expression levels of existing microarray data for
genes in both cancer and normal tissues, based on cancer types. In addition, | used another
online tool known as Kaplan Meier Plotter which can be used to determine gene expression

connections with prognosis and overall survival.

11. Bioinformatic analysis

The ovarian cancer cohort of TCGA was downloaded through cBioPortal (Gao et al., 2013)
and UCSC Xena (UCSC Xena, 2021). This cohort contains tissues of primary cancer,
recurrent cancer, and normal ovarian tissue, with number of 568, 17, and 8 respectively and
gene expression from microarray in TCGA. OC patients with primary cancer were split into
high and low expression groups by H2AX expression using median cut-off. Gene Set
Enrichment Analysis (GSEA) was performed to compare H2AX high and low groups using
Hallmark gene sets, in software provided by the Broad Institute (GSEA, 2021).

12. Population sample and genotyping

The UK Biobank is a huge population study, around 500,000 individuals. These were
enrolled between 2006 and 2011 from 22 UK Biobank assessment centres throughout
England, Wales and Scotland. The range of the participant’s age at the time of recruitment in
the study was from 40 to 69 years, with a mean age of 56.5 years old. The 54.4% of sample
was contained by female participants (Sudlow et al., 2015). Existing health records have been
associated with the remaining data from the participants. These involve several information
about deaths, cancer registration and hospital inpatient episodes (Biobank, 2014) .

For this project we applied the ICD10 definition of ovarian cancer under code C56 with 1232
cases. To define the five-year survival, we used the dates of diagnosis of the incident cases

with five-year follow up records and data from the death register for the next five years. The
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UKB Axiom array (438,427 participants) or the UK BILEVE Axiom array (49,950
participants) were used to genotype approximately 812,428 variants in 488,377 individuals.
These variants were ascribed using the 1000 Genomes phase 3 dataset as a reference (Bycroft
et al., 2018). There was some variants with a minor allele frequency of frequency of <0.8,
that did not pass standard quality control checks (Bycroft et al., 2018), and were excluded
from the analysis. All current polymorphisms which passed our QC filters and situated on
chromosome 11 between positions 118,944,675 and 118,986,118, in total 108 genetic
variants, were obtained from the genotyping data to be used in our study. The UK Biobank
provided the sample genotyping quality control metrics. There were many samples, excluded
from the analysis, including those outliers for missingness and/or PC-corrected
heterozygosity and/or those with any sex chromosome aneuploidies as well as if the
genetically inferred sex differed from the reported sex. Additionally, those samples which did
not have a genetically verified White British ancestry were excluded. A list of related
individuals was given by the UK Biobank and one individual from each linked pair was

randomly excluded. The use of the UK Biobank data was covered under project 44,556.

13. Statistical analysis

Changes detected in experiments were measured for statistical significance using the
Student’s t-test and ANOVA (Analysis of Variance) test. The survival changes were analysed
using Kaplan-Meier curves with log-rank test. A logistic regression model was used to
examine the correlation between the genetic variants and OC risk or five-year survival,
altering for the first four principle components of all genotyped variants, the genotyping array
used, and the age at recruitment for OC risk, or the age at OC diagnosis for the five-year
survival. All statistical tests were analysed using GraphPad Prism® (GraphPad Software, San
Diego, CA, USA) and R software (R Project, 2021). Plot for the genetic connections were
assembled through LocusZoom (Pruim et al., 2011). Values were considered as significant
when p < 0.05.
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Chapter3: Validation

Introduction

Ovarian cancer, specifically high-grade serous is a highly mutated cancer. Most remarkable
mutated gene in ovarian cancer is p53 which is mutated in approximately 96% of HGSOC.
Additionally, it was found that BRCA1/2 genes have a role in many HGSOC, regardless of
germline status. Women who carry mutation in BRCAZ2 gene, have a nearly 12-25% chance
of developing ovarian cancer in their lifetimes, when compared to women without gene
mutation with a rate of 1.6% in the general population (BetterthanBRCA, 2019). Moreover,
BRCA2 mutation can increase the risk of some other types of cancer, containing breast
cancer, pancreatic cancer, and melanoma (National Institutes of Health, 2015). Women with
inherent deleterious BRCA1 or BRCA2 mutation have up to a 40% and 20% lifetime risk,
respectively, of developing ovarian cancer and higher risks of developing breast cancer (Chen
and Parmigiani, 2007). The prevalence of BRCA germline mutation is around 10-15% (Risch
et al., 2001). It has been established that 17% of patients with HGSOC were found to carry a
BRCA mutation gene and 44% of these patients had no family history of cancer. Regarding
to these data, use of BRCA mutation testing in all HGSOC patients is supported, regardless
of family history (Alsop et al., 2012).

In the UK, it is becoming increasingly crucial for ovarian cancer patients to undertake testing
for germline BRCA1/2 mutation. Over the last few years, the demand for testing has been
increased due to greater public awareness of breast and ovarian cancer genetic component.
Recent findings have established that approximately 15% of all patients with OC, harbour a
germline mutation in BRCA1/2 (George, 2015). There are no standard rules for testing
ovarian cancer patients in case of BRCAL1/2 germline mutations, whereby the National
Institute for Health and Care Excellence (NICE) advises that all women with a 10% chance
of having mutated BRCAL1/2 gene should be recommended testing (NICE, 2013).

There are many proteins involved in homologous recombination pathway to repair DNA-
DSB, such as BRCA1 and BRCA2. BRCAL has a significant role in response to signalling
pathway of DSB-DNA damage and leads to HR repair pathway. Moreover, BRCA2 has an
extra straight part of repair in HR through its Rad51 regulation (Gudmundsdottir and
Ashworth, 2006). It is suggested that the BRCA2-Rad51 complex binds to the defective
DNA, and this binding can induce the Rad51 loading onto the break and creation of the
presynaptic filament. By discovering more functions of BRCAL1 and BRCAZ2, it might be
reasonable to propose that deficiency of genes involving in HR repair pathway will lead to
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HRD (Drew, 2015). Extra analysis on cellular pathways has discovered that almost half of all
tumours carried a mutation in one gene, associated to HR pathway in DNA repair. These
discoveries point to a significant role of HR deficiency in cancer development, as well as
therapeutic potential to achieve (Neff, Senter and Salani, 2017).

Germline mutations in BRCA1/2 have been widely explored in the population to impute a
risk related to carriers for the development of breast and ovarian cancer. It has showed that
after analysing over 8000 unselected cases of patients with breast or ovarian cancer, the
average increasing risk of developing ovarian cancer with a BRCA1/2 mutation was 39% and
11% respectively. Additionally, the convincing evidence was found regarding to the age
discrepancy for onset of disease between BRCAL/2, which BRCAL patients showed an
increased risk after age 40 and BRCAZ2 patients after age 50. Over 15% of all patients
diagnosed with serous ovarian carcinoma present a germline BRCA mutation (Neff, Senter
and Salani, 2017). Following to these data, it suggests that BRCA mutation will have a
significant impact on ovarian cancer progression and should be treated as an individual
disease. Reliable indicator of HR deficiency in ovarian cancers was identified, based on
quantification of immunofluorescent y-H2AX nuclear foci formation due to DNA damage
(Kukolj et al., 2017).

| used four OC cell lines, including BRCA2-m (PEO1), BRCA2-wildtype (SKOV3) and
BRCAZ2-silent mutation (PEO4, MDAH-2774). The PEO1 cell line is derived from the
peritoneal ascites of a patient who had a poorly differentiated serous adenocarcinoma (ECACC,
2020a). PEO4 is derived from the same patient as the PEO1 and was collected after clinical
resistance developed to chemotherapy (ECACC, 2020b). SKOV3 is an epithelial
adenocarcinoma cell line with wild-type BRCA2 gene. Another ovarian cell line that | used
was MDAH-2774 which is endometrioid adenocarcinoma carrying BRCA2 gene with silent
mutation as expected to have a normal function, same as PEO4 cell line. As it can be seen in
Figure 39, a nonsense mutation was detected in PEO1 (5193C>G) which lead to stop codon
in exons 11 of BRCAZ2, and create truncated proteins (shown in Figure 40) (Sakai et al.,
2009), while it was converted to a silent mutation on the same base in PEO4 (5193C>T) in
exon 11 which makes a normal BRCAZ2 protein (Sakai et al., 2009).
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Figure 39. DNA sequences of BRCA2 in PEO1 and PEO4 (Sakai et al., 2010).
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Figure 40. Schematic figure of BRCA2 proteins encoded by transcripts in PEO1 and PEO4. The secondary
genetic changes (presented as red arrow heads) stop the nonsense mutation induced by the original mutation
(5193C>G, black arrow heads), and the encoded BRCAZ2 proteins have complete C-terminal areas holding a
single strand DNA (ssDNA) binding domain (green arrow) and nuclear localization signals (NLS). The regions

that the BRCAZ antibodies (Ab-1) recognize are shown. Adapted from (Sakai et al., 2010).
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Aims
Using different ovarian cancer cell lines including BRCA2-wildtype (SKOV3), BRCA2-m
(PEO1) and BRCAZ2-silent mutant (PEO4, MDAH) to assess:
e The expression of BRCA2 protein in OC cell lines.
e The effects of BRCA2 mutation on efficiency of HR by using immunofluorescence
technique (y-H2AX assay).
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Result

1. BRCAZ2 detection-Validation of cell lines

For the first part, | showed that whether the BRCA2 protein is expressed or not, through
western blot technique which was performed for 4 different cell lines to detect expression of
BRCA2 protein. The result is displayed in Figure 41. As it can be seen, PEO4, MDAH-2774
and SKOV3 cell lines express the full-length BRCA2 protein. However, in PEOL1 cell ling,
BRCAZ2 protein is a truncated form of the wild-type protein due to the point mutation
(5193C>G) which lead to a stop codon amino-acid, and therefore appears as a lower band in
the gel. In addition, GAPDH was used as a house keeping control protein as it expresses at
high level in most tissues, and it is valuable as protein loading control in Western Blot

analysis.
on I
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Figure 41. GAPDH and BRCA2 western blotting of PEO1, PEO4, MDAH-2774 and SKOV3. This result was
provided in the lab.

2. Use of H20> to validate DSB in vitro

To assess the role of BRCA2 protein in HR pathway, | needed to activate the DNA-DSB
repair pathways by inducing DNA damage. | used hydrogen peroxide (H202) to induce
double strand breaks DNA damage that can be repaired through HR pathway. | started by
choosing proper concentration and time-points for H.O2 exposure to induce double strand

break in DNA, then analysis of DNA damage in each cell line. All cell lines were exposed to
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H20, at different time points (1- and 24-hrs) and different concentrations (0.3-4 mM) to
choose a suitable concentration and time point. Result can be found in Figure 42.
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Figure 42. H,O, Cell death curve. These graphs represent the cell viability for each cell line in different
concentrations. As it is displayed in the graphs, by increasing the dose of H,O, the level of cell viability was
decreased. Maximum dose of H,O, which kill 20-30% number of cells was selected. Therefore, 0.5 mM of H,0,
concentration for one hour was selected for all cell line.

3. Sample acquisition and analysis using image flow cytometry

3.1. ImageStream™

ImageStream™ (Amnis Inc., Seattle, Washington) was conducted to capture a picture on up
to 6 optical channels and has power of obtaining 1000 cells per second. Based on different
cells, images were achieved by using a 20X, 40X and 60X objective. This device has a
different range of laser including 800 nm used to capture bright field (BF) (channel 1), the
488 nm for Alexa Fluor (channel 2) and 642 nm for DRAQS5 (channel 5). Alexa Fluor
represents y-H2AX foci by showing green dye. DRAQS is used to stain the nuclear region of
each cell and show the red colour (Adam-Zahir et al., 2015). Figure 43 is a sample of the
captured image using image stream X.
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Figure 43.Captured images of PEO1 cell, using the ImageStream ™. The figure above represents the captured
image of the cell by using ImageStream™. Ch01 shows the bright field images of cells, Ch02 represents y-H2A
antibody staining and ChO05 displays the nuclear staining with DRAQS5 (provided in the lab).

3.2. Image compensation

This device is used to define specific fluorescence staining related to use of two or more
masks. As described before, the cells were stained with AF-488 and DRAQS5. For data
analysis and acquire an accurate data, it is important to display the right intensity of specific
fluorescence light from each image. The software used for data analysis of ImageStream™ is
called IDEAS®. The taken light from images was placed on the quantities table (shown in
Table 13), related to the channels (e.g., Ch05 for DRAQS). Operator displays two truth
populations with a minimum of 25 cells, one to show a low number of foci (<2) and the other
one present the high number of foci (>5-6). These numbers display the range of staining that
allowed the software to select the most sensitive mask to measure the foci accurately (Adam-
Zahir et al., 2015).

Table 13. An example of a table for compensation matrix that is created by the analysis software IDEAS® in
order to analyse the sample. Values presented in this table show coefficient numbers of leakage into adjacent
channels. The coefficient of leakage reduces as it develops distant from the main channel specified with a 1
value. The values that were used in this research were adjusted to have a border of error which is less than
0.001.

Cho1 1 0 0.061 0 0.036 0
Cho2 0 1 0.277 0 0.125 0
Cho3 0 0 1 0 0.100 0
Cho4 0 0 0.518 1 0.143 0
Ch05 0 0 0.208 0 1 0
Ch06 0.02 0 0.087 0 0.352 1
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Figure 44. Example of uncompensated image compared to compensated one. The above figure displays an
example of uncompensated (A) images compared to compensated one (B) from SKOV3 cell line. Ch02 shows
y-H2AX staining, while fluorochrome leaks can be seen on nearby channels (e.g., Ch03). The IDEAS software
with compensation tool, allows for the correction of this leakage. Ch02 shows y-H2AX foci, stained with AF-
488 and Ch05 shows nucleus, stained with DRAQ5.

3.3. INSPIRE®

For ImageStream”* analysis, samples containing no less than 20uL were made. Before
running samples on the ImageStream”, pallet was gently re-suspended to break cell clumps.
The captured image of many cells may differ to other ones. During some experiments, cells
were not many at the beginning or accidentally lost in washes steps. Additionally, there is an
option to extend the EDF (extended depth of field) that help to increase focus and image
clarity. The focus and centring part are automatically measured by the machine and if it
requires device at sometimes can adjust to acquire the optimal results. The size of cells was
set to minimum 50 to maximum 900. Cells were captured from Ch01 which is a normal
image, Ch02 which is about AF staining and Ch05 for the DRAQS staining. Moreover, the
settings for the compensation samples must be set before loading them. All files were saved
onto the computer as raw image file (RIF) and then used for analysis through the IDEAS®

analysis software.

3.4. IDEAS®

ImageStream is a novel technique, and its software (IDEAS®) is constantly being upgraded
with new features that being added to help swift and proficient in data analysis. One of these
new features called “Spot wizard” that choose the best mask for foci measurement and show
a more reliable and improved method to analyse the DNA damage foci in cells.
At first, Spot wizard make a gate of single and focused cells according to the parameters
which will be described later in this section. Then wizard need to identify if two populations;
one population of cells with low number of foci (0 or 1) and another population which has a
high number of foci. The IDEAS® software can be used for data analysis of samples
captured  with  the machine, to make data analysis files (DAF).

In the first step, the software analyses all the captured objects comprising of cells and debris
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and also allows the user to make gate for specific region of them (based on manual
examination of these objects) and label them as single viable cells, the analysis can then
proceed using only single cells (shown in Figure 45). The considerable feature about this
software is, the ability of isolation of captured single cells; though, it is important to consider
the careful examination of collected cells, exclude minor clusters of cells which might be
accidentally included into the main image.
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Figure 45. Example of gating for single cells using IDEAS®. The Y-axis displays the cell spreading according
to their aspect ratio. However, the X-axis represents their distribution according to their size. All the single blue
dots show one captured object which is including cell, debris and cell clusters. The “ MO01” at the end of the
axis’ tag indicates the channel it applies to. This software mechanically makes statistics about the taken data
comprising of the cell number, mean and more and these statistics are represented in a table that is created

below the graph. Careful examination of these single blue dots or cells was monitored through making a gate for
single cells to do the analysis totally.

Figure 46 displays the following stage which is to continue the analysis only on cells in

focussed with clear morphology and structure for the cells.
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Figure 46. Identification of focused cells using IDEAS®. When the graph was generated from the single cells
which were gated to detect the focused cells which were clear and not to choose any blurred cells from further
analysis. On the X-axis, a gradient of cells is used based on focussed image, whereas the Y-axis displayed the
normalised frequency. Subsequent examination, a line gate was shaped (in yellow) dividing single focused cells
from blurred unclear cells. The table which was made below the graph is automatically produced through the
data analysis after gating some cells in the graph. It is completed to represent the number and percentage of cells
comprised in that range.

When the focused cells were chosen, the software made a gradient based on the intensity of
staining for y-H2AX in all cell lines. After creating the graphs by IDEAS® software, it is
needed to examine the different section to decide points at which cells can be categorized as
positively stained. After that, the statistic table according to percentage of every section for
the graph and cell numbers can be acquired from this table. It generates the accurate numbers
related to cell staining based on dilution of antibody that | used. It was required to detect the
number of y-H2AX foci within the nucleus of each cell, therefore, a series of masks were

made which played a role to identify the region of interest (Figure 47).
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Figure 47.Typical foci distribution of y-H2AX in the experiment after treatment with H2O.. The figure above
displays a typical distribution plot for y-H2AX foci for a sample fixed after 1-hour exposure to 0.5mM H0..

| chose treated sample with 0.5mM H»O, after 1-hr exposure, to capture the high level of y-
H2AX foci which started to be formed after 30 minutes of exposure. After completing the
analysis for 1-hr/0.5-mM sample, to be used as a template for the analysis, the data analysis
file (DAF) was made and saved which can allow to apply the same spot mask and intensity
mask to all other samples with different time point and concentration of H2O,. For each cell

line, it was required to create a separate template file.

4. y-H2AX foci induction in cell line (ImageStream™)

To examine the role of BRCA2 in HR pathway and impact of BRCA2 mutation in HRD, |
induced DSB in DNA to analyse the number of y-H2AX foci which represents the DNA
damage. Here | used 4 different types of ovarian cancer cell line including SKOV3 with
BRCA2-wildtype, PEO1 with BRCA2 mutation, PEO4 and MDAH-2774 cell lines with
silent mutation in BRCA2 gene. In the next step, all cells were exposed to H.O for 1- and
24-hrs and then finally y-H2AX foci were analysed and quantified through applying a
morphology and peak mask within IDEAS® software.

In brief, PEO1 which is a BRCA2-m, showed significantly higher number of y-H2AX foci
following 1-hr and 24-hrs exposures to H,O2, comparing to control samples. However, PEO4
cell line displayed a different pattern which was a similar level of y-H2AX foci between
control and after 24-hrs H,O, treatment. Additionally, there was a significant difference
between control and after 1-hr H>O> exposures. In SKOV3 cell line, similar pattern as PEO1
was observed which showed a significant increase following 1- and 24-hrs exposures to
H>0>. The reason for this can be related to a concept of "BRCAness’’ which is referred to

deficiency in other genes involved in HR pathway.
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This experiment was done 3 times for all cell lines. Figures 48-50 show the data and p-value
for all cell lines.
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Figure 48. Number of y-H2AX foci per cell in PEO1 after H,O, treatment. Figure above displays the number of
v-H2AX foci per cell in PEO1, based on different condition of treatment. Error bars represent standard error of
the mean (SEM). Significant change was seen between control and after 1-hr (p=0.0019), control and after 24-
hrs (p=0.0064). ** Significantly higher than wild type (P<0.01).
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Figure 49. Number of y-H2AX foci per cell in PEO4 after H,O, treatment. Figure above shows the number of y-
H2AX foci per cell in PEO4 based on different condition of treatment. Error bars represent standard error of the
mean (SEM). Significant change was seen between control and after 1-hr (p=0.0004) but no significant
difference between control and after 24-hrs (p=0.8270). == Significantly higher than wild type (P<0.001).

103



SKOV3 Brightfield Y-H2AX Nucleus
30+ «
Control
§ I
= 20-
[<}] * %
o
£
g 1-h
5 10 -hr
<}
|1
0 1 1
AN S &
o"‘o N b}é 24-hrs
< v
Time-points

Figure 50. Number of y-H2AX foci per cell in SKOV3 after H,0, treatment. Figure above shows the number of
y-H2AX foci per cell in SKOV3 based on different condition of treatment. Error bars represent standard error of
the mean (SEM). Significant change was seen between control and after 1-hr (p=0.0246), control and after 24-
hrs (p=0.0098). * Significantly higher than wild type (P<0.05), ** Significantly higher than wild type (P<0.01).

5. y-H2AX foci induction in cell line (Immunofluorescence)

There are several experimental techniques to detect y-H2AX foci in cultured cells. The most
reliable one is immunofluorescent labelling of y-H2AX, and nuclei followed by microscopy
imaging and analysis. The most important advantage of this technique is the ability of
providing quantitative information regarding to the number of foci in each cell and, hence,
the number of DSBs. At this time, this approach has been considered as ‘gold standard’ in
analytical methods and generally used for estimating the DNA damage due to external
radiation exposures or other factors that induce DNA DSB (Lapytsko et al., 2015).

Here, | stimulated DSB in DNA to analyse the number of y-H2AX foci in all 4 different types
of ovarian cancer cell line with BRCA-wild-type and mutant gene. In the final step, y-H2AX
foci were analysed and quantified after 1- hr exposures to H2O., following 1- and 24-hrs
incubation with fresh medium. Images are taken by Leica microscope. Results are consistent
with previous data from Imagestream, which displays those cells with BRCA2-m (e.g.,
PEOL1) cannot be repaired, due to homologous recombination deficiency but cells with intact
BRCA2 (e.g., PEO4 and MDAH-2774) can be repaired after inducing DSB. However, some
cells (e.g., SKOV3) demonstrate a similar pattern to those carry BRCA2-m. This might be
due to cells exhibiting ’BRCAness’’ which is having deficiency in other genes involved in
HR pathway. This experiment was done 3 times for all cell lines. Figures 51-54 show the data

and p-value for all cell lines.
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Figure 51. Number of y-H2AX foci per cell in PEO1 after H,O, treatment. This Figure shows the number of y-
H2AX foci per cell in PEO1 based on different condition of treatment. Error bars represent standard error of the
mean (SEM). Significant change was seen between control and after 1-hr (p<0.0001), control and after 24-hrs
(p<0.0001), (Bar scale: 10uM).
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Figure 52. Number of y-H2AX foci per cell in PEO4 after H,O, treatment. This figure shows the number of y-
H2AX foci per cell in PEO4 based on different condition of treatment. Error bars represent standard error of the
mean (SEM). Significant change was seen between control and after 1-hr (p<0.0001), after 1-hr and after 24-hrs
(p<0.0001), (Bar scale: 10uM).
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Figure 53. Number of y-H2AX foci per cell in MDAH-2774 after H,O, treatment. Figure above shows the
number of y-H2AX foci per cell in MDAH-2774 based on different condition of treatment. Error bars represent
standard error of the mean (SEM). Significant change was seen between control and after 1-hr (p<0.0001), after
1-hr and after 24-hrs (p<0.0001), (Bar scale: 10uM).
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Figure 54. Number of y-H2AX foci per cell in SKOV3 after H,O, treatment. This figure shows the number of y-
H2AX foci per cell in SKOV3 based on different condition of treatment. Error bars represent standard error of
the mean (SEM). Significant change was seen between control and after 1-hr (p<0.0001), control and after 24-
hrs (p<0.0001) and after 1-hr and 24-hrs (p<0.0001), (Bar scale: 10uM).
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Discussion

General discussion

As described before, both BRCAL1 and BRCAZ2 are critical for the DNA repair process
through HR, which is mainly involved in the repair of DNA lesions that postpone the creation
of DNA replication forks, result in DSBs, and this has led to the development of therapeutic
methods to target tumours with loss-of-function in mutated genes. They are essential proteins
for high-fidelity repair of DSB of DNA through the HRR pathway. Around 20% of high-
grade serous ovarian cancers have somatic or germline BRCA mutations and testing for
BRCA-m should be combined to routine clinical practice. Despite the fact that, the integrity
of BRCA proteins is central to effective HRR, other proteins are also essential for this
process (Moynahan and Jasin, 2010).

In this chapter | examined the hypothesis that homologous recombination pathway can be
affected by BRCAZ2 deficiency by validating the effect of this deficiency in a number of
different OC cell lines. H202 exposure allowed us to analyse more precisely the possibility of
correlation between the BRCAZ2 deficiency and effect on HR pathway. For this aim, |
exposed a set of 3 BRCA2 proficient (PEO4, MDAH-2774, SKOV3) and one deficient
(PEO1) cell line to hydrogen peroxide that induce double-strand break in DNA and then
monitored DSBs repair using y-H2AX assays. Monitoring DSBs with y-H2AX assay showed
a significant high level of DNA DSBs in PEOL1 cell line (BRCA2-m) following 1- and 24-hrs
H>02 exposures, when compared to control. Likewise, SKOV3 (BRCA2-wildtype) cell line
surprisingly displayed a high level of y-H2AX in compared to control, which suggesting
other defective genes, involved in HR pathway could result in disruption of HR repair
mechanism. Although, in PEO4 and MDAH-2774 (BRCA2-silent mutation) cell lines, the
number of y-H2AX foci returned to near normal levels which indicating full DNA repair.
These results indicate the lack of ability to fully repair of DNA damage in cancer cells with
BRCA2-mutation. It is important that deficiencies in BRCA2 gene will affect genome
stability.

It has been established that normal cells will repair DSBs within 24h after inducing DNA
damage (Gordon et al., 2002). In association with this, Vaurijoux et al., 2017 has showed
that, after ionizing radiation, the peak of y-H2AX foci number was at 30 minutes after
exposure, and most of these damages disappear within hours of exposure (Vaurijoux et al.,
2017). These data corroborate previous studies, Rogakou et al., 1999, which showed that

DNA DSBs can be rapidly detected and marked in condensed chromosomes and in interphase
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chromatin. They observed that after 30 minutes irradiation, DNA damage could be found and
started to disappear after 24-hrs of exposure, due to DNA repair (Rogakou et al., 1999).

In addition, in previous studies, it has been displayed that BRCA1/2 are involved in DNA
DSBs repair through the HR pathway. For example, Adam-Zahir et al., showed that, in
A2780 (BRCA-wildtype) and A2780cis (BRCAL1-m) cell lines, there was an enhanced level
of y-H2AX foci after exposure to 0.50 ug/ml HN2. However, foci formation in the A2780cis
cell line was significantly increased in comparison to the A2780 cell line (Adam-Zahir et al.,
2015). In another study, it was found that MRC5 cell line with normal repair kinetic had
lower number of y-H2AX foci compared to AT5BIVA with ATM deficient and XP14BR
with DNA-PKcs deficient. Ataxia telangiectasia mutated gene (ATM) has a major role in HR
pathway and DNA-PKcs can cooperate with it during DNA damage checkpoints. These data
show that, deficiency in genes involved in HR can lead to HR deficiency (Parris et al., 2015).
HRD can happen through other mechanisms that lead to BRCA-like phenotype. The concept
of “BRCAness” has been established to define this shared phenotype between sporadic and
familial cancers with mutation in BRCAL1/2 gene. Recently, it has been established that
somatic mutations in other genes such as ATM, ATR, CDK12, CHEK2 and PALB2 which
are involved in HR repair, has a role in development of tumours (Rigakos and Razis, 2012). It
appears therefore, that tumours with BRCAness may also respond to similar therapeutic
approaches as BRCAL/2-m tumours. Although, cancers with BRCA1/2 mutation and those
with BRCAness indicate that small population of these cases, possibly restricting the
therapeutic benefit of PARP-inhibitor monotherapy. Therefore, it seems to be a promising
treatment strategy in BRCA-wildtype tumours and those without BRCAness that might result
in HR deficiency and subsequent sensitization to PARP-inhibitors (Papadimitriou, Mountzios
and Papadimitriou, 2018).

Conclusions

In summary, | used imaging flow cytometry and immunofluorescence to assess the effect of
BRCAZ2 mutation on homologous recombination in vitro. Understanding of BRCA mutation
status in OC patients is important in terms of managing individual risk and identifying other
family members at risk. The status of BRCAL/2 in patients can help through treatment
outcomes and with the development of PARP inhibitors, offers the potential for personalized

anticancer treatment (Drew, 2015).

108



Chapterd: H2AX

Introduction

It is essential for normal cellular function and maintenance of genomic stability to recognise
and subsequent repair of DNA damage. An acquired or inherited deficiency in DNA repair
pathways in human, can lead to an increased lifetime risk of cancer. DNA double strand
break (DSB) is the most lethal insult to the genome and if left unrepaired, can result in
genomic instability and cell death (Ledermann, Drew and Kristeleit, 2016). Normal cells
naturally have efficient mechanisms for DNA repair, which eventually remove almost all
damage. Nevertheless, some people inherency has mutations that affect DNA repair
pathways, and these people have higher risk of cancer. For instance, people born with mutant
gene involved in NHEJ pathway are more sensitive to IR and have high risk of suffering from
leukaemia and solid tumours.

Other examples of mutations in DNA repair genes which prompt cancer include BRCA1 and
BRCAZ2. Mutation in these two well-characterized genes, could result in a significant risk of
breast and ovarian cancer on carriers. Both genes are involved in HR which has a main role
in DNA DSBs repair (O’Donovan and Livingston, 2010). HR uses a homologous DNA
template to repair DSB which is started through end resection from the ends of DNA break to
produce a long stretch of single-strand DNA for strand invasion. At first, HRD was identified
in tumour cells carrying germline mutations in BRCA1 and BRCA2 genes as a tumour
suppressor. Additionally, genetic and epigenetic inactivation of several components which
has a role in HR, might lead to HRD in sporadic cancers, generally characterised BRCAness
(Hoppe et al., 2018).

In the last two decades, the significance of HR in the conservation of mammalian genome
integrity has been emerged. HR is mostly responsible for DSBs repairing, as a result of
replication fork stalling (in the late S phase). HR pathway includes nucleolytic processing,
strand invasion, formation of Holliday junction and branch migration. DSBs can be
visualized as local spot of repair protein accumulation which is called foci in the nucleus.
There are some proteins which accumulate in foci, including 53BP1, RPA, RAD51 and
yH2AX around the DSB. In the last decade, a new biomarker, the phosphorylated histone
H2AX, has discovered as a powerful tool to monitor DNA DSBs in translational cancer
research.

H2AX is one of the isoforms from the Histone H2A family protein which is distinguished

from other isoforms through the presence of a short COOH terminal tail. H2AX can range
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from between 2-25% of the H2A protein depending on the species of mammal. Before stop
codon, the tail has a highly conserved sequence containing one serine at position 139 and one
glutamine residue at position 140, known as the SQ motif. The phosphorylated form of
H2AX on the Serine 139 residue located in the COOH tail, was named y-H2AX because it
was first detected in cells exposed to y-rays and it is accumulated around the break in a 2Mb
region (Kuo and Yang, 2008). Once DSB has taken place, H2AX molecules are rapidly
phosphorylated via P13-kinases, including ATM, ATR and DNA-PK, depending on the cause
of DNA damage and timing. yYH2AX generation is one of the earliest events discovered in
cells due to exposure to DNA damaging agents. It appears within minutes and reaches
maximum levels after 30 min (lvashkevich et al., 2012).

Furthermore, mice lacking H2AFX had shown more sensitivity to radiation and are less
efficient at DSB repair which lead to high level of chromosomal abnormalities (Bassing et
al., 2002). This suggests a role for H2AX to prevent genomic instability related to cancer.
Loss of one or both H2AX alleles in mice result in genomic integrity and high risk of tumour
progression in a p53 null background (Bassing et al., 2003)(Benton et al., 2003).These
findings imply a role of H2AX as a genome caretaker and the expression of both gene alleles
is necessary for preventing tumorigenesis (Dickey et al., 2009).

There are various genes mutations and polymorphisms involving in DNA damage response
which have been reported in several human cancers. Although no significant risk
involvement with a mutation or SNP has yet been determined. One possible reason can be
that a mutant gene in isolation may have a minor effect on cancer risk, while combination
with other gene mutations could become significant. The distal 11g arm harbours main DDR
genes including ATM, MRE11A, CHEK1 and H2AFX. In this context, it might be interesting
that loss of distal 11q arm is frequently detected in different cancers and result in tumour
progression. In a considerable proportion of head and neck squamous cell carcinomas, Parikh
et al. discovered partial deletions of the region on 11923 containing H2AFX, suggesting a
possible contribution of H2AFX in human cancers (Srivastava et al., 2009). Furthermore, the
study indicates that other tumours categorized by loss of the distal region of chromosome 11q
need to be analysed for loss of DNA repair efficiency (Dickey et al., 2009).

H2AX is a modified histone H2A to switch original H2A in a subset of nucleosomes. Due to
nucleosomes wrap and compact DNA into chromatin, DNA accessibility is limited for the
cellular pathways that use DNA as a template. By this means, histone has a crucial role in

several mechanisms including transcription regulation, DNA repair, DNA replication and
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chromosomal stability. DNA accessibility is controlled by histone code which is a complex
set of histone post-translational modifications, and nucleosome remodelling. Furthermore,
H2AX is essential for checkpoint-mediated arrest of cell cycle process after exposure to low
doses of ionizing radiation and also for efficiency of DNA DSBs, particularly when altered

through phosphorylation of C-terminal domain (UniProt, 2020).
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Figure 55. Signalling pathways that H2AX is generally involved. The main one is cell-cycle, DNA repair, gene
expression (transcription) and signal transduction (Reactome, 2020).

In this study | assessed in detail the expression of H2AX in OC comprising of population
sample and genotyping. | have provided a better insight into the protein expression using a
tissue microarray and presented evidence of transcriptional changes based on the BRCA
status.
Aims
e Look at the H2AX expression in OC using TCGA and validating our cancer patients’
sample through gPCR.
e Using gene set enrichment analysis (GSEA) to study gene association of some genes
involved in OC patients with high level of H2AX.
e Study of H2AX prognostic value by using KM plot in OC patients
e Assess the expression of H2AX in different type of OC with different stage by using
tissue microarray.

e Compare the level of H2AX phosphorylation with gene expression.
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Result

4.1. H2AFX is over-expressed in Ovarian Cancer and predicts survival

H2AX (H2AFX) expression was noticeably upregulated in primary and recurrent ovarian
cancer patients when compared to healthy controls tissue in TCGA (Figure 56). gRT-PCR in
a small cohort of stage II1 OC patients established high level of H2AX expression gene, in

comparison to age matched controls (Figure 57).
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Figure 56.H2AX expression in OC tissues vs normal ones. H2AX is significantly (P=0.001) overexpressed in
OC tissues (Primary: n=568, Recurrence: n=17) against normal tissues (n=8). Credit: TCGA .
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Figure 57.H2AX gene expressions quantified by gRT-PCR. H2AX is upregulated in stage 111 OC patients
(n=10) compared to controls (n=6).

Gene Set Enrichment Analysis (GSEA) revealed that gene sets were also enriched in the
H2AX highly expressing ovarian cancers. In G2/M checkpoint, E2F target and DNA repair
processes, genes related to regulation of nucleobase, nucleoside, nucleotide, and nucleic acid

metabolism were enriched.
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Figure 58. Hallmark gene sets enriched in OC patients expressing high levels of H2AX. (G2/M checkpoint:
NES (normalized enrichment score) =2.46, p<0.001; E2F targets: NES=2.30, p<0.001; DNA repair: NES =
2.15, p < 0.001; Estrogen response: NES=1.46, p=0.048); mitotic spindle: NES = 1.98, p < 0.001; mTORC1
signalling: NES = 1.6; p = 0.047; and UV response: NES = 1.75, p = 0.004.

We then performed gene enrichment on genes significantly associated with the mentioned
processes. The most significant biological processes were: G2/M: Regulation of nucleobase,
nucleoside, nucleotide and nucleic acid metabolism, Signal transduction, cell communication.
E2F: Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism,
regulation of cell cycle, DNA replication, DNA repair. DNA repair: Regulation of
nucleobase, nucleoside, nucleotide and nucleic acid metabolism, DNA replication. Mitotic
spindle: Cell communication, Signal transduction. mTORCL1 signalling: Energy pathways,
Metabolism, Protein metabolism. Estrogen response: Metabolism, Energy pathways. Gene

enrichment analysis was performed on these gene sets and data are shown in Figure 59-64.
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Figure 59. Gene enrichment analysis on G2/M checkpoint gene set. Gene enrichment on genes significantly
associated with G2/M checkpoint with significant biological processes of regulation of nucleic acid metabolism,
signal transduction and cell communication.
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Figure 60. Gene enrichment analysis on E2/F targets gene set. Gene enrichment on genes significantly
associated with E2F targets, with significant biological processes of and regulation of nuclei acid metabolism
and cell cycle as well as DNA replication and repair.
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Figure 61. Gene enrichment analysis on DNA repair gene set. Gene enrichment on genes significantly
associated with DNA repair with significant biological processes of regulation of nucleic acid metabolism and
DNA replication.
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Figure 62. Gene enrichment analysis on Estrogen response gene set. Gene enrichment on genes significantly
associated with Estrogen response (late) with significant biological processes of metabolism and energy
pathways.
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Figure 63. Gene enrichment analysis on Mitotic spindle gene set. Gene enrichment on genes significantly
associated with Mitotic spindle with significant biological processes of signal transduction and cell
communication.
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Figure 64. Gene enrichment analysis on mTORCL1 signalling gene set. Gene enrichment on genes significantly
associated with mTORC1 signalling, with significant biological processes of energy pathways, metabolism, and
protein metabolism.

Moreover, signal transduction and cell communication genes were enhanced in the G2/M
checkpoint set; cell cycle regulator and DNA replication/repair genes in the E2F gene set.
From the estrogen response and mTORC1 signalling gene sets, metabolism (precisely protein
metabolism for the mTORC1 set) and energy pathway genes were enriched. Lastly, from the
mitotic spindle set, genes from cell communication and signal transduction pathways were
enhanced (Saravi et al., 2020).

I extended these observations through stratifying H2AX expression with genes expression
which are responsible for phosphorylating H2AX due to DSBs, including ATM, ATR,
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MDC1 and DNA-PK (Figure 65). Of these four genes, only MDC1 showed a significant

upregulation in the high-H2AX expressing OC group.
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Figure 65.Differential expression of 4 key genes that change the H2AX phosphorylation status in response to
DSBs upon stratification of ovarian cancer patients to low- and high-expressing H2AX groups. Only Mediator
of DNA Damage Checkpoint 1 (MDC1) was significantly upregulated in the high-H2AX expressing group.

In terms of prognostic value, higher expression of H2AX was correlated with better overall

survival (OS; p=0.010), whereas there was no apparent alteration on disease free survival
(DFS) in the TCGA ovarian cancer cohort (Figure 66).
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Figure 66. Kaplan-Meier (KM) plots for disease-free survival (A) and overall survival (B) in OC patients using
the TCGA database.
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4.2. H2AX protein is abundantly expressed in ovarian cancer tissues

Following in silico analysis of H2AFX in terms of expression and survival prediction, |
studied the expression of H2AX protein in 100 cores of OC patients and adjacent tissue
(Figure 67). H2AX protein was significantly expressed in both high- and low-grade serous
samples, as well as in mucinous and endometrioid adenocarcinomas. Interestingly, normal
adjacent control (NAT) ovarian tissue displayed greatly higher H2AX expression, compared

to ovarian cancer cores. Lastly, a decrease in H2AX staining was remarked in patients with

late-stage OC (stages I1-1V, n=18) when compared to early-stages (I-11; n =62).
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Figure 67. Staining of OC cores with H2AX. (A): Lo

w grade serous (LGS), (B): High grade serous (HGS), (C):
Mucinous adenocarcinoma (Adeno), (D): Metastatic serous carcinoma (MSC), (E): Endometrial
adenocarcinoma, and (F): adjacent to tumour ovarian tissue (NAT). Abundance of staining was detected across
all different OC types with a noted upregulation in NAT tissue.

121



5_
5-
44 o 4
(o] n ®
7] (2]
% 34 M ¢ o :E 3 (J n
A ST N I -
82_ am v‘ : 080 82- II-
N v — °
14 Yy Y 1 4 ® J_._._._
[ ] v . & " am
0 T 4 T + T 0 pEEn
& ) 2 2 ) S
& &S &S S S
& & & & < & A
i > o° < & o}t}
S S & K4 4
& 4 W o ©
N2 Q"\Q &£
"\\0
2
&
&

Figure 68. Individual values graph of IHC data (A). Abundance of staining was detected across all different OC
types with an upregulation in NAT tissue (B). Non-significant difference in H2AX staining in late stage (111 and
IV) when compared to early stage (1 and I1).

% % %k

_{

OD Units

},

0 L L]
NAT ocC

Figure 69. Data from IHC on microarray panel with 100 different ovarian cancer tissues. Significant protein
upregulation of H2AX (*** P=0.0003) when all NAT cores were compared to OC.
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4.3. Genome-wide association study (GWAS) for H2AX

This GWAS study was conducted by Dr Fotios Drenos, by using the 842 OC cases, at
population level based on data from the UK Biobank in order to identify any associations of
SNPs with cancer as well as 5-year overall survival, based on a localised Manhattan plot of
Chromosome 11g23.3 (Figure 70). In total, 108 SNPs were studied. A Reference SNP cluster
rs72997349 (C-T) demonstrated a significant increase of risk (p=0.005) for ovarian cancer
(for the most common C-allele) with an odd of 1.4 (95% Cls 1.1-1.8) (Figure 70.A). We
have expanded on these observations by using the 227 incident cases with 5-year overall
survival, studying the same SNP cohort (Figure 70.B). The top association in terms of lowest
p-value was rs10790282 (A-G) with p = 0.011 and a protective effect of 0.58 or for each G
allele, or else an increasing OR of 1.72 per each A allele.

The UK Biobank is a large population study of approximately 500,000 individuals. These
were recruited between 2006 and 2011 from 22 UK Biobank assessment centres throughout
England, Wales and Scotland. The age range of the participants at the time of enrolment in
the study was from 40 to 69 years, with a mean age of 56.5 years old. Females represent
54.4% of the sample.
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Figure 70.Genome-wide association study (GWAS) for H2AX. Reference SNP cluster rs72997349 (C-T)
demonstrated a significant increase of risk for ovarian cancer (A), whereas Reference SNP cluster rs1079082
(A-G) demonstrated a significant increase in overall survival (B).
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4.4. H2AFX expression correlates with y-H2AX staining in vitro

Here | have studied whether transcriptional changes of the H2AX gene associate with
changes in y-H2AX foci following induced DNA damage using H20. in BRCA wild-type
and BRCA mutant cell lines. For this, | have used 4 ovarian cancer cell lines as in vitro
models: SKOV3 (BRCA wild-type), PEO1 (BRCA2-mutant), PEO4 (BRCAZ2-Silent mutant)
and MDAH-2774 (BRCA2-Silent mutant). | measured the number of y-H2AX foci by using
immunofluorescence technique. Prior to the experiment, | analysed the number of y-H2AX
foci in BRCA2 wild-type and mutant ovarian cancer cell lines to examine whether BRCA2
status will impact HR deficiency and effective repair of ds-DNA break in vitro.

| compared changes in gene expression to y-H2AX staining in the above-mentioned cell lines
treated with H2O> to see if there is any correlation between mRNA expression and
phosphorylation of the protein. It was shown that PEO1 (BRCA2-mutant cell line) had a
higher number of y-H2AX foci when compared to BRCA-wild type cell lines and in
particular, PEO4 that a direct comparison can be drawn. The alteration of y-H2AX in the cell
lines is consistent with the change of H2AX gene expression. The data are shown in Figure
71.
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Figure 71. Treatment of cell lines with H202 and measurement of y-H2AX foci (A,C,E,G) and H2AX gene
expression (B,D,F,H) in BRCA2 mutant PEOL cell line (A,B), in comparison with BRCAZ2 silent mutant cell
line PEO4 (C,D) and BRCA2 wild type SKOV3 (E,F) and MDAH-2774 (G,H). NS; No Supplement. Panel A.
1-hr: *** p < 0.0001, 24-hrs: *** p < 0.0001 (compared to NS). Panel B. 1-hr: ** p = 0.0056, 24-hrs: * p =
0.0322 (compared to NS). Panel C. 1-hr: *** p < 0.0001 (compared to NS). *** p < 0.0001 (1-hr compared to
24-hrs). Panel D. 1-hr: * p = 0.0375, 24-hrs: ** p = 0.0016 (compared to NS). ** p = 0.0078 (1-hr compared to
24-hrs). Panel E. 1-hr: *** p < 0.0001, 24-hrs: *** p < 0.0001 (compared to NS). *** p < 0.0001 (1-hr
compared to 24-hrs). Panel F. 1-hr: * p = 0.0134, 24-hrs: *** p < 0.0001 (compared to NS). Panel G. 1-hr: *** p
< 0.0001 (compared to NS). *** p < 0.0001 (1-hr compared to 24-hrs).
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Discussion

In this study | presented a complete overview of the alterations at gene and protein level of
H2AX in OC and suggest a potential predictive biomarker. In silico analysis using the TCGA
databases revealed that H2AX is overexpressed in OC in comparison to controls.
Interestingly, H2AX showed to be upregulated in most cancers, compared to controls except
for acute myeloid leukaemia. It has been demonstrated that H2AX expression level is
significantly higher in triple negative breast cancers (TNBC) than non-TNBC and in HER2
positive tumours against tumours without HER2 overexpression (Katsuta et al., 2018).

In terms of prognostic value, | established that higher expression of H2AX is related to better
overall survival (OS), whereas there was no apparent difference on disease free interval (DFI)
in the ovarian cancer cohort. This is in contrast with renal and liver cancer, where high
expression of H2AX is an unfavourable prognostic marker (Protein Atlas, 2021). Similarly,
H2AX high expressing breast tumours showed significantly worse OS (p=0.007) as well as
DFS (p=0.001) and this was the case only in advanced stages (Stage I vs Stage II/111/1V,
p=0.029). In a similar study using a qualitative protein expression scoring system for y-
H2AX reported a significantly reduced disease-free interval amongst patients with high vy-
H2AX expression while it has been shown that there is no significant correlation with the OS
in 63 OC patients (Mei et al., 2015).

| have then performed gene set enrichment analysis on the OC population with high H2AX
expression and have identified G2/M checkpoint, E2F targets, DNA repair, estrogen
response, mitotic spindle, mTORC1 and UV response gene sets associated with this
population. This fits well with the widely reported roles for H2AX as a major protein in DNA
repair processes. | established that the OC population with high H2AX expression is
correlated with upregulation of different biological pathways, such as PISBK/AKT/mTOR,
activated in ~50% serous OC (Altomare et al., 2004). This pathway, and primarily the
mTORC1 complex, provides a balance between cellular resources, including amino acids
and/or cellular stressors such as hypoxia to control cellular behaviour (Rogers-Broadway et
al., 2019). Emerging data also connects mTOR with the aetiopathogenesis of ovarian cancer.
My group has previously indicated that inhibition of the mTOR pathway using rapamycin,
and rapalogues can lead to cytostatic effect on preclinical models of ovarian cancer (Rogers-
Broadway et al., 2016).

As anticipated, | prove high level of H2AX expression in high-grade serous OC, mucinous

adenocarcinomas, and clear cell carcinomas. Surprisingly, | also demonstrate high expression
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in low-grade serous ovarian cancer. | also showed no correlation between H2AX
overexpression and FIGO stage, supporting the study of 87 epithelial OC (EOC) patients,
where y-H2AX immunostaining was not significantly connected with age, histopathological
type, tumour differentiation, lymph node metastasis, FIGO stage or size of residual disease
(Mei et al., 2015). Low grade serous OC is generally characterised as Grade 1, only 8 of the
100 cores included in the microarray sere described as G1/2 serous tumours. Historically, the
‘G2’ assigned serous cancers are now recognised a high-grade (G3) which could account for
this variation as the numbers of true G1 (low grade) cases were possibly too small for
comparison.

The most remarkable observation from the IHC study is the significant overexpression of
H2AX in the normal adjacent tissue (NAT) in comparison to the actual malignant area in all
histopathological types of ovarian cancer. This finding raises several questions as to how
“normal” this tissue can be. Indeed, histologically normal tissue, normally taken from the
surrounding area (<2cm) of the malignant cells, is usually used as a control in cancer
research. Although, until recently, there was a little information about its transcriptomic
profile, how it might be affected by the malignant cells and how it might compare with
healthy control tissue, either taken from some distance away such as an unaffected ovary or
an age-matched healthy control.

In a latest study using an cancers array including uterus and breast, it was displayed that NAT
tissue is different from both healthy and tumour tissues when they compared NAT, GTEX
and TCGA transcriptomics from 8 cancer types (Aran et al., 2017). NAT tissue undergoes
several processes comprising of extracellular matrix remodelling, wound healing-like
processes, fibrosis, and an EMT (Loret et al., 2019). It might be possible that the
upregulation 1 have seen in H2AX is connected to crosstalk with the cancer
microenvironment, ostensibly preconditioning the adjacent normal tissue. There is another
possibility for the differences between NAT, tumour and control tissues which is the potential
involvement of microRNAs (miRNAs). For instance, miR-24 upregulation in terminally
differentiated blood cells, can lead to decreasing of H2AX level (Lal et al., 2009). Therefore,
it might be possible that this miRNA targets H2AX transcripts, since it seems to be present at
ovarian level (Ludwig et al., 2016), based on the human miRNA tissue atlas. Importantly,
targeting miR-24 (along with miR-192-5p, miR-139-5p and miR-155-5p) could be counted as
a valuable tool towards reducing or reversing cisplatin resistance (Liu et al., 2017).

| developed my observations by involving data at population level, making use of the UK

Biobank. I have discovered two distinct clusters in the region of Chromosome 11g23.3 of
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ovarian cancer patients which associates to increase in prevalence and poor prognosis. This is
a chromosomal region that has been linked to LOH in ovarian cancer. For instance, it has
been shown that 11922.3-q25 LOH has been connected to more aggressive disease in OC
(Launonen et al., 1998). This was further supported by another study implying that LOH of
11923.3-g24 (D11S1340 and D11S912), was also related to an adverse disease course
(Launonen et al., 2000). It should be considered that alterations in this region are not fully
unique to ovarian cancer.

| have then performed IHC using a tissue microarray of OC patients and 10 adjacent tissues
to OC in attempt to dissect further the expression of H2AX at protein level in different types
of OCs and stages. | have shown that H2AX is abundantly expressed in high- and low-grade
serous OC, mucinous adenocarcinomas, metastatic serous carcinomas and clear cell
carcinomas. This is in agreement with RNAseq data demonstrating substantial expression
across different types of OCs (Hendrix et al., 2006). There were no apparent significant
differences in the protein expression amongst these subtypes. This agrees with a study of 87
EOC patients where y-H2AX immunostaining was not significantly correlated with age,
histopathological type, tumour differentiation, lymph node metastasis, FIGO stage or size of
resident lesion (Mei et al., 2015). This is in contrast to what it has been observed in breast
cancer where, there were more H2AX high tumours with advancement of Stage (Stage I:
2.8%, Stage Il: 5.5%, Stage IIl/IV 7.4%). One of the limitations of this study was the low
number of stage IV samples as well as the lack of OC cores from patients resistant to
chemotherapy. This should be investigated further, since significant correlation was noted in
the response to the chemotherapy and y-H2AX immunostaining in EOC patients (Mei et al.,
2015).

Lastly, y-H2AX staining has been displayed that to be significantly higher in BRCA1/2
mutation-positive fallopian tube epithelium in comparison to control (BRCA wild-type)
fallopian tube epithelium (Staff et al., 2014). Here | showed a good connection between the
phosphorylation level of y-H2AX foci and the H2AX gene expression, in appropriate cell
lines in vitro. I recommend that H>O2, as a DNA damaging agent can trigger the cellular
transcription machinery to produce H2AX proteins for phosphorylation to support DNA
repair. These molecular events may possibly be required in order to provide a steady state of
H2AX protein. For example, it has been indicated that oncogenic transformation of human
breast cancer epithelial cells leads to a decrease in abundance of proteins (Lamond et al.,
2018).
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Comparison of the BRCA2 mutant cell line (PEO1) with the BRCA wild-type OC cell line
(SKOV3) and those with a silent BRCA2 mutation (PEO4, MDAH-2774) can underlines the
importance of BRCAZ2 in repair of dSDNA. The intriguing increase in H2AX 24 hours after
H20, exposure in SKOV3 cells suggests that this line may present a type of ‘BRCAness’.
This refers to EOC (up to 50% of HGS) that show a defective phenotype of HRR without
BRCA mutations (Turner, Tutt and Ashworth, 2004) (Ping Lin et al., 2018). Notably,
SKOV3 has 3 other genes mutated participating in HRR (Beaufort et al., 2014).

130



Chapter5: Effect of the latest PARP inhibitors Rucaparib in ovarian
cancer using preclinical in vitro models

Introduction

As mentioned in the introduction chapter, there are two tumour suppressor genes which are
highly penetrant in ovarian cancer, BRCA1 and BRCA2. Most patients carrying BRCA1/2
mutation acquire loss of heterozygosity (LOH) of the BRCA1/2 wild-type allele (Ramus et
al., 2003) and are considered HR deficient (Venkitaraman, 2004). A novel target in cancer
therapy is targeting the PARP-1/2 enzymes which play significant roles in sSDNA breaks in
base excision repair (BER) pathway.

One critical function of PARP1 enzyme is supporting the repair of single-strand DNA in
BER pathway. PARP1 plays a role as a first responder to detect DNA damage and assist
choice of DNA repair pathway. In conjunction with BRCAZ2 that has a role in dsSDNA repair
pathway; due to deficiency in BRCA2, PARP1 takes over the BRCA2 roles which are
necessary for the function of HR pathway. Cells with BRCA2 mutation have been shown to
be highly sensitive to PARP1 inhibition that can lead to cell death by apoptosis, in contrast to
those with efficient/wild-type BRCA2 (Bryant et al., 2005).

Synthetic lethality is a concept of, when two non-lethal genetic mutations which are harmless
by itself, present in combination, will lead to cell death. Cancer therapy intends to develop
this concept through exposing tumour cells carrying one deficient gene DNA repair pathway
to an agent which targets its synthetically lethal partner pathway, which result in selective
cancer cell death (O’Neil, Bailey and Hieter, 2017). While non-cancer cells are expected to
be efficient in both DNA repair pathways, remain intact and diminish systemic side-effects
(Drew et al., 2011).

PARP inhibition leads to accumulation of SSB which will convert to DSB and, unless
repaired by HR, it will cause cell death. This concept led to development of PARP inhibitors
which have been shown to be 100-1000-fold more sensitive in tumour cells with BRCA1/2
defective, compared to those with wild-type BRCA1/2. In addition, other than BRCA1/2,
mutation in other genes involved in HR can affect on it and some of these mutations are
sensitive to PARP inhibitors treatment (Bryant et al., 2007).
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Figure 72. Schematic figure of synthetic lethality. Synthetic lethality of PARP inhibitors in BRCA-deficient
cells. Adapted from (Drew, 2015).

Additionally, PARPI sensitivity has been established in cancer cells with mutations in other
genes involved in HR pathway including ATM, Rad51, Rad54, RPA1, NBS1, ATR, CHK1,
CHK2 and FANC group. Data from The Cancer Genome Atlas Research Network (TCGA)
has shown the deficiency of HR pathway in up to 50% of high-grade serous ovarian cancer
(The Cancer Genome Atlas Research Network, 2011).

Rucaparib is a new PARP-i that inhibits PARP1, PARP2 and PARP3 enzymes and has been
examined its efficiency in OC patients with BRCA1 and BRCA2 mutant (Colomba et al.,
2019). Rucaparib has been studied in combination with other chemotherapeutic agents and
act as a single agent in a 3rd line and beyond therapy, whereas it has not received approval as
a maintenance strategy. Additionally, PARP inhibitors, has been validated through the
double-blind phase Il trial in patients who were platinum-sensitive relapsed with epithelial
ovarian cancer (Ledermann et al., 2014).

Pennington et al established that 31% of OC patients carry a deleterious germline (24%)
and/or somatic (9%) mutation in one or more of 13 homologous recombination genes,
comprising of BRCA1, BRCA2, ATM, BARD1, BRIP1, CHEK1, CHEK2, FAML175A,
MRE11A, NBN, PALB2, Rad51C, and Rad51D (Pennington et al., 2014). It has
demonstrated that up to 50% of sporadic EOC are defective in homologous recombination
pathway (Prakash et al., 2015). Therefore, depending on BRCA mutations status, or even

genomic sequencing of all gene participating in HR, it could be underestimated that 20-35%
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of patients with HR deficiency would respond to PARP-inhibitors treatment. Interestingly,
emerging data suggest that new PARP inhibitors might also exert a beneficial effect on both
BRCA wild-type and BRCA-mutant patients. However, the mechanisms involved are still not
fully elucidated (Curtin, 2014).
Aims
e Use different ovarian cancer cell lines that are BRCA2-wildtype (SKOV3), BRCA2-
m (PEO1) and BRCAZ2-silent mutant (PEO4, MDAH) to assess the effects of
Rucaparib in vitro.
e Use liquid biopsies from a clinical trial of ovarian cancer patients treated with
Rucaparib (in collaboration with MVVCC) to assess the effect of Rucaparib on CTC

enumeration and expression of key proteins.
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Result
5.1. PARP1 assay

Here | examined the expression of PARP1 enzyme after DNA damage to assess the effect of
Rucaparib in different ovarian cancer cell lines with BRCA2-wildtype (SKOV3), BRCA2-m
(PEO1) and BRCAZ2-silent mutant (PEO4, MDAH). According to clonogenic assays, it has
been established that 10uM of Rucaparib is cytotoxic based on I1Csq results (Nile et al., 2016).
In all cell lines, incubation with 10 uM Rucaparib resulted in a 50 % reduction in endogenous
PARP-1 activity in comparison to those which were treated only with the DMSO as a drug
vehicle. In contrast, PARP-1 expression was considerably increased by treatment with the
DNA damaging agent hydrogen peroxide (H202) at 20 mM. This was shown by a 28.8-fold
for PEOL, 5-fold for PEO4, 12.5-fold for MDAH-2774 and 15.3-fold for SKOV3 increase in
PARP-1 activity compared to untreated cells. However, the H2O2-induced increase in PARP-
1 activity was decreased to levels similar to untreated cells after co-treatment with 10 uM
Rucaparib in all cell lines. Figure 73 displays the images taken from treated cells and Figure

74-75 show statistical analysis of this experiment.

Untreated 10pM Rucaparib H, 0, 10uM Rucaparib+ H, 0,

o . . .

Merge
Figure 73. Representative figure of PEO1 cell line, the effect of Rucaparib on PARPL1 activity. Cells were
treated with 20mM HO; in order to accelerate PARP1 activity in the presence or absence of the Rucaparib.
Poly (ADP-ribose) (PAR) chain creation was spotted using an anti-PAR monoclonal Alexa-Fluor 488-
conjugated antibody (green). The nucleus was visualised using DAPI (blue).
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Figure 74. The effect of Rucaparib on PARP1 activity. Fluorescence intensity for AF-488 was calculated using
ImageJ software and normalised to DAPI fluorescence intensity in all cell lines. Drug vehicles were DMSO for
Rucaparib. Untreated cells were exposed to 0.1 % (v/v) DMSO diluted in culture medium. The designation
’10puM Rucaparib’ shows that cells were treated with 10uM Rucaparib in the absence of H2O. The designation
‘H,0,” implies that cells were treated with 20 mM H»O; alone, in the absence of Rucaparib. Data are means +
SEM, n = 3; PEO4: p=0.0017, PEO1: p<0.0001, MDAH-2774: p=0.0010, SKOV3: p=0.0016, compared to H,0,

alone.
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Figure 75. PARP1 assay results. The figure displays the intensity of PARP1 enzyme in all cell lines treated with
H»O; alone. PEO1: ** p=0.0024 (compared to PEO4), PEO1: * p=0.0424 (compared to MDAH-2774). Data are

means + SEM.

135



5.2. Wound healing assay

Here, the migratory and proliferative capacity of ovarian cancer cells was examined before
and after treatment with Rucaparib at 10uM. Wound healing assays were conducted to
visualise cells’ migratory and proliferative capacity spatially in vitro. All control cell lines
(treated with 0.1% DMSO), showed a marked and faster growth into the wound compared to
treated cell lines with Rucaparib. The images (Figure 77) showed the extent of scratch
closure developed under control conditions compared to those treated with Rucaparib. PEO4
and MDAH-2774 (BRCAZ2-silent mutant) showed that the gap was closing but not as fast as
the control where the gap was 80-90% closed. SKOV3 (BRCA2-wildtype) cells revealed the
gap closing but also less, in comparison to PEO4 and MDAH-2774. However, in PEO1
which is a BRCA2-m, the gap did not close as much as other cell lines, during 72-hrs
treatment with Rucaparib, but also the gap size was increased. One of the reasons for this can
be the cell death due to the cytotoxic effect of Rucaparib. In general, treatment with PARP

inhibitor (Rucaparib) on OC led to a decrease in cell growth and affected cell proliferation.
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Figure 76. Gap size analysis after Rucaparib treatment. Figure above displays the analysis of gap size which was
conducted by ImageJ software. As it can be seen, control samples in all cell lines show a decrease in gap size
whereas after Rucaparib treatment there was an increased level of gap size in BRCA2-m cell line (PEO1). One-
way ANOVA was performed with GraphPad Prism® and the statistic was: PEO4: control:*** p<0.0001,
treated:**p=0.0059. PEOL: control:***p<0.0001, treated:**p=0.0018. MDAH-2774: control:***p<0.0001,
treated:***p=0.0006. SKOV3: control:***p<0.0001, treated: p=0.1088.
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DMSO (0.1%)

0-hr 24-hrs 48-hrs 72-hrs
MDAH-2774

0-hr 24-hrs 48-hrs 72-hrs

Figure 77.Schematic representation showing the artificial wound created on all cell lines surfaces (40x
magnification). The figure shows the cells before(0-hr) and after treatment at (24-, 48- and 72-hrs).
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5.3. Proliferation assay

Here | analysed the number of live cells and dead cells treated with Rucaparib in different
time-points. This experiment was performed to analyse the effect of Rucaparib on cell
viability, following the wound healing assay findings. As it can be seen in Figure 78, in all
cell lines treated with DMSO (i.e., control), there is no difference in live cells percentage, and
it displays a steady and stable graph. However, in those cells treated with Rucaparib, there is
a decrease in the number of live cells, with a different trend in each cell line.

In BRCA2-m cells (PEO1) the number of live cells after 72-hrs DMSO (0.1%) exposure was
around 95% while in cells with Rucaparib treatment the number decreased to less than 60%.
In PEO4 and MDAH-2774 cell line (BRCAZ2-silnet mutation) the level of cell viability was
94% and 95% respectively after DMSO treatment (72-hrs). However, after 72-hrs Rucaparib
treatment the number of live cells decreased to 76% and 80% respectively. Moreover,
SKOV3 cell line showed the same level of live cells after 72-hrs DMSO treatment which was
96% while the Rucaparib treated cells showed the cell viability level of 70%. In general,
Rucaparib treatment led to lower number of live cells in BRCA2-m cells, compared to other
cells with BRCA2 wild-type or BRCA2-silent mutation which can be related to sensitivity of
BRCAZ2-m cells to PARP-inhibitors.
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Figure 78. Proliferation assay results. The figure above represents the percentage of live cells (cell viability) in
all cell lines, after Rucaparib treatment in different time-points. As it can be seen in the figure, the PEO1
(BRCA2-m) cells showed high level of decrease in cell viability after 72-hrs treatment with Rucaparib in
compared to other cell lines. However, the decrease level of cell viability in SKOV3 (BRCA2-wildtype) was
still higher than PEO4 and MDAH-2774 (BRCA2-silent mutant) which can be referred to ‘BRCAness’ term.
One-way ANOVA was performed with GraphPad Prism® and the statistic was: PEO1: *** p=0.0002. PEO4:
**p=0.0037. MDAH-2774: **p=0.0096. SKOV3: ***p=0.0003.

5.4. Apoptotic assay (Annexin V assay)

Based on the theory that PARP inhibition makes cancer cells sensitive to genotoxic agents; |
assessed the effects of a Rucaparib treatment on different ovarian cancer cells with BRCAZ2-
m or BRCA2-wt gene. As | can see from previous section (5.3) Rucaparib treatment inhibited
proliferation of OC cells, particularly it decreased the cell growth significantly in PEO1 cell
line which is BRCA2-mutant compared to BRCA2-wildtype cell lines. Annexin V/PI double
staining results suggest that all control cell lines, treated with 0.1% DMSO (48-/72-hrs) show

139



more than 95% of cell viability. However, after 48-hrs exposure to Rucaparib, PEO1
(BRCA2-m) cells displayed more than 10% of dead cells which increased to 19% after 72-hrs
treatment. Furthermore, after 48-hrs treatment, more than 95% of SKOV3 (BRCA2-wildtype)
cells went through apoptotic which led to 4% dead cell after 72-hrs treatment that can be
referred to ‘BRCAness’ term. Although, in PEO4 (BRCA2-silent mutant) and MDAH-2774
(BRCAZ2-silent mutant), after 48-hrs treatment, the number of live cells was 43.5% and
39.3% respectively and the number of dead cells was less than 1% for both cell lines.
Moreover, after 72-hrs treatment, the number of dead cells was significantly lower than other
cell lines (less than 1%). As shown in Figures 79-83, Rucaparib treatment alone can trigger
the apoptotic pathways in OC cell lines. In addition, PEO1 (BRCA2-mutant) had a
significantly higher level of cell death after 72-hrs treatment with Rucaparib, compared to
other cell lines which are wild-type for BRCAZ2, and it can be concluded that BRCA2 cancer
cells are more sensitive to Rucaparib.
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Figure 79.Flow cytometry analysis with annexin V and propidium iodide staining in PEO1, PEO4, MDAH-2774
and SKOV3 cells showed a significant increase of apoptotic population (early apoptosis; annexin V+/PI—, late
apoptosis; annexin VV+/PI+) with treatment of 10 uM Rucaparib. Flow cytometry analysis was performed 48-hrs
and 72-hrs after treatment of Rucaparib.
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Rucaparib Tx(48-hrs)

B Live cells
MDAH-2774 [ Early apoptotic cells
= Late apoptotic cells
E SKOV3 I Dead cells
E PEO4
PEO1
0 20 40 6 80 100
Percentage%
PEO1 PEO4 SKOV3 MDAH-2774
Live 1.2% 43.5% 2.5% 39.3%
Early Apoptotic 2.15% 50.8% 29.9% 40%
Late Apoptotic 86.15% 5.1% 66.9% 20.3%
Dead 10.5% 0.6% 0.7% 0.4%

Figure 80. Annexin V assay. The figure shows the different number of cells in 4 categories including live cells,
early apoptotic cells, late apoptotic cells, and dead cell, after 48-hrs Rucaparib treatment in all cell lines.

Rucaparib Tx(72-hrs)
B Live cells
MDAR-2774 [ Early apoptotic cells
[ Late apoptotic cells
E SKOWS I Dead cells
E PEO4
PEO1
(ll 2I0 4|0 GIO 160
Percentage%
PEO1 PEO4 SKOV3 MDAH-2774
Live 9.7% 29.8% 22.45% 17%
Early Apoptotic 6.1% 64.35% 6.9% 50.4%
Late Apoptotic 65.3% 5.3% 66.9% 32.3%
Dead 18.9% 0.55% 3.75% 0.3%

Figure 81.Annexin V assay. The figure shows the different number of cells in 4 categories including live cells,
early apoptotic cells, late apoptotic cells, and dead cell, after 72-hrs Rucaparib treatment in all cell lines.
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DMSO(0.1%){48-hrs)

B Live cells
MDAH-2774 [ Early apoptotic cells
[ Late apoptatic cells
E SKOV3 I Dead cells
E PEO4
PEO1
(IJ 2l0 4|0 s'o 80 160
Percentage%
PEO1 PEO4 SKOV3 MDAH-2774
Live 99.7% 99.7% 98.9% 96.5%
Early Apoptotic 0.2% 0.1% 0.9% 1%
Late Apoptotic 0.1% 0.1% 0% 0%
Dead 0% 0.1% 0.2% 2.5%

Figure 82. Annexin V assay. The figure shows the different number of cells in 4 categories including live cells,
early apoptotic cells, late apoptotic cells, and dead cell, after 48-hrs treatment with DMSO (0.1%) in all cell

lines.

DMSO(0.1%)H72-hrs)
B Live cells
MDAH-2774 [ Early apoptotic cells
3 Late apoptotic cells
E SKOW3 B Dead cells
T
V] PEO4
PEO1
(IJ 2I0 4|0 SIO 160
Percentage%
PEO1 PEO4 SKOV3 MDAH-2774
Live 99.6% 99.6% 98.8% 97%
Early Apoptotic 0.4% 0% 0.8% 0.4%
Late Apoptotic 0% 0% 0% 0%
Dead 0% 0.4% 0.4% 2.6%

Figure 83. Annexin V assay. The figure shows the different number of cells in 4 categories including live cells,
early apoptotic cells, late apoptotic cells, and dead cell, after 72-hrs treatment with DMSO (0.1%) in all cell

lines.

142




5.5. y-H2AX assay

The generation of y-H2AX foci at the site of DNA double strand breaks follows
phosphorylation of the H2AX histone variant protein at serine residue 139 upon DNA
damage. y-H2AX foci were detected with an y-H2AX antibody (Alexa Fluor 488-conjugated
antibody). y-H2AX foci co-localised with the DAPI which confirms the nuclear localisation
of y-H2AX. My results (Figure 84) showed that Rucaparib treatment significantly increased
DNA damage as indicated by an increased number of y-H2AX foci after 1-hour treatment,
20.3-fold for MDAH-2774, following a decrease trend 12.2-fold after 24-hrs, 12-fold after
48-hrs and 11.8-fold after 72-hrs in compared to drug vehicle ones. A similar trend observed
in PEO4 which was 21.9-fold after 1-hr, 15.6-fold after 24-hrs, 10.5-fold after 48-hrs and
12.6-fold after 72-hrs. In addition, Rucaparib treatment produced a considerably greater
amount of DNA damage in PEO1 and SKOV3 when compared to PEO4 and MDAH-2774.
In PEOL, it was 27.6-fold after 1-hr, 18.8-fold after 24-hrs, then it raised to 20.7-fold after
48-hrs and the dropped to 15.2-fold after 72-hrs. Similarly, in SKOV3 cell line, it was 27.1-
fold after 1-hr, 32.3-fold after 24-hrs followed by a significant decrease to 8.7-fold after 48-
hrs and 8.9-fold after 72-hrs treatment. Therefore, Rucaparib can lead to inhibition of DNA

damage repair in ovarian cancer cells with BRCA2-m.
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Figure 84. y-H2AX assay results. The figure represents the number of y-H2AX foci after Rucaparib treatment in
different time-points. Cells were treated with 10 uM Rucaparib as single agents. Cells were harvested 1-hr, 24-
hrs, 48-hrs and 72-hrs after 10uM Rucaparib exposure and the total number of y-H2AX positive cells was
analysed using immunofluorescence. One-way ANOVA was performed with GraphPad Prism® and the statistic
p=0.1061, treated:***p<0.0001. PEO4: control:
SKOV3: control: p=0.0697, treated: ***p<0.0001. MDAH-2774: control: p=0.1247, treated:**p=0.0095. All
Rucaparib treated was compared together with two-way ANOVA which PEO4 and PEOL has a significant
different (*) with p=0.0224.

p=0.1372, treated:***p<0.0001.



5.6. Gene expression after Rucaparib treatment

| expanded on my previous results, by assessing the relative expression of some specific
genes after 48-hrs and 72-hrs treatment with Rucaparib. These genes have a role in pro-
apoptotic pathway (BAX), pro-metastatic pathway (SNAIL1), H2AX and mTOR complex
(mTOR, Raptor and Rictor). gPCR for these genes was carried out using the reference gene
YWHAZ in triplicate on cDNA synthesised from the extracted RNA from PEO1, PEO4,
MDAH-2774 and SKOV3 cell lines after Rucaparib exposure. Biological and technical
triplicates were performed for each experiment.

BAX is a member of the BCL2 family member, and it has a role as pro-apoptotic regulators
which are involved in several cellular activities. When BAX forms a heterodimer with BCL2,
it acts as an apoptotic activator (Zhang et al., 2016). Snail is a family member of transcription
factors which act as a repressor of the adhesion molecule E-cadherin to control EMT during
embryonic development. The EMT has been defined as an crucial mechanism supporting
invasion and can lead to cancer metastasis as a result of gaining migration and invasion
ability of the cell (Lu et al., 2012).

The mTOR pathway is a crucial regulator for several pathways including growth,
proliferation, apoptosis, and angiogenesis to provide balance between cellular resources
comprising of amino acids and growth factors; and stresses such as hypoxia to regulate the
cellular behaviour. The function of this pathways is controlled by the mTOR complex 1
(mMTORC1) and mTOR complex 2 (MTORC2). mTORCL includes mTOR, Raptor, DEPTOR,
GBL and PRAS 40. mTORC2 includes mTOR, Rictor, DEPTOR and GBL. mTOR is a
serine/threonine kinase and is the main catalytic factor of mMTORC1 and mTORC2. DEPTOR
is a key regulator of both mTORC1 and mTORC2 complexes. Raptor is a protein component
of mTORC1 only and regulates the activity of mTOR kinase. Rictor is a component of
MTORC2 only and due to its contribution in growth factor, energy sensing, its impact on
protein synthesis and cell cycle progression, the mTOR pathway is involved in a wide range
of malignancies (Rogers-Broadway et al., 2019).

The expression of BAX (pro-apoptotic gene) was increased after 72-hrs Rucaparib treatment
in PEO1 (BRCAZ2-m). Increased apoptosis of PEO1 cell line from previous data, apoptotic
assay, was associated with increased expression of BAX. Although in other cell lines with
BRCA2-wildtype (SKOV3) and BRCAZ2-silent mutant (PEO4 and MDAH-2774), the
expression of BAX was decreased after 72-hrs exposure to Rucaparib. Moreover, there was a
decrease in SNAIL expression (pro-metastatic gene) in PEO4, MDAH-2774 and SKOV3
while it was increased in PEO1 (BRCA2-m) cell line. SNAI1 downregulates the EMT
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pathway that is an essential pathway for metastasis and upregulation of this gene in PEO1
after Rucaparib treatment can be related to that BRCA-m cell lines are more sensitive to
PARP-inhibitors. All these data are shown in Figure 85.

H2AX is one of the isoforms from the Histone H2A family protein which is essential for
checkpoint-mediated arrest of cell cycle process and for efficiency of DNA DSBs,
particularly when altered through phosphorylation of C-terminal domain. This suggests a role
for H2AX which can prevent genomic instability related to cancer (Saravi et al., 2020). In
order to gain better insight, I expanded my observations on the expression of H2AX and
compared it to the number of y-H2AX foci from previous data to see if there is a connection
between the expression of H2AX protein and its phosphorylation. | have showed that the
change of y-H2AX is consistent with the alteration in H2AX gene expression in OC cell lines
treated with H202 (Saravi et al., 2020).

As it can be seen in the Figure 86, PEO1 (BRCA2-m) shows an increase in the expression of
H2AX which is consistent with the high number of y-H2AX foci after 48- and 72-hrs
treatment with Rucaparib. However, in PEO4 (BRCAZ2-silent mutant) there was a significant
decrease in both y-H2AX foci number and H2AX expression after 72-hrs treatment.
Additionally, there is a decrease trend in MDAH-2774 and SKOV3 cell lines after 72-hrs
exposure to Rucaparib. These data can be in association with efficiency of PARP-inhibitors
on BRCA2-m cell line.
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Figure 85. Gene expression analysis after Rucaparib treatment. The figure represents the expression of different
genes after Rucaparib treatment in different time-points. Cells were treated with 10 uM Rucaparib as single
agents. Cells were harvested 48-hrs and 72-hrs after 10uM Rucaparib exposure. The gene expression was
assessed by gPCR and log10(RQ) and T-test was performed with GraphPad Prism®, between 48- and 72-hrs
treatment, and the statistic was: PEO1: BAX: p=0.2743, SNAI1: * p=0.0181. PEO4: BAX: *** p=0.0007,
SNAIL: p=0.4067. SKOV3: BAX: p=0.1629, SNAIL: p=0.5255. MDAH-2774: BAX: p=0.1681, SNAI1: ***

p=0.0001.
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Figure 86. Comparison of alteration of y-H2AX foci and H2AX protein expression after Rucaparib treatment.
The figure represents the number of y-H2AX foci and H2AX protein expression after Rucaparib treatment in
different time-points. Cells were treated with 10 uM Rucaparib as single agents. Cells were harvested 48-hrs
and 72-hrs after 10uM Rucaparib exposure. The total number of y-H2AX foci in 100 cells was analysed using
immunofluorescence and the expression of H2AX protein was assessed by gPCR. T-test was performed with
GraphPad Prism®, between 48- and 72-hrs treatment, and the statistic was: PEO1: y-H2AX foci: p=0.2037,
H2AX protein: p=0.3214. PEO4: y-H2AX foci:** p=0.0045, H2AX protein:***p=0.0005. SKOV3: y-H2AX
foci: p=0.1543, H2AX protein: p=0.0686. MDAH-2774: y-H2AX foci: p=0.7473, H2AX protein: p=0.6240.

As it displayed in Figure 87, in PEO1 (BRCA-m) cell line, mTOR, Raptor, and Rictor
showed a decrease in expression. PEO4 (BRCAZ2-silent mutant) and MDAH-2774 (BRCA2-
silent mutant) displayed a decrease in mTOR and Rictor but an increase in Raptor expression.
However, SKOV3 represented an increase in mTOR expression but a decrease in Raptor and
Rictor expression. A common feature for all cell lines was the downregulation of DEPTOR
after treatment with rucaparib, reaching statistical significance in the PEO4 cell line. Based
on my findings, | hypothesise that, using Rucaparib (latest PARP-inhibitors) on PEO1 which
has a mutant BRCAZ2 gene, counteracts the activity mTOR complex genes compared to those
cell lines with BRCA2-wildtype (SKOV3) and with BRCAZ2-silent mutation (PEO4 and
MDAH-2774).
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Figure 87. Gene expression analysis after Rucaparib treatment. The figure represents the expression of different
genes after Rucaparib treatment in different time-points. Cells were treated with 10 uM Rucaparib as single
agents. Cells were harvested 48-hrs and 72-hrs after 10uM Rucaparib exposure. The gene expression was
assessed by gPCR and log10(RQ) and T-test was performed with GraphPad Prism®, between 48- and 72-hrs
treatment, and the statistic was: PEO1: mTOR: p=0.6895, Raptor: p=0.2852, Rictor: * p=0.0194, DEPTOR:
p=0.1900. PEO4: mTOR: * p=0.0447, Raptor: p=0.0881, Rictor: * p=0.0322, DEPTOR: *p=0.0136. SKOV3:
mTOR: ** p=0.0092, Raptor: p=0.0582, Rictor: p=0.2966, DEPTOR: p=0.089. MDAH-2774: mTOR:
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p=0.4632, Raptor: p=0.4579, Rictor: p=0.4748, DEPTOR: p=0.6433.
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5.7. A pilot study

PARP inhibitors can result in an accumulation of ds-DNA breaks which cannot be repaired
by ovarian cancer cells with HRD. High-grade serous ovarian cancers (HGSOCs), is the most
common histological subtype of EOC, which have been presented to harbour a deleterious
germline (24%) and/or somatic (9%) mutation in one or more genes in the HR pathway, with
the most prevalent having a mutation in BRCA1 (19%) or BRCA2 (6%) (Pennington et al.,
2014). Therapeutical options for recurrent ovarian cancer patients who have received two or
more prior lines of chemotherapy have lately extended with the U.S. Food and Drug
Administration (FDA) and European Commission (EC) approvals of the new PARP inhibitor.
Rucaparib (Drew et al., 2020).

In this part of the study, the number of y-H2AX (as a DNA biomarker) and WT1 (as an
ovarian cancer biomarker/CTC) was measured in liquid biopsies from ovarian cancer patients
with BRCA-wildtype or -mutated who have been treated with three or more prior lines of
chemotherapy before the beginning of Centurion trial and then treated with Rucaparib drug
combined with immunotherapy. | have only measured a limited number of patients, so no
definitive conclusions can be drawn. However, there is a decreasing trend of the number of y-
H2AX and WTL1 in samples during treatment. In general, the number of y-H2AX-positive
CTCs decreased in patients treated with Rucaparib. Additionally, it represents the better
result in those patients who were BRCA-m (as it is shown in the Figure 88, P-1 and P-2),
which is decreasing in the number of y-H2AX and WT1 due to the Rucaparib treatment,
despite other patients who were not BRCA-m (as it is shown in the Figure 88, P-6 and P-7).
This data suggest that BRCA-m patients can be more sensitive to treatment with PARP
inhibitors.
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Figure 88. Figure of individual OC patients who treated with Rucaparib. As it can be seen, P-2 and P-1 who are
both BRCA-m patients, show a decreased level of both y-H2AX and WT1 number during Rucaparib treatment.
However, P-6 who was not BRCA-m, represent the increasing level of y-H2AX number but decreasing level of
WT1 number during treatment. in the other hand, P-7 who was not BRCA-m, shows an increasing level of both
vy-H2AX and WT1 number during Rucaparib treatment.
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Discussion

General discussion

In this part of the study, I concentrated to dissect the effect of Rucaparib (PARP-inhibitor) in
vitro. | have indicated that PARP1-targetted therapy may possibly be effective in the
treatment of ovarian cancer patients with BRCA2-m gene. In OC cell lines, inhibition of
PARP enzyme was significantly associated with decrease in cell proliferation and increase in
apoptosis which is indicatives of potential cytotoxic effects of Rucaparib. Moreover, it
induces DNA damage which trigger the DNA repair pathways and lead to express the high
level of DNA damage biomarker, y-H2AX (Saravi et al., 2021).

In addition, my results are in agreement with data from Carey et al., 2019, which showed that
in BRCA-mutant/sporadic triple negative breast cancer (TNBC) patients, using PARP
inhibitor (Niraparib) remarkably led to increased DNA damage, downregulate HR and
subsequent downregulation of the EMT (Carey et al., 2019).

Based on my data, after comparing two BRCA2-m ovarian cancer cell lines, PEO1 which is a
BRCA2-m and PEO4 which is BRCA2-silent mutant (expected to work as a wild-type
BRCAZ2), it has been showed that Rucaparib treatment on PEO1 had a more cytotoxic effect
compared to PEOA4. These results are in correlation with the data from Centurion trial which
displayed that BRCA-m patients might have a better response to Rucaparib treatment
compared to non-BRCA-m ones. While this investigation was ongoing, another study
reported the clinical benefit of Rucaparib maintenance treatment in the post-progression
period for patients with recurrent ovarian cancer. ARIEL3 was designed to register around
560 patients and consist of 180-200 patients with a BRCA-m in their carcinoma and up to
360 patients without BRCA-m. Most of the patients in ARIEL3 trial had received two
previous platinum-based chemotherapy regimens. 375 of patients received Rucaparib and 189
of them received Placebo. It has displayed that the median CFI (chemotherapy-free interval)
was significantly longer for patients who received Rucaparib maintenance treatment which
directed to the point that patients receiving Rucaparib treatment were able to postpone the
start of further anticancer therapy, possibly letting them to have more time for recovery from
previous negative side-effects of chemotherapy and delay additional side-effects related to
anticancer therapy (Ledermann et al., 2020). These data support the hypothesis that OC
patients with BRCA mutation have the higher likelihood of benefiting from treatment with
PARP inhibitors.
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Moreover, in this study | provided evidence of differential expression of pro-apoptotic gene
(BAX), pro-metastatic gene (SNAIL1), and mTOR complex genes in OC cell lines with
BRCA2-wt/m, and how PARP-inhibitors can change the expression of these gens. After 72-
hrs Rucaparib treatment, PEO1 cell line (BRCA2-m), compared to other cell lines SKOV3
(BRCA2-wt), PEO4 and MDAH-2774 (BRCAZ2-silent mutation), showed an up-regulation of
BAX and down-regulation of SNAIL genes’ expression Which can be related to the efficiency
of PARP inhibition on BRCA2 defective OC. Regarding to mTOR complex genes, in PEO1
(BRCAZ2-m) there was a significant decrease in the expression of mTOR, Raptor and Rictor
as compared to the controls.

In regards to DEPTOR, its precise role in malignancies is still controversial. DEPTOR seems
to develop a dual role, acting as a tumour suppressor in some cancers and as an oncogene in
others. Studies have demonstrated that DEPTOR inhibits mTORC1, while it can also activate
the Akt pathway (through phosphorylation at S437 and T308 residues) which leads to cell
proliferation (Catena and Fanciulli, 2017). For instance, in cervical squamous cell carcinoma
cells DEPTOR induced cell survival, and overexpression of DEPTOR associated with poor
prognosis in differentiated thyroid carcinoma (Srinivas et al., 2016)(Pei et al., 2011)(Peterson
et al., 2009). However, when silenced, DEPTOR stimulates apoptosis through
downregulation of PI3K/AKT pathway (Catena and Fanciulli, 2017). It is possible that
Rucaparib affect the expression and subsequent activity of mTOR pathway. My results
showed that PARP inhibition alters the mTOR complex genes ratio. My study opens
prospects for using these different genes to be used as potential biomarkers (Saravi et al.,
2021).

Lately, by using targeted next generation sequencing, has been shown that the PI3K-AKT-
mTOR pathway can possibly stimulate cancer cell transformation towards endometriosis-
associated ovarian cancer (Er et al., 2016). This is consistent with Cardnell et al., 2016 study,
which investigated the proteomic changes in PIBK/mTOR pathways that happen following
treatment with PAPR inhibitors including Olaparib and Rucaparib on small cell lung cancer.
They have found that proteins involved in the PI3BK/mTOR pathway were significantly
upregulated after PARP inhibition (Cardnell et al., 2016).

In summary, PARP inhibition can be a promising strategy for the treatment of ovarian cancer
patients, especially those with HR deficiency and/or BRCA-m gene. In tumours with BRCA
deficient gene, PARP inhibitor monotherapy is already an effective therapeutic method that
supports the synthetic lethality concept. However, using of PARP inhibitors as a

monotherapy is unlikely to induce cancer cell death in BRCA-proficient tumours but the ideal
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treatment method for the future remains the combination of PARP inhibition with either
cytotoxic DNA-damaging chemotherapeutic agents (such as platinum-analogues) or with

molecular targeted agents that also damage the mechanisms of DNA repair.
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Chapter6: Expression of y-H2AX in clinical samples - CICATRIX
Clinical Study

Introduction

In this chapter, | focused on the analysis of circulating tumour cells (CTCs) from OC patients
that have joined the CICATRIX clinical study. As mentioned in introduction, CTCs can be of
prognostic value in various cancers such as colorectal (Tan and Wu, 2018) and breast cancer
(Diaz and Bardelli, 2014), but their value in ovarian cancer is still under intense
investigation. To date, detection of small populations of CTCs from blood signifies a
technical challenge. There are several CTCs detection techniques such as flow-cytometry and
other methods including the use of antibody enrichment techniques, thought to be more
sensitive (Hou et al., 2012). Although, analysis of CTCs has been restricted by some factors
such as biological heterogeneity and the absence of surface signals on CTCs as differed to
static cells (Gorges et al., 2012). Most analyses established for CTC identification, depend on
a common cell surface marker, epithelial cell adhesion molecule (EpCAM), however CTCs
may express low/no levels of EpCAM, due to the epithelial-to-mesenchymal transition
(EMT; (Schneck et al., 2015)).

Detection of y-H2AX expression in CTCs, as an accepted marker of DNA damage, can be
used to demonstrate response to treatment, early after chemotherapy in OC patients (Toss et
al., 2014). Here | determine the practicality of y-H2AX quantification as a predictive
biomarker of response in CTCs in OC (Mah, El-Osta and Karagiannis, 2010). Currently,
many techniques are used to detect y-H2AX, including constant or pulsed field gel
electrophoresis, comet-assays, flow-cytometry, western-blot, and immunofluorescence with
antibodies directed against both H2AX and y-H2AX. However, fluorescence microscopy is
the most sensitive and preferred method to detect y-H2AX (Saggese, 2018).

y-H2AX formation has recently been examined in cancer cell lines treated with different
targeted and chemotherapy agents and in CTCs from patient blood samples processed using
vy-H2AX antibody staining in immunofluorescence method. Garcia-villa et al., 2012
successfully demonstrated the presence of y-H2AX expression on CTCs from metastatic
breast cancer patients, receiving carboplatin, a DNA damaging chemotherapeutic agent
(Garcia-Villa et al., 2012). Additionally, Wang et al., 2010 showed that, the percentage of y-
H2AX-positive CTCs, taken from patients with variety of advanced malignancies, was
enhanced in a concentration-dependent manner in cells treated with topotecan ex vivo in

therapeutically relevant concentrations (Wang et al., 2010a).
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It is still unknown if there is a clinical value between y-H2AX-positive foci in CTCs during
chemotherapy and disease progression. Here | studied y-H2AX in OC patients, using WT1,
an accepted immunohistochemical marker for serous ovarian cancer, to identify ovarian
cancer CTCs. | have developed a method for sample preparation, positive identification,
quantification, and characterisation of CTCs from whole blood taken from OC patients
during treatment.
Aims

e To study the y-H2AX expression and assess y-H2AX in CTCs as a predictive

biomarker of treatment response.
e To assess any correlations between y-H2AX foci, WT1 and CA125 levels and clinical

outcomes of OC patients receiving chemotherapy.
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Result

1. Proof of principle experiment

A proof of principle experiment was performed to test the efficiency of the fluorescence
microscopy method using liquid biopsies. This was carried out with using healthy blood
donated from 3 volunteers. Blood was split into 4 tubes (Iml in each tube), then mixed with
BRCAZ2-wildtype ovarian cancer cells (SKOV3) in serial dilutions (Fig. 89). Samples were
stained with y-H2AX and WT1 antibodies as described in section 3.2 and visualised under

Leica microscope.

10000 1000 100 10
cells cells cells cells

Figure 89. Schematic figure of the serial dilution process. Each tube contains 1ml blood from healthy volunteer,
mixed with SKOV3 cell line in serial dilutions, followed by y-H2AX and WT1 antibody staining.

Both y-H2AX and WT1 were successfully identified in volunteer whole blood. However, as
expected for healthy volunteer blood, numbers of y-H2AX positive cells were very low, as
neither the SKOV3 nor the volunteer blood had been knowingly exposed to DNA damaging
strategies. There were more WT1 positive cells present, denoting the spiked SKOV3 cells.
No y-H2AX foci were captured at 0.01 and 0.1 dilutions. It was slightly increased at 1 and 10
dilutions with average cell number of 0.6 and 2.6, respectively. Similarly, larger number of
WT1 positive stained cells were identified in the samples with more spiked SKOV3 cells (0.3
at0.01, 3.6 at 0.1, 8.6 at 1 and 15 at 10 cell per ml dilutions) (Fig 91).
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YH2AX DAPI

Figure 90. Representative figure of healthy blood cells mixed with SKOV3 cell line. This figure displays (red)
v-H2AX (marked with white arrow), stained with AF-647; WT1 (green), stained with AF-488; and nucleus
(blue) stained with DAPI, in blood taken from healthy individuals spiked with SKOV3 cells. A and B show
example images captured from 1000 cell per 1ml dilutions. There was a low number of detected foci for y-
H2AX whereas higher number of WT1 positive staining was observed, in increasing dilution.
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Figure 91. The graph represents the trend of y-H2AX and WT1 in different serial dilutions of SKOV3 cells in
control blood (1.0 mL). As it can be seen, the number of positive staining for y-H2AX is very low as they are
healthy cells and not expected to have a significant DSB DNA damage. One-way ANOVA was performed with
GraphPad Prism®, between different concentrations. *** Significantly higher compared to 10-concentration
(p<0.0001).

2. Analysis of ovarian cancer blood samples

Patient blood samples were collected from ovarian cancer patients kindly participating in the
CICATRIX study at Mount Vernon Cancer Centre; ethical approval was granted by the West
Midlands-South Birmingham committee (16-WM-0196). Samples were taken at different

time-points during the patient’s initial treatment at diagnosis.
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Patients were categorised to one of 3 groups: neo-adjuvant chemotherapy (NACT), primary
surgery, and relapse. Standard treatment for advanced epithelial OC is primary cytoreductive
surgery (PCS) followed by adjuvant chemotherapy with carboplatin / paclitaxel and
sometimes maintenance bevacizumab or a PARP inhibitor. Patient who are not suitable for
initial surgery are treated with neoadjuvant chemotherapy (NACT). Some of these patients
then become fit enough for interval surgery (IDS group) whilst others never have surgery.
Therefore, cohorts comprised of two further subcategories which are a) NACT interval
surgery and b) NACT no surgery. The first group of NACT includes upfront chemotherapy
followed by interval cytoreductive surgery and further post-operative chemotherapy (IDS).
Patients with comorbidities representing more risky surgery, or very extensive cancer (e.g.
Stage IV disease) where it would be impossible to remove it all, fall into this category.
(Rauh-Hein et al., 2015). Patients in the no surgery group either do not respond to the NACT
(platinum resistant disease) or have multiple significant comorbidities which render it
impossible to ever operate safely. NACT consists of 3-4 cycles of chemotherapy (every three
weeks) prior to repeating the CT scan to assess whether the patient can undergo IDS. 2-3
cycles of the same chemotherapy are delivered post operatively making 6 cycles in total.
These patients are likely to be on maintenance bevacizumab (a VEGF inhibitor) treatments
afterwards.

Patients undergoing primary debulking surgery have 6 cycles of the same adjuvant
chemotherapy and for patients where there was residual disease, maintenance bevacizumab
(three weekly) for 18 cycles in total. Patients with BRCA mutations, either germline or
somatic, or other homologous repair deficiencies (HRD) will have additional PARP inhibitor
maintenance until disease progression. Remaining patients will be followed up off all
treatment.

The final category is relapsed patients, where their OC has returned. Such patients face
another line of chemotherapy and sometimes maintenance treatments such as PARP
inhibitors (Olaparib, Niraparib, Rucaparib) afterwards. (Rauh-Hein et al., 2015). Relapsed
patients are divided, for communicative convenience into - platinum sensitive (at least 6

months from last platinum treatment) or platinum resistant (<6 months since last platinum

treatment).
Table 14. The number of patients in each group.
Category NACT Primary Surgery Relapse
Number of patients 43 30 33
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Timein 1 4
Weeks 2 (]

*1=Diagnosis *2=Post op / pre chemo  *3=Mid chemo *4=tnd of chemo *5=Follow up *6=Follow up / relapse

Primary * *
GROUP 4 GROUP 5
surgery 5 G

*1 = Diagnosis *2=Post chemo / pre op *3=Postop / pre chemo  *4=End of chemo *5=Mid maintenance treatment *6=End maintenance treatment

*7=confirm relapse *2=Mid chemo *9=End of chemo *10=Mid maintenance treatment  *11=End maintenance treatment / beginning FU

Relapse *
1
1

* approximate time point of blood sample

No active treatment, surveillance or follow up only

. Surgery

. Three weekly cycles of chemotherapy

. Maintenance treatments such as bevacizumab - three weekly infusions or PARP inhibitors — daily tablets

Figure 92.Timeline of patient’s treatment. Figure above shows the time and process of patient’s treatment for all
3 categories of patients including primary surgery, NACT and relapse.

All blood samples were analysed using fluorescent microscopy. Quantification was calculated
as positive cells per 100 cells. In summary, | measured the number of yH2AX, WTI
compared to CA125 levels at different stage of treatment. My results show that overall, the
level of CTCs with positive y-H2AX staining was highest prior to chemotherapy treatment
and fell during treatment to the lowest at the end of treatment.

To begin with, I combined all the groups where patients have received chemotherapy (n=22)-
irrespective of agent. Interestingly it showed that patients had responded well to the
treatment, which might be signified by the initial spike in number of y-H2AX, WT1 and
CA125, eluding to a response due to tumour necrosis and thus further CTC shedding,
followed by decreasing in CTC counts as the patient continues to do well on the treatment
(Figure 93). There was a significant positive correlation between y-H2AX and WT1 in the
early group.
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Figure 93. The graph of all patients received chemotherapy. The average number of positive-yH2AX staining
was 7.5 (per 100 cells), at the early stage of treatment, then decreased at the middle and end treatment which
were 4 and 1.8, respectively. Additionally, WT1 displayed the similar changes as y-H2AX. The average number
of positive-WT1 staining was 6.6 at the early treatment which was dropped at the middle and end of treatment,
3.2 and 0.7, respectively. All WT1-positive staining cells were positive for y-H2AX staining. Moreover, CA125
levels showed a decreasing trend from early treatment to end treatment which was consistent with y-H2AX and
WT1 results. The average number of CA125 was 598.2 for early Tx, 333.2 for middle Tx and 240.9 for end Tx.

Following the initial overview of the trajectories of y-H2AX, WT1 and CA125, | have
dissected those responses further. For example, Figure 94 relates to the five patients who had
primary surgery and demonstrate differences in average numbers of cells with WT1/y-H2AX,
seen prior to start of therapy with the end of treatment and compared with the changes in
CA125 levels assayed routinely in the hospital laboratory. Cells positive for WT1 fell from
8.6 at the beginning to 2.6 at the end of treatment. This mirrored a similar drop in cells
positive for y-H2AX (11.4 - 4.6) as well as CA125 levels (1716 — 14.3) at the same time-
points.
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Figure 94.The graph of primary surgery patients comparing start of the treatment with end of the treatment.
There is a decrease in the level of positive-y-H2AX staining cells same as positive-WT1 staining cells, at the
start of the treatment in comparison to the end. All WT1-positive staining cells were positive for y-H2AX
staining. Likewise, the count of CA125 presented a decreasing trend from start of the treatment to the end
treatment which was consistent with y-H2AX and WT1 results.

Evaluation of the numbers of cells from before to after the adjuvant chemotherapy for this
primary surgery cohort (n=6) also showed a decrease in the number of y-H2AX, WT1 and

CA125 in early-, mid-, and late- treatment samples but this failed to reach significance (Fig
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95). There was a significant positive correlation between yH2AX and WTL1 in the early
group.
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Figure 95.The graph of primary surgery group patients, to assess the effect of chemotherapy after surgery. The
average number of positive-y-H2AX stained cells was 11.7 (per 100 cells), early / pre-treatment, increasing to
13 mid-treatment and decreasing to 6 at the end treatment sample. WT1 showed similar changes, 9.1 early
treatment, 13 mid-treatment, 6 at the end of treatment. All WT1-positive staining cells were positive for y-
H2AX staining. Average CA125 levels corroborated, but decreased throughout treatment, 381.7 for early, 46.5
for middle and 5 for end of treatment timepoints.

For NACT/IDS group | looked at the effects of chemotherapy before interval debulking
surgery (n=8) and post-operative chemotherapy (n=5). As shown in Fig 96, the average
CA125 values reduced steadily across the process of treatment. However, the average
numbers of y-H2AX and WT1 stained circulating cells after surgery was higher than before
surgery although they decreased to lower levels than initially, by the end of adjuvant
chemotherapy.
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Figure 96.The graph of all NACT patients received chemotherapy. The average number of positive-y-H2AX
staining was 6.8 (per 100 cells), at the early stage and before the surgery, then increased to 20.7 at the middle Tx
which was after the surgery. Finally, it was reduced to 2.5 at the end of the treatment. Moreover, WT1 indicated
the parallel changes as y-H2AX. The average number of positive-WT1 staining was 5.1 before the surgery, at
the early Tx. After the surgery, it was increased at the middle Tx to 20 and finally dropped to 1 at the end of
treatment. All WT1-positive staining cells were positive for y-H2AX staining. Also, the count of CA125
showed a decreasing trend from early treatment to end treatment with average number of 951.9 for early Tx,
371.4 for middle Tx and 8 for end Tx. ** y-H2AX p=0.0093, ** WT1 p=0.0089, CA125 p=0.4751.
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There was no significant difference in the mean numbers of y-H2AX and WT1 positive cells
between the NACT/surgery and NACT alone groups, suggesting that the rise post-operatively
could simply reflect a higher circulating cancer cell burden arising from surgical damage.
There was a significant positive correlation between y-H2AX and WT1 in both groups.
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Figure 97.The graph of NACT patients with/without surgery. In those NACT patients who received surgery
(n=7), the average number of positive-y-H2AX staining and positive-WT1 staining were 7.2 and 5.4,
respectively while those NACT patient who did not receive the surgery (n=2) displayed a lower average number
of positive staining for y-H2AX and WT1 which were 3.7 and 3.5, respectively. However, the change of CA125
was different in comparison to y-H2AX and WT1. The average number of CA125 was 581.3 in NACT patients
with surgery and higher number in NACT patients with no surgery which was 1905.

Figure 98 displays the effect of maintenance bevacizumab on WT1, y-H2AX in CTCs. The
groups (4,5,6) represent samples taken at 3 different timepoints: 4 is where chemotherapy has
ended and bevacizumab alone begins, 5 are samples taken in the middle of maintenance
bevacizumab and 6 at the end of bevacizumab. The numbers of y-H2AX and WT1 staining
cells were lowest at the end of maintenance bevacizumab treatment. There was a significant
positive correlation between y-H2AX and WT1 in group 5, i.e., all cells staining for y-H2AX
also stained for WT1. This is very interesting given that the CA125, reflecting disease
progression has, as expected, mostly risen over the period of bevacizumab maintenance
therapy. Possibly this is because the antiangiogenic action of bevacizumab obstructs entry to

the circulatory system for cancer-associated cells.
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Figure 98.The graph of NACT patients (n=18) to evaluate the effect of maintenance Bevacizumab. The average
number of positive-y-H2AX staining was 18 (per 100 cells), at group 4, then increased to 24 at group 5. Finally,
it was reduced to 10.6 at the end of treatment, group 6. Moreover, WT1 indicated the similar changes as y-
H2AX. The average number of positive-WT1 staining was 18 (per 100 cells), at group 4, then increased to 24 at
group 5 and finally, it was decreased to 10.6 at the end of treatment, group 6. All WT1-positive staining cells
were positive for y-H2AX staining. Although, the average number of CA125 indicated an increasing trend from
the end of chemotherapy to end of maintenance treatment with average number of 26 for group 4, 114.9 for
group 5, and 473.8 for group 6.

For the relapse patients | looked at the changes in relation to different chemotherapy
schedules / drugs. Responding patients (n=7) treated with combination carboplatin and caelyx
seemed to fall into 2 groups, those who had clear responses, and those who had stable
disease. There was a decreasing trend in number of y-H2AX, WT1 stained cells and CA125
before and after chemotherapy in this group. As expected, some patients did not respond to
carboplatin caelyx treatment. There was a significant positive correlation between y-H2AX

and WT1 in the early group.
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Figure 99.The graph of Relapse patients treated with Carboplatin and Caelyx. The average number of positive-
v-H2AX staining was 7.6 (per 100 cells), at the early stage of treatment, then decreased at the middle and end
treatment which were 4 and 0.6 respectively. Significant change was seen between y-H2AX early and end (*,
p=0.0253). Additionally, WT1 displayed the similar changes as y-H2AX. The average number of positive-WT1
staining was 6.6 at the early treatment which was dropped at the middle and end of treatment, 2.2 and 0
respectively. All WT1-positive staining cells were positive for y-H2AX staining. Furthermore, the level of
CA125 displayed a decreasing trend from early treatment to end treatment which was consistent with y-H2AX
and WT1 results. The average number of CA125 was 677.5 for early Tx, 543.5 for middle Tx and 374 for end
TX.

There were too few patients (n=4) receiving an alternative relapse treatment, carboplatin with

gemcitabine, to assess any changes properly as there was only one patient who had had an
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end of treatment sample taken. Although, Fig 100 demonstrates a reduction in number of

vyH2AX, WT1 stained cells mid treatment corroborating the decreasing CA125 levels.
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Figure 100.The graph of Relapse patients treated with Carboplatin and Gemicitabine. The average number of
positive-y-H2AX staining was 24.6 (per 100 cells), at the early stage of treatment, then decreased at the middle
and end treatment which were 3.2 and 3 respectively. Moreover, WT1 showed the similar changes as y-H2AX.
The average number of positive-WT1 staining was 24.6 at the early treatment which was dropped at the middle
and end of treatment, 3.2 and 2 respectively. All WT1-positive staining cells were positive for y-H2AX staining.
Likewise, the number of CA125 was decreased from early treatment to end treatment which was consistent with
v-H2AX and WT1 results. The average number of CA125 was 87 for early Tx, 73.2 for middle Tx and 34 for
end Tx.

One of the last lines of therapy for relapsed OC is weekly paclitaxel. Patients in this group
(n=7) exhibited a reduction in CA125 levels by the end of treatment, although the average

numbers of y-H2AX and WT1 stained cells increased mid-treatment before disappearing.
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Figure 101.The graph of Relapse patients treated with Taxol. The average number of positive-y-H2AX staining
was 0.6 (per 100 cells), at the early stage of treatment, then slightly increased at the middle of treatment which
was 2.6 and decreased to 0 at the end of treatment. Additionally, WT1 indicated the similar changes as y-H2AX.
The average number of positive-WT1 staining was 0.3 at the early treatment which was enhanced at the middle
to 2.6 and again decreased to O at the end of the treatment. All WT1-positive staining cells were positive for y-
H2AX staining. The average number of CA125 was decreased from early treatment to end treatment, which was
636 for early Tx, 594.7 for middle Tx and 1 for end Tx.

Number/100 cells
]
bl
GZLYD

Finally, I looked at the effect of PARP-inhibitor (niraparib) maintenance in BRCA wildtype
patients with relapsed OC (n=6). Interestingly, the number of y-H2AX and WT1 stained cells
fell throughout maintenance niraparib being the lowest when niraparib was stopped. In
contrast, as with the maintenance bevacizumab, CA125 levels rose steadily and were higher
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at the end of treatment suggesting that the patient was no longer responding to niraparib.

Again, there was a significant positive correlation between y-H2AX and WT1.
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Figure 102.The graph of Relapse patients treated with PARP-inhibitors. The average number of positive-y-
H2AX staining was 19.7 (per 100 cells), at the early stage of treatment, then decreased at the middle and end
treatment which were 12.6 and 2 respectively. Moreover, WT1 showed the similar changes as y-H2AX. The
average number of positive-WT1 staining was 19.7 at the early treatment which was dropped at the middle and
end of treatment, 12.1 and 3, respectively. All WT1-positive staining cells were positive for y-H2AX staining.
However, the number of CA125 was increased from early treatment to end treatment. The average number of
CA125 was 55.6 for early Tx, then increased to 555.5 for middle Tx and 831.5 for end Tx.
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The statistical analysis including correlation coefficient and p-values, was performed through
GraphPad Prism® and can be found in table15.

Table 15. Table of statistical values. This table displays the correlation coefficient and p values for each
category of our result.

Patients group Number Marker/Stage | Correlation Significant
of TX coefficient p value
patients
All patients received 22 v-H2AX/WT1 0.76 0.00012
chemotherapy early
vy-H2AX/WT1 end 0.70 0.009
Primary surgery 5 v-H2AX/WT1 end 0.70 0.009
companto St with WTL1/CALZ5 early 0.79
Primary group 6 v-H2AX/WT1 0.99 0.000005
effect of chemotherapy early
after surgery
NACT received Before: 8 v-H2AX/WT1 0.78 0.0009
chemotherapy early
comparing before and After: 5 v-H2AX/WT1 0.99 0.0000011
after surgery middle
NACT with/without With:7 vy-H2AX/WT1 0.77 0.0018
surgery with surgery
y-H2AX/WT1 0.99 0.0062
without surgery
Without: 2 v-H2AX/CA125 0.91
without surgery
WT1/CA125 0.94
without surgery
NACT with 18 y-H2AX/WT1 0.99 P<0.0001
maintenance group 5
Bevacizumab y-H2AX/WT1 1.00
group 6
v-H2AX/CA125 0.78
group 6
WT1/CA125 0.78
group 6
Relapse patients/treated 7 vy-H2AX/WT1 0.91
with early
Carboplatin+Caelyx
Relapse patients/treated 4 vy-H2AX/WT1 1.00
with middle
Carboplatin+Gemicitab
ine
Relapse patients/treated 7 v-H2AX/WT1 1.00
with Taxol middle
Relapse patients/treated 6 v-H2AX/WT1 1.00
with PARP inhibitors early
y-H2AX/WT1 0.99 P<0.0001
middle
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Changes in cellular localisation of y-H2AX

There are several reports regarding the presence of not just canonical “foci” staining, but also
the existence of an “apoptotic ring” (Solier and Pommier, 2014) which looks very similar to
the staining | have observed in some of my patients’ samples. As the name indicates, Solier
and Pommier, describe a staining pattern of y-H2AX around the nucleus and link this to the
apoptotic process and implied such y-H2AX staining as another apoptosis marker (Solier and
Pommier, 2014).

Interestingly, staining discrepancies were noticed in some cells, stained with y-H2AX. Figure
103 is a representative figure of different -yH2AX staining, taken from different OC patients.
It was shown that, in addition to sighted common staining which was a diffuse staining for
both y-H2AX and WT1 (Fig 103-b), I also detected CTCs with significant apoptotic ring for
v-H2AX staining (Fig 103-c, d) and foci staining for both y-H2AX and WT1 (Fig 103-a).
Therefore, preliminary evidence indicates that there might be more than just the presence or

absence of y-H2AX in CTCs and the cellular distribution could also have clinical relevance.

Figure 103. y-H2AX formation and detection in ovarian cancer patient’s blood cells. Using of a specific y-
H2AX antibody allows to visualize the DSBs as discrete foci (a). In some cells, DSB formation can lead to
apoptosis and increase formation of both DSBs and y-H2AX which show different pattern of staining including,
v-H2AX diffuse staining (b), y-H2AX staining of apoptotic bodies that appear as an apoptotic ring (c-d). Blue:
DNA; Green: y-H2AX.

In my study, | have found only 22 samples (out of 122) of patients in different stage of
treatment which displayed different pattern of y-H2AX staining (see Appendix A). Figure
104 shows some of these images for diffuse, foci and apoptotic ring staining in y-H2AX and
WTL.

168



Figure 104. y-H2AX and WT1 staining in blood samples from OC patients. (A) diffuse staining for both vy-
H2AX and WT1, (B) foci stating for both y-H2AX and WT1 which was indicated in different cells, (C)
apoptotic ring staining for y-H2AX.
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Discussion

Several anticancer treatments, such as radiotherapy and chemotherapy, work through DNA
damage and inducing sufficient DSB numbers in tumour cells which result in destructive
lesions, impeding cell function, proliferation and finally cell death. An early response to ds-
DNA damage is accumulation of y-H2AX, which has been proposed as a sensitive indicator
of drug efficiency (Redon et al., 2012). DNA damage monitoring can be used to predict
tumour cell survival after exposure to cytotoxic drugs (Shah et al., 2015). CTCs in this work
were identified with cytokeratin and WT1 markers. These cells also showed positive y-
H2AX staining presumably reflecting DNA damage seen as a consequence of the
chromosomal instability of HGSOC as well as surges presumed to be related to drug-induced
DNA insults. By determination of both numbers of CTCs and level of y-H2AX expression
before and after treatment, | have tried to determine if the patient is responding to their
therapeutic regimen. | have compared the CTC numbers and level of y-H2AX to CA125, a
routinely used clinical biomarker for HGSOC, taken at similar time points.

My results indicate that the level of CTCs with positive y-H2AX and WT1 staining declined
following chemotherapy treatment. For example, relapse patients, treated with different
chemotherapeutic agents including carboplatin, Caelyx, gemcitabine and paclitaxel, displayed
a drop in the number of y-H2AX and WT1 positive cells during chemotherapeutic treatments
which mirrored a similar fall in CA125 and response to treatment. The opposite was true for a
few patients who had progressive disease — i.e., a rise in the number of y-H2AX and WT1
positive cells aligning with a rise in CA125. The effects of maintenance therapies such as
antiangiogenics (bevacizumab) and PARP-inhibitors (niraparib) in relapsed OC patients was
also explored. Interestingly in both maintenance situations, a trend of decreasing levels of y-
H2AX and WT1 during and following treatment, was not supported by a decrease in CA125
which rose towards the end of the maintenance phase indicating disease relapse. It is not clear
why there should be fewer CTCs with ds DNA damage following maintenance therapy but in
the context of cancer progression, antiangiogenic therapy may reflect an inability of cancer
cells to access the circulatory system as easily — as these drugs distorted neo-vasculature
development.

There are many other reasons for changes in y-H2AX levels under certain circumstances such
as increased ROS from anaesthesia in post-op patients (Rothkamm et al., 2015). Cytotoxic
agents themselves are very likely to increase y-H2AX e.g., paclitaxel, a microtubule

stabiliser, Caelyx, an alkylating agent which promotes cross-linking of DNA strands, as does
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platinum, all of which will cause an increase in ds DNA breaks due to their actions.
gemcitabine, however is an nucleoside analogue which substitutes in place of another base
and provokes chain termination but not necessarily generating DNA-DSB (Rothkamm et al.,
2015).

My results are in agreement with Wang et al.,2010 study which demonstrated changes in vy-
H2AX level in CTCs from patients undergoing chemotherapy treatment. Data from limited
number of patients in their study has indicated the percentage of YH2AX-positive CTCs was
increased following administration of topotecan which is a topo 1 isomerase inhibitor and as
such may be acting to elevate H2AX levels via transcription as well as directly causing DNA-
DSB (Wang et al., 2010b). This change was measured after a single day of receiving drug
and quantified from a mean of 2% at baseline (range 0%-6%) to a mean of 38% (range 22%—
64%). However, this increase was regardless of increases or decreases in the total number of
CTCs (Wang et al., 2010b). Additionally, an increase in the number of CTCs positive for y-
H2AX in patients treated with topotecan and ABT-888 (PARP-inhibitors) has also been
observed in patients with refractory solid tumours and lymphomas. The level of y-H2AX was
increased from 16% at baseline to 100%, suggesting a significant DNA damage response to
drug treatment (Kummar et al., 2011).

Assessment of y-H2AX staining in CTCs could be an additional biomarker of response to
treatment and may play a role in “personalising” cancer therapy by allowing rapid
assessments of ongoing response to specific treatments (Olive, Banath and Sinnott, 2004).
Future studies with much larger cohorts will be needed to provide further insight into its
clinical utility as biomarker. Apart from the changes in the levels of y-H2AX over treatment,
changes in the cellular distribution patterns of this protein might be of equal importance,
when studying apoptotic events.

In this study, I show for first time different pattern of y-H2AX staining in CTCs including
diffuse staining, foci staining and apoptotic ring staining. Solier and Pommier 2014 displayed
v-H2AX apoptotic ring versus y-H2AX DDR foci in HCT116 human colon carcinoma cell
line which was treated with TRAIL (TNF-related apoptosis-inducing ligand) (Solier and
Pommier, 2014). Consistent with my data, Mukherjee et al., 2006 displayed evidence that y-
H2AX is phosphorylated through the procedure of apoptotic DNA fragmentation. Their study
revealed that H2AX is phosphorylated during apoptotic DNA fragmentation in Chinese
hamster ovary, and human fibroblast cell line which were treated with Staurosporine to
trigger apoptosis. The phosphorylation process occurs late and can be associated with

chromatin condensation (Mukherjee et al., 2006). The mechanisms and relevance of the
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differences in y-H2AX staining patterns requires further delineation. For instance, cells that
display apoptotic ring staining in my cohort, could have been circulating in the patient for
several days, or longer, and may originally have shown the more commonly identified focal
staining (Garcia-Villa et al., 2012). Broad evaluations of the various y-H2AX staining

patterns in the context of patient responses to treatment are also required.
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Chapter7: Discussion

7.1. Impact and importance

Over the past four decades, cancer diagnosis and treatment has come a long way; despite this,
survival rates remain low in many cancers such as ovarian cancers, where ten-year survival
rates is only 35% (CRUK, 2019c). 71.7% of ovarian cancer patients survive for at least one

year, which drops to 42.6% surviving for five years or more (CRUK, 2019c).
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Figure 105. Ovarian Cancer Age-Standardised One-, Five- and Ten-Year Net Survival, Adults (Aged 15-99),
England, 2013-2017. This graph displays one- and five-year net survival and predicted ten-year net survival,
with 95% confidence intervals. Ovarian cancer survival continues to drop after five years of diagnosis and
35.3% of patients are expected to survive for ten years or more. Credit: (CRUK, 2019c).

Late diagnosis is a significant contributing factor to such low survival rates. Except in the
case of advanced illness, signs are often unclear, which resulting in most of the patients being
diagnosed only at a late stage (e.g., 11 and IV which is usually the case with ovarian cancer).
Additionally, it is well-known that cancer prognosis is linked to staging, with early diagnosis
providing more treatment choices and improved chances of survival. To further complicate
matters, the limited understanding of interpatient variability, which determines the condition
and modulates the response to therapy, is also an important concern for clinicians in the care
of patients.

7.2. Rucaparib: a recently approved PARP inhibitor for ovarian cancer treatment and
maintenance

A great deal of attention is now focusing on 'precision medicine' or customized therapy,
whereby individual patients receive tailored care to their condition, considering their
individual genetic profile and possible therapeutic responses. This allows the identification of
appropriate treatment for the patient based on their exact needs.
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The main findings of my study can be summarized as follows: Defective BRCA2 causes
HRR dysfunction, which results in the DSB-DNA damage being left unrepaired and leads to
cell death. Increased y-H2AX foci in BRCA2-m cell line is consistent with the idea that
BRCAZ2 has a crucial role in HR pathway (Rigakos and Razis, 2012). Here, | assessed the
effect of Rucaparib in vitro. In OC cell lines with defective BRCAZ2 gene, inhibition of PARP
enzyme was significantly related to a decrease in cell proliferation and increase in apoptosis.
Additionally, DNA repair pathways are activated and express a high level of the DNA
damage biomarker, y-H2AX. In line with the results in my study, the expression pattern of
the DDR molecules including PARPI, y-H2AX and BRCAZ2 have been related to the
progression of many cancers, such as breast cancer (Rojo et al., 2012), ovarian cancer (Cho et
al., 2015) (Gan et al., 2013), and glioblastoma (Galia et al., 2012). Comparison of the
BRCA2 mutant cell line (PEO1) with the BRCA wild-type OC cell line (SKOV3) and those
with a silent BRCA2 mutation (PEO4, MDAH-2774) underlined the importance of BRCA2
in repair of dsDNA. The intriguing increase in y-H2AX, 24 hours after H,O, exposure in
SKOV3 cells suggests that this cell line may represent a model of ‘BRCAness’. This refers to
EOC (up to 50% of HGS) that show a defective phenotype of HRR without BRCA mutations
(Turner, Tutt and Ashworth, 2004) (Ping Lin et al., 2018). Notably, SKOV3 has 3 other
genes mutated participating in HRR (Beaufort et al., 2014). These findings are born out in
clinical practice where patients with BRCA mutations make up a distinct subset of the high
grade serous ovarian cancer population.7.2.1. Rucaparib Clinical Trials

Rucaparib has been evaluated in clinical trials, focussing on ovarian cancer patients with
BRCA mutations. As with most other PARP inhibitors, rucaparib cannot be used in
combination with other chemotherapeutic agents as the toxicity to too great. It is however
licensed for use as a single agent in patients with platinum sensitive recurrence (Grignani et
al., 2020) (Colomba et al., 2019).

The ARIELS3 study reported the clinical benefit of rucaparib maintenance treatment following
chemotherapy in patients with recurrent ovarian cancer. Most of the patients in this trial had
received two previous platinum-based chemotherapy regimens; they were randomised 2:1 to
receive rucaparib or placebo maintenance, provided they had had a response to their relapse
chemotherapy. Time to the next relapse was longer in those receiving rucaparib (HR 0.32)
and this was greatest for those with BRCA mutations (either somatic or germline) (Coleman
et al., 2017). A subsequent trial (ARIEL 4) has shown that rucaparib can be used to treat
ovarian cancer patients with BRCA mutations, i.e., without cytotoxic chemotherapy. There

was a significant benefit in progression free survival for rucaparib when compared to
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standard chemotherapy (HR 0.64) (Kristeleit et al., 2021). PARP inhibitors, like rucaparib,
are now an integral part of the management of most patients with high grade serous ovarian
cancer.

7.3. H2AX: upregulated in OC and demonstrates utility as a prognostic biomarker in
terms of overall survival

H2AX is well recognised as a biomarker of DNA damage. | have explored alterations at
gene and protein level of H2AX in OC to evaluate its’ role as a potential predictive
biomarker. In silico analysis using the TCGA databases revealed that H2AX is overexpressed
in OC in comparison to controls. In terms of prognostic value, | established that higher
expression of H2AX is related to better overall survival (OS), although there was no apparent
difference on disease free interval (DFI), in the ovarian cancer cohort.

| have then performed IHC using a tissue microarray of OC patients and 10 adjacent tissues
to OC in attempt to dissect further the expression of H2AX at protein level in different types
of OCs and stages. | have shown that H2AX is abundantly expressed in high- and low-grade
serous OC, mucinous adenocarcinomas, metastatic serous carcinomas, and clear cell
carcinomas. Lastly, y-H2AX staining has been shown to be significantly higher in BRCAL1/2
mutation-positive fallopian tube epithelium in comparison to control (BRCA wild-type)
fallopian tube epithelium (Staff et al., 2014). Here | document a correlation between the
phosphorylation level of y-H2AX foci and the H2AX gene expression, in appropriate cell
lines in vitro.

One intriguing proposal is that H2AX gene could be a good candidate to indicate
susceptibility to different cancers such as lymphomas and leukaemia (Dickey et al., 2009). A
study by Novik et al. revealed a population-based group of H2AX genetic variants in non-
Hodgkins lymphoma (NHL), which is known as one of the most commonly diagnosed
cancers worldwide (Novik et al., 2007). A further study has indicated changes in H2AX gene
copy number in 37% of breast cancer tumour samples (25/65 cases). Moreover, the breast
cancer cell line MCF7, displayed a two-fold deletion in H2AFX gene copy number. This
finding implies that the deletion in the H2AFX gene copy number may possibly have a role
in breast carcinogenesis (Srivastava et al., 2008). In conclusion, H2AX appears to have a role
in structural and functional part of DSB response, and participating in the process of DNA-
DSB through the retention of particular factors such as ATM and DNA-PK (Turinetto and
Giachino, 2015). These molecular events may possibly be necessary in order to provide a

steady state of H2AX protein which could be a surrogate biomarker to y-H2AX.
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7.4. The clinical utility of CTCs as a liquid biomarker in OC

Currently, a large body of work is concentrating in the identification of robust 'liquid biopsy’
biomarkers to support further precision medicine. 'Liquid biopsy' intends to enhance and
maybe replace the classic invasive tissue biopsy in certain cases. It is believed that blood
samples may more accurately represent the genetic diversity of a tumour profile and serve as
a surrogate biomarker to help diagnose and treat cancer, an early warning of pending
resistance, and perhaps consecutive monitoring of patients undergoing several cycles of
treatment. (Chudasama et al., 2019). Identification and evaluation of novel liquid biomarkers
may also allow the development of new therapeutic targets and enhance our understanding of
the biology of cancer spread.

Several elements are available for analysis: circulating tumour cells (CTCs), circulating free
nucleic acids (ctNAs) (i.e., DNA and RNA) and other genomic material (e.g., exosomes) in
whole blood. Here, | examined these biomarkers, evaluate their effectiveness, and assess their
clinical utility and significance in identifying biomarkers for use in a population of patients
with high grade ovarian cancer. | have compared these potential markers with standard
clinical markers, CA125 and outcomes from imaging and clinical assessments. Evolutionary
pressure imposed by treatments leads to the adaptation of cancer cells over time and makes
them resistant to drugs (Friedman, 2016). Therefore, it could be important to identify
biomarkers to characterise and provide real time data on the response of cancer to current
therapies.

Discovery of y-H2AX expression in CTCs, can potentially be used to determine response to
treatment, early after chemotherapy in OC patients (Toss et al., 2014). Accumulation of y-
H2AX is an early response to DSB-DNA damage and a sensitive indicator of drug efficiency
(Redon et al., 2012). By monitoring the DNA damage, it is possible to predict tumour cell
survival after cytotoxin drugs exposure in situ (Shah et al., 2015). Additionally, it is possible
to find out if the patient is responding to the therapeutic regime using sequential sampling
that is non-invasive, through evaluation of both numbers of CTCs and level of y-H2AX
expression before and after treatment. The feasibility of y-H2AX quantification as a
predictive biomarker of response in CTCs in OC has been attempted here. My preliminary
results show that the CTCs level with positive y-H2AX and WT1 staining dropped following
chemotherapy treatment including carboplatin, liposomal doxorubicin, gemcitabine and
paclitaxel, most likely indicating a reduction in circulating cancer-associated cells.
Additionally, the effect of PARP-inhibitors in relapsed OC patients was investigated and
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again a reduction in levels of y-H2AX and WT1 positive cells was observed, following
niraparib treatment. The presence of WTL1 in the same cells with increased y-H2AX,
confirms that these are most likely to be cancer-associated cells with drug-induced DNA
damage.

Furthermore, accurate confirmation and validatory studies in vitro and in vivo would be
needed but y-H2AX is a potential pharmacodynamic biomarker which can be used to define
the genotoxic ability of novel anti-cancer drugs in patients. Thus y-H2AX assays may
facilitate personalized cancer management where such changes could allow immediate proof
of efficacy / futility of the current therapy and the ability to rapidly alter treatment regimens
where required.

In summary, the two main goals for clinical use of y-H2AX monitoring in cancer therapy
includes first, y-H2AX is a potential pharmacodynamic biomarker which can be used to
define the genotoxic ability of novel anti-cancer drugs in patients. The second one is, y-
H2AX assays that might possibly allow to personalize the treatment which is the next step in
cancer treatment. Moreover, identification and evaluation of new liquid biomarkers can allow
to develop new therapeutic targets and enlighten the biology of cancer spread. Additionally,
real-time measurements of liquid biomarkers, can possibly assist to identify variations in the
cancer biology, mainly during drug treatment where these alterations could provide an
ineffectiveness of patients’ treatment, applying rapid modifications regarding to therapeutic
regimes. In that matter, it has been established that liquid biomarkers have a huge potential in
a clinical setting. By predicting and monitoring patient treatment, it is possible to determine
the best drugs for the patient based on their genomic profile, along with an effective
treatment update due to drug resistance for example which can lead to poor response.

Here, | created a pipeline to identify robust liquid biomarkers, as shown in Fig 106.
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In silico analysis:

In vitro analysis:

Clinical analysis:

Figure 106. Flow diagram of liquid biopsy identification. Discovery of liquid biomarker is defined by in silico,
in vitro and clinical analysis.

7.5. Limitations of the study

7.5.1. In vitro-related limitation

There are number of limitations in this work. | did not assess y-H2AX and WT1 in BRCALl-
m OC cell lines such as IGROV-1 and SNU-251, to evaluate the effect of BRCAL mutation
on homologous recombination efficiency. Given the differing clinical attributes of patients
with BRCA1 and 2 mutations, and the differing locations of these genes, it is likely that there
will be differences, possibly of great interest. The lack of a normal ovarian cancer cell line as
a control is another major limitation. Normal human ovarian surface epithelial (OSE) cells,
the source of most human ovarian carcinomas, have a very limited lifespan in culture.
Creation of immortalized OSE cell lines requires inactivation of pRb and p53 protein
function which regularly result in an enhanced chromosome instability during prolonged
culture (Li et al., 2007). Due to ethical restrictions, | were unable to obtain normal tissue and
generate primary cell cultures.

7.5.2. Technological limitations

Major challenges have been encountered in attempting to develop reliable methods to capture
and enumerate CTCs. CELLSEARCH® is the first FDA-approved and standardised system
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to detect and quantify CTCs of epithelial origin including CD45-, EpCAM+ and
Cytokeratins8/18+/19+, from 7.5 mL blood sample. Although the cell numbers are
extremely low, it claims to show a high level of sensitivity and specificity in certain tumour
types — e.g. breast and prostate cancer (Cell Search, 2021). Other methodologies, such as
Parsortix and ISET, have varying results and have not been evaluated here but should be
taken into consideration for further studies. ImageStream, whilst allowing for the
quantification of large number of cells has limited resolution for the quantification of y-
H2AX foci. In situ fluorescence microscopy is considerably more accurate in this respect
(Parris et al., 2015).

There are some challenges regarding to count the foci in each cell and distinguishing between
diffuse staining and foci staining in samples taken from OC patients. Pairing y-H2AX with
additional biomarkers could be potentially useful to differentiate y-H2AX foci from apoptotic
y-H2AX. Colocalization of y-H2AX with histone H2B phosphorylation on serine 14 (Solier
et al., 2009), phosphorylated Hsp90a. (Solier et al., 2012), and MDC1 (or 53-BP1) (Solier
and Pommier, 2011) could improve recognition of the differences (Solier and Pommier,
2014).

Although there are several methods to detect DNA damage, including immunohistochemistry
and y-H2AX immunofluorescence, not all methods are suitable for routine clinical use. For
example, while FACS analysis of y-H2AX has a high sensitivity level compared to the
alkaline comet assay (Ismail, Wadhra and Hammarsten, 2007), it does not separate CTCs
from normal blood cells(Olive et al., 1999). Furthermore, it has a low sensitivity to
distinguish CTCs, even if it could detect them. In comparison to other techniques, the
combination of CTCs with nuclear y-H2AX detection is not only a distinctive and enhanced
approach, but also practical to be used in clinical trials of molecular-targeted oncology drugs
(Wang et al., 2010a). However, the methods can be labour- and time-intensive which limits
their applicability in terms of clinical use for monitoring tumour response after chemotherapy
treatment (Wang et al., 2010b).

7.5.3. Clinical limitations

There are also further limitations in my study, relating to the small number of clinical
samples available for validation using gRT-PCR. It might be possible to gain better insight by
comparing y-H2AX immunostaining with benign ovarian tissue from normal age-matched
controls instead of NAT tissue as well. It is essential to overcome the shortfalls before

considering clinical application, along with more larger sample size testing. Further
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unreliability also comes from using a single broad-spectrum marker rather than multiple
specific markers to detect CTCs. Current systems of CTC assay are limited to cell membrane
antigens including HER2, MUC1, and EGFR, none of which are specifically relevant for
high grade ovarian cancer which is associated with intracellular mutant p53 and WT1
proteins. Using such multiple and highly specific markers for ovarian cancer cells may allow
verification of cells with uncertain cytokeratin staining.

There are many ongoing scientific discussions in the field, regarding to the biological
meaning of residual DNA damage foci which might continue for many days following
high/low dose of irradiation (Ahmed et al., 2012). Many different mechanisms have been
examined that possibly contribute to this effect, including delayed or ineffective y-H2AX
dephosphorylation (Grudzenski et al., 2010); the induction of secondary, bystander-type foci
which exists much longer compared to directly induced foci (Ojima et al., 2011) and DNA
damage foci accumulation in senescent cells (Sedelnikova et al., 2004) where they might be
related to telomeres (Fumagalli et al., 2013).

Fumagalli et al., 2013 suggested that when cells are exposed to DNA damage sources
including exogenous or endogenous, it generates DSBs, leading to trigger DDR foci
formation. Most lesions will be repaired over time, which | have shown in vitro. DNA
damage foci, and particularly y-H2AX, have been used widely as a DNA damage marker or
repair in research studies (Valdiglesias et al., 2013). For example, detection of y-H2AX was
used to show that Radium 223 decreases the number of CTCs in prostate cancer patients, on
the CellSearch platform (NIH, 2021a). Some chemotherapeutic agents may lead to an
accumulation of y-H2AX which is unrelated to ds breaks e.g., topo 1 inhibitors, alternative
nuclear biomarkers would be required to develop this approach (Smirnov et al., 2005).
However DSBs that appear at telomeres will not be repaired and this leads to continual DDR
foci formation which resulting in the constant activated DNA damage-induced checkpoint
state which is known as cellular senescence (Fumagalli et al., 2013). The examination that
DNA damage created at telomeres resists repair is certainly of relevance for ageing studies
with accumulating DNA damage (Herbig et al., 2006) but there is less evidence in cancer.
7.6. Future work

Metastatic cancer is often difficult to biopsy and uncomfortable for patients. Therapy is
inevitably based on analysis of cancer cells from a diagnostic biopsy or primary surgery. This
may not be representative of any active metastatic clones. This is part of the attraction of a

liquid biopsy where theoretically cells from the most active neoplastic clone are represented
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(Dent et al., 2016). Homologous recombination deficiency (HRD) has recently been
recognised as an important factor in determining optimal management of patients with high
grade serous ovarian cancer. Those with BRCA 1 and 2 and other more common genetic
mutations such as RAD51 and PALB2 genes (Lord and Ashworth, 2012b) are readily
identified by sequencing but ~30% of this population harbour HRD with no observable
genetic mutations. Currently there are 2 licensed commercial tests which evaluate HRD in
patients. Both require DNA from cancer tissue, and neither are fully reliable. If a ‘liquid
biopsy’ could identify the patients with HRD, this would be a major step forward.

My work with y-H2AX in CTCs lends itself to this approach but there is much to be done.
Measurements of alterations in histone post-translational modifications (PTMs), including
but not limited to y-H2AX, require investigation as do the detection of HRR deficiencies at
the mRNA/protein level. RAD51 has a key role in HR repair and mediates pairing of
homologous DNA sequences and strand invasion (Baumann and West, 1998) (Tarsounas,
Davies and West, 2004) RADS51 is overexpressed in different cancer cell lines and correlated
with resistance to DNA damaging treatment (Klein, 2008) (Adam-Zahir et al., 2015).
Identification of concomitant repair genes such as RAD51 and RADS51AP1 would
consolidate my work with the y-H2AX findings demarcating HR damage. This can be of
particular interest for personalised medicine approaches, since tumour cells display
deficiencies in HRR, and are thus vulnerable to particular anticancer drugs (Gachechiladze et
al., 2017).

Genetic instability is a hallmark of ovarian cancer and approximately 50% of OC patients
harbour homologous recombination repair deficiencies (HRD). HRD has been successfully
exploited using PARP inhibitors (PARPI) in patients with germline BRCA1/2 mutations
(BRCAmM). Approximately 80% patients with relapsed OC (ROC) are BRCAL/2 wildtype
(BRCAwt), but many also respond to PARPi for shorter periods of time. Interestingly,
clinical trials have also shown that a further significant cohort of patients who do not bear
these HRD ‘scars’ nor have BRCA mutations also respond to PARPi. Current FDA approved
tests for HRD are time-consuming and require quantities of tumour DNA which is not
available in ~30% of patients. Liquid biopsies allow easily accessible serial monitoring in
ovarian cancer, possibly from cells with more representative and immediately threatening
molecular profiles than found in tissue samples. Liquid biopsies allow easily accessible serial
monitoring in ovarian cancer, possibly from cells with more representative and immediately

threatening molecular profiles than found in tissue samples. We hypothesise that the
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formation of y-H2AX in response to DNA double stranded breaks (DSBs) in non-
haematopoetic circulating cells (circulating tumour cells, CTCs) could provide the basis for a
sensitive non-invasive assay. Ultimately, this would enable more effective treatment planning

and the development of tactics to prevent resistance (Colomba et al., 2019).

Developing novel HRD biomarkers for ovarian cancer based on liquid biopsies, will have
profound implications in healthcare. The total amount of OC costs in UK (NHS) is
£460million/year, with the cost per patient being £65,740. Earlier detection and better
treatment will lead to savings of £16 million/year (source: CRUK). Data obtained from this
study will provide benefits to OC healthcare providers by: providing a more accurate tool for
monitoring therapeutic response and repeated longitudinal sampling to assess changes in
cancer will be easier using ‘circulating’ liquid biopsies. Ultimately, this will lead to

improvements in attempting earlier diagnosis of ovarian cancer and reductions in mortality.
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Appendix A
A.l. Extended Tables

Table 16.Patient information. Details of patients used in this study.

Patient Trial WT1/100 y-H2AX +
ID Cycle y-H2AX/100 cell cell WT1/100 cell | BRCA-Positive
P023 end 4 4+2(dots) 4 No
LP020 EOT 1(cytoplasmic) 0 0 No
LP041 EOT 2+3(dots) 2 2 BRCAZ2
P114 mid 16+2(dots) 16 16 No
P203 start 1+2(cytoplasmic) 0 0 No
P196 mid-b 4(dots) 0 0 No
P110 EOT 2+2(ring) 0 0 YES
P149 mid-b 3+2(apoptotic ring) 3 3 No
P0O51 FU4 12+1(apoptotic ring) 12 12 No
P046 2 2+1(dots) 2 2 No
4 2+2(dots) 0 0
LP022 FU 1(cytoplasmic) 0 0 No
BRCA VUS
(may not
b_ehave
P234 start 12+1(dots) 12 12 :_,',';ectz‘_em
mid-b 6+4(cytoplasmic) 6 6
P239 Visit-3 5 (dots)+3 3 3 No
P240 EOT 1+1(dots)+1(ring) 1(dots)+1 1 YES(BRCAL1)
P241 early 2+1(dots) 2 2 No
MID 13+ 4(ring) 13 13
P080 FU2 3(ring)+4 0 0 No
P244 SCR 17 (1 with dots) 16 16 No
P248 SCR 11+2(dots) 4 4 No
P255 SCR 4+2(dots) 0 0 No
P256 SCR 1(apoptotic ring) 0 0 No
P265 SCR 2(cytoplasmic)+2+2(foci) | 2 2 No
P273 SCR 9+3 foci 9 9 No
Table 17. 19 ongoing or recruiting trials on OC using Rucaparib (NIH, 2021b).
Row Status Study title Conditions Interventions

1 Completed

A Study of Oral Rucaparib in
Patients with a Solid Tumour
(Phase 1) or with gBRCA Mutation

e Ovarian Cancer
o Fallopian
Tube Cancer

Drug: Rucaparib
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Ovarian Cancer (Phase 1)

Peritoneal Cancer
Advanced

Solid Tumour with
Evidence of Germline
or Somatic BRCA

Not yet Rucaparib maintenance After Ovarian Cancer Drug: Rucaparib
. Bevacizumab Maintenance Fallopian .
recruiting Following Carboplatin Based First TubepCancer Drug: Placebos
Line Chemotherapy in Ovarian Primary
Cancer Patients Peritoneal Cancer
Clear Cell Carcinoma
Active, not | A Study of Rucaparib as Switch Ovarian Cancer Drug: Rucaparib
. Maintenance Following Platinum- Fallopian .
recruiting Based Chemotherapy in Patients TubepCancer Drug: Placebos
with PIatinum-SenSitive, ngh- Peritoneal Cancer
Grade Serous or Endometrioid
Epithelial Ovarian, Primary
Peritoneal or Fallopian Tube Cancer
Active, not | A Study in Ovarian Cancer Patients Epithelial Ovarian Drug: Rucaparib
recruiting Eyaluating Rucapgrib and Cancer Drug: Nivolumab
Nivolumab as Maintenance Primary Peritoneal Drug: Placebo Oral
Treatment Following Response to Fallopian Tablet
Front-Line Platinum-Based Tube Cancer Drug: Placebo IV
Chemotherapy Newly diagnosed Infusion
FIGO Stage IlI-1V
Partial Response
Complete Response
Active, not | A Study Evaluating the Safety, Breast Cancer Drug: Part 1, Dose
recruiting Pharmacpkinetic_s _and Eff_icacy of Prostate Cancer Level 1 and _Dose Level
Ipatasertib Administered in Ovarian Cancer 2a: Ipatasertib
Combination with Rucaparib in Drug: Part 1, Dose level
Participants with Advanced Breast, 2b and dose level 3:
Ovarian Cancer, and Prostate Ipatasertib
Cancer. Drug: Part 1, Dose
Level 1 and Dose Level
2b: Rucaparib
Drug: Part 1, Dose
Level 2a and Dose
Level 3: Rucaparib
Active, not | ARIEL4: A Study of Rucaparib Ovarian Cancer Drug: Chemotherapy
- Versus Chemotherapy BRCA Epithelial Ovarian ) .
recruiting Mutant Ovarian, Fallopian Tube, or ancer Drug: Rucaparib
Primary Peritoneal Cancer Patients Fallopian
Tube Cancer
Peritoneal Cancer
Completed Rucaparib (CO-338; Formally BRCA1 Mutation Drug: rucaparib (CO-

Called AG-014699 or PF-0136738)
in Treating Patients with Locally
Advanced or Metastatic Breast
Cancer or Advanced Ovarian
Cancer

Carrier

BRCA2 Mutation
Carrier

Breast Cancer
Ovarian Cancer

338; formally AG-
014699 or PF-
01367338)
Genetic: protein
expression analysis
Genetic: western
blotting

Other:
immunohistochemistry
staining method
Other: liquid
chromatography
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Other: mass
spectrometry

Other: pharmacological
study

8 Recruiting A Phase Il Study of Peritoneal Cancer Drug: Bevacizumab
Nivolumab/Bevacizumab/Rucaparib ovarla_n Cancer Drug: Nivolumab
Fallopian
Tube Cancer Drug: Rucaparib
9 Active, not | A Study of Rucaparib in Patients Ovarian Cancer Drug: Oral rucaparib
recruiting w!th PIatinum-Sensitive, Re]apsed, Epithelial Ovarian
High-Grade Epithelial Ovarian, Cancer
Fallopian Tube, or Primary Fallopian
Peritoneal Cancer (ARIEL2) Tube Cancer
Peritoneal Cancer
10 Recruiting Analysis of the Clinical Experience Epithelial Ovarian Drug: Rucaparib
with Rucaparib in the Rucaparib Cancer
Access Program (RAP) in Spain - A Fallopian
GEICO Study Tube Cancer
Primary
Peritoneal Cancer
11 Enrolling by | CATCH-R: A Rollover Study to Metastatic Castration- | Drug: Rucaparib
Lo Provide Continued Access to Resistant
nvitation Rucaparib Prostate Cancer
Ovarian Cancer
Epithelial Ovarian
Cancer
Fallopian Tube
Cancer
Peritoneal Cancer
Other Solid Tumour
12 Active, not | A Study to Evaluate Rucaparib in Ovarian Cancer Drug: Rucaparib
recruiting Combination with Other Anticancer Triple-negative Drug: Lucitanib
Agents in Patients with a Solid Breast Cancer Drug: Sacituzumab
Tumor (SEASTAR) Urothelial Carcinoma | govitecan
Solid Tumour
13 Terminated | A Study to Evaluate Rucaparib in Epithelial Ovarian Drug: Rucaparib
Combination with Nivolumab in Cancer Drug: Nivolumab
Patients with Selected Solid Fallopian
Tumours (ARIES) Tube Cancer
Primary Peritoneal
Carcinoma
High Grade Serous
Carcinoma
Endometrioid
Adenocarcinoma
14 Recruiting Chk2 Inhibitor for Recurrent Platinum- Drug: PHI-101
Epithelial Peritoneal, Fallopian or resistant Ovarian administration
Ovarian Cancer (CREATIVE Phase Cancer
IA Trial) Platinum-
refractory Ovarian
Carcinoma

Platinum-Resistant
Fallopian Tube
Carcinoma
Platinum-Resistant
Primary Peritoneal
Carcinoma
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15 Active, not | Mirvetuximab Soravtansine and BRCA1 Gene Other: Laboratory
recruiting Rucgparib Camsylate in Treating Mutation B!oma(ker Analysis
Participants with Recurrent BRCA2 Gene Biological:
Endometrial, Ovarian, Fallopian Mutation Mirvetuximab
Tube or Primary Peritoneal Cancer Folate Receptor Alpha | Soravtansine
Positive Other: Pharmacokinetic
Recurrent Fallopian | Study _
Tube Carcinoma Drug: Rucaparib
Recurrent Ovarian Camsylate
Carcinoma
Recurrent Primary
Peritoneal Carcinoma
Recurrent Uterine
Corpus Carcinoma
Recurrent Uterine
Serous Carcinoma
Recurrent Uterine
Carcinosarcoma
Platinum Resistant
Ovarian Cancer
16 Recruiting Microdevice In Ovarian, Fallopian Ovarian Cancer Combination Product:
Tube, And Peritoneal Cancer Fallopian Microdevice
Tube Cancer
Peritoneal Cancer
Ovarian Cancer
Fallopian Tube
Cancer
Peritoneal Cancer
17 Recruiting A Study to Evaluate Rucaparib in Solid Tumour Drug: Rucaparib
Patients with Solid Tumours and
With Deleterious Mutations in HRR
Genes
18 Recruiting Carboplatin-Paclitaxel- Advanced (Stage 111B- | Drug: Carboplatin
Bevacizumab vs Carbo-Pacli-Beva- C-1V) Ovarian, ) ;
Rucaparib vs Carbo-Pacli-Ruca, Prim;ry Peritoneal Drug: Paclitaxel
Selected According to HRD Status, and Fallopian Drug: Bevacizumab
in .Patlents vx_/lth Advanced ngrlan, Tube Cancer Drug: Rucaparib
Primary Peritoneal and Fallopian
Tube Cancer, Preceded by a Phase |
Dose Escalation Study on Ruca-
Beva Combination
19 Terminated | Open-Label Safety and Tolerability Solid Tumour Drug: INCB057643

Study of INCB057643 in Subjects
with Advanced Malignancies

Drug: Gemcitabine
Drug: Paclitaxel
Drug: Rucaparib
Drug: Abiraterone
Drug: Ruxolitinib
Drug: Azacitidine
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