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Abstract

High-grade serous ovarian cancer is the most common and lethal subtype of ovarian cancer
with limited therapeutic options. Although PARP inhibitor maintenance therapy has shown
considerable clinical benefits in ovarian cancer patients, the emergence of acquired drug
resistance is a major challenge. Splicing factors coordinate splicing of pre-mRNAs, and they
have been implicated in many biological processes including DNA repair. The splicing factor
RBM39, in particular, is a promising cancer target, which can be rapidly depleted using the
newly identified molecular glue indisulam. In this thesis, | characterised the role of RBM39 in
HGSOC cells and found that RBM39 mediates the adaptive response to PARP inhibitors.
Indisulam promotes the recruitment of RBM39 to the DCAF15-associated E3 ubiquitin ligase
complex, leading to polyubiquitination and proteasomal degradation of RBM39. In HGSOC
cells, loss of RBM39 caused widespread splicing defects and significantly reduced protein
expression of many DNA repair genes, leading to growth inhibition and increased sensitivity
to PARP inhibition in vitro and in vivo. Indisulam suppressed olaparib-induced activation of
the ATM-Chk2 and Chk1 signalling pathways, resulting in higher levels of DNA damage,
replication abnormalities, and apoptosis. Using a variety of HGSOC models, | showed that
indisulam synergises with multiple PARP inhibitors in a DCAF15-dependent manner regardless
of BRCA status. Overall, data from this thesis suggest that depleting RBM39 with indisulam is
a promising therapeutic strategy to improve PARP inhibitor response in patients with HGSOC,

which may benefit a wide range of patients irrespective of BRCA status.
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Chapter 1. Introduction

1.1. Ovarian cancer

1.1.1. Clinical characteristics of ovarian cancer

Ovarian cancer is one of the most common and aggressive cancer in females worldwide, with
a five-year survival rate of less than 50% (Stewart et al., 2019, Torre et al., 2018). In the United
Kingdom, it affects 4% of newly diagnosed female cancer patients but accounts for up to 5%
of cancer-related deaths in women, making it the most lethal gynaecological cancer (Cancer-
Research-UK). Genetic mutations in the tumour suppressor genes BReast CAncer gene 1
(BRCA1) and BRCA2 are major genetic risk factors for ovarian cancer, increasing the risk from
2% in the general population to over 50% and 16.5%, respectively (Ingham et al., 2013,
Mavaddat et al., 2013). Other risk factors include age (after 45 years old), more ovulation

cycles, and endometriosis (Stewart et al., 2019).

No screening method for ovarian cancer is available yet. The cancer antigen 125 (CA125) was
historically used as a biomarker for ovarian cancer screening, but it has failed to decrease
ovarian cancer mortality due to low sensitivity and specificity (Charkhchi et al., 2020). Early
diagnosis of ovarian cancer is also very challenging because the disease is often asymptomatic
at stages | and Il, and a definitive diagnosis is only possible through biopsies or surgery (ESMO,
2017). As a result, most patients are diagnosed at stage Il or IV with a five-year survival rate
of 26.9% and 13.4%, respectively (Cancer-research-UK). At the time of diagnosis, tumours
may have metastasised to distant organs such as the omentum, liver and lungs (Stewart et
al., 2019). Many patients also develop ascitic fluid (ascites) within the peritoneal cavity, which
allows tumour cells to move readily throughout the abdominal cavity, leading to peritoneal

carcinomatosis and rapid disease progression (Ford et al., 2020).

1.1.2. Subtypes of ovarian cancer

Ovarian cancer is a heterogeneous disease with multiple subtypes, and most tumours do not
originate from ovaries (Figure 1.1). Three major histological origins have been identified:
epithelial (>90%), germ cell (3%), and sex-cord stromal (<2%) (Stewart et al., 2019). Epithelial
ovarian cancer (EOC) can be further stratified into five subtypes: high-grade serous (70% -

80%), low-grade serous (< 5%), clear-cell (10%), endometrioid (10%) and mucinous (3%) (Lisio
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et al., 2019). High-grade serous ovarian cancer (HGSOC) is more aggressive than low-grade
serous ovarian cancer (LGSOC) and other subtypes. Whilst LGSOC frequently occurs through
malignant transformation of ovarian tissues, the origin of most HGSOC is found to be
inflammatory fallopian tube epithelial tissues, which then spread to ovaries (Salvador et al.,
2009, Kurman and Shih le, 2008, Kurman and Shih le, 2011, Kurman and Shih le, 2016,
Kurman, 2013). Alternatively, subtypes of EOC can be divided into two categories based on
the model proposed by Kurman and Shih le (2008). The type | EOC includes LGSOC, clear-cell
and mucinous subtypes, characterised by a stable genome with wild-type TP53 expression
but frequent oncogenic mutations in signalling pathways such as RAS-MAPK and PI3K-AKT
pathway (Kurman and Shih le, 2016). The type Il EOC is dominated by the HGSOC, which
harbours ubiquitous TP53 loss-of-function, frequent defects in DNA repair pathways (Bell et
al.,, 2011), extensive copy-number variations, and genome instability (Cheng et al., 2022,
Kurman and Shih le, 2016). From a clinical perspective, type Il EOCs are usually aggressive
tumours with poor survival, while type | EOCs tend to be indolent tumours with a better
prognosis (Kurman and Shih le, 2016). Overall, HGSOC is the most lethal subtype of ovarian

cancer, and novel therapeutic interventions are needed to improve patient survival.

High-grade serous
Low-grade serous
Clear-cell
Endometrioid
Mucinous

Other EOCs

Germ cell
Sex-cord stromal
Others

OBE O0O00OE

Type Il

Figure 1.1. Classification of ovarian cancer.

Ovarian cancer contains many subtypes. According to histological features, epithelial ovarian cancer
(EOC) is the most common type of ovarian cancer, and it is further divided into five major subtypes:
high-grade serous, low-grade serous, clear-cell, endometrioid and mucinous (Lisio et al., 2019). A
dualistic model has also been proposed, dividing epithelial ovarian cancer into type | and type I
tumours (Kurman and Shih le, 2016). HGSOC is the most common form of type Il EOC tumour, and
abundant evidence suggests it mostly originates from the fallopian tube before disseminating to
ovaries and other organs (Kurman, 2013).
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1.1.3. Clinical interventions for ovarian cancer

Clinical interventions for ovarian cancer are influenced by the disease stages, age, and health
status of patients. The first-line treatment for ovarian cancer typically involves surgical
removal of tumour deposits and chemotherapies of platinum agents and taxanes (ESMO,
2017, Matulonis, 2018, Tsibulak et al., 2019). Cisplatin and carboplatin are classic examples
of platinum-derived DNA damaging agents that crosslink DNA strands, interfering with DNA
replication and inhibiting the proliferation of cancer cells (Dasari and Tchounwou, 2014).
Taxanes such as paclitaxel and docetaxel are drugs that block cell division by disrupting
microtubule function (Abal et al., 2003). The primary treatment is effective for approximately
70% of patients, but the disease often relapses within two years (Banerjee et al., 2021,
Stewart et al., 2019). For recurrent ovarian cancer, chemotherapies and poly-(ADP-ribose)
polymerase (PARP) inhibitors are commonly used, and some patients also receive a
combination of chemotherapy and antiangiogenesis agents such as bevacizumab (Garcia and
Singh, 2013, Lisio et al.,, 2019). Immunotherapies repeatedly failed to demonstrate
satisfactory anti-cancer activities in ovarian cancer (Varga et al., 2019, Disis et al., 2019,
Barber and Matei, 2021), despite the fact that immune checkpoint inhibitors have shown
remarkable benefits in a broad range of cancer types (Esfahani et al., 2020). Overall, the lack
of targeted therapies is one of the main drivers of the high case-mortality rate of ovarian
cancer, which has only improved marginally since the introduction of platinum and taxanes

in the clinic (Sopik et al., 2015), highlighting the urgent need for novel therapies.

1.2. PARP inhibitors

1.2.1. Main mechanisms of action

PARP inhibitors are small molecular inhibitors targeting PARP1- and PARP2-mediated sensing
and repair of single-stranded DNA breaks (SSBs) [reviewed in (Rouleau et al., 2010, Konecny
and Kristeleit, 2016)]. SSBs can arise spontaneously due to replication errors or DNA damaging
agents such as radiation and cisplatin. The DNA binding domain of PARP1/2 allows rapid
recruitment of PARPs to the damage site, and DNA binding activates their enzymatic function
— catalysing the synthesis of poly-(ADP-ribose) chains (PARylation) using nicotinamide
adenine dinucleotide* (NAD*) as a substrate (Durkacz et al., 1980, Alemasova and Lavrik,

2019). Targets of PARylation not only include downstream DNA damage repair factors but
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also include PARP1 and PARP2 themselves (Vyas et al., 2014, Jungmichel et al., 2013). Low
levels of auto-PARylation of PARP1/2 facilitate the recruitment of proteins required for SSBs
repair, and further auto-PARylation increases the negative charges of PARPs and drives the
dissociation of PARPs from negatively charged DNA strands, exposing the DNA lesion to repair
proteins (Alemasova and Lavrik, 2019, Lindahl et al.,, 1995, Mortusewicz et al.,, 2007).
Overlapping functions of PARP1 and PARP2 have been identified, but PARP1 accounts for 75-
90% of PARylation and PARP-mediated DNA damage repair (Shieh et al., 1998, Sallmann et
al., 2000).

As NAD* mimetics, PARP inhibitors block PARP-mediated DNA damage repair through
catalytic inhibition and trapping PARP at the DNA damage site (Figure 1.2) (Murai et al., 2012,
Murai et al., 2014, Hopkins et al., 2015, Zandarashvili et al., 2020). Trapped PARP shields the
lesion from repair proteins and hinders DNA replication, leading to persistent SSBs and stalled
replication forks (Murai et al., 2014, Murai et al., 2012, Hopkins et al., 2019, Hopkins et al.,
2015, Wang et al., 2020). Catalytic inhibition and PARP trapping collectively contribute to the
accumulation of SSBs that if unrepaired, can deteriorate into double-stranded DNA breaks
(DSBs) during DNA replication. PARP inhibitors also induce DSBs by disrupting PARP1/2-
mediated replication stress response. PARP1 binds to stalled replication forks and restarts
them through MRE11, allowing DNA replication to continue (Bryant et al., 2009, Ying et al.,
2012). PARP inhibition or knockdown increases fork stalling and breakage, causing DSBs
formation — evidenced by ATM-mediated phosphorylation of H2AX (yH2AX), a marker for
DSBs (Burma et al., 2001, Aguilar-Quesada et al., 2007, Bryant et al., 2009).

Persistent DSBs are cytotoxic and can lead to increased genome instability and cell apoptosis
(Dale Rein et al., 2015, Ronson et al., 2018). Cells with defective homologous recombination
repair (HR), a DSBs repair mechanism with high accuracy, are particularly sensitive to PARP
inhibitor treatment (Bryant et al., 2005, Farmer et al., 2005). This synthetic lethal interaction

between HR repair and PARP inhibition is discussed in the next section.
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1.2.2. Synthetic lethality between PARP inhibition and HR deficiency

HR and non-homologous recombination (NHEJ) are two major DSB repair mechanisms (Scully
et al., 2019). DSBs are detected by a protein complex involving DSB repair proteins MRE11,
Nbs1 (NBN), and RAD50 (Rose et al., 2020). ATM is a pivotal kinase activated by the MRE11-
complex, which then transduces the signal by phosphorylating a wide range of downstream
targets such as Chk2, histone H2AX, P53 binding protein 1 (53BP1), and BRCA1 (Awasthi et
al., 2015). Phosphorylated Chk2 activates cell cycle checkpoints and triggers cell cycle arrest,
allowing time for damage repair (Stolz et al., 2011, Zannini et al., 2014). Phospho-H2AX
(YH2AX) at the damage site provides a binding platform for DNA damage repair proteins
(Sharma et al., 2012). Activated 53BP1 and BRCA1 compete for the damage sites, and the
outcome determines the choice of repair mechanisms (Scully et al., 2019). When sister
chromatids are available (during or shortly after DNA replication in the S phase), BRCA1 is
preferentially recruited to the damage site, where it initiates high-fidelity repair of DSBs
through HR. HR starts with the resection of broken DNA ends by the C-terminal binding
protein 1 interacting protein (CtIP), generating overhangs of 3’-ended single-stranded DNA
(ssDNA) (Scully et al., 2019). Then, the BRCA2-PALB2 complex is recruited to the DSBs and
promotes RAD51 to displace replication protein A (RPA) on ssDNA (Scully et al., 2019). Loading
of the RAD51 onto ssDNA overhangs requires the help of the BCDX2 complex consisting of
RAD51 paralogs RAD51B, RAD51C, RAD51D, and XRCC2 (Chun et al., 2013, Suwaki et al., 2011).
RAD51-coated ssDNA next binds to the complementary strand of the sister chromatid and
uses it as a template for the faithful repair of DSBs (Scully et al., 2019). Alternatively, 53BP1
occupies DSBs and initiates the NHEJ pathway to repair DSBs. As NHEJ requires as little as four
base pairs of sequence homology for two broken ends to be ligated (Pannunzio et al., 2018),
it is susceptible to errors and may cause chromosome rearrangements and increase genome

instability (Betermier et al., 2014).

HR-deficient cancer cells are viable but vulnerable to DNA damage, and HR deficiency (HRD)
is synthetically lethal with pharmacological disruption of PARP1/2 (Figure 1.2) (Bryant et al.,
2005, Farmer et al., 2005). Following PARP inhibitor treatment, SSBs accumulate in cancer
cells, which leads to increased DSB formation during DNA replication (Rose et al., 2020,
Taglialatela et al., 2017). In the absence of HR, cancer cells have to rely on the error-prone

NHEJ pathway to repair DSBs, generating substantial genomic abnormalities and eventually
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leading to cell apoptosis (Bryant et al., 2005, Farmer et al., 2005). This synthetically lethal
relationship provides a scientific rationale for the clinical development of PARP inhibitors. In
ovarian cancer, loss of BRCA1 and BRCAZ2 expression due to mutations or epigenetic silencing
are the main sources of HRD, accounting for up to 23% and 11% of all HGSOC cases,
respectively (Bowtell et al., 2015, Bell et al., 2011). Deleterious mutations in other genes,
including ATM (1%), ATR (<1%), Fanconi amenia genes (<6%), and PTEN (7%), also contribute
to HRD (Bell et al., 2011). Overall, approximately 50% of ovarian cancer patients have tumours

with defective HR repair and may benefit from the synthetic lethality with PARP inhibitor

treatment.
Single-stranded breaks Double-stranded breaks Non-homologous

end joining (NHEL Increase

— Tom fidelity DA genome

ow-fidelity . -

Trapping repair instability

HoMmlog

PARP oA Reco tion (HR)
inhibition \ iNhibitors wit 2, RAD51
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W W End Joining

Figure 1.2. PARP inhibitor treatment is synthetically lethal with homologous recombination
deficiency.

PARP inhibitors inhibit PARP-mediated repair of single-stranded breaks (SSBs) through catalytic
inhibition, leading to persistent SSBs that may deteriorate into double-stranded breaks (DSBs) during
DNA replication. Meanwhile, PARP inhibitors trap PARP at the site of DNA damage and the resultant
PARP-DNA complex shields SSBs from DNA repair factors and cause replication stress, eventually
leading to DSBs formation. Cells can repair DSBs accurately using the sister chromatid as a template
via BRCA1/2- and RAD51-mediated homologous recombination (HR). Alternatively, DSBs can be
repaired through the low-fidelity non-homologous end joining (NHEJ). Because NHEJ does not require
a template, broken ends of DSBs may not be joined correctly, leading to chromosome rearrangements
and increased genome instability. In tumours with HR deficiency (HRD), high levels of DSBs caused by
PARP inhibitor treatment are repaired through the error-prone NHEJ, resulting in overwhelming
genome instability and cell apoptosis.

1.2.3. PARP inhibitors in the clinic

Currently, three PARP inhibitors, including olaparib, niraparib, and rucaparib, have been
approved as monotherapies or maintenance therapies for advanced ovarian cancer (Table
1.1). Olaparib (LYNPARZA®) was the first PARP inhibitor approved by the US Food & Drug
Administration (FDA) in 2014 as a treatment for heavily-treated ovarian cancer patients with

germline mutation of BRCA1 and BRCA2 (FDA, 2014). Study 42 was the key clinical trial that
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led to the approval (Kim et al., 2015, AstraZeneca, 2014). This open-label, nonrandomised
phase Il trial recruited 193 patients who either had platinum-resistant ovarian cancer or were
not suitable for further platinum therapy. Primary data found that the olaparib administration
led to an objective response rate (ORR) of 31.1% in patients (Kaufman et al., 2015). After
filtering for germline BRCA-mutated participants (137/193), olaparib treatment achieved an
ORR of 46% in platinum-sensitive patients and achieved an ORR of 30% in platinum-resistant
patients, demonstrating considerable anti-tumour activities (Domchek et al., 2016, Kim et al.,
2015). In 2014, olaparib was also approved by the European Medicines Agency (EMA) as
maintenance therapy for platinum-sensitive recurrent ovarian cancer with BRCA1/2
mutations (EMA, 2014). This decision was made because olaparib significantly improved the
median PFS of platinum-sensitive HGSOC patients from 4.3 months (placebo) to 11.2 months
in the phase Il clinical trial Study 19 (Ledermann et al., 2012, Ledermann et al., 2014). The
same trend of improvements was reproduced in a more recent phase Il trial (SOLO-2)
(Pujade-Lauraine et al., 2017). In the SOLO-2 trial, olaparib maintenance therapy showed
substantial survival benefits in BRCA-mutated patients with platinum-sensitive recurrent
ovarian cancer, improving the overall survival (0OS) from 38.8 months (placebo) to 51.7
months in the treatment group (Poveda et al., 2021, Poveda et al., 2020). As for newly
diagnosed patients, olaparib was evaluated in a randomised, double-blinded phase Il trial
(SOLO-1) as the first-line maintenance therapy for newly diagnosed patients with BRCA-
mutated stage Ill or IV ovarian cancer (95% were HGSOC). It reduced the risk of the three-
year relapse rate by 70% (Moore et al., 2018) and improved the median progression-free
survival (PFS) of patients from 13.8 months (placebo) to 56 months (Banerjee et al., 2021). As
a result, olaparib was further approved by FDA (2018), EMA (2019), and China’s National
Medical Products Administration (NMPA, 2019) as first-line maintenance therapy for
platinum-sensitive BRCA-mutated advanced ovarian cancer after completing the primary

chemotherapy (FDA, 2018a, EMA, 2019a, AstraZeneca, 2019).

In 2020, niraparib (ZEJULA) became the second PARP inhibitor approved by both FDA and
EMA as a first-line maintenance therapy for ovarian cancer under the same indication as
olaparib (EMA, 2020, FDA, 2020). Niraparib was also approved by NMPA as a first-line
maintenance therapy for newly diagnosed ovarian cancer patients and a maintenance

treatment for patients with relapsed ovarian cancer (ZaiLab, 2020). These approvals were
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primarily based on data from the PRIMA phase lll trial, in which niraparib was used as a front-
line maintenance therapy and improved median PFS from 10.4 months (placebo) to 21.9
months in HRD patients, and from 8.2 months (placebo) to 13.8 months when considering all

participants regardless of their HRD status (Gonzalez-Martin et al., 2019).

Other PARP inhibitors have not been approved as first-line maintenance therapy for newly
diagnosed patients. Rucaparib (RUBRACA) was approved by FDA as a monotherapy for BRCA-
mutated ovarian cancer patients after two or more lines of chemotherapy (FDA, 2016) and it
was approved by EMA as maintenance therapy for platinum-sensitive ovarian cancer (EMA,
2018). To the date of writing (July 2022), the only approval for Pamiparib in ovarian cancer
was in 2021 by NMPA as a treatment for ovarian cancer patients with germline BRCA-
mutations who have had two or more lines of chemotherapies (NMPA, 2021). Talazoparib
(Talzenna) has been approved by FDA (FDA, 2018b) and EMA (EMA, 2019b) for HER2-negative
and BRCA-mutated breast cancer, but not yet in ovarian cancer. Veliparib is in advanced

clinical trials and has not received any official approval yet.

Multiple systematic reviews and network meta-analyses of clinical trials have shown that
PARP inhibitors (olaparib, niraparib and rucaparib) offer substantial benefits in BRCA-mutated
or HRD-positive ovarian cancer patients, in terms of prolonging PFS (Wang et al., 2021a, Xu
et al., 20204, Lin et al., 2021, Hao et al., 2021, Tomao et al., 2019, Staropoli et al., 2018) and
extending overall survival (Yang et al., 2020, Luo et al., 2022). This is not surprising given the
synthetic lethality between PARP inhibition and HRD. Interestingly, accumulating clinical
evidence has revealed that PARP inhibitors are also beneficial for HRD-negative patients,
albeit to a lesser extent than for HRD-positive patients (Wethington et al., 2021, Wang et al.,
2021a, Yang et al., 2020, Lin et al., 2021). Four clinical trials (PRIMA, PAOLA-1, VELIA, and
SOLO-1) reported that PARP inhibitors significantly improved the PFS in newly diagnosed
ovarian cancer patients, not only in those with BRCA mutations and HRD (hazard ratio = 0.35
and 0.43, respectively), but also in those without BRCA mutations or HRD (hazard ratio = 0.72
and 0.83, respectively) (Lin et al., 2021). In the PRIMA study, niraparib treatment prolonged
the median PFS of patients with HR-proficient tumours to 8.1 months, in comparison with 5.4
months in the placebo group (Gonzalez-Martin et al., 2019). Another example is the phase Il
VELIA trial, in which newly diagnosed HGSOC patients received veliparib as a part of the

primary treatment and continued to receive it as a maintenance therapy (Coleman et al.,
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2019). The data showed that veliparib improved median PFS to 15 months in patients with
HR-proficient ovarian cancer, in comparison with 11.5 months in the control group (Coleman
et al., 2019). A similar trend was observed in relapsed patients, where meta-analysis of PARP
inhibitors in clinical trials revealed significant improvements in PFS in HRD-negative patients
with hazard ratios ranging from 0.49-0.58 (Tomao et al., 2019, Wang et al., 2021a). The exact
mechanism underlying the intriguing response of HR-proficient patients to PARP inhibitors is
still undefined. Possible explanations include inaccurate characterisation of HRD status in

patients, or off-target effects of PARP inhibitors — which will be discussed in the next section.
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Table 1.1 FDA and EMA indications of PARP inhibitors in ovarian cancer?®

FDA indications

EMA indications

(1)

As first-line maintenance treatment for

o newly diagnosed ovarian cancer,

o (and) germline or somatic BRCA1/2-mutated

o (and) completed front-line chemotherapy
with complete or partial response to

(1)

As first-line maintenance treatment for

o newly diagnosed ovarian cancer,

o (and) germline or somatic BRCA1/2-
mutated

o (and) completed front-line

o heavily treated ovarian cancer patients (>3
lines),
o (and) HRD positive®

platinum. chemotherapy with complete or partial
(2) As maintenance treatment for response to platinum.
Et: o platinum-sensitive relapsed ovarian cancer, (2) As maintenance treatment for
°<: o (and) in complete or partial response to o platinum-sensitive relapsed ovarian
S platinum cancer,
E (3) As monotherapy treatment for o (and) in complete or partial response to
rg o heavily treated ovarian cancer patients (>3 platinum
8 lines), (3) (Olaparib + bevacizumab) as fist-line
‘_Ou o (and) germline BRCA1/2-mutated maintenance treatment for
(4) (Olaparib + bevacizumab) as fist-line o newly diagnosed ovarian cancer,
maintenance treatment for o (and) HRD-positive®
o newly diagnosed ovarian cancer, o (and) completed front-line
o (and) HRD-positive® chemotherapy + bevacizumab with
o (and) completed front-line chemotherapy + complete or partial response.
bevacizumab with complete or partial
response.
(1) As maintenance treatment for (1) As maintenance treatment for
o platinum-sensitive relapsed ovarian cancer, o platinum-sensitive relapsed ovarian
z o (and) in complete or partial response to cancer,
2 platinum. o (and) in complete or partial response to
e platinum.
E (2) As monotherapy treatment for
E o heavily treated ovarian cancer patients
g (=2 lines),
§ o (and) platinum-sensitive, relapsed or
o progressive,
o (and) BRCA mutated (germline and/or
somatic).
(1) As first-line maintenance treatment for (1) As first-line maintenance treatment for
o newly diagnosed ovarian cancer, o newly diagnosed ovarian cancer,
o (and) completed front-line chemotherapy o (and) completed front-line
3 with complete or partial response. chemotherapy with complete or partial
E’, (2) As maintenance treatment for response.
E o relapsed ovarian cancer, (2) As maintenance treatment for
Tg o (and) in complete or partial response to o platinum-sensitive relapsed ovarian
§ platinum cancer,
-é (3) As monotherapy treatment for o (and) in complete or partial response to

platinum

Note: ®The indications also extend to fallopian tube and primary peritoneal cancer. "HRD status is
tested based on the approved companion diagnostic method. FDA, U.S. Food and Drug Administration;
EMA, European Medicines Agency.
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1.2.4. Similarities and differences in PARP inhibitors

Comparing the clinical efficacy of PARP inhibitors is difficult due to the distinct designs of
clinical trials, and only indirect comparisons are available. Meta-analysis studies have shown
that olaparib, niraparib and rucaparib, offer substantial benefits in prolonging PFS with no
statistical difference (Wang et al., 2021a, Xu et al., 2020a, Staropoli et al., 2018, Luo et al.,
2022). Regarding safety profiles, no statistical difference in toxicity-driven therapy
discontinuation rate was found among these three PARP inhibitors (Xu et al., 2020a, Cai et al.,
2021). However, PARP inhibitor treatment is associated with higher rates of grade 3-4 adverse
events (severe or even life-threatening events) than the placebo group (Staropoli et al., 2018,
Wang et al., 2021a, Xu et al., 202043, Cai et al., 2021, Hao et al., 2021). Olaparib is relatively
better tolerated than niraparib and rucaparib because the risk of developing high-grade
adverse effects is significantly lower (Wang et al., 2021a, Xu et al., 2020a, Staropoli et al.,
2018, Hao et al., 2021, Luo et al., 2022). For example, niraparib is associated with a higher risk
of high-grade haematological toxicities, including thrombocytopenia and neutropenia, and
rucaparib is linked to a higher rate of severe vomiting and sometimes abdominal pain

(Staropoli et al., 2018, Wang et al., 2021a).

Safety profiles of veliparib and talazoparib have also been characterised. In the VELIA trial,
the tolerability of veliparib was evaluated when it was in combination with chemotherapy
(Coleman et al., 2019). The addition of veliparib was found to increase the risk of
haematological and gastrointestinal disorders more than what was observed with olaparib,
niraparib or rucaparib, which might be caused by additive toxicity of veliparib and
chemotherapy (Hao et al., 2021). Talazoparib treatment has been associated with a trend of
higher adverse event rates and more frequent dose-reduction or therapy discontinuation
when compared with olaparib, niraparib, and rucaparib (Cai et al., 2021). No pair-wise

comparison between veliparib and talazoparib is available yet.

The differential safety profiles of PARP inhibitors seen in the clinic may be determined by
varying target specificity and PARP-trapping capacities (Table 1.2) besides differences in
dosing schedule and pharmacokinetics. Although PARP1 and PARP2 are preferential targets
of all six PARP inhibitors, three out of them (rucaparib, pamiparib and talazoparib) exhibited

off-target engagement with other PARP family proteins such as tankyrase 1 (TNKS1) and
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TNKS2, with IC50 values less than 1 uM (Table 1.2) (Antolin et al., 2020, Antolin and Mestres,
2014, Sandhu et al., 2022, Xiong et al., 2020, Knezevic et al., 2016, Carney et al., 2018,
Wahlberg et al., 2012). TNKS1 and TNKS2 have similar catalytic domains as PARP1/2. They
have been implicated in multiple cellular activities, including cell mitosis, the Wnt signalling
pathway, and telomere elongation [reviewed in (Kim, 2018)]. TNKS1 and TNKS2 have also
been associated with DNA-PK- and the mediator of DNA damage checkpoint protein 1
(MDC1)-mediated DSBs repair (Dregalla et al., 2010, Nagy et al., 2016). It is possible that the
off-target engagement with TNKS1 and TNKS2 impacts clinical response and safety profiles of
PARP inhibitors.

Meanwhile, off-target interactions between PARP inhibitors (rucaparib, veliparib, and
niraparib) and multiple kinases and transporters have also been documented (Table 1.2)
(Antolin and Mestres, 2014, Knezevic et al., 2016, Sandhu et al., 2022). Among PARP inhibitors
in clinical development (not enough data for pamiparib), rucaparib is the least specific PARP
inhibitor, which inhibits at least 11 kinases (PIM1, PIM2, PIM3, PRKD2, DYRK1A, DYRK1B,
cyclin-dependent kinase 1 (CDK1), CDK9, CDK16, HIPK2, CK2) and three transporters (MATE1,
MATE2 and OCT1) with most IC50 values less than 2 uM (Antolin and Mestres, 2014, Knezevic
et al., 2016, Sandhu et al., 2022), a concentration readily achievable in xenografts (Murray et
al., 2014) and patients (Shapiro et al., 2019, Grechko et al., 2021). On the other hand, olaparib
is the most selective PARP inhibitor, which inhibits PARP1-4 with nanomolar affinity and does
not inhibit most kinases and reporters tested so far (Antolin and Mestres, 2014, Knezevic et
al., 2016, Sandhu et al., 2022). The selective nature of olaparib could be the reason for its

superior tolerance in patients to other PARP inhibitors.

Another distinction among PARP inhibitors is the PARP trapping activity (Table 1.2). PARP
trapping potency can be ranked as talazoparib >> olaparib = rucaparib > veliparib (Hopkins et
al., 2019, Hopkins et al., 2015, Murai et al., 2014, Murai et al., 2012). The efficacy of niraparib-
mediated PARP trapping varies depending on experimental conditions. Murai et al. (2012)
reported that niraparib is a stronger PARP trapper than olaparib, but Hopkins et al. (2015)
observed that niraparib traps PARP to a similar level as the weak PARP trapper veliparib.
Pamiparib is reported as a potent PARP trapper, but it has not been directly compared with

other PARP inhibitors (Xiong et al., 2020).
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Structural analysis of PARP1 retention on DNA demonstrates that PARP trapping is a
combined effort of catalytic inhibition and allosteric alteration of DNA binding affinity of PARP
(Zandarashvili et al., 2020). Zandarashvili et al. (2020) divided PARP inhibitors (including non-
clinical drugs) into three categories: type 1 inhibitors — allosterically alter the helical domain
of PARP1 and stabilise the PARP-DNA complex; type 2 inhibitors —minor to no allosteric effect;
and type 3 inhibitor — having the opposite effect of type 1 inhibitors and decreases DNA-
binding affinity of PARP. Type 1 PARP inhibitors only include drugs in preclinical development.
Olaparib and talazoparib are type 2 inhibitors with similar allosteric effects, and PARP-
trapping potency is determined by the potency of catalytic inhibition (Zandarashvili et al.,
2020). Niraparib, rucaparib and veliparib are type 3 inhibitors, and their catalytic inhibitory
effect plays a major role in overcoming the reduced DNA-binding affinity of PARP and

stabilising the PARP-DNA complex (Zandarashvili et al., 2020).

PARP trapping is widely considered as the major contributor to anti-cancer activities of PARP
inhibitors in vitro, because it is better correlated with cytotoxicity in cancer cells than catalytic
inhibitory effects (Murai et al., 2014, Murai et al., 2012, Murai and Pommier, 2019). However,
in animal models, comparable therapeutic tumour growth inhibition can be achieved using
olaparib, veliparib, or talazoparib, regardless of PARP trapping differences (Hopkins et al.,
2019, Hopkins et al., 2015). A similar trend is also observed in clinical trials in which the
weakest PARP trapper, veliparib, demonstrated a similar ORR as other PARP inhibitors in
patients with platinum-sensitive or BRCA-mutated ovarian cancer (reviewed in (Rose et al.,
2020)), implying that PARP trapping efficacy does not necessarily determine therapeutic
response, especially in animals and in patients. On the other hand, PARP trapping has been
associated with more serious adverse effects. As the strongest PARP trapper, talazoparib is
substantially more toxic to human bone marrow cells than olaparib, rucaparib and veliparib,
and it has the worst tolerability in mice (Hopkins et al., 2019, Hopkins et al., 2015). This could
explain the association between talazoparib therapy and a significantly higher risk of dose

reduction in clinical trials (Cai et al., 2021), as discussed earlier in this section.

Taken together, PARP inhibitors have shown comparable benefits in the clinic but differential
safety profiles in patients. Olaparib is the most selective PARP inhibitor and has demonstrated
better tolerability than other PARP inhibitors. Distinctions in target specificity and PARP

trapping potency may underly the differences in side effects.
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Table 1.2. PARP1-trapping potency and target specificity of PARP inhibitors

Olaparib Rucaparib Niraparib Veliparib®  Talazoparib Pamiparib

PARP1 trapping EC50 by TR-FRET 5+1.2nM Not tested” 14 + 4 nM 19+ 7 nM 2.7+0.6 nM Not tested
PARP1 trapping EC50 by FA-binding asay 300 - 1000 nM Not tested’| 300 - 1000 nM > 3000 nM 30 - 100 nM 13 nM
PARP1 0.42 - 19 nM 0.8 - 80 nM

PARP2 1-251nM 28 -83nM

PARP3 46 -230nM| 460 - 512 nM| 296 - 1,300 nM High affinity
= PARP4 410 nM 839 nM| 330 - 446 nM|Medium affinity 254 nM Not tested
g TNKS1 1230 - 3534 nM 25 - 144 nM| 570 - 2,355 nM| No interaction 322 nM 230 nM
by TNKS2 1700 - 2340 nM 14 - 890 nM 5130 nM| No interaction 108 nM 140 nM|
n<: PARP10 1250 - 9300 nM| 570 - 1433 nM 1900 nM| No interaction 7800 nM 11000 nM|
a PARP12 10050 nM 6650 nM| 437 -790nM| No interaction Not tested 2400 nM
PARP14 No inhibition 8830 nM 17300 nM[ No interaction 25500 nM Not tested
PARP15 17600 nM 32600 nM 29200 nM| No interaction 47400 nM Not tested
PARP16 5100 nM No inhibition n.d.| Nointeraction 1900 nM Not tested
» DAT Dopamine transporter Not tested Not tested Not tested Not tested Not tested
9 [NET Norepinephrine transporter Not tested Not tested 239 nM Not tested Not tested Not tested
5 SERT |Serotoninetransporter Not tested Not tested 363 nM Not tested Not tested Not tested
g OCT1 |organic cation transporter 1 > 10000 nM 4300 nM n.d. Not tested Not tested Not tested
© |MATE1 |Multidrug and toxin extrusion protein 1 5500 nM 630 nM > 10000 nM Not tested Not tested Not tested
P IMATE2 |Multidrug and toxin extrusion protein 2 > 10000 nM 190 nM n.d. Not tested Not tested Not tested
DYRK1A|Dual specificity tyrosine phosphorylation regualted kinase 1A > 30000 nM 1400 nM 297 nM > 30000 nM > 10000 nM Not tested
DYRK1B|Dual specificity tyrosine phosphorylation regualted kinase 1B > 10000 nM 747 nM 254 nM Not tested > 10000 nM Not tested
PIM1 [Serine/threonine-protein kinase PIM1 > 30000 nM 1200 nM Not tested 17000 nM Not tested Not tested
PIM2  [Serine/threonine-protein kinase PIM2 > 30000 nM 7700 nM Not tested > 30000 nM Not tested Not tested
PIM3  |Serine/threonine-protein kinase PIM3 > 10000 nM 436 nM Not tested Not tested > 10000 nM Not tested
PRKD2 |Protein kinase D2 >30000 nM 9700 nM Not tested > 30000 nM Not tested Not tested
§ CDK1 [Cyclin dependent kinase 1 > 30000 nM 1400 nM Not tested > 30000 nM Not tested Not tested
g CDK9  [Cyclin dependent kinase 9 > 30000 nM 2700 nM Not tested 8200 nM Not tested Not tested
& [CDK16 |Cyclin dependent kinase 16 > 10000 nM 381 nM > 10000 nM Not tested > 10000 nM Not tested
HIPK2 |Homeodomain Interacting Protein Kinase 2 > 30000 nM 4400 nM Not tested > 30000 nM Not tested Not tested
CK2 Casein kinase 2 alpha 1 > 30000 nM 7800 nM Not tested > 30000 nM Not tested Not tested
CDC7  |[Cell division cycle 7 > 30000 nM > 30000 nM Not tested > 30000 nM Not tested Not tested
STK17A [Serine/ThreonineKinase 17A >30000 nM > 30000 nM Not tested > 30000 nM Not tested Not tested
ALK ALK receptor tyrosine kinase > 30000 nM 18000 nM Not tested > 30000 nM Not tested Not tested
DCK Deoxycytidine kinase No inhibition No inhibition 67000 nM No inhibition Not tested Not tested
H6PD Hexose-6-phosphate dehydrogenase No inhibition 18000 nM No inhibition No inhibition Not tested Not tested

1C50 values Thermal shift ATm

B <worv [ aTm>10
100 - 1000 nM 7 <ATm <9.99
1000 - 10000 nM 4<ATm < 6.99

> 10000 nM ATm < 0.99

Note: ®The interaction between veliparib with PARP family proteins (except PARP1) was determined
by thermal shift assay (Wahlberg et al., 2012). ®In western blot analysis, rucaparib showed
comparable PARP1-trapping with olaparib (Murai et al., 2014). TR-FRET (time-resolved Forster
resonance energy transfer) PARP trapping EC50 (Hopkins et al., 2015), FA (fluorescence anisotropy)-
binding assay PARP trapping EC50 (Murai et al., 2014, Murai et al., 2012), and IC50 values (Antolin
et al., 2020, Antolin and Mestres, 2014, Sandhu et al., 2022, Wahlberg et al., 2012) were
obtained from the literature.
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1.2.5. PARP inhibitor resistance

Restoring HR repair activity

Drug resistance is a common challenge for clinical drugs, and PARP inhibitors are no exception.
The most well-characterised resistance mechanism in the clinic is the restoration of HR
activity by reversion mutations (Barber et al., 2013, Gornstein et al., 2018, Kondrashova et al.,
2017, Quigley et al., 2017, Weigelt et al., 2017, Goodall et al., 2017, Lin et al., 2019, Mayor et
al., 2017, Christie et al., 2017). In BRCA-mutated cells, a single point mutation is sufficient to
correct the nonsense mutation in BRCA1 or BRCA2, resulting in partial or complete restoration
of BRCA expression and HR repair activity, thereby acquiring resistance to PARP inhibitors
(Sakai et al., 2009, Sakai et al., 2008, Tobalina et al., 2021). Secondary insertions and deletions
can also restore the open reading frame of BRCA and confer PARP inhibitor resistance
(Tobalina et al., 2021). In patients, reversion mutations in BRCA1 and BRCA2 (Christie et al.,
2017, Lin et al., 2019, Mayor et al., 2017, Quigley et al., 2017, Weigelt et al., 2017, Tobalina
et al,, 2021), as well as other DNA repair genes such as RAD51C and RAD51D (Kondrashova et
al., 2017), have been correlated with acquired PARP inhibitor resistance and significantly
shorter PFS (Lin et al., 2019, Hu et al., 2022). Meta-analysis of BRCA sequencing data revealed
that approximately 21.4% and 27.5% of ovarian cancer patients harbour reversion mutations
in BRCA1 and BRCA2, respectively (Tobalina et al., 2021). The actual reversion mutation rate
is likely higher as most patients are not genetically tested during and after PARP inhibitor

treatment (Rose et al., 2020).

Besides reversion mutations, HR activities can be restored by suppressing the competitive
repair pathway NHEJ, which is selectively effective in BRCA1 deficient tumours (Bunting et al.,
2010, Bouwman et al., 2010). As discussed earlier (Section 1.2.2), BRCA1 and 53BP1 compete
for occupancy at DSBs, and the result determines the choices of repair pathways. One key
event in this process is the resection of DSBs, which is a necessary step for HR repair but is
inhibited by 53BP1 and other NHEJ proteins (Scully et al., 2019). Inhibition of 53BP1 allows
end resection in BRCAI-mutated cells, enabling BRCA1-independent activation of HR repair
(Bunting et al., 2010) and PARP inhibitor resistance in vivo (Jaspers et al., 2013, Duarte et al.,
2018). This has been observed in the clinic, where 53BP1 deficiency significantly correlates

with increased PARP inhibitor resistance in HRD ovarian cancer patients (Hurley et al., 2019).
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Depletion of downstream effectors of 53BP1, such as RIF1 and the Shieldin protein complex,
phenocopies the loss of 53BP1 in BRCA1-mutated cells (Chapman et al., 2013, Zimmermann
etal,, 2013, Noordermeer et al., 2018, Dev et al., 2018, Gupta et al., 2018). Similar effects can
also be achieved in 53BP1-independent manners, for example, by depleting either DYNLL1
(He et al., 2018) or HELB (Tkac et al., 2016), two enzymes inhibiting nucleases required for

DSBs processing before HR.

Reducing PARP trapping

Decreasing PARP trapping is another approach to acquiring PARP inhibitor resistance. PAR
glycohydrolase (PARG) is an enzyme modulating the dynamics of PARylation by degrading PAR
chains generated by PARPs (dePARylation) (Harrision et al., 2020). Depletion of PARG allows
the accumulation of PAR chains, which reduces PARP trapping and partially restores the
PARylation-dependent DNA damage repair mechanism, thereby leading to decreased PARP
inhibitor response (Gogola et al., 2018, Chand et al., 2017). However, PARG inhibition does
not always lead to PARP inhibitor resistance because PARG inhibitors have been reported to
overcome PARP inhibitor resistance (Chen and Yu, 2019, Pillay et al., 2019, Gravells et al.,
2017, Coulson-Gilmer et al., 2021). It is still unclear what determines the impact of PARG

inhibition on PARP inhibitor sensitivity.

Besides PARG loss, PARP inhibitor resistance may arise through point mutations or deletions
in PARP1 that affect trapping (Pettitt et al., 2018). For example, the R591C mutation in PARP1
completely abrogated PARP-trapping by talazoparib in cancer cells, and it is a suspected
mechanism of olaparib resistance in some patients (Pettitt et al., 2018, Zandarashvili et al.,

2020).

Stabilising stalled replication forks

Thirdly, PARP inhibitor resistance can be acquired through the stabilisation of stalled
replication fork. Following PARP inhibitor treatment, accumulating SSBs and trapped PARP-
DNA complexes are obstacles that sterically hinder the progression of DNA replication forks.
Stalled replication forks can have detrimental effects when they are degraded or collapsed,
leading to the formation of DSB (Taglialatela et al., 2017, Saleh-Gohari et al., 2005).

Downregulation of factors mediating fork degradation, such as EZH2 (Rondinelli et al., 2017)
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and PTIP (Ray Chaudhuri et al., 2016), prevents fork degradation and promotes PARP inhibitor

resistance.

Upregulating drug efflux pumps

The fourth resistance mechanism to PARP inhibitors is by upregulating drug efflux pumps to
reduce the cellular concentration of PARP inhibitors. The most well-characterised efflux pump
is the ATP binding cassette subfamily B member 1 (ABCB1, also known as MDR1 or P-
glycoprotein) transporter. Both olaparib and talazoparib are substrates of the efflux pump
(Lawlor et al., 2014, FDA, 2018b). Overexpression of ABCB1 is frequent in chemotherapy-
resistant patients (Christie et al., 2019), and it causes PARP inhibitor resistance in several in
vitro and in vivo cancer models (Rottenberg et al., 2008, Vaidyanathan et al., 2016, Jaspers et
al., 2015). It is worth highlighting that overexpression of efflux pumps can lead to multi-drug
resistance, and tumours may acquire cross-resistance to PARP inhibitors during
chemotherapies (Vaidyanathan et al., 2016, Jaspers et al., 2015, Lombard et al., 2019). This
has encouraged the development of additional PARP inhibitors, such as veliparib (Lawlor et

al., 2014) and pamiparib (Deng et al., 2022), that are not affected by ABCB1.

Overall, tumours may acquire PARP inhibitor resistance through several approaches.
Restoration of HR has been well-characterised in the clinic, and investigations of other

resistance mechanisms in patients are ongoing.

1.2.6. Combination therapies

PARP inhibitor + First-line chemotherapy

As PARP inhibition facilitates the accumulation of DNA lesions, adding PARP inhibitors to
conventional chemotherapy is an attractive combination strategy. Myelosuppression is a
major concern when DNA damaging agents are combined with PARP inhibitors, especially for
those PARP inhibitors with a strong PARP trapping effect, such as rucaparib and talazoparib
(Rose et al., 2020, Veneris et al., 2020). In the phase Il VELIA trial, the combination of veliparib,
a weak PARP trapper, and chemotherapy (followed by veliparib maintenance) significantly
improved the median PFS of newly diagnosed HGSOC patients in comparison with
chemotherapy alone (Coleman et al., 2019). However, patients who received the veliparib

and chemotherapy are more likely to experience adverse events such as anaemia and
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thrombocytopenia than patients only treated with chemotherapy (Coleman et al., 2019),
highlighting the potential risks of combining PARP inhibitors with chemotherapy. The clinical
efficacy of other PARP inhibitors in combination with front-line chemotherapy for patients

with newly diagnosed ovarian cancer has not been reported at the time of writing.

PARP inhibitor + angiogenesis inhibitor

Bevacizumab is an antiangiogenic antibody frequently used as part of the front-line therapy
for newly diagnosed ovarian cancer patients. Patients often receive bevacizumab in
combination with chemotherapy, followed by bevacizumab alone as maintenance therapy
(Tsibulak et al., 2019). Considering the success of PARP inhibitors in delaying disease
progression, it is attractive to combine bevacizumab with PARP inhibitors as a dual-agent
maintenance treatment. The scientific rationale for this combination strategy is twofold.
Firstly, hypoxia in tumours caused by antiangiogenic drugs inhibits HR repair by
downregulating the normoxia-dependent expression of HR genes such as BRCA1, BRCA2 and
RAD51 (Bindra et al., 2004, Bindra et al., 2005, Fanale et al., 2013, Kaplan et al., 2019, Veneris
et al., 2020). This leads to an increased response to PARP inhibitors, even in tumours with
acquired PARP inhibitor resistance (Kaplan et al., 2019). Secondly, targeting two distinct

pathways could reduce the chance of drug resistance and improve treatment efficacy.

Positive outcomes have been reported in the PAOLA-1 trial, in which ovarian cancer patients
received olaparib or a placebo in combination with bevacizumab, after completing the front-
line therapy of platinum, taxanes and bevacizumab (Ray-Coquard et al., 2019). Adding
olaparib to bevacizumab significantly improved median PFS from 16.6 months in the placebo
group to 22.1 months (Ray-Coquard et al., 2019). The combination maintenance therapy is
most effective in patients with BRCA-mutated tumours, but a beneficial effect was also
observed in patients with HRD-negative tumours, albeit to a lesser extent (Ray-Coquard et al.,
2019). Similar benefits in PFS were observed in a phase Il trial where olaparib was combined
with an antiangiogenic drug, cediranib, to treat patients with recurrent HGSOC cancer (Liu et
al., 2014). However, due to a lack of an olaparib-only arm in these two trials, it is still unclear
if PARP inhibitors synergise with antiangiogenic agents or are merely additive. Clinical trials
are ongoing to test the combination of rucaparib with bevacizumab, which may provide

further evidence supporting the combination strategy (Lorusso et al., 2021).
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PARP inhibitor + Immunotherapy

The clinical performance of immune checkpoint inhibitors has been disappointing in ovarian
cancer. When used as monotherapy, the overall response rate of immunotherapy was less
than 15% [reviewed in (Veneris et al., 2020)]. In two phase Il clinical trials (JAVELIN-200 and
IMagyn500), the programmed death-ligand 1 (PD-L1) inhibitory antibody avelumab in
combination with chemotherapy failed to demonstrate significant benefits in PFS and overall
survival in patients who had recurrent or newly diagnosed ovarian cancer (Pujade-Lauraine

et al., 2021, Moore et al., 2021).

Evidence suggests that tumours with HRD may be prone to immunotherapy due to a higher
mutation burden and an increase in the expression of mutation-driven neoantigens (Birkbak
etal., 2013, Strickland et al., 2016). It has been reported that genotoxic stress caused by PARP
inhibitors results in the release of DNA fragments and activation of the antigen-resenting cells,
thereby improving the efficacy of immunotherapy in xenograft models of ovarian cancer (Ding
et al., 2018, Shen et al., 2019). These observations suggest that PARP inhibitors may enhance
immunotherapy response in ovarian cancer patients. In phase | and Il trial TOPACIO, the
addition of niraparib to the PD-1 inhibitor pembrolizumab showed an overall response rate
of 45% in heavily treated ovarian cancer patients with BRCA-mutated tumours and an overall
response rate of 20% in patients without BRCA mutations (Konstantinopoulos et al., 2019).
Similar findings were observed in several other phase | or Il clinical trials [reviewed in
(Musacchio et al., 2022)], suggesting that the combination treatment consisting of PARP
inhibitors and immune checkpoint inhibitors is effective in ovarian cancer. However, phase Il
trials with control groups and more participants are needed to ascertain if these two classes

of drugs are better in combination than monotherapies.

PARP inhibitor + DNA damage repair inhibitor

Restoration of HR repair activity is the most common mechanism of acquired PARP inhibitor
resistance in the clinic (Section 1.2.5). Combining PARP inhibitors with targeted therapies
inhibiting HR repair is therefore expected to reduce or overcome PARP inhibitor resistance.
Several kinases modulate HR repair activity, such as CDK4/6, PI3K, and Weel. Preclinical

evidence has shown that inhibitors targeting CDK4/6 (Yi et al., 2019) or PI3K (lbrahim et al.,
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2012) lead to downregulated expression of BRCA1/2 and reduced RADS51 recruitment,
thereby reducing HR repair and synergises with PARP inhibitors in vitro and in mouse
xenografts. Weel inhibitor reduces HR repair in cancer cells and sensitises cells to PARP
inhibitors (Krajewska et al., 2013). Multiple clinical trials are ongoing to test the clinical
efficacy of PARP inhibitors in combination with these DNA damage repair inhibitors [reviewed

in (Bonadio and Estevez-Diz, 2021)].

PARP inhibitor + replication stress response inhibitor

Increased tolerance of replication stress is another key mechanism for PARP inhibitor
resistance. ATR and Chk1 are two pivotal kinases sensing replication stress and regulating
replication fork stability. Inhibiting the ATR-Chkl pathway disrupts the replication stress
response and may sensitise tumours to PARP inhibitors by increasing replication fork
abnormalities and preventing cancer cells from acquiring drug resistance via stabilising
replication forks (Parmar et al., 2019, Kim et al., 2020, Brill et al., 2017, Kim et al., 2017).
Several ATR inhibitors and Chkl inhibitors are in early clinical development [reviewed in

(Veneris et al., 2020)].

Challenges for combination strategies

In addition to the combination therapies mentioned above, several other strategies have
been proposed to improve the clinical efficacy of PARP inhibitors, and the number is growing
(Bonadio and Estevez-Diz, 2021). However, most of them are limited to scientific
investigations and have not been translated to clinical studies. Even for those combination
treatments in clinical evaluation, it has been difficult to conclude whether the drug
combination is superior to monotherapies due to a lack of control arms. Overall, PARP
inhibitor maintenance therapy remains the main option for most ovarian cancer patients after
completing the front-line chemotherapy. There is an urgent need for combination therapies

or alternative targeted therapies to tackle the emerging PARP inhibitor resistance.
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1.3. Alternative splicing

1.3.1. Alternative splicing is an emerging cancer vulnerability

RNA splicing is a crucial step in gene expression. It requires the coordination of many RNA-
binding proteins and splicing factors to form the spliceosome complex. During RNA splicing,
non-coding introns from the precursor message RNA (pre-mRNA) are removed, and the
flanking exons are ligated, producing mature mRNAs ready for protein translation [reviewed
in (Stanley and Abdel-Wahab, 2022)]. Three conserved sequences in the intron are crucial for
the spliceosome assembly and RNA splicing, including the GU dinucleotide at the 5" splice site,
the polypyrimidine tract followed by AG dinucleotide at the 3’ splice site, and the branch point
adenosine between 5’ and 3’ splice sites (Figure 1.3A). The GU dinucleotide at the 5’ splice
site is firstly recognised by the U1l small nuclear ribonucleoprotein (snRNP), followed by
splicing factor 1 (SF1), which recognises the adenosine at the branch site sequence. At the 3’
splice site, the polypyrimidine tract and AG dinucleotide sequence allow the binding of the
U2 auxiliary factor (U2AF) complex, consisting of U2AF65 and U2AF35, which then promotes
the displacement of SF1 at the branch point sequence by the U2 snRNP complex. A fully
functional spliceosome is completed by the addition of the U4/U6.U5 tri-snRNP complex,
enabling a two-step transesterification reaction that removes the intron from the transcript

(Figure 1.3B).

Interestingly, splicing of pre-mRNAs can occur in different ways due to alternative splice site
recognition, resulting in multiple mRNA transcripts with distinct combinations of exons
(Figure 1.3C). There are five main events of alternative splicing, including cassette exon (exon
skipping), intron retention, alternative 5’ or 3’ splice site in the exon, and mutually exclusive
exons (Wang and Aifantis, 2020). It is estimated that alternative splicing impacts the
expression of over 95% of multi-exon genes in human, contributing to the diverse
transcriptome and proteome (Wang et al., 2008). One of the most well-known examples of
alternative splicing is the BCL2L1 gene, which has two splicing variants depending on whether
exon 2 is fully or partially included in the final mRNA. Recognition of the splice site within
exon 2 causes partial exon loss and generates a truncated protein isoform BCL-xS that
promotes apoptosis, whilst ignoring the site leads to a long protein isoform BCL-xL that
inhibits apoptosis and is associated with tumour progression and chemotherapy resistance

(Trisciuoglio et al., 2017, Stevens and Oltean, 2019).

38



Chapter 1 — Introduction

’ Ji—/‘i:
Do e == D
5' exon / 3" exon
U1 snANP U2AF
U2 snANP heterodimer
Branchpoint Poly(Y) “\ggs
site tract
B
A
A — 3on ([ —
D > >
w_ e
First transesterification Second transesterification Intron lariat  Spliced product
C P .
Cassette exons —
Alternative 3’ splice site : } —
Alternative 5" splice site : i —
Mutually exclusive exons | — -
Intron retention _ —

Figure 1.3. Mechanisms of alternative pre-mRNA splicing.
(A) Splicing pre-mRNAs requires sequential recognition of the 5’ splice site (5’ ss) by the U1 snRNP,

polypyrimidine tract [poly(Y)tract] and the 3’ splice site (3’ss) by the U2AF heterodimer (orange), and
the branchpoint adenine/A by the U2 snRNP complex. Splicing activities are subject to modulation by
enhancers (ISE/ESE, intronic/exonic splicing enhancer) and silencers (ISS/ESS, intronic/exonic splicing
silencer). (B) Introns (grey line) are spliced out, and exons (blue cylinders) are joined following a two-
step transesterification. The branch site adenine/A firstly reacts with the 5’ss guanine, leading to 5’ss
cleavage and formation of a lariat structure. It also exposes a 3’ exonic hydroxyl (-OH) group, which
then reacts with the first nucleotide of the next exon, thereby ligating two exons and removing the
lariat intron. (C) Diagrams showing five major forms of alternative splicing events, including cassette
exons (exon skipping), alternative 5’ or 3’ splice site (partial exon loss or intron retention), mutually
exclusive exons, and intron retention. A and B are adapted from Stanley and Abdel-Wahab (2022),

and C is taken from Wang and Aifantis (2020) with permission.
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Splicing factors are frequently mutated or dysregulated in cancer, resulting in reprogrammed
splicing machinery that promotes tumour growth and progression (EI Marabti and Younis,
2018, Stanley and Abdel-Wahab, 2022, Xu et al., 2020b, Kim et al., 2008). Besides upregulating
anti-apoptotic BCL-xL expression, cancer cells can acquire resistance to anti-cancer drugs
through upregulating drug-resistant splicing isoforms of therapeutic targets and altering
splicing of genes required for drug uptake and activation [reviewed in (Sciarrillo et al., 2020)].
Inactivation of tumour suppressor genes through intron retention has also been reported in

cancer patients [reviewed in (Wang and Aifantis, 2020)].

In HGSOC, pathway enrichment analysis reveals that spliceosome is significantly upregulated
in tumours, and overexpression of splicing factors is associated with poor patient prognosis
(Wangetal., 2021b, Zhao et al., 2021). Meanwhile, several studies have identified alternative
splicing signatures that could serve as prognostic indicators for ovarian cancer (Yue et al.,
2022, Ouyangetal., 2021, Yao et al., 2022, Liu et al., 2021, Zhu et al., 2018, Zhang et al., 20213,
Gusev et al., 2019). Splicing variants promoting chemotherapy resistance have also been
identified (Wang et al., 2016, Paul et al., 2015, Zhang et al., 2013), indicating that splicing

factors are important for tumour progression and therapy response.

For example, the splicing factor 3b subunit 1 (SF3B1) is a core component of the U2 snRNP
complex and is a putative oncogene frequently mutated in multiple haematological cancers
and solid tumours (Seiler et al., 2018). SF3B1 mutations are clustered in the domains
responsible for intronic branch point residue recognition, which mutated SF3B1 displayed
aberrant branch site binding and alternative splicing at non-canonical 3’ splice sites, resulting
in mRNA variants with frameshifts (Seiler et al., 2018, Darman et al., 2015, DeBoever et al.,
2015). Both positive (Kanagal-Shamanna et al., 2021) and negative correlations (Dalton et al.,
2020, Fu et al., 2017) between SF3B1 mutation and cancer patient prognosis have been
reported, suggesting context-dependent roles of SF3B1 in tumour progression. Multiple small
molecular inhibitors have been developed to target SF3B1 in splicecosome-mutated cancer
and have demonstrated promising preclinical activities [reviewed in (Sette and Paronetto,

2022)].

However, the clinical translation of SF3B1 inhibitors has been difficult. Two phase | clinical

trials for the first-generation inhibitor E7107 were terminated because of unexpected
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toxicities (Eskens et al., 2013, Hong et al., 2014). Although the second-generation inhibitor
H3B-8800 was better tolerated in patients, it failed to achieve a partial or complete response

in a phase | trial (Steensma et al., 2021).

Taken together, dysregulated alternative splicing is an emerging vulnerability and therapeutic
target in cancer. However, the current understanding of splicing factors in cancer
development and progression is still limited, and clinical translation of splicing factor
inhibitors has not been successful in the clinic. While additional trials of SF3B1 inhibitors are

ongoing, it is vital to explore other splicing factors as cancer targets.

1.3.2. RBM39 is a promising cancer target

The RNA-binding motif protein 39 (RBM39, also known as HCC1, CAPER, or CAPERa) is a
transcriptional coactivator and a splicing factor (Xu et al., 2020b). In 2020, | published the first
review article in the field summarising the latest understanding of RBM39 in transcriptional
coregulation and alternative splicing of pre-mRNAs (Xu et al., 2020b). The majority of the
literature review in this section and the next section has been published in the British Journal

of Pharmacology (Xu et al., 2020b).

Although evidence suggests RBM39 enhances transcriptional activities of multiple
transcription factors, such as oestrogen receptors and progesterone receptors, the
mechanisms and clinical relevance of RBM39 as a transcriptional coregulator in cancer are
still poorly characterised. On the other hand, RBM39 has been recognised as a promising
cancer target owing to its role in alternative pre-mRNA splicing and the fact that loss of
RBM39 causes transcriptome-wide splicing abnormalities and reduces cancer cell viability

(Mai et al., 20164, Han et al., 2017b, Uehara et al., 2017).

Structurally, RBM39 belongs to the U2AF-like protein family, which also include U2AF65,
poly(U)-binding splicing factor 60 (PUF60) and RBM23 (Figure 1.4A) (Dowhan et al., 2005).
Except RBM23 (Ting et al., 2019), U2AF-family proteins are splicing factors (Hastings et al.,
2007, Prigge et al., 2009). RBM39 contains an arginine-serine rich (RS) domain, two canonical
RNA recognition motifs (RRM1-2) and one U2AF homology motif (UHM) (Figure 1.4) (Loerch
et al., 2014, Stepanyuk et al., 2016). The RS domain is important for nuclear localisation of

RBM39 and interaction with other splicing factors containing the RS domain; the RRM
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domains are involved in various interactions with transcription factors, splicing factors and
RNAs; and the UHM domain is critical for RBM39 to interact with essential splicing factors
such as U2AF65 and SF3B1 via the UHM-UHM ligand motif (ULM) interaction (Figure 1.4B)
(Loerch et al., 2014, Stepanyuk et al., 2016, Xu et al., 2020b, Ellis et al., 2008, Tari et al., 2019).
Evidence from RBM39 interactome and structural analysis suggests a model that, during pre-
MRNA splicing, RBM39 recognises the polypyrimidine tract at the intronic 3’ splice site
through the RRM1 and RRM2 domains, where it interacts with U2AF65 directly and facilitates
SF3B1-mediated branch site recognition of the U2 snRNP complex (Figure 1.4) (Xu et al.,
2020b). As SF3B1 has five ULM domains, two RBM39 molecules and other UHM-containing
splicing factors such as PUF60 may be recruited as well to complete the assembly of the
spliceosome (Loerch et al., 2014, Xu et al., 2020b, Huang et al., 2017). This model is supported
by the findings that RBM39-regulated splicing events overlap partially with that of U2AF65
and PUF60 (Mai et al., 20164, Kralovicova et al., 2018).
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Figure 1.4. RBM39 is a member of the U2AF-like family protein.

(A) The U2AF-like family protein contains four members, including RBM39, RBM23, U2AF65 and
PUF60. They share similar arginine-serine rich (RS) domains and RNA recognition motifs (RRMs).
Except for RBM23, U2AF-like proteins contain a U2AF homology motif (UHM), mediating interactions
with other splicing factors. (B) Experimentally validated interaction domains of RBM39 with
transcription factors, splicing factors and the DDB1- and CUL4- associated factor 15 (DCAF15)-
associated E3 ubiquitin ligase complex (requires molecular glues). (C) A model for RBM39-medicated
pre-mRNA splicing. RBM39 recognises the 3’ splice site together with U2AF65, promoting the
recruitment of SF3B1 to the branchpoint residue (BPS). The interaction between UHM-ligand motifs
(ULMs) and UHMs is essential for spliceosome assembly. This figure is taken from my review paper
with permission (Xu et al., 2020b).
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RBM39-mediated transcriptional coregulation and splicing modulation have been implicated
in cancer cell proliferation, angiogenesis, hypoxia response and tumour growth in preclinical
studies [reviewed in (Xu et al., 2020b)]. Overexpression of RBM39 has also been detected in
breast cancer (Campbell et al., 2018, Mercier et al., 2009), non-small cell lung cancer (Chai et
al., 2014), and gastric cancer (Lu et al., 2021a), suggesting that RBM39 is important for
tumorigenesis. As a downstream target of the oncogene MYC, RBM39 maintains tumour
metabolism and survival in MYC-driven neuroblastoma (Singh et al., 2021, Nijhuis et al., 2022).
It also promotes the expression of other oncogenes, such as tripartite motif containing 27
(TRIM27) in colorectal cancer (Han et al., 2017b) and HOXA9 target genes in acute myeloid
leukaemia (Wang et al., 2019). Furthermore, CRISPR knock-out and RNA interference screens
found that RBM39 is essential in over 70% of cancer cell lines tested (Dempster et al., 2019,
DepMap, 2020, McFarland et al., 2018, Meyers et al., 2017, Xu et al., 2020b). In line with these
findings, therapies targeting RBM39 have demonstrated promising (preclinical) anti-cancer
activities in a diverse array of cancers including acute myeloid leukaemia (Wang et al., 2019,
Han et al., 2017b, Hsiehchen et al., 2020), colorectal cancer (Han et al., 2017b, Owa et al.,
1999, Ozawa et al., 2001, Sillars-Hardebol et al., 2012, Uehara et al., 2017, Ting et al., 2019,
Wau et al., 2019), breast cancer (Campbell et al., 2018, Chilewski et al., 2020, Mercier et al.,
2009, Mercier et al., 2014, Puvvula et al., 2021), non-small cell lung cancer (Chai et al., 2014,
Fukuoka et al., 2001, Ozawa et al., 2001), melanoma (Lu et al., 2021b), gastric cancer (Lu et
al.,, 2021a), and neuroblastoma (Nijhuis et al., 2022, Singh et al., 2021). Taken together,
RBM39 is a valuable cancer target and RBM39-targeted therapy may benefit a wide range of

cancer patients.

1.3.3. Targeting RBM39 with molecular glues

Targeting RBM39 in cancer cells had been challenging until the recent discovery of RBM39
degraders. In 2017, two research groups revealed that a panel of anti-cancer aryl
sulphonamides act as molecular glues promoting a neo-interaction between RBM39 and
DCAF15 — a receptor of the E3 ubiquitin ligase complex (Figure 1.5) (Han et al., 2017b, Uehara
et al.,, 2017). Formation of the RBM39-sulphonamide-DCAF15 ternary complex lead to
polyubiquitination and subsequently proteasomal degradation of RBM39 (Figure 1.5B-C)
(Bussiere et al., 2020, Du et al., 2019, Faust et al., 2020, Han et al., 2017b, Uehara et al., 2017).

Depletion of RBM39 in this manner results in transcriptome-wide splicing abnormalities and
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remarkable growth inhibition of tumours in vivo (Han et al., 2017b, Nijhuis et al., 2022, Singh
et al., 2021), consistent with the effect of RBM39 knock-down or knock-out (Ting et al., 2019,
Uehara et al., 2017, Wang et al., 2019). Besides RBM39, RBM23 is another neo-substrate of
DCAF15 in the presence of anti-cancer aryl sulphonamides due to high sequence homology in
the second RRM domain with RBM39 (Faust et al., 2020, Bussiere et al., 2020, Ting et al.,
2019). Interestingly, current evidence indicates that RBM39 is exclusively responsible for
splicing abnormalities and cytotoxicity in response to the anti-cancer aryl sulphonamides,
evidenced by the findings that the point mutation G268V in the RRM2 domain of RBM39
abrogated DCAF15-mediated RBM39 degradation, rescued splicing errors and conferred
strong resistance to anti-cancer aryl sulphonamides (Han et al., 2017b, Ting et al., 2019, Wang

et al., 2019).
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Figure 1.5. Anti-cancer aryl sulphonamides cause selective RBM39 degradation by DCAF15.

(A) Structure of anti-cancer aryl sulphonamides re-discovered as a novel class of molecular glues
targeting RBM39. (B) Crystal structure of RBM39 (RRM2)-indisulam-DCAF15 complex (PDB ID: 6U7D).
Indisulam (shown as ball-and-stick) induces conformational changes of DCAF15 (shown as blue
Gaussian surface), generating a shallow but extensive binding pocket for the RRM2 domain of RBM39
(in yellow). Indisulam directly interacts with both RBM39 and DCAF15. Mutations in RRM2 residues
(highlighted) can abrogate this interaction, conferring strong resistance to indisulam. (C) Mechanism
of RBM39 degradation induced by anti-cancer aryl sulphonamides. RBM39 is not a natural substrate
of the DCAF15-associated E3 ubiquitin ligase complex, but it is recruited to DCAF15 in the presence of
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molecular glues. Consequently, RBM39 is polyubiquitinylated and degraded through proteosomes.
Loss of RBM39 causes splicing abnormalities across the transcriptome and alters gene expression. This
figure is taken from my review paper with permission (Xu et al., 2020b).

Four anti-cancer aryl sulphonamides have been identified as molecular glues promoting
RBM39 degradation, including indisulam (or E7070), E7820, chloroquinoxaline sulphonamide
(CQS) and tasisulam (Figure 1.5A). They all degrade RBM39 through DCAF15 but with varying
efficiency. According to RBM39 degradation potency, they can be ranked as E7820 =
indisulam >> CQS = tasisulam, which positively correlates with their cytotoxicity and efficiency
in modulating RNA splicing (Han et al., 2017b, Uehara et al., 2017, Coomar et al., 2021). Before
being re-discovered as molecular glues, these aryl sulphonamides had been independently
investigated in preclinical studies and demonstrated promising anti-tumour activities both in
vitro and in vivo [reviewed in (Xu et al., 2020b)]. Historically, indisulam was developed as a
cell cycle inhibitor downregulating the expression of cyclin A, B1, H and CDK1 (Fukuoka et al.,
2001, Owa et al., 1999, Ozawa et al., 2001, Yokoi et al., 2002); E7820 was characterised as an
antiangiogenesis agent reducing integrin a2 expression (Funahashi et al., 2002, Hilskamp et
al., 2021, Semba et al., 2004); CQS was known as a drug targeting topoisomerase lla. and 113
(Gao et al., 2000, Gao et al., 2003); and tasisulam was documented as an agent targeting cell
cycle and angiogenesis (Haritunians et al., 2008, Meier et al., 2011). Although indisulam,
E7820, CQS, and tasisulam showed seemingly differential effects in early studies, it is likely
that all of these phenotypes are downstream effects of RBM39 degradation via DCAF15
because either RBM39-G268V mutation or DCAF15 depletion conferred strong resistance to
all four anti-cancer aryl sulphonamides (Han et al., 2017b, Uehara et al., 2017). In addition,
exon skipping events of TOP2A and TOP2B genes have been identified in RNA sequencing data
of cancer cells treated with RBM39 degraders (Nijhuis et al., 2022, Wang et al., 2019), which
may account for the observed impact of CQS on topoisomerase lla and 1I3. RBM39 also
regulates the splicing of vascular endothelial growth factor (VEGF) isoforms (Dowhan et al.,
2005, Uehara et al., 2017, Mai et al., 2016a) and many cell cycle genes (Nijhuis et al., 2022,
Wang et al.,, 2019, Mai et al., 2016a, Singh et al., 2021), which may explain previously

observed antiangiogenic and cell cycle inhibitory effect of indisulam, E7820 and tasisulam.

Between 1989 to 2020, indisulam, E7820, CQS and tasisulam were evaluated as monotherapy

for cancer treatment in 13, 2, 6, and 10 clinical trials, respectively [reviewed in (Xu et al.,
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2020b)]. Contrary to the strong anti-tumour effect in preclinical studies, only minor to
moderate clinical benefits were observed in small numbers of patients, and none of the anti-
cancer aryl sulphonamides progressed beyond phase Ill trials (Xu et al., 2020b). Because all
clinical trials were designed before the aryl sulphonamides were known as molecular glues,
no predictive marker was available and little to no patient stratification was performed, which
could be the main reasons for disappointing clinical performance. Re-evaluating these agents
as RBM39 degraders and identifying cancer patients with increased RBM39 or spliceosome
dependency are expected to improve the clinical outcome (Wang et al., 2019, Singh et al.,

2021, Nijhuis et al., 2022, Hsiehchen et al., 2020).

1.4. Hypothesis and aims

1.4.1. Improving PARP inhibitor response by targeting splicing factors

Splicing factors are recognised as important players in DNA damage response by coordinating
expression and alternative splicing of DNA damage repair proteins (Sciarrillo et al., 2020,
Rahmutulla et al., 2014, Meng et al., 2019). For example, the expression of key DNA damage
repair factors, such as ATM, RAD51 and Chk1, requires the functional U2 snRNP complex, and
inhibiting this complex results in defective DNA damage response (Tanikawa et al., 2016).
Similar inhibitory effects were observed in SF3B1-mutated cancer cells, where abnormal
splicing of many DNA damage repair genes was observed (Lappin et al., 2022). In agreement
with these findings, loss of splicing factors SF3B1 and U2AF65 phenocopy BRCA1-deficiency
and sensitise BRCA-proficient cancer cells to PARP inhibitors and chemotherapy (Lappin et al.,
2022, Savage et al., 2014). Furthermore, spliceosome inhibition overcomes chemotherapy
resistance in BRCA1-mutated breast cancer and ovarian cancer cells by downregulating the
expression of the BRCA1-A11q splicing variant (Wang et al., 2016). These studies demonstrate
that targeting spliccosome components is a promising approach to improve cancer cell

response to chemotherapy and PARP inhibitors.

RBM39 is a splicing factor interacting closely with SF3B1 and U2AF65 [reviewed in (Xu et al.,
2020b)]. Transcriptomic analysis suggests that RBM39 may regulate the splicing of DNA
damage repair factors (Mai et al., 2016a), but the exact mechanism and clinical significance
of this finding have not been investigated. It is reasonable to predict that by inducing splicing

errors in DNA repair genes, loss of RBM39 would compromise DNA damage response and
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increase the sensitivity of cancer cells to platinum and PARP inhibitors. This is particularly
interesting in the context of ovarian cancer, where PARP inhibitor resistance is an emerging
challenge, and the therapeutic potential of spliceosome-targeted therapy has not been

explored.

1.4.2. Preliminary data

In our recent publication, we performed RNA-sequencing analysis using the human
neuroblastoma cell line IMR-32 after indisulam treatment, which revealed aberrant splicing
in many DNA damage repair genes such as ATM, BRCA1, RAD51D and TP53BP1 (Nijhuis et al.,
2022). | hypothesised indisulam may cause similar splicing abnormalities in ovarian cancer as
it did in IMR-32, because a series of indisulam-induced alternative splicing events in
neuroblastoma cells were validated in ovarian cancer cells (unpublished data from Dr Anke

Nijhuis, personal communication, 10 January 2019).

The frequent somatic focal amplification of chromosome 19p13 in HGSOC increases copy
numbers of many genes including DCAF15 (genomic location 19p13.12) (Sung et al., 2014).
In-house analysis of public datasets revealed that over 50% of serous ovarian cancer tumours
had increased copy numbers of DCAF15, correlating with increased DCAF15 mRNA abundance
and higher sensitivity to indisulam (Figure 1.6). Preliminary analysis in our lab confirmed that
indisulam is cytotoxic to ovarian cancer cells and causes RBM39 degradation in a DCAF15-
dependent manner (Figure 1.6). These data encourage further investigation of RBM39-

targeted therapy in ovarian cancer.

47



Chapter 1 — Introduction

A
DCAF15 53% - Gain of copy number No alteration
Amplification (cBioPortal, serous ovarian cancer; TCGA, PanCancer Atlas)
B 7 C Indisulam sensitivity vs DCAF 15 expression
S ﬁk In ovarian cancer cell lines
‘w =17.1+ -0.722-x
% 5k ] o -y ¢
= b [rs}
>Q<- 4k q 9
: %
= 3k :OI% ol
% 2k g
o $
— K
E(L 1 - o
S o Amp Pearson = - 0.317
(a]
%, % %, % *
. % % %, ' ' '
(cBioPortal) %, %, 2l DCAF15 expression
D E
. SiNTC siDCAF15
Indisulam dose-response .
120% -o- KURAMOCHI vC 1M 10pM VC 1M 10pM  Indisulam
S 1o0% - covens 2 }.— - M RBM39
0
5 3 -+ OVSAHO 3
2 80%] - COV318 5 H‘ B-actin
g o0 \i COV 644
S 0% - OVISE o | |- o . . | RBM39
= 20%- n=3 - PEO4 e
O Error bar = S.E.M. PEO1 o
© o T T T T , & | B-actin
0.001 001 0. 1 10 100

Indisulam (pM)

Figure 1.6. DCAF15 amplification is common in ovarian cancer and correlates with higher indisulam
sensitivity.

(A-C) Up to 53% of patients with serous ovarian cancer have increased copy numbers of DCAF15 in
ovarian cancer patients (a), which correlates with increased DCAF15 mRNA expression (b) and higher
sensitivity to indisulam (c). The findings were originally found by Dr Anke Nijhuis and | reperformed
the analysis to generate these figures. Gain, gain of DCAF15 copy number (three to four copies). Amp,
amplified DCAF15 (more than five copies). Patient data in (a-b) were acquired from the Cancer
Genome Atlas PanCancer dataset of serous ovarian cancer and plotted using the cBioPortal (Gao et
al., 2013, Cerami et al., 2012). Drug sensitivity data and the DCAF15 expression data in ovarian
cancer cell lines were obtained from the Cancer Target Discovery and Development Network (Rees

et al.,, 2016) and the Cancer Cell Line Encyclopaedia (https://sites.broadinstitute.org/ccle),

respectively. (D) Ovarian cancer cells were treated with the molecular glue indisulam for 72 hours with
indicated doses, and cell growth was estimated using the SRB assay. Data were generated by Dr Anke
Nijhuis (n = 3). (E) Western blot data show that indisulam induced RBM39 degradation in OVSAHO and
PEOL1 cells, which was rescued when DCAF15 expression was knocked down by siRNA (n = 3). Data of
OVSAHO cells and OVISE cells were generated by master students Anushana Shukla and Demi A.
Wiskerke, respectively.

48



Chapter 1 — Introduction

1.4.3. Hypothesis and aims

Based on literature evidence and preliminary data, | hypothesised that RBM39 degraders,
such as indisulam, induce mis-splicing of DNA damage repair genes in ovarian cancer cells,
leading to increased susceptibility to DNA damaging agents including PARP inhibitors. The

aims of each results chapter were:

Chapter 3: Examining whether indisulam synergises with DNA damaging agents in ovarian

cancer cell lines from two perspectives: growth inhibition and induction of cell apoptosis.

Chapter 4: Evaluating the tolerability and combination effect of indisulam and PARP inhibitor

olaparib in the ID8 murine HGSOC model.

Chapter 5: Investigating the impact of indisulam on genotoxic stress (DNA damage and

replication stress) caused by PARP inhibitors.

Chapter 6: Assessing the impact of indisulam on transcriptome and proteome in ovarian

cancer cells.
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Chapter 2. Materials and Methods

2.1. Drug preparation

The following drugs were used to treat cells (Table 2.1). They were prepared according to

manufacturers’ instructions.

Table 2.1 List of drugs used in this thesis.

Drugs Source Identifier Vehicle solutions
Dimethyl sulfoxide (DMSO, in vitro)

Indisulam Sigma-Aldrich SML1225 Saline (0.9% NaCl) containing 3.5%
DMSO and 6.5% Tween-80 (in vivo)

E7820 Sigma-Aldrich SML2950 DMSO
DMSO (in vitro)

Olaparib Selleckchem S$1060 Saline containing 3.5% DMSO and
6.5% Tween-80 (in vivo)

Rucaparib | ¢ 0 kchem $1098 DMSO

phosphate

Veliparib Selleckchem S1004 DMSO

Niraparib Selleckchem S2741 DMSO

IdU Sigma-Aldrich 17125 1M NH4OH

BrdU Sigma-Aldrich B5002 DMSO

APExBIO (a gift from
Z-VAD-FMK Professor lain McNeish) A1902 DMSO

2.2. Celllines

Sources and culture conditions of cell lines used in this thesis are shown below (Table 2.2).

Cells were cultured at 37°C with 5% CO; and regularly tested for mycoplasma contamination.

To avoid genetic drift, fresh stocks of human cell lines were thawed every two to three

months, and murine cell lines were cultured for no more than ten passages. KURAMOCHI,

COV318, COV504, COV644 and PEO1 (the parental line used for DCAF15 editing) cell lines

were authenticated by the European Collection of Authenticated Cell Culture (operated by

the Public Health England, case #112332). The rest of human HGSOC cell lines were

authenticated by the supplier. The CRISPR-edited murine ovarian cancer ID8-Trp537~and ID8-

Trp5377;Brca2”~ clones were generous gifts from Professor lain McNeish, whose team

generated these clones (Walton et al., 2016).
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Table 2.2 Sources and culture conditions for cell lines.

Cell lines Sources Culture conditions?
A kind gift from Dr Haonan | DMEM medium (5.6 mM glucose) + 10% FBS
KURAMOCHI Lu, Imperial College +2 mM L-glutamine + 100 units/mL of
London penicillin-streptomycin

i . +109
European Collection of DMEM medium (5.6 mM glucose) + 10% FBS

+ 2 mM L-glutamine + 100 units/mL of
covsis Authenticated Cell Culture - § . /
penicillin-streptomycin
European Collection of DMEM medium (5.6 mM glucose) + 10% FBS
+ 2 mM L-glutamine + 100 unit L of
covs04 Authenticated Cell Culture m . giutamine . units/mL o
penicillin-streptomycin
European Collection of DMEM medium (5.6 mM glucose) + 10% FBS
+ 2 mM L-glutamine + 100 units/mL of
coveas Authenticated Cell Culture - 8 . /
penicillin-streptomycin
Japanese Collection of RPMI-1640 medium + 10% FBS + 2 mM L-
OVSAHO P . glutamine + 100 units/mL of penicillin-
Research Bioresources .
streptomycin
Japanese Collection of RPMI-1640 medium + 10% FBS + 2 mM L-
OVISE P glutamine + 100 units/mL of penicillin-

Research Bioresources .
streptomycin

RPMI-1640 medium + 10% FBS + 2 mM L-
PEO1 Public Health England glutamine + 100 units/mL of penicillin-
streptomycin + 2 mM sodium pyruvate
RPMI-1640 medium + 10% FBS + 2 mM L-
PEO4 Public Health England glutamine + 100 units/mL of penicillin-
streptomycin + 2 mM sodium pyruvate
RPMI-1640 medium + 10% FBS + 2 mM L-

WT.
Eigi:ggﬁgim ! ESEE::ated by Dr Anke glutamine + 100 units/mL of penicillin-
) streptomycin + 2 mM sodium pyruvate
DMEM medium (25 mM glucose) + 4% FBS +
IDS-Trp53/-; . . 2 mM I_'-glutamine + 1'00 units/mL gf
v v Professor lain McNeish penicillin-streptomycin + 1mM sodium
ID8-Trp53~";Brca2 pyruvate + 1x Insulin-Transferrin-Selenium
solution.

Note: ?FBS, foetal bovine serum, was sourced from Gibco™ and FirstLink. The rest reagents were
products of Gibco™. ®PDCAF15-knockout in the PEO1 cells was validated by Dr Anke Nijhuis. The
knockout clones showed small deletion in DCAF15 and strong resistance to indisulam, consistent with
previous studies (Uehara et al., 2017, Han et al., 2017b). The loss of DCAF15 at the protein level
was not validated due to the lack of specific antibodies. The parental PEO1 cell line was a kind gift
from Professor Bob Brown. It acquired a mis-sense mutation (5192A>T) in BRCA2 because of long-
term culturing, which partially restores the BRCA2 function (Sakai et al., 2009). The PEO1 cell line

purchased from the Public Health England did not have the BRCA2 reversion mutation.
2.3. PCR-based alternative splicing analysis

Total RNA from cells was extracted using the miRNeasy Mini Kit (Qiagen, #217004) or RNeasy®
Mini Kit (Qiagen, #74106) with DNase digestion step according to the manufacturer’s

instructions. Yield from each extraction was quantified using a NanoDrop with the “RNA-40”
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function. Then, an equal amount of RNA was reverse-transcribed into cDNA using the High-
Capacity RNA-to-cDNA™ Kit (Applied Biosystems). To detect exon skipping events, primers
flanking the skipped exons were designed and synthesised by Eurofins Scientific. Table 2.3
shows a list of all primers used in this thesis. Exon annotations were based on the human

reference genome GRCh37 (https://grch37.ensembl.org/index.html). The optimal annealing

temperature (Tm) for each pair of primers was determined using the New England Biolabs

(NEB) Tm Calculator (https://tmcalculator.neb.com/#!/main). The Q5® High-Fidelity PCR Kit

(NEB) was used to prepare polymerase chain reaction (PCR) mixtures, and samples were run
on a DNA Engine TETRAD2 Peltier Thermal Cycler (MJ Research, PTC-240) following the
program shown below (Table 2.4). The amplified products were mixed with the Purple Gel
Loading Dye (NEB) and electrophoresed for 45 to 60 minutes in 2-3% agarose (Sigma-Aldrich)
gels supplemented with 1:10,000 SYBRsafe DNA gel stain (Invitrogen) or GelRed. After
electrophoresis, the gels were imaged using a Gel Doc. Fiji V2.0.0 was used for densitometry
analysis. The abundance of each splicing variant was normalised to the combined abundance

of all splicing isoforms detected in the sample.

Table 2.3 Primers used to validate exon skipping events.

Gene Exon skipping Primer sequence (5' to 3') Tm

GAPDH No skiobin Forward GGCTGCTTTTAACTCTGG 66
PPINg Reverse GGAGGGATCTCGCTCC

Forward AACTCTGAGGACAAAGCAGC
BRCA1 Exons 8 and 9 66
Reverse = CTGTAATGAGCTGGCATGAGT

Forward TGGCTCAGTTCTCGGCTTT
RAD51D Exons 4 and 5 66
Reverse = AGATGTCAAATGCATGCACCA

Forward GCTGTTGCTGAGTCTGTTGC
TP53BP1 Exon 17 68
Reverse TGCGTACTTCCCGGATTGTT

Forward AGGTGGGCAAAACTGGTCAT
RIF1 Exon 7 67
Reverse = TGGGTGCTCCACTACGAAAT

Forward TGCCTCTTATGTACCAATTGGCT
ATM Exons 52 and 53 67
Reverse AATTGGCTGGTCTGCTGGAA

Table 2.4 The PCR reaction program.

PCR steps Temperature Duration
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles 60-70°C 30 seconds
72°C 20 seconds
Final Extension 72°C 2 minutes
Hold 4°C Unlimited
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2.4. Protein Extraction

To extract proteins from cultured cells, cells were lysed in RIPA lysis buffer (#R0278, Sigma-
Aldrich) supplemented with 1% HALT protease inhibitor (Thermo Scientific, #78429) or 1%
HALT protease and phosphatase inhibitor cocktail (Thermo Scientific, #78442). When
extracting proteins from tumour tissues, 10 to 30 mg tissues were mixed with 500-600 pL
RIPA lysis buffer supplemented with 3% Halt Protease and Phosphatase Inhibitor Cocktail.
Glass grinding beads were added, and the tissue was homogenised using the Precellys
Evolution tissue homogeniser with activated Cryolys Evolution cooling system (10,000 rpm,
20s*5 with 15s pause, two cycles). To facilitate protein extraction, the tissue suspensions
were sonicated for 10 minutes in an iced-water bath, followed by a 30-minute incubation on
ice. Protein supernatants were collected after high-speed centrifugation (20,000xg at 4°C for
20 minutes). The concentration of extracted proteins was determined using the Pierce BCA

protein assay (Thermo Scientific #23225) with a standard curve included every time.

2.5. Western blot

For electrophoresis, protein samples were mixed with the 1x Laemmli Sample Buffer (BIO-
RAD, supplemented with 10% 2-mercaptoethanol) and heated at 95°C for 10 minutes. For
protein samples extracted using urea, the heating step was skipped. Next, samples were
loaded onto 4-20% tris-glycine Mini-PROTEAN® Precast Gel and electrophoresed at 200V for
35 to 50 minutes in the running buffer. After electrophoresis, proteins were transferred onto
nitrocellulose membranes using the wet-transfer (100V for one hour). The standard sodium
dodecyl sulfate (SDS) running buffer (25 mM Tris, 190 mM glycine, and 0.1% SDS) and transfer
buffer (25 mM Tris, 190 mM Glycine, 20% Methanol, pH 8.3) were used.

Membranes were blocked for one hour in the blocking buffer, which consisted of 5% skimmed
milk in tris-buffered saline with 0.1% of Tween-20 (TBST). After blocking, membranes were
incubated with primary antibodies overnight at 4°C. The next day, membranes were washed
three times with TBST (five minutes each) and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Afterwards, the membrane was washed three times with
TBST, and the membrane-bound HRP-conjugated antibodies were detected using the
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific™). The

chemiluminescent signal was captured using Amersham Hyperfilm ECL (GE Healthcare) films.
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Densitometry analysis of protein band intensities was performed using Fiji V2.0.0, and the

values were normalised to the loading control -actin unless otherwise indicated.

A list of antibodies is shown in Table 2.5. Primary antibodies were prepared in the blocking
buffer or TBST containing 5% bovine serum albumin (BSA) when the target protein was
phosphorylated. Secondary antibodies were prepared in the blocking buffer. Membranes
might be stripped once with the Restore WB stripping buffer (Thermo Scientific #21059) and

re-probed with additional antibodies.

Table 2.5 Antibodies used for western blot.

Antibodies Source Identifier Dilutions

Rabbit anti-RBM39 Sigma-Aldrich | HPA001591 | 1:250 - 1:500
Mouse anti-f3-actin Abcam Ab6276 1:10,000 — 1:50,000
Mouse anti-phospho-Histone H2A.X (S139) | Sigma-Aldrich | 05-636 1:1,000

Rabbit anti-phospho-Chk2 (T68) R&D system AF1626 1:300

Rabbit anti-Chk2 R&D system MAB1358 1:500

Rabbit anti-phospho-ATM (S1981) Abcam Ab81292 1:2,000

Mouse anti-ATM GeneTex GTX70103 1:1,000

Rabbit anti-phospho-Chk1 (S345) Cell Signaling | CST2348 1:1,000

Mouse anti-Chk1 Technology CST2360 1:1,000
HRP-conjugated goat anti-rabbit Invitrogen 31460 1:2,500 - 1:5,000
HRP-conjugated goat anti-mouse Invitrogen 31340 1:2,500 - 1:5,000

2.6. Human phospho-kinase array

KURAMOCHI cells were treated with 10 uM indisulam and 30 uM olaparib either individually
or in combination for 48 hours, and total proteins were extracted using the RIPA lysis buffer
(Sigma-Aldrich, #R0278) supplemented with 1x Halt Protease and Phosphatase Inhibitor
Single-Use Cocktail (Thermo Scientific, #78442). Protein concentration was estimated using
Pierce BCA Protein Assay Kit (Thermo Scientific #23225). An equal amount of protein (185 ug)
was used for each Proteome Profiler Human Phospho-Kinase Array (R&D system, ARYO03B)
following manufacturer’s instructions. SuperSignal West Pico PLUS Chemiluninescent
Substrate (Thermo Scientific, #34579) and Amersham Hyperfilm ECL (GE Healthcare) were
used to visualise signals of kinase phosphorylation (around five minutes of exposure). Image
Studio Lite (LI-COR) was used for densitometry analysis. Kinases with visible signals in at least
one array were included for downstream analysis (n = 27) and ranked based on densitometry
intensities in the vehicle control. Then, phosphorylation changes of each kinase were

calculated relative to vehicle control. Kinases with differential relative phosphorylation
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changes (>50% difference relative to vehicle control) between monotherapy and the

combination therapy.

2.7. Sulforhodamine B cell growth assay

Cell growth was measured using the sulfornodamine (SRB) assay as previously described
(Vichai and Kirtikara, 2006). SRB powder was purchased from Sigma-Aldrich. In brief, cells
were counted using a haemocytometer (Hawksley) and seeded in 96-well plates at the
following densities: 500 cells/well (ID8 clones), 2000 cells/well (OVISE, COV318, and COV504),
2500 cells/well (PEO1 and PEO4), 4000 cells/well (COV644 and KURAMOCHI), and 5000
cells/well (OVSAHO). Cells were allowed to attach overnight before drug treatment. Drugs of
desired concentration were always prepared fresh in the culture medium. At the end of drug
treatment, cells were fixed with 10% (w/v) trichloroacetic acid (TCA) solution at 4 °C for one
hour, and then gently rinsed under tap water. Fixed plates were air-dried on the bench
overnight. The next day, cells were stained with 0.4% SRB solution (in 1% acetic acid) for 30
min at room temperature. Stained cells were washed with 1% acetic acid four times to remove
the unbound dye and air-dried on the bench. Afterwards, protein-bound SRB was solubilised
in 10 mM Tris-base for 30 minutes with gentle agitation. To quantify cell growth, absorbance
at 565 nm or 510nm was measured using a microplate reader (OPTImax Molecular Devices or
ClarioStar from BMG Labtech). Cell-free blank controls were always included for background
correction. Relative cell growth was calculated by normalising to the vehicle control (0.1% -
0.2% DMSO). Each biological repeat included at least three technical replicates unless
otherwise specified. Dose-response curves and the dose causing 50% growth inhibition (IC50)
were generated using the Prism V9.4.1 using nonlinear regression function [inhibitor] vs.

response (three parameters).

2.8. Colony growth assay

Adherent cells were detached from the culture flasks using TrypLE Express Enzyme (1X, no
phenol red, Gibco #12604013), and single-cell suspensions were generated by passing cells
through a 40 um cell strainer (Corning). Appropriate numbers of cells were seeded into 6-well
plates and incubated for 16 days before staining and counting. The medium in each well was

refreshed every two to three days.
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For OVSAHO colony growth assay, cells were seeded at a density of 3000/well, and the drug
treatment started five days post-seeding. At the end of 48- or 72-hour treatment, cells were
washed twice with phosphate-buffered saline (PBS) and fresh media were added. On day 16,
cells were washed once with PBS and fixed in ice-cold methanol for 10 minutes. Fixed cells
were stained with 0.5% crystal violet (in 20% methanol) at room temperature for 10 minutes.
Stained cells were washed gently under tap water to remove excess dye and air-dried for

long-term storage. Colonies were imaged with an Epson Perfection V300 scanner.

Fiji V2.0.0 was used to count OVSAHO colonies. Each well was manually cropped out from the
entire image and converted to 8-bit format. Outlines of colonies were highlighted by “Find
edges” function and the colour threshold was adjusted to (42;255). Colonies larger than 50
pixels (in 1.35 inches x 1.35 inches, 800 pixel/inch dimension) and circularity between 0.30 to
1.00 were counted automatically using the “Analyse Particle” function. A pilot OVSAHO
colony growth assay with increasing seeding density (156/well to 5000/well) was conducted

beforehand to optimise parameters for automated colony counting.

2.9. Cell apoptosis assays

2.9.1. Caspase-Glo 3/7 activation assay

Caspase 3/7 activities in cells were measured using the Caspase-Glo 3/7 assay (Promega)
following the supplier’s instructions. Cells were seeded in clear-bottom 96-well plates at the
same density as the SRB assay (Section 2.6). Two parallel plates were seeded and exposed to
the same drugs for the same duration. One for caspase 3/7 activity measurement and another
for cell growth measurement using the SRB assay. At the end of the drug treatment,
conditioned media were removed and replaced with 50 pL fresh culture media. An equal
volume of Caspase-Glo 3/7 reagent was added to each well and incubated at room
temperature for one hour with agitation. The reaction mixture was next transferred into
CulturPlate White Opaque 96-well plates, and luminescence signals were measured using a
ClarioStar plate reader (BMG Labtech). Fold changes in caspases activities were background
corrected using cell-free controls and normalised to vehicle control and the SRB data
(caspases signal relative to vehicle control / cell growth relative to vehicle control). Each

biological repeat included three technical replicates.
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2.9.2. Annexin V-Propidium lodide staining assay

KURAMOCHI cells were seeded in 12-well plates (150,000 cells per well) and were treated
with 10 uM indisulam, 30 uM olaparib, or their combination (with or without 10 uM Z-VAD-
FMK) for 48 hours. At the end of the drug treatment, adherent cells were detached using the
TrypLE Express Enzyme and combined with floating cells. Cell suspensions were washed twice
with ice-cold PBS and resuspended in 1x binding buffer (0.01M Hepes, 0.14M NaCl, 2.5 mM
CaCly). Cells were passed through cell strainers (30 um) to generate single-cell suspensions.
Next, they were stained in 50 uL binding buffer containing 2.5 uL Cy5.5-conjugated Annexin
V (BD Biosciences, #559925) and 2.5 uL eBioscience Propidium lodide (PI) Staining Solution
(Invitrogen, 00-6990-50). After 15 minutes of staining in the dark (room temperature), 300 uL
binding buffer was added to each sample and samples were analysed within two hours using
a BD FACS Canto analyser. The 488nm laser and PerCP filter were used to detect PIl, and 633
nm laser and APC filter were used to detect Cy5.5-conjugated Annexin V staining. Colour
compensations were performed each time using untreated cells and single-colour positive
controls (cells heated at 60 °C for 4 minutes). Data were analysed using FlowJo V10.6.2, and

the same gating was used across biological repeats.

2.10. Drug combination and synergy analysis

2.10.1. Synergy analysis using the Chou-Talalay method

The Chou-Talalay method (Chou and Talalay, 1984, Chou, 2010) and Bliss Independence
[reviewed in (Yang et al., 2015)] were used for synergy analysis. The Chou-Talalay method
was the preferential choice because it is more accurate than other conventional methods
(discussed in the Appendix Discussion). The Bliss Independence was only used for the drug
combination screen in Section 2.10.2. The Appendix Discussion critically reviews the
advantages and disadvantages of these two methods and other commonly used synergy

methods.

For synergy analysis using the Chou-Talalay method, dose-response curves of each drug were
acquired through the SRB cell growth assay. Doses of two drugs that cause similar levels of
growth inhibition (no more than IC60) were selected for combination treatment, and two

agents were mixed at a constant ratio. The combination index (Cl) values were calculated
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using CompuSyn (Chou and Martin, 2005). Cl < 1 indicates synergism; Cl = 1 indicates additive;

and ClI > 1 indicates antagonism.

2.10.2. Drug combination screen using the Bliss Independence
A library of FDA-approved drugs (approved oncology drugs set IX, plates 4891-4892) was
acquired from the United States National Cancer Institute Developmental Therapeutics

Program (https://wiki.nci.nih.gov/display/NCIDTPdata/Compound+Sets). From the library, |

selected all genotoxic agents (n = 54) and taxanes (n = 6) to be combined with either vehicle
control (0.1% DMSO) or a sublethal dose of indisulam (10 uM) in a pairwise approach in
KURAMOCHI cells. Seven doses of the selected drugs were combined with indisulam, ranging
from 8 nM to 20 uM. All drug combinations were tested in parallel, and cell growth was
measured using the SRB assay. To adjust for the seeding differences across plates, each plate
contained at least three technical replicates of vehicle control for normalisation. Each drug

combination had one technical replicate.

The bliss independence was used for synergy analysis in this drug screen because the data did
not contain a full-dose response curve of indisulam and therefore did not meet the
requirement for the Chou-Talalay method. The Bliss score was calculated as the difference
between observed growth inhibition and the expected additive growth inhibition (growth
inhibition of indisulam + growth inhibition of the drug of interest — growth inhibition of
indisulam*growth inhibition of the drug of interest). Bliss scores > 0 indicate synergism, Bliss
scores = 0 indicate additive, and Bliss scores < 0 indicate antagonistic. Drugs were categorised
as likely synergistic with indisulam if at least two dose-pairs had Bliss scores > 0.05; and drugs
were categorised as likely antagonistic with indisulam if at least five dose-pairs had Bliss
scores < -0.05. Drugs were ranked based on the number of dose-pairs having Bliss scores >
0.05 and the average bliss score of all dose-pairs. Drugs were annotated based on the

database provided by SelleckChem (https://www.selleckchem.com/screening/fda-approved-

drug-library.html).

2.11. Invivo studies using the ID8 murine HGSOC model

All animal studies were conducted in accordance with the UK Animals (Scientific Procedures)

Act 1986. | was the principal investigator for all studies and registered as a personal license
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holder (126105643) under Professor lain McNeish’s Project License (PA780D61A). Yitao Xu,
Flora Upton, Michael Gruet, Dr Sarah Spear and Fabio Grundland Freile supported me in
completing animal studies, but | did the majority of the work (from the study design, acquiring
data, to analysing the data). C57BL/6 female mice aged between 6-7 weeks were ordered
from Charles River Laboratories (UK). Upon arrival, mice were acclimatised for seven days and
at day eight, they were intraperitoneally (I.P.) injected with five million ID8-Trp53 cells in
200 pL warm PBS.

Drug suspensions of indisulam (Sigma-Aldrich) and olaparib (Selleckchem) were prepared in
saline containing 3.5% DMSO and 6.5% Tween-80 one week before scheduled drug injections.
The optimisation process of the drug formulation is shown in Section 4.2.1. Single-use aliquots
were prepared and stored at -20 °C until the injection day. Animals were randomised for drug
treatment. Drugs were administrated via I.P. and injection sites were alternated between the
left and right abdomen to minimise animal discomfort. Mice were regularly monitored and

weighed at least twice a week.

Humane endpoints in the studies were defined in the Project License and following clinical
sighs were monitored throughout the study: any of over 20% weight loss, abdominal
distension greater than late pregnancy, self-mutilation, facial grimace, hunched posture, and
reduced activity. For pilot studies (Section 4.2.2 — 4.2.3), mice were sacrificed upon reaching
the humane endpoints or 42 days after tumour injection. For the survival studies (Section
4.3), mice were sacrificed upon reaching the humane endpoint or 120 days after tumour
injection. To improve consistency and minimise human bias while assessing humane
endpoints, researchers were blinded from treatment details after completing all drug
injections. The decision of mice reaching the humane endpoint was always discussed with an
independent animal technician. After sacrificing the mice, visible omental tumour deposits
were collected. Tumour tissues were snap-frozen in liquid nitrogen or dry ice and stored at -

80°C.

Notably, data from the survival study in Section 4.3 were acquired through two biological
repeats, each containing six mice per treatment group. In the first round, three mice (one
received indisulam and two received the combination therapy) remained healthy till day 120.

In the second round, one mouse from the vehicle control group and another from the
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combination group (15 mg/kg/day of indisulam + 50 mg/kg/day of olaparib) survived till day
120 without any clinical signs. Only one (which received the combination therapy in the first
round) of them developed subcutaneous (s.c.) tumours developed during the drug injection,
indicating the existence of ascitic tumour cells and successful tumour implantation. The other
four mice survived till day 120 without developing s.c. tumours and no tumour deposits were

found upon necropsy. All mice were included for the survival analysis.

2.12. Immunofluorescence analysis

Cells were seeded in 96-well plates at the same density as the SRB assay (Section 2.6). After
drug treatment, conditioned media were removed and cells were washed once with PBS.
Then, cells were fixed with 4% methanol-free formaldehyde (Fisher Scientific #11586711) for
15 minutes at room temperature. Fixed cells were washed twice with PBS before
permeabilisation with 0.1% Triton-X-100 (Sigma-Aldrich, #T8787) for 30 minutes at room
temperature. After permeabilisation, cells were gently washed with PBS once and were
blocked in the blocking buffer (1% BSA and 2% FBS in PBS) for 30 minutes. To detect YH2AX
foci, cells were incubated overnight with mouse anti-yH2AX antibody (1:500 in the blocking
buffer, Sigma-Aldrich, #05-636) at 4°C. The next day, cells were washed three times with PBS
and were incubated with the staining solution containing Alexa Fluor 488 dye (AF488)-
conjugated goat anti-mouse antibody (1:500, Invitrogen, #A11001) and 1 pg/mL DAPI (Sigma-
Aldrich, #9542) in the blocking buffer for two hours at room temperature. After staining, cells
were washed with PBS three times and kept in 200 pL PBS at 4°C until imaging. An INCell
Analyzer 1000 with a 20x objective lens was used to image the YH2AX and DAPI staining.

Twenty-five fields were captured from each well.

Images were analysed using the speckle counting pipeline by the Cell Profiler V3.1.8

(https://cellprofiler.org/previous-examplesttspeckle-counting). Image analysis parameters

were determined by comparing negative control cells (vehicle control-treated cells) and
positive control cells (cisplatin-treated cells). The nuclei were identified with typical diameter
25-100 (in pixel unit), global Otsu threshold (two classes, smoothing scale = 1.318, correction
factor = 1.0, smoothing filter = 10, suppress local maxima that are closer than 15 pixels in
distance). A mask was created based on nuclei and applied to the yH2AX-stained images. Foci

were enhanced using the "Speckles” features (size = 10). Foci of YH2AX were defined as
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objects with typical objects with typical diameter between 3 and 15 pixels, and the global
manual threshold of 0.15 was used (smoothing scale = 1.3488, clumped objects were
distinguished and dividing lines were drawn by shape, smoothing filter = 2, suppress local
maxima that are closer than 2 pixels in distance). Once parameters were finalised,
experimental images were analysed automatically (in an unbiased manner) by Cell Profiler.
At least 500 cells from 25 different views were analysed in each group. The maximum foci
count was 50 foci per nucleus. Foci numbers for each nucleus were counted and counts from
all fields within the same well were pooled together. The data were shown as bar charts with
whiskers indicating 10" or 90" percentile. In case more than 90% cells have less than five foci,
the data were presented as the proportion of nuclei containing at least five YH2AX foci (Figure

5.3).

2.13. Single-cell gel electrophoresis (COMET assay)

2.13.1. Alkaline COMET assay

The alkaline COMET assay was performed according to a previously published protocol (Lu et
al.,, 2017). One day before the assay started, COMET slides were prepared by coating
SuperFrost microscopic slides with 1% agarose in distilled water (Sigma-Aldrich, #4718). The
active lysis solution was freshly prepared by adding 1% Triton X-100 (Sigma-Aldrich #T8787)
and 10% DMSO to the inactive lysis solution (2.5M NaCl, 100 mM EDTA, 10 mM Trizma base
and 200 mM NaOH in distilled water). Cells were treated in 12-well plates and trypsinised to
generate single-cell suspensions. After washing twice with ice-cold PBS, around 3000 cells
were mixed with 0.7% low melting point agarose (LMA, Sigma #A9414) and cast as a thin layer
on COMET slides. These slides were then covered with a round coverslip and left in the cold
room for 20 minutes (protected from light). Once the LMA-cell mixture solidified, coverslips
were gently removed and another thin layer of 0.7% LMA was added to prevent cell loss
during lysis and washes. Cell lysis was performed by submerging the slides in the active lysis
solution overnight in cold room (in the dark). After lysis, the slides were washed in distilled
water twice and submerged in freshly prepared alkaline electrophoresis solution (200 mM
NaOH, 1 mM EDTA, pH>13) to allow DNA to unwind for one hour on ice. Electrophoresis was
performed on ice at 0.8V/cm for 10 minutes. Excess electrophoresis solution was neutralised

with 0.4M Trizma base and the slides were fixed with ice-cold 70% ethanol for 30min at room
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temperature. Fixed slides were dried for 30 minutes at 37 °C before 15-minute staining with
SYBR Gold Nucleic Acid Gel Stain (1:1000, Life Technologies #11494). COMET images were
taken through a Nikon Eclipse TE2000-U Inverted Microscope with a 10x objective. Tail
moments of comets were quantified with TriTek COMETscore 2.0 and at least 100 comets

were scored in each condition.

2.13.2. Neutral COMET assay

For the Neutral COMET assay, COMET slides were prepared in the same way as the alkaline
COMET assay. Cells were lysed in the active lysis buffer for one hour at 4 °Cin the dark. Then,
the slides were submerged in the neutral unwinding solution (1X Tris-Borate-EDTA buffer, pH
= 8 - 9) for 30 minutes on ice (in the dark). After unwinding, electrophoresis was performed
in 1X Tris-Borate-EDTA buffer for 15 minutes at room temperature (avoid light). Then, slides
were drained off electrophoresis buffer and incubated in DNA precipitation solution (1M
NHsAc in 82.27% Ethanol) for 30 minutes at room temperature (avoid light). Afterwards, slides
were fixed, stained, and imaged in the same way as the alkaline COMET assay. This protocol

is not optimal and it failed to detect doxorubicin-induced DNA damage (Figure 5.6E).

2.14. Cell cycle analysis

Cell cycle analysis was performed as previously described (Au - Cecchini et al., 2012). In the
final hour of drug treatment, the culture media was supplemented with nucleotide analogous
(10 uM BrdU or 200 puM IdU) to label replicating cells. Then, cells were detached by
trypsinisation and washed twice with PBS. After removing PBS, the cell pellet was
resuspended in 100 pL PBS, and 1 mL of 70% ethanol was added drop-wise while gentle
vortexing to fix cells. After fixation, cells were stored at 4°C overnight. The following day,
ethanol was removed by centrifugation (500xg for 5 minutes). The cell pellet was
resuspended in 500 uL of denaturing buffer (2M HCl with 0.5% Tx-100) and incubated at room
temperature for 30 minutes with gentle agitation. This was followed by centrifugation to
remove the supernatant, and the pellet was resuspended with 500 pL neutralisation buffer
(0.1M NaB4O7, pH 8.5). Five minutes later, the neutralisation buffer was removed and cells
were blocked with blocking buffer (PBS containing 1% BSA and 0.2% Tween-20) for 30 minutes
at room temperature, during which they were passed through a cell strainer to remove

aggregates.
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To detect incorporated nucleotide analogous, cells were incubated with the mouse anti-BrdU
(2:25 in the blocking buffer, BD Biosciences, BD347580) antibody for one hour with agitation
at room temperature, then washed twice with the blocking buffer, and incubated with the
AF488-conjugated goat-anti-mouse antibody (1:100 in the blocking buffer, Invitrogen,
#A11001) for one hour in the dark with agitation (room temperature). Next, cells were
washed twice with the blocking buffer to remove residue antibodies. The DNA was stained
with 300 uL FxCycle PI/RNase staining solution (Invitrogen, #F10797) for 15 minutes at room
temperature in the dark. Labelled cells were analysed on a BD FACS Canto analyser. AF488
and PI intensities were detected using the FITC filter (530/30) and PerCP filter (682/33),
respectively. Colour compensation controls were included for each experiment. The data

were analysed using FlowJo V10.6.2 and the same gating was used across biological repeats.

2.15. DNA fibre analysis

The DNA fibre analysis was performed based on methods reported in the literature (Pillay et
al., 2019, Cong et al., 2021). In the final hour of the drug treatment, cells were pulse-labelled
with 10 uM BrdU for 30 minutes, briefly washed three times with warm PBS, and then pulse-
labelled 200 mM IdU for 30 minutes. BrdU and IdU were prepared in media containing drugs.
Next, cells were detached by trypsinisation and washed once with ice-cold PBS. Cell numbers
were counted using a haemocytometer. After removing PBS, cells were resuspended in

freezing media and stored at -80°C until analysis.

To prepare DNA fibres, cells in freezing media were thawed at 37°C and centrifuged at 500xg
for 5 minutes to remove the supernatant. The cell pellet was washed once with PBS and
resuspended in ice-cold PBS at a density of 1000 cells per pL. Then, 2 uL of cells were spotted
at one end of a superfrost slide (Fisher Scientific, #16242171), and each slide contained two
spots. After air-drying for five minutes, the drops were mixed with 7 pL of lysis buffer (200
mM Tris-HCI, pH 7.5, 50 mM EDTA, and 0.5% SDS). To release the DNA content, cells were
incubated in the lysis buffer for five to seven minutes until the drop edge started to dry. DNA
fibres were spread along the slide by tilting the slide at a small angle (15° — 20°). This
prompted the DNA mixture to slowly run down the slide, leaving visible threads of DNA

behind. The DNA spreads were air-dried for 30 minutes at room temperature and fixed in the

63



Chapter 2 — Materials and Methods

fixation buffer (75% methanol and 25% acetic acid) for 10 minutes. Fixed slides were air-dried

for another 30 minutes and stored at 4 °C until staining.

To stain DNA fibres, the slides were rinsed with distilled water, and DNA strands were
denatured by placing slides in 2.5M HCI for one hour. This is followed by two PBS washes and
one-hour blocking in PBS containing 1% BSA and 0.1% Tween-20. Incorporated BrdU and IdU
were probed with antibodies sequentially. Firstly, slides were incubated with the rat anti-
BrdU antibody (1:50 in the blocking buffer, Abcam, #ab6326) for 90 minutes at room
temperature, washed three times (twice with PBS, once with the blocking buffer, five minutes
each), and incubated with the AF647-conjugated goat anti-rat antibody (1:100 in the blocking
buffer, Invitrogen, A21247) at room temperature. Next, slides were washed once with PBS
and stored in fresh PBS overnight at 4°C. The following day, slides were washed once with the
blocking buffer and incubated with the mouse anti-BrdU antibody (1:50 in the blocking buffer,
BD Biosciences, BD347580) for one hour at room temperature to detect IdU. After washing
twice with PBS and once with the blocking buffer, slides were incubated with the AF488-
conjugated goat anti-mouse antibody (1:100 in the blocking buffer, Invitrogen, A11001) for
another hour at room temperature. Excess antibodies were removed by washing with PBS
twice and the blocking buffer. After draining the excess buffer, slides were mounted with the
Fluoromount-G (Invitrogen, #00-4958-02) and covered with coverslips. The gap between the
coverslip and slide was sealed with nail polish. Slides were stored at 4°C (in the dark) until
imaging. An Aurox laser-free confocal microscope (60x water objective) was used to image
slides within 48 hours of staining. In each repeat, at least 50 fields were taken from each
group. The coordinates of each field were recorded to avoid accidentally imaging the same

fibre twice.

DNA fibre types were manually determined based on the review from Quinet et al. (2017).
Fibre track lengths were manually measured using Fiji V2.0.0, and the “ROI manager tool” was

used to annotate fibre selections in each field numerically.
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2.16. RNA sequencing and proteomics analysis

2.16.1. RNA sequencing

Dr Anke Nijhuis generated samples for RNA sequencing, and the National Institute for Health
and Care Research-funded Imperial Biomedical Research Centre (BRC) Genomics Facility
provided the sequencing service. In brief, three biological replicates of the following samples
were submitted for sequencing: KURAMOCHI cells treated with vehicle control (0.1% DMSO),
10 uM indisulam, 30 uM olaparib, or 10 uM indisulam in combination with 30 uM olaparib
for 24 hours; and 1D8-Trp537/~ cells treated with vehicle control (0.1% DMSO) or 1 uM
indisulam for 24 hours. Total RNA was extracted using the miRNeasy Mini Kit (Qiagen). Sample
integrity was assessed by collaborators the Imperial BRC genomics facility and all samples
passed the quality control protocol. Mitochondrial and ribosomal RNA was removed via
ribodepletion. A Nextseq2000 P2 (200 cycles) sequencer was used to generate 100-base pair

(bp) paired-end reads, producing around 50 million reads per sample.

The alternative splicing analysis was performed by Michael Gruet using the SpliceFisher (Han
et al., 2017b, Nijhuis et al., 2022). Sequencing reads from KURAMOCHI cells were mapped to
the human reference genome GRCh38, and reads from ID8-Trp53~/~ cells were mapped to the

mouse reference genome GRCm39.

2.16.2. Proteomics analysis

To generate protein lysates, five million KURAMOCHI cells were seeded in 15-cm dishes and
allowed to attach overnight. The next day, cells were treated with vehicle control (0.1%
DMSO0), 10 uM indisulam, 30 uM olaparib, or the combination (10 uM indisulam plus 30 uM
olaparib) for 48 hours. At the end of the drug treatment, cells were washed once with PBS
containing 1% NaF and detached by incubating with 6 mL TrypLE Express Enzyme
(supplemented with 1% NaF) at 37°C for 10 minutes. Another 6 mL of fresh medium
(supplemented with 1% NaF) was added immediately after trypsinisation. Cell suspension was
harvested and washed twice with ice-cold PBS (supplemented with 1% NaF). After the final
PBS wash, the cell pellet was resuspended in 200 pL lysis buffer consisting of 8M urea in 20
mM HEPES, pH 8.0, supplemented with 1.5X phosphatase inhibitor cocktail (ActiveMotif,
#37492). Cells in lysis buffer were incubated on ice for 10 minutes and then sonicated in an

ice bath for a total of ten minutes (five minutes on and one minute off, two cycles). Cell debris

65



Chapter 2 — Materials and Methods

were removed by centrifuging at 20,000xg for 20 minutes at 4°C and the supernatant was
collected. In case the genomic DNA and cell debris were loose, the lysates might be
centrifuged again to improve yield. The concentration of protein samples was determined
using the Pierce BCA protein assay. According to the BCA results, concentrations of protein
samples were adjusted to 2.2 pg/uL and snap-frozen on dry ice. Protein Lo-Bind tubes

(Thermo Scientific) were used throughout the process to maximise protein yield.

For ID8-Trp537~ samples, 130,000 cells were seeded in 60 mm dishes. The next days, cells
were treated with vehicle control or 1 puM indisulam for 48 hours. Total proteins were

extracted by Dr Anke Nijhuis following the same steps as above.

Snap-frozen protein samples containing 50 ug of protein were delivered to the laboratory of
Dr Holger Kramer and Dr Alex Montoya for liquid chromatography-tandem mass
spectrometer (LC-MS/MS) analysis. A detailed proteomics method is available in Appendix
Materials and Methods. In brief, protein samples were pre-processed and analysed using an
LC-MS/MS. Raw data were processed using the MaxQuant software platform (v16.10.43), and
the label-free quantification (LFQ) was analysed using the Perseus V1.6.15.0. In Perseus, LFQ
was log2 transformed and rows with at least four valid readings were included for differential
expression analysis. Significantly up- or down-regulated proteins were determined by
student’s t-test (two-tailed) with thresholds of false discovery rate (FDR) less than 0.05 and

the artificial within groups variance (S0) = 0.1.

2.16.3. Venn diagrams, functional annotation, and enrichment analysis

Lists of genes (duplicates removed) were overlapped using the online tool Venny V2.1.0

(Oliveros, 2007) (https://bioinfogp.cnb.csic.es/tools/venny/) and Venn diagrams were drawn

in Microsoft PowerPoint for Mac V16.66.1. The Database for Annotation, Visualization and
Integrated Discovery (DAVID) (Huang da et al., 2009, Sherman et al., 2022) was used for
functional annotation and enrichment analysis (https://david.ncifcrf.gov/summary.jsp). Gene
ontology biological processes (DIRECT), Kyoto Encyclopedia of Genes and Genomes (KEGG),
REACTOME, and WIKIPATHWAY databases were selected for enrichment analysis.
Customised background gene lists were used whenever possible and specified in figure
legends. Pathways with FDR < 0.1 were considered significantly enriched. To compare mouse

and human gene lists, the “Human and Mouse Homology Classes with Sequence information”
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file was downloaded from the Mouse Genome Informatics

(http://www.informatics.jax.org/downloads/reports/index.html). The “DB Class Key” was

used to match mouse genes to their human equivalent.

2.17. Systematic literature analysis

2.17.1. Identifying RBM39-associated alternative splicing events

To identify common exon skipping and intron retention events in RBM39-depleted cancer
cells, | performed a literature search in the PubMed database using “RBM39” as the key word
on 10 August 2022. Inclusion criteria were (1) publications that performed RNA-sequencing
analysis using RBM39-depleted cancer cells (via knockdown, knockout, or through molecular
glues), (2) and conducted alternative splicing analysis, (3) and published the list of
alternatively spliced genes. Exclusion criteria were (1) studies did not use human cancer cells,
or (2) publications without publicly available lists of mis-spliced genes. Review articles were
also excluded. The studies were read in detail to assess eligibility. Five studies were included
for analysis (Nijhuis et al., 2022, Singh et al., 2021, Wang et al., 2019, Lu et al., 2021b, Mai et
al., 2016a), and lists of exon-skipped or intron-retained genes were downloaded from their
supplementary information online. Occurrence of genes across lists were counted in R studio
v2022.07.2 using the group_by() and summarise() functions of the dyplr package. Exon
skipped genes detected in at least six lists and intron retained genes detected in at least six
lists were categorised as common splicing targets of RBM39. Exon skipped genes and intron
retained genes were pooled together (duplicates removed) and pathway enrichment analysis
was carried out as described in the Section 2.16.3. Pathway enrichment analysis was also

performed using the exon skipped genes only. The FDR cut-off was set as 0.1.

2.17.2. Identifying determinants for PARP inhibitor sensitivity

To identify genes that sensitise cells to PARP inhibitors upon depletion, | carried out a PubMed
literature search on 10 October 2022 using the advanced terms: (((PARPi or PARP inhibitor)
AND (sensitivity)) AND (CRISPR)) AND (screen). Inclusion criteria were publications that
performed drop-out CRISPR sensitivity screens for PARP inhibitor sensitivity and with the
screen results available online. Review articles and studies that used knockdown screens were
excluded. All included publications were read in detail to assess eligibility. Screen outputs

from eligible publications were downloaded from supplementary information online or
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extracted from main figures. Six eligible publications (Zimmermann et al., 2018, Verma et al.,
2021, Su et al., 2020, Juhasz et al., 2020, Hewitt et al., 2021, Fang et al., 2019a) plus eight
other eligible publications (did not match the key terms but matched the inclusion criteria)
(Jamal et al., 2022, Tsujino et al., 2022, Noordermeer et al., 2018, Olivieri et al., 2020,
DeWeirdt et al., 2020, Su et al., 2020, Blanck et al., 2020) were included for downstream
analysis. In the drop-out CRISPR screen, depleted sgRNA indicates knocking out the target
gene sensitise cells to PARP inhibitors (Zimmermann et al.,, 2018). The same cut off was
applied to all datasets: log10(negative selection score) < -2 and log2(fold change) < -0.05.
Genes (sgRNA-depleted) that were detected in at least two drop-out screens were
categorised as high-confidence genes that sensitise cells to PARP inhibitors upon depletion.

Pathway enrichment analysis was conducted as described in Section 2.16.3.

2.18. Statistical analysis

Except for the proteomics data (Section 2.16.2), statistical analysis was performed using the
GraphPad Prism 9 for macOS (V9.4.1). Fisher’s exact test was performed (2X2 contingency
tables) for enrichment analysis. Student’s t-test was used to compare statistical differences
between two groups. For western blot data with systematic variations across biological
repeats, a paired student’s t test was used. One-way ANOVA followed by multiple
comparisons tests were used to measure statistical differences among three or more groups.
Two-way ANOVA followed by multiple comparisons tests were used to analyse statistical
differences when the data included multiple combination doses. For heavily skewed data,
such as yH2AX foci counts, Kruskal-Wallis test and multiple comparisons test were used to
calculate p-values. Except (Figure 4.7), statistical results were annotated in figures as: ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. For the Kaplan-Meier
survival curves in Figure 4.7, the Log-rank (Mantel-Cox) test was performed to calculate the
statistical differences between groups. Bonferroni correction was used to correct the
significance threshold for multiple comparisons. The family-wide significance level was 0.05.
Since six comparisons were made, the Bonferroni-corrected significance threshold was 0.05/6

=0.0083. The p-values less than 0.0083 were considered significant and annotated with *.

Sample sizes for animal studies were determined following the guidelines published by

Charan and Kantharia (2013). The resource equation method was used to determine sample
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sizes for the pilot studies and the first round of the survival analysis. The E values (number of
animals — number of groups) between 10 to 20 were considered optimal (Charan and
Kantharia, 2013). The E value was 12 (for pilot studies which included 18 mice, six groups) and
20 (for the first round of the survival analysis which included 24 mice, four groups). Data from
the first survival analysis was used to calculate the sample size for the second survival analysis.
| used the sample size calculator (https://sample-size.net/sample-size-survival-analysis/)
(Schoenfeld, 1983) and following parameters were used: significance threshold = 0.0083,
statistical power = 75%, proportions of subjects in each group = 1:1, relative hazard ratio
olaparib vs. combination = 7.09, attrition rate = 10%). The calculations return the minimal
sample size as 12, and therefore six mice were included in each group for the second

biological repeat.
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Chapter 3. Evaluating the therapeutic value of indisulam in ovarian

cancer

3.1. RBM39 regulates RNA splicing of DNA damage repair genes

3.1.1. Systematic analysis of RBM39-associated alternative splicing events

RBM39 is an important splicing factor for the 3’ splice site recognition, and loss of RBM39
causes transcriptome-wide splicing abnormalities in multiple types of cancers (Han et al.,
2017b, Nijhuis et al., 2022, Singh et al., 2021, Ting et al., 2019, Uehara et al., 2017, Wang et
al., 2019, Mai et al., 20164, Lu et al., 2021b). Although RBM39 may have cancer or cell line-
specific roles, the splicing of some genes may be regulated by RBM39 consistently across
cancer types. One way to identify such genes is to consolidate splicing events from previously
reported datasets. To this end, | performed a systematic literature search in PubMed
database to identify genes alternatively spliced in RBM39-depleted cells. | identified 52 results
related to the term “RBM39”, and 11 of them reported RNA sequencing analysis in RBM39-
depleted cells. After removing two studies that did not use human cancer cell lines
(Kralovicova et al., 2018, Faherty et al., 2016) and four papers that did not publish full lists of
alternative splicing events (Han et al., 2017b, Ting et al., 2019, Uehara et al., 2017, Puvvula et
al., 2021), five studies containing 11 lists of transcriptome-wide alternative splicing events
were eligible for further analysis (Table 3.1) (Nijhuis et al., 2022, Singh et al., 2021, Wang et
al., 2019, Lu et al., 2021b, Mai et al., 2016a).

| focused on exon skipping and intron retention events because these two events are the most
abundant alternative splicing events detected in RBM39 deficient cells (Han et al., 2017b,
Wang et al., 2019, Mai et al., 2016a), and they could have direct impact on protein function
by introducing premature stop codons or skipping of essential exons. Common splicing
targets of RBM39 were defined by any gene mis-spliced in at least six datasets. Since the
maximum number of datasets per cancer type was five, this cut-off would require candidate
genes to be exon skipped (or intron retained) in at least two cancer types. The results showed
that, in RBM39 deficient cells, 1774 (out of 9368) genes were commonly exon skipped, and

629 (out of 6201) genes displayed intron retention events.
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Table 3.1. Characteristics of alternative splicing datasets included for RBM39 splicing analysis

First . _ | Method of RBM39 Alternative || Exon | Intron
Year Disease Cell line . Sequencer splicing skipped | retained References
author depletion .
analysis genes genes
. HiSeq4000, 75bp U
Nijhuis et al.
1 | Nijhuis, A. | 2022 | Neuroblastoma IMR-32 5 WM Indisulam for pair-ended, 45 SpliceFisher 2753 2336 (Nijhuis e !
16 hours - 2022)
million reads
. shRBM39 (#188) for Hiseq platform, (Singh et al.,
2 Singh, S. 2021 | Neuroblastoma BE2C 72 hours 100bp pair-ended rMATS v4.1.0 4714 1924 2021)
i shRBM39 (#190) for Hiseq platform, (Singh et al.,
3 Singh, S. 2021 | Neuroblastoma BE2C 72 hours 100bp pair-ended rMATS v4.1.0 5276 1559 2021)
i shRBM39 (#188) for Hiseq platform, (Singh et al.,
4 Singh, S. 2021 | Neuroblastoma SKNAS 72 hours 100bp pair-ended rMATS v4.1.0 5097 1997 2021)
5 | Singh,s. |2021 | Neuroblastoma | sknag | STRBM39 (#190)for | - Hiseqplatform, |\ 1o sy 0| 4539 | 1762 | (SiMENeEtal,
gh, >. 72 hours 100bp pair-ended o 2021)
. Hiseq2000, 101bp
-MEL- Lu et al.
6 | Ls.x |2021| Melanoma | 0tMEL | IuMindisulamfor | = ooyong 100 | misovzo | 3511 sgg7 | Luetal,
ES 96 hours . 2021b)
million reads
. Hiseq2000, 101bp
Lu et al.
7 | Ly S.X. |2021| Melanoma p37s | LHMindisulamfor | o i end, 100 | MISOv2.0 | 2349 1397 | (tuetal,
96 hours . 2021b)
million reads
- Hiseq2000, 101bp
- - 1 uM indisulam f Lu et al.
8| LusXx |2021| Melanoma | SKMEL uM indisulam for | = o1 end, 100 | MIsOv2.0 | 2894 | 2239 | ‘Luetal,
239 96 hours . 2021b)
million reads
CRISPR knockout, 6
i ’ i Wang et al.
9 | wangE. | 2019 A‘:l”tekmye!o'd MOLM-13 days post- chl;?:f4gi(:gé-ljr? | MATSva02 | 1624 131 (2 . getal,
eukaemia transduction ¥ P 019)
CRISPR knockout, 6
i ’ i Wang et al.
10| Wang, E. | 2019 A‘:l”tekmye!o'd THP-1 days post- c”j:f“gﬁga_lj: | MATSva.0.2 | 1600 268 (2 . getal,
eukaemia transduction ¥ P 019)
) RBM39 knockdown | Hiseq2000, 100bp MAQ (Mai et al.,
11 Mai, S. 2016 | Breast cancer MCF-7 for 48 hours pair-ended coftware 222 8 2016a)
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Functional annotation and enrichment analysis revealed that commonly mis-spliced genes
following RBM39-depletion were significantly enriched in cell cycle-related pathways (fold
enrichment = 1.34 — 2.05, FDR = 0.019 — 0.086), which is expected because RBM39 has been
implicated in cell cycle progression (Abbate et al., 2004, Owa et al., 1999, Ozawa et al., 2001,
Yokoi et al., 2002, Wang et al., 2019, Singh et al., 2021). Interestingly, DNA repair pathways
were also significantly enriched (fold enrichment values between 1.45 to 1.55, FDR between
0.066 to 0.068), which included genes essential for DNA damage recognition (ATM, ATR,
CHEK1, and CHEK2), HR repair (BRCA1 , RAD51C and RAD51D), Fanconi Anaemia (FANCI,
FANCD2, and FANCA) and NHEJ repair pathways (TP53BP1, and RIF1) (Table 3.2). In particular,
the ATM-mediated DSB repair pathway was significantly enriched among the common exon
skipped genes in RBM39 deficient cells (fold enrichment = 2.5, FDR = 0.03). Most of these
alternative splicing events have not been appreciated in previous studies and the role of
RBM39 in DNA damage response is largely unknown. This systematic analysis uncovered
novel insights into RBM39 biology and suggests that RBM39 has conserved roles in

modulating cell cycle and DNA damage response through alternative splicing.
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Figure 3.1. Pathway enrichment analysis of commonly mis-spliced genes after RBM39 depletion.
Common exon skipping and intron retention targets of RBM39 were identified by examining
transcriptome-wide alternative splicing analysis in RBM39-depleted cells. Significantly enriched
pathways or gene ontology terms (fold enrichment > 1) are ranked according to their false discovery
rate (FDR). FDR < 0.1 was considered significantly enriched. The top x-axis indicates -Logio(FDR), and
the bottom x-axis indicates fold enrichment (open circles in grey).
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Table 3.2. Examples of DNA damage repair genes mis-spliced upon RBM39 depletion.

Exon skipping or intron retention events
RBM39 depleted cell lines ATM ATR FANCI BRCA1 | RAD51D RIF1 TP53BP1

IMR-32 + + + + + + +
BE2C (shRBM39#188) + + + + + - +
Neuroblastoma | BE2C (shRBM39#190) + + + + + + +
SKNAS (shRBM39#188) + + + + + + +
SKNAS (shRBM39#190) + + + + + + +
501-MEL-ES + + + + = + +
Melanoma A375 + + + - + + +
SK-MEL-239 + + + = + + +
Acute myeloid MOLM-13 - - + + + _ _

leukemia THP-1 - + + - - -
Breast cancer MCEF-7 - = + = - + -
Total number of occurrence 8 9 11 7 8 8 8

3.1.2. Indisulam causes alternative splicing of DNA damage repair genes in HGSOC

Given the in silico finding that RBM39 may modulate DNA damage repair genes, |
hypothesised that RBM39 degraders might sensitise HGSOC cells to DNA damaging agents.
Among human ovarian cancer cell lines, KURAMOCHI and OVSAHO are considered two of the
most representative cell lines of HGSOC tumours from the perspectives of copy number
variation and genetic mutations (Domcke et al., 2013). KURAMOCHI and OVSAHO are BRCA2-
deficient due to a nonsense mutation and homozygous deletion in BRCA2, respectively
(Domcke et al., 2013). Tumiati et al. (2018) confirmed that KURAMOCHI is HR-deficient using
a functional HR assay (based on RAD51 foci formation). To the best of my knowledge, HR
repair activity in OVSAHO cells has not been quantified. PEO1 (HR-deficient due to BRCA2
nonsense mutation) and PEO4 cells (HR-proficient due to acquired BRCA2 reversion mutation)
are two HGSOC cell lines derived from the same patient before and after acquiring chemo-
resistance, respectively (Langdon et al., 1988, Sakai et al., 2009). These two cell lines were
used as sensitive and resistant models to platinum and PARP inhibitors. | found that, despite
loss of BRCA2 expression, KURAMOCHI and OVSAHO showed intrinsic resistance to both
cisplatin and olaparib to a similar level as PEO4 cells, rather than similar to BRCA-mutated
PEOL1 cells (Figure 3.2A). Similar findings have been reported in the literature (Coulson-Gilmer
etal., 2021, Pillay et al., 2019, Kim et al., 2020), demonstrating that KURAMOCHI and OVSAHO

are valuable models for PARP inhibitor-resistant HGSOC.

Preliminary data from our lab showed that indisulam caused RBM39 degradation in ovarian

cancer cell lines and inhibited ovarian cancer growth (Figure 1.6). Interestingly, RBM39
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degradation was detected not only in indisulam-sensitive ovarian cancer cell lines, but also in
indisulam-resistant cell lines, such as OVSAHO (Figure 1.6). | ascertained that indisulam
treatment degrades RBM39 in KURAMOCHI and OVSAHO cells in a dose-dependent manner
(Figure 3.2B). To study whether RBM39 degradation leads to splicing errors in HGSOC cells, |
selected five core DNA repair genes from the common splicing targets of RBM39 (Table 3.2),
including ATM (mediates DSB recognition), BRCA1 and RAD51D (mediates HR repair), and
TP53BP1 and RIF1 (mediates NHEJ) (Figure 3.2C). Positions of skipped exons were predicted
based on our recently published alternative splicing analysis in the neuroblastoma IMR-32
cells (Nijhuis et al., 2022). Primers were designed to flank the skipped exons, allowing the

detection of exon skipped variants based on PCR product sizes.

PCR-based exon skipping analysis showed that indisulam treatment caused exon skipping of
all five DNA damage repair genes in KURAMOCHI and OVSAHO cells (Figure 3.2D). More
specifically, a BRCA1 variant with exon 9 (77bp) skipping was detected. Because the length of
exon 9 is not dividable by three (length of codons), skipping of this exon would introduce
frameshifts and premature stop codons. Transcripts with premature stop codons are known
to trigger the nonsense-mediated decay and have a short half-life [reviewed in (Lykke-
Andersen and Jensen, 2015)]. As for RAD51D, exon 5 is essential for its protein function
(Gruver et al., 2009), and the two mRNA variants without this exon are therefore unlikely to
produce functional proteins. The exon 17 (484bp) skipping in TP53BP1 variant is predicted to
cause frameshift, which also causes truncation of a domain necessary for 53BP1 activation
and interaction with other NHEJ proteins (Bothmer et al., 2011, Escribano-Diaz et al., 2013).
In RIF1, the exon 7 (93bp) translates to amino acid (a.a.) 232-262, which is a part of the DNA
binding domain (Fontana et al., 2018). As a result, the RIFI mRNA isoform without exon 7
might not be able to function properly. Indisulam also induced skipping of exon 52 (159bp,
a.a. 2544-2596) and exon 53 (47bp, a.a. 2597-2642) in ATM, affecting the dimerisation
domain and the kinase domain, which are important for ATM activation and signalling (Choi
et al., 2016). In addition, exons 52 and 53 of ATM also contain multiple mutation sites (such
as Ser2546) that have been associated with loss of protein function and hereditary ataxia-
telangiectasia (A-T) syndrome (Choi et al., 2016, Telatar et al., 1998). Therefore, it is possible
that the ATM splice variants may lead to reduced protein expression or translate to truncated

ATM with impaired catalytic function. Notably, the increase in aberrant splicing variants was
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correlated with the decrease in canonical mRNAs (Figure 3.2D), implying that loss of RBM39
could also reduce the protein expression of these genes by reducing the abundance of
correctly spliced transcripts. Indisulam-mediated ATM reduction will be described in Chapter
5, and the downregulation of other genes at protein levels were confirmed in our recent

proteomics analysis (will be described in Chapter 6).

In summary, RBM39 depletion by indisulam disrupted the splicing of key DNA repair genes in
HGSOC cells, potentially affecting ATM-mediated DNA damage recognition, BRCA1- and
RAD51D-mediated HR repair, and 53BP1- and RIF1-mediated NHEJ repair (Figure 3.2C). These
findings confirm HGSOC as an additional cancer in which DNA damage response seems to be
modulated by RBM39. At the time of writing this chapter, RNA sequencing and alternative
splicing analyses were ongoing to systematically characterise splicing changes in RBM39-

depleted HGSOC cells and will be described in Chapter 6.
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Figure 3.2. Indisulam causes RBM39 degradation and splicing errors of DNA repair genes in HGSOC.
(A) Cisplatin and olaparib dose-response curves of four HGSOC cell lines. Cells were treated with
vehicle control (VC) or increasing doses of cisplatin (or olaparib) for 72 hours (72h). Cell proliferation
was measured using the SRB assay. Error bar = SEM and n > 3 (except n = 2 for the PEO4 cisplatin dose-
response curve). HR-deficient cell lines are underlined. The cisplatin dose-response curves were
acquired with help from Dr Anke Nijhuis. (B) KURAMOCHI (n = 1) and OVSHAO (n = 1) were treated
with vehicle control (0.1% DMSO) or indisulam (1uM or 10 uM) for 6 to 72 hours. The abundance of
RBM39 was assessed using western blot, and B-actin was used as a loading control. Indisulam-
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mediated RBM39 degradation in KURAMOCHI cells was also observed in Figure 5.2. (C) A simplified
diagram showing key proteins involved in DSB repair. ATM functions as a sensor for DSBs. BRCA1 and
53BP1 compete for the DSBs, and the result determines repair pathway choices. (D) KURAMOCHI and
OVSAHO cells were untreated (UT, culture media only) or treated with indicated doses of indisulam
for 24 hours before PCR-based exon skipping analysis. Splicing variants detected are annotated on the
right. Exons that might be skipped are highlighted in light grey. The same splicing changes were
observed at other time points (6, 48, and 72 hours) (Appendix Figure 1) and in (Figure 6.11).

3.2. Indisulam synergises with cisplatin in HGSOC cells

Platinum agents are ubiquitous components of front-line chemotherapy in ovarian cancer,
which has been in clinical use since the late 1970s (Lisio et al., 2019, Sopik et al., 2015). One
classic example of platinum-based anti-cancer drugs is cisplatin, which damages DNA by
causing intrastrand and interstrand crosslinks (Wang and Lippard, 2005). Intrastrand DNA
crosslinks are repaired by the nucleotide excision repair, and interstrand crosslinks are
resolved by the Fanconi anaemia pathway with the help from HR repair proteins (Dietlein et
al., 2014, Reardon et al.,, 1999). Unrepaired DNA crosslinks hinder DNA replication and
deteriorate into more detrimental DSBs upon replication fork collapse, eventually leading to

increased genome instability and cell death (Frankenberg-Schwager et al., 2005).

Given the findings that indisulam causes mis-splicing of DNA damage repair genes in HGSOC
cells, | hypothesised that indisulam-treated cells might have higher sensitivity to platinum
agents such as cisplatin. To explore this hypothesis, the combination effect of indisulam and
cisplatin was assessed using the Chou-Talalay synergy method (Chou and Martin, 2005).
Indisulam was combined with cisplatin at a constant ratio to achieve equal potency, and the
Clvalues were calculated as described in the Materials and Method. Cl < 1 indicates synergism
and ClI > 1 indicates antagonism (Chou and Martin, 2005). In both KURAMOCHI and OVSAHO
cells, the combination of indisulam and cisplatin showed significantly stronger anti-
proliferative effects than monotherapies, and combination index values consistently less than
1, indicating indisulam is synergistic with cisplatin (Figure 3.3A-B). Next, the impact of
indisulam, cisplatin and their combination on cell apoptosis was assessed using the caspases
3/7 activation assay. While indisulam alone had a minor impact on cell apoptosis, it
considerably elevated cell apoptosis caused by cisplatin, suggesting a strong synergy between

indisulam and cisplatin in triggering cell apoptosis (Figure 3.3C-D).
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Figure 3.3. Indisulam increases cisplatin response in cisplatin-resistant HGSOC cells.

(A-B) KURAMOCHI (a) and OVSAHO (b) cells were treated with indisulam, cisplatin, or the combination
of these two drugs for 72 hours and cell growth was measured by the SRB assay (n = 3, error bar =
SEM). The left y-axis shows the cell growth relative to the vehicle, and the right y-axis shows the
combination index values (Cl) calculated by the Chou-Talalay method (open circles, error bar = SD). Cl
< 1 indicates synergism. (C-D) Cells were treated with indisulam and cisplatin either alone or in
combination for 48 hours, and cell apoptosis was measured using the caspase 3/7 activation assay (n
=3, error bar = SEM). Statistical significance between monotherapy and combination therapy in (a-d)
was determined using 2-way ANOVA followed by Dunnett’s multiple comparisons test (*p < 0.05, **p
<0.01, *** p <0.001, **** p < 0.0001).
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3.3. Indisulam synergises with multiple PARP inhibitors in HGSOC cells

3.3.1. Indisulam and olaparib cause synergistic growth inhibition and cell apoptosis
Combining indisulam and PARP inhibitors is another valuable strategy because PARP
inhibitors have been used as a front-line maintenance therapy for ovarian cancer patients. |
used olaparib, the most widely prescribed PARP inhibitor (Sandhu et al., 2022), to investigate
the combined effect between indisulam and PARP inhibitors in HGSOC cells. The Chou-Talalay
method was used to evaluate the combined effect. As expected, indisulam synergised with
olaparib in both KURAMOCHI and OVSAHO cells, leading to a stronger anti-proliferative effect
than individual drugs (Figure 3.4A-B).

| hypothesised that the observed growth inhibition was a result of cell apoptosis, which may
peak at an earlier time point. | speculated that combination doses causing 40% to 50% growth
inhibition at 72 hours might be able to elicit strong apoptosis at 48 hours. Therefore, cell
apoptosis analysis was analysed by treating cells with up to 10 uM indisulam and 30 uM
olaparib for 48 hours. | investigated cell apoptosis using two methods: caspase 3/7 activation
assay and annexin V-based flow cytometry analysis. While indisulam and olaparib alone only
showed a minor increase in caspase 3/7 activation, the combination of these two drugs
caused a substantial increase in cell apoptosis, indicating synergistic cytotoxicity (Figure 3.4C-
D). In the flow cytometry-based cell apoptosis analysis, annexin V staining was used as a
marker for apoptotic cells and propidium iodide was included as a cell viability dye. This dual-
labelling technique allows the detection of early apoptotic cells (Annexin V* & PI7) and late
apoptotic cells (Annexin V* & PI*). In accordance with increased caspase 3/7 activation, the
proportion of apoptotic KURAMOCHI cells was significantly increased only when indisulam
and olaparib were combined, but not when they were used individually (Figure 3.4E). The
increase of both early and late apoptotic cells by the drug combination was effectively
rescued by the addition of the pan-caspase inhibitor Z-VAD-FMK, indicating cell necrosis was

not involved (Figure 3.4E).
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Figure 3.4. Indisulam synergises with olaparib in HGSOC cells.

(A-B) Cell growth after 72-hour treatment of indisulam and olaparib individually or in combination (n
= 3, error bar = SEM). The right y-axis indicates Cl values calculated by the Chou-Talalay method (error
bar = SD). Cl < 1 indicates synergism. (C-D) Cell apoptosis (caspase 3/7 activation) was assessed after
treatment with indisulam, olaparib, or their combination for 48 hours. The grey region indicates basal
caspases activities. Two-way ANOVA with Dunnett’s multiple comparison test was used in (a-d) to
determine the statistical significance between combination treatment and individual treatment. (E)
KURAMOCHI cells were treated with vehicle control, indisulam, olaparib, the drug combination, or the
combination plus 10 uM Z-AVD-FMK for 48 hours before flow cytometry analysis. Representative data
from at least three biological repeats were shown, and the same gating was used across repeats.
Proportions of early and late apoptotic cells were quantified (error bar = SD). Ordinary one-way
ANOVA and Tukey’s multiple comparisons test were used for statistical analysis in (e). ns = not
significant, *p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001.
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The impact of indisulam and olaparib combination therapy on colony growth was investigated
using the two-dimensional colony growth assay. A pilot experiment showed that colonies of
KURAMOCHI, COV504 and OVISE were hard to quantify due to fuzzy outline and frequent
merging of colonies (Figure 3.5A). On the other hand, OVSAHO colonies were easy to count
because they were compact and discrete from each other. Subsequent optimisation
identified 3000 cells per well in 6-well plates was the optimal seeding density for OVSAHO
colony growth assay, and the image processing pipeline | established could count colonies
semi-automatically with high accuracy (r? = 0.9942) (Figure 3.5A-B). To assess the inhibitory
effect on OVSAHO colony growth, cells were allowed to grow for five days to form small
colonies, followed by a 48-hour or 72-hour pulse of indisulam and olaparib individually or in
combination (Figure 3.5C). Afterwards, the drugs were washed away and fresh media were
added. Colonies were incubated until 16 days post-seeding. The data showed that the drug
combination resulted in a significantly stronger suppressive effect on colony growth than
individual treatment (Figure 3.5D-E). The observation that washout of indisulam and olaparib
after 48- or 72-hour exposure did not lead to recovered colony growth till day 16 implies that
short-term exposure to indisulam and olaparib may be sufficient for the synergy to occur,

which is a desirable characteristic for future clinical translation.

Taken together, above findings provide strong evidence that adding indisulam to olaparib
treatment is a promising therapeutic approach in ovarian cancer, which can cause synergistic

growth inhibition and induction of cell apoptosis.
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Figure 3.5. Indisulam and olaparib synergistically inhibit OVSAHO colony growth.
(A) Representative images showing shapes of ovarian cancer cell colonies. Unlike other ovarian cancer

cell lines tested, the OVSAHO cells formed discrete colonies and were ideal for colony counting. (B) A
standard curve showing a linear correlation between OVSAHO cell seeding density and colony counts.
Colonies were counted semi-automatically as described in the Methods and Materials (Section 2.8).
(C) Diagrams showing the design of the colony growth assay used in (d-e). (D) Representative fields of
OVSAHO colonies (at day 16) after receiving 48-hour or 72-hour pulses of indisulam, olaparib, or
indisulam plus olaparib. The numbers below each image are mean + SEM from three biological repeats.
(E) Quantification of OVSAHO colonies after pulse treatment of indisulam, olaparib, or their
combination for 48 or 72 hours and incubating in fresh media until day 16 (n = 3, error bar = SEM).
The right y-axis indicates Cl values calculated by the Chou-Talalay method (open circles, error bar =
SD). Cl < 1 indicates synergism. Statistical differences between the combination therapy and the
monotherapies were calculated by two-way ANOVA and Dunnett’s multiple comparisons test (ns, not
significant; *p < 0.05; **p < 0.01; ****p < 0.0001).
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3.3.2. Indisulam synergises with multiple PARP inhibitors irrespective of BRCA-status

The strong synergy observed between indisulam and olaparib motivated me to investigate if
the same benefit could be achieved with other PARP inhibitors because they share similar
mechanisms of action. Besides olaparib, rucaparib and niraparib have also been approved to
treat ovarian cancer patients, and | tested their combination effect with indisulam. As
expected, the combination of indisulam with either rucaparib or niraparib showed consistent
trends of synergy in both KURAMOCHI and OVSAHO cells (Figure 3.6A-B), indicating that

indisulam synergises with multiple PARP inhibitors.

An increasing number of studies have found that PARP trapping is an important characteristic
of PARP inhibitors, and clinical PARP inhibitors have shown varying degrees of PARP trapping
potency [reviewed in (Murai and Pommier, 2019)]. To investigate if PARP trapping is an
important factor in the synergy, | examined the combined effect of indisulam with veliparib,
the weakest PARP trapper in clinical development (Hopkins et al., 2015, Murai et al., 2012).
In KURAMOCHI cells, indisulam and veliparib combination led to synergistic growth inhibition
and induction of cell apoptosis (Figure 3.6C), similar to what was observed when indisulam
was combined with olaparib (Figure 3.4A-D). These data suggest that strong PARP-trapping

ability is not essential for PARP inhibitors to act synergistically with indisulam.

It is interesting to notice that the synergy (between indisulam and olaparib or rucaparib) was
effective in COV318 and COV504 cells (Figure 3.7A-B) (Domcke et al., 2013). According to
Domcke et al. (2013), neither COV318 (likely HGSOC) nor COV504 (possibly HGSOC) harbour
BRCA1/2 mutations. In addition, COV318 has been validated as a HR-proficient cell line
(Tumiati et al., 2018). This led to a hypothesis that indisulam might be able to reduce or
overcome PARP inhibitor resistance caused by reversion mutations that restores BRCA1/2
expression, which accounts for most acquired PARP inhibitor resistance in the clinic
(Noordermeer and van Attikum, 2019). To investigate this hypothesis, PEO1 and PEO4 cells
were selected because PEO4 has almost the same genomic features as PEO1, except the
BRCA2-mutation in PEO1 was reverted to wild-type BRCAZ2 (Sakai et al., 2009). Similar levels
of synergistic growth inhibition were found in PEO1 and PEO4 cells treated with indisulam
and olaparib (Figure 3.7C). Meanwhile, PEO1 and PEO4 cells showed similar levels of cell

apoptosis in response to the combination of indisulam and olaparib (Figure 3.7D). However,
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the synergy was not strong enough to render PEO4 cells as sensitive as PEO1 cells to PARP
inhibitor treatment (Figure 3.7C). These findings suggest that although indisulam does not
fully overcome PARP inhibitor resistance caused by reversion mutations, it is able to improve

the performance of PARP inhibitors regardless of BRCA-status.

Overall, above findings demonstrate that indisulam synergises with PARP inhibitors in HGSOC

irrespective of genomic BRCA-status, and a wide range of ovarian cancer patients may benefit

from the combination therapy.

A KURAMOCHI (72H) KURAMOCHI (72H)
_120%— _120%
3) 3)
= 100% 3 = 100%4 =2 %
5 2 5 2
é 80% =1 % é 80% = é
.§ 60%— E .§ 60%—] , -§
° 40%- K] 2 40%- ° o ]
o £ o o o o g
S 20%- [3) 5 20%- o
© o © o T T T T T 0
IndisulamuM 0 1.25 25 5 10 20 IndisulampyMo 125 25 5 10 20
Rucaparib pM 0 5 10 20 40 80 Niraparib pM o 25 5 10 20 40
OVSAHO (72H) OVSAHO (72H)
B _120% _120%
3) 3)
= 100% =2 % = 100%4 =2 %
5 2 5 2
s 80%- o E s 80%- E
< ° -~ ]
£ 60%- = £ 60%- =
H 12 B 12
3 40%- s O 40% o ° £
) £ ) o o o £
= 20%- ° ° °© o S = 20%- S
o o
0% T T T T T 0 0% T T T T T 0
IndisulampupM 0 0375 075 1.5 3 6 IndisulampuM 0  0.375 0.75 1.5 3 6
RucaparibpM 0 125 25 5 10 20 NiraparibpM 0 1.563 3.125 6.25 125 25

=8- Indisulam

== PARP inhibitor

=t Combined

O Combination Index

C KURAMOCHI (48H) KURAMOCHI Caspase 3/7 activity at 48H

—~ 100% 9 -2.0 O 400%7 n=3

L » > Error bar = SEM

= ) L

S 15 3T S 300%1

(J - o

< 5 Y *kokokok

£ 50% 1.0 £ ) 200% 1

E £ c

o 2 e ¢ 2 = —

o tos  § 5 100% gy

3 ° oz

© % : : : 0.0 e o ' ' !
IndisulampM 0 0.75 1.5 3 IndisulampM 0 0.75 1.5 3

VeliparibpM 0 125 25 50 VeliparibpM 0 12.5 25 50
* *% *kk

Comb vs single

=e— Indisulam =+ Combined

— Combined == Indisulam

O Combination index
Figure 3.6. Indisulam synergises with multiple PARP inhibitors in HGSOC cells.
(A-B) The proliferation of ovarian cancer cells after 72-hour treatment of indisulam and PARP inhibitor
(rucaparib or niraparib) individually or in combination (n = 1). Cl values (right y-axis) were calculated
by the Chou-Talalay method. (C) Cell growth and apoptosis (by caspase 3/7 activation, normalised to

the cell growth) measurements of KURAMOCHI cells treated with indisulam, veliparib, or their
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combination for 48 hours (n = 3, error bar = SEM). Error bars of Cl values = SD. Statistical significance
between combination therapy and monotherapies was calculated by two-way ANOVA and Dunnett’s
multiple comparisons test (ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 3.7. Indisulam synergises with PARP inhibitors irrespective of BRCA2 status.

(A-B) The proliferation of BRCA-proficient COV318 and COV504 cells after 72-hour treatment of
indisulam and PARP inhibitor (olaparib or rucaparib) individually or in combination (n = 1). Cl values
were calculated by the Chou-Talalay method. (C) SRB assay showing cell growth of PEO1 and PEO4
cells in response to 72-hour treatment of indisulam and olaparib either alone or in combination (n =
3, error bar = SEM). Cl values were shown as open circles to the right y-axis (error bar = SD). Data were
collected with the help of the master student Madelen Shepherd under my supervision. (D) Caspase
3/7 activation assay showing cell apoptosis in PEO1 and PEO4 cells after 48-hour treatment of
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indisulam and olaparib individually or in combination. Statistical differences between individual drugs
and the combination treatment were calculated by two-way ANOVA and Dunnett’s multiple
comparisons test (**p < 0.01, ***p <0.001, **** p < 0.0001).

3.3.3. DCAF15 is necessary for the synergy between indisulam and PARP inhibitors

It is well-established that indisulam degrades RBM39 and causes splicing errors in a DCAF15-
dependent manner (Han et al., 2017b, Nijhuis et al., 2022, Singh et al., 2021, Ting et al., 2019,
Uehara et al., 2017, Wang et al., 2019). However, data from cell-free systems suggests that
indisulam may act independently of DCAF15 by directly inhibiting carbonic anhydrases
(Abbate et al., 2004, Del Prete et al., 2020, Oda et al., 2003). Our recent publication also
documented some DCAF15-independent metabolic changes in indisulam-treated

neuroblastoma IMR-32 cells (Nijhuis et al., 2022).

To investigate if indisulam enhances PARP inhibitor response in a DCAF15-dependent manner,
| used the DCAF15-knockout PEO1 clones previously generated in our laboratory through
CRISPR-Cas9 editing. DCAF15 knockout was ascertained by DNA sequencing (deletions in
DCAF15), rescued RBM39 degradation and downstream splicing errors (unpublished data
from Dr Anke Nijhuis, Appendix Figure 2). Due to a lack of DCAF15-specific antibodies,
knockout efficiency at protein levels has not been confirmed. In the future, DCAF15 knockout
specificity in these clones will be verified by restoring DCAF15 expression in knockout clones,
and the knockout efficiency will be estimated by measuring DCAF15 mRNA expression using
gPCR or quantifying DCAF15 peptide expression using targeted protein mass-spectrometry.
As expected, the combination treatment of indisulam plus olaparib synergistically inhibited
proliferation of the control clone without DCAF15 editing (PEO1-DCAF15"") (Figure 3.8A). On
the other hand, the PEO1-DCAF15*° clone showed strong resistance to indisulam treatment,
and the addition of indisulam to olaparib was not more anti-proliferative than olaparib
monotherapy (Figure 3.8A), suggesting that loss of DCAF15 abrogates the synergy between

indisulam and olaparib.

E7820 is another RBM39-targeting anti-cancer aryl sulphonamides. There has been no
evidence suggesting that E7820 inhibits carbonic anhydrase like indisulam, and we did not
observe any DCAF15-independent metabolic effect in E7820-treated neuroblastoma cells
(Nijhuis et al., 2022). | found that E7820 and olaparib combination led to synergistic growth
inhibition and induction of cell apoptosis in KURAMOCHI and OVSAHO cells (Figure 3.8B-C),
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which recapitulates what was observed between indisulam and olaparib (Figure 3.4A-D).
Therefore, carbonic anhydrase inhibition or other DCAF15-independent metabolic changes

are unlikely to be involved in the synergy in HGSOC.

Taken together, above findings demonstrate that the synergy between indisulam (or E7820)
and PARP inhibitors are downstream of DCAF15-mediated RBM39 degradation and

presumably mis-splicing events.
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Figure 3.8. DCAF15 is necessary for the synergy between RBM39 degraders and PARP inhibitors.
(A) A CRISPR-edited DCAF15-knockout PEO1 clone (PEO1-DCAF15%°) were previously generated in-
house by Dr Anke Nijhuis, along with a control clone without DCAF15 editing (PEO1-DCAF15"YT). Cells
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were treated with indicated doses of indisulam and olaparib either individually or in combination for
72 hours before cell growth measurement via the SRB assay (n = 3, error bar = SEM). (B-C) Cell growth
(SRB assay, left panels) and apoptosis (caspase 3/7 assay, right panels) measurements of KURAMOCHI
(b) and OVSAHO cells (c) in response to E7820 and olaparib treatment as monotherapies or in
combination (n = 3, error bar = SEM). Cl values were calculated by the Chou-Talalay method and shown
as open circles to the right y-axis (error bar = SD). Two-way ANOVA followed by Dunnett’s multiple
comparisons test was performed to determine the statistical significance between combination
therapy and individual drugs (ns, not significant; *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).
Data were collected with help from master students Madelen Shepherd (a) and Yurui Ma (b-c) under
my supervision.

3.4. A large-scale drug combination screen reveals novel synergy between
indisulam and FDA-approved anti-cancer drugs

The strong synergy between indisulam and cisplatin or PARP inhibitor motivated me to
investigate if indisulam renders cells susceptible to other DNA damaging agents. To
systematically evaluate this hypothesis, | carried out a drug combination screen combining
indisulam with a panel of FDA-approved genotoxic agents, including 22 alkylating agents, 18
nucleotide synthesis inhibitors or nucleotide analogous, nine topoisomerase inhibitors, four
PARP inhibitors (olaparib, niraparib, rucaparib, and talazoparib), and one DNA
methyltransferase inhibitor (Figure 3.9A). | also included six taxanes/microtubule inhibitors
(Figure 3.9A), because they are often administrated together with platinum agents in ovarian
cancer (ESMO, 2017). The cell line KURAMOCHI was selected for this screen due to its high

similarity to human HGSOC tumours (Domcke et al., 2013).

In brief, DNA damaging agents were serial diluted (ranging from 8 nM to 20 uM, seven doses)
and combined with either vehicle control or 10 uM indisulam — a dose that causes
approximately 20% growth inhibition in KURAMOCHI cells (Figure 3.9B). The Bliss
independence was used as a readout for the synergy (or antagonism) between the FDA-
approved drugs and indisulam. The Chou-Talalay method was not used because a full dose-
response curve of indisulam was not included in the screen and therefore the data did not
meet the requirement for the Chou-Talalay method. In addition, one dose pair is sufficient
for the Bliss independence analysis. The Bliss scores were calculated as the difference
between the observed growth inhibitory effect and the expected effect (Figure 3.9B). Bliss
scores > 0 indicate synergism and Bliss scores < 0 indicate antagonism. Drugs showed Bliss

score > 0.05 in at least two (out of seven) dose-pairs with indisulam were defined as likely

88



Chapter 3

synergistic with indisulam, and drugs showed Bliss score <— 0.05 in at least five dose-pairs

with indisulam were defined as likely antagonistic with indisulam (Figure 3.9B).

As shown in Figure 3.10, 27% (15 out of 54) of FDA-approved genotoxic agents were likely
synergistic with indisulam, including six alkylating agents (such as temozolomide, carboplatin,
and oxaliplatin), two topoisomerase inhibitors (irinotecan and dexrazoxane), four DNA/RNA
synthesis inhibitors (such as hydroxyurea), one PARP inhibitor (olaparib), and one DNA
methyltransferase inhibitor (azacytidine). Although the Fisher’s exact test did not find any
significant trend of enrichment, this screen successfully identified olaparib as likely synergistic
with indisulam, in accordance with earlier findings (Section 3.3). The synergy between
indisulam and carboplatin or oxaliplatin were also expected because they are derivatives of
cisplatin [reviewed in (Dasari and Tchounwou, 2014)]. One previous study also reports that
indisulam synergises with the topoisomerase inhibitor irinotecan (Ozawa et al., 2012). In
addition, Teixeira et al. (2021) have shown that indisulam synergises with temozolomide in
glioblastoma in vitro and in vivo. Other synergistic interactions are novel and worth validating

in future studies.

It is worth noting that cisplatin has shown strong synergy with indisulam in previous
experiments (Figure 3.3), but in this drug combination screen, it only showed weak Bliss
synergism with indisulam at few doses and did not meet the criteria for “likely synergistic”.
This suggests that the combination doses used in this drug combination screen may not be
optimal for cisplatin to synergise with indisulam. Therefore, it is possible that those drugs

with similar ranks as cisplatin might also synergise with indisulam if more doses were tested.

On the other end of the spectrum, the screen identified a subset of drugs that are likely
antagonistic with indisulam (Figure 3.10). These drugs are significantly enriched for
taxanes/microtubule inhibitors such as paclitaxel (Fisher’s exact test, p-value < 0.001). In light
of this new observation, it is reasonable to argue that indisulam should not be added to the
chemotherapy for ovarian cancer patients because the benefit of synergy with platinum
agents may be diminished by the antagonism with taxanes. Several topoisomerase inhibitors
(such as doxorubicin) and DNA/RNA synthesis inhibitors were also likely antagonistic with

indisulam, but they were not significantly enriched (Fisher’s exact test, p >> 0.05). Future
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analysis is needed to validate these antagonism interactions and decipher the underlying

mechanisms.

Overall, indisulam showed trends of synergy with some but not all DNA damaging agents,
suggesting that loss of RBM39 renders HGSOC cells susceptible to specific types of genotoxic
stress. Although this drug combination screen was performed with limited technical replicates,

it revealed several intriguing drug-drug interactions for further validation.

A B Drugs of interest
Seven doses (8 nM — 20 uM)

Combination
\ 4

Drugs of interest n 0.1% [;MSO :
. (o)

Indisulam (10 uM)
Alkylating agent 22 \l/ \L

DNA/RNA synthesis inhibitor 18

SRB cell growth assay (n = 1)

Taxane/microtubule inhibitor 6
Topoisomerase inhibitor 9
PARP inhibitor 4 Bliss score = observed effect -

expected additive effect

DNA methyltransferase

o 1
inhibitor
At least two dose-pairs At least five dose-pairs had
had Bliss scores = 0.05 Bliss scores < -0.05
A\ 4 \ 4
Likely synergistic with Likely antagonistic with
indisulam (n = 15) indisulam (n = 16)

Figure 3.9. Overview of the screen combining indisulam with a panel of FDA-approved drugs.

(A) Indisulam was combined (pairwise) with 54 FDA-approved genotoxic agents from five major
classes, and six microtubule inhibitors. (B) The drugs in (a) were serial diluted (8 nm to 20 uM, seven
doses) and combined with either vehicle control (0.1% DMSO) or 10 uM indisulam. The growth
inhibitory effect of individual drugs and the combinations were tested in KURAMOCHI cells using a 72-
hour SRB cell proliferation assay (n = 1 with one technical replicate). The Bliss scores were calculated
as the difference between the observed growth inhibition and the expected additive growth
inhibition. Each drug has seven Bliss scores because each was combined with indisulam (10 uM) at
seven different concentrations (dose-pairs). Drugs were categorised as “likely synergistic” or “likely
antagonistic” with indisulam based on the indicated criteria.
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Figure 3.10. Drug combination screen between indisulam and a panel of FDA-approved drugs.
Heatmap showing bliss scores of the previously described drug combinations screen (Figure 3.9),
where KURAMOCHI cells were treated with indicated doses of drugs with or without 10 uM indisulam.
Drugs were ranked based on the number of dose-pairs (with indisulam) showing Bliss scores > 0.05
and average bliss scores. The criteria for defining drugs that are likely synergistic or likely antagonistic
with indisulam are shown in Figure 3.9B.
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3.5. Discussion

HGSOC is a refractory disease with limited therapeutic options and is a leading cause of death
in women (Stewart et al., 2019, Torre et al., 2018, ESMO, 2017). PARP inhibitors including
olaparib, niraparib, and rucaparib have demonstrated substantial clinical benefits, especially
in patients with HRD tumours due to the synthetic lethality between PARP inhibition and HR
deficiency (Bryant et al., 2005, Wethington et al., 2021, Yang et al., 2020, Wang et al., 2021a,
Lin et al., 2021, Farmer et al., 2005). PARP inhibitor therapy usually lasts for years and this
long-term administration has increased the chance of acquired PARP inhibitor resistance.
Reversion mutations that restore HR proficiency were the most common form of resistance
mechanism in clinical settings, and several other mechanisms have also been documented in
preclinical studies [reviewed in (Noordermeer and van Attikum, 2019)]. It remains a challenge

to improve PARP inhibitor efficacy and reduce drug resistance.

Targeting splicing factors such as SF3B1 and U2AF65 has been shown to increase cancer cell
response to PARP inhibitors (Lappin et al., 2022, Savage et al., 2014). In this chapter, | show
that RBM39 is another splicing factor which can be targeted to increase cancer cell response
to PARP inhibitors. The combination of indisulam-mediated RBM39 degradation and olaparib
causes synergistic growth inhibition and induction of apoptosis in HGSOC cell lines. The
synergy has been observed in multiple HGSOC cell lines including BRCA-mutated (PEO1),
BRCA-reversion (PEO4), and BRCA-wild-type (COV318 and COV504) cell lines. The synergy was
also effective in KURAMOCHI and OVSAHO cells, two BRCA2-deficient cell lines with intrinsic
PARP inhibitor resistance through unknown mechanisms (Pillay et al., 2019, Kim et al., 2020,
Ingham et al., 2013). | also found that indisulam synergised with the weak PARP trapper
(veliparib) as well as strong PARP trappers (olaparib, rucaparib and niraparib) , suggesting that
catalytic inhibition of PARP may play a major role in the synergy. Collectively, these data
suggest that the combination therapy of RBM39 degraders and PARP inhibitors may have a
broad therapeutic application. It may benefit many ovarian cancer patients irrespective of
their BRCA-status and which PARP inhibitor they are taking. However, HRD and DCAF15-
amplified patients may have a wider therapeutic window as lower doses of RBM39 degraders

and PARP inhibitors would be needed to achieve the synergy.
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Another important finding is that the synergy between indisulam and PARP inhibitors occurs
in a DCAF15-dependent manner, despite some indications that indisulam may act
independently from DCAF15-mediated RBM39 degradation (Abbate et al., 2004, Del Prete et
al., 2020, Nijhuis et al., 2022). Knock out of DCAF15 not only conferred strong indisulam
resistance in PEO1 cells, but also abrogated the combination benefit of indisulam and olaparib.
In addition, E7820 recapitulated the effect of indisulam in the synergy with olaparib, further
indicating that the synergy is downstream of DCAF15-mediated RBM39 degradation. This is
consistent with results from another in-house drug combination screen, where indisulam
showed DCAF15-dependent synergy with a panel of chemotherapy drugs in the HCT116
colorectal cancer cells. However, whether DCAF15 abundance in cancer cells could influence

the synergy efficacy remain to be investigated in the future.

The synergy between RBM39 degraders and PARP inhibitors is compatible with the
hypothesis that loss of RBM39 causes splicing errors in DNA damage repair genes, thereby
attenuating DNA damage response. The systematic analysis (Section 3.1.1) of alternative
splicing events in neuroblastoma (Nijhuis et al., 2022, Singh et al., 2021), melanoma (Lu et al.,
2021b), acute myeloid leukaemia (Wang et al., 2019), and breast cancer (Mai et al., 2016a)
showed that the common splicing changes upon RBM39 depletion is not random. There is a
significant enrichment for G2/M DNA damage checkpoint and DSB repair pathways. | have
validated RBM39-dependent splicing of several key DNA repair genes. In HGSOC cells,
indisulam treatment caused deleterious exon skipping events affecting multiple DSB repair
pathways, including DNA damage recognition (ATM), HR repair (BRCA1 and RAD51D), and
NHEJ repair (TP53BP1 and RIF1). This finding suggests a consistent role of RBM39 in
modulating alternative splicing of DNA repair genes across various cancer backgrounds. Given
that multiple components of DSB repair pathways are affected simultaneously, RBM39
depletion is likely to disrupt both HR- and NHEJ-mediated DSB repair, leading to increased
susceptibility to additional genotoxic stress. This could explain the trends of synergy between
indisulam and many DNA damaging agents tested, and the combination benefit of indisulam

and PARP inhibitors in cell lines with or without functional BRCA1/2.

Interestingly, several antagonistic interactions were also noticed in the drug combination
screen. In the screen, indisulam showed a consistent trend of antagonism with anthracycline-

based topoisomerase Il inhibitors such as doxorubicin. Nevertheless, not all topoisomerase
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inhibitors were antagonistic with indisulam. For example, irinotecan and dexrazoxane showed
strong trends of synergism with indisulam. Since doxorubicin and other anthracyclines have
alternative mechanisms of action apart from topoisomerase inhibition [reviewed in (Nitiss,
2009)], it is possible that the antagonism with indisulam may be a result of topoisomerase-

independent effects.

Another interesting antagonism is between indisulam and taxanes, which discourages the
combination of indisulam with this chemotherapy in ovarian cancer. One possible explanation
is that taxanes cause cell cycle arrest at mitosis (reviewed in(Skubnik et al., 2021)), during
which gene expression and pre-mRNA splicing are silenced (Palozola et al., 2017), thereby
negating the effect of indisulam on alternative splicing and leading to antagonism. In addition,
indisulam can arrest cells at the G1/S phase (Yokoi et al., 2002, Fukuoka et al., 2001, Owa et
al., 1999) and decrease the number of cells reaching mitosis, thereby attenuating the effect

of taxanes.

These antagonistic interactions are as informative as the synergistic interactions identified
between indisulam and clinical drugs. Collectively, they provide valuable insights into RBM39

biology and highlight combination strategies worth investigating.

It is worth noting that 30 uM olaparib was used in some functional assays, which is more than
sufficient to inhibit PARylation and might have induced non-specific interactions with other
targets such as TNKS1/2 (Table 1.2). Although this dose is clinically relevant and achievable in
patient plasma (Yamamoto et al., 2012, Roth et al., 2014, Pilla Reddy et al., 2018), it may cause
off-target interactions and lead to unintended functional consequences. For example, TNKS-
dependent cell mitosis might be inhibited and thus the observed anti-proliferative effect was
not solely caused by PARP1/2 inhibition (Wu et al., 2022). Current evidence cannot rule out
the involvement of TNKS1/2 inhibition in the synergy between olaparib and indisulam. Future
research would be necessary to assess if 30 uM olaparib causes strong TNKS inhibition in
HGSOC cells. If so, it would be important to examine if TNKS inhibitors synergise with
indisulam in the same way as PARP inhibitors, and whether knocking down TNKS1 and TNKS2

protects cells from the synergy.
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To sum up, findings from this chapter revealed an important and hitherto unreported role of
RBM39 in modulating DNA damage response, and that RBM39 degrader renders cells more
susceptible to DNA damaging agents. In particular, the combination of indisulam and PARP
inhibitors showed promising synergy in HGSOC cells irrespective of genomic BRCA-status. This
suggests that combining indisulam with PARP inhibitor therapy may benefit a wide range of
ovarian cancer patients. However, the exact events leading to the synergy are still unclear

and will be investigated further in Chapter 5.
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Chapter 4. Evaluating the combined effect of indisulam and olaparib

in the ID8 murine model of HGSOC

4.1. Validating the synergy of indisulam and olaparib in ID8 models in vitro

The promising therapeutic potential of indisulam in improving olaparib response in HGSOC
cell lines motivated me to investigate the synergistic interaction in animal models of HGSOC.
| decided to use the syngeneic ID8 model, established in 2000 from ovarian surface epithelial
cells of a C57BL/6 mouse (Roby et al., 2000). In 2016, the research team led by Professor lain
McNeish improved ID8 models by introducing the Trp53 deletion (ID8-Trp5377) to
recapitulate the universal loss of p53 in human HGSOC tumours (Walton et al., 2016).
Additional ID8 clones were generated with CRISPR/Cas9-mediated knockout of additional
genes, such as Brca2 (ID8-Trp537~;Brca2™~), producing a series of isogenic murine models for
HGSOC research (Walton et al.,, 2017, Walton et al.,, 2016). One major advantage of ID8-
derived syngeneic models over xenograft is the use of immunocompetent mice, which offers
a physiologically relevant tumour microenvironment. In addition, mice bearing ID8 tumours
usually develop bloody peritoneal ascites and exhibit preferential metastasis to the omentum,
recapitulating the process of peritoneal metastasis observed in many ovarian cancer patients
(Figure 4.1) (Walton et al., 2016, Ford et al., 2020). Therefore, the ID8 model was selected to

study the efficacy of indisulam and olaparib combination therapy in vivo.

Prior to in vivo investigation, the effect of indisulam and olaparib in vitro was assessed in the
laboratory using two ID8 clones: ID8-Trp537~ and ID8-Trp537~;Brca2™~. Since RBM39 is highly
conserved between human and mouse, | expected that indisulam treatment would affect ID8
cells in the same way as human HGSOC cell lines. Indeed, western blot analysis demonstrated
that indisulam treatment induced a dose-dependent degradation of Rbm39 in ID8 cells
(Figure 4.2A). Cell proliferation analysis showed that the ID8-Trp537;Brca2” clone (IC50 =
0.62 uM, 95% confidence interval = 0.46 — 0.83 uM) was over ten times more sensitive to
olaparib than the ID8-Trp537~ clone (IC50 = 8.8 pM, 95% confidence interval = 6.62 — 11.75
uUM) (Figure 4.2B), which is consistent with their HR status demonstrated in the original
publication (Walton et al., 2016). On the other hand, both ID8 clones showed similar

sensitivity to indisulam and E7820 (Figure 4.2C). The combination of either indisulam or E7820
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with olaparib led to synergistic growth inhibition in both ID8 clones, regardless of their Brca2
status (Figure 4.2D-E). This is consistent with previous observations with human HGSOC cell
lines, supporting previous conclusion that pharmacological depletion of RBM39 improves

PARP inhibitor response irrespective of BRCA status.

In summary, these findings indicate that indisulam synergises with olaparib in ID8 cells in the
same way as in human HGSOC cell lines. Furthermore, the HR-proficient ID8-Trp537~ clone is
a useful model for HR-proficient tumours, which are less responsive to PARP inhibitors than

HR-deficient tumours.

Omentum

CS57BL/6) mice
(immunocompetent)

Omentum

Bloody ascites

C Spheroids &
free floating cells

Figure 4.1. ID8 model recapitulates peritoneal metastasis in human HGSOC.

(A) Diagram showing the peritoneal metastasis of HGSOC in patients. Current studies suggest that
most HGSOC originates from the fallopian tube as a premalignant lesion (STIC, serous tubal
intraepithelial carcinoma) before disseminating to the ovary. As HGSOC tumour burden increases, the
primary tumour may shed floating cancer cells or spheroids, leading to peritoneal metastasis to the
omentum and later to other organs. In addition, patients may develop ascites when tumour deposits
block the abdominal lymphatic drainage system and increase leakage from blood vessels. This diagram
is taken from Lusk et al. (2021) with permission. (B) Diagram showing the ID8 murine HGSOC model.
ID8 cells are commonly injected intraperitoneally into the peritoneal cavity. Similar to disease
progression in patients, omentum is the preferential site for ID8 metastasis, and the tumour-bearing
mice eventually develop ascites.
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Figure 4.2. Indisulam and E7820 synergise with olaparib in ID8 cells.

(A) ID8-Trp537~ and ID8-Trp5377;Brca2” cells were treated with indicated doses of indisulam for 6
hours before western blot analysis (n = 1). (B-C) Cell growth of ID8 cells after 72-hour treatment of
olaparib, indisulam or E7820. Data were collected from at least two independent experiments, and
the error bar = SEM (n=3 for ID8-Trp537"). (D) Cell growth of 1D8 cells following 72-hour treatment of
indisulam and olaparib as monotherapies or in combination (n = 3, error bar = SEM). Cl values were
calculated by the Chou-Talalay method and shown as open circles to the right y-axis (n = 3, error bar
= SD). Statistical difference between combination therapy and monotherapies was determined by the
two-way ANOVA and Dunnett’s multiple comparisons test (ns, not significant; *p < 0.05; ** p < 0.01;
***p < 0.001). (E) ID8 cells were treated with E7820 and olaparib individually or in combination for 72
hours and cell growth was measured (n = 2, error bar = SEM). Cl index values were shown to the right
y-axis (n = 2, error bar = SD). Cell growth in (a-e) was measured by the SRB assay.
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4.2. Investigating the tolerability of indisulam and olaparib in vivo

4.2.1. Optimising drug formulations for in vivo administration

Many small molecular drugs have low solubility in water. Thus, emulsifiers, surfactants, or
hydrophilic co-solvents are often included in the formulation to increase drug solubility.
Indisulam is commonly administrated intravenously (I.V.) in saline (0.9% NaCl) containing 3.5%
DMSO and 6.5% Tween-80 (Ozawa et al.,, 2001, Han et al., 2017b, Nijhuis et al., 2022).
Although orally (in tablets) available for patients, olaparib is frequently administrated in mice
via intraperitoneal (I.P.) injection and several formulations have been used, including 4%
DMSO plus 30% polyethylene glycols 300 (PEG300) (Wang et al., 2020), 10% 2-hydroxypropyl-
B-cyclodextrin (HBC) (Yi et al., 2019, Bajrami et al., 2014, Ding et al., 2018), or 10-20% captisol
(Karakashev et al., 2017, Karakashev et al., 2020).

In this study, | decided to use the same formulation for indisulam and olaparib, which allows
simultaneous administration of both drugs and reduces animal suffering. Since olaparib is
compatible with various vehicles, | hypothesised that it could be prepared in the same
formulation as indisulam (3.5% DMSO and 6.5% Tween-80 in saline). Surprisingly, neither
indisulam nor olaparib was able to dissolve completely in this formulation, but repeated
sonication was able to reduce particle size and generate drug suspensions. Under the
microscope, undissolved particles of indisulam and olaparib looked no larger than average
mammalian cells (Figure 4.3) (Hoogduijn et al., 2013). Although such drug suspensions are not
suitable for I.V. delivery, they can be used for I.P. injections (Di and Kerns, 2016). HBC was
also tested as an alternative co-solvent. However, up to 20% of HBC was not sufficient to
dissolve powders of indisulam and olaparib even after repeated sonication and overnight
agitation. As a result, indisulam and olaparib were prepared in 3.5% DMSO plus 6.5% Tween-

80 in saline for I.P. injection.
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Olaparib Indisulam

Figure 4.3. Suspensions of olaparib and indisulam under a microscope.

Olaparib (left, 12.5 mg/mL) and indisulam (right, 6.25 mg/mL) were dissolved in saline containing 3.5%
DMSO and 6.5% Tween-80 as described in the Materials and Method. Representative images of
undissolved particles of olaparib and indisulam are shown here. Haemocytometer was used to
estimate particle diameters. Scale bar = 50 um. Olaparib particles were needle-shaped crystals and
occasionally formed dense ‘clouds’ due to high concentration. Indisulam particles had irregular shapes
and appeared larger than particles of olaparib. Both types of particles were no larger than the size of
a typical mouse stem cell (average diameters are around 28 um) (Hoogduijn et al., 2013).

4.2.2. The combination of indisulam and olaparib shows signs of tumour suppressive effect
in ID8-Trp53~/~ tumours in vivo

The first in vivo study was designed to examine the tolerability of indisulam and olaparib
combination therapy in mice. In brief, ID8-Trp537 cells were injected into the peritoneal
cavity of female C57BI/6J mice and allowed to form tumours for 35 days (Figure 4.4A). Then,
mice were randomised into six groups (n = 3) and received vehicle control or increasing doses
of the combination therapy (indisulam + olaparib) daily for up to seven days. Each group
included three mice, except one group (n = 2, one mouse dropped out of the study before
drug injection). Significant loss of body weight (> 10%) and signs of suffering were used as

primary indicators for animal health.

Up to 25 mg/kg/day indisulam (Ozawa et al., 2001, Han et al., 2017b, Nijhuis et al., 2022,
Wang et al., 2019) or 50 mg/kg/day olaparib (Karakashev et al., 2020, Wang et al., 2020) have
been used in mice with no reports of toxicities. Therefore, in this pilot study, indisulam was
combined with olaparib at a constant ratio of 1:2. The highest administrated dose

combination was 25 mg/kg/day indisulam plus 50 mg/kg/day olaparib, and the lowest
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combination dose was 1.56 mg/kg/day indisulam plus 3.13 mg/kg/day olaparib. Twenty-four
hours after the final dosing, all mice were sacrificed and omental tumours were collected as

a marker for overall tumour burden.

No significant weight loss or signs of distress were observed in mice receiving up to 12.5
mg/kg/day indisulam plus 25 mg/kg/day olaparib (Figure 4.4B), suggesting that the
combination therapy is well tolerated at these doses. On the other hand, 100% of mice (n =
2) experienced diarrhoea and substantial weight loss after five injections of the combination
therapy at the highest dose (25 mg/kg/day indisulam and 50 mg/kg/day olaparib), and the
drug treatment was thus discontinued (Figure 4.4B). Due to a lack of control arms with
monotherapies, it was not possible to determine whether the adverse events were driven by

one of the drugs or potentially additive toxicity between indisulam and olaparib.

None of the mice formed visible ascites during the study, but they all had tumour deposits in
the omentum. Interestingly, in the two mice that showed adverse events to 25 mg/kg/day
indisulam plus 50 mg/kg/day olaparib, a trend of reduction in omental tumour weight was
observed, implying a partial response to the combination therapy (Figure 4.4C). No omental
tumour weight reduction was observed at other doses (Figure 4.4C). Nonetheless, western
blot analysis using omental tumour proteins revealed that as low as 6.25 mg/kg/day indisulam
was able to induce RBM39 degradation in tumours, confirming successful target engagement

of indisulam (Figure 4.4D).

Overall, this pilot study suggests that indisulam at a dose higher than 6.25 mg/kg/day induces
RBM39 degradation in ID8 tumours, and its combination with olaparib has the potential to
inhibit tumour growth, but with a risk of adverse events when 25 mg/kg/day indisulam was

combined with 50 mg/kg/day olaparib.
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Figure 4.4. The combination of indisulam and olaparib shows signs of anti-tumour effect in the HR-
proficient ID8 model.

(A) Timeline of the pilot study showing that the ID8-Trp537" cells were injected intraperitoneally (I.P.)
into C57BL/6J mice and allowed to grow for 35 days before treating with indisulam and olaparib in
combination daily for seven days. (B) Relative body weight changes of mice during drug
administration. Two mice receiving the highest doses of the combination therapy experienced
diarrhoea and weight loss, leading to treatment discontinuation after five days (highlighted by red
circles). (C) Omental tumours were harvested at the end of the study and used as an indicator for
overall tumour burden in mice. Error bar = SD. (D) Total protein from omental tumour samples was
extracted, and Rbm39 levels were measured through western blot. B-actin was used as a loading
control. The bottom chart shows the densitometry analysis of Rbm39 band intensities after
normalisation to B-actin. The one-way ANOVA and Dunnett’s multiple comparisons test were used to
calculate statistical differences among groups.
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4.2.3. Indisulam and olaparib combination perhaps inhibit growth of subcutaneous ID8
tumours.

A follow-up study was conducted to optimise the dosing schedules of indisulam and olaparib
in mice. Due to ethical concerns, FDA-approved clinical doses of olaparib cannot be changed
in unapproved combination strategies (such as with indisulam). Therefore, one reasonable
approach to reduce adverse effects from combination therapy is to lower the dose of
preclinical drugs such as indisulam. To this end, mice bearing ID8-Trp537~ tumours were
randomised into seven groups and received the following treatment: vehicle control, olaparib
(50 mg/kg/day), indisulam (20 mg/kg/day), or combinations of 50 mg/kg/day olaparib and
indisulam (at doses of 8.4, 11.3, 15, or 20 mg/kg/day). The daily drug treatment started on
day 28 after the tumour injection, and the duration increased from 7 days to 13 days (Figure
4.5A), because | hypothesised that lower doses of indisulam may need a longer exposure to
achieve the same efficacy (as the 25 mg/kg/day indisulam). At the same time, four additional
mice were injected with ID8-Trp537~;Brca2”~ cells and treated with either vehicle control or
50 mg/kg/day olaparib for 13 days (Figure 4.5A). These two groups of Brca2-deficient mice
were included as a positive control to examine whether the combination therapy could
improve olaparib response in HR-proficient ID8-Trp537~ tumours to a similar level as that of
HR-deficient ID8 tumours (ID8-Trp537;Brca2”"). All mice were sacrificed at day 42, and

omental tumours were harvested as a primary indicator for tumour burden (Figure 4.5A).

In mice bearing ID8-Trp537~;Brca2™~ tumours, 50 mg/kg/day olaparib was well tolerated with
no signs of toxicity (Figure 4.5B). Surprisingly, olaparib treatment did not reduce the omental
tumour burden compared to the vehicle control (Figure 4.5C). This finding was unexpected
because HR-deficient tumours are theoretically sensitive to olaparib treatment. Possible
causes include small sample sizes (n = 2) and natural variation in omental tumour sizes.
Another probable explanation is that, based on the historical data provided by Dr Sarah Spear
and Dr Carmen Aguirre Hernandez (personal communication, 5 July 2021) (Figure 4.5D), the
omental tumour may have passed the exponential growth phase by the start of olaparib
administration (day 28), and therefore the suppressive effect of olaparib on tumour

proliferation was not obvious.

Apart from the omental tumour, | found that the subcutaneous (s.c.) tumour deposits could

be used as an alternative marker for disease progression. In ID8 mice with ascites, I.P.
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injection sometimes causes small leakage of malignant ascites, and tumour cells may be
trapped under the skin, leading to the formation of s.c. tumour deposits. Therefore, |
reasoned that they could reflect the tumorigenic potential of ascitic ID8 cells. These s.c.
tumour deposits could be found on both sides of the abdomen of mice as I.P. injection sites
alternated between the left and right sides of the abdomen (Figure 4.5E). They were usually
small and only noticeable via palpation, so | designed a scoring system to estimate the overall
s.c. tumour burden semi-quantitatively (Figure 4.5F). The data showed that in comparison
with vehicle control, olaparib treatment reduced the development of s.c. tumour deposits in
ID8-Trp537~;Brca2”~ mice, implying possible tumour suppressive effect of olaparib in vivo

(Figure 4.5G).

For mice implanted with ID8-Trp537cells, olaparib-treatment alone (50 mg/kg/day) did not
cause any adverse events, and up to 15 mg/kg/day indisulam plus olaparib was well tolerated
(Figure 4.6A-B). However, indisulam monotherapy at 20 mg/kg/day caused substantial weight
loss in mice (2/2) after six days and reached the humane endpoint soon after (Figure 4.6B).
Adverse events were also observed in two out of three mice treated with the combination of
indisulam (20 mg/kg/day) and olaparib (50 mg/kg/day) after eight days of drug injections
(Figure 4.6B). These findings indicate that there is little to no additive toxicity between
indisulam and olaparib, and indisulam is predominantly responsible for toxicities observed in

drug combinations.

Omental tumour weight and s.c. tumour scores of ID8-Trp537~ mice were used as indicators
for anti-tumour activities. Omental tumour burden showed no significant differences across
treatment groups (Figure 4.6C). Interestingly, three mice had healthy-looking omentum
without visible tumours, including one mouse (out of two) received indisulam (20 mg/kg/day)
and two (out of three) mice received 11.3 mg/kg/day indisulam and 50 mg/kg/day olaparib
(Figure 4.6C). Due to the small sample size and a lack of a non-invasive method to check
tumour growth before drug treatment, it is unclear whether these three mice experienced
complete tumour regression or rejected the tumour implantation. On the other hand, the s.c.
tumour scores were lower in olaparib-treated mice than in vehicle-treated mice (Figure 4.6D),
suggesting a trend of growth inhibition. The addition of indisulam to olaparib further reduced
the s.c. scores in a dose-dependent manner, indicating possible additive or more than additive

effect on suppressing s.c. tumour development (Figure 4.6D).
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The differential effects of drug treatment on omental tumours and s.c. tumours support the
hypothesis olaparib and indisulam are more effective in inhibiting tumour growth than
shrinking tumour sizes. Drug treatment in this pilot study was commenced at day 28, when
substantial omental tumour burden exists, and this may be too advanced to achieve a
therapeutic effect (Figure 4.5D). Thus, an earlier start of drug treatment is likely to improve
the efficacy of the combination therapy, which also better models the clinical use of PARP
inhibitors as maintenance therapy (after completing chemotherapy and surgery) when the

disease burden is low.

Overall, the above findings suggest that when used at 15mg/kg/day, indisulam might improve
olaparib response without causing overt toxicity, and further investigation with a larger

sample size was warranted.
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Figure 4.5. Olaparib reduces subcutaneous tumour formation in the Brca2-deficient ID8 model.

(A) Timeline of the in vivo study. HR-deficient (ID8-Trp537~;Brca2”~) D8 cells were injected via I.P.
into C57BL/6 mice and allowed to form tumours for 28 days before daily drug administration for 13
days. Mice were sacrificed on day 42. (B-C) Relative changes of body weight (b) and omental tumour
weight (c) of mice bearing ID8-Trp537~;Brca2”~ tumours. Error bar = SD. (D) Historical data indicating
the changes of omental tissue weight (upper and lower limit) since the injection of ID8-Trp537 or ID8-
Trp5377;Brca2”~ cells. Data points were acquired from personal communication with Dr Sarah Spear
and Dr Carmen Aguirre Hernandez on 5 July 2021. (E) Schematic showing formation of subcutaneous
(s.c.) tumour deposits caused by repeated I.P. injections and leaking of malignant ascites. (F) The s.c.
tumours were scored semi-quantitatively, and diameters were estimated through palpation because
they were not measurable by callipers. (G) The s.c. tumours formed in mice implanted with the Brca2-
deficient ID8 tumours were scored one day before being sacrificed. Error bar = SD.
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Figure 4.6. Indisulam and olaparib reduces subcutaneous tumour development in the HR-proficient
ID8 model.

(A) Diagram showing the timeline of in vivo study with mice implanted with the HR-proficient (ID8-
Trp5377) ID8 cells, which was done in parallel with the study of Brca2-deficient ID8 tumours in Figure
4.5. The diagram is the same as Figure 4.5A. (B) After daily injection of indicated drugs for 13 days,
relative body weight changes of mice were recorded. One of the humane endpoints was more than
20% body weight loss. (C) Omental tumour weight changes in response to indicated drug treatment.
One-way ANOVA followed by Tukey’s multiple comparisons test did not find any significant changes
(ns, not significant). (D) S.c. ID8-Trp537~ tumours were scored (error bar = SD). One-way ANOVA
followed by Sidak’s multiple comparisons test was used to calculate the p-values between indicated
groups.

4.3. Indisulam improves survival benefits of olaparib in mice bearing HR-
proficient ID8 tumours

Pilot studies provided valuable information about drug tolerability and suggested dosing
schedules, allowing the design of survival analysis to assess the impact of indisulam and

olaparib on the overall survival of HR-proficient ID8-Trp537~ mice. Based on earlier findings, |
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speculated that indisulam at 15 mg/kg/day plus olaparib at 50 mg/kg/day was likely to inhibit
tumour growth with minimal risks of adverse events. The optimal period of drug
administration was between 21-35 days post-tumour inoculation, during which tumours are
still growing exponentially (Figure 4.5D). | chose this dosing scheme because it would mimic
the clinical use of PARP inhibitors as a maintenance therapy after surgical removal of tumour
bulk and chemotherapy. Therefore, ID8-Trp537~mice were planned to receive drugs daily for
13 days, starting from 21 days after tumour implantation. However, due to unexpected
toxicities, the duration of drug administration was reduced from 13 days to 11 days (Figure

4.7A-B).

In this study, 48 mice were injected with ID8-Trp537cells and tumours were allowed to grow
for 21 days (Figure 4.7A). Then, mice were randomised equally into four groups (n = 12 each)
and were treated with vehicle control, indisulam (15 mg/kg/day), olaparib (50 mg/kg/day), or
the combination of indisulam (15 mg/kg/day) and olaparib (50 mg/kg/day) for 11 days. After
completing the drug treatment, researchers were blinded from drug treatment records for
unbiased humane endpoint assessment. Mice were sacrificed when they reached the humane
endpoints (listed in the Materials and Methods, Section 2.11) or at the end of the study (day

120).

Most mice completed the drug treatment without overt toxicity (Figure 4.7B). However, three
mice experienced severe weight loss and reached the humane endpoint during or soon after
the drug treatment (Figure 4.7B). All adverse events were indisulam-related, including one
received indisulam as monotherapy and two received indisulam in combination with olaparib.
Although treatment for these mice was discontinued as soon as unexpected weight loss was
noticed (around 10% weight loss), they continued to lose weight and reached the humane
endpoint. This finding indicates that although 15 mg/kg/day indisulam is tolerable in most

cases, there is a risk of causing adverse events.

In the absence of interventions, ID8-Trp537~ mice showed a median survival of 47 days
(Figure 4.7C), which is comparable to previous publications (Walton et al., 2017, Walton et
al., 2016). Olaparib treatment showed a moderate survival benefit, increasing the median
survival from 47 days to 56 days (p = 0.1816, not significant) (Figure 4.7C). The moderate

survival benefit from olaparib was expected because the ID8-Trp537~ tumour is resistant to
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PARP inhibitor treatment due to HR proficiency. Indisulam-treated mice showed a clear trend
of improvement in overall survival when compared with mice treated with vehicle (p = 0.0669,
not significant) or olaparib (p = 0.0002, significant), improving the median survival to 65 days
(Figure 4.7C). The combination of indisulam and olaparib exhibited the most survival benefit
with the longest median survival of 73.5 days — significantly longer than that of olaparib
monotherapy (p = 0.0009) and showed a non-significant trend of improvement when
compared with vehicle control (p = 0.0204) and indisulam monotherapy (p = 0.06) (Figure
4.7C).

It is worth noting that five mice survived to day 120 without showing any clinical signs,
including mice from following groups: vehicle control (n = 1), indisulam (n = 1), and the
combination of indisulam and olaparib (n = 3). Successful tumour implantation could not be
confirmed in four of them. However, one of them (received the combination therapy)
developed s.c. tumour during drug injection, implying the existence of malignant ascites and
successful tumour implantation. This mouse looked healthy throughout the study and there
were no visible tumour deposits in the abdominal cavity. This observation implied a possibility
that the mouse might have experienced a complete tumour regression. However, this cannot

be confirmed due to a lack of non-invasive methods to monitor tumour growth.

Overall, these findings suggest that the indisulam improves olaparib response in HR-proficient

tumours.
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Figure 4.7. Indisulam improves olaparib response in HR-proficient ID8 mice.

(A) Timeline of the survival analysis. Mice with HR-proficient ID8 tumours (ID8-Trp537") were
randomised into four groups for drug treatment. Researchers were blinded from details of treatment
for unbiased humane endpoint determination. (B) Relative body weight changes of mice during and
after the drug treatment. Three mice reached the humane endpoint prematurely due to unexpected
toxicities (indicated with red arrows). (C) Kaplan-Meier curves showing surviving proportions of ID8-
Trp537~ mice since the start of the experiment (48 mice were randomised into four groups, n = 12
each). Data were collected from two biological replicates, with each containing six mice per group.
Log-rank test was used to determine statistical differences between survival curves. Bonferroni
correction was used for the multiple comparisons test and *p < 0.0083 was considered significant
(highlighted in bold).
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4.4. Discussion

The main objective of this chapter was to examine if the indisulam synergises with olaparib
in murine models of HGSOC. As KURAMOCHI and OVSAHO cells showed remarkable
responses to the combination therapy, | had considered transplanting these two human
HGSOC cell lines into mice as xenografts. However, previous literature reported that both cell
lines have poor tumorigenicity in athymic mice and are difficult to form xenografts (Mitra et
al., 2015, Elias et al., 2015). Tumorigenicity improves with the use of NOD severe combined-
immunodeficient gamma mice (Elias et al., 2015), which have impaired T, B and nature killer
cell function, but at the cost of reduced clinical relevance due to the lack of a faithful tumour

microenvironment.

The orthotopic ID8 murine HGSOC model is a valuable alternative to xenografts, providing a
more clinically relevant system using immunocompetent mice. Meanwhile, human RBM39 is
highly conserved with murine Rbm39, with 99.8% protein sequence homology (Kang et al.,
2015). The only difference is the 23 amino acid, which changed from asparagine (N) in
human RBM39 to serine (S) in mouse Rbm39. As none of the RRM domains is affected, the

function of RBM39 is likely conserved between human and mouse.

As expected, ID8 cells responded to indisulam similar to human HGSOC cells, in terms of
Rbm39 degradation and synergistic growth inhibition with olaparib in vitro. Furthermore, the
pharmacodynamic analysis showed that indisulam caused Rbm39 degradation in tumour
tissues, confirming the on-target effect of indisulam in vivo. Data from the survival analysis
showed that the combination of indisulam and olaparib led to significantly better overall
survival of mice bearing HR-proficient ID8 tumours than olaparib monotherapy, indicating
that adding indisulam to olaparib maintenance therapy might potentially extend the PFS of
HGSOC patients. Unfortunately, when indisulam was used at 15 mg/kg/day, it only showed a
near additive effect with olaparib. Further studies are therefore needed to optimise the

mixing ratio of indisulam and olaparib, which may achieve a strong anticancer effect.

An important observation is that the combination therapy perhaps inducing strong tumour
inhibitory effect in ID8-Trp537~ tumours in a small subset of mice. While complete tumour

regression is rare with olaparib treatment, it has been reported multiple times with indisulam-
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based therapies. In our recent publication, Nijhuis et al. (2022) showed that indisulam
treatment at 25 mg/kg/day caused complete regression with a near 100% survival rate in two
murine models of neuroblastoma. Another research group used two other murine
neuroblastoma models and reported similar findings, with indisulam causing complete
tumour regression in over 75% of mice (Singh et al., 2021). It is still unclear why some mice
show complete responses while others reach the humane endpoints eventually. The
underlying mechanism is particularly elusive for the ID8 models because it is not possible to
track tumour progression across time and the tumour burden was only directly measurable
during necropsy. Liao et al. (2015) reported an alternative version of the ID8 model tagged
with non-immunogenic luciferase, enabling precise monitoring of tumour progression and
metastasis upon drug treatment. The same approach should be applicable to the ID8-Trp53~
/~ model used in this study, and a non-immunogenic luciferase-tagged ID8 model would

provide valuable insights into the pharmacodynamics of indisulam and olaparib.

Previous studies did not report any indisulam-associated toxicities in C57BL/6 mice (Ozawa et
al.,, 2001, Han et al., 2017b, Nijhuis et al., 2022, Singh et al., 2021, Lu et al., 2021b). It is
surprising to find that indisulam at 25 mg/kg/day was poorly tolerated in my studies. Lowering
the dose of indisulam to 15 mg/kg/day improved tolerability, but some mice still reached the
humane endpoint prematurely, leading to reduced survival benefits. One possible reason for
this discrepancy is the different routes of administration. Administrating drugs via I.P. has
similar kinetics in drug uptake as 1.V (Kim et al., 2011, Fueger et al., 2006), but I.P. injections
have a slower rate of drug clearance due to the peritoneal-plasma barrier (Brandl and Prabhu,
2020, Di and Kerns, 2016). The drug clearance rate is probably even lower in mice bearing ID8
tumours because tumour growth obstructs the lymphatic drainage system (Lisio et al., 2019,
Sarfarazi et al., 2019). Accumulating drugs in the peritoneal cavity might have irritated the
gastrointestinal system, leading to diarrhoea and rapid weight loss in mice. However, my
observations suggest that I.V. delivery is not suitable for indisulam at high doses because the
drug was not entirely soluble in the previously described formulation (Ozawa et al., 2001),
and |.P. administration is a preferable option for drug suspensions. An alternative method to
improve indisulam tolerability is by including drug holidays in the dosing schedule to avoid
drug accumulation in mice. It has been reported that when administrated following the

schedule of 5 days on & 2 days off, 25 mg/kg/day indisulam is well tolerated in mice without
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causing haematological toxicities and significant animal weight loss (Wang et al., 2019, Singh
et al., 2021). This dosing scheme is worth evaluating in future studies, and it may improve the
survival benefits of the combination therapy (indisulam plus olaparib) by preventing mice
from reaching the humane endpoint early. It is worth noting that olaparib is well tolerated in
mice, and there has been no evidence suggesting its combination with indisulam causes

additive toxicity.

The epithelial origin is a limitation of the ID8 model since many HGSOCs originate from the
fallopian tube (Roby et al., 2000, Walton et al., 2016). Thus, future studies are necessary to
evaluate the combination therapy of indisulam and olaparib in other HGSOC models, such as
genetically engineered mouse models (Maniati et al., 2020) or patient-derived ovarian cancer
models (Coulson-Gilmer et al., 2021). Nevertheless, the origin of ID8 does not preclude its
value in HGSOC research because it faithfully replicates the peritoneal metastasis of HGSOC
in patients and expresses several HGSOC markers (Walton et al., 2016). In addition, ID8 model
is particularly valuable for approximately 5% of HGSOC patients with tumours originating

from the ovarian surface epithelial cells (Lawrenson et al., 2019).

In summary, evidence from this chapter demonstrates that indisulam treatment significantly
improves olaparib response in HR-proficient HGSOC tumours. Although indisulam only
showed a near-additive effect with olaparib, further optimisation in the dosing schedule

probably will improve the drug combination efficacy by reducing indisulam-related toxicities.
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Chapter 5. Investigating the synergy mechanisms between indisulam

and olaparib

5.1. The combination of indisulam and olaparib leads to DNA damage
accumulation

5.1.1. Indisulam partially inhibits olaparib-induced activation of ATM-Chk2 signalling

Cancer cells depend on cancer-specific intracellular signalling networks for survival.
Understanding the changes in signalling pathways could provide valuable insights into the
synergy between indisulam and olaparib in HGSOC cells. To this end, human phospho-kinase
arrays were used to screen the phosphorylation levels of 43 kinases in KURAMOCHI cells after
a 48-hour exposure of indisulam (10 uM) or olaparib (30 uM) as monotherapies or in
combination (Figure 5.1). Densitometry analysis revealed differential phosphorylation in at
least six kinases, including c-Jun (S63), Src (Y419), Chk2 (T68), PYK2 (Y402), PLC-y1 (Y783), and
MSK1/2 (S376/S370) (Figure 5.1). Among these kinases, Chk2 is an outstanding target because
of its involvement in the DNA damage response and was thus selected for western blot
validation in this project. The other five kinases are also interesting for future analysis

(annotated in Appendix Table 1).

In response to DSBs, ATM activates Chk2 by phosphorylating on T68 (Ahn et al., 2000), and
activated Chk2 coordinates DSB repair response by activating HR repair and cell cycle arrest
at G1/S and G2/M phases (Matsuoka et al., 1998, Falck et al., 2001, Alkema et al., 2014,
Matsuoka et al., 2000, Zannini et al., 2014). In contrast to the low levels of T68-
phosphorylated Chk2 (pChk2-T68) in cells treated with vehicle control and indisulam, olaparib
treatment caused a substantial increase in pChk2-T68, which is consistent with previous
findings (Bryant and Helleday, 2006, YI et al., 2015) and indicates the activation of ATM-
mediated DSB repair pathways (Figure 5.1). The combination of indisulam and olaparib also
increased pChk2-T68, but to a lesser extent than olaparib monotherapy (Figure 5.1). Western
blot analysis confirmed that indisulam did not affect the total levels of Chk2 in KURAMOCHI
cells, but partially inhibited Chk2 phosphorylation in response to olaparib, suggesting reduced
Chk2 activities (Figure 5.2A-C).
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Figure 5.1. Indisulam reduces olaparib-induced Chk2 activation in HGSOC cells.

(A) KURAMOCHI cells were treated with vehicle control, 10 uM indisulam, 30 uM olaparib, or 10 uM
indisulam in combination with 30 uM olaparib for 48 hours. Total proteins were extracted for analysis
using human phospho-kinase arrays (n = 1). Each kinase has two technical replications (shown as two
paired dots). The top six kinases differentially phosphorylated between monotherapies and
combination therapies are underlined and annotated. (B) Dot intensities in (a) were quantified using
image J. Mean differences in phosphorylation levels relative to vehicle control (baseline at 0%) were
shown as bar charts (error bar = SD, n = 1 with duplicates). Positive values suggest higher
phosphorylation levels than vehicle control, and negative values indicate less phosphorylation than
vehicle control. Kinases were ranked from left to right based on descending order of raw densitometry
intensities.
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ATM is the main kinase upstream of Chk2, and the lower pChk2-T68 expression indicates
reduced ATM catalytic activity. Since earlier findings (Chapter 3) had shown that indisulam
causes aberrant skipping in ATM and reduces the abundance of the canonical transcript, |
hypothesised that indisulam-induced splicing errors might decrease protein expression of
ATM or produce dominant negative isoforms of ATM, thereby leading to attenuated
phosphorylation of downstream targets such as Chk2. As predicted, western blot analysis
found that indisulam monotherapy and the combination therapy (indisulam and olaparib)
significantly reduced total levels of ATM in KURAMOCHI cells, whilst olaparib monotherapy
had a minor impact (Figure 5.2A and D). The reduced ATM expression is likely to be a result
of indisulam-induced splicing errors, such as skipping of exon 52-53 (Figure 3.2), which would
cause a 289bp deletion and frameshift. Autophosphorylation of ATM at the $1981 (pATM-
$1981) is essential for ATM activation and is commonly used as a marker for its catalytic
activities (So et al., 2009, Kozlov et al., 2006). | found that, like pChk2-T68, absolute pATM-
S1981 (relative to B-actin) was increased with olaparib treatment but to a lesser extent in
cells treated with the combination therapy (Figure 5.2E), indicating that the indisulam-
induced downregulation of total and phospho-ATM are plausible reasons for reduced Chk2
activation. Interestingly, while the absolute amount of pATM-S1981 decreases, the
combination of indisulam and olaparib led to a higher pATM-S1981/total ATM ratio than
olaparib alone (Figure 5.2F), implying a higher level of DSB and increased demand for ATM-
mediated DNA damage repair response. An alternative explanation is that after 48-hour
exposure to the combination therapy, KURAMOCHI cells with high levels of DNA damage had
died due to apoptosis, and the remaining fraction of cells had not accumulated high levels of
DNA damage, resulting in reduced activation of the ATM-Chk2 pathway. The amount of DNA

damage in cells is thus assessed in the next section.

Overall, these findings suggest that indisulam suppresses olaparib-mediated activation of the
ATM-Chk2 pathway in HGSOC cells by downregulating ATM expression. The addition of
indisulam to olaparib may therefore reduce ATM-mediated DSB repair and increase DNA

damage, leading to increased genotoxic stress and cell apoptosis.
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Figure 5.2. Indisulam downregulates ATM expression and partially inhibits activation of the ATM-
Chk2 pathway.

(A) KURAMOCHI cells were treated with vehicle control, indisulam, olaparib, or the combination for
48 hours before western blot analysis. Representative blots from four biological replicates are shown
here. (B-C) Densitometry quantification of pChk2-T68 bands intensities after normalisation to B-actin
(b) or total Chk2 (c). Mixed-effect analysis (paired) and Tukey’s multiple comparisons were used to
determine statistical differences of pChk2-T68/B-actin among groups. A paired t-test was used to
compare the statistical difference of pChk2-T68/total Chk2 between olaparib monotherapy and the
combination therapy. (D) Densitometry analysis of ATM bands intensities relative to B-actin. (E-F)
Densitometry analysis of pATM-51981 bands intensities relative to 3-actin (e) and total ATM (f). Mean
values in arbitrary units (a.u.) from at least four independent repeats are shown (error bar = SD).
Statistical differences among groups in (d-f) were calculated by paired one-way ANOVA and Tukey’s
multiple comparisons test (*p < 0.05, ** p < 0.01, *** p < 0.0001, **** p < 0.0001). Paired analysis
was used to control for variations between western blot repeats.
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5.1.2. Combination of indisulam and olaparib leads to a substantial increase in YH2AX
levels

I next hypothesised that by reducing ATM expression, indisulam might disrupt ATM-mediated
DNA damage repair response, leading to increased DNA damage and genotoxic stress. To test
this hypothesis, | firstly investigated whether indisulam increases the yH2AX foci formation in
PARP inhibitor-resistant HGSOC cell lines KURAMOCHI and OVSAHO. Although commonly
used as a marker for DSBs, YH2AX does not necessarily indicate the presence of DSBs, because
H2AX can be phosphorylated by ATM upon DSBs, and by ATR and DNA-PK at sites of stalled
replication forks (Sedelnikova et al., 2002, Cleaver, 2011, de Feraudy et al., 2010, Sharma et
al., 2012). Therefore, yH2AX is in fact an ambiguous marker for genotoxic stress.
Immunofluorescence analysis showed that indisulam treatment caused a moderate but
significant increase in proportions of YH2AX-positive cells (with at least five foci) in a dose-
and time-dependent manner (Figure 5.3), suggesting that indisulam increases genotoxic

stress in HGSOC cells.

| next investigated whether indisulam sensitises HGSOC cells to genotoxic stress induced by
PARP inhibitors. In comparison with indisulam and olaparib individually, the combination of
indisulam and olaparib led to significantly higher numbers of yH2AX foci per cell in
KURAMOCHI cells, indicating increased levels of genotoxic stress (Figure 5.4A-B). Similar
trends of changes were observed when indisulam was combined with rucaparib or veliparib
(Figure 5.4C-D). In OVSAHO cells, the combination of indisulam and PARP inhibitor (olaparib,
rucaparib, niraparib, or veliparib) also caused more yH2AX foci formation than monotherapies
(Figure 5.4E-H). These findings indicate that a significant increase in genotoxic stress is
commonly associated with the synergy between indisulam and PARP inhibitors in HGSOC

cells.

| also assessed YH2AX expression in KURAMOCHI and OVSAHO cells using western blot. |
found that the combination of indisulam and olaparib led to substantially higher levels of
YH2AX than each drug individually (Figure 5.5). The more-than-additive increase in YH2AX
could be explained by the presence of strong genotoxic stress or DNA fragmentation during

cell apoptosis (Figure 3.4) (Lu et al., 2006, Rogakou et al., 2000). Different sources of YH2AX
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can be distinguished in the future by measuring YH2AX expression in apoptotic and non-

apoptotic cells using flow cytometry.

In summary, above findings suggest that indisulam exacerbates the genotoxic stress caused

by PARP inhibitors.

119



Chapter 5

A KURAMOCHI B OVSAHO
S 8% ‘o 20% -
L Il Vehicle control L Il Vehicle control _
g 6%- [ Indisulam (3 uM) _ E 15%- [ Indisulam (3 uM) _
T =1 Indisulam (6 uM) T 3 Indisulam (6 pM)
N 4% n=1 ~10%] n=1
£ £
;2%- ; 5%
© ©
o o
R 0% T X 0%-
6 24 438 72
Exposure time (hours) Exposure time (hours)
_ DAPI Merged
C _
e
€
8
@
Q
|5
O >
(@]
% —
22
e
E
o
3
D
o
£
D .
S
=
Q
(8]
Q@
Qo
S
o |>
I
<
v —
>
O [~
=
==
©
£
®©
=
w
2z
=

Figure 5.3. Indisulam leads to the accumulation of YH2AX foci in HGSOC cells.

KURAMOCHI or OVSAHO cells were treated with vehicle control or indisulam (3 uM or 6 uM) for 6 to
72 hours before fixation. Fixed cells were immunofluorescence-stained with anti-yH2AX antibody and
the foci numbers of yYH2AX were counted. (A) Bar chart showing proportions of KURAMOCHI cells with
more than five YH2AX foci (n = 1). (B) Bar chart showing proportions of OVSAHO cells with more than
five YH2AX foci (n = 1). (C-D) Representative images showing DAPI and YH2AX staining of KURAMOCHI
(c) and OVSAHO (d) cells after 72 hours of vehicle or indisulam (6 uM) treatment. Images are at the
same scale (scale bar = 50 um). Similar trends of changes were observed in indisulam-treated cells in
Figure 5.4. The reason why data in (a-b) were shown as bar charts, instead of foci per cells in box plots

120



Chapter 5

like in Figure 5.4, was because the majority of cells had no yH2AX foci and the box plots were
compressed to the x-axis and were not visible.
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Figure 5.4. The combination of Indisulam and PARP inhibitors leads to increased yH2AX foci
formation in HGSOC cells.
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(A) KURAMOCHI cells were treated with indisulam (10 pM) and olaparib (30 pM) as monotherapies or
in combination for 48 hours before immunostaining yYH2AX. Stained cells were imaged and
representative images from three biological repeats are shown here. Images are at the same scale
(scale bar = 50 um). (B) Box plots (whiskers indicating 10-90 percentiles) showing numbers of yH2AX
foci per cell with pooled data from three biological repeats. Data in (a-b) were collected by Dr Anke
Nijhuis. (C-D) KURAMOCHI cells were treated with indisulam in combination with either rucaparib (c)
or veliparib (d) for 72 hours before yH2AX foci counting. (E-H) OVSAHO cells were treated with
indicated combinations of indisulam and PARP inhibitor(s) for 72 hours before yH2AX foci counting.
Data in (c-f) are shown in box plots with whiskers indicating 10-90 percentiles (n = 1 with duplicating
replicates). Similar trends of changes were observed in the other two doses of drug combinations.
Since data are heavily skewed, the (non-parametric) Kruskal-Wallis test and Dunn’s multiple
comparisons test were used for statistical tests among groups (****p < 0.0001).
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Figure 5.5. The combination of indisulam and olaparib increases YH2AX expression.

(A) KURAMOCHI (n = 4) or OVSAHO (n = 1) cells were treated with indisulam and olaparib either
individually or in combination for 48 hours before western blot analysis. B-actin was used as a loading
control. (B) Densitometry analysis of YH2AX bands intensities relative to B-actin (a.u. arbitrary unit).
Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used to determine statistical
differences among groups (ns, not significant; ** p < 0.01).
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5.1.3. Indisulam may exacerbate DNA damaging effect of olaparib

To investigate whether the increase in genotoxic stress involves the accumulation of DNA
damage, | quantified DNA strand breaks directly through the single-cell electrophoresis (also
known as the COMET assay). To perform COMET assay, cells were immobilised in a thin layer
of low-melting point agarose on microscopic slides before being lysed to remove cellular
proteins and the nuclear membrane (Figure 5.6A). This was followed by an unwinding step to
separate the linked DNA strands. Because intact DNA retains supercoiled loop structures, it
has limited mobility under electric fields (Klaude et al., 1996, Afanas'eva et al., 2009). In
contrast, DNA strand breaks relax the local torsional stress and generate linear DNA
fragments, leading to higher mobility during electrophoresis (Klaude et al., 1996, Afanas'eva
et al., 2009). After staining with DNA dyes, nucleoids with DNA damage would shape like a
comet with a head and tail (Figure 5.6B). The ‘comet head’ contains intact DNA in the nucleoli,
whilst the ‘comet tail’ contains the damaged DNA (Figure 5.6B). The length and intensity of
the tail positively correlate to the extent of DNA damage and can be quantified as tail
moments, calculated as the proportion of tail DNA multiplied by the tail length (Olive and

Banath, 2006, Lu et al., 2017, Au - Nowsheen et al., 2012) (Figure 5.6B).

The COMET assay can be performed under either neutral or alkaline (pH > 13) conditions,
depending on which buffer was used for DNA unwinding and electrophoresis. The neutral
comet assay detects mostly DSBs (Olive et al., 1991, Olive and Banath, 2006), whilst the
alkaline comet assay detects most types of DNA lesions, including SSBs, DSBs, intermediates
of DNA repair, and alkaline-labile sites (apurinic or apyrimidinic sites that are prone to break)
(Collins, 2004). | attempted to validate both types of comet assays in HGSOC cells using the
genotoxic agent doxorubicin as a positive control, following protocols published by Lu et al.
(2017). After overcoming several technical challenges, the alkaline comet assay was
successfully optimised for KURAMOCHI cells, evidenced by the observation that doxorubicin
induced a dose-dependent increase of tail moment (Figure 5.6C-D). Unfortunately, the
neutral comet assay was not fully optimised despite multiple attempts. It failed to detect DNA
damage caused by doxorubicin, and a high tail moment was observed in untreated cells
(Figure 5.6E). Due to the time limitation, | was not able to test other DSB-inducing agents and
optimise the neutral comet assay further. Therefore, only the alkaline comet assay was used

to quantify DNA damage levels in HGSOC cells.
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To investigate whether the addition of indisulam increases olaparib-mediated DNA damage,
KURAMOCHI cells were treated with indisulam and olaparib individually or in combination for
24 to 72 hours. Data from the alkaline comet assay revealed that at 24 hours, the tail moment
was significantly increased in cells treated with olaparib (30 uM), but not indisulam (10 uM)
(Figure 5.7). Notably, the addition of indisulam to olaparib significantly increased tail
moments when compared with olaparib alone, suggesting higher levels of DNA damage
(Figure 5.7). Similar trends were observed at 48 and 72 hours, but the effects were not as
strong as 24 hours (Figure 5.7B). Only one biological repeat was conducted due to the time

limit, and future replications would be necessary to ascertain the findings.

Overall, above data indicate that the combination of indisulam and olaparib causes more DNA

damage than individual treatment.
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Figure 5.6. Alkaline COMET assay successfully detects doxorubicin-induced DNA damage.

(A) Schematic showing the comet slides containing cells immobilised in 0.7% low-melting point
agarose (LMA). (B) Schematic showing two examples of nucleoli after comet assay. The shape of
nucleoids with little to no DNA damage would stay round. On the other hand, nucleoids with DNA
damage would shape like a comet with tails containing damaged DNA. The extent of DNA damage is
quantified by calculating the tail moment = % tail DNA * tail length. (C) KURAMOCHI cells were treated
with increasing doses of doxorubicin for 24 hours before alkaline comet assay. Representative images
are shown here with a zoomed view at the bottom right (scale bar = 100 um). (D) Box plots (whiskers
indicating the 10" — 90" percentiles) showing quantification of the alkaline comet tail moments of
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KURAMOCHI cells after doxorubicin treatment (a.u. arbitrary unit). More than 100 cells were analysed
(n=1). (E) KURAMOCHI cells were treated with doxorubicin for 24 hours and analysed with the neutral
comet assay. The tail moment from at least 40 cells was quantified and shown as box plots with the
10th — 90" percentiles (n = 1). Kruskal-Wallis test and Dunn’s multiple comparisons test were used for
statistical analysis (ns, not significant; **p < 0.01; **** p < 0.0001).
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Figure 5.7. Indisulam increases olaparib-induced DNA damage in KURAMOCHI cells.

(A) KURAMOCHI cells were treated with vehicle control (VC), 10 uM indisulam, 30 uM olaparib, or the
combination of indisulam and olaparib for 24 hours, followed by the alkaline comet analysis.
Representative images are shown here with zoomed views at the bottom right (scale bar = 100 um).
(B) Box plot (whiskers indicate the 10™ — 90t percentiles) showing tail moments of KURAMOCHI cells
after treatment with indicated drugs for 24 to 72 hours. Tail moment (in an arbitrary unit, a.u.) was
calculated as % tail DNA multiplied by tail length. At least 130 cells from technical duplicates were
analysed (n = 1). Statistical differences were calculated by the Kruskal-Wallis test and Dunn’s multiple
comparisons test (ns, not significant; *p < 0.05; ***p < 0.001; **** < 0.0001).
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5.2. The combination of Indisulam and olaparib causes cell cycle arrest

Both indisulam (Xu et al., 2020b, Singh et al., 2021) and olaparib (Lloyd et al., 2020, Riches et
al., 2020, Sahin et al., 2019) have been implicated in modulating cell cycle progression. This
motivated me to investigate the impact of the combination therapy on cell cycle progression
using flow cytometry. A dual-labelling technique was applied to distinguish the S phase cells
from G1 and G2/M phases by labelling replicating cells with nucleotide analogues (BrdU or
IdU). In comparison with the vehicle control, the proportion of KURAMOCHI cells in the S
phase and the G2/M phases were significantly increased in cells treated with indisulam and
olaparib individually and in combination (Figure 5.8A-B). In addition, the combination of
indisulam and olaparib caused higher proportions cells at S phase (mean = 53.8%, p < 0.01)
than individual treatment of indisulam (mean = 38.5%) or olaparib (mean = 42.9%) (Figure
5.8A-B). Quantification of cells at early, middle, or late stages of the S phase showed that
while indisulam did not change the S phase cell distribution, olaparib predominantly arrested
cells at late-S (Figure 5.8A, C and D), which might be a result of Chk2-mediated activation of
cell cycle checkpoints (Figure 5.2). Interestingly, the addition of indisulam to olaparib caused
S phase arrest at earlier stages (mid-S) than olaparib individually, which may imply activation
of the intra-S checkpoint (Figure 5.8A, C and D). This is compatible with the hypothesis that
indisulam sensitises cells to olaparib by accelerating accumulation of genotoxic stress,

thereby activating of cell cycle checkpoints at earlier stages.

Another interesting finding was that the combination treatment consistently reduced DNA
replication activities in KURAMOCHI cells, as shown by decreased levels of BrdU/IdU
incorporation (Figure 5.8A and E). A similar reduction BrdU/IdU labelling was also observed

in cells treated with indisulam or olaparib, albeit to a lesser extent (Figure 5.8A and E).

Overall, these data suggest that the combination of indisulam and olaparib causes cell cycle

arrest to a greater level than monotherapies, particularly at the S phase.
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Figure 5.8. The combination of indisulam and olaparib causes cell cycle arrest at the S and G2/M

phases.
Asynchronous KURAMOCHI cells were treated with vehicle control, 10 uM indisulam, 30 uM olaparib,

or 10 uM indisulam in combination with 30 uM olaparib for 48 hours. During the final hour of drug
treatment, cells in S phase were labelled with BrdU or IdU for 60 minutes. After fixation and staining
for BrdU/IdU, cells were also stained with propidium iodide (Pl) to quantify the DNA content. (A)
Representative flow cytometry data from three biological repeats are shown here. The same gating
was used for all samples. The dotted line in red indicates median BrdU/IdU intensities in cells treated
with the vehicle control. (B) Bar chart showing mean proportions of cells in each phase of the cell cycle
(error bar = SD). (C-D) Proportions of cells at early, middle, or late stages of S phases (relative to S
phase) were quantified and shown as mean with SD. (E) Bar chart showing the median BrdU/IdU
intensities of KURAMOCHI cells relative to vehicle control (error bar = SD). Ordinary one-way ANOVA
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and Sidak's multiple comparisons test were used for statistical analysis (p-value is shown). Although
no significant differences were found, the combination of indisulam and olaparib consistently showed
lower levels of BrdU/IdU incorporation than monotherapies. Two-way ANOVA and Tukey’s multiple
comparisons test were used for statistical analysis in (b) and (d). ns, not significant; *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

5.3. The combination of Indisulam and olaparib causes replication stress

5.3.1. Indisulam and olaparib cause replication fork abnormalities when used in
combination

Unrepaired DNA damage directly impedes DNA replication, leading to stalled replication forks
that may collapse if not restarted. Many DNA repair proteins, including PARP1, HR repair
factors, and NHEJ repair proteins, are involved in removing DNA lesions and restarting stalled
replication forks (Zhang et al.,, 2021b, Gaillard et al., 2015, Maya-Mendoza et al., 2018,
Hanzlikova et al., 2018). Replication fork abnormalities could be consequences of DNA
damage as well as sources of DSB. The collapse of replication forks is considered a major
source of DSB caused by PARP inhibitors, and the stabilisation of replication fork contributes
to PARP inhibitor resistance (Rondinelli et al., 2017, Ray Chaudhuri et al., 2016). |
hypothesised that the synergy between indisulam and olaparib might also involve replication
stress, because earlier findings had shown that the combination therapy causes DNA damage

accumulation.

To investigate whether the synergy between indisulam and olaparib involves DNA replication
stress, | studied the dynamics of replication fork progression using the DNA fibre analysis (also
known as the DNA combing assay). Briefly, KURAMOCHI cells were treated with indisulam,
olaparib, or indisulam in combination with olaparib for 48 hours, and in the final hour of drug
treatment, cells were pulse labelled (30 minutes each) sequentially with two distinct
nucleotide analogues, BrdU and IdU, in the presence of drug treatment (Figure 5.9A). In
replicating cells, the synthesis of DNA incorporates BrdU or IdU into the newly synthesised
strands. The length of BrdU and IdU labelling indicates the replication fork activities. After
immunostaining, three main types of DNA fibres structures could be found: progressing forks
(BrdU followed by IdU), new origin fired during the BrdU labelling (BrdU fibre flanked by two
IdU fibre), and new origin fired during the I1dU labelling phase (IdU fibres only) (Figure 5.9A).
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After multiple rounds of troubleshooting, | successfully optimised the DNA fibre analysis for
HGSOC cells based on protocols in previous studies (Pillay et al., 2019, Cong et al., 2021). The
data (n = 1) showed that in KURAMOCHI cells treated with vehicle control, most DNA fibres
were progressing forks (84.14%), and the proportions of new origin firing during BrdU or IdU
labelling phases were similar (7.57% - 8.81%) (Figure 5.9B). A similar profile of DNA fibres was
observed in cells treated with indisulam (Figure 5.9B). In KURAMOCHI cells treated with
olaparib, the proportion of progressing forks (79.36%) was comparable with vehicle control-
and indisulam-treated cells, but a lower proportion of new origins were fired during the BrdU
labelling (4.83%) than the IdU labelling phase (15.82%) (Figure 5.9B). A more profound change
was observed in cells treated with indisulam and olaparib simultaneously, with the fraction
of progressing forks reduced to 61.59% (Figure 5.9B). It also caused a dramatic increase in the
proportion of new origins fired during the IdU labelling phase (35.33%) (Figure 5.9B). Despite
the puzzling imbalance between new origins fired in BrdU and IdU labelling, the reduction of
progressing forks in combination therapy-treated cells indicates replication abnormalities.
The considerable increase in new origins could be a source of replication stress (Toledo et al.,

2013, Toledo et al., 2017), but future studies are needed to assess this possibility.

To examine if the combination of indisulam and olaparib reduces replication fork progression,
| quantified the IdU fibre length as an indicator for fork progression (n = 2). The BrdU fibres
were not quantified because their staining was more fragmented, making it difficult to define
the start and the end of BrdU fibres. It was found that indisulam or olaparib monotherapy
had a minor impact on the formation of IdU fibres (Figure 5.9C-D). In contrast, combining
indisulam and olaparib significantly reduced the length of IdU fibres (Figure 5.9C-D), indicating

replication fork arrest or delayed restart of stalled replication forks.

Taken together, indisulam and olaparib shows a clear trend of more-than-additive interaction
in causing replication abnormalities in HGSOC cells, evidenced by excess new origin firing and
reduced fork progression. However, future replication is needed to ascertain if the observed

trends are reproducible.
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Figure 5.9. The addition of indisulam to olaparib causes replication abnormalities.
KURAMOCHI cells were treated with 10 uM indisulam and 30 uM of olaparib individually or in

combination for 48 hours. In the final hour of drug treatment, cells were pulse-labelled with BrdU for
30 minutes, followed by IdU labelling for another 30 minutes. DNA fibre analysis was used to visualise
DNA replication fork dynamics. (A) Schematic of the experimental design and representative images
of progressing forks and new origins fired during pulse labelling. BrdU staining is in red and IdU staining
is in green. The diagrams were inspired by Quinet et al. (2017). (B) Distribution of three main types
of fibres (n = 1). (C) Representative images of IdU-labelled DNA fibres from two biological repeats.
Scale bar = 20 um. Cells were pulse labelled with both BrdU and IdU, but only IdU staining is shown
here. (D) IdU fibre lengths were measured and shown as violin plots. At least 700 fibres from two
biological repeats were quantified. Kruskal-Wallis test and Dunn’s multiple comparisons test were

used for statistical analysis (ns = not significant; ****p < 0.0001).
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5.3.2. The combination of indisulam and olaparib downregulates Chk1 expression

ATR is the primary sensor for replication fork abnormalities, which activates Chkl by
phosphorylation at S317 and S345 (Liu et al., 2000, Zhao and Piwnica-Worms, 2001). In the
presence of stalled replication forks, activated Chkl protects and restarts the stalled forks,
and inhibits unscheduled firing of dormant replication origins (Ge and Blow, 2010, Toledo et
al.,, 2013, Petermann et al., 2010). | hypothesised that the combination of indisulam and
olaparib might negatively impact Chk1 signalling, leading to unscheduled firing of replication

origins.

To investigate this hypothesis, | quantified the level of total Chk1 and activated Chk1 (pChk1-
S345) in KURAMOCHI cells treated with indisulam (10 uM) and olaparib (30 uM) individually
or in combination for 48 hours. Western blot analysis showed that concurrent treatment of
indisulam and olaparib led to a significant reduction of total Chk1, which was not seen when
indisulam or olaparib was used individually (Figure 5.10A-B). The reduction in total Chk1 was
associated with a proportional decrease in pChk1-S345 expression (relative to 3-actin) when
compared to olaparib monotherapy (Figure 5.10C); thus, the pChk1-5345/total Chk1 ratio was
comparable (Figure 5.10D).

Overall, these findings support a hypothesis that concomitant exposure of indisulam and
olaparib downregulates Chk1 expression, which may lead to defective replication response
and render cells susceptible to replication fork abnormalities and unscheduled firing of

dormant replication origins.
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Figure 5.10. The combination of indisulam and olaparib downregulates Chk1 in HGSOC cells.

(A) KURAMOCHI cells were treated with indicated doses of indisulam and olaparib either as
monotherapies or in combination for 48 hours before western blot analysis. Representative blots from
four biological repeats are shown here. B-actin was used as a loading control. (B-D) Densitometry
intensities of total Chk1 and pChk1-5354 bands were quantified and shown as total Chk1/B-actin (b),
pChk1-5345/B-actin (c), and pChk1-5345/total Chk1 (d). Error bar = SD. Row-matched one-way ANOVA
and Tukey’s multiple comparisons test were used to calculate the statistical difference in (b). Statistical
calculations in (c-d) were performed using the paired one-way ANOVA and Siddk's multiple
comparisons test (ns, not significant; *p < 0.05; **p < 0.01).
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5.4. The combination of indisulam and olaparib increases yH2AX and
downregulates ATM in vivo

In vitro data so far have associated the synergy between indisulam and olaparib with an
accumulation of yH2AX and downregulation of ATM and Chkl at protein levels. This
motivated me to investigate if these changes could be detected in ID8 tumours from the pilot
in vivo study (Figure 4.4). In this study, mice were injected with the ID8-Trp537~ cells and
treated with combinations of indisulam and olaparib at various dose combinations daily for
five to seven days (Figure 4.4). Western blot analysis showed that the combination therapy
caused a significant increase of YH2AX in ID8 tumours in a dose-dependent manner (Figure
5.11A-B). A reduction in Atm protein was also observed, and the 1.56 mg/kg/day indisulam
was sufficient to downregulate Atm (Figure 5.9A and C). Variable levels of Chkl expression

were detected across tumours, and the changes did not follow a specific pattern (Figure 5.9A).

In summary, these data provide evidence that the combination therapy of indisulam and
olaparib causes genotoxic stress in vivo, consistent with findings in vitro. However, due to a
lack of mice treated with indisulam and olaparib individually, it is still unclear how strong was
the drug-drug interaction. Future pharmacodynamic studies would be necessary to better
characterise the interaction between indisulam and olaparib in vivo. In addition, it is still
unclear why ATM degradation was observed before Rom39 degradation was noticeable in
western blot (6.25 mg/kg/day indisulam was needed, Figure 4.4D). Examining the abundance
of Atm and Rbm39 in tumour cells using immunohistochemistry, instead of total protein from

tumour tissues using western blot, will provide further insights.
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Figure 5.11. The combination of indisulam and olaparib increases yH2AX and reduces Atm
expression in the ID8 murine HGSOC model.

(A) Omental tumour samples (ID8-Trp537~ tumours) from the pilot study (Section 4.2.2) were used
for western blot analysis. Protein levels of Atm, Chk1, and YH2AX were measured. 3-actin was used as
a loading control. (B-C) Densitometry quantification of yYH2AX (b) and Atm (c) bands intensities relative
to B-actin (error bar = SD). Ordinary one-way ANOVA with Dunnett’s multiple comparisons test was
used for statistical analysis (*p < 0.05).
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5.5. Discussion

5.5.1. Indisulam reduces PARP inhibitor resistance by exacerbating olaparib-induced
genotoxic stress

Data from earlier chapters have shown that indisulam synergises with olaparib in multiple in
vitro models of HGSOC (Chapter 3) and in the ID8 murine HGSOC model (Chapter 4). In
addition, | have validated that indisulam depletes RBM39 in HGSOC cells and causes mis-
splicing in a panel of DNA damage repair genes such as ATM, TP53BP1, RIF1, BRCA1, and
RAD51D, suggesting a possibility that indisulam may improve PARP inhibitor response
through disrupting splicing of DNA repair genes. In this chapter, | tested this hypothesis by
assessing the impact of indisulam, olaparib, and their combination on cellular genotoxic stress
from three perspectives: DNA damage response, cell cycle distribution, and DNA replication
stress response. Findings from this Chapter suggest a model that indisulam exacerbates
genotoxic stress caused by olaparib, thereby leading to synergistic induction of cell apoptosis

(Figure 5.12).

PARP inhibitor
A + indisulam

PARP
inhibitor

Genotoxic stress

\ 4

Drug concentration

Figure 5.12. A simple model for the synergy between indisulam and PARP inhibitor(s).
Current findings suggest that indisulam exacerbates the genotoxic stress caused by PARP inhibitors

such as olaparib, leading to higher levels of DNA damage and replication abnormalities, which may

contribute to increased cell apoptosis and synergistic growth inhibition.
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More specifically (Figure 5.13A), despite deleterious BRCA2 mutation (Domcke et al., 2013)
and being HRD (Tumiati et al., 2018), KURAMOCHI cells tolerated olaparib-induced DNA
damage (Figure 5.4 and Figure 5.7) without causing substantial replication fork abnormalities
(Figure 5.9) and cell apoptosis (Chapter 3). The survival of KURAMOCHI cells was associated
with profound phosphorylation of ATM, Chk2, and Chk1, implying activation of the DNA
damage response and the replication stress response. As summarised in Figure 5.13B, current
evidence indicates that indisulam increases PARP inhibitor response in KURAMOCHI cells by
downregulating ATM expression and suppressing olaparib-induced activation of the ATM-
Chk2 pathway (Figure 5.2), leading to increased DNA damage (Figure 5.4 and Figure 5.7).
Meanwhile, the combination of indisulam and olaparib downregulates Chkl expression
through an unknown mechanism, resulting in reduced Chk1 phosphorylation, increased DNA
replication abnormalities (Figure 5.9 and Figure 5.10), and possible activation of the intra-S
checkpoint (Figure 5.8). As a result, indisulam weakens the DNA damage response and the
replication stress response, rendering KURAMOCHI cells susceptible to olaparib-induced
genotoxic stress, eventually leading to increased genome instability and cell apoptosis
(Chapter 3). While the cell cycle arrest caused by olaparib alone could be transient, the
increase in genotoxic stress by the combination of indisulam and olaparib probably causes
prolonged cell cycle arrest and reduces cell proliferation. Several mechanistic questions in this
model have not been answered, such as the involvement of replication catastrophe, and the
duration of cell cycle arrest. They are further discussed in section 5.5.5 (Limitations and Future

work).
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Figure 5.13. A detailed model showing indisulam increases PARP inhibitor response in HGSOC cells.
(A) Despite loss of BRCA2 expression, KURAMOCHI and OVSAHO cells can tolerate olaparib-induced
DNA damage without substantial cell apoptosis (shown in Chapter 3). Data from this chapter
demonstrate that, in KURAMOCHI cells, olaparib treatment activates ATM, Chk2, and Chk1, which
coordinate DNA damage response and replication response, thus preventing cell apoptosis. The cell
cycle arrest may be transient, allowing cells to resolve the genotoxic stress. (B) The addition of
indisulam reduces protein expression of ATM through splicing errors and limits signalling activities of
the ATM-Chk2 pathway in response to olaparib treatment. This leads to reduced DSB repair, increased
genotoxic stress and cell apoptosis. Meanwhile, the combination of indisulam and olaparib
downregulates Chkl expression through an unknown mechanism, resulting in increased replication
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fork abnormalities and unscheduled firing of replication origins — a potential source for genome
instability and replication catastrophe (Toledo et al., 2013). The cell cycle arrest caused by the
combination of indisulam and olaparib might be prolonged since cells may need more time to resolve
the increased genotoxic stress, leading to a reduced proliferation rate. The legend in the bottom left
corner applies to both (a) and (b).

5.5.2. Indisulam synergises with olaparib by downregulating ATM expression and
increasing DNA damage
| found evidence that indisulam causes genotoxic stress in KURAMOCHI cells, demonstrated
by increased YH2AX foci count and higher tail moments in the alkaline COMET assay.
Meanwhile, indisulam downregulates ATM expression, which is likely to be a consequence of
ATM mis-splicing following indisulam-mediated RBM39 degradation (Figure 3.2). Apart from
HGSOC, mis-splicing and downregulation of ATM have also been documented in
neuroblastoma cells after indisulam treatment (Singh et al., 2021), but the authors did not
measure DNA damage levels in indisulam-treated cells. Another study in triple-negative
breast cancer (MDA-MB-231) reported that RBM39 depletion significantly increased yH2AX
expression in western blot, accompanied by a reduction in the HR repair protein RAD51
(Campbell et al., 2018). | have not tested the impact of indisulam on RAD51 expression in
KURAMOCHI cells. RAD51 expression may not determine DSB repair capacity in these cells
because they are already HR-deficient (Tumiati et al., 2018, Kim et al., 2020, Domcke et al.,
2013). In addition, ATM is upstream of RAD51-mediated repair and loss of ATM would cause
a more profound impact on DNA damage response (Helt et al., 2005, Blackford and Jackson,
2017, Beucher et al., 2009, Shibata and Jeggo, 2021). Therefore, reduced ATM expression is
likely to be an important factor contributing to indisulam-mediated accumulation of DNA

damage and genotoxic stress.

When used in combination with PARP inhibitors, indisulam phenocopies the effect of ATM
inhibitors. The addition of indisulam partially inhibited olaparib-mediated activation of the
ATM-Chk2 pathway, shown by reduced pATM-S1981 and pChk2-T68 expression. It also
increases YH2AX expression and foci formation, elevates DNA damage in the alkaline COMET
assay, and causes cell cycle arrest in S and G2/M phases. These observations are consistent
with findings in other studies which showed more-than-additive induction of DNA damage
and cell cycle arrest by combining olaparib with ATM inhibitors such as AZD0156 (Lloyd et al.,
2020, Riches et al., 2020, Pike et al., 2018) and KU55933 (Hong et al., 2016, Wang et al., 2017).
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In addition, a recent study demonstrated that PARP1 is a substrate of Chk2 (Hsu et al., 2019).
Chk2 phosphorylates PARP1 at multiple sites, thereby enhancing PARylation and promoting
the nuclear localisation of PARP1 upon DNA damage (Hsu et al., 2019). As a result, Chk2
inhibition reduces PARP1-mediated PARylation and DNA damage repair (Hsu et al., 2019) and
sensitises ovarian cancer cells to olaparib (Xu et al., 2021, Anderson et al., 2011). It is worth

investigating if indisulam synergises with PARP inhibitors through the same mechanism.

Notably, the combination of indisulam and olaparib causes YH2AX accumulation and ATM
reduction in the ID8 tumours, indicating that reduced ATM activity and genotoxic stress
accumulation may contribute to the anti-tumour effect in vivo. This further support the
hypothesis that indisulam-mediated inhibition of ATM-Chk2 signalling plays an important role

in the synergy with olaparib.

5.5.3. Replication stress also contributes to the synergy between indisulam and olaparib

In addition to DNA damage accumulation, the combination therapy also involves a substantial
increase in the replication stress. | found that indisulam and olaparib showed a more-than-
additive effect in reducing the number of progressing replication forks, slowing DNA
synthesis, and increasing new origin firing, which were not seen in cells treated with either
monotherapy. These observations may be explained by the increase in DNA damage and thus

more obstacles to replication fork progression.

The increase in new origin firing can be a result of licensing of dormant replication origins
near the sites of stalled replication forks, which is a well-characterised adaptive response to
replication stress (Woodward et al., 2006, McIntosh and Blow, 2012, Ge et al., 2007, Ge and
Blow, 2010), and the observed downregulation of Chkl expression and reduced Chkl
activation. The firing of dormant origin is a highly regulated process and is normally inhibited
by the ATR-Chk1 pathway (Ge and Blow, 2010, Toledo et al., 2013, Petermann et al., 2010).
An increase in active replication origins causes a larger region of ssDNA that needs protection
from RPA coating (Toledo et al.,, 2013). Excess new origin firing may generate an
overwhelming amount of ssDNA and deplete the nuclear RPA pool, resulting in unprotected
ssDNA that is prone to damage (Ge and Blow, 2010, Toledo et al., 2013, Petermann et al.,
2010). Exhaustion of the RPA pool causes irreversible replication catastrophe — cell death at

the S phase (Toledo et al., 2013). Previous studies have shown that Chk1 inhibition increases
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new origin firing during replication stress (Ge and Blow, 2010, Toledo et al., 2013, Petermann
et al., 2010) and reduces the rate of DNA replication (Petermann et al., 2006), which are
consistent the effect of indisulam and olaparib in combination. Several recent studies have
also demonstrated that ATR inhibitors and Chkl inhibitors sensitise cancer cells to PARP
inhibitors (Kim et al., 2017, Lloyd et al., 2020, Brill et al., 2017, Smith et al., 2020, Di Giulio et
al., 2021, Kim et al., 2020). Therefore, the replication stress induced by the combination of
indisulam and olaparib may be a combined effort of DNA damage accumulation and Chkl

depletion.

5.5.4. Indisulam, olaparib, and the combination therapy cause cell cycle arrest

One interesting finding is that indisulam-treated cells showed a differential cell cycle profile
in HGSOC cells compared with previous studies. Indisulam was initially discovered as a drug
causing cell cycle arrest in the G1 phase (Ozawa et al., 2001, Owa et al., 1999, Haddad et al.,
2004). Prolong exposure to indisulam also lead to cell cycle arrest in the G2/M phases
(Fukuoka et al., 2001, Ozawa et al., 2001, Owa et al., 1999, Wang et al., 2019, Singh et al.,
2021). Indisulam treatment is also associated with hypo-phosphorylation of the protein
retinoblastoma in patient samples, indicating G1/S blockade (Haddad et al., 2004). In
KURAMOCHI cells, indisulam treatment increased fractions of cells in the S and G2/M phases,
and reduced G1 phase cells. While my observation of the G2/M arrest is consistent with
previous reports, the impact of indisulam on G1/S progression is contradictory. Since the G1/S
checkpoint is p53-dependent (Hyun and Jang, 2015), it is possible that the loss of p53
expression in KURAMOCHI cells (Domcke et al., 2013) abrogates the G1/S checkpoint, leading
to more cells entering the S phase (Deng et al., 1995). However, | have not investigated this
in my project and future investigations would be necessary to assess if p53 deficiency

contributes to the indisulam-mediated S phase arrest.

On the other hand, the cell cycle profile of olaparib-treated cells is consistent with previous
findings in non-small cell lung cancer (Lloyd et al., 2020, Riches et al., 2020) and ovarian cancer
(Sahin et al., 2019). Following olaparib treatment, KURAMOCHI cells are arrested in the late-
S and G2/M phases. Because olaparib-treated cells showed increased DNA damage but no
significant changes in replication fork behaviours, | speculate that the cell cycle arrest caused

by olaparib may be transient in KURAMOCHI cells, and it may be mostly driven by DNA
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damage accumulation. The ability of KURAMOCHI cells to tolerate olaparib-induced DNA
damage without causing cell apoptosis might be the reason why it is resistant to PARP

inhibitors.

Some studies have suggested that inhibiting either Chk1 or Chk2 abrogates the intra-S and
G2/M cell cycle checkpoints, leading to a premature entry of mitosis and cell death (Alkema
etal., 2014, Niida et al., 2005, Zhang et al., 2008, Lloyd et al., 2020, Kim et al., 2017). However,
| found that the combination of indisulam and olaparib caused cell cycle arrest at intra-S, late-
S and G2/M phases, despite a reduction in Chkl and Chk2 activation. One possible
explanation is that the residual activities of Chk1 and Chk2 might be sufficient to activate the
intra-S and G2/M checkpoints. Alternatively, the replication stress in these cells may be
intense enough to cause persistent cell cycle arrest and induce replication catastrophe — cell
death in the S phase. These hypotheses are worth investigating in the future, and several

strategies are proposed in the next section.

5.5.5. Limitations and Future work

One of the limitations is that the exact level of DSB has not been determined. Although many
studies use YH2AX as a marker for DSBs, it is in fact an ambiguous marker for genotoxic stress
and does not necessarily suggest DSBs formation. Multiple studies have shown that yH2AX is
increased in response to DSBs and arrested replication forks (Sedelnikova et al., 2002, Cleaver,
2011, de Feraudy et al., 2010, Sharma et al., 2012). The increase of YH2AX at the sites of
stalled replication forks is mediated by ATR or DNA-PK (Ward and Chen, 2001, Burdak-
Rothkamm et al., 2007, Chanoux et al., 2009, Gagou et al., 2010, Ward et al., 2004, Moeglin
etal., 2019, Hanasoge and Ljungman, 2007, Toledo et al., 2013, de Feraudy et al., 2010). Some
researchers proposed that DSBs-induced yH2AX is commonly shown as discrete foci, whilst
YH2AX induced by replication stress tends to form pan-nuclear staining (Coulson-Gilmer et
al., 2021, Moeglin et al., 2019). However, this method is only indicative and not very accurate.
DNA replication inhibitors, such as hydroxyurea, have shown to increase YH2AX expression
and foci formation prior to DSBs formation (Toledo et al., 2013, Petermann et al., 2010, Ward
and Chen, 2001, Sirbu et al., 2011). In addition, the definition of pan-nuclear staining is often
subjective and may be influenced by the signal intensity and exposure time during image

acquisition. Nevertheless, the pan-nuclear staining is still widely recognised as a sign of
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replication catastrophe as long as images are analysed in an unbiased approach (set
parameters using negative and positive controls, then analyse experimental images blindly)
and experimental variations are minimised (use the same microscope with the same

exposure).

Therefore, it is still uncertain if DSB formation is involved in the synergy between indisulam
and olaparib. In particular, the combination of indisulam and olaparib causes DNA damage
accumulation, replication stress, and cell apoptosis, all of which may contribute to the
increase in YH2AX. The exact source of YH2AX could be determined in future studies by
inhibiting potential upstream kinases of yH2AX, namely ATM (Burma et al., 2001, Stiff et al.,
2004), ATR (Stiff et al., 2004, Burdak-Rothkamm et al., 2007, Chanoux et al., 2009, Ward et
al., 2004, Ward and Chen, 2001), and DNA-PK (Stiff et al., 2004, Park et al., 2003, Mukherjee
et al., 2006, An et al., 2010). Combining YH2AX and other markers, such as 53BP1 (Rappold et
al., 2001, de Feraudy et al., 2010, Ward and Chen, 2001, Harding et al., 2011, Ward et al.,
2003), RPA (Toledo et al., 2017, Toledo et al., 2013), and Annexin V staining can also suggest
the type of genotoxic stress. A neutral COMET assay is ideal to quantify the number of DSB
directly (Olive et al., 1991, Olive and Banath, 2006, Lu et al., 2017, Au - Nowsheen et al., 2012).
Unfortunately, despite multiple attempts, | was not able to establish this assay and thus
future optimisation is needed. Alternative methods can also be used to detect DSBs

accurately, such as the TdT-dUTP DSB end labelling (TUDEL) assay (Lutze et al., 2022).

Another potential criticism is the cell cycle analysis, which only provides one snapshot at 48
hours and cannot differentiate transient cell cycle arrest from persistent cell cycle arrest.
Future analysis should synchronise the cell population and examine cell cycle distribution at
various time points. Alternatively, the cell cycle progression of individual cells may be tracked
using the cell fate profiling assay, which has been used in multiple HGSOC cell lines, including
KURAMOCHI and OVSAHO (Pillay et al., 2019, Coulson-Gilmer et al., 2021). Replicating cells
can also be labelled with nucleotide analogous, which allows tracking of cell cycle progression
after the initial S phase (Lloyd et al., 2020). The activation status of cell cycle checkpoint
proteins downstream of Chkl and Chk2 are also worth investigating in the future, such as

Cdc45 (Guo et al., 2015, Liu et al., 2006) and Cdc25A (Xiao et al., 2003, Falck et al., 2001).
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Another gap is that | have not confirmed that the reduction in ATM expression and Chk1
expression directly contributes to the increase in DNA damage and replication stress,
respectively. Although the causal relationship is plausible based on literature evidence, a
rescue experiment would be appropriate to examine whether ATM and Chk1 downregulation
determine the synergy between indisulam and olaparib. Plasmids or viral particles containing
cDNAs of ATM and Chk1 should be used to bypass any indisulam-mediated splicing errors.
Overexpression of ATM or Chk1 is expected to rescue cells from DNA damage accumulation
and replication stress, leading to reduced cytotoxicity from the combination therapy. A partial
rescue would imply the involvement of additional molecular changes in the synergy between
RBM39 depletion and PARP inhibition. In addition, the underlying mechanisms of Chkl

downregulation by indisulam and olaparib should also be investigated.

An additional drawback is the lack of direct evidence showing that indisulam impairs DNA
damage repair. Quantifying DNA damage repair capacities using the DR-GFP (for HR repair)
and EJ5-GFP (for NHEJ repair) reporter assays have been scheduled in our laboratory (Pierce
et al., 1999, Bennardo et al., 2008, Gunn and Stark, 2012). Briefly, the cells of interest are
transduced with reporter plasmids that contain a GFP gene disrupted by tandem sites of the
endonuclease I-Scel. I-Scel is a bacteria endonuclease that recognises a very rare sequence,
allowing highly selective induction of DSB in the reporter plasmid (Monteilhet et al., 1990,
Siegl et al., 2010). Repairing the /-Scel-induced DSBs generates a functional GFP gene. The
repair efficiency could be easily quantified through flow cytometry. DR-GFP and EJ5-GFP

plasmids differ in the design of I-Scel sites, which only permit HR or NHEJ repair, respectively.

The current understanding of the replication stress caused by indisulam and olaparib is still
preliminary. Only one or two biological replicates are available so far, and future replications
are necessary to ascertain if the trend of changes is reproducible. More importantly, it is still
unclear how vital is the replication stress to the synergy between indisulam and olaparib.
Future studies should investigate if the combination therapy causes replication catastrophe
and leads to cell apoptosis at the S phase. The replication catastrophe can be tested by
assessing the level of RPA availability in the nucleus and the cell cycle distribution of apoptotic
cells using immunofluorescence or flow cytometry (Toledo et al., 2017, Toledo et al., 2013).
Overexpressing RPA components is also a good way to ascertain if RPA exhaustion contributes

to DNA damage and replication catastrophe (Toledo et al., 2013). It is also important to study
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how the combination of indisulam and olaparib reduces progressing forks. There are three
possible explanations: increased fork stalling, reduced restarting of stalled forks, and slowed
fork progression. Increased fork stalling can be assessed by measuring the asymmetry of IdU
fibres in bi-directional forks as previously described (Pillay et al., 2019). To study whether the
combination therapy inhibits fork restarting, cells can be sequentially treated with the drug
combination and then a short pulse of hydroxyurea (to induce fork stalling). The kinetics of
fork restarting can be investigated by monitoring the fork progression after hydroxyurea
treatment as previously described (Kumar et al.,, 2020). Fork progression speed can be
guantified by measuring IdU fibre length before and after exposure to the combination
therapy (Nieminuszczy et al., 2016). Shorter fibres after the drug treatment suggests slowed

fork progression.

As for the DNA fibre analysis, it is still unclear why there was an imbalanced ratio of new origin
firing during two consecutive labelling phases. While vehicle control or indisulam caused a
comparable number of new origins during two sequential pulse labelling phases (BrdU and
IdU), olaparib treatment and the combination therapy caused a higher rate of new origin
firing during the I1dU labelling (2" pulse phase) than the BrdU labelling (1%t pulse phase)
(Figure 5.9B). The imbalanced ratio of new origins might be biologically meaningful. But to
the best of my knowledge, no literature has discussed this. Alternatively, this might be caused
by technical issues. It is possible that the washing step between the two labelling phases was
not fast enough (although it was done within 3 minutes), and the transient withdrawal of
cytotoxic drugs might have stimulated DNA replication. If this was the case, washing cells
faster using fresh culture media containing the drugs of interest should be able to minimise
the issue. Alternatively, it could be due to the detection bias during manual image analysis.
The bi-directional DNA fibre caused by origin firing during BrdU labelling (1% phase) is always
a rare event and challenging to find. Moreover, the BrdU was poorly labelled by antibodies
and often shown as fragmented fibres. Thus, some bi-directional DNA fibres might have been
mistaken for progressing forks (uni-directional fibres), especially in cells with replications
tress. Other studies have also observed fragmented labelling of DNA fibres (Pillay et al., 2019,
Stanojcic et al., 2017, Marheineke et al., 2005). The labelling efficiency could be improved by

replacing the BrdU with the Click-iT EAU labelling kit, because the click-it chemistry is a faster
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and more efficient fluorescence labelling technic than traditional antibody-based

immunostaining (Krishan and Hamelik, 2010).

PARP inhibitors can inhibit PARylation within 30 minutes, though it takes days to show growth
inhibition (Murai et al., 2012, Murai et al., 2014). One additional limitation of this chapter is
that all experiments were conducted at 48 hours, and thus the interaction between
PARylation inhibition and indisulam-mediated splicing abnormalities is still unclear. As RNA
splicing changes take time to manifest at protein levels, pre-treating cells with indisulam (24
or 48 hours) before adding olaparib (30 minutes to 48 hours) is a scientifically valid strategy
to differentiate short-term impact from long-term consequences of PARP inhibition. Western
blot analysis can be used to assess the signalling changes in PARylation, DNA damage
response, replication stress response, and cell apoptosis. Immunofluorescence analysis can
be used to monitor the recruitment of DNA damage repair factors to damage sites or stalled
replication forks. For example, olaparib-induced ATM activation and recruitment might be
slowed or reduced in indisulam-treated cells because indisulam downregulates ATM
expression. These experiments will provide valuable insights into the interaction between

indisulam and olaparib.

5.5.6. Conclusion

In conclusion, | found evidence that the synergy between indisulam and olaparib involves
both DNA damage accumulation and replication stress. By downregulating ATM expression,
indisulam suppresses olaparib-induced activation of the ATM-Chk2 signalling pathway,
potentially impairs DNA repair activities in HGSOC cells and increases susceptibility to PARP
inhibitors. The combination of indisulam and olaparib also causes a more-than-additive
reduction of Chkl expression, which may contribute to the increased replication fork
abnormalities and excess new origin firing. These findings provide valuable mechanistic
insights into the synergistic interaction between indisulam and olaparib and facilitate the
identification of genes or pathways that may determine the synergy potential of the

combination therapy.
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Chapter 6. Assessing the impact of indisulam and olaparib on HGSOC

transcriptome and proteome

6.1. Overview of the transcriptomic and proteomic analysis

Multiple studies have shown that indisulam causes genome-wide splicing changes in cancer
cells (Mai et al., 20164, Faherty et al., 2016, Han et al., 2017b, Kralovicova et al., 2018, Wang
et al,, 2019, Ting et al., 2019, Puvvula et al., 2021, Nijhuis et al., 2022, Lu et al., 2021b, Singh
et al,, 2021, Uehara et al., 2017), but the impact of indisulam on HGSOC cell transcriptome
and proteome has not been studied. Therefore, we conducted transcriptomic and proteomic
analyses to investigate how indisulam affects gene expression in HGSOC cells and how it may

improve PARP inhibitor response.

A flowchart of the transcriptomic and proteomic analyses is shown in Figure 6.1A. In brief,
KURAMOCHI cells were treated with vehicle control (0.1% DMSO), 10 uM indisulam, 30 uM
olaparib, or combination therapy (10 uM indisulam plus 30 uM olaparib). After 24-hour
exposure, total RNA was extracted from cells and sent for RNA-sequencing (n = 3).
KURAMOCHI cells were treated the same way for 48 hours, and total protein was extracted
for (total) proteomic analysis (n = 5). In parallel, the murine HGSOC ID8-Trp537~ cells were
treated with vehicle control (0.1% DMSO) or 1 uM indisulam. Total RNA (at 24 hours, n = 3)
and total protein (at 48 hours, n = 5) were extracted and sent for RNA sequencing and
proteomic analysis. While analyses of these data are ongoing, a summary of key findings to

date is presented in this chapter (Figure 6.1B).

The data were generated and analysed with support from other group members and external
collaborators. | collected KURAMOCHI protein samples for proteomic analysis and performed
most of the comparative analysis, functional annotation, and enrichment analysis. Dr Nijhuis
and | worked together to generate the ID8-Trp537~ samples for proteomics. Dr Nijhuis also
contributed to the generation of all RNA samples at 24 hours. RNA-sequencing was
outsourced to the Imperial Biomedical Research Centre (BRC) genomic centre and Mr Michael
Gruet performed the alternative splicing analysis using the SpliceFisher as previously
described (Han et al., 2017b, Nijhuis et al., 2022). | used the list of mis-spliced genes (produced

by Mr Gruet) for Venn diagram comparisons and pathway enrichment analysis. Proteomic
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analysis was conducted by our external collaborators (Prof Holger Kramer and Dr Alex
Montoya). Dr Montoya also performed the differential expression analysis and constructed a
data visualisation package in Perseus. | then used the list of differentially expressed proteins

for Venn diagram comparisons, pathway enrichment analysis, and producing volcano plots.

In this chapter, | aimed to answer the following research questions using the comparative

analysis (Venn diagram) and pathway enrichment analysis:

1. Which pathways are preferentially affected by indisulam-mediated splicing changes
(Section 6.2.1)?
2. Do splicing errors lead to reduced protein expression (Section 6.2.2)?
3. Which protein changes in indisulam-treated cells can explain the increased sensitivity
to olaparib?
a. Targeted approach —focusing on DNA repair genes (Section 6.2.3)
b. Untargeted approach — based on literature evidence of gene expression
changes that modulates PARP inhibitor sensitivity (Section 6.2.4).
4. Is the role of RBM39 on RNA splicing conserved between human and mouse (Section
6.3)?
5. Do indisulam and olaparib affect the splicing of the same genes (Section 6.4)?
6. Are there any unique protein changes when indisulam and olaparib are combined

(Section 6.5)?
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A KURAMOCHI or ID8-Trp53- cells
Total RNA extraction at 24 Total protein extraction

hours (n = 3) at 48 hours (n = 5)

RNA-sequencing Total proteomics
(Nextseq2000 100bp (LC-MS/MS)
paired-end, 50M reads) l
SpllceF!sh er— alter.natlve Perseus — differential
SRl EMELHE expression analysis
(FDR < 0.05) P y
Il’ ____________ \ l
Mis-spliced 1 |_EXON Skipped genes | | Significantly
genes I I downregulated proteins
" Intron retained genes | | (FDR < 0.05, S0 =0.1)
/
Comparative analysis DAVID pathway enrichment
(Venn diagram) analysis (FDR < 0.1)
B Mis-spliced genes
Duplicates
[ | 1
Exon skipped |Intron retained | Downregulated
genes genes proteins

Indisulam (10 yM) 7904 8389 1043
KURAMOCHI  Olaparib (30 uM) 7297 7768 339
Combination 8026 8681 1241
ID8-Trp53™~  Indisulam (1 uM) 5371 6283 942

Figure 6.1. Overview of the transcriptomic and proteomic analyses in human and mouse HGSOC
cells.

(A) KURAMOCH! or ID8-Trp537 cells were treated with vehicle control (0.1% DMSO), 10 uM indisulam,
30 uM olaparib, or the combination of 10 uM indisulam and 30 uM olaparib for 24 and 48 hours. At
24 hours, total RNA was extracted for RNA-sequencing analysis; and at 48 hours, total protein was
extracted for proteomic analysis. RNA-sequencing data were analysed by Michael Gruet using the
SpliceFisher (Han et al., 2017b, Nijhuis et al., 2022) to detect alternative splicing events (comparing
each treatment with the vehicle control). Proteomics data were analysed by Dr Alex Montoya using
the MaxQuant and Perseus software platforms (comparing each treatment with the vehicle control).
(B) Numbers of genes displayed exon skipping events or intron retention events, and the numbers of
proteins significantly downregulated in the proteomics dataset.
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6.2. Indisulam disrupts alternative splicing of DNA repair and replication
genes

6.2.1. Indisulam treatment leads to mis-splicing in cell cycle and DNA damage repair genes
As discussed in earlier chapters (Chapter 1 and Chapter 3), RBM39 is an essential splicing
factor in cancer cells mediating the splicing of many genes (Singh et al., 2021, Wang et al.,
2019, Xu et al., 2020b, Lu et al., 2021b, Nijhuis et al., 2022, Mai et al., 2016b, Han et al.,
2017b). The systematic analysis in Chapter 3 showed that common targets of RBM39-
mediated splicing in four cancer types (neuroblastoma, melanoma, acute myeloid leukaemia,
and breast cancer) are enriched in cell cycle and DNA repair genes. In addition, | validated
exon skipping events of several DNA repair genes in HGSOC cells (Figure 3.2). Therefore, |
speculated that the alternative splicing of cell cycle and DNA repair genes might be

predominantly affected in KURAMOCHI cells upon indisulam treatment.

Alternative splicing analysis of the RNA-sequencing data in KURAMOCHI cells identified exon
skipping or intron retention events (hereafter mis-splicing events) in 10386 genes following
indisulam treatment. Pathway enrichment analysis found that ‘Metabolism of RNA” was the
most significantly enriched pathway (Figure 6.2A), which is not surprising given the
involvement of RBM39 in spliceosome [reviewed in (Xu et al., 2020b)]. As expected, multiple
cell cycle and DNA damage response pathways were among the top 10 significantly enriched

pathways (Figure 6.2A).

When compared to the common splicing targets of RBM39 identified in the systematic
literature analysis (Section 3.1.1), 93.3% (2012/2156) were aberrantly spliced in KURAMOCHI
cells upon indisulam-mediated RBM39 depletion (Figure 6.2B), further confirming that the
RNA splicing of a panel of genes is consistently regulated by RBM39 across multiple cancer
types. These 2012 genes were significantly enriched for several cell cycle pathways and
showed non-significant trends of enrichment in multiple DNA repair pathways (fold
enrichment values between 1.4 to 2.1) (Figure 6.2C). Approximately 80% of exon skipped or
intron retained genes (8317/10387) were KURAMOCHI-specific, and no pathway was

significantly enriched within this subset (Figure 6.2B).
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Overall, above findings support the hypothesis that RBM39 coordinates the splicing of cell

cycle and DNA repair genes in multiple types of cancers including HGSOC.

A

Pathway enrichment analysis (top 10) of mis-spliced genes by indisulam

R-HSA-72203~Processing of Capped Intron-Containing Pre-mRNA [0 RNA metabolism
G0:0007049~cell cycle W Cel |
G0:0006974~cellular response to DNA damage stimulus ell cycle
R-HSA-69278~Cell Cycle, Mitotic [l DNA damage repair
G0:0015031~protein transport

G0:0006886~intracellular protein transport Tl W Others

G0:0006281~DNA repair

R-HSA-1640170~Cell Cycle

G0:0051301~cell division

R-HSA-8953854~Metabolism of RNA-: 1
I T T 1
0 20 40 60

B no significant C -Log10(FDR)

; Fold
enrichment Pathway enrichment analysis (Top 15) enrichment p-value FDR

R-HSA-380287~Centrosome maturation 22 1.61E-05 0.014
R-HSA-380270~Recruitment of mitotic centrosome proteins 29
and complexes : 1.61E-05 0.014

AN
R-HSA-380320~Recruitment of NuMA to mitotic centrosomes 2.1 6.29E-05 0.036
R-HSA-8854518~AURKA Activation by TPX2 2.1 123E-04 0.052
144 R-HSA-2565942~Regulation of PLK1 Activity at G2/M 20

Transition 1.74E-04  0.060
R-HSA-380284~Loss of proteins required for interphase

microtubule organization from the centrosome =l 3.89E-04 0.095
R-HSA-380259~Loss of NIp from mitotic centrosomes 2.1 3.89E-04 0.095
R-HSA-1640170~Cell Cycle 1.3 4.86E-04 0.101
Mis-spliced genes in R-HSA-5620912~Anchoring of the basal body to the plasma 18
KURAMOCHI cells treated membrane ’ 5.30E-04  0.101
with indisulam (n = 10386) hsa01240:Biosynthesis of cofactors 1.8 0.00102428 0.322
— WP4016~DNA IR-damage and cellular response via ATR 1.9 0.00120691  0.652
Common splicing targets of G0:0006281~DNA repair 14 000158064 1.000
RBM39 (n = 2156) N . .
WP4148~Splicing factor NOVA regulated synaptic proteins 25 0.00221452  0.652
hsa03460:Fanconi anemia pathway 21 0.00293902  0.322
hsa01100:Metabolic pathways 12 0.00298537 0.322

Figure 6.2. Indisulam causes aberrant splicing in cell cycle and DNA damage repair genes.

(A) KURAMOCHI cells were treated with vehicle control or 10 uM indisulam for 24 hours before RNA
sequencing and alternative splicing analysis (as shown in Figure 6.1). The mis-spliced genes (exon
skipped or intron retained) were used for pathway enrichment analysis. The top 10 significantly
enriched pathways were shown as bar charts and ranked based on the FDR. Closely related pathways
are highlighted in the same colour. (B) A Venn diagram comparing the mis-spliced (exon skipped or
intron retained) genes in indisulam-treated KURAMOCHI cells with previously identified common
splicing targets of RBM39 (across four cancer types). (C) Top 15 enriched pathways of the 2012 genes
identified in (b). The gene ontology biological process (GOBP), REACTOME, KEGG, and WIKIPATHWAY
databases were used for enrichment analysis. All genes involved in the Venn diagram (b) were used
as a background for enrichment analysis (n = 10530).
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6.2.2. Most proteins downregulated by indisulam are splicing targets of RBM39

| next investigated whether the splicing errors caused by indisulam led to reduced protein
expression. Among the genes mis-spliced by indisulam, 42% (4306/10386) were within the
coverage of proteomics (Figure 6.3A). Proteomics analysis showed 1043 proteins were
significantly downregulated by indisulam, and 91.3% (952/1043) were affected by indisulam-
mediated exon skipping or intron retention events (Figure 6.3B). This finding favours the
hypothesis that indisulam downregulates protein expression mainly through splicing errors

and corroborates previous observations we published in neuroblastoma (Nijhuis et al., 2022).

Interestingly, among the genes mis-spliced by indisulam and downregulated at protein levels,
the ‘Metabolic pathways’ was the only pathway significantly enriched (FDR = 0.059, fold
enrichment = 1.32, Figure 6.3B), and the thymidylate synthetase (TYMS) was included within
this pathway. In our recent publication, Nijhuis et al. (2022) showed that indisulam affects
metabolism in neuroblastoma cells by mis-splicing and downregulating TYMS. It is possible
that indisulam alters HGSOC cell metabolism also through TYMS, and future investigation is

warranted.

Significantly enriched
for the ‘Metabolic
Mis-spliced genes pathways’
outside proteomics
coverage
3354 91

42%
(n = 4306)

Indisulam mis-spliced
gene within proteomics
coverage (n = 4306)

Proteins downregulated by
indisulam in proteomics
(n =1043)

Figure 6.3. Indisulam downregulates protein expression mainly by inducing splicing errors.

(A) A pie chart showing the proportion of indisulam mis-spliced genes in KURAMOCHI cells that are
also within the coverage of proteomics. (B) A Venn diagram showing that 952 genes mis-spliced by
indisulam were also downregulated at protein levels in KURAMOCHI cells. Pathway enrichment
analysis was performed using all proteins detected in the proteomics as the background (n = 5328).
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6.2.3. Indisulam may increase PARP inhibitor response by downregulating DNA repair
proteins

Previous data from functional assays suggested that indisulam downregulates protein
expression of ATM and improves olaparib response by increasing DNA damage and replication
stress (Chapter 5). Therefore, | attempted to investigate whether other DNA repair proteins
may be downregulated by indisulam. Surprisingly, among the DNA repair genes mis-spliced
by indisulam (based on the Reactome annotation), 44% of them (105/238) were missing in
the proteomics dataset (Figure 6.4A). Proteins not reported in the proteomics data included

many interesting DNA repair proteins, such as ATM, BRCA1, BRCA2, and RAD51 analogues.

Despite the limited coverage, 56% of DNA repair genes (133/238) mis-spliced by indisulam
were detectable in the proteomics (Figure 6.4B). Twenty-five of them were downregulated at
protein levels by indisulam, providing a list of DNA repair proteins modulated by RBM39
(Table 6.1). Functional annotation showed that these 25 DNA repair proteins have been
implicated in many aspects of the genotoxic stress response, including HR repair (ERCC1,
PNKP, TIM), NHEJ repair (53BP1, PNKP), nucleotide excision repair (cyclin H, ERCC1, ERCC2,
TF2H1, and TF2H4), Fanconi anaemia repair (FANCI, FANCD2, ERCC1), and DNA replication
stress response (claspin, FANCI, FANCD2, TIM) (Table 6.1).

| next examined the differential protein expression in KURAMOCHI cells following indisulam
and olaparib treatment either alone or in combination, with a particular focus on the 25 DNA
repair genes targeted by indisulam (Figure 6.5). Proteomics analysis showed that, as
expected, RBM39 was one of the most depleted proteins in KURAMOCHI cells treated with
indisulam and the combination therapy (Figure 6.5A and C). RBM39 level showed a small but
significant reduction upon olaparib treatment, implying an intriguing possibility that RBM39

availability might be affected by PARP activities (Figure 6.5B).

Of the 25 DNA repair proteins known to be downregulated by indisulam, 84% (21/25) were
also significantly downregulated in cells treated with the combination therapy of indisulam
and olaparib. On the other hand, most of these DNA repair proteins were not downregulated
by olaparib treatment. Instead, five of them (TIM, FANCI, UBCHS8, claspin, and PNKP) were
significantly upregulated by olaparib, suggesting that they may contribute to the adaptive
response to PARP inhibitors. With the exception of UBCH8 (UBE2L6), depletion of TIM
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(TIMLESS), FANCI (FANCI), claspin (CLSPN), and PNKP (PNKP) have been shown to increase
PARP inhibitor response in previous CRISPR loss-of-function screens (Fugger et al., 2021,
DeWeirdt et al., 2020, Blanck et al., 2020, Jamal et al., 2022, Hewitt et al., 2021, Tsujino et al.,
2022, Zimmermann et al.,, 2018, Su et al., 2020, Noordermeer et al., 2018). UBCHS8 (E2
ubiquitin-conjugating enzyme L6) regulates p21 stability and modulates DNA damage
response upon radiation (Shibata et al., 2011), but its involvement in PARP inhibitor response

is still unclear.

In summary, these findings show that indisulam downregulates a panel of DNA repair genes,
predominantly through splicing errors, including several factors known to increase sensitivity

to PARP inhibitors.

A B DNA repair genes modulated by indisulam
e.g. ATM, BRCAT1, and within the proteomics coverage
BRCA2, RAD51B-D. (n=133)

DNA repair genes Proteomics
mis-spliced by coverage I Protein expression
indisulam (n = 238) (n =5186) downregulated by indisulam

] Not downregulated

Figure 6.4. Many DNA repair genes modulated by indisulam are outside the proteomics coverage.
(A) A Venn diagram showing that only 133 out of 238 DNA repair genes (that were mis-spliced by
indisulam) were detectable in the proteomics dataset of KURAMOCHI cells. Mis-spliced genes refer to
the genes with exon skipping or intron retention events. (B) A pie chart shows the proportion of the
133 DNA repair genes in (a) downregulated by indisulam at protein levels (pink).
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Table 6.1. Functional annotation of the 25 DNA repair genes mis-spliced and downregulated (at

protein levels) by indisulam.

Involvement in DNA

(TF2H4)

. Gene )
Protein name damage repair References
Symbol
response
activating signal
cointegrator 1 complex ASCC2 Repairs alkylated DNA. (Brickner et al., 2017)
subunit 2 (ASCC2)
activating signal .
cointegrator 1 complex ASCC3 rDeN':itsegﬁjslglc;;O;\loAtes (Dango et al., 2011)
subunit 3 (ASCC3) P y )
[ i i Santos et al., 201
eyclin H CCNH ImpllFated |n.nucleot|de ( ose , 2013,
excision repair. Wang et al., 2007)
cyclin dependent kinase 7 Transcriptional regulation
(CDK7) CDk7 of DNA repair genes. (Veo etal., 2021)
o ONA heli (Verma et al., 2021,
chromodomain helicase In:::)agcet:i\./ith PA:Plfase. Singh et al., 2017,
DNA binding protein 1 like | CHD1L o Juhdsz et al., 2020,
(CHD1L) Remodels chromatin for ; | hel
DNA damage. Hewitt et al., 2021, Ahe
et al., 2009).
x\zdiztﬁfcgt?cﬁ\damage (Sgrensen et al., 2004,
Claspin CLSPN P | Lin et al., 2004, Chini
checkpoint. Interacts with d ch
ATR, Chk1 and BRCAL. and Chen, 2003)
damage specific DNA DDB1 Repairs DNA damage by Reviewed in (lovine et
binding protein 1 (DDB1) uv. al., 2011)
ERCC excision repair 1, Implicated in nucleotide (Kuraoka et al., 2000,
endonuclease non- ERCC1 excision repair, Fanconi Ahmad et al., 2008,
catalytic subunit (ERCC1) anaemia and HR repair. Sijbers et al., 1996)
ERCC excision repair 2, ?:n?r,?tﬁj’?:::ssfFllH-
TFIIH core complex ERCC2 . (Li etal., 2019)
. . complex mediated
helicase subunit (ERCC2) . . .
nucleotide excision repair.
Involved in Fanconi (Okamoto et al., 2019,
FA complementation EANCD2 anaemia repair and Liang et al., 2019,
group D2 (FANCD2) replication stress Smogorzewska et al.,
response. 2007)
' Involvgd in Far\conl (Liang et al., 2019,
FA complementation anaemia repair and
FANCI o Smogorzewska et al.,
group | (FANCI) replication stress
response. 2007)
general transcrl}?tlon Contributes t9 TFIIH- Reviewed in (Rimel and
factor IIH subunit 1 GTF2H1 complex mediated Taaties. 2018
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Figure 6.5. Indisulam downregulates protein expression of multiple DNA repair genes.
Volcano plots showing protein expression changes (relative to vehicle control, VC) in KURAMOCHI cells
treated with 10 uM indisulam (A), 30 uM olaparib (B), or the combination of indisulam and olaparib
(C) for 48 hours. The scale of axes is different between volcano plots. Proteins are shown in gene
names. (D) Legends of the volcano plot. RBM39 and the 25 DNA repair genes both mis-spliced and
downregulated by indisulam are highlighted in (a-c). Differential protein expression analysis was
performed by Dr Alex Montoya using the Perseus software platform. Significant protein changes were
determined by two-tailed t-test and the cut-off was set as FDR < 0.05 and SO = 0.1.
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6.2.4. Indisulam downregulates protein expression of genes modulating PARP inhibitor
sensitivity — an untargeted analysis

Recent publications have reported several CRISPR-Cas9 loss-of-function screens and
identified genes that increase PARP inhibitor response when knocked out (Fugger et al.,
2021, DeWeirdt et al., 2020, Blanck et al., 2020, Jamal et al., 2022, Hewitt et al., 2021,
Tsujino et al., 2022, Zimmermann et al., 2018, Su et al., 2020, Noordermeer et al., 2018,
Clements et al., 2020, Fang et al., 20193, Juhdsz et al., 2020, Olivieri et al., 2020, Verma et
al., 2021). In other words, these genes maintain cell viability upon PARP inhibitor
treatment. Comparison of these modulators of PARP inhibitor sensitivity versus proteins
downregulated by indisulam provides an untargeted approach to uncover novel insights

into the synergy between indisulam and olaparib.

To this end, | did a systematic literature analysis to identify genes that were detected in at
least two independent CRISPR loss-of-function screens (using cells treated with PARP
inhibitors, Figure 6.6). | started the analysis by performing PubMed searches using the
keywords: (“PARPi” or “PARP inhibitor”) and “sensitivity” and “CRISPR” and “screen”. After
removing two review articles and 15 articles without a PARP inhibitor sensitivity screen, |
found six eligible articles (Zimmermann et al., 2018, Verma et al., 2021, Su et al., 2020,
Juhdsz et al., 2020, Hewitt et al., 2021, Fang et al., 2019a). Another eight articles containing
CRISPR-based PARP inhibitor sensitivity screen were included in the analysis, including six
articles suggested by Schleicher and Moldovan (2021) and Jamal et al. (2022) and two
articles (Jamal et al., 2022, Tsujino et al., 2022) identified by the MRes student Bertina

Dragunaite who performed similar searches on bioRxiv.

In total, 14 articles containing 21 CRISPR knockout screens were included in this systematic
analysis (Table 6.2). A total of 2065 genes were detected as high-confidence modulators
for PARP inhibitor sensitivity in at least two independent screens, including several well-
known genes such as BRCA1/2 (Bryant et al., 2005, Farmer et al., 2005), RAD51 (Cruz et al.,
2018, Suwaki et al., 2011, Liu et al., 2017), ATM (Riches et al., 2020, Pike et al., 2018Lloyd,
2020 #377, Wang et al., 2017, Hong et al., 2016), and CHD1L (Verma et al., 2021, Singh et
al., 2017, Juhasz et al., 2020, Hewitt et al., 2021, Ahel et al., 2009).
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Comparative analysis with the proteomics analysis showed that 215 high-confidence
modulators of PARP inhibitor sensitivity were downregulated by indisulam, and 73%
(158/215) were also downregulated when indisulam was combined with olaparib (Figure
6.7A). Pathway enrichment analysis showed that these 215 genes are significantly enriched
in the pathways related to the following processes: S phase progression, G1/S transition,
DNA replication, and RNA metabolism (Figure 6.7B). These observations are in line with
previous findings that the synergy between indisulam and olaparib involves cell cycle

arrest, DNA damage accumulation, and elevated replication stress (Chapter 5).

A trend of enrichment in the DNA repair pathway was also observed, but it did not pass
the multiple comparisons test (fold enrichment = 2.7, p-value < 0.001, FDR = 0.13, Figure
6.7B). This is probably due to the under-representation of DNA repair proteins in

proteomics, as discussed earlier (Figure 6.4).

Overall, above findings indicate that indisulam may improve PARP inhibitor response by

negatively affecting cell cycle progression, DNA replication, and DNA repair pathways.
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Figure 6.6. Process of identifying articles for the systematic literature review.
Flow chart showing the systematic literature searches. Inclusion criteria were articles reporting
CRISPR-based PARP inhibitor sensitivity screens and contained the list of candidate genes that

sensitise cells to PARP inhibitors when depleted. The bioRxiv searches were performed by previous
MRes student Bertina Dragunaite.
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Table 6.2. Characteristics of dropout CRISPR screens included for the systematic review.

. Cell . . PARP
First author | Year | . Origin .y Reference
line(s) inhibitor
RPE1 Retina Olaparib (Noordermeer et
1 | Noordermeer | 2018 SUM149PT | Breast cancer Olaparib al., 2018)
Hela Cervical cancer Olaparib (Zimmermann et
2 | Zimmermann | 2018 | RPE1 Retina Olaparib | 2018
SUM149PT | Breast cancer Olaparib al, )
. , (Fang et al.,
3 | Fan 2019 | A2780 Ovarian cancer Olaparib
& P 2019a)
4 | Clements 2020 | Hela Cervical cancer Olaparib (Clements et al.,
2020)
5 | Blanck 2020 | HT-90 Colorectal cancer | Olaparib (Blanck et al.,
2020)
L . . (Olivieri et al.,
6 | Olivieri 2020 | RPE1 Retina Olaparib
P 2020)
7 |Su 2020 | HEK293A | Kidney Olaparib (Su et al., 2020)
OVCAR8 Ovarian cancer Olaparib .
8 | DeWeirdt 2020 | A375 Melanoma Olaparib (2[())(22\(/)\/e|rdt etal,
HAP1 Leukaemia Talazoparib )
, , , (Juhasz et al.,
9 | Juhasz 2020 | Hela Cervical cancer Olaparib
P 2020)
UWB1.289 | Ovarian cancer Olaparib (Verma et al
10 | Verma 2021 | SUM149PT | Breast cancer Olaparib 2021 Y
CAPAN-1 Pancreatic cancer | Olaparib )
. . . (Hewitt et al.,
11 | Hewitt 2021 | HAP1 Leukaemia Olaparib
P 2021)
F retal.
12 | Fugger 2021 | HAP1 Leukaemia Olaparib (Fugge !
2021)
. . ) (Tsujino et al.,
13 | Tsujino 2022 | Multiple* | Prostate cancer Olaparib
2022)
14 | Jamal 2022 | Multiple* | Multiple Olaparib (Jamal etal,
P P P 2022)

Note: *Multiple cell lines were used for the CRISPR knockout screen and the authors provided a list of

high-confidence candidate genes (detected in at least two cell lines). The lists of high-confidence genes

were used for the systematic analysis in this study.
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A
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Figure 6.7. Indisulam downregulates genes known to increase PARP inhibitor response upon
depletion.

(A) A Venn diagram showing the overlaps between PARP inhibitor sensitivity determinants (high-
confidence candidate genes, detected in at least two independent CRISPR-based PARP inhibitor
sensitivity screens) with genes downregulated at protein levels by indisulam. It shows that 215 genes
downregulated by indisulam may contribute to increased PARP inhibitor response. Most of them
(73%) were also downregulated when indisulam was combined with olaparib. (B) Pathway enrichment
analysis of the 215 genes identified in (a). The GOBP, REACTOME, KEGG, and WIKIPATHWAY databases
were used, and all proteins detected in the proteomics were used as a background for enrichment
analysis. Related pathway terms are grouped and the minimum and maximum fold enrichment values
are shown.
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6.3. The ID8 model recapitulates indisulam-mediated splicing and proteomic
changes in human HGSOC cells

The HR-proficient model of murine HGSOC cell line ID8-Trp537~ has shown similar responses
to the combination of indisulam and olaparib as the human HGSOC cell lines in vitro (Chapters
3 and 4). Indisulam also improved olaparib response in mice bearing ID8-Trp537" cells
(Chapter 4). With the recent RNA-sequencing and proteomics data, it is now possible to assess
the validity of the ID8-Trp537~ clone as a model for human HGSOC from the level of

transcriptomic and proteomic changes.

In ID8-Trp537cells treated with indisulam, proteomics analysis identified 942 downregulated
proteins. Approximately 82% (770/942) were also targets of indisulam-mediated exon
skipping or intron retention (Figure 6.8A), implying that indisulam modulates murine gene

expression through splicing errors — the same way as we observed in human cells.

To evaluate whether indisulam causes similar splicing changes in ID8 cells as in KURAMOCHI
cells, | converted the mouse gene names to their human gene homologs based on the
homology class data downloaded from the Mouse Genome Informatics

(http://www.informatics.jax.org). Because not all mouse genes are found in human, this

conversion led to slight differences in the total number of genes or proteins used for

comparative analysis (as noted in Figure 6.8).

| found that 6159 genes were commonly mis-spliced by ID8-Trp537~and KURAMOCHI cells in
response to indisulam, accounting for 80% (6159/7681) of all mis-spliced genes in the ID8
clone (Figure 6.8B). In addition, 233 proteins downregulated by indisulam in KURAMOCHI
cells were also downregulated by indisulam in ID8-Trp537~ cells, which included six DNA
repair proteins: Xrccl, Fanci, Mlh1, 53bp1, Mgmt, and Pnkp (Figure 6.8C and Figure 6.9). Of
the six DNA repair proteins commonly modulated by indisulam, Xrccl, Fanci and Pnkp are
known to improve PARP inhibitor sensitivity upon depletion (Clements et al., 2020, Blanck et
al., 2020, Olivieri et al., 2020, Su et al., 2020, DeWeirdt et al., 2020, Juhdsz et al., 2020, Jamal
et al., 2022, Tsujino et al., 2022, Noordermeer et al., 2018, Zimmermann et al., 2018, Fugger
et al., 2021). Thus, these three DNA repair genes are more likely to contribute to the synergy

between indisulam and olaparib.
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Overall, indisulam showed similar impacts on ID8 transcriptome and proteome as that of

KURAMOCHI cells, strengthening the argument that the ID8 model is a valuable model for

HGSOC. Above findings also indicate that many of the splicing targets of RBM39 are

evolutionally conserved between mouse and human.

A

Genes mis-spliced
by indisulam in ID8-
Trp53~- cells
(n=7977)

B

Genes mis-spliced
by indisulam in ID8-
Trp53~ cells
(n=7681%)

Proteins
downregulated by
indisulam in 1D8-

Trp537 cells
(n =900%)

Figure 6.8. Indisulam causes similar effects in murine HGSOC cells as in human HGSOC cells.

Proteins
downregulated by
indisulam in ID8-

Trp53~ cells

(n=942)

Genes mis-spliced
by indisulam in
KURAMOCHI cells
(n=10386)

Human HGSOC

Proteins downregulated
by indisulam in
KURAMOCHI cells
(n =1043)

Human HGSOC

(A) Venn diagram highlighting that 770 genes were downregulated at protein levels, which are also
targets of indisulam-mediated mis-splicing in the ID8-Trp537" cells. (B) Venn diagram highlighting that
6159 genes were mis-spliced by indisulam in both KURAMOCHI! and ID8-Trp537~ cells. (C) Venn
diagram showing 233 proteins were commonly downregulated by indisulam in mouse and human
cells. Mis-splicing events in (a-b) only considered exon skipping and intron retention events. *Mouse
genes were converted to their human gene equivalent before inter-species comparisons, and a small

subset of mouse genes had no equivalent in the human genome.
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Figure 6.9. Indisulam downregulates six key DNA repair genes in ID8-Trp537" cells.

Volcano plot showing protein changes in ID8-Trp537 cells after 48-hour treatment of 10 pM
indisulam. The x-axis indicates log2 fold change relative to vehicle control. RBM39 and six DNA repair
proteins (consistently downregulated by indisulam in ID8 and KURAMOCHI cells) were highlighted.
Proteins are shown in gene names. Differential protein expression analysis was performed by Dr Alex
Montoya (two-tailed t-test, FDR < 0.05, SO = 0.1).
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6.4. Olaparib may also modulate protein expression through splicing
changes

Previous studies have implicated PARP1 in RNA splicing (Matveeva et al., 2016, Matveeva et
al.,, 2019b, Matveeva et al., 2019a), and depleting PARP1 causes extensive splicing defects
(Matveeva et al., 2016, Ke et al., 2021). This motivated me to investigate the impact of

olaparib on alternative splicing in HGSOC cells.

Alternative splicing analysis of the RNA-sequencing data found exon skipping or intron
retention events impacting 10073 genes in KURAMOCHI cells treated with olaparib,
suggesting that olaparib disrupts PARP-mediated RNA splicing. Around 30% of the mis-spliced
genes (3013/10073) were detectable in the proteomics, and 225 of them were
downregulated at protein levels, contributing to 66% of all proteins downregulated by
olaparib (Figure 6.10A). This finding suggests that olaparib may affect protein expression
through splicing abnormalities, although the effect is weaker than indisulam (Figure 6.3B).
Pathway enrichment analysis of the 225 genes mis-spliced and downregulated by olaparib
found that ‘translation factors’ was the only significantly enriched pathway (fold enrichment

=6.46), suggesting a possibility that PARP may modulate the expression of translation factors.

Notably, 8534 genes were commonly mis-spliced by olaparib and indisulam (Figure 6.10B),
indicating that PARP and RBM39 may cooperate in regulating alternative splicing. Examples
of shared splicing targets include ATM and TP53BP1. To investigate if olaparib promotes
RBM39-mediated splicing errors, | studied the splicing patterns of ATM (exons 52-53 skipping)
and TP53BP1 (exon 17 skipping) in KURAMOCHI cells following treatment of indisulam and
olaparib individually or in combination. PCR analysis showed that the indisulam-mediated
exon skipping variants of ATM and TP53BP1 had the same abundance in the absence or
presence of olaparib (Figure 6.11). This observation implies that PARP and RBM39 may
independently modulate alternative splicing of the same gene or mediate RNA splicing of

different regions within the same gene.

Overall, above findings demonstrate that olaparib may modulate gene expression through

alternative splicing.
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Figure 6.10. Overlap in genes where splicing is disrupted by olaparib and indisulam.

Proteins
downregulated by
olaparib (n = 339)

Genes mis-spliced
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(A) A Venn diagram shows the overlaps between genes mis-spliced by olaparib (also within the
proteomics coverage) and genes downregulated at protein levels upon olaparib treatment. (B) A Venn
diagram showing the shared splicing targets between indisulam and olaparib. Only genes with exon

skipping or intron retention events were included in (a-b).

KURAMOCHI

Indisulam (uM) 0 10 0 10
Olaparib (M) 0 0 30 30

100 bp -~ 410 bp B 52 [ 53
00t = -
100 bp - - 112 bp S 298bp
112 bp skipping
<
500 bp —
300 bp - 561 0pATM
100 bp - 112 bp (longer exposure)
N TP53BP1

-682 bp 682 bp [B[16] 17 [ 18 ]
500 bp — ~
300 bp — TP53BP1 198 bp 484 bp skipping
200 bp — -198 bp ~ (frameshift)

Figure 6.11. Olaparib and indisulam regulate different splicing events within the same gene target.
KURAMOCHI cells were treated with indicated drugs for 24 hours before PCR-based alternative
splicing analysis (n = 1). Exon skipping of ATM and TP53BP1 was detected by primers flanking the site
of exon skipping (diagrams shown on the right). The same changes were also observed at 6, 24 and 72

hours (Appendix Figure 1B).
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6.5. Protein changes exclusive to the combination of indisulam and olaparib.

Another possible mechanism of synergy is that indisulam and olaparib may interact with each
other and induce novel impacts on genes or pathways, leading to increased anti-cancer
activities. To identify such protein changes, | compared the lists of proteins downregulated
by indisulam, olaparib, and the combination of indisulam and olaparib. | found that 349
proteins were uniquely downregulated by the combination therapy (Figure 6.12A).
Interestingly, 89 of them have been identified as modulators for PARP inhibitor sensitivity in
previous dropout CRISPR screens (Figure 6.12A), providing a list of proteins that may
contribute to the synergy between indisulam and olaparib. Pathway enrichment analysis
showed that these 89 genes are significantly enriched for ‘mRNA processing’, implying that
dual inhibition of PARP- and RBM39-mediated RNA splicing may cause excess stress on RNA

metabolism.

Meanwhile, Chk1 depletion in KURAMOCHI cells treated with the combination of indisulam
and olaparib was confirmed in the proteomics data and verified by western blot (Figure
6.12B-C). However, it is worth noting that in the initial data analysis by our collaborators,
Chk1 was not listed as a significantly downregulated protein. This discrepancy was due to
technical limitations in the analysis pipeline. Chk1 expression was too low to be detected
in three out of five biological replicates, leading to it being excluded by the software before
differential expression analysis. Therefore, detecting proteins behaving like Chkl would

require optimising the current pipeline of proteomics analysis.

In summary, above observations indicate that the action of indisulam and olaparib are not

mutually exclusive, and they may alter the cancer cell proteome synergistically.
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Figure 6.12. Identification of proteins exclusively downregulated by the combination of indisulam
and olaparib including Chk1.
(A) A Venn diagram highlighting the number of proteins exclusively downregulated by the
combination of indisulam and olaparib, but not by either monotherapy (n = 349). The 349 exclusively
downregulated protein was compared with the previously identified modulators of PARP inhibitor
sensitivity (Section 6.2.4). (B) Raw label-free quantification (LFQ) intensity of Chkl detected in
proteomics. KURAMOCHI cells were treated with indicated drugs for 48 hours before proteomics
analysis. The error bars indicate SD. (C) Western blot verification of RBM39 and Chk1 expression levels
within proteomics samples. All five biological replicates showed the same trend of changes and

representative blots are shown here.
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6.6. Discussion

RBM39 is an essential splicing factor mediating the 3’ splice site recognition during pre-mRNA
splicing [reviewed in (Xu et al., 2020b)]. The genome-wide impact of RBM39 on alternative
splicing has been characterised in multiple types of cancers (Mai et al., 2016a, Faherty et al.,
2016, Han et al., 2017b, Kralovicova et al., 2018, Wang et al., 2019, Ting et al., 2019, Puvvula
et al., 2021, Nijhuis et al., 2022, Lu et al., 2021b, Singh et al., 2021, Uehara et al., 2017), but
not yet in ovarian cancer. With the help from other group members and external
collaborators, we conducted global RNA sequencing and proteomics analyses using HGSOC
cells treated with indisulam, olaparib, and the combination of these two agents, which
provided valuable insights into the role of RBM39 in ovarian cancer and how depleting RBM39

might sensitise cells to PARP inhibitors.

In this chapter, | have shown that the splicing errors caused by indisulam preferentially disrupt
cell cycle and DNA repair pathways. The same patterns of splicing changes have been found
in other cancer types, including neuroblastoma (Singh et al., 2021, Nijhuis et al., 2022), acute
myeloid leukaemia (Wang et al., 2019), melanoma (Lu et al., 2021b), and breast cancer (Mai
et al., 2016a), suggesting a possible pan-cancer role of RBM39 in modulating splicing of cell
cycle and DNA repair genes. Meanwhile, | found that over 90% of proteins downregulated in
indisulam-treated cells showed splicing errors in corresponding genes, suggesting that
alternative pre-mRNA splicing may be the main mechanism for RBM39 to modulate protein
expression. It is plausible that indisulam reduces the abundance of canonical transcripts and
increases the proportion of splicing variants with frameshifts or poison exons, thereby
introducing premature stop codons and activating the nonsense-mediated decay
(Pervouchine et al., 2019, Wang and Aifantis, 2020), eventually leading to lower protein

expression.

Conceivably, some splicing defects may disrupt protein function without leading to protein
level changes, in which case the defective protein may impair the activity of functional
proteins achieving a dominant negative effect. In addition, a single pre-mRNA molecule may
experience multiple alternative splicing events, and thus, the collective effect of all splicing
changes in the transcript, rather than individual events, determines the fate and the function

of the novel splicing variants. These research questions cannot be answered with the current
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short-read RNA sequencing data alone. To address this issue, our laboratory has scheduled a
long-read RNA sequencing analysis using sample-matched KURAMOCHI cells, which allows
the identification of full-length splice variants and enable computational prediction of their
functions. In addition, splice isoforms will be used to establish a KURAMOCHI-specific
reference proteome, and the proteomics data will be reanalysed based on this customised
database. This approach of proteogenomics is expected to uncover novel protein isoforms
and/or neo-peptides that may contribute to anti-cancer activities of indisulam, as previously

described (Miller et al., 2022, Lu et al., 2021b).

In the previous chapter (Chapter 5), | have shown that the combination of indisulam and
olaparib involves cell cycle arrest at S and G2/M phases, DNA damage accumulation, and
replication fork abnormalities. Here in this chapter, | employed targeted (focusing on DNA
repair proteins) and untargeted approaches (comparison with previous PARP inhibitor
sensitivity screen data) to identify protein changes potentially driving the synergy. | found
that indisulam negatively regulates the expression of cell cycle, DNA repair, and DNA
replication genes, most of which have shown synthetic lethal interaction with olaparib in the
literature. Besides the evidence from CRISPR loss-of-function screens for PARP inhibitor
sensitivity (Fugger et al., 2021, DeWeirdt et al., 2020, Blanck et al., 2020, Jamal et al., 2022,
Hewitt et al., 2021, Tsujino et al., 2022, Zimmermann et al., 2018, Su et al., 2020,
Noordermeer et al., 2018, Clements et al., 2020, Fang et al., 201943, Juhdsz et al., 2020, Olivieri
et al., 2020, Verma et al., 2021), PARP inhibitors have shown synergy with various inhibitors
targeting cell cycle, DNA repair and DNA replication. Examples include the CDK4/6 inhibitor
palbociclib (Yi et al., 2019, Zhu et al., 2021), WEE1 inhibitors (Ha et al., 2020, Fang et al.,
2019b), Chk1/2 inhibitors (Brill et al., 2017, Smith et al., 2020, Anderson et al., 2011), ATR
inhibitor AZD6738 (Lloyd et al., 2020), ATM inhibitors (Riches et al., 2020, Hong et al., 2016,
Pike et al., 2018, Wang et al., 2017), and PARG inhibitors (Chen and Yu, 2019, Coulson-Gilmer
etal., 2021, Pillay et al., 2019). Thus, indisulam might partially recapitulate the effect of these
inhibitors, and the combined effect contributes to increased olaparib response in PARP-
inhibitor-resistant HGSOC cells in vitro and in vivo. Collectively, above evidence favours the
hypothesis that indisulam sensitises cells to PARP inhibitors by targeting the splicing of cell

cycle, DNA repair, and DNA replication genes.
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RNA sequencing data also suggest that the role of RBM39 seems conserved between human
and mouse, because over 80% of the genes mis-spliced in the ID8 murine HGSOC cells (ID8-
Trp537/") were also mis-spliced in human HGSOC cells (KURAMOCH]I). Similar findings have
been reported in melanoma. Lu et al. (2021b) reported that two-thirds of genes mis-spliced
by indisulam in mouse melanoma cells were also mis-spliced in human melanoma cells. The
conserved role of RBM39 in both species may be attributed to the high sequence homology
of RBM39 and the conserved splicing mechanisms. Murine Rbm39 is almost identical to the
human RBM39 (Kang et al., 2015), and up to 74% of intron-exon junctions are conserved
between human and mouse genomes (Thanaraj et al., 2003). Therefore, the similar splicing
changes following indisulam treatment may be the reason why the synergy between
indisulam and olaparib is effective in both human and murine HGSOC cells (Chapters 3 and

4).

Among the shared splicing targets of RBM39 in human and murine HGSOC cells, | identified a
subset of genes commonly mis-spliced and downregulated by indisulam. These genes are
more likely to explain the synergy between indisulam and olaparib than those only detected
in one species. An outstanding candidate is FANCI because it is involved in both DNA damage
repair and DNA replications stress. In addition to mediating the Fanconi anaemia repair of
DNA inter-strand crosslinks (Smogorzewska et al., 2007), FANCI has been implicated in
modulating replication origin firing, restarting stalled replication forks, and removing
genotoxic DNA-RNA hybrids (R-loops) (Liang et al., 2019, Chen et al., 2015, Thompson et al.,
2017). Knockdown or knockout of FANCI leads to an increase in stalled replication fork upon
replication stress (Chen et al., 2015, Liang et al., 2019) and sensitises cells to PARP inhibitors
(Blanck et al., 2020, DeWeirdt et al., 2020, Jamal et al., 2022, Su et al., 2020, Tsujino et al.,
2022, Zimmermann et al., 2018, Noordermeer et al., 2018), which are phenotypically similar
to the effect of indisulam. Preliminary data from our laboratory have validated indisulam-
mediated exon skipping of FANCI (Dr Anke Nijhuis and Chiharu Wickremesinghe, personal
communication, 18 August 2022) in KURAMOCHI cells and its involvement in the synergy
between indisulam and olaparib will be studied in the future. In addition, it is important to
examine splicing changes in a wider range of human and murine HGSOC cell models to
understand how differences in genetic background, such as BRCA-deficiency and splicing

factor mutations, may influence RBM39-modulated RNA splicing.
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A growing number of studies have implicated PARP1 in alternative splicing of pre-mRNAs. In
Drosophila cells, Matveeva et al. (2016) found that PARP1 is co-immunoprecipitated with the
core splicing factor SF3B1 and preferentially binds to the exon-intron boundaries. The authors
also showed that knockdown or pharmacological inhibition of PARP1 caused alternative
splicing in a broad range of genes (Matveeva et al., 2016). Recently, Ke et al. (2021) confirmed
that PARP1 mediates alternative splicing in human cells. RNA sequencing data from this
chapter provide additional evidence that PARP1 modulates alternative splicing in human cells,
demonstrated by genome-wide splicing defects in KURAMOCHI cells. In another in-house RNA
sequencing analysis, olaparib-mediated splicing abnormalities were detected in the human
HGSOC cell line COV318 (unpublished data from Michael Gruet, personal communication, 6
October 2022).

Interestingly, | noticed that the majority of genes mis-spliced by olaparib were also mis-
spliced by indisulam, suggesting a possibility that PARP1 and RBM39 might have converging
roles in RNA splicing. Previous data suggests PARP1 and RBM39 may be in proximity in cells
because immunoprecipitating RBM39 also pulled down PARP1 (Wang et al., 2019), and both
of them physically interact with the core splicecosome component SF3B1 (Matveeva et al.,
2016, Tari et al., 2019, Stepanyuk et al., 2016, Loerch et al., 2014). Furthermore, concurrent
targeting multiple splicing factors is often detrimental to cancer cells. It has been reported
that olaparib-sensitive cells may have increased reliance on splicing factors for cell survival
(Blanck et al., 2020) and loss of splicing factor SF3B1 is synthetically lethal with olaparib
treatment (Lappin et al., 2022). Indisulam is also preferentially cytotoxic to cells with existing
defects in splicing factors (Han et al., 2017a, Wang et al., 2019) and acts synergistically with
another splicing factor inhibitor SPHINX31, which targets the splicing factor SRSF protein
kinase 1 (SRPK1) (Pogacar et al., 2022). These findings lead to an intriguing hypothesis that
RBM39 and PARP1 may be in the same spliceosome complex, and simultaneous disruption of
RBM39- and PARP1-mediated RNA splicing is synthetically lethal. In line with this hypothesis,
DeWeirdt et al. (2020) reported that in the OVCAR8 ovarian cancer cells, loss of RBM39 is
synthetically lethal with PARP inhibition or knockout. In the future, the interaction between
RBM39 and PARP1 can be assessed using immunofluorescence and reciprocal
immunoprecipitation. Analysing the KURAMOCHI RNA sequencing data at the level of

individual splicing events will uncover shared splicing targets of RBM39 and PARP1, and
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determine whether the combination of indisulam and olaparib causes more deleterious

splicing defects than monotherapies.

Current proteomics data has two main limitations that can be improved in the future. Firstly,
many DNA repair proteins, such as ATM, BRCA1 and RAD51 analogous, were not detected in
the proteomics. The impact of RBM39 on DNA repair proteins was therefore underestimated
in the pathway enrichment analysis. Another issue is that a subset of biologically meaningful
protein changes, such as Chkl depletion, were not included in the differential expression
analysis due to very low abundance in some samples. The undesirable exclusion of these
proteins would bias our interpretation of the proteomics data. To address these issues, the
analysis pipeline will be reviewed and optimised to re-evaluate the coverage and to include

all biologically relevant protein changes.

Overall, the RNA sequencing and proteomics data provide valuable insights into the anti-
cancer effects of indisulam and olaparib individually or in combination. My findings favour
the hypothesis that indisulam synergises with PARP inhibitors by causing splicing errors and
reducing protein expression of DNA replication and repair genes. It is also possible that dual

targeting of alternative splicing caused by RBM39 and PARP1 is synthetically lethal.
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Chapter 7. Final discussion and future directions

7.1. Current model for the synergy between indisulam and PARP inhibitor

High-grade serous ovarian cancer is one of the most aggressive subtypes of ovarian cancer
with a poor survival rate and limited therapeutic options (ESMO, 2017, Cancer-research-UK,
2022b). Since the first approval in 2014 (FDA, 2014), PARP inhibitors have shown remarkable
clinical benefits by delaying disease relapse and prolonging overall patient survival (reviewed
in Section 1.2.3, Chapter 1). However, emerging drug resistance is a big challenge for PARP
inhibitors. In patients with HR-deficient tumours, clinical studies have documented acquired
drug resistance through reversion mutations (Barber et al.,, 2013, Gornstein et al., 2018,
Kondrashova et al., 2017, Quigley et al., 2017, Weigelt et al., 2017, Goodall et al., 2017, Mayor
et al., 2017, Lin et al., 2019, Christie et al., 2017, Wang et al., 2016) or expression of novel
splice isoforms (Wang et al., 2016) that restore the HR repair. Several other resistance
mechanisms have been identified in preclinical studies (reviewed in Section 1.2.5, Chapter 1).
Despite active research to overcome PARP inhibitor resistance, no effective therapy has been

approved for clinical use.

In this thesis, | present evidence that targeting RBM39-mediated RNA splicing is a promising
strategy for enhancing PARP inhibitor response in HGSOC cells. My data suggest a model that
RBM39 coordinates pre-mRNA splicing of many DNA repair and replication genes, thereby
contributing to the adaptive response to PARP inhibitors (Figure 7.1A). Pharmacological
depletion of RBM39 reduces the expression of these genes and weakens the DNA damage
repair and replication stress response, accelerating the accumulation of genotoxic stress and
conferring higher sensitivity to PARP inhibitors (Figure 7.1). This model is supported by recent
data from a CRISPR screen that loss of RBM39 is synthetically lethal with PARP1 knockout or
olaparib in OVCARS cells (DeWeirdt et al., 2020).
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Figure 7.1. Indisulam increases PARP inhibitor response by disrupting RBM39-mediated splicing.
(A) A working model for the synergy between indisulam and PARP inhibitor olaparib. RBM39
coordinates the splicing of many genes involved in DNA damage repair, DNA replication, and cell cycle
checkpoints. Genes in these three pathways contribute to the adaptive response to olaparib by
repairing DNA damage, resolving replication stress, and preventing premature cell cycle progression.
In the presence of indisulam, RBM39 is degraded through the DCAF15-associated E3 ubiquitin ligase
complex, leading to abnormal pre-mRNA splicing in DNA repair, DNA replication, and cell cycle genes.
The splicing errors translate to reduced protein expression and a weaker adaptive response to
olaparib, thereby causing synergistic growth inhibition and apoptosis. Dashed lines indicate indirect
effects. (B) A simplified model for the synergy between indisulam and PARP inhibitor (taken from
Figure 5.12 in Chapter 5). In comparison with olaparib monotherapy, the combination of indisulam
and olaparib accelerates the accumulation of genotoxic stress (DNA damage and replication fork
abnormalities) and cell apoptosis.
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RBM39 is selectively degraded by a panel of molecular glues such as indisulam (Uehara et al.,
2017, Ting et al., 2019, Han et al., 2017b). | have shown that indisulam improves PARP
inhibitor response in HGSOC cells in vitro and in vivo (Chapters 3 and 4). In comparison with
olaparib monotherapy, the combination of indisulam and olaparib led to synergistic growth
inhibition (Figure 3.4), cell apoptosis (Figure 3.4), and reduced colony growth (Figure 3.5).
Furthermore, the addition of indisulam considerably enhanced the survival benefits of
olaparib in mice bearing HR-proficient HGSOC tumours, and a small proportion of mice
experienced complete tumour regression, which was not observed when olaparib was used
alone (Figure 4.7). These findings suggest that indisulam in combination with olaparib is an

effective combination strategy for HR-proficient HGSOC.

The proposed model of the synergy (Figure 7.1) is best exemplified in the KURAMOCHI cell
line, a highly representative BRCA2-deficient HGSOC cell line (Domcke et al., 2013) with
intrinsic PARP inhibitor resistance (Figure 3.2) (Coulson-Gilmer et al., 2021, Pillay et al., 2019,
Kim et al., 2020). In KURAMOCHI cells, olaparib (30 uM for 48 hours) was enough to increase
DNA damage (Figures 5.4 and 5.5), but was not sufficient to cause replication fork
abnormalities (Figure 5.9) and cell apoptosis (Figure 3.4), suggesting that cells were able to
resolve or tolerate olaparib-induced DNA damage. In the presence of indisulam, olaparib
caused severe genotoxic stress, shown by significantly higher levels of DNA damage and
replication fork abnormalities (Figures 5.4, 5.7, and 5.9), followed by a substantial increase in

cell apoptosis (Figure 3.4).

Mechanistically, DCAF15-mediated RBM39 degradation is a key event driving the synergy
between indisulam and olaparib, because CRISPR-Cas9-mediated knockout of DCAF15 in
PEO1 cells abrogated the synergistic growth inhibition and the effect of indisulam was
recapitulated by E7820, another RBM39 degrader (Figure 3.8). RBM39 degradation was
detected in tumour samples, confirming the target engagement of indisulam in vivo (Figure
4.4D). Transcriptome-wide alternative splicing analysis demonstrated that indisulam-
mediated RBM39 degradation causes preferential splicing errors in DNA damage repair, DNA
replication, and cell cycle genes, correlating with lower protein expression in proteomics
(Chapter 6). According to recent CRISPR sensitivity screens (summarised in Table 6.2), many
of the indisulam-modulated genes are involved in the adaptive response PARP inhibitor

response and depleting these genes sensitises cells to PARP inhibitors (Figure 6.5 and Table
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6.1). | have validated indisulam-induced exon skipping of several key DNA repair genes (Figure
3.2), including ATM, TP53BP1, RIF1, BRCA1, and RAD51D, and downregulation of ATM in vitro
and in vivo (Figures 5.2 and 5.11). Western blot analysis indicates that indisulam attenuates
olaparib-induced activation of the ATM-Chk2 and Chk1 pathways (Figure 5.2), followed by
increased DNA damage (Figures 5.4, 5.5, and 5.7), slower DNA replication (Figure 5.8C),
unscheduled firing of replication origins (Figure 5.9), and cell cycle arrests in S and G2/M
phases (Figure 5.8). The synergistic induction of YH2AX expression in HGSOC cell lines and in
tumour samples (Figures 5.5 and 5.11) further demonstrates that the combination therapy

increases overall genotoxic stress level.

It is worth highlighting that indisulam synergised with olaparib in multiple HGSOC cell lines
(both human and the murine ID8 models) irrespective of BRCA status (Figure 3.7 and 4.2). The
independence of BRCA status may be partially explained by the finding that indisulam
downregulates the expression of DNA repair proteins upstream of BRCA-mediated HR repair
such as ATM (Figures 5.2, 5.11, and 6.5). In addition, indisulam disrupts other genotoxic stress
response pathways, such as 53BP1-mediated NHEJ and replication stress response, which
may also lead to BRCA-independent synergy with PARP inhibitors (Figure 6.5). For example,
inhibitors targeting NHEJ or replication stress response, such as DNA-PK inhibitor AZD7648
(Fok et al., 2019), ATR inhibitor AZD6738 (Gralewska et al., 2020, Lloyd et al., 2020), and Chk1
inhibitor MK8776 (Gralewska et al., 2020), have shown synergistic interaction with PARP

inhibitors regardless HR proficiency in preclinical studies.

Indisulam also synergised with other PARP inhibitors, including the least potent PARP trapper
veliparib (Figure 3.6C) (Murai et al., 2012, Murai et al., 2014, Hopkins et al., 2015). Therefore,
a potent PARP trapping ability may not be essential for the synergistic interaction with

indisulam.

Taken together, these data indicate that a wide range of ovarian cancer patients may benefit
from the combination therapy irrespective of their BRCA status and regardless of which PARP
inhibitor they are taking. Nonetheless, from a clinical perspective, patients with DCAF15-
amplified and HR-deficient tumours may have a larger therapeutic window for this
combination therapy, because the synergistic benefit can be achieved with lower doses of

indisulam and PARP inhibitors.
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7.2. Gaps and future directions

7.2.1. What markers may predict the response of indisulam and its synergy with PARP
inhibitors?

Identifying markers that predict the therapeutic response is vital for precision medicine.

Although PARP trapping efficacy (Murai et al., 2012, Murai et al., 2014, Hopkins et al., 2019,

Hopkins et al., 2015) and HR proficiency (Bryant et al., 2005, Farmer et al., 2005) both

correlate with PARP inhibitor toxicity, they did not predict the synergistic interaction between

indisulam and PARP inhibitor, as discussed in Section 7.1.

On the other hand, | have shown that DCAF15 expression is necessary for indisulam
cytotoxicity and the synergy with PARP inhibitors, but whether DCAF15 abundance is
sufficient to predict indisulam sensitivity is still unclear. Several preclinical studies
demonstrate that DCAF15 levels positively correlate to indisulam sensitivity in neuroblastoma
(Singh et al., 2021, Nijhuis et al., 2022) and in blood cancer cells (Han et al., 2017b). However,
arecent study reported that, in patient-derived acute myeloid leukaemia cells, higher DCAF15
MRNA expression did not lead to faster RBM39 degradation by indisulam (Hsiehchen et al.,
2020). Hsiehchen et al. (2020) proposed that RBM39 degradation kinetics and the occurrence
of splicing defects might be better markers for indisulam sensitivity. Little evidence is
available in the context of HGSOC, and whether DCAF15 predicts indisulam sensitivity in
HGSOC cell lines and in patient samples should be studied in the future. More importantly,
future studies are needed to assess whether higher DCAF15 expression leads to increased

efficacy of the synergy between indisulam and PARP inhibitor.

Expression and mutational status of spliceosome components are also candidates for
predictive markers for indisulam-based therapies. Splicing factors often have redundant roles
in alternative splicing (Hastings et al., 2007). Mai et al. (2016a) reported that RBM39 and
U2AF65 share more than 20% of splicing targets, and they recognise a consensus intronic
motif. Redundance between RBM39 and PUF60 has also been documented (Kralovicova et
al., 2018). Notably, cancer cells with splicing factor mutations are more sensitive to indisulam-
mediated RBM39 depletion (Wang et al., 2019). Collectively, these observations suggest a
possibility that RBM39 dependency and indisulam toxicity are affected by other spliceosome

components. Thus, how other splicing factors affect sensitivity to indisulam-based therapies
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is worth investigating in the future, which may uncover novel markers for patient

stratification.

It is worth noting that the Chou-Talalay method used in this study does not allow direct
comparisons of synergy potency between drug combinations and across genetic backgrounds,
which limits the discovery of biomarkers for combination therapies. This is because the Cl
index only indicates drug-drug interaction at selected dose combinations and cannot be
generalised to all combination doses (Chou and Martin, 2005, Chou, 2010). Thus, future
studies should seek alternative synergy models that quantify the synergy efficacy of drug
combinations. One good alternative is the BRAID synergy model (Twarog et al., 2016). It not
only measures synergy potency, but also allows prediction of the therapeutic window using
the IAE index (discussed in Appendix Discussion), which is more clinically relevant (Twarog et

al., 2016, Twarog et al., 2020).

7.2.2. Does indisulam reduce DNA damage repair capacity?

| have shown that indisulam treatment causes splicing errors in DNA repair genes, attenuates
the ATM-Chk2 signalling, and increases DNA damage gradually, implying that indisulam-
treated cells may have impaired DNA damage repair response. However, | have not directly
confirmed that indisulam-treated cells had reduced DNA damage repair capacity. This can be
tested by quantifying cellular DNA repair activity using /-Scel-based reporter assays, as
discussed in Section 5.4.4. The neutral COMET assay should also be optimised in the future to
determine if indisulam promotes olaparib-induced DSB formation. Alternatively, cells can be
pre-treated with indisulam before pulsing with irradiation. Repair of radiation damage at

slower kinetics would indicate indisulam-treated cells have defective DNA damage response.

7.2.3. Does the combination of indisulam and olaparib cause replication catastrophe?

Another weak point in my thesis is the limited research on replication stress. Firstly, the DNA
fibre analysis should be repeated to ascertain my findings. Secondly, the possibility that
replication catastrophe contributes to the synergy between indisulam and olaparib is worth
investigating. This hypothesis is based on the observation that the addition of indisulam to
olaparib inhibited the Chk1 signalling and caused excessive new origin firing, which might
result in RPA exhaustion and accelerated replication catastrophe (Toledo et al., 2017, Toledo

etal., 2013). As replication catastrophe leads to cell death in the S phase (Toledo et al., 2013),
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cell cycle analysis can be coupled with either YH2AX staining or Annexin V staining. A pan-
nuclear colocalization of YyH2AX and RPA in immunofluorescence would also indicate
replication catastrophe (Toledo et al., 2017, Toledo et al., 2013). The involvement of RPA
exhaustion can be ascertained by investigating whether overexpression of RPA subunits
protects cells from replication catastrophe (Toledo et al., 2013). Finally, the cell cycle
progression of individual cells can be tracked using time-lapse imaging techniques such as the
IncuCyte, as previously described (Pillay et al., 2019, Coulson-Gilmer et al., 2021). This would
differentiate prolonged cell cycle arrests from transient cell cycle arrests and provide direct

evidence of replication catastrophe.

7.2.4. How important are ATM and Chk1 changes in the synergy?

The splicing errors caused by indisulam seem to affect a wide range of genes, and many of
them might have contributed to increased olaparib sensitivity. However, it is possible that
some splicing changes are more important than others. Given the pivotal roles of ATM and
Chk1 in DNA repair and replication fork protection, respectively, it is reasonable to deduce
that downregulated expression of ATM and Chkl may be driving factors for the synergy
between indisulam and olaparib. However, | have not acquired direct evidence showing that
protein changes of ATM and Chk1 contribute to higher levels of DNA damage and replication
stress. A rescue experiment is therefore needed to validate if restoring ATM and/or Chk1
expression confers (at least partial) resistance to the combination therapy of indisulam and
olaparib. Transfecting cells with plasmids containing cDNAs of target genes should bypass the
indisulam-caused splicing errors and restores protein expression. A partial rescue would
indicate the involvement of other genes, and additional rescue experiments should be

conducted to examine their importance in the synergy.

Notably, if mis-splicing of ATM and Chk1 is indeed vital for the indisulam to synergise with
PARP inhibitors, the level of deleterious splicing variants of ATM and Chk1l may qualify as

biomarkers for the combination therapy response.

7.2.5. Does indisulam-induced splicing errors generate novel protein isoforms and
neoantigens?

As mentioned in Chapter 6 (Section 6.6.), a proteogenomics project has been scheduled to

identify splicing variants and corresponding protein isoforms in HGSOC cells following drug
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treatment. This project is an integrated analysis utilising sample-matched long-read RNA
sequencing data (work in progress), short-read RNA sequencing data (Chapter 6), and the
proteomics data (Chapter 6), to identify mRNA variants, computationally construct a cell-
specific proteomics reference library, and determine the expression of protein isoforms by
re-mapping peptides detected in the proteomics analysis. This project was inspired by the
proteogenomics research of Dr Gloria Sheynkman (Sheynkman et al., 2016, Miller et al., 2022).
This approach should facilitate the identification of novel splice variants and protein isoforms
that may contribute to anti-cancer activities of indisulam, olaparib, and the combination

therapy.

Moreover, the proteogenomics project may uncover indisulam-dependent expression of
immunogenic peptides. Recently, Lu et al. (2021b) demonstrated that splicing errors induced
by indisulam lead to the production of neoepitopes that are sufficiently immunogenic to
trigger a T cell response in mice. Notably, indisulam may trigger an immune response
independent of RBM39. Pech et al. (2019) reported that indisulam alters the substrate
specificity of DCAF15 and increases the expression of surface antigen presenting molecules,
leading to enhanced recognition and killing by natural killer cells. Thus, it is possible that, in
the immuno-proficient ID8 HGSOC model, the substantial improvement of overall survival by
indisulam might involve increased expression of neo-epitopes and enhanced anti-tumour
immune response. This hypothesis will be tested in the future with the help of our

collaborators, who specialise in immunology.

7.2.6. Does RBM39 interact directly with PARP1?

Literature evidence implies an intriguing possibility that RBM39 may directly interact with
PARP1 (Wang et al., 2019). In the future, immunostaining, DUOIink proximity ligation assay,
and reciprocal immunoprecipitation techniques can be used to assess the physical interaction
between RBM39 and PARP1. Even if RBM39 and PARP1 do not interact directly, they may
cooperate in modulating pre-mRNA splicing, as indicated by a large proportion of common
splicing targets in the transcriptome-wide RNA sequencing analysis (Figure 6.10). Therefore,
it is important to characterise the impact of olaparib on pre-mRNA splicing in the presence

and absence of indisulam. With the help of the proteogenomics analysis (Section 7.2.5), novel
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splicing variants can be identified, which may have contributed to the unique protein changes

or phenotypes in cells receiving the combination therapy (indisulam plus olaparib).

7.2.7. Could indisulam increase PARP inhibitor response by depleting the nucleotide pool?
Although | found abundant evidence suggesting that indisulam impacts mis-splicing of DNA
damage and replication stress response, | cannot rule out the involvement of other splicing
changes in the combination therapy response. In our recent publication, Nijhuis et al. (2022)
demonstrated that indisulam depletes nucleotide pools in neuroblastoma cells through
DCAF15-mediated RBM39 degradation. In my analysis, | also found that splicing and
expression of metabolic pathways were negatively affected by indisulam (Figure 6.3).
Furthermore, our untargeted analysis on the RNA sequencing data by Dr Marc P. Lorentzen
highlighted that indisulam may affect mRNA expression of metabolic genes more than DNA
damage repair genes (unpublished data, personal communications, 02 December 2022). This
observation suggests a possibility that indisulam may sensitise cells to PARP inhibitors by
modulating cell metabolism. This new hypothesis does not contradict my primary hypothesis
because metabolic changes can disrupt DNA damage repair and increase PARP inhibitor
response (Bajrami et al., 2012). In the future, the impact of indisulam and olaparib on cell
metabolism can be quantified using LC-MS. Alternative splicing and expression of key

metabolic genes should also be validated.

Alternatively, indisulam may alter cell metabolism by depleting the nucleotide pool and
sequestering nucleotides in defective splicing products. This is an intriguing hypothesis worth
investigating in the future. Drugs targeting the nucleotide metabolism have shown synergistic
interaction with PARP inhibitors in early studies (Bajrami et al., 2012) and in our laboratory
(unpublished data from Michael Gruet). The effect of indisulam on nucleotide availability can
be quantified by measuring the nucleotide pools in cells using LC-MS. A nucleotide rescue
experiment can be conducted to assess if an exogenous source of nucleotides protects cells

from indisulam and the combination therapy of indisulam and olaparib.

7.2.8. Does the synergy involve RBM39 as a transcriptional coregulator?

Although RBM39 is often seen as a splicing factor, it also functions as a transcriptional
coactivator promoting the activity of multiple transcription factors, as discussed in my recent

review article (Xu et al., 2020b). By degrading RBM39, indisulam may reduce activities of
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RBM39-interacting transcription factor, contributing to some of the protein changes in the
proteomics. This field is still poorly understood, mostly due to the difficulty of uncoupling
RBM39-mediated alternative splicing from transcriptional coactivation. However, this is not
entirely impossible. RBM39-derived competitive peptides have been developed recently,
which disrupt the interaction of RBM39 with selected targets without affecting RBM39-
mediated pre-mRNA splicing (Chilewski et al., 2020, Puvvula et al., 2021). Following this
approach, future studies may be able to differentiate the effect of RBM39 on transcriptional

coregulation from RNA splicing.

7.2.9. Other limitations and future works

One caveat in this project is that most of the mechanistic investigation, such as quantification
of DNA damage, cell cycle distribution, and replication stress, was conducted in KURAMOCHI
cells, a cell line with uncharacterised resistance mechanisms to PARP inhibitors. Since
KURAMOCHI cells tolerated olaparib-induced DNA damage without triggering cell apoptosis,
activation of alternative DNA repair pathways or increased tolerance of DNA damage are
plausible resistance mechanisms [reviewed in (Ghosal and Chen, 2013)]. Besides investigating
the resistance mechanism in KURAMOCHI cells, it is important to repeat the cell cycle and
DNA fibre analysis in other cell lines to ascertain that the observations in KURAMOCHI cells

are reproducible in other HGSOC cell lines.

Another limitation is that a comprehensive pharmacodynamic analysis has not been
conducted to assess the impact of indisulam, olaparib, and the combination of indisulam and
olaparib in vivo. Future analysis should examine the target engagement of indisulam and
olaparib in tumours using immunohistochemistry or immunofluorescence. Mis-splicing of key
targets, such as ATM, should also be validated in tumour samples. Anti-tumour activities can
be assessed using the proliferation marker Ki67, as previously described (Walton et al., 2016).
Since indisulam caused unexpected toxicity in mice, future animal studies should characterise

the safety profiles of indisulam to inform the design of safe dosing schedules.

Although the ID8 HGSOC model used in this study faithfully recapitulated peritoneal
metastasis of human HGSOC in immune-competent mice, it did not originate from the
fallopian tube as most human HGSOC did (Roby et al., 2000, Walton et al., 2016). Therefore,

the combination therapy of indisulam and olaparib should be tested using additional animal
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models of HGSOC and possibly in patient-derived xenografts or organoids, as discussed in

Section 4.4.

7.3. Concluding remarks

In recent years, alternative splicing has been recognised as a valuable target in cancer, but
most spliceosome components have no enzymatic activities and are very challenging to drug
with conventional inhibitors. The recent rediscovery of anti-cancer aryl sulphonamides as
molecular glues targeting the splicing factor RBM39 provides a promising approach to

disrupting pre-mRNA splicing in cancer cells.

This thesis presents evidence that RBM39 modulates alternative splicing of DNA repair genes
across multiple cancer types and mediates the adaptive response to PARP inhibitors via
coordinating correct RNA splicing. These findings provide novel insights into the role of
RBM39 in cancer cells. Importantly, indisulam-mediated RBM39 degradation improves PARP
inhibitor response by inhibiting the expression of DNA repair genes and suppressing the
olaparib-induced activation of ATM-Chk2 and Chkl signalling pathways. As a result,
concomitant exposure to indisulam and olaparib leads to DNA damage accumulation,
replication abnormalities, and cell cycle arrests. Using a series of HGSOC models, |
demonstrate that the combination therapy causes synergistic growth inhibition and cell
apoptosis in vitro and significantly prolongs the overall survival of mice with HGSOC tumours
in vivo. Collectively, these findings support RBM39 as a valuable therapeutic target in cancer,
and pharmacological depletion of RBM39 sensitises cells to PARP inhibitors in HGSOC. Adding
RBM39 degrader to PARP inhibitor maintenance therapy may benefit a wide range of ovarian

cancer patients, especially those with high DCAF15 expression.

Since the safety profiles and pharmacokinetics of indisulam have been characterised in
multiple clinical trials, the combination of indisulam and olaparib could progress rapidly into
advanced clinical trials. Other cancer types, such as colorectal cancer, MYCN-amplified
neuroblastoma, and acute myeloid leukaemia, may also benefit from the combination
therapy of indisulam and olaparib because of high RBM39-dependency. Additionally, this
project suggests several other strategies worth investigating in the future, such as combining

indisulam with platinum agents, topoisomerase inhibitors, or immunotherapy. Overall, this
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thesis highlights the promising therapeutic value of splicing factors as cancer targets.
Developing indisulam-derived molecular glues or proteolysis-targeted chimaeras may provide

additional tools to target splicing factors besides RBM39.
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Appendix Figure 1. Indisulam induces aberrant splicing DNA repair genes in HGSOC cells.

(A) KURAMOCHI (n = 1) and OVSAHO (n = 1) cells were either untreated (medium only), or treated
with indicated doses of indisulam for 6, 48, and 72 hours, followed by PCR-based exon skipping
analysis. Exon skipping events and expected product sizes are annotated on the right. Related to
Figure 3.2. (B) KURAMOCHI cells were treated with indicated drugs for 6 to 72 hours before PCR-based

exon skipping analysis (n = 1). The same exon skipping events as in (a) were probed. Related to Figure
6.11.
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Appendix Figure 2. Validation of DCAF15-knockout in the PEO1 clones.
Two CRISPR-edited PEO1-DCAF15%° clones and two control clones were treated with indicated doses

of indisulam for 6 hours, and total RNA and protein were extracted for PCR-based exon skipping
analysis and western blot analysis. (A) PCR analysis showing PEO1-DCAF15%° clones resist indisulam-
induced mis-splicing of TRIM27, a well-established splicing targets of RBM39 (Han et al., 2017b,
Nijhuis et al., 2022). (B) Western blot analysis showing PEO1-DCAF15*° clones resist indisulam-
mediated RBM39 degradation. These data were acquired by the previous master student Madelen
Shepherd. (C) Genomic DNA was extracted from PEO1-DCAF15"" (#1) and PEO1-DCAF15*° (#1), and
the CRISPR-edited region was sequenced. Sequencing results show that CRISPR-editing disrupted the
target sequence of DCAF15, which was expected. PEO1 has increased copy numbers of DCAF15, the
CRISPR-editing results were therefore heterogenous. Sequencing was done by Dr Anke Nijhuis.
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Appendix Table 1. Phospho-events detected in the human kinase array worth future investigation.

Phospho-events Functional annotation

The c-Jun is a component of the activator protein-1 (AP-1) transcription
factor, and an interacting partner of RBM39 (Song et al., 2021, Jung
et al., 2002). Conflicting data have been reported about how RBM39
p-cJun (S63) affects c-Jun activity. Mercier et al. (2014) showed that RBM39 is
required for c-Jun phosphorylation (at S63 and $73), but a recent study
showed that RBM39 inhibits c-Jun phosphorylation (at $73) (Song et
al., 2021).

Src is a non-receptor tyrosine kinase and a proto-oncogene commonly
upregulated in endometrioid ovarian cancer (Bjorge et al., 2000,
pSrc(Y419) Manek et al., 2016). Phosphorylation at Y419 activates Src (Amata et
al., 2014) and it is frequently upregulated in ovarian cancer (Song et
al., 2019).

Proline-rich kinase 2 (PYK2) is a tyrosine kinase and is associated with
ovarian cancer metastasis (Lane et al., 2016, Pasquier et al., 2018)
and chemoresistance. The Y402 phosphorylation is commonly
upregulated in HGSOC (Song et al., 2019).

Phospholipase C-y1 (PLC-y1) is an enzyme mediating hydrolysis of the
phosphatidylinositol 4,5-biphosphate and is associated with higher risk
of metastasis in patients with Luminal A-breast cancer (Lattanzio et
al., 2019).

Mitogen- and Stress-activated protein kinases 1 and 2 downstream of
the mitogen-activated protein kinases [reviewed in (Cargnello and
Roux, 2011)], and higher expression of MSK1 is associated with better
prognosis in breast cancer patients (Pu et al., 2018).

pPYK2 (Y402)

pPLC-y1 (Y783)

pMSK1/2 (S376/5360)

2. Appendix Materials and Methods

2.1. Proteomics analysis

The following methods are provided by Dr Alex Montoya.
Sample processing.

Cellular lysates containing 550ug of protein in 8M urea (in 20mM HEPES, pH 8.0), were
sequentially reduced and alkylated in the dark and at room temperature with 10mM
dithiothreitol (DTT) and 50mM 2-chloroacetamide (2-CAM) respectively. An initial digestion
was carried out by diluting samples to 4M urea with 20mM HEPES followed by the addition
of 1ug of LysC (Thermo, 90307) and incubation at 37°C for 5 hours. Samples were
subsequently diluted to 2M urea with 20mM HEPES. 10ug of Trypsin Gold (Promega, V5280)
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was added followed by incubation at 37°C over-night. Post-digestion, samples were acidified

to 0.5% trifluoroacetic acid (TFA) and processed as follows:

Total protein analysis: volumes equivalent to 50ug were taken and de-salted using Glygen

C18 spin-tips (Glygen Corp, TT2C18.96). Briefly, spin-tips were sequentially solvated and
washed three times with 50ul of 60% acetonitrile (ACN), 0.1% formic acid (FA) and 1% ACN,
0.1% FA respectively. Peptide volumes were loaded and then de-salted with 1% ACN, 0.1% FA
(3 x 50ul). Peptides were eluted with 60% ACN, 0.1% FA (3 x 50ul) and eluents then dried by
vacuum centrifugation. Volumes purged between various washing and loading stages by

centrifugation.

Phospho-enrichment: The remaining sample volumes (500ug of digest) were de-salted using

reversed-phase solid phase extraction with OASIS HLB 10mg cartridges (Waters, 186000383)
according to the manufacturer’s instructions. Briefly, HLB cartridges were sequentially
solvated and washed with 1ml of ACN and 1.5ml of 1% ACN, 0.1% TFA, respectively. Peptide
volumes loaded and de-salted with 1.5ml 1% ACN, 0.1% TFA. Volumes purged between
various washing and loading stages by centrifugation by vacuum suction. Peptides were
eluted with 500ul of 1M glycolic acid in 80% acetonitrile (ACN), 5% TFA and phospho-

enrichment carried out using a TiO2 based method.

Briefly, eluents were adjusted to 1ml with 1M glycolic acid solution and then incubated with
25mg of TiO; (GL Sciences, PN:5020-75000, 50% slurry in 1% TFA) for 5 minutes at room
temperature. After 5 minutes of incubation with mixing, the TiO,/peptide mixture was packed
into empty spin tips by centrifugation. The TiO layer was then sequentially washed with 1M
glycolic acid solution, 100mM ammonium acetate in 25% ACN and 10% ACN.
Phosphopeptides were eluted with 4 sequential additions of a 5% NH4OH solution in 10%
ACN. Eluents were clarified with centrifugation (18,000g) for 2 minutes and clear supernatant
transferred to new tubes. Samples were snap frozen on dry ice and then dried by vacuum

centrifugation.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

Phospho-enriched samples and desalted total protein digests were re-dissolved in 0.1% TFA

by shaking (1,200rpm) for 30min and sonication on an ultrasonic water bath for 5min,
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followed by centrifugation (13,000rpm, 5°C) for 10min. Clarified supernatant sampled and

transferred into MS vials.

Total protein samples: single replicate injections for a final on-column concentration of

1500ng.

Phospho-enriched samples: single replicate injections.

LC-MS/MS analysis was performed using an Ultimate 3000 RSLC nano liquid chromatography
system (Thermo Scientific) coupled to a Q-Exactive HF-X mass spectrometer (Thermo
Scientific) via an EASY spray source (Thermo Scientific). Sample solutions were injected and
loaded onto a trap column (Acclaim PepMap 100 C18, 100um x 2cm) for desalting and
concentration at 8ul/min in 2% acetonitrile, 0.1% TFA. Peptides were then eluted on-line to
an analytical column (Acclaim Pepmap RSLC C18, 75um x 50cm) at a flow rate of 200nl/min.
Peptides were separated using a 120 minute gradient, 1-22% of buffer B for 90 minutes
followed by 22-42% of buffer B for another 30 minutes (composition of buffer B — 75%
acetonitrile, 20% H,0, 5% DMSO, 0.1% FA) and subsequent column conditioning and
equilibration. Eluted peptides were analysed by the mass spectrometer operating in positive
polarity using a data-dependent acquisition mode. lons for fragmentation were determined
from an initial MS1 survey scan at 120,000 resolution, followed by HCD (Higher Energy
Collision Induced Dissociation) of the top 30 most abundant ions at 15,000 resolution. For
total protein samples MS1 and MS2 scan AGC targets were set to 3e6 and 5e4 for maximum
injection times of 25ms and 50ms respectively. A survey scan m/z range of 350 — 1750 was
used, normalised collision energy set to 27%, charge exclusion enabled with unassigned and
+1 charge states rejected and a minimal AGC target of 8e3. For phospho-enriched samples, a
top 25 method was utilised, with MS1 and MS2 scan AGC targets set to 3e6 and 5e4 for
maximum injection times of 25ms and 100ms respectively. Dynamic exclusion settings were

50 and 60 seconds for total protein and phospho-enriched samples respectively.

Raw data processing.

Data was processed using the MaxQuant software platform (v1.6.10.43), with database
searches carried out by the in-built Andromeda search engine. Databases used were the

Uniprot Mus Musculus database (version 20211018, number of entries: 55,389) and Homo
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Sapiens database (version 20211019, number of entries: 78,139). A reverse decoy search
approach was used at a 1% false discovery rate (FDR) for both peptide spectrum matches and
protein groups. Search parameters included: maximum missed cleavages set to 3, fixed
modification of cysteine carbamidomethylation, variable modifications of methionine
oxidation, protein N-terminal acetylation and phospho (STY). Label-free quantification was
enabled with an LFQ minimum ratio count of 1. ‘Match between runs’ function was used with

match and alignment time limits of 0.7 and 20 minutes respectively.

3. Appendix Discussion

3.1. Rationale for drug combination therapy

Combination therapies are commonly used in the clinic for ovarian cancer patients because
it has the potential to increase clinical outcomes while reducing adverse effects. Most newly
diagnosed patients receive dual-agent chemotherapy consisting of carboplatin and paclitaxel
(ESMO, 2017, Tsibulak et al., 2019). For some patients, the chemotherapy is supplemented
with bevacizumab, a VEGF inhibitor inhibiting angiogenesis in tumours (ESMO, 2017, Tsibulak
et al., 2019). Combining drugs as the first-line treatment improves patient outcomes and
reduces the risk of developing drug resistance, since tumours are less likely to develop

resistance to both drugs than to a single agent.

Drugs may interact with other drugs in three ways: synergistically, additively, or
antagonistically. A synergistic drug combination can achieve a greater therapeutic response
than the effect of two drugs working independently (additive effect). An antagonistic drug
combination includes drugs that counteract each other and may lead to reduced efficacy or

increased toxicities.

Multiple statistical models are available to assess the combined effect of drugs. Bliss
independence (Bliss, 1939) and Loewe additivity (Loewe, 1953) are two basic synergy models
commonly used in pre-clinical and clinical studies, and they have been the parental model for
a series of derivative methods. The core of all synergy models is the prediction of additive
effect, which defines the boundary between synergism and antagonism. Unfortunately, every
method has advantages and limitations, and there is no consensus on which method is the

best.
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3.2. Bliss independence model

The Bliss independence model is based on the independence probability theory. It predicts
the additive effect of drug A and drug B under the assumption that these two drugs act
independently from each other and combined effects were achieved by drugs acting on

distinct pathways with no cross-talking (Roell et al., 2017, Greco et al., 1995).
For example:

e if drug A causes 30% inhibition on cell growth, i.e., f(A) = 30%
e and drug B causes 40% growth inhibition, i.e., f(B) = 40%

The predicted additive effect of drugs A and B in combination is:
o f(A)+f(B)—f(A)*f(B) = 30% + 40% - 30%*40% = 58% inhibition.
In other words (from the perspective of SRB readings),

o 70% cells are left after exposure to drug A, i.e., r(A) = 70%

e and 60% cells are left after exposure to drug B, i.e., r(B) = 60%
Bliss independence model predicts the additive effect as:

o r(A)*r(B) =70% * 60% = 42% cells remaining after exposure to the drug combination

of A + B, which is equivalent to the 58% growth inhibition.

Abliss score is determined by calculating the difference between the predicted additive effect

and the observed effect. Drug-drug interaction is interpreted as:

e (Bliss) Synergism: observed effect > predicted additive effect
e (Bliss) Additivity: observed effect = predicted additive effect

e (Bliss) Antagonism: observed effect < predicted additive effect

This method is very intuitive and easy to use. Bliss score can be calculated with as few as one
single set of drug dose pairs in monotherapies and combination. It is therefore compatible
with high-throughput screens (such as the screen in Section 2.10.2) and clinical trials where
testing multiple drug dose pairs are not always convenient. However, bliss independence
ignores the non-linear nature of the dose-response relationship, which is often better
represented as sigmoid curves. One good example to explain this issue is the ‘sham mixture’

—a drug is mixed with itself. Below is an example of a false positive (of synergism):
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e Assume two batches of the same drug (A1 and A2) with the same inhibitory effect on
cancer cells.

e 10 uMdrug A (either Al or A2) causes 10% growth inhibition

e 20 pM drug A causes 40% growth inhibition, which equals to a ‘sham mixture’
consisting of 10 uM drug Al and 10 uM of drug A2.

e Bliss independence predicts additive effect of 10 uM Al + 10 uM A2 as

o f(A1, A2) =f(A1) + f(A2) — f(A1)*f(A2) = 10% + 10% - 10%*10% = 19%

e The predicted additive effect (19%) is weaker than 40% inhibition observed when 10
UM drug Al and 10 uM drug A2 are combined. Therefore, bliss synergy can be claimed
theoretically.

e However, it would be wrong to conclude that the sham mixture (10 uM Al and 10 uM
A2) is more effective than 20 uM drug A, because they are equivalent of each other.

Thus, this is a false positive bliss synergy.

Likewise, false negative Bliss antagonism can occur at the same rate as false positive bliss
synergism (Twarog et al., 2020). As a result, increasing the number of data points and drug
doses does not necessarily improve the accuracy of the Bliss model (Twarog et al., 2020).
Furthermore, it is labour-intensive to calculate Bliss synergy for combinations with more than
two drugs. Overall, Bliss independence is straightforward but remains as a controversial

method due to its over-simplification of the drug-drug interaction (Roell et al., 2017).

3.3. Loewe additivity

The Loewe additivity model is a more intricate model than Bliss independence. It calculates
the drug combination effect by determining the extent of dose reduction when a second drug
is added. This method by default defines the ‘sham mixture’ as additive combination, and a
drug can only be additive with itself. This feature is in sharp contrast to the Bliss independence

(Section 3.3). For example:

e Assuming
o 10 uM drug A causes 40% growth inhibition.
o And dose-response curve of drug A indicates:
= 20 uM drug A causes 50% growth inhibition
= 30 uM drug A causes 70% growth inhibition.
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o 5 uM drug B causes 50% growth inhibition.
e Thus, 5 uM drug B is at equal potency as 20 uM drug A.
e Loewe additivity predicts additive effect of 10 uM drug A + 5 uM drug B as
10 uM drug A + 5 uM drug B
=10 uM drug A + 20 uM drug A
=30 uM drug A
= 70% growth inhibition.
e Synergism is claimed when the observed inhibitory effect of the drug combination is
larger than 70%
e The equal potency conversion is bi-directional. The same result can be achieved by
considering the drug combination as a mixture of 5 uM drug B and a dose of drug B

having equal potency as 10 uM drug A.

In actual practice, Loewe additivity is often shown as combination index (Cl) values [reviewed

in Yang et al. (2015) and Roell et al. (2017)]:

Combination index = — +

R
el ey

Appendix Equation 1

Cl values < 1 indicates synergism; Cl = 1 indicates additivity, and Cl > 1 indicates antagonism.

In the equation (Error! Reference source not found.), symbols represent:

e g, b: actual doses of drug A and drug B in combination
e A:doses of drug A required to reach the effect of combination (a + b) treatment.

e B:doses of drug B required to reach the effect of combination (a + b) treatment.

Compared with the Bliss independence, the Loewe additivity is less likely to produce false
positive or false negative results, and the combination index can be easily expanded to cover
combinations involving three or more drugs (Roell et al., 2017). The accuracy also increases
as more data points are available due to the improvement in fitting dose-response curves.
However, the requirement of dose-response curves limits its application in animal studies and
in clinical settings because a large number of animals or participants will be needed (Chou,

2010). Meanwhile, Loewe additivity assumes a constant potency ratio between drugs, which

240



Appendix

is a rare scenario in drug combinations. Loewe’s method also tends to bias towards slight
synergism when the actions of two drugs are not mutually exclusive (Chou and Talalay, 1984).
Despite the above flaws, Loewe additivity is a popular reference theory for drug synergy

analysis, and it is the basis of multiple more advanced synergy models.

3.4. Chou-Talalay method

The Chou-Talalay method is a more advanced version of the Loewe additivity, and it has
become one of the most widely used synergy methods, attracting nearly 6000 citations (Chou
and Talalay, 1984). Chou and Talalay (1984) improved Loewe additivity by integrating the
median effect equation — a dose-response curve calculation approach unifying four other
equations (Chou, 2006, Chou, 2010). The method adopted the concept of the combination
index. For mutually exclusive drugs, the equation for combination index is the same as Error!
Reference source not found., with the difference that the median effect equation is used to
calculate the parameters A and B — theoretical doses of individual drugs to achieve the same
effect seen in the drug combination. For mutually nonexclusive drugs, the equation is as

follows:

axb
AxB

a b
Combination index = — + — +
ombination index

Appendix Equation 2

In comparison with Bliss independent and Loewe additivity, the Chou-Talalay method has
multiple advantages (Chou and Talalay, 1984, Chou, 2006, Chou, 2010). Firstly, the median
effect equation allows a more accurate estimation of dose-response curves and, thus, more
reliable combination index values. It is compatible with a wide range of scenarios, including
mutually exclusive or nonexclusive drug-drug interaction, agonist or antagonistic drugs,
hyperbolic or sigmoidal dose-response relationships and multiple mechanisms of enzyme
inhibition (competitive, non-competitive or un-competitive inhibitors) (Chou and Talalay,
1984, Chou, 2006). The third advantage is that the Chou-Talalay method tolerates drugs with
variable potency ratios, but the method performs better with constant potency ratio drugs
(Chou, 2010). Nevertheless, all models have flaws, and the median effect equation is no
exception. Greco et al. (1995) pointed out that Appendix Equation 2 has low accuracy for

combinations involving mutually nonexclusive drugs, and it may bias toward antagonism in
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some cases (Roell et al., 2017). Variations in drug dose pairs and effect levels can also lead to
fluctuation in the combination index values and complicate the data interpretation (Twarog

et al., 2020).

Despite criticisms, the Chou-Talalay method remains one of the most popular models. Its
success has been facilitated by the freely available software CompuSyn developed by Ting-
Chao Chou and Nick Martin in 2005 (Chou and Martin, 2005). CompuSyn calculates
combination index semi-automatically and generates results with customisable layout
features. A fully-automated version of the software called CalcuSyn is commercially available

for high-throughput analysis (Chou and Hayball, 1997).

3.5. Re-defining synergy with advanced models

Advanced mathematical models have been developed, attempting to address the limitations
of conventional models. They have provided novel insights into the definition of ‘synergy’.
Meyer et al. (2019) proposed that synergy has two dimensions: synergistic efficacy and
synergistic potency. Synergistic efficacy refers to a combination effect that increases the
maximum effect of individual drugs, while synergistic potency refers to those combinations
that decrease the half-maximal effect (EC50) of individual drugs (Error! Reference source not
found.) (Meyer et al., 2019). Dissecting synergy into these two dimensions may improve the
clinical translation of combination therapy (Error! Reference source not found.) (Meyer et
al., 2019). If efficacy of a drug is sufficient to treat the target disease, a combination with
synergistic potency is preferred to reduce the doses and minimise side effects. On the other
hand, if the efficacy of a drug is inadequate, a combination with synergistic efficacy is
preferable to improve the amplitude of clinical benefits. A multi-dimensional synergy of
combinations (MuSyC) method has been developed to quantify efficacy and potency changes

in drug combinations (Meyer et al., 2019).
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Appendix Figure 3. Synergistic efficacy and potency.
Meyer et al. (2019) proposed that synergy has two dimensions: synergistic efficacy and synergistic

potency. Synergistic efficacy describes drug combinations that increase the maximum efficacy of
individual drugs without affecting the half-maximal inhibition concentration (EC50) (left panel).
Synergistic potency describes drug combinations that decrease the EC50 without increasing the
maximum efficacy (right panel). In the clinic, synergistically efficacious drug combinations increase
maximal benefits, and synergistically potent drug combinations reduce adverse effects by dose

reduction. This figure is taken from Meyer et al. (2019) with permission.

A similar theory was proposed by Twarog et al. (2020), who developed the Bivariate Response
to Additive Interacting Doses (BRAID) model that distinguishes efficacy-driven synergy from
potency-driven synergy (Twarog et al., 2016). Using publicly available databases, they
demonstrated that these two forms of synergy are context-dependent, and the same drug
combination can shift synergy types when genetic background changes (Twarog et al., 2020).
Comparing the synergistic potential of drug combinations across a panel of cancer cell lines
may therefore reveal novel mechanisms of action and facilitate the identification of predictive
markers [examples in (Twarog et al., 2020)]. Another interesting feature of the BRAID model
is the proposal of a novel parameter: the Index of achievable efficacy (IAE). IAE quantifies the
therapeutic window of drug combinations by considering the maximum tolerated doses of
drugs in patients (Error! Reference source not found.) (Twarog et al., 2016). This may improve
the translation of combination therapy from lab benches to the clinic by filtering out drug

combinations that require doses hardly achievable or tolerable in patients.
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Appendix Figure 4. Index of achievable efficacy by the BRAID synergy model.
Diagrams visualising the IAE proposed by Twarog et al. (2016). The x-axis indicates the concentration

of drug A, the y-axis indicates the concentration of drug B, and the area within the square shows the
combined effect of drugs A and B. The dark line within the square is the efficacy threshold, which
indicates the boundary of desired (synergy) effect. Cmaxa and Cmaxs are the maximal achievable
concentrations of drugs A and B in the clinic, respectively. IAE is calculated as the square root of the
ratio between achievable efficacy (i.e. synergistic dose pairs) over all possible combinations (Cmaxa *
Cmaxs). Higher IAE indicates drug combinations with a wider therapeutic window. This figure is taken

from Twarog et al. (2016) with permission.

Several other models have been developed [reviewed in (Meyer et al., 2020)], but most of
them are still in the early stages, and professional programming software is often required to
perform the calculation. Inevitably, an increase in model complexity leads to frequent misuse
by users, as exemplified by Meyer et al. (2020). A simplified user interface and a detailed user
guide will be necessary for complex models such as MuSyc and BRAID to surpass the

popularity of traditional methods.

3.6. Challenges in synergy analysis

The biggest challenge in synergy analysis is the lack of consensus, which reflects the complex
nature of drug-drug interactions. The Saariselkd conference held in 1992 failed to reach a
consensus on the synergy model, but a basic agreement (The Saariselka agreement) on good

practice was made, stating that researchers are free to choose any synergy model as long as
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the method is explicitly reported (Tang et al., 2015). Three decades later, a consensus on how
to determine synergy still has not been reached, and the definition of ‘synergy’ is under

frequent debate.

In the absence of consensus, the choice of synergy model should consider the nature of data
types and the experimental design (Chou, 2006, Chou, 2010, Meyer et al., 2020). It is,
therefore, vital to understand the theoretical basis, requirements, and limitations of each
method before implementing them. The choice of software (applications, web tools or R
packages) for synergy calculation is another important factor to consider because conflicting
results may be obtained due to different requirements in data inputs and processing steps

(Meyer et al., 2020).
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