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Abstract

Ovarian cancer is a rare type of cancer, but it causes relatively many deaths with a 5-year
survival rate of less than 50%. This high death rate is thought to be the result of multiple
factors, including the heterogeneity of the disease and the often-observed resistance against
current treatment. Recently, a new type of treatment has been introduced, showing specifically
promising response rates in tumours harbouring BRCA1 or BRCA2 mutations. These new
drugs are called PARP inhibitors and their main function is the inhibition of poly(ADP-ribose)
polymerase (PARP), a protein involved in several DNA repair mechanisms. PARP inhibition
in cells deficient in homologous recombination leads to cell death by the mechanism of
synthetic lethality. However, resistance to treatment with PARP inhibitors has been observed
quite rapidly after their introduction in the clinic. Here, the mechanisms behind PARP inhibitors
are discussed together with the mechanisms of resistance. Understanding these mechanisms
could help to design improved PARP inhibitors or create new treatment combinations to
reduce resistance. All in all, PARP inhibitors show promising results that could even be
improved through adjustments or new treatment combinations.

Graphical abstract: Mechanisms of resistance to PARP inhibitors
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Introduction to the thesis

The ovaries are two small female organs in the peritoneal cavity that are an important part of
the reproductive system. Every month, several follicles start to develop in the ovaries, only to
release one that might become fertilized. This process of ovulation is accompanied by
changes in hormone levels and injury to the ovarian epithelium, subsequently repaired by
proliferation. Different theories have been suggested to explain how these changes could
contribute to the development of epithelial ovarian cancer (OC) (Cramer et al. 1983; Fathalla
1971). However, the exact pathway and the factors involved in the tumorigenesis of ovarian
cancer remain to be uncovered.

One consistent risk factor that has been implied in ovarian cancer is a mutation in one of the
BRCA genes. Both BRCAL1 and BRCA2 perform functions in DNA repair and are found to be
mutated in 5-15% of ovarian cancers (Ramus and Gayther 2009). While there are many
subtypes of ovarian cancer, the majority of BRCA1/2-related cancers are of one specific type:
high-grade serous ovarian cancers (HGSOC). This subtype is characterized by high mortality
rates (Bowtell et al. 2015). The standard treatment for all ovarian cancer types has been the
same for several years, consisting of surgery together with chemotherapy. However, the
mortality rate of ovarian cancer remained high with a five-year survival of less than 50%
(Malvezzi et al. 2016). Nevertheless, the search for more effective drugs continued and in
2014, a new type of treatment has been approved by the Food and Drug administration (FDA)
called poly(ADP-ribose) polymerase (PARP) inhibitors. This category of drugs was
demonstrated to be effective specifically in tumours with BRCA1/2 mutations. Loss of function
of BRCAL1/2 proteins together with inhibition of PARP proteins results in the death of cancer
cells (Bryant et al. 2005; Farmer et al. 2005). Since 2014, multiple PARP inhibitors have been
introduced in the clinic and their results are promising.

However, almost immediately after the introduction of this new type of medication, the first
cases of resistance to PARP inhibitors were observed (Montoni et al. 2013). This event has
led to the question that will be discussed in this thesis: What is the mechanism behind PARP
inhibitors and how do ovarian cancer cells develop resistance against this treatment? To
answer this question, the thesis has been divided into 5 chapters. The first chapter will
introduce ovarian cancer by discussing the prevalence, risk factors, different subtypes and the
possible origin of OC. The second chapter explains the functions of the BRCA-proteins and
how their loss of function might contribute to tumour development. The third chapter looks at
the current diagnosis and treatment of OCs. In the fourth chapter, PARP inhibitors are
introduced by looking at their mechanism of action and the different clinical types. And finally,
the mechanisms behind PARP inhibitor resistance and solutions to this problem are
discussed. Understanding the mechanisms behind PARP inhibitor resistance is important to
optimise outcomes. It gives direction to future research on solutions to overcome resistance,
which ultimately leads to prolonged survival of ovarian cancer patients.



The epidemiology of ovarian cancer

Worldwide incidence

According to data from a report on worldwide cancer numbers by the International Agency for
Research on Cancer, there were 295,414 new cases of ovarian cancer in 2018 and 184,799
deaths due to ovarian cancer (Bray et al. 2018).

Based on these numbers, OC is seventeenth on the 40
list of most common female cancers and thereforea =~ 3%
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2002). However, the cause of this variety remains quite unknown (Wu et al. 2015). The

presence of risk factors could contribute to the risk, but other studies contradict this theory

(Grulich et al. 1992). Besides the influence of age and race on OC risk, other individual factors

attribute to the chance of acquiring ovarian cancer.

Age

Risk and protective factors for ovarian cancer

Indeed, several individual factors affect the chance of developing OC. First of all, reproduction-
related aspects can contribute to an increased or decreased risk. Theories suggest that the
number of ovulations contributes to the risk, as every ovulation is accompanied by hormonal
changes and the breakdown and build-up of the ovarian epithelium. The incessant ovulation
theory by Fathalla (1971) states that the proliferation needed to repair the epithelium might
lead to DNA damage, which in turn could result in ovarian cancer. Several studies show that
the number of ovulations indeed correlates with OC risk. Having your first menarche at early
age or late onset of the menopause can increase the risk of having ovarian cancer (Parazzini
et al. 1989; Wu et al. 1988). Furthermore, nulliparity enhances the risk, possibly through the
increase in ovulations (Joly et al. 1974). Reversely, this indicates that pregnancy has a
protective effect, which indeed has been shown by multiple studies (Chiaffarino et al. 2001,
Cramer et al. 1983). In addition, breast feeding has also been identified as a protective factor
for ovarian cancer (Luan et al. 2013).

Secondly, the gonadotropin theory suggests a role of gonadotropins in the pathogenesis of
ovarian cancer and therefore a role for gonadotropin stimulating hormones such as oestrogen
(Cramer et al. 1983). Oestrogens are a component of hormonal replacement therapy (HRT)
for (post)menopausal women. HRT has been shown to increase ovarian cancer risk (Parazzini
et al. 1994). On the other hand, use of oral contraceptives has been linked to a lower risk of
developing ovarian cancer, up to a decrease of 20% (Cibula et al. 2010). This protection is
possibly due to the effect of the progestin component. Progestins affect the apoptotic pathway
in the target cells, which is important to prevent tumour growth (Rodriguez et al. 2002).



Thirdly, lifestyle factors could contribute to the risk. Obesity appears to be positively correlated
with ovarian cancer (Calle et al. 2003; Fairfield et al. 2002). A clear link between any macro-
or micronutrient and risk of ovarian cancer, on the other hand, has not yet been established.
Outcomes of studies attempting to demonstrate significant effects have been highly debated
(Hunn and Rodriguez 2012). Also, research on the influence of exercise on ovarian cancer
risk is inconclusive.

Finally, the most consistent risk factor for developing ovarian cancer is a hereditary
predisposition. Women who have family members with ovarian cancer are at higher risk of
developing ovarian cancer themselves (Schildkraut, Risch, and Thompson 1989). Part of this
hereditary origin of ovarian cancer is derived from the hereditary-non-polyposis-colorectal-
cancer syndrome, also known as Lynch syndrome (Aarnio et al. 1999). This syndrome is
characterized by mutations in DNA mismatch repair genes. Women with Lynch syndrome
have a 12% chance of acquiring ovarian cancer, compared to the general chance of 1,2%.
However, the majority of hereditary ovarian cancers originates from mutations in homologous
recombination repair genes, most of them harbouring BRCA1 or BRCA2 mutations. The
lifetime risk of ovarian cancer for women with BRCA1 or BRCA2 mutations is 39% and 11%
respectively (Antoniou et al. 2003). This hereditary predisposition is highly associated with one
specific type of ovarian cancer: high-grade serous ovarian cancer.

Histological subtypes of ovarian cancer

Ovarian cancer is very heterogeneous in nature. Many different subtypes have been classified
by origin and histological and genetic characteristics. There have been three main types of
cells identified from which ovarian cancer arises, namely, epithelial cells, germ cells and sex
cord-stromal cells. Epithelial-derived tumours are the most abundant, they make up about
90% of all cases and are again divided into different groups: serous, mucinous, endometrioid,
clear cell, Brenner, seromucinous and undifferentiated tumours (Carcangiu et al. 2014). The
group of serous tumours accounts for approximately 50% off all epithelial tumours and has
been separated into low- and high-grade serous carcinomas (Howlader et al. 2017). Low-
grade carcinomas are often characterized by mutations in BRAF and KRAS, two protein-
encoding genes involved in regulating growth signals (Hsu et al. 2004; Singer et al. 2003).
HGSOCs, on the other hand, are highly associated with TP53 mutations (Ahmed et al. 2010).
The wild-type variant of this gene encodes for a protein called p53, which plays a regulatory
role in numerous cell processes such as DNA repair, apoptosis and the cell cycle. Mutations
in TP53 are involved in many cancers, but seem to have an exceptionally high share in
HGSOCs, with a prevalence of almost a 100% (Ahmed et al. 2010; McAlpine et al. 2012;
SALANI et al. 2008). Furthermore, several other genes are suggested to be involved in the
development of high-grade tumours, amongst others BRCA1 and BRCA2 (Bonome et al.
2005). Of all the ovarian cancer cases with BRCA1/2 mutations, more than half are HGSOCs
(Risch et al. 2006).

The cellular origin of high-grade serous ovarian cancers

Even though the classification is rather clear, the origin of HGSOCs has recently been
debated. Several researches have shown that the precursor cell of these tumours might be
derived from the epithelial cells of the distal ends of the fallopian tube instead of the ovarian
epithelium (Kim et al. 2012; Lee et al. 2007; Paik et al. 2012). However, it remains unclear to
what extent the fallopian tube is responsible for the development of ovarian cancers. Besides
this investigation of the cellular origin of HGSOCs, the molecular pathway by which these
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BRCAL1 and BRCA2: normal function and involvement in tumorigenesis

S < < > > BRCAL/2 normal function
BRCAL1 and BRCA2 are two relatively large proteins that

‘ are, as mentioned above, frequently mutated in ovarian
.) l cancers. They belong to the group of tumour-suppressor
genes, as their loss is associated with tumorigenesis (Hilton

‘ et al. 2002). One process in which both proteins are involved

is DNA repair, specifically the repair of DNA double-strand

l B breaks (DSBs). DSBs can be caused by multiple factors, for

example exogenous agents such as ionizing radiation or
endogenous agents such as reactive oxygen species. DSBs
can be repaired by an error-prone process called non-
homologous end joining (NHEJ), which simply ligates the
loose ends of the DSB. In contrast to NHEJ, homologous
recombination (HR) is an error-free mechanism to repair
these breaks. BRCA1 and BRCA2 are involved in
homologous recombination repair, thereby carrying out a
caretaker function. BRCAL interacts with BARD1 to form an
E3 ubiquitin ligase complex (Mallery, Vandenberg, and

PCNA l DNA repair

Normal cell cycle

ST e Hiom 2002). This complex mediates the monoubiquitylation
_ _ _ of the H2A histone, one of the first actions after DNA
Figure 3: A schematic overview of the role . . . . .
of BRCA1 and BRCA? in homologous damage, possibly involved in the recruitment of other repair
repair. A complex containing BRCAL proteins (Celeste et al. 2003; Nakamura et al. 2004).
BRCA2, BARD1 and RAD5L1 is recruited to . .
the double-strand DNA break to initiate BRCAZ2, on the other hand, interacts with RAD51 (Chen et

'2%%"’3_“ Source: Welcsh, Owens, and King | - 1998; Wong et al. 1997). BRCA2 has been shown to
regulate the activity of RAD51, which is the ultimate
recombinase enzyme in the repair of DSBs trough HR (Davies et al. 2001). Research has
shown that these four proteins (BRCA1/BRCA2/BARD1/RAD51) form a complex that is
recruited to the site of DNA damage to repair the DSB (See figure 3) (Welcsh, Owens, and
King 2000).
Besides their function in DNA repair, both BRCA1 and BRCA2 are also involved in the
stabilization of stalled replication forks to prevent their degradation and subsequent DNA
damage (Schlacher, Wu, and Jasin 2012). Furthermore, BRCA1 appears to regulate the
checkpoint arrest in the S-phase and G2/M-phase, a function also important to maintain
chromosomal stability (Xu, Kim, and Kastan 2001). To sum up, both BRCA1 and BRCA2 have
important functions in DNA repair and the prevention of DNA damage.

The role of BRCA1 and BRCA2 in tumorigenesis

BRCA1 and BRCA2 germline mutations predispose women to several types of cancer,
including ovarian cancer. Women with germline mutations only have one effective copy of the
BRCAL or BRCA2 gene. According to the Knudson’s two-hit hypothesis, complete loss of
function only occurs after the intact copy has also been inactivated (Knudson 1971). These
women are therefore at higher risk to develop cancer, because one inactivation already leads
to loss of function. Even though the inactivation of BRCA1/2 is linked to cancer development,
the pathway by which they initiate tumorigenesis is not yet completely uncovered. Research



in mice with germline Brcal mutations has shown that
homologous repair declines fivefold (Moynahan et al.
1999). BRCA2 mutations are also associated with
reduced HR, but to a lesser extent (Moynahan,
Pierce, and Jasin 2001). In addition, certain BRCA2
mutations demonstrate an increase in DNA repair
through single-strand annealing (Tutt et al. 2001).
This is a third type of DSB repair that is error-prone
and an increase would therefore lead to more
deviations in the DNA. In healthy cells, deficiencies in
DNA repair would activate apoptosis or cell cycle
checkpoints to prevent the persistence of DNA
damage (See figure 4). However, in BRCA1 mutated
cells, a defect has been identified in the S-phase and
G2/M-phase checkpoint (Xu et al. 2001). This means
that in BRCA1 mutated cells the cell cycle continues
despite the unrepaired DNA damage. In case the
DNA damage would lead to mutations in proliferation-
or apoptosis-related genes, growth would be further
stimulated in spite of accumulating DNA damage.
This pathway could lead to hypermutated cells that
start tumorigenesis.
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Figure 4: A schematic overview of the consequences
of BRCAL1 loss. Failed repair of most genes leads to
the activation of checkpoint genes to induce apoptosis
or cell cycle arrest. However, failed repair of
checkpoint genes can lead to unwanted cell
proliferation which could result in tumour formation.
Source: Welsh et al, 2000.



Diagnosis and treatment of ovarian cancer

Current diagnosis of ovarian cancer

As mentioned in the introduction, the 5-year survival rate for ovarian cancer patients remains
below 50%. This percentage depends, amongst others, on the stage of the cancer at the time
of diagnosis. Unfortunately, the majority of ovarian cancers is discovered at a later stage,
associated with a lower survival rate (Jemal et al. 2009). This seems to be the product of two
factors: non-specific symptoms and ineffective screening methods. Ovarian cancer symptoms
are usually only present at a later stage and are not specific for ovarian cancer, often leading
to late diagnosis. Furthermore, the two known methods for screening appear to be rather
ineffective. The two tests that are currently used are cancer antigen 125 (CA-125) blood tests
and transvaginal ultrasounds (TVUS). However, both methods appear to have no effect on
mortality (Buys et al. 2011). After diagnosis treatment is started, but outcomes are again
suboptimal.

Current treatment of ovarian cancer

At the moment, the treatment of ovarian cancer consists mainly of surgery and/or
chemotherapy. In most cases, system treatment is done first to remove (the largest part of)
the tumour (neoadjuvant treatment). The following surgery is called cytoreductive or debulking
surgery, often including abdominal hysterectomy, bilateral salpingo-oophorectomy and
omentectomy (Baker 2001). After surgery, chemotherapy is prescribed, generally consisting
of paclitaxel and a platin-based agent, such as cisplatin or carboplatin. Treatment with both
surgery and chemotherapy has a response rate of up to 60%, but the majority of patients
experiences a relapse (Schmid and Oehler 2014). Resistance to chemotherapy is a common
event seen in ovarian cancer patients. Although treatment has evolved over the years to
optimize outcomes, they are only slightly increased. Therefore, new targeted treatment options
have been introduced, including: PARP inhibitors.
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PARP protein function and mechanism behind PARP inhibitors

Functions of PARP proteins in DNA repair

The family of poly(ADP-ribose) polymerases consists of 18 members with PARP1 being the
most abundant (Amé, Spenlehauer, and de Murcia 2004). After the occurrence of certain kinds
of DNA damage, such as single- and double-strand breaks, PARP1 binds to the site of damage
and attaches poly(ADP-ribose) (PAR) to itself and other proteins (Kim et al., 2005). This
PARYylation is done through the cleavage of NAD+ and leads to the recruitment of several
proteins that are involved in DNA repair, making PARP1 a key player in the DNA damage
response (See figure 5). Research has shown that PARP1 is involved in many different repair
mechanisms, including single-strand break repair, base excision repair, nucleotide excision
repair and double-strand break repair (Chaudhuri and Nussenzweig 2017).

Firstly, PARP1 has a role in single-strand break (SSB) repair. It recognizes these breaks and
binds to the site of the SSBs. There it starts with the PARylation of itself and other proteins to
recruit DNA repair proteins. The subsequent repair of the SSB can be done by either base
excision repair (BER) or nucleotide excision repair (NER). In BER, PARP1 recruits one of the
most important proteins called XRCC1, a scaffold protein for the other SSBR involved proteins
(El-Khamisy et al. 2003). PARP1 also enacts a function in NER. It recruits proteins involved in
NER, such as xeroderma pigmentosum group C-complementing protein (XPC). Furthermore,
DNA damage binding protein 1 (DDB1)

enhances PARP1 activity, leading to
chromatin  decondensation, which l@)‘@]
could stimulate NER (Luijsterburg et al.
2012) l [_LD/’\IA damage recognition by PARP1
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. Recruitment of covalently and non-covalently
However, other mechanisms, [modiﬁed proteins to sites of DNA damage ]
independent of PARP1, can also ( e A I I N
recruit BRCAL. Furthermore, PARP1 Repair of Repair of Repair of DNA | [ Stabilization | (Chromatin
. . ssDNA nicks | | bulky lesions | | double stranded | of replication | | modifications

has several functions N non- and breaks | [ on DNA breaks | | forks

homologous end-joining both by Figure 5: A schematic overview of the function of PARP1 in DNA repair. PARP1
it t f th tei d binds to the site of DNA damage, where it starts to add Poly(ADP)ribose chains to
recrutment ol other proteins an itself and other proteins. This process results in the recruitment of DNA repair

PARyIation of NHEJ proteins. Besides genes of many different repair mechanisms. Source: Chaudhuri and

. . . Nussenzweig, 2017.
all these functions in DNA repair, PARP1
is also involved in stalled replication fork stability. It inhibits the function of a protein called
RECQL1 to prevent fork collapse and the subsequent formation of DSBs (Chaudhuri et al.
2012) All'in all, PARP1 has an important function in maintaining genomic stability.

The mechanism behind PARP inhibitors
In cancer treatment, the function of PARP1 in DNA repair is inhibited to create what is called
synthetic lethality (Bryant et al. 2005; Farmer et al. 2005). Synthetic lethality is the concept of
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two genes that are not lethal when loss of function occurs in either of them, but simultaneous
loss of function in one cell results in cell death. This is the case with PARP and BRCA1/2.
Cells that are already BRCA1 or BRCA2 deficient are sensitive to loss of PARP1 function.
PARP inhibitors are thought to accomplish the loss of PARP1 function in two main ways.
The first effect of PARP inhibitors that

may lead to synthetic lethality is the PARP1

restriction of BER. If SSBs are not m

repaired, they can turn into DSBs during J

duplication. However, repair of DSBs is e N e )
compromised in BRCA-deficient cells

since the BRCA proteins are essential Conversionm

to HR. BER inhibition together with Mutations in BRCA, RADS1,
compromised HR could lead to cell DOT ek arct iy
death (See figure 6) (Ashworth 2008). e T~ EEEE
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} High-fidelity DNA repair * Genomic Error-prone Error-prone
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(Murai et al. 2012). This PARP-trapping - inctiomy i

affects the role of PARP1 in the
iR : f ; Figure 6: A schematic overview of the function of PARP inhibitors. PARP
stabilization of rephcatlon forks, inhibitors restrict the function of PARP1 leading to a decrease in base

resulting in increased collapse and excision repair. The unrepaired single-strand breaks can become double-
b DSB strand breaks during DNA replication. In healthy cells, these DSB’s are
subsequent S. repaired through homologous repair, but in BRCA1/2 deficient cells HR is

In addition to BER-inhibition and PARP- compromised. Therefore DSB’s in these cells are either not repaired or by
. . error-prone mechanisms, leading to genomic instability and ultimately cell
trapping, other mechanisms for PARP  geath. Source: Konecny and Kristeleit, 2016.
inhibitors have been suggested, such
as the reduction in BRCAL recruitment or enhanced NHEJ. Interestingly, recent research has
demonstrated a quite different function of PARP inhibitors. Ding et al. (2018) shows that PARP
inhibitors affect the innate and adaptive immune response to tumours. The amount of T-cells
was increased upon treatment with Olaparib, a PARP inhibitor, resulting in enhanced
production of immune-stimulating cytokines. Furthermore, they illustrated that PARP inhibition
activates the immune system through recognition of factors derived from BRCA-deficient cells.
However, the first two mechanisms, BER restrication and PARP-trapping, are thought to
contribute most to PARP inhibitor function and the effectiveness of different PARP inhibitors
seems to be dependent on which of the two main functions they perform more.

The effectiveness of clinical PARP inhibitors

Clinical PARP inhibitors differ in their ability to inhibit PARP proteins. Some inhibitors appear
to be more able to inhibit the enzymatic activity of PARP through binding at the active site,
while others are better equipped to trap PARP by adhering to the PARP-chromatin complex
(Konecny and Kristeleit 2016). To this moment, three clinical PARP inhibitors have been
accepted in the treatment of ovarian cancer and five are investigated in clinical trials. The first
PARP inhibitor that was approved by the FDA is Olaparib. This approval was based on the
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positive outcomes of several clinical trials (Audeh et al. 2010; Fong et al. 2009; Gelmon et al.
2011). They show that the response to Olaparib in patients with BRCA1/2 mutations might be
as high as 41%. Treatment with PARP inhibitors increases the progression free survival and
total survival compared to placebo treated patients. Furthermore, they demonstrate that
BRCAL/2 wildtype patients also respond to Olaparib, although to a lesser extent. The side-
effects of Olaparib, such as nausea, vomiting and reduced appetite, are usually mild and less
compared to standard chemotherapy. In addition, a trial by Kaufman et al. (2015)
demonstrates that Olaparib might also be effective in BRCA1/2 mutated breast, pancreas or
prostate tumours.

Rucaparib was the next approved PARP inhibitor in 2016 and has also shown promising
results. Coleman et al. (2016) examined the response rate of BRCA1/2 mutation carriers to
Rucaparib and found it to be approximately 80%. Furthermore, the progression free survival
(PFS) with rucaparib was investigated in a later phase of the same clinical trial (Coleman et
al. 2017). The PFS of treated patients significantly increased compared to the control group
in both patients with BRCA1/2 mutations and patients with other HR-deficiencies. In addition,
the side-effects of Rucaparib are also mild, the majority of symptoms are grade 1/2.

The most recently approved PARP inhibitor is Niraparib. This drug has outcomes similar to
those of Rucaparib, with the duration of PFS being even longer (Mirza et al. 2016).

In addition to these three PARP inhibitors approved for use in OC treatment, two other clinical
PARP inhibitors are being investigated: Talazoparib and Veliparib. Talazoparib has been
shown to have promising effects in BRCA-mutated breast cancers (Litton et al. 2018).
Veliparib, on the other hand, shows mixed results.

As mentioned in the beginning, all clinical PARP inhibitors differ in their ability to either inhibit
enzymatic activity or to trap PARP proteins. Two studies by Murai et al. (2012, 2014) have
investigated the different abilities of the five afore mentioned PARP inhibitors. They argue that
the competency of PARP inhibitors to trap PARP contributes most to their effectiveness.
Olaparib and Rucaparib appear to have similar ability to trap PARP1/2. Veliparib, on the other
hand, shows a much weaker PARP-trapping capacity. Niraparib has better trapping capacity
than Olaparib and Rucaparib but Talazoparib seems to have the greatest potency to trap
PARP proteins (See figure 7).
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Figure 7: The 5 clinical PARP inhibitors in order of trapping capacity with Talazoparib being the most effective at PARP trapping.
Source: Thomas, Murai, and Pommier (2018)

Clinical challenges of PARP inhibitors

Although the outcomes of the above-mentioned clinical trials and chemical studies are
promising, there are still some challenges regarding PARP inhibitor treatment. First of all, the
majority of adverse effects (AE) from PARP inhibitors are mild, but some patients experience
more severe side effects (Pujade-Lauraine et al. 2017). The most frequently observed severe
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AE of Olaparib are anaemia, abdominal pain and intestinal obstruction. In some rare cases,
patients experienced Acute Myeloid Leukaemia, but this might have been the consequence of
treatment prior to the PARP inhibitors. Nevertheless, the adverse effects should be closely
monitored. The dosage could be personalised to keep AE to a minimum.

Secondly, it has been challenging to decide when to prescribe PARP inhibitors and to whom.
At first the FDA approved PARP inhibitors mainly for maintenance therapy in patients with
BRCA-mutated advanced ovarian cancer after 3 or more lines of chemotherapy (AstraZeneca
pharmaceuticals LP, 2019). However, they are now also prescribed as first-line maintenance
treatment to patients without BRCA-mutations. More research is necessary to determine the
optimal timing of treatment with PARP inhibitors. In addition, it has been challenging to select
the right patients to receive the treatment. Clinical trials have shown that response rates are
the highest in BRCA1/2 mutation carriers, but other patients also appear to respond to
treatment. Current research intends to find a pattern that resembles BRCAL/2 deficiency
(BRCAnNess) to predict the effectiveness of treatment with PARP inhibitors. Multiple studies
investigate the loss of heterozygosity (LOH) in the tumour to predict treatment response. For
example, Abkevich et al. (2012) shows that usage of a homologous recombination deficiency
(HRD) score could help select patients. This score represents the number of regions with loss
of heterozygosity caused by HRD. Birkbak et al. (2012) suggests another method, namely,
determining the amount of allelic imbalances at the telomeres, the ends of the DNA. They
showed that accumulation of these imbalances is correlated with low BRCAL expression in
non BRCA-mutated ovarian cancers. Another method was proposed by Popova et al. (2012),
in which they determined a cut-off point for the amount of large-scale state transitions (breaks
in adjacent chromosomal regions of at least 10 Mb) to determine BRCALl-inactivation.
However, more research is needed to decide on the best model or algorithm to determine
which patients will benefit most from treatment.

The third challenge in PARP inhibitor treatment is resistance. Resistance often occurs when
drugs are given repetitively, as is the case with PARP inhibitors. Identifying the mechanisms
underlying resistance might help to avoid resistance and increase treatment effectiveness.
The next chapter will discuss PARP inhibitor resistance in more detail.
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Resistance to PARP inhibitors

Possible mechanisms behind PARP inhibitor resistance

Even though PARP inhibitors showed promising response rates, many patients become
resistant to the treatment. Several studies have already investigated the mechanisms behind
this resistance and multiple possibilities were discovered.

First of all, resistance can be caused by the restoration of homologous recombination in
tumour cells. The pressure from PARP inhibitors on the tumour cells provides a selection
advantage for cells that are HR-proficient. Research has shown that secondary mutations in
HR-involved genes take place, leading to restored reading frames and therefore functional HR
(Kondrashova et al. 2017; Weigelt et al. 2017). These mutations are called reversion mutations
and take place in affected genes, such as BRCA1l, BRCA2. Furthermore, reactivation of
BRCAL can occur through demethylation of the promotor region (Kondrashova et al. 2018).
The promotor of BRCAL1 is often hypermethylated in ovarian cancers, which leads to silencing
of the gene (Esteller et al. 2000). Demethylation of the promotor region restores functional
HR. In addition, BRCA1 can be stabilised by HSP90 to restore part of its function in HR
(Johnson et al. 2013). Besides the reactivation of HR-involved genes, mutations in NHEJ-
involved genes might also increase HR functionality. A protein complex called the Shieldin
(SHLD) complex has a role in NHEJ, but also inhibits resection, a process involved in HR (Dev
et al. 2018; Noordermeer et al. 2018). This complex is recruited to the site of DNA damage by
53BP1 and RIF1. Mutations in 53BP1, RIF1 and components of the Shieldin complex in
BRCAL deficient cells have been associated with upregulation of resection and consequently
an increase in HR (Bunting et al. 2010; Chapman et al. 2013; Xu et al. 2015). Together all
these mechanisms restore homologous recombination repair. When HR is no longer deficient,
the mechanism of synthetic lethality is compromised, since both PARP inhibition and HR
deficiency are necessary for causing lethality. The cells that have become HR proficient are
resistant to the PARP inhibitors and will proliferate despite the treatment.

Secondly, resistance to PARP inhibitors can be acquired by the restoration of stable replication
forks (Chaudhuri et al. 2016). Normally, during cell cycle arrest, BRCA1 and BRCA2 are
involved in the stabilisation of stalled replication forks. BRCA-deficiency results in replication
fork degradation via three pathways, leading to DNA damage (See figure 8).

e MRE11

MUS81

Fork reversal via chromatin
remodelers SMARCAL1,
ZRANB3, and HTLF leads to
fork degradation by MRE11

Fork protection Deprotected fork
upon stalling by BRCA1/2  due to BRCA1/2 mutations

Recruitment of MUS81 via
EZH2-mediated H3K27
methylation leads to fork
degradation

H3X27
methylation

Recruitment of MRE11 via
PTIP/MLL3/4-mediated
H3K4 methylation leads to
fork degradation

Figure 8: An overview of replication fork degradation pathways that are activated in case of ineffective
BRCAL/2 proteins. Source: Noordermeer and van Attikum 2019.
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The first pathway of fork degradation is activated through MRE11 recruitment by SMARCAL1,
ZRANB3 and HTLF. Depletion of one of these three proteins results in more chromosomal
stability and therefore loss of either one could lead to increased PARP inhibitor resistance
(Taglialatela et al. 2017). Another pathway that promotes fork degradation is mediated by
MUS81, after is has been recruited by H3K27 methylation. This methylation is done by EZH2,
depletion of which has also been linked to PARP inhibitor resistance (Rondinelli et al. 2017).
The third pathway is activated through methylation of H3K4 by a complex consisting of PTIP,
MLL3 and MLL4. This methylation again recruits MRE11l to activate replication fork
degradation. PTIP deficiency has been linked to DNA protection and is therefore possibly
involved in resistance. Altogether, reduced recruitment of MRE11 and MUS81 leads to more
stable replication forks, compromising the synthetic lethality of PARP inhibitors.

A third proposed mechanism of resistance involves the enhanced expression of drug efflux
pumps. Indeed, research has shown that ABCB1, an ATP-dependant efflux pump, is
upregulated in resistant ovarian cancers (Vaidyanathan et al. 2016). This upregulation
increases the cell's ability to pump PARP inhibitors out of the cell and escape cell death,
leading to resistance.

Finally, resistance is thought to be caused by mechanisms that reduce PARP trapping.
Research by Pettitt et al. (2018) found a PARP1 mutation in a case of PARP resistance and
has shown that this mutation reduces PARP trapping by the inhibitors. Furthermore, the loss
of PAR glycohydrolase (PARG), an enzyme that reverses PARylation, could contribute to
resistance (Gogola et al. 2018). PARG deficiency leads to a partial restorage of PARP1
function, which could therefore counteract PARP inhibitors. In addition, the MET receptor, also
known as the hepatocyte growth factor receptor (HGFR), can phosphorylate PARP1, resulting
in enhanced activity, but also reduction of its binding affinity to PARP inhibitors (Du et al.
2016). Expression of the MET receptor has been shown to be increased in ovarian cancer,
suggesting it plays a role in resistance.

All in all, many different processes are enhanced or interrupted by cancer cells to avoid
apoptosis and acquire resistance. Knowing the mechanisms behind this resistance could help
to develop additional treatment or drug combinations to prevent it.

Solutions to PARP inhibitor resistance

Both the mechanisms behind PARP inhibitors and resistance against them have led to ideas
of how to overcome or reduce resistance. Many new treatment concepts are based on
increasing DNA damage to restore synthetic lethality, after it was lost by resistance
mechanisms.

One of the treatment suggestions is combining PARP inhibitors with inhibitors of cell cycle
regulation proteins. Examples of such cell cycle regulators are CDK12 and WEE1. CDK12
normally upregulates DNA repair proteins involved in HR and inhibition has shown to result in
increased genomic instability (Bajrami et al. 2014; Ira et al. 2004). Studies that investigated
CDK12 inhibitors in breast cancer and myeloma cells have demonstrated that they increase
sensitivity of the cancer cells to PARP inhibitors (Alagpulinsa et al. 2016; Johnson et al. 2016)
WEEL is also a regulator that induces cell cycle arrest to, for example, repair DNA breaks.
Combining PARP inhibitor treatment with AZD1775, a WEEL1 inhibitor, also showed an
increased sensitivity to the PARP inhibitors in acute Leukaemia (Garcia et al. 2017).

Another proposed drug combination is PARP inhibitors with MET inhibitors. As mentioned
before, the MET receptor is amplified in certain ovarian cancers and reduces binding of
PARP1 to PARP inhibitors. Cases showing increased expression of the MET receptor can
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benefit from a treatment with MET inhibitors. Du et al. (2016) demonstrated that combining
MET inhibitors and PARP inhibitors has a synergetic effect in BRCA-deficient breast and lung
cancer xenografts.

In addition, some other inhibitors, that have already been tested in ovarian cancers, could
reduce resistance. One of these inhibitors is AT13387, which inhibits HSP90. HSP90 has been
discussed in the previous paragraph and is responsible for the partial restorage of HR trough
stabilisation of mutated BRCAL. Konstantinopoulos et al. (2016) has shown that AT13387
together with Olaparib has a synergistic effect in HGSOC patient derived xenografts.
Interestingly, they also demonstrate this effect in HR-proficient ovarian cancers. Another
addition to PARP inhibitors with a positive effect on the response in ovarian cancer is ATR-
inhibition (Huntoon et al. 2013). Normally, ATR phosphorylates histone H2A to recruit repair
proteins that are involved in HR. Inhibition of ATR leads to a reduction in HR, which could
restore synthetic lethality in PARP inhibitor resistant ovarian cancers.

Finally, a treatment option, other than combination of PARP inhibitors with other inhibitors, has
been suggested. The function of PARP inhibitors on the immune system is partially
counteracted by an increase in the PD-L1 ligand (Ding et al. 2018). This ligand inhibits the
immune response, but can be blocked by a PD-1 antibody. The combination of Olaparib with
the PD-1 antibody has shown a prolonged survival and tumour regression in mouse models
resembling HGSOC.

Besides these suggested treatment combinations, one solution to resistance has already been
implemented. Some PARP inhibitors are not a substrate to the ABCB1 efflux pump and are
therefore not sensitive to this pathway of resistance (Vaidyanathan et al. 2016).

All in all, multiple additional drugs have been proposed to avoid resistance, but further
research is necessary to proof their effectiveness in human ovarian tumours.

Conclusion

From all the literature that has been discussed, it can be concluded that ovarian cancer is a
heterogenous disease that is difficult to diagnose and has a low survival rate despite the
current treatment efforts. Fortunately, a promising new treatment option has been developed:
PARP inhibitors. PARP inhibitors are a relatively new type of medication, with the first clinical
PARP inhibitor being FDA-approved in 2014. Research into the mechanisms behind PARP
inhibitors has demonstrated that it induces cell death through the concept of synthetic lethality
in HR-deficient tumours. Furthermore, they also show a response rate in HR-proficient
tumours, for which a mechanism is yet to be determined. In addition, PARP inhibitors appear
to stimulate the immune response against the tumour cells. However, the hopeful results of
PARP inhibitors have been partially diminished by the development of resistance. Tumour
cells seem to be able to avoid cell death by restoring HR, stabilizing replication forks,
upregulating efflux pump expression and reducing the ability of PARP inhibitors to trap
PARPL1. All of these resistance mechanisms undermine the concept of synthetic lethality and
therefore weaken the effect of PARP inhibitors. To avoid resistance, several combinations of
PARP inhibitors with other kinds of inhibitors have been proposed. A combination with
inhibitors of for example cell cycle regulating proteins or proteins involved in the upstream
regulation of HR could increase sensitivity to PARP inhibitors. All in all, the results of PARP
inhibitor treatment are hopeful and combination with other inhibitors could reduce resistance
and enhance the effect of PARP inhibitors.
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Discussion

Although the functions of PARP inhibitors and the mechanisms behind resistance have been
studied extensively, some of them are put into question. For example, the concept of synthetic
lethality is thought to be accomplished by the combination of base excision repair defects and
homologous recombination deficiency, but some studies suggest that BER defects are not
essential to the function of PARP inhibitors. Research in PARP1 knockout mice has indicated
that BER function is similar to that in wildtype mice, suggesting that PARP1 does not perform
a function in BER (Vodenicharov 2000). Furthermore, active PARP1 has been shown to
reduce BER activity (Allinson, Dianova, and Dianov 2003). Additionally, a study by Patel,
Sarkaria, and Kaufmann (2011) has shown that knockdown of XRCC1, an important protein
in the BER pathway, does not affect the viability in BRCA2-deficient cells, nor BRCA2-
proficient cells. However, Strom et al. (2011) did observe synthetic lethality in cells where
PARP-inhibition is combined with XRCC1 deficiency. They insinuate that PARP is not directly
involved in BER, but that PARP is trapped on an SSB-intermediate that is formed during BER.
Another study has suggested that PARP1 only plays a role in a sub-pathway of BER that
repairs damage to purine bases, meaning PARP1 is not involved in the repair of pyrimidine
base damage (Reynolds et al. 2015). This could explain the differences in outcomes of the
different studies.

Besides the discussion around BER in patrticular, is has also been questioned whether the
conversion of SSBs to DSBs in general is the main cause of synthetic lethality. Experiments
by several research groups have demonstrated that the amount of single-strand breaks does
not increase upon PARP-inhibition (Gottipati et al. 2010; Strom et al. 2011). It has been
suggested that the increase in non-homologous end joining is the primary factor responsible
for the function of PARP inhibitors (Patel et al. 2011). Furthermore, the possibility exists that
PARP inhibitors work through other undiscovered functions. Research has demonstrated that
PARP inhibitors also have several off-targets, targets other than PARP proteins (Antolin et al.
2020).

Additionally, it is important to critically view the contribution of the different resistance
mechanisms. Although many different pathways have been demonstrated to be involved in
PARP inhibitor resistance, not all pathways are equally involved. Reversion mutations have
been studied most extensively, with larger sample sizes and their involvement has been
demonstrated in 13 to 21% of all resistant cases (Dhillon, Swisher, and Taniguchi 2011; Lin et
al. 2019; Weigelt et al. 2017). Therefore reversion mutations seem to be the most abundant
mechanism of resistance. Furthermore, stabilization of replication forks has been examined in
large samples. However, this mechanism might be less clinically relevant, since the inhibition
of certain factors involved in more stable replication forks did not show a positive effect on
survival (Rondinelli et al. 2017). Other mechanisms, such as BRCAL stabilization and PARP1
mutations, need more investigation to determine their contribution to resistance, because they
have been examined in relatively small samples (Johnson et al. 2013; Pettitt et al. 2018).
Knowing which mechanisms are most often involved in resistance is important to be able to
develop the right treatment combinations and to direct future research.

When looking at all the current studies on PARP inhibitors, it has become clear that some
mechanisms are well understood, while others have been broadly discussed. In addition,
recent research has demonstrated a quite unexpected function of PARP inhibitors: the
stimulation of the immune response against cancer cells. Furthermore, understanding the
mechanisms behind PARP inhibitors and resistance has already led to treatment adaptations
that have improved PARP inhibitor function, such as the development of PARP inhibitors that
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are not a substrate to efflux pumps. These outcomes highlight the importance of knowing the
cellular mechanisms behind resistance. Therefore, focussing on further research into the
pathways that are involved in PARP inhibitor function and resistance could have more impact
on ovarian cancer treatment than the development of new drugs. After all, a 1% increase in
the response rate already influences the lives of thousands of patients. New PARP inhibitors,
such as Rucaparib, have shown that response rates can be increased as compared to
Olaparib and sensitivity to PARP inhibitors can be increased by treatment combinations with
other inhibitors. Even though resistance poses a great clinical challenge to PARP inhibitors,
they remain a promising new type of drugs for ovarian cancer patients.
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